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Abstract

Chronic obstructive pulmonary disease (COPD) is character-
ized by enhanced chronic airway and lung inflammatory re-
sponses to noxious particles or gases. It is a major unmet
medical need worldwide, and in Western society is strongly
associated with exposure to cigarette smoke (CS). CS-in-
duced inflammation is believed to be a key immune driverin
the pathogenesis of COPD. Since the concept of inflamma-
somes was first introduced nearly a decade ago, these have
been increasingly recognized as a central player in innate
immune and inflammatory responses. In addition, studies
have emerged demonstrating that mitochondrial innate im-
mune signaling plays an important role in CS-induced in-
flammasome activation, pulmonary inflammation and tissue
remodeling responses. Here, recent discoveries about in-
flammasome activation and mitochondrial biology and their

role in COPD pathogenesis are reviewed. In addition, the
current limitations of our understanding of this theme and
future research directions are discussed.

© 2015 S. Karger AG, Basel

Introduction

Chronic obstructive pulmonary disease (COPD) en-
compasses several clinical syndromes, most notably em-
physema and chronic bronchitis [1]. As noted in the def-
inition, COPD is characterized by airflow limitation that
is usually progressive and is associated with an enhanced
chronic inflammatory response in the airways and the
lungs to noxious particles or gases [2]. COPD tissues are
characterized by chronic inflammation, mucus metapla-
sia, alveolar destruction and structural cell apoptosis [3-
5]. The inflammation in COPD lung tissues is believed to
be causally related to emphysema development and other
pathologic alterations in the lungs that worsen with dis-
ease progression [5-7]. In addition, over the past several
years, the understanding of COPD has evolved from it
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being a disease affecting the lungs to it being a complex
systemic disorder with multiple extrapulmonary comor-
bidities. For example, patients with COPD die primarily
from coronary artery disease, lung cancer and stroke,
which are all related to smoking, in addition to respira-
tory failure with/without infection [8, 9]. They are also at
a greater risk of diabetes, peripheral artery disease, skel-
etal muscle dysfunction, osteoporosis and chronic kidney
disease. Giving the growing evidence that chronic sys-
temic inflammation might be the common pathway link-
ing these comorbidities, it has been proposed that COPD
could be considered part of a ‘chronic systemic inflam-
matory syndrome’ [reviewed in 10]. Overall, cigarette
smoke (CS)-induced/associated inflammation is believed
to be a key driver of the pathogenesis in lung tissues as
well as in other organs of COPD patients.

Recent understanding of inflammasome(s) as a central
player in innate immune and inflammatory responses has
begun to shed light on the underlying mechanism(s) of CS-
induced/associated inflammation. Accordingly, the role of
inflammasomes in COPD pathogenesis is increasingly be-
ing explored. In addition, the significance of mitochon-
drial molecules on the regulation of CS-induced inflam-
masome activation has been highlighted recently [11].
Here, the current status of our understanding of the func-
tional role of the inflammasome and its activation mecha-
nisms are reviewed in the context of COPD pathogenesis.
Specifically, we summarize recent discoveries about the
functional role of novel mitochondrial molecules that have
been identified as critical players in the development of
COPD. In addition, the limitations of our understanding
and unsolved questions remaining will be discussed.

The Inflammasome as a Central Player in
Inflammatory Responses: Implications in COPD
Pathogenesis

Inflammation is a fundamental response of the innate
immune system to noxious stimuli [12]. Since the concept
of the inflammasome was introduced nearly a decade ago,
it has been increasingly recognized as a central player in
innate immune and inflammatory responses in settings of
infection and sterile inflammation [reviewed in 13]. In-
flammasomes are multimolecular complexes, with the es-
sential components being a sensor protein, the adaptor
protein ASC (apoptosis-associated speck-like protein
containing a caspase recruitment domain) and the inflam-
matory protease caspase-1. Conformational changes in
the sensor proteins lead to their assembly into a platform
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for the activation of proinflammatory caspase-1. Inflam-
masome-activated caspase-1 is then used for the activa-
tion of the proinflammatory cytokines, interleukin (IL)-
1B and IL-18, and the release of these cytokines results in
the recruitment of effector cell populations important in
the immune response and tissue repair. Currently, the
identified inflammasome sensor proteins include the nu-
cleotide-binding-domain and leucine-rich-repeat-con-
taining (NLR) proteins such as NLRP1, NLRP3, NLRC4,
NLRP6 and NAIP5 as well as the DNA-sensing complex
of the absent in melanoma 2 (AIM2) protein [14]. During
infection or injury, inflammasomes are directly or indi-
rectly activated by a wide array of pathogen-associated
molecular patterns (PAMPs) or danger-associated molec-
ular patterns (DAMPs) and, under normal circumstances,
the activation of the inflammasomes culminates in the
resolution of infection or inflammation and contributes to
homeostatic processes. However, in a pathologic context,
perpetuation of inflammasome activation occurs, and this
leads to a variety of chronic inflammatory disorders such
as metabolic disorders, tumorigenesis and autoimmune
disorders [reviewed in 13-15]. In this regard, our group
and others have reported that CS activates caspase-1, a
crucial component of the inflammasome complex and its
downstream target molecules, IL-1p and IL-18 [16, 17]. In
addition, a recent study demonstrated that markers of ac-
tivation of the adenosine triphosphate (ATP)-NLRP3 in-
flammasome pathway are upregulated in patients with
COPD, suggesting that this pathway might play an impor-
tant role in the pathogenesis of COPD [18]. The increase
of IL-1p and IL-18, target cytokines of inflammasome ac-
tivation, in COPD patients has also been demonstrated
previously in many studies [reviewed in 19, 20]. These
studies, taken together, suggest that inflammasome acti-
vation and the resultant activation of the proinflamma-
tory cytokines IL-1p and IL-18 make a significant contri-
bution to the pathogenesis of COPD.

Mitochondrial Regulation of Inflammasome
Activation

Traditionally, mitochondria have been best known as
biosynthetic and bioenergetics organelles. Recently, how-
ever, this role was expanded, and they are now also con-
sidered as signaling organelles that play a critical role in
cell death, differentiation, innate immunity and metabo-
lism [21, 22]. Accordingly, our understanding of the mi-
tochondrial role in human health as well as various disor-
ders has fundamentally evolved [21, 23]. Indeed, their

Yoon/Nam/Oh/Dela Cruz/Kang


http://dx.doi.org/10.1159%2F000441299

role in inflammasome regulation has been explored in
multiple studies [reviewed in 24-26]. A detailed discus-
sion in this topic is beyond the scope of this review. In-
stead, we focus on the specific mitochondrial molecules
that have direct implications in COPD pathogenesis.

Mitochondrial Antiviral Signaling Protein

Mitochondrial antiviral signaling protein (MAVYS)
was initially identified while studying antiviral innate im-
mune recognition and signaling. Originally, Toll-like re-
ceptors (TLRs) 3, 7, 8 and 9 were known to recognize
distinct types of virus-derived nucleic acids and to acti-
vate signaling cascades that result in the induction of type
I interferons [27]. Later, however, the existence of TLR-
independent pathways that are highly effective in provid-
ing antiviral innate immunity were discovered; this in-
cluded the identification of the retinoic acid-inducible
gene I (RIG-I)-like RNA helicase (RLH) pathway as an
intracellular sensor for viral nucleic acids [28]. Following
the identification of RLH signaling, in 2005, MAVS was
defined as a key signal integrator of the RLH pathway
and, currently, a variety of evidence highlights the essen-
tial role of MAVS in this major antiviral signaling path-
way [29, 30]. Further studies extended the functional role
of MAVS beyond the induction of antiviral and inflam-
matory responses, revealing that it interacts with a num-
ber of novel molecules in apoptosis, mitochondrial dy-
namics, autophagy and proteasome degradation [31]. In
this regard, it is interesting that MAV'S plays a critical role
in the exaggerated production of IL-18 production as well
as pulmonary inflammatory and remodeling responses
that are observed after CS and respiratory virus or viral
PAMP coexposure [32]. The synergistic enhanced activa-
tion of IL-18 in murine lungs after CS and viral PAMP
coexposure was largely dependent on MAVS, suggesting
that MAVS plays an important role in CS-induced in-
flammasome activation [32].

MAVS as a Critical Adaptor Molecule of NLRP3

Inflammasome Activation

Indeed, in a recent seminal publication, MAVS was
identified as an important adaptor molecule for NLRP3 ac-
tivation [33]. Subramanian et al. [33] performed a series of
elegant experiments to demonstrate that MAVS is required
for optimal NLRP3 inflammasome activity and mediates
recruitment of NLRP3 to the mitochondria, promoting the
production of IL-1f. Interestingly, the researchers ob-
served that the MAVS-dependent optimal recruitment of
NLRP3 to mitochondria was only with the administration
of some NLRP3 stimulants such as nigericin and ATP.

Mitochondrial Regulation of
Inflammasome Activation in COPD

Other NLRP3 stimulants, including alum and monosodi-
um urate crystal, activated the NLRP3 inflammasome via a
pathway that is mainly independent of the MAVS mole-
cule. They differentiated these stimulants into noncrystal-
line (nigericin and ATP) and crystalline (alum and mono-
sodium urate) NLRP3 stimulants. Furthermore, another
study demonstrated that both MAVS and ASC form func-
tional, prion-like fibers through their respective death do-
mains to propagate downstream signaling, indicating that
prion-like polymerization is a conserved mechanism in in-
nate immunity and inflammation [34].

NLRX1

NLRX1 is the member of the NLR family of pattern
recognition receptors that has a unique N-terminal do-
main, which accounts for the letter X in its acronym. It
contains a mitochondrial targeting sequence, and bio-
chemical analyses have demonstrated that it localizes to
the mitochondria [35]. Strikingly, it represents the first,
and so far only, pattern recognition receptor family mem-
ber that targets this cellular location, therefore indicating
its potential role in establishing a fundamental link be-
tween mitochondrial functions and innate immunity
[30]. Initially, it was identified as functioning as a negative
regulator of RIG-I signaling by targeting the RIG-I down-
stream MAVS [36]. Consistent with these in vitro knock-
down data, in vivo experiments of virus infection of
NLRX1-deficient mice confirmed that NLRX1 is a nega-
tive regulator of MAVS [37]. Furthermore, structural and
functional characterization of the RNA-binding element
of the NLRX1 molecule has also been described [38]. It is
important to note, however, that this molecule, NLRX1,
is such a novel molecule that previously unrecognized
roles for it are continuously being identified. For exam-
ple, NLRX1 was recently identified to negatively regulate
TLR-induced NF-kB signaling by targeting TRAF6 and
IxB kinase [39]. Another recent publication identified
that it interacts with mitochondrial TUFM (Tu transla-
tion elongation factor) and promote autophagy [40]. It is
important to note that there is also some controversy
about the exact functions of NLRX1 and its localization
on/in mitochondrial compartments [30, 41, 42]. For ex-
ample, a different group, who also generated NLRX1/~
mice and employed in vitro and in vivo experiments,
observed no significant difference in RLH signaling with
or without NLRX1 [43]. Another group reported that
NLRX1 is located in the mitochondrial matrix where it
interacts with UQCRC2, a matrix-facing protein of the
respiratory chain complex III, and that it regulates the
generation of reactive oxygen species [35]. Interestingly,
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Fig. 1. The hypothetical mechanism of CS-
induced inflammasome activation and its
contribution to COPD pathogenesis. CS,
containing more than 4,000 chemicals,
may stimulate multiple DAMP-mediated
pathways. These pathways might converge
on MAVS. MAVS-dependent inflamma-
some activation results in the activation of
the proinflammatory cytokines IL-1p and
IL-18, and PKR may play an important reg-
ulatory role. NLRX1 may mediate a critical
inhibitory role on the MAVS-mediated ac-
tivation of inflammasomes. See main text
for the explanation in detail.

‘LOther
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our recent publication demonstrated, for the first time,
that NLRX1 was significantly suppressed after CS expo-
sure and CS-induced activation of inflammasomes and
the consequent IL-18 activation, pulmonary inflamma-
tion and emphysematous destruction were exaggerated
in the absence of NLRX1 [11]. In contrast, these respons-
es were significantly ameliorated with lentiviral overex-
pression of NLRX1 in vivo. Furthermore, the exaggerated
CS-induced COPD-like phenotype observed in NLRX1
null mutant (~) mice was significantly ameliorated in
NLRX1 and MAVS double-null mutant (NLRX1~//
MAVS™") mice, suggesting that MAVS functions as a
critical downstream molecule of NLRX1 signaling in a
murine COPD model [11]. The importance of NLXR1 is
also evident from clinical studies. In 3 independent hu-
man COPD cohorts, the expression of NLRX1 was sup-
pressed in the lungs of COPD patients, and this suppres-
sion exhibited a strong correlation with an increased de-
gree of airflow limitation, a hallmark of COPD [11].
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Taken together, these observations allow us to hypothe-
size that NLRX1 is a critical mediator that inhibits CS-
induced pulmonary inflammation and remodeling re-
sponses via its regulation of MAVS function (fig. 1).

NLRX1 and Alveolar Macrophages

Macrophages are essential for pulmonary host defense
through their capacity to survey the exposed airways and
regulate innate and adaptive immunity [reviewed in 44,
45]. The pulmonary macrophage system consists of sev-
eral different populations that are found in anatomically
distinct compartments that include the airways, alveolar
spaces (alveolar macrophages, AMs) and resident lung
tissue. AMs constitute over 90% of the pulmonary mac-
rophage population [46], constantly encountering in-
haled substances due to their exposed position in the al-
veolar lumen. They are considered to be major effector
cells in innate host defense against inhaled irritants by
virtue of their phagocytic ability [47]. Therefore, it is vital
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that resident AMs are kept in a relatively quiescent state
with inherent active suppression mechanisms of inflam-
mation in response to the harmless inhaled antigens to
prevent collateral damage to lung tissue [48].

There is a large body of evidence implicating AMs in
the pathogenesis of COPD [44]. AMs are activated by CS
and other irritants to release inflammatory mediators.
They also secrete elastolytic enzymes (proteases), includ-
ing matrix metalloprotease (MMP)-2, MMP-9, MMP-12
and cathepsins K, L and S, in response to irritants and
infection, which together are responsible for the destruc-
tion of lung parenchyma. Indeed, AMs constitute the
main cell population where IL-18 is increased in the mu-
rine lungs after CS exposure as well as in the lungs of ac-
tive smokers compared to nonsmoker controls [16]. In
this regard, it is intriguing that AMs are also the main cell
population in which NLRX1 is most prominently ex-
pressed in the pulmonary system of mice and humans
[11]. In addition, chronic CS exposure induces significant
suppression of NLRX1 expression in AMs in the murine
COPD model [11].

Taken together, it is plausible to speculate that NLRX1
may act as an essential inhibitor of inflammation to keep
AMs in a quiescent homeostatic state in the lung. The sup-
pression of NLRX1 may be a key mechanism of the CS-
induced activation of AMs and the resultant activation of
inflammasomes and the production of active IL-18 in this
cell population. It is also possible to speculate that the sup-
pression of NLRX1 might be a key characteristic of dis-
tinct AM subpopulations present in COPD. It has become
increasingly clear that different macrophage subpopula-
tions exist in the inflamed lung. Although the existence of
such subpopulations has been implicated in COPD, their
importance is still largely unknown. There is thus a need
to better characterize distinct AM subpopulations present
in COPD and their relative contribution to disease pathol-
ogy, as their highly plastic nature offers a therapeutic op-
portunity for reprogramming them to facilitate the resto-
ration of lung homeostasis. Further studies on these ques-
tions will provide us with a better understanding of AMs
and their critical roles in COPD pathogenesis.

Mechanism(s) of Inflammasome Activation in COPD

Which DAMPs and PAMPs Drive Inflammasome

Activation in COPD?

As noted above, inflammasomes are directly or indi-
rectly activated by a wide array of DAMPs or PAMPs.
When we look at the definition of DAMPs, it is not sur-

Mitochondrial Regulation of
Inflammasome Activation in COPD

prising that most studies about the inflammasome and
COPD have focused on DAMPs and their recognition
mechanisms for the development of COPD. DAMPs
were originally proposed to explain how the immune sys-
tem works to distinguish between self- and non-self-dan-
ger signals in response to sterile inflammation in the ab-
sence of pathogens. They are now defined as the endog-
enous molecules released or secreted from cells in
response to injury, cell death and other stress responses
[49-51]. They can be derived from any compartment of
the cell including the nucleus and cytoplasm (e.g. the
mitochondria, endoplasmic reticulum and lysosome).
Among them, protein DAMPs include endogenous pro-
teins, such as HMGB1, HSPs, the S100 family of calcium
binding proteins, serum amyloid A and histones. Non-
protein sources of DAMPs include ATP, uric acid, hepa-
rin sulfate, DNA (genomic and mitochondrial DNA) and
RNA.

ATP may function asa DAMP in the context of COPD
pathogenesis. In humans, chronic smokers have elevated
ATP concentrations in bronchoalveolar lavage fluid com-
pared with never-smokers; these concentrations correlate
negatively with lung function and positively with bron-
choalveolar lavage fluid neutrophil counts [18]. Further-
more, airway macrophages from patients with COPD re-
spond with an increased secretion of proinflammatory
and tissue-degrading mediators after ATP stimulation
[18]. Animal studies demonstrate that CS-induced neu-
trophilia and the increase of markers of inflammasome
activation in the lungs are attenuated via the P2X7-
NLRP3-caspasel/11 axis-dependent pathway, suggesting
that P2X7, a receptor of ATP and its downstream NLRP3
inflammasome pathway, plays a role in CS-induced in-
flammasome activation [17, 52]. However, another ani-
mal-based study failed to demonstrate that the NLRP3-
caspasel-IL-1p axis is responsible for the CS-induced in-
flammation [53]. It is important to note that all of these
animal studies utilized an acute or subacute CS-induced
murine inflammation model, and so their findings might
not be as directly relevant to the CS-mediated chronic in-
flammation and injury responses seen in human COPD.

There is evidence that high-mobility group box 1
(HMGB1), a nuclear protein that is released during in-
flammation and repair and interact with the receptor for
advanced-glycation end products (RAGE), may play an
important role in COPD pathogenesis. Bronchoalveolar
lavage fluid levels of HMGBI are higher in smokers with
COPD than in smokers and never-smokers [54]. In addi-
tion, HMGBI correlates positively with IL-1p and nega-
tively with clinical variables of lung functional decline.
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Furthermore, RAGE is overexpressed in the airway epi-
thelium and smooth muscle of patients with COPD, and
it colocalizes with HMGBI. Overall, these data suggest
that elevated HMGB1 expression in COPD airways may
sustain inflammation and remodeling through its inter-
action with IL-1P and its receptor RAGE [54]. Another
study demonstrated also that HMGBI levels in periph-
eral airways were elevated in smokers without COPD
compared with nonsmokers, and the HMGBI levels were
further augmented in COPD patients [55].

Multiple DAMPs and Multiple Inflammasome

Sensors in COPD?

Itis possible that multiple DAMPs including those dis-
cussed above and others yet to be recognized in the con-
text of COPD pathogenesis may act in an additive or syn-
ergistic manner. It is tempting to speculate that CS-in-
duced stress and injury responses may evoke multiple
DAMPs from immune cells as well as structural cells,
especially when one considers that CS contains >4,000
chemicals. These multiple DAMPs may play complex
roles in the regulation of inflammasome activation, but
also in various cellular biologic responses such as cell
death and tissue remodeling responses in the develop-
ment of COPD. In this regard, it is interesting that protein
kinase R (PKR) activity is integral to inflammasome as-
sembly and activation, where PKR physically interacts
with multiple inflammasome components including
NLRP3,NLRP1,NLRC4 and AIM2, and also broadly reg-
ulates inflammasome activation [56]. We demonstrated
that PKR could be activated by CS exposure in vivo in a
CS-induced murine COPD model [32]. Thus, CS-in-
duced activation of PKR might exert a broad role in regu-
lating CS-induced inflammasome activation via multiple
pathways. There has been no study yet to define the direct
role of PKR on CS-induced inflammasome activation.

If multiple DAMPs play distinct roles in the develop-
ment of COPD and these are recognized by each of the
specific inflammasome sensor molecules and lead to in-
flammasome activation via various pathways, then how
can NLRX1/MAVS signaling play such a dominant role
in CS-induced inflammasome activation? The mecha-
nism of the biological action of MAVS on inflammasome
regulation may provide important clues. As noted above,
MAVS has multiple functions such as antiviral signaling,
the activation of the NLRP3 inflammasome and apopto-
sis. The fundamental mechanism of MAVS on these di-
verse biological phenomena is its role as a key adaptor
molecule to convey the multiple signals described. There-
fore, it might be true that multiple pathways from various
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DAMPs converge in MAVS, where MAVS is the key
adaptor molecule for CS-induced inflammasome activa-
tion, but that NLRX1 is a crucial inhibitor of MAVS-me-
diated downstream signaling (fig. 1). The exact mecha-
nism by which inflammasomes are activated by CS expo-
sure is still unclear; it awaits the identification of sensor
proteins and other regulators and/or interacting partners
to be able to fully elucidate the mechanism. Further stud-
ies are warranted to explore these intriguing and funda-
mental questions.

Central Role of Mitochondria in Inflammasome
Activation, Oxidant Injury and Apoptosis:
Implication for COPD Pathogenesis

A number of major theories on COPD pathogenesis
have been promulgated. Initially, since the 1960s, the
protease/antiprotease hypothesis dominated the think-
ing in the area of COPD. This concept built up to the
idea that the increase in protease burden is derived from
inflammatory cells (hence the inflammation hypothesis
of COPD pathogenesis). In addition, there is the apopto-
sis hypothesis, which proposes that cellular injury is a
primary event in the pathogenesis of COPD and emphy-
sema [57, 58]. Furthermore, for along time, the exagger-
ated production of reactive oxygen species and the re-
sulting oxidant injury have been postulated as the major
events in the pathogenesis of COPD [59]. However,
these different hypotheses are not separate entities or
mutually exclusive. Rather, each of these concepts is be-
lieved to represent one of the multifaceted biological
processes involved in the development of COPD. Recent
studies on mitochondrial biology have suggested that
COPD pathogenesis could be explained by a unified
concept if it is focused on from the mitochondrial per-
spective. As discussed above, a variety of host danger
signals during tissue damage responses that activate the
inflammasome and lead to the secretion of proinflam-
matory cytokines, such as IL-1B and IL-18, are inter-
preted at the level of mitochondria which interact to en-
gage inflammatory, apoptosis or cell death pathways.
This idea is not so surprising when we consider that the
mitochondria perform diverse yet interconnected func-
tions, contributing to cellular stress responses such as
autophagy and apoptosis. Indeed, mitochondrial dys-
function has recently emerged as a key factor in a myri-
ad of diseases [23]. Therefore, when combined with the
recent scientific discoveries which link mitochondrial
dysfunction, inflammasome activation, reactive oxygen
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species imbalance and apoptosis, one can readily appre-
ciate how mitochondrial dysfunction or the dysregula-
tion of mitochondrial molecules could contribute to the
pathogenesis of COPD.

Conclusions

In this review, with the recent understanding of the
mitochondrial molecules involved in inflammasome ac-
tivation, we have discussed a previously unidentified nov-
el pathway of NLRX1/MAVS-mediated inflammasome
signaling which might play a crucial role in the develop-
ment of COPD (fig. 1). As discussed, the functional roles
of inflammasome and the underlying mechanisms of its
activation in the context of COPD pathogenesis have not
yet been adequately elucidated. Furthermore, questions
remain as to how mitochondria-related molecules regu-
late inflammasome activation in COPD. We believe that

these evolving concepts open new options to understand
the pathogenesis of COPD better. We hope that the dis-
cussion presented here will stimulate further research to
explore the roles as well as the underlying mechanisms of
mitochondria and their molecules in COPD pathogene-
sis.
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