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Abstract

Inflammasomes are specialized inflammatory signaling platforms
that govern the maturation and secretion of proinflammatory
cytokines, such as IL-1f3 and IL-18, through the regulation of
caspase-1-dependent proteolytic processing. Several nucleotide
binding domain leucine-rich repeat-containing receptor (NLR)
family members (i.e., NLR family, pyrin domain containing [NLRP]
1, NLRP3, and NLR family, caspase recruitment domain
containing-4 [NLRC4]) as well as the pyrin and hemopoietic
expression, interferon-inducibility, nuclear localization
domain-containing family member, absent in melanoma 2, can form
inflammasome complexes in human cells. In particular, the NLRP3
inflammasome is activated in response to cellular stresses through a
two-component pathway, involving Toll-like receptor 4-ligand
interaction (priming) followed by a second signal, such as ATP-
dependent P2X purinoreceptor 7 receptor activation. Emerging
studies suggest that the NLRP3 inflammasome can exert pleiotropic

The lung is a dynamic organ consisting of
multiple cell types, including epithelial,
mesenchymal, secretory, and
inflammatory cells. In serving its primary
function in gas exchange, the uptake and
transfer of oxygen essential for
metabolism, the lung is highly susceptible
to intake of foreign matter, including
allergens, dust, particulates, and invading
micro-organisms, which can result in

(1). The innate immune system provides a
primary defense against invading
microbial pathogens and exogenous
irritants. The homeostatic functions of
the innate immune system initiate with
the recognition of either microbial-
derived constituents, called pathogen-
associated molecular patterns (PAMPs),
released during infection, or endogenous
damage-associated molecular patterns

effects in human diseases with potentially both pro- and
antipathogenic sequelae. Whereas NLRP3 inflammasome activation
can serve as a vital component of host defense against invading
bacteria and pathogens, excessive activation of the inflammasome
can lead to inflammation-associated tissue injury in the setting of
chronic disease. In addition, pyroptosis, an inflammasome-
associated mode of cell death, contributes to host defense. Recent
research has described the regulation and function of the NLRP3
inflammasome in various pulmonary diseases, including acute lung
injury and acute respiratory distress syndrome, sepsis, respiratory
infections, chronic obstructive pulmonary disease, asthma,
pulmonary hypertension, cystic fibrosis, and idiopathic pulmonary
fibrosis. The NLRP3 and related inflammasomes, and their regulated
cytokines or receptors, may represent novel diagnostic or therapeutic
targets in pulmonary diseases and other diseases in which
inflammation contributes to pathogenesis.
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tissue injury. Molecular sensing

of PAMPs/DAMPs occurs

through interactions with germline-
encoded pattern recognition receptors
(PRRs), represented by members of

the Toll-like receptor (TLR), retinoic
acid-inducible gene-I-like receptor, and
nucleotide binding domain leucine-rich
repeat-containing receptor (NLR)
families. Upon pattern recognition,

infection, inflammation, or tissue injury (DAMPs), produced during cellular or activated PRRs initiate signal
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transduction events that regulate
inflammatory and innate immune
responses (2-4).

The cytosolic NLRs contain a three-
domain homologous region that
includes a central nucleotide-binding
oligomerization domain and a C-terminal
leucine-rich repeat domain (2-4). The
variable N-terminal repeat domains of
NLRs include a pyrin domain, as in NLR
family, pyrin containing (NLRP) 1 or
NLRP3, a caspase-recruitment domain, as
in NLR family, caspase recruitment
domain containing-4 (NLRC4), or a
baculovirus inhibitor of apoptosis repeat
(BIR) domain, as in NLR family, BIR
domain containing-1 (NLRB1)/NLR
family, apoptosis inhibitory protein
(NAIP) (2, 4-5). Of the known NLR
members, at least four NLRs (NLRP1,
NLRP3, NLRC4, NLRB1) (2), as well as
the pyrin and hemopoietic expression,
interferon-inducibility, nuclear
localization domain-containing family

member, absent in melanoma 2 (6), can
form multiprotein inflammasome
complexes upon PRR stimulation
(Figure 1).

In addition to a core sensor protein
(e.g., NLRP, such as NLRP3),
inflammasomes contain the adaptor
protein, apoptosis-associated speck-like
protein containing caspase-recruitment
domain (ASC), and pro-caspase-1.
Inflammasome formation results in the
autocatalysis and activation of the cysteine
protease caspase-1 (7). Active caspase-1
subsequently catalyzes the proteolytic
cleavage of proinflammatory cytokine
precursors from their pro forms into their
active forms (e.g., IL-1 and IL-18), which
propagate inflammatory and innate
immune responses (7).

Pyroptosis is a form of inflammation-
associated programmed cell death that
occurs in inflammatory cells, such as
macrophages, and depends on the activation
of caspase-1. This form of cell death occurs

during host infection under conditions of
inflammasome activation (8-10). During
pyroptosis, cells are lysed to release their
contents, which include high levels of
proinflammatory cytokines that further
propagate inflammation. During acute
inflammation, pyroptosis acts as a host
defense mechanism to curb infection
through the elimination of infected
macrophages (10). Excessive activation of
pyroptosis can lead to tissue injury and
pathogenic processes in the context of
chronic inflammation (10).

Emerging studies suggest that
inflammasomes exert important effector
functions during the progression of human
diseases, which can invoke adaptive or
maladaptive outcomes. This review
describes the regulation and function of the
inflammasome, with an emphasis on
the NLRP3 inflammasome, in human
pulmonary diseases—in particular, those
conditions that implicate inflammation as a
key mechanism of pathogenesis.

Ve

™ Caspase

J

-

Caspase-1/5

=== oom == R

ASC EIDED

Caspase-1

OO00  NLRP3

Asciai—a

Caspase-1

—
—

—
e

AlM2

[ — 5ooa NLRC4
—

Caspase-1

—
ot

ASCEmED

Caspase-1

—
e—

J

Figure 1. Structures of the major inflammasomes. The cytosolic nucleotide binding domain leucine-rich repeat-containing receptors (NLRs) typically contain

a three-domain homologous region that includes a nucleotide-binding oligomerization domain (NACHT) and a leucine-rich repeat domain (LRR). NLR family,
pyrin containing (NLRP) 1 and NLRP3 contain an N-terminal pyrin domain (PYD), whereas NLR family, caspase recruitment domain containing-4 (NLRC4)
contains an N-terminal caspase-recruitment domain (CARD). In addition, NLRP1 contains a function to find (FIIND) domain and a C-terminal CARD. Apoptosis-
associated speck-like protein containing caspase-recruitment domain (ASC) is an adaptor for caspase-1 binding that contains a PYD and CARD. The requirement
for ASC in NLRC4 infllmmasome assembly remains unclear. An additional inflammasome complex is represented by absent in melanoma (AIM) 2, which
contains a CARD and HIN200 domain. The latter serves as a receptor for double-stranded DNA. Caspases-1/-5 interact with the inflammasomes through
CARD-CARD interactions. HIN200, hemopoietic expression, interferon-inducibility, nuclear location, 200 amino-acid domain.
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Molecular and Metabolic
Regulation of the NLRP3
Inflammasome

NLRP3 inflammasome formation and
activation requires a canonical two-step
mechanism involving the sequential ligand-
dependent activation of TLRs (e.g., TLR4) or
related receptors that, in turn, stimulates
NEF-kB-dependent transcription of NLRP3
(priming), leading to NLRP3 protein
synthesis. This is followed by a second
activation signal generated by ion flux,
phagosomal destabilization, mitochondrial
reactive oxygen species (mtROS) or
mitochondrial DAMPs, that results in
NLRP3-inflammasome assembly
(multiprotein complex formation between
NLRP3 protein, ASC, and pro-caspase-1)
(7, 9). The activated inflammasome
complex catalyzes caspase-1 activation
by proteolytic cleavage of pro-caspase-1,
which, in turn, catalyzes the
proteolytic cleavage and maturation of
proinflammatory cytokines (e.g., IL-1p3,
IL-18) (Figure 2). IL-1B regulates
fundamental inflammatory responses,
including the expression of inflammatory
mediators (e.g., inducible nitric oxide
synthase) and adhesion molecules,
whereas IL-18 has been implicated in T
helper 1 responses, including the
regulation of IFN-v production from
T cells and natural killer cells (11-12).
The inflammasome priming signal is
initiated by engagement of TLRs with
PAMPs, which activates NF-kB to promote
the transcription of both pro-IL-1f and
NLRP3 (13). Recent studies have identified
the critical requirement for the mitogen-
activated protein kinase, extracellular
signal-regulated kinase-1, but not
extracellular signal-regulated kinase-2, in
NF-kB-dependent inflammasome priming
(14). Previous studies also describe the
requirement for the spleen tyrosine (Y)
kinase (Syk), and the protooncogene
tyrosine kinase (srk)-kinase, Lyc/Yes
Novel tyrosine kinase (Lyn) kinase, Lyn, in
pro-IL-1( synthesis and NLRP3
inflammasome priming in response to
fungal pathogens (15), and the malarial-
derived metabolic product, hemozoin (16).
The tyrosine kinase, Syk, regulates
pro-IL-1B synthesis downstream of the
immunoreceptor, tyrosine-based
activation motif-coupled fungal pattern
recognition receptors, and also induces
mtROS and K™ efflux required for NLRP3
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Figure 2. Activation of the NLRP3 inflammasome. The NLRP3 inflammasome responds
to activating signals through a two-step activation model. Initiation is typically triggered
by ligand binding (e.g., LPS) to Toll-like receptors (TLR; e.g., TLR4) and related
receptors. This results in activation of NF-«kB, which translocates to the nucleus and
activates the transcription of inflammasome components, including NLRP3, and the pro
forms of inflammasome-related cytokines (i.e., pro-IL-1B and pro-IL-18). Inflammasome
priming is also under the regulation of kinase cascades (e.g., transforming growth
factor-B activated kinase-1 [TAK1], inhibitor of k-B kinase [IKK] kinase, Lyc/Yes

Novel tyrosine kinase [Lyn], spleen tyrosine kinase [Syk]). NLRP3 is post-translationally
regulated by breast cancer, early onset protein 1 and 2 (BRCA1-BRCA2)-containing
complex subunit (BRCC) 3-mediated deubiquitination. A second signal is required for
assembly of the inflammasome from its individual components (e.g., NLRP3, ASC,
pro—-caspase-1). The canonical signal is provided by P2X purinoreceptor 7 (P2X7)

stimulation by ligand (e.g., extracellular ATP [eATP]), which triggers potassium ion efflux.

Additional contributory signals may include the destabilization of lysosomes after
ingestion and phagocytosis of crystalline substrates, such as monosodium urate
crystals (MSU), and the disruption of mitochondria, leading to the release of
mitochondrial damage-associated molecular patterns, such as cardiolipin and
mitochondrial DNA (mtDNA). Activation of inflammasome-associated caspase-1 results
in the activation (cleavage) of proinflammatory cytokines (e.g., IL-18, IL-18) before their

secretion. mtROS, mitochondrial reactive oxygen species; ROS, reactive oxygen species.
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inflammasome activation (15). The

Src kinase, Lyn, activates Syk by
phosphorylation, which directly modifies
ASC, facilitating NLRP3 inflammasome
activation and IL-1B production (16).
Although NLRP3 expression is regulated
by NF-kB activation through ligand-
dependent signaling during the priming
step, NLRP3 is also regulated by post-
transcriptional and post-translational
mechanisms. MicroRNAs (e.g., microRNA-
223) can negatively regulate NLRP3
expression in myeloid cells (17-18). Binding
of microRNA-223 to the 3’ untranslated
region of NLRP3 messenger RNA promotes
its degradation, leading to reduced NLRP3
protein expression. NLRP3 protein
stability is post-translationally regulated
by deubiquitination, which is mediated

by the Lys-63-specific deubiquitinase,
breast cancer, early onset protein 1 and 2
(BRCA1-BRCA2)-containing complex
subunit 3 (BRCC3) (19), to facilitate rapid
NLRP3 inflammasome formation. Post-
translational inhibition of NLRP3 by nitric
oxide-dependent S-nitrosylation has also
been described (20).

Many diverse agonists, including
exogenous stimuli, such as microbial
components and toxins, and crystalline or
particulate substrates (e.g., silica, asbestos)
can trigger inflammasome activation
(9, 21-22). Endogenous NLRP3
inflammasome activators include
monosodium urate formed from phase
transition of accumulated uric acid (UA) (21).
Extracellular ATP (eATP), released during
tissue injury, activates P2X7, triggering
cellular K™ efflux and inflammasome
activation (22). The intracellular milieu
surrounding NLRP3 inflammasome
activation may consist of several scenarios.
These include: (I) the perturbation of
intracellular ion content through ligand-
dependent ion channel opening or
exposure to pore-forming bacterial toxins
(9, 23); (2) the phagocytosis of crystalline
substrates leading to disruption of
lysosomes (24); and (3) signal generation
from destabilization of mitochondria
(25-26). Recently, it has been suggested
that the cytoskeleton also regulates
NLRP3 inflammasome activation.
Vimentin, one of the intermediate
filaments involved in the stability of the
intracellular architecture, modulates
NLRP3 inflammasome activation by
serving as a platform for protein—protein
interactions between NLRP3 and ASC
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(27). In contrast, the noncanonical absent
in melanoma 2 inflammasome responds to
activation by accumulation of cytosolic
double-stranded DNA, and functions
primarily as a sensor for this DAMP (6).

Regulation of the NLRP3
Inflammasome by Mitochondrial
Dysfunction

Signals originating from dysfunctional
mitochondria may represent a unifying
mechanism underlying NLRP3
inflammasome activation by cellular stress.
Recent studies from this laboratory and
others demonstrate that mitochondrial
dysfunction results in increased NLRP3
inflammasome activation (25-26). In bone
marrow-derived macrophages (BMDM:s)
stimulation with LPS and ATP
compromised mitochondrial integrity,
caused membrane depolarization (—AWY ),
increased mtROS generation and
mitochondrial DNA (mtDNA) release into
the cytosol, and resulted in increased NLRP3
inflammasome activation and secretion of
IL-1B and IL-18 (25). Scavenging of mtROS
using mitochondrial-targeted antioxidants or
reduction of cytosolic DNA by DNase
transfection, dampened inflammasome
activation and caspase-1-dependent IL-13
secretion (25). The translocation of mtDNA
from the mitochondria to the cytosol was
NLRP3 dependent, as it was diminished in
NLRP3-deficient (Nlrp3~'~) BMDM (25).
Additional studies have proposed that
oxidized mtDNA (28) or the mitochondrial
membrane lipid, cardiolipin, activate NLRP3
by direct interactions (29). These studies are
unified by the concept of mitochondrial
dysfunction leading to the release of
mitochondrial DAMPs as a proximal trigger
for inflammasome activation.

Regulation of the inflammasome by
metabolic signals. The NLRP3
inflammasome can recognize molecular
patterns associated with host-derived
metabolites, including glucose and saturated
fatty acids (FA) (30-31). Although many
studies suggest the possibility of the role of
metabolic status in NLRP3 inflammasome
regulation, the mechanisms correlating
metabolic alteration, mitochondrial
dysfunction and NLRP3 inflammasome
regulation remain unclear. Our recent
findings support a hypothesis that
inflammasome activation in response to
proinflammatory stimuli is integrated with
the regulation and perturbation of cellular
metabolic pathways, namely glucose

metabolism and FA synthesis (Figure 3).
We recently evaluated the involvement

of cellular metabolic pathways in the
regulation of NLRP3 inflammasome
activation in activated macrophages
(32-33). We revealed a role for glycolysis
in NLRP3 inflammasome activation. The
mammalian target of rapamycin complex
1-induced glycolysis regulates NLRP3
inflammasome activation in macrophages.
Down-regulation of glycolysis through
inhibition of Raptor/mammalian target of
rapamycin complex 1 or of hexokinase-1,
using either genetic interference or
chemical inhibitors (e.g., 2-deoxyglucose),
inhibited both inflammasome priming and
caspase-1 activation in macrophages in
response to LPS and ATP (32).

We also investigated the role of
glucose-dependent FA synthesis in NLRP3
inflammasome regulation in response to the
novel endogenous NLRP3 inflammasome
modulator, mitochondrial uncoupling
protein-2 (UCP2) (33). UCP2 is a
mitochondrial inner membrane protein
that regulates the electron transport chain
and mitochondrial export of metabolic
precursors. We observed that UCP2
deficient mice were compromised for
inflammasome cytokine (e.g., IL-1B)
production in a model of fecal peritonitis. In
BMDM, UCP2 deficiency suppressed
NLRP3-mediated NLRP3 expression and
caspase-1 activation in response to LPS and
ATP, associated with the down-regulation of
glucose-dependent FA synthesis. In UCP2-
deficient macrophages, inhibition of FA
synthesis resulted from the down-regulation
of FA synthase. FA synthase inhibition by
small interfering RNA and treatment with
chemical inhibitors, C75 and cerulenin,
inhibited inflammasome priming and
NLRP3-mediated caspase-1 activation in
macrophages (33). Taken together, these
studies suggest profound metabolic
components (both glucose and FA) in
macrophage inflammasome activation
profiles, which may be significant in disease.

Regulation of the inflammasome by
the autophagy program. Autophagy, an
evolutionarily conserved lysosome-dependent
degradation process, enables the recycling
of cellular components (34). During
autophagy, cytosolic constituents, including
mitochondria and proteins, are engulfed by
autophagosomes and subsequently delivered
to the lysosomes for degradation. Recent
studies indicate an inhibitory role for
autophagy in inflammasome activation.
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Figure 3. Metabolic regulation of inflammasome activation. NLRP3 inflammasome activation in disease may be coupled to the perturbation of cellular metabolism.
Recent studies indicate that both glucose metabolism and fatty acid (FA) synthesis may be linked to inflammasome activation (32, 33). Proinflammatory
conditions activate mammalian target of rapamycin complex (MTORC) 1, leading to up-regulation of glycolysis through translational activation of hexokinase-1.
Inhibition of glycolysis using 2-deoxyglucose suppressed mtROS production and NLRP3 inflammasome activation in macrophages (32). The mitochondrial inner
membrane protein, uncoupling protein (UCP)-2, was recently identified as a regulator of NLRP3 inflammasome activation through the stimulation of FA synthesis
(33). UCP2™"~ mice were protected from experimental sepsis, and macrophages derived from these mice were compromised for inflammasome activation.
NLRP3 inflammasome activation was dependent on FA synthase (FASN), the rate-limiting step in FA synthesis.

Autophagic gene Atgl6-deficient mice (35)
and BMDM isolated from microtubule
associated protein-1, light chain-3B-deficient
mice (25) displayed increased caspase-
1-dependent production of IL-18 and IL-18
in response to LPS and other pathogen-
derived signals. The proposed mechanism
for the augmented caspase-1 response
implicates the failure of autophagy-deficient
cells to clear damaged mitochondria. In the
absence of mitochondrial autophagy,
damaged mitochondria accumulate and
generate excessive mtROS and release
DAMPs, such as mtDNA into the
cytoplasm, events that trigger activation

of the NLRP3 inflammasome (25, 35).

Inflammasomes in Airways
Diseases

Chronic Obstructive Pulmonary
Disease

Chronic obstructive pulmonary disease
(COPD) involves clinical phenotypes of

Translational Review

chronic bronchitis and airway obstruction
exacerbated by secondary infections, and
emphysema (36). Exposure to cigarette
smoke (CS) is a primary risk factor for
COPD. The mechanisms underlying COPD
pathogenesis remain elusive, but include
protease/antiprotease imbalance,
inflammation, oxidative stress, and
apoptosis. CS targets the lung epithelium,
but can activate other resident lung cell
types, including inflammatory cells (36).
Animal model studies have
demonstrated that CS exposure can
induce significant recruitment of
neutrophils in the bronchoalveolar space
and pulmonary parenchyma. These events
were found to be reduced in TLR4-, myeloid
differentiation primary response gene 88,
and IL-1R1-deficient mice (37). In vitro,
CS-stimulated macrophages were shown
to increase the production of pro-IL,
whereas IL-1[3 secretion required additional
stimulation by the inflammasome activator
ATP. These studies were among the first
to imply a possible contributory role for

inflammasome signaling and IL-13
responses in CS-induced airways
inflammation (37). Targeted overexpression
of the inflammasome-regulated cytokine,
IL-18, in murine lungs resulted in
widespread pulmonary inflammation,
airway remodeling, and emphysematous
lesions, suggesting a role for IL-18 in COPD
pathogenesis (38).

Evidence for NLRP3 involvement in
acute inflammation associated with CS
exposure has been further studied in mouse
models (39-40). Nlrp3~'~ mice displayed
reduced caspase-1 activation, IL-18/IL-1(3
production, and neutrophil influx in the
bronchoalveolar lavage (BAL) relative to
wild-type mice after acute CS exposure
(39). Genetic deletion of the P2X7 receptor
also reduced CS-induced caspase-1
activation, IL-1pB release, and airway
neutrophilia during acute CS exposure (40).
Contrasting studies reported that
pulmonary inflammation in response to
acute CS exposure required IL-13/a
production and IL-1R, but was independent
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of NLRP3 and caspase-1, due to lack of
phenotype in Nlrp3~/~ and Caspl ™'~ mice,
respectively (41).

CS inhalation in healthy human
subjects can induce proinflammatory
cytokines (e.g., IL-1B3, TNF) in the lung
(42). IL-1at/P were significantly increased in
lung tissue and induced sputum of patients
with COPD compared with never-smokers
(41). Furthermore, the levels of IL-18 were
found to be elevated in induced sputum of
patients with COPD compared with healthy
smokers and nonsmokers, and which
correlated to decline of lung function (43).
The levels of eATP were elevated in the BAL
of patients with COPD (44). Furthermore,
serum UA correlated with 30-day mortality
in patients with COPD exacerbations (45).

Recently, inflammasome components
were also evaluated in the bronchial mucosa
and BAL of patients with stable COPD of
different severity relative to control healthy
smokers and nonsmokers. This study
reported lack of NLRP3 inflammasome
activation in COPD, with no differences in
caspase-1 activation, IL-1(3, or IL-18 levels
in bronchial biopsies or in BAL between
the groups (46). It remains conceivable of a
role of the inflammasome system in toxic
reactions to CS exposure, as well as a
component of immune reactions during
secondary infections associated with
COPD. Due to contrasting, as well as
negative, findings of recent studies, a
precise role for NLRP3 inflammasome in
COPD pathogenesis remains inconclusive.

Asthma

Allergic asthma is an inflammatory airway
disease that is initiated by maladaptive
responses of T helper type (Th) 2 cells to
common allergen stimulation, which cause
airway eosinophilia, mucus hypersecretion,
and airway obstruction (47). Increased
levels of IL-1B have been reported in the
serum, induced sputum or BAL of humans
with asthma (5, 48). Elevated eATP was
measured in the BAL of humans and
mice after allergen challenge (49). The
involvement of NLRP3 inflammasome in
allergic airway inflammation has been
studied in mouse models of allergic asthma.
Mitochondrial dysfunction, resulting in
increased mtROS generation, has been
suggested to be associated with the
pathogenesis of allergic airway disease. Kim
and colleagues (50) recently demonstrated
that suppression of mtROS generation by
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the novel mitochondrial antioxidant
compound NecroX-5 attenuated allergic
airway inflammation associated with
inhibition of NLRP3 inflammasome
activation and reduced IL-13 production.
Nlrp3~'~, Asc™’~, or Caspl /" mice
displayed reduced Ty2 cytokine production
and airway eosinophilia after ovalbumin
challenge (51). Reduced Th2-type responses
were also observed for mice deficient in
IL-1R1, IL-1B, and IL-1a, suggesting the
crucial involvement of IL-1R1 signaling in
allergic inflammation (51). However,
contradictory studies reported no difference
in airway inflammation or clinical
outcomes in Nlrp3~’~ mice subjected to
allergen challenge (52). Furthermore, Kool
and colleagues suggested that NLRP3 does
not significantly contribute to either OVA-
mediated allergic airway inflammation in
mice (53). In this study, UA was identified
as a Th2 cell adjuvant acting independently
of NLRP3 or IL-1B (53).

Thus, the role of NLRP3 in the
pathogenesis of allergic airway disease
remains controversial. Recent studies,
however, have identified NLRP3 as an
important transcriptional regulator in Th2
differentiation. NLRP3 expression in CD4" T
cells promoted a Th2 transcriptional
program that did not require ASC or
caspase-1. Th2-related cytokines (e.g., IL-5
and IL-4) were reduced in lung
homogenates from ovalbumin-treated
Nlrp37/7 mice (54).

Infectious Pulmonary
Diseases

Respiratory ailments add significantly to the
global burden of disease. Consistent with
a general role for inflammasomes described
in innate immune responses to systemic
infections, several studies demonstrate the
involvement of NLRP3 inflammasome in
the pathogenesis of common respiratory
infections (48). Influenza A virus (IAV), an
RNA virus, is a widespread respiratory
pathogen. AV infection triggers NLRP3
priming through TLR?7 sensing of its single-
stranded viral RNA, whereas the IAV M2
protein triggers NLRP3 inflammasome
assembly through K" efflux (55). The
NLRP3 inflammasome provides protection
in mouse models of IAV infection, as
demonstrated by increased susceptibility
and reduced inflammatory responses of
Nlrp3™'~, Caspl™'~, and Asc™’~ mice

(56-57). NLRP3 was essential for
protection from respiratory infection with
Streptococcus pneumoniae, of which the
pneumolysin virulence factor was identified
as a novel inflammasome activator (58).
In Chlamydia pneumoniae infection,
mitochondrial dysfunction involving loss of
mitochondrial membrane potential, but
not mtROS, was implicated in the
mechanisms for NLRP3 inflammasome
activation (59). The 6kDa early secreted
antigenic target from Mycobacterium
tuberculosis (MTB) activated the NLRP3
inflammasome and induced a strong IL-13
response (60). However, Nlrp3~/~ mice

were not overtly susceptible to MTB infection,
due to myeloid-specific and NLRP3
inflammasome-independent compensatory
increases in IL-1§3 production (61). In contrast,
Asc™"™ mice displayed a susceptibility
phenotype to MTB infection (62).

Fibrotic Lung Disease

Idiopathic pulmonary fibrosis (IPF) is a fatal
disorder of the lower respiratory tract with
unknown etiology, involving inflammation
and fibrosis of the interstitium, leading to
destruction of the alveolar architecture (63).
In a model of bleomycin-induced fibrosis,
Nlrp3~'~ mice displayed reduced
neutrophil influx and reduced IL-1pB levels
in the lung. Similarly, lung neutrophil
infiltration in response to bleomycin was
attenuated in mice genetically deficient in
ASC or caspase-1, or in mice treated with
the caspase-1 inhibitor, Z-yvad-fmk (64).
Lung injury and inflammation in this model
were associated with increased production of
UA and eATP in the BAL (64-65). In human
IPF studies, elevated eATP levels were also
found in the BAL (65). Statin use was
recently identified as a potential risk factor
for interstitial lung disease in humans.
Interestingly, when tested in the mouse,
statins aggravated bleomycin-induced lung
injury, and amplified caspase-1 activation
(66). Taken together, these studies

suggest NLRP3 involvement in the
pathogenesis of experimental pulmonary
fibrosis, and provide intriguing possibilities
for therapeutic targets in IPF.

Cystic Fibrosis

Cystic fibrosis (CF) is a fatal autosomal
recessive disease caused by mutation in the
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CF transmembrane conductance regulator
(CFTR) gene. CF is characterized by mucous
obstruction of the airways, resulting in
recurrent pulmonary infections. The most
common CFTR gene mutation is a
deletion of phenylalanine at position 508
(CFTR®% %) (67). CF mice displayed
elevated caspase-1 activation and ASC
expression in the lung. The activation of
the NLRP3 inflammasome in CF lung was
associated with elevated levels of the
signaling lipid-derived mediator, ceramide
(68). In CF epithelial cells bearing the
CFTR mutation, Pseudomonas aeruginosa
infection promoted mitochondrial
dysfunction and increased mitochondrial
Ca®>" uptake, which were proposed as a
mechanism underlying increased NLRP3-
dependent caspase-1 activation (69).

Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) is a
serious disease affecting the pulmonary
vasculature, characterized by sustained
elevation of pulmonary arterial pressure
(>25 mm Hg at rest). In PAH, pulmonary
arterial remodeling occludes the vessel
lumen, leading to right ventricular failure
(70). In mice, hypoxia exposure causes
pulmonary hypertension, including
increased right ventricular systolic pressure
and pulmonary vascular remodeling. These
changes were also associated with
activation of the NLRP3 inflammasome
and caspase-1, as well as increased IL-1p
production, and were reversed with a
superoxide dismutase mimetic (71). Asc '™
mice were resistant to hypoxia-induced
pulmonary hypertension, as evidenced by
reduced right ventricular systolic pressure
and reduced pulmonary vascular remodeling
in response to hypoxia. However, Nlrp3~/~
mice did not display a phenotype in this
model, indicating the possible involvement
of alternate inflammasome complexes
involving ASC (72).

Acute Lung Injury

Acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS)
describe clinical syndromes of acute
respiratory failure with substantial
morbidity and mortality. Supplemental
oxygen inhalation is frequently used to treat
severe respiratory failure; however,

Translational Review

prolonged exposure to elevated oxygen
concentrations (hyperoxia) causes AL which,
in humans, can lead to ARDS. Nirp3 ™'~ mice
displayed increased mortality under
hyperoxic conditions relative to wild-type and
1118™"~ mice. Under hyperoxia, Nlrp3 ™/~
mice displayed reduced lung inflammatory
responses, including inflammatory cell
infiltration and cytokine expression, without
differences in lung IL-13 production relative
to wild-type mice (73).

Dolinay and colleagues (74) analyzed
the role of the inflammasome in the
development of ALI using a murine model
of mechanical ventilation (MV)-induced
lung injury. MV resulted in the significant
regulation of several inflammasome-related
genes, including IL-1a (Il1a), caspase-
activator domain-10 (Card10), and IL-1
receptor-1 and -2 (IlIrI and -2). The
expression of the Asc gene, the
inflammasome adaptor, was up-regulated
after MV. Genetic deletion of IL-18 or
caspase-1 reduced lung injury and

Chronic Obstructive
Pulmonary Disease

inflammation in response to MV,
associated with reduced alveolar—capillary
barrier dysfunction and edema (74).
These studies indicate a role for the
inflammasome system and its regulated
cytokines in the propagation of
experimental ALL

Clinical Implications of the
Inflammasome and Related
DAMPs

In human studies, using plasma specimens
from critically ill patients, the expression of
inflammasome-related caspase-1, IL-18, and
IL1B messenger RNA transcripts was
significantly higher in patients with sepsis/
ARDS when compared with patients with
systemic inflammatory response syndrome
(74). Importantly, circulating IL-18 and
mtDNA, a mitochondrial DAMP associated
with NLRP3 inflammasome activation,
were significantly elevated in plasma from
critically ill human patients with illnesses

Asthma

Regulation of Inflammation?

Defense Against Secondary Infections?

Acute Lung Injury/
Acute Respiratory
Distress Syndrome

Propagation of Tissue Injury

Infectious
Disease

Host Defense Against Pathogens

NLRP3 INFLAMMASOME

Pro-Inflammatory Cytokines

Pyroptosis

Pulmonary
Arterial Hypertension

Regulation of Inflammation?

Idiopathic
Pulmonary Fibrosis

Regulation of Inflammation?

Cystic Fibrosis

Regulation of Inflammation?
Defense Against Pseudomonas

Sepsis

Host Defense Against
Bacteria

Figure 4. Potential involvement of the NLRP3 inflammasome in lung disease. The NLRP3
inflammasome exerts incompletely understood functions in lung diseases. In diseases involving
pathogen infection, bacterial sepsis, or secondary infections, NLRP3 is predicted to function as
an effector of innate immune responses. The role of NLRP3 in asthma and chronic obstructive
pulmonary disease remains controversial. Recent studies have implied protective roles of NLRP3
in regulating the inflammatory response in cystic fibrosis, pulmonary hypertension, and idiopathic
pulmonary fibrosis. In acute lung injury/acute respiratory distress syndrome, the NLRP3
inflalmmasome and its regulated cytokines have been implicated in tissue injury.
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such as sepsis and sepsis-induced ARDS,
and significantly associated with intensive
care unit mortality (74-75). Interestingly,
mtDNA was superior to clinical Acute
Physiology and Chronic Health Evaluation
score classification and the common clinical
test of lactate levels in predicting mortality
in these patient cohorts (75). These data
suggest that inclusion of mtDNA

could improve risk prediction in the
medical intensive care unit. These
observations underscore the hypothesis
that mitochondrial dysfunction and
inflammasome system components

may contribute to the pathogenesis of
human diseases, such as sepsis and ALI/
ARDS.

Conclusions

The NLRP3 inflammasome has emerged
as an important regulator of the innate
immune system and associated
inflammatory responses that may have
significant impact in the progression of
human diseases, including pulmonary
diseases (Figure 4). The role of NLRP3
inflammasome as a primary surveillance
mechanism in infectious disease is well
known. NLRP3 inflammasome represents a
single component of complex innate
immune responses to pathogens,
particulates, and noxious stimuli (48), and,
as shown in several respiratory disease
models, may not be the sole regulator of
IL-1f production in host responses

(61, 73). Although consistent with the
hypothetical role of NLRP3 in
inflammatory responses, the studies that
link the role of NLRP3 inflammasome
in pathogenesis of specific respiratory
disease, including allergic immune
responses and COPD, remain unclear.
Paradoxical or detrimental roles of the
NLRP3 inflammasome may reflect
pleiotropic effects not limited to innate
immune defenses, but also involving the
propagation of chronic inflammatory
responses or alteration of cell death
pathways, which may exacerbate injury.
Emerging studies begin to elucidate the
possible role of NLRP3 in lung diseases,
such as IPF, PAH, and CF, which may
also involve aberrant regulation of
inflammatory responses, although more
research is needed in these areas.
Inflammasome system components
are expressed in several lung cell types.
Among them, alveolar macrophages and
dendritic cells represent major sources of
inflammasome-associated cytokines,
including IL-1B and IL-18, in the lung.
The potential contribution of the
inflammasome in structural cells, such as
epithelial cells and fibroblasts, in the
process of injury and repair responses in
various lung diseases with tissue
remodeling needs to be further investigated.
Recent studies demonstrate that lung
epithelial cells contribute to protection
from bacteria-induced lung injury by
internalization of cardiolipin through a

unique cardiolipin transporter, Atp8b, the
P-type ATPase transmembrane lipid pump,
expressed in type II epithelial cells (76).
Given that cardiolipin has been implicated
in NLRP3 inflammasome activation in
macrophages (29), the relationship of this
novel mechanism to potential innate
immune responses in epithelial cells, such
as inflammasome activation, and IL-1B
production requires further investigation.
NLRP3 may also have noncanonical
inflammasome-independent roles, such
as the transcriptional regulation of
T cell differentiation (54). In the
hyperoxia-induced ALI model, NLRP3
promotes apoptosis of alveolar
epithelial cells by signal transducer and
activator of transcription 3 signaling
activation (73). Based on the unique
architecture of lung and the diverse roles
of NLRP3, understanding cell type-specific
roles of the inflammasome remains
challenging. A further challenge will be to
dissect the role of secondary effectors, such as
the inflammasome cytokines, IL-13 and IL-
18, or DAMPs, such as mtDNA, eATP, and
UA, as either biomarkers of disease
progression or effectors of disease
pathogenesis. Improved understanding of the
function of inflammasome effector molecules
in lung pathologies may also provide novel
diagnostic or therapeutic targets for regulation
of the NLRP3 inflammasome in disease. l
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