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Idiopathic pulmonary fibrosis (IPF) is a dramatic disease without cure. The US Food and Drug
Administrationeapproved drugs, pirfenidone and nintedanib, only slow disease progression. The
clinical investigation of novel therapeutic approaches for IPF is an unmet clinical need. Nucleotide-
binding oligomerization domain-like receptor or NOD-like receptors are pattern recognition receptors
capable of binding a large variety of stress factors. NLR family pyrin domain-containing protein 3
(NLRP3), once activated, promotes IL-1b, IL-18 production, and innate immune responses. Multiple
reports indicate that the inflammasome NLRP3 is overactivated in IPF patients, leading to increased
production of class I IL and collagens. Similarly, data from animal models of pulmonary fibrosis confirm
the role of NLRP3 in the development of chronic lung injury and pulmonary fibrosis. This report provides
a review of the evidence of NLRP3 activation in IPF and of NLRP3 inhibition in different animal models
of fibrosis, and highlights the recent advances in direct and indirect NLRP3 inhibitors. (Am J Pathol
2022, 192: 837e846; https://doi.org/10.1016/j.ajpath.2022.03.003)
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More than 40% of all deaths recorded globally can be
attributed to increased accumulation of collagen in organs
and tissues, culminating in fibrotic disease.1 Idiopathic
pulmonary fibrosis (IPF), the most common interstitial lung
disease, has increasing trends and poor outcomes, with 3 to
5 years of life expectancy after diagnosis.2,3 Pirfenidone and
nintedanib, the only US Food and Drug Administratione
approved drugs, improve IPF patients’ quality of life and
slow disease progression, but a cure is still missing.4,5

Although the exact cause of IPF is unknown, most the-
ories suggest dysfunction in the wound-healing response,6

genetic predisposition,7 endoplasmic reticulum (ER)
stress,8 and/or exaggerated immune responses with fibro-
blast activation.9

Multiple reports underline the role of the inflammasomes
in IPF, suggesting that their activity may be a driving factor
for the development of fibrosis and a potential target for new
therapies. Inflammasomes are pattern recognition receptors
(PRRs)dnucleotide-binding oligomerization domain-like
stigative Pathology. Published by Elsevier Inc
receptors or NOD-like receptors (NLRs)dcapable of
binding a large number of molecular motifs of microor-
ganisms, as well as alarm signals produced by immune cells
(pathogen-associated molecular patterns and damage-
associated molecular patterns).10 The discovery of the
inflammasome in early 2000 also revealed its essential role
in augmenting the innate immune response in toll-like
receptoremediated signaling.11 The most studied of the
inflammasome family, NLR family pyrin domain-
containing protein 3 (NLRP3), is encoded by the gene
NLRP3 on the long arm of chromosome 1.12 NLRP3 was
initially found in macrophages,13 but later reports detected
high levels in multiple other cells, including epithelial and
endothelial cells.14,15 It participates in the innate immune
. All rights reserved.
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response via the secretion of IL-1 family cytokines. Under
basal conditions, NLRP3 resides in the mitochondria and
endoplasmic reticulum, but during stress it migrates to
perinuclear regions.16

The inflammasome differs from other PRRs as it displays
the rare feature of recognizing a wide range of unrelated
bacterial, viral, and fungal pathogen-associated molecular
patterns as well as endogenous damage-associated molecular
patterns in sterile inflammation or following exposure to
environmental irritants. Indeed, NLRP3 is activated by mul-
tiple stimuli, including mitochondrial, lysosomal, ER, and
oxidative stresses, as well as ion flux and DNA damage.17

Various animal models have underlined NLRP3’s role in
the fibrotic process,18e20 and clinical investigations have
identified the NLRP3/IL-1 pathway in chronic lung dis-
eases.21,22 These proinflammatory cytokines participate in
epithelial-to-mesenchymal transformation and in the pro-
duction and deposition of collagen.23

Thus, the investigation of direct and indirect NLRP3 in-
hibitors for lung disease represents an unmet clinical need.
This review highlights NLRP3 involvement in lung fibrosis,
collagen deposition, and mesenchymal transformation, and
summarize the therapeutic advances in the development of
NLRP3 inhibitors.
NLRP3 Structure and Assembly

NLRP3 is a PRR located in the cytoplasm and is able to
sense microbes and other danger signals. NLRP3 exists as
inactive monomers expressed in the cytoplasm or on the
surface of mitochondria and ER, as aggregated, active
oligomers. The exact mechanism that leads to NLRP3 as-
sembly remains unclear. However, recent reports have
provided a deeper understanding of the activation process.

The active inflammasome consists of a detector (NLRP3),
an adaptor (ASC; part of apoptosis-associated speck-like
protein), and an effector, caspase 1.

The detector NLRP3 is a pyrin-like protein, with an
amino-terminal pyrin domain (PYD), a central nucleotide
binding site domain, and a carboxy-terminal leucin-rich
repeat motif. The adaptor ASC and its caspase activation
and recruitment domain moderate the interaction of NLRP3
with other proteins, and the formation of large complexes,
among which is its crucial binding with the amino-terminal
domain of caspases.24 Caspase 1, or IL-1 converting
enzymedthe effectordis a highly conserved enzyme that
cleaves precursors of IL-1b, IL-18, and gasdermin D into
their activated forms.25

The domains of NLRP3 possess self-regulated activity
that coordinates protein oligomerization and structural
rearrangements required for its functionality. The central
part on NLRP3 is divided into the nucleotide binding site
and NACHT [neuronal apoptosis inhibitor proteins (NAIP),
class II transactivator (CIITA), HET-E, and topoisomerase 1
(TP-1)] domains, the latter exerting both apoptotic and
838
antiapoptotic ATPase activity.26 The third domain, leucin-
rich repeat, senses danger signals and is similarly
expressed by multiple other innate immune receptors. The
ATPase activity of the central domain promotes its assem-
bly, whereas the leucin-rich repeat is capable of folding
toward the central domain, interfering with this process.27

During stress, the central domain (NACHT) mediates the
oligomerization ofmultipleNLRP3 proteins. ASC is recruited,
and after its link with the PYD domains, forms helical ASC
filaments. Finally, ASC filaments unite into a singular
macromolecule capable of recruiting inactive caspase-1,which
in this bound conformation self-cleaves, releases p20-p10
fragments, and acquires its active enzymatic form.28

NLRP3 Regulation

The assembly and activation of NLRP3 is highly regulated.
Indeed, NLRP3 activation requires a two-step process: first
priming and later activation. Priming is necessary for two
main functions; the first one is to increase the expression of
its components, NLRP3, caspase-1, and proeIL-1b. The
transcription of these proteins is up-regulated by toll-like
receptors, by NOD2 receptors, or through cytokines tumor
necrosis factor-a and IL-1b that promote NF-kB activation
and gene transcription.29 The second is for NLRP3 post-
translational modifications, which maintain NLRP3 into an
autosuppressed and inactive, but signal competent, state.
These post-translational modifications include ubiquitylation,
phosphorylation, and sumoylation. While priming guarantees
the proper cellular microenvironment to sustain NLRP3
function, activation occurs through the recognition of mo-
lecular patterns. As mentioned, an incredibly large number of
pathogen-associated molecular patterns, damage-associated
molecular patterns, and chemical signals can promote
NLRP3 activation. As a result, NLRP3 is involved in the
response to insults and in the cellular stress response. How-
ever, the mechanism by which the NLRP3 inflammasome
senses stress is not completely understood. In addition,
because many overlapping and interrelated pathways culmi-
nate in NLRP3 activation, a unique consensus is missing.
Indeed, several cellular processes lead to NLRP3 activation,
such as ionic imbalances (Kþ efflux, Cl� efflux, and Ca2þ

flux), lysosomal disruption, mitochondrial dysfunction,
metabolic changes, endoplasmic reticulum stress, and
others.30 It is clear then, that in contrast to most PRRs, which
promote transcription of inflammatory mediators, NLRP3
participates in the post-transcriptional activation of the IL-1
class family, providing a last checkpoint before the inflam-
matory response.

NLRP3 in the Lung

Lungs are constantly exposed to inhaled microbes, partic-
ulates, and host-derived danger signals, thus requiring the
presence of an active, but regulated, innate immune
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response, able to guarantee protection from disease. The
lung contains various families of innate immune PPRs, like
toll-like receptor, RIG-Ielike receptors, and NOD-like re-
ceptors (NLRs), that mediate the initial signaling and
regulation of inflammatory mediators.31 Alveolar macro-
phages, as well as alveolar epithelial and endothelial cells,
express high levels of NLRP3 mRNA.32e34 Thus, the whole
alveolocapillary structure shares a common defense mech-
anism that is highly conserved against multiple infective and
noninfective stimuli (Figure 1).

NLRP3 is activated in animal models of silica/asbestos
exposure; mice lacking either NLRP3 or ASC do not display
increased IL-1b, inflammatory cells in the bronchoalveolar
lavage fluid (BALF), or collagen deposition.35,36 Thus, it is
hypothesized that a dysregulated activation of NLRP3 may
affect the progression of chronic pulmonary diseases, such as
IPF, asthma, and chronic obstructive pulmonary disease.37

This hypothesis is supported by the high levels of NLRP3
found in clinical samples, evidence from animal studies in
lung fibrosis, as well as results from the use of NLRP3 in-
hibitors in in vitro and in vivo studies.
IL-1 Family of Cytokines in IPF

The IL-1 superfamily is a group of 11 cytokines that play a
central role in the regulation of immune and inflammatory
Figure 1 Inflammasome NLR family pyrin domain-containing protein 3 (NL
intratracheal instillation of 0.1N hydrochloric acid. Hematoxylin and eosin stainin
hyaline membranes in HCl-instilled animals (D) compared with controls (A). HC
architecture and increased deposition of collagen (E) compared with controls (
expressed in the bronchial and alveolar surfaces (C), but in fibrosis, its expression
Immunohistochemistry for NLRP3 was performed with NLRP3 antibody (Novusbio
approved by the Old Dominion University Institutional Animal Care and Use Com
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processes in response to a large group of stimuli. These
cytokines are crucial in the innate immune response, in-
duction of hyperpyrexia, expression of adhesion molecules,
as well as in mediating hyperalgesia, vasodilation, and
hypotension.

Nine of these cytokines occur in a single cluster of
chromosome 2, probably originating from gene duplications
of an IL-1b ligand of ancestral origin (IL-1a, IL-1b, IL-36a,
IL-36b, IL-36g, IL-36Ra, IL37, IL-38, and IL-1Ra).38 IL-
1a, Il-1b, and IL-1Ra (the competing receptor antagonist)
bind the IL-1R receptor, whose signaling is mediated
initially by toll- and IL-1Relike domains on adaptor pro-
teins, and later by phosphorylation of myeloid differentia-
tion primary response gene 88 and IL-1 receptor-activated
protein kinases.39 Alternatively, IL-18 and IL-33 may
originate from another genetic locus, but share high struc-
tural similarity with typical IL-1 isoforms, are internalized
by IL-1 receptor accessory protein (coreceptor or IL-1R),
and, thus, have been classified as members of the same
family.

Myeloid differentiation primary response gene 88 and IL-
1 receptor-activated protein kinases interact with tumor
necrosis factor-a receptor-associated factor 6, transforming
growth factor-beactivated protein kinase, and mitogen
activated protein kinase 3 (MAPK3) and lead to the tran-
scription of NF-kB, activator protein-1 (AP-1), c-Jun N-
terminal kinase, and p38.40
RP3) expression in the lungs. Sections from mouse lungs 30 days after
g, depicting increased alveolar thickness, white blood cell infiltration, and
l-instilled animals, stained for Masson trichrome, display loss of alveolar
B). Immunohistochemistry for NLRP3: under normal conditions, NLRP3 is
is increased dramatically in the parenchyma and the interstitial space (F).
, Denver, CO; catalog number NBP2-12446). All animal studies have been
mittee under protocol 19-014. Scale bars Z 50 mm (AeF).
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IL-18 and IL-18Ra expression is increased in patients
with IPF, and experimental administration of IL-18 in mice
augments the progressive deposition of extracellular matrix
and the development of fibrosis, underlining the important
role of IL-18 in lung pathology.23 Also, IL-18 triggers
fibroblast senescence, and its secretory phenotype (senes-
cence-associated secretory phenotype) is associated with
worse outcomes in lung fibrosis.41 Similarly, levels of IL-1
cytokines are chronically overexpressed in patients with
chronic obstructive pulmonary disease, asthma, and
IPF.42,43 In the lung, IL-1b participates in inflammation,
white blood cell migration, disruption of elastin fibers, and
collagen deposition.44 These effects are in part mediated by
IL-17A pathways.45,46

However, some evidence indicates that IL-1b can exert
both synergistic and antagonist effects on transforming
growth factor-b function, epithelial-to-mesenchymal trans-
formation, and collagen deposition.47,48 Lung fibroblasts,
but not dermal fibroblasts, display a reduced transforming
growth factor-bemediated production of collagen when
treated with IL-1b and IL-1, produced by the airway
epithelium, which similarly modulates fibroblast activity.49

It is possible that IL-1 family cytokinesdproducts of
NLRP3 activationdnot only participate as mediators of
inflammation, but also act as regulators of their intrinsic
network, with cell, and organ, specificity. This mechanism
could promote balanced inflammatory responses to a wide
range of stressors able to activate NLRP3.
NLRP3 in IPF

The development of an animal model of a disease with idio-
pathic (ie, unknown) etiology is at best challenging. Intra-
tracheal instillation of bleomycin (BLM) is the most
commonly used animal model of IPF, which, however, re-
mains suboptimal because of the unknown origin of IPF.50

BLM induces DNA damage via oxidative stress, and
inflammation, repair, and fibrotic responses are mediated by
IL-1b and the IL-R1/myeloid differentiation primary
response gene 88 signaling pathway.51 NLRP3�/� mice
display much lower levels of NLRP3 activation, IL-1b pro-
duction, and fibrosis compared with wild-type animals.52 The
activation of the inflammasome NLRP3 in IPF has been
ascribed to multiple interrelated as well as distinct signaling
mechanisms.
Extracellular ATP

Purine nucleotides and nucleosides are critical structures for
eukaryotic systems. ATP represents the fundamental energy
exchange utilized by cells, but when released in the extra-
cellular space in response to cell injury, acts as damage-
associated molecular patterns and, depending on metabolic
processing and receptor binding, exerts proinflammatory or
anti-inflammatory effects.
840
The BALF of IPF patients displays increased levels of
extracellular ATP and UDP, which increases during disease
flare-ups.53,54 The expression of the purinergic receptor,
P2Y2, is increased on macrophages and neutrophils,
whereas alveolar epithelial cells display mostly P2Y6 re-
ceptors.55 Accordingly, high levels of extracellular ATP
exist in BLM-instilled fibrotic mice,54 and genetic exclusion
of either P2Y2 or P2Y6 genes resulted in mice expressing
lower inflammation and white blood cell recruitment. In
IPF, extracellular ATP is probably released as a result of
continuous micro-injuries, airway remodeling, and disor-
ganized and excessive angiogenesis with copious extracel-
lular matrix deposition and mesenchymal transition.
Extracellular ATPs are a well-known mechanism of
inflammasome activation, and BALF cells of IPF patients
display higher sensitivity to NLRP3 assembly and IL-1b
production, on ATP challenge than BALF cells from
healthy donors.22 However, more data are needed to un-
derstand the contribution of extracellular ATPemediated
NLRP3 activation in IPF.

Endoplasmic Reticulum Stress

The ER is a specialized organelle that hosts proteins during
their folding and quality control phases, and guarantees
proteomic homeostasis (ie, proteostasis). Disruption of
protein processing results in ER stress, which is followed by
the unfolded protein response, a cell mechanism that aims to
restore proteostasis or, if ER stress is prolonged or irre-
versible, mediate cell death.8 Because of the dysregulated
large amounts of ECM proteins and collagens deposited
during fibrosis, signs of ER stress are a common finding in
IPF patients.56 In addition, mutation in surfactant protein C,
observed in patients with familial IPF, is associated with
accumulation of mutant proteins in the ER and consequent
ER stress.57

The unfolded protein response consists of three media-
tors: BiP (IgH chain-binding protein), PKR-like ER-
resistant kinase, and inositol-requiring enzyme 1a.
Inositol-requiring enzyme 1a promotes nuclear transcrip-
tion of NF-kB and AP-1, via tumor necrosis factor-a
receptor-associated factor signaling either in a NOD1/2- or
receptor interacting serine/threonine protein kinase 1
(RIPK1)edependent cascade.58 As a result, the phenotype
of immune cells changes to limited M1 macrophage po-
larization and increased number of M2.59

Evidence of an interplay between ER stress and NLRP3
activation suggests that C/EPB homologous protein
(CHOP) overexpressiondmediated by the sensors inositol-
requiring enzyme 1a and PKR-like ER-resistant kin-
asedpromotes IL-1b and pyroptosis, whereas the ER stress
inhibitor tauroursodeoxycholic acid (TUDCA) prevents
caspase-1 and caspase-11, release of IL-1b, and cell
death.60 Another ER stress inhibitor, farnesoid X receptor,
prevents ER stress-related NLRP3 assembly, whereas far-
nesoid X receptor deficiency promotes unfolded protein
ajp.amjpathol.org - The American Journal of Pathology
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responseemediated activation of NLRP3.61 Additional
hypotheses for a link between NLRP3 and ER stress
include unfolded protein responseemediated cytokinemia,
angiotensin II signaling, RIP1 phosphorylation, and
oxidative stress.62,63

Mitochondrial and Oxidative Stress

In unstimulated conditions, NLRP3 relies onmitochondria that
act as docking sites for NLRP3 assembly, through binding of
cardiolipin, mitochondrial antiviral signaling protein, and
mitofusin 2.64e66 Disruption in mitochondrial membrane and
polarity, resulting from increased production of mitochondrial
reactive oxygen species, releases the inflammasome,16,67

suggesting that mitophagy is an important regulator of
NLRP3.68 Another mechanism by which NLRP3 senses
mitochondrial stress is by nuclear factor erythroid 2erelated
factor 2. Nuclear factor erythroid 2erelated factor 2 regulates
the expression of antioxidant genes to guarantee cell survival,
reducing mitochondrial reactive oxygen species production,
attenuating NF-kB transcription, and modulating the priming
and the activation of NLRP3.69 Finally, circulating oxidized
forms of mitochondrial DNA participate in the activation
pathways of NLRP3.70

Impaired mitochondrial homeostasis represents an estab-
lished hallmark of aging, and recently, a feature of lung
disease and progression. Alveolar macrophages of IPF pa-
tients display mitochondrial defects, reduced homeostasis,
and higher mitochondrial reactive oxygen species levels
when compared with controls.71 Mitochondrial reactive
oxygen species activate NLRP3 and interferon inducible
protein AIM2 inflammasomes and produce high levels of
IL-1b.72

The hypothesis that aged mitochondria contribute to IPF
progression is confirmed by animal studies, where NLRP3
activation and BLM-induced fibrosis were stronger in old
compared with young mice and prevented in NLRP3(�/�)

null mice.19 Age dependency of NLRP3 activation was also
evaluated in p24 mice, indicating that age-dependent
mechanism of inflammasome activation may be more
complex during growth.18

Pyroptosis

In addition to the production of IL-1 family cytokines,
NLRP3 leads to pyroptosis, a mechanism of lytic programed
cell death, mediated by gasdermin D. Caspase 1 cleaves
gasdermin D into its activated form, which migrates to the
cell inner membrane, oligomerizes, forms pores of 10- to
14-nm diameter, and provokes free passage of ions and cell
death from within.73 Gasdermin D further promotes the
nonconventional release of IL-1b and IL-18, as pyroptosis
induces the secretion of full-length and calpain-processed
IL-1a.74

Mice instilled with BLM display NLRP3 activation and
pyroptosis, which is inhibited by lycorine, an alkaloid able
The American Journal of Pathology - ajp.amjpathol.org
to disrupt the interaction of NLRP3 with the adaptor ASC,
by targeting its PYD domain in Leu 6, Leu 50, and Thr 53.75

Senescent fibroblasts, associated with persistent matrix
production and IPF progression, display increased levels of
fragmented gasdermin D, indicating pyroptosis as a mech-
anism of cell death in IPF.76 Aggregation of gasdermin D in
macrophages, and subsequent pyroptosis, is blocked by
andrographolide, and may be useful in radiation-induced
inflammation and fibrosis in the lung.77
NLRP3 Inhibitors

Multiple drugs have been developed to interfere with the
NLRP3 machinery, and the knockout of the inflammasome
NLRP3 has been investigated in different animal models of
pulmonary fibrosis. The mechanical stretch in the pulmo-
nary fibrosis model exhibited significantly lower levels of
cleaved caspase-1 and IL-1b in lungs obtained from
NLRP3-knockout mice compared with wild-type mice.78

Aged NLRP3 null mice, challenged with BLM, also
showed a reduction of lung fibrosis compared with their
wild-type age-matched counterparts.19 However, NLRP3-
deficient mice, infected with influenza virus, demonstrated
increased mortality compared with healthy mice, in spite of
lower IL-1b and IL-18 levels and less white blood cell
amount in BALF.37 Thus, the investigation of NLRP3 in-
hibitors is sustained by direct beneficial effects observed in
knockout mice.

Agents that directly inhibit the inflammasome NLRP3
include MCC950, 3,4-methylenedioxy-b-nitrostyrene, tra-
nilast, type I interferon (IFN; IFN-a and IFN-b), and CY-09
(Table 1).

MCC950 (CP-456,773 or CRID3) is one of the most
studied direct inhibitors of the NLRP3 pathway, but its
molecular target remains unknown. The small molecule,
containing diarylsulfonylurea, reduces expression of in-
terleukins IL-1b and IL-18, ameliorating the severity of
experimental autoimmune encephalomyelitis and cryopyrin-
associated periodic fever syndrome in mice.79 MCC950 acts
jointly with walker B, to block hydrolysis of ATP and
reduce the NLRP3-mediated inflammation.80 MCC950 im-
proves spinal cord edema and hind limb movements in mice
with spinal cord injury, through blocking both
NLRP3ecaspase-1 and excretion of IL-1b, IL-18, and
tumor necrosis factor-a.81 Overexpression of cytokines, but
not transforming growth factor-b, was suppressed by
MCC950 in mice with cardiac arrest.82 MCC950 amelio-
rates cholestatic liver injury and liver fibrosis by blocking
NLRP3 activation and inhibiting neutrophil infiltration.83

Specific NLRP3 inhibition in mouse lungs with cystic
fibrosis by MCC950 blocks IL-1b, resulting in reduced
airway inflammation.84

3,4-Methylenedioxy-b-nitrostyrene is another direct
potent inhibitor of NLRP3 inflammasome activation. 3,4-
Methylenedioxy-b-nitrostyrene does not affect activation
841
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Table 1 Inhibitors of the NLRP3 Inflammasome and Their Mechanism of Action

Inhibitor Main target

Mechanism

ATPase domain IL-1b IL-18 Caspase-1

MCC950 NLRP3 inflammasome inhibitor Decrease Decrease Decrease
MNS Tyrosine kinase inhibitor Decrease d
TR Antihistamine d Decrease Decrease
IFN type I Immunomodulator d Decrease Decrease Decrease
CY-09 NLRP3 inflammasome inhibitor Decrease d d Decrease
Glyburide Sulfonylurea Decrease Decrease d d
EC144 HSP90 inhibitor d Decrease d d
17-DMAG HSP90 inhibitor Decrease Decrease Decrease Decrease
17-AAG HSP90 inhibitor Decrease Decrease Decrease Decrease
Carnosol HSP90 inhibitor Decrease d d d

Decrease indicates inhibition of respective pathway.
17-AAG, 17-allylamino-17-demethoxygeldanamycin; 17-DMAG, 17-dimethylaminoethylamino-17-demethoxygeldanamycin; HSP90, heat shock protein 90;

IFN, interferon; MNS, 3,4-methylenedioxy-b-nitrostyrene; NLRP3, NLR family pyrin domain-containing protein 3; TR, tranilast [N-(30,40-dimethoxycinnamoyl)-
anthranilic acid].

Colunga Biancatelli et al
of AIM2 or NLR family CARD domain containing 4
(NLRC4), but suppresses the ATPase activity of NLRP3
inflammasome through the NACHT and leucin-rich repeat
domains.85

Tranilast [N-(30,40-dimethoxycinnamoyl)-anthranilic acid],
a tryptophan metabolite analog, is an anti-anaphylactic drug in
clinical use. Tranilast directly binds to NLRP3 and inhibits
assembly of NLRP3 inflammasome and the subsequent
caspase-1 activation and IL-1b production.86 It does not affect
NLRC4 or AIM2 inflammasomes. Tranilast destroys the
endogenous NLRP3-ASC interaction but does not affect the
NLRP3-NEK7 [never-in-mitosis A (NIMA)erelated kinase]
bond. The drug binds the NLRP3 NACHT domain and
prevents NLRP3-NLRP3 interaction.87 Because of its lack of
severe adverse effects in clinic use, it has been proposed as a
good treatment for NLRP3-related diseases.88

Type I interferon (IFN-a and IFN-b) has been used as
treatment of multiple sclerosis.89 Type I IFNs are produced
by macrophages and dendritic cells in response to bacteria
or viruses.90 It is not clear how type I IFNs affect NLRP3
inflammasome and its production of IL-1b and IL-18.91

IFNs repress the activity of the NLRP1 and NLRP3
inflammasomes via the STAT1 transcription factor, thereby
suppressing caspase-1edependent IL-1b maturation.91

However, in one report, IFN-a activated the inflamma-
some in human intestinal mucosa.92

CY-09 is a direct inhibitor of inflammasome NLRP3 in
mice and human cells. CY-09 directly binds to the ATP-
binding motif of NLRP3 NACHT domain and inhibits
NLRP3 ATPase activation. Because of the binding of
NACHT domain, it blocks NLRP3 inflammasome forma-
tion and activation.93 In bone marrowederived macro-
phages challenged with lipopolysaccharide, CY-09
significantly reduced activation of ATP and caspase-1. CY-
09 reduces inflammation and pain via inhibiting transient
receptor potential cation channel subfamily A member 1
(TRPA1)emediated activation of NLRP3 inflammasome in
a mouse pain model.94
842
In addition, there are multiple drugs that, through diverse
mechanisms of action, inhibit the inflammasome NLRP3
(Table 1).
Glyburide is a sulfonylurea drug that is used to control

high blood glucose in people with type 2 diabetes. The drug
works by inhibiting ATP-sensitive KþATP channels and
results in blockage of NLRP3 activation.95 However, it does
not prevent IL-1b expression from activated NLRC4 or
NLRP1 pathways and does not block caspase-1 in bone
marrowederived macrophages infected with Salmonella
typhimurium,96 but in diabetic mice it decreases the
expression of IFN-g, tumor necrosis factor-a, and IL-6.97

HSP90 Inhibitors

Several studies have suggested that heat shock protein 90
(HSP90) inhibitors ameliorate inflammation partly through
NLRP3 inhibition. NLRP3, especially in the inactive but
signal competent state, is regulated by the cochaperones
HSP90 and Sgt1, whose interaction is critical for NLRP3
activation.98 Geldanamycin, the first-generation HSP90 in-
hibitor, prevents the activation of the inflammasome in
human retinal pigment epithelial cells.99 EC144 is a selec-
tive synthetic HSP90 inhibitor that recently completed phase
2 clinical trials.100 This drug inhibits inflammation,
including priming and activation of NLRP3 inflammasome
in vitro and in vivo. Interestingly, in vivo EC144 completely
inhibits inflammasome-dependent IL-1b release, much more
effectively than MCC950.101 17-Dimethylaminoethyla-
mino-17-demethoxygeldanamycin (17-DMAG), a second-
generation HSP90 inhibitor, significantly reduced NLRP3
inflammasome-mediated activation of caspase-1 and cyto-
kine secretion in a murine model of acute and chronic
alcoholic liver injury.99 Another second-generation HSP90
inhibitor, 17-allylamino-17-demethoxygeldanamycin (17-
AAG), down-regulated the levels of NLRP3, caspase-1,
IL-1b, and HSP90 in a subarachnoid hemorrhage mouse
model.102 The rosemary and sage polyphenol, carnosol,
ajp.amjpathol.org - The American Journal of Pathology
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inhibits NLRP3 inflammasome activation by directly inter-
acting with HSP90 and blocking its ATPase activity, in
lipopolysaccharide-induced septic mice. Moreover, the
protective effect of carnosol against lipopolysaccharide-
induced lethality was similar to that of MCC950.103
Conclusions

The inflammasome NLRP3 is a highly regulated and
conserved machinery for the post-translational expression of
ancestral IL-1 class cytokines. Although a PRR, its complex
interactions with cytoplasm, cellular organelles, and electro-
chemical balance produce proinflammatory cell responses or
pyroptosis, and have positioned NLRP3 as a master regulator
of innate inflammation. NLRP3’s role in innate immune re-
sponses, its contribution to epithelial-to-mesenchymal
transformation and tissue reorganization, and its contribu-
tion to ER stress suggest its involvement at multiple levels of
the pathophysiology of IPF, providing a direct mechanistic
rationale for its investigation as a potentially useful drug
target. Data from preclinical studies suggest that NLRPP3
inhibition could offer a promising approach against the
fibrotic process in the lungs. Although multiple direct and
indirect NLRP3 inhibitors are available, further investigations
are required to establish their proper use.
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