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Abstract Inflammasomes are cytosolic pattern recogni-
tion receptors that recognize pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns
(DAMPs) derived from invading pathogens and damaged tis-
sues, respectively. Upon activation, the inflammasome forms
a complex containing a receptor protein, an adaptor, and an
effector to induce the autocleavage and activation of procas-
pase-1 ultimately culminating in the maturation and secre-
tion of IL-1p and IL-18 and pyroptosis. Inflammasome acti-
vation plays an important role in host immune responses to
pathogen infections and tissue repair in response to cellular
damage. The NLRP3 inflammasome is a well-characterized
pattern recognition receptor and is well known for its criti-
cal role in the regulation of immunity and the development
and progression of various inflammatory diseases. In this
review, we summarize recent efforts to develop therapeutic
applications targeting the NLRP3 inflammasome to cure and
prevent chronic inflammatory diseases. This review exten-
sively discusses NLRP3 inflammasome-related diseases and
current development of small molecule inhibitors providing
beneficial information on the design of therapeutic strategies
for NLRP3 inflammasome-related diseases. Additionally,
small molecule inhibitors are classified depending on direct
or indirect targeting mechanism to describe the current sta-
tus of the development of pharmacological inhibitors.
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Introduction

Inflammasomes are multiprotein complexes formed to medi-
ate host immune responses to pathogen infections and tissue
repair in response to cellular damage (Takeuchi and Akira
2010; Kelley et al. 2019). Inflammasomes generally con-
sist of a receptor protein and an effector with or without
an adaptor. Receptor proteins include nucleotide-binding
domain-like receptors (NLRs), such as NLRP1, NLRP3,
NLRC4, absent in melanoma 2-like receptors (ALRs),
such as AIM2, and pyrin. As pattern recognition receptors
(PRRs), inflammasomes respond to a wide range of stimuli,
including pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs), to form
a complex containing a receptor protein with the adaptor
apoptosis-associated speck-like protein containing a cas-
pase-recruitment domain (ASC) and procaspase-1. Stimula-
tion leads to the cleavage and autoactivation of procaspase-1,
which induces the maturation and secretion of proinflam-
matory cytokines, such as IL-1p and IL-18, and pyroptosis,
an inflammatory form of programmed cell death (Fink and
Cookson 2006). Extensive studies investigated the role of
the inflammasome in immunity and as a significant patho-
logical factor in chronic diseases (Menu and Vince 2011;
Rubartelli 2012). NLRP3 inflammasome is one of the most
well-documented inflammasome PRRs in terms of its role
in the regulation of immunity and inflammatory diseases.

Activation of NLRP3 inflammasome by exogenous
and endogenous danger signals

NLRP3 inflammasome activation generally occurs in two
steps: priming and activation. The priming step functions
to upregulate the expression of inflammasome components,
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such as NLRP3, procaspase-1, and pro-IL-1p. This tran-
scriptional upregulation is caused by other PRRs, such
as Toll-like receptors (TLRs) and nucleotide-binding oli-
gomerization domain-containing protein-2 (NOD2), at sites
of infection (Franchi et al. 2009; Bauernfeind et al. 2009).
Priming can also be caused by inflammatory cytokines, such
as tumor necrosis factor (TNF)-a and IL-1f, which activate
NF-kB and gene transcription (Xing et al. 2017).

Once primed, NLRP3 responds to the stimuli and thereby
initiates the activation and formation of the inflammasome
complex. The stimuli that activate the NLRP3 inflamma-
some range from pathogen infection and endogenous dan-
ger signals to environmental irritants. NLRP3 is a cytosolic
receptor composed of three parts: a pyrin domain (PYD)
in the amino terminal, a NACHT (nucleotide-binding and
oligomerization) domain, and a leucine-rich repeat domain
(LRR) in the carboxy terminus. Upon activation, the
NACHT domain acquires the ATPase activity required for
NLRP3 oligomerization (Abderrazak et al. 2015). Although
the LRR domain has been thought to be involved in the rec-
ognition of the stimuli (Franchi et al. 2009), its function
remains unclear because a recent study showed that the LRR
domain was not required for NLRP3 inflammasome acti-
vation or NLRP3 self-regulation (Hafner-Bratkovic et al.
2018). The stimuli that activate the NLRP3 inflammasome
promote the association of NLRP3, ASC, and procaspase-1
to form the inflammasome complex through PYD-PYD
interactions between NLRP3 and ASC and CARD-CARD
interactions between ASC and procaspase-1 (Fig. 1).

Pathogens that can activate the NLRP3 inflammasome
include yeast (e.g., Candida albicans and Saccharomyces
cerevisiae) (Lamkanfi et al. 2009a; Kumar et al. 2009),
bacteria that produce pore-forming toxins (e.g., Listeria
monocytogenes and Staphylococcus aureus) (Gurcel et al.
2006; Sha et al. 2014), and viruses (e.g., Sendai virus,
adenovirus, and influenza virus) (Subramanian et al. 2013;
Park et al. 2013; Franchi et al. 2014). Endogenous danger
signals that induce activation of the NLRP3 inflammasome
include ATP, particulates, and oxidized lipids. Uric acid
crystals, calcium pyrophosphate dihydrate crystals, fibrillar
amyloid-p, and malarial hemozoin are particulate substances
that activate the NLRP3 inflammasome and etiological
factors in NLRP3 inflammasome-mediated diseases. Oxi-
dized phospholipids are produced from damaged cell mem-
branes and under oxidative stress conditions. 1-Palmitoyl-
2-(5-oxovaleroyl)-sn-glycero-phosphocholine (POVPC),
an oxidized phosphatidylcholine, induces the cleavage of
procaspase-1 to caspase-1 (p10) and the cleavage of pro-
IL-1p to IL-1p in wild-type mouse macrophages but not in
NLRP3-deficient or caspase-1-deficient mouse macrophages
(Yeon et al. 2017). In air pouch inflammation and peritonitis
mouse models, POVPC injection resulted in the production
of caspase-1 (p10), IL-1p, and IL-18 in wild-type mice but
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Fig. 1 NLRP3 inflammasome structure. The NLRP3 inflammasome
is a complex consisting of NLRP3, ASC, and procaspase-1. NLRP3
consists of three regions: the pyrin domain (PYD) in the amino ter-
minus, the NACHT domain, and the leucine-rich repeat domain
(LRR) in the carboxy terminus. NLRP3 recruits ASCs through PYD-
PYD interactions. In turn, procaspase-1 is recruited by ASC through
CARD-CARD interactions to form the NLRP3-ASC-procaspase-1
inflammasome

not in NLRP3-deficient mice (Yeon et al. 2017). Addition-
ally, environmental irritants, such as silica, asbestos, UV-B
irradiation, and skin irritants, induce activation of NLRP3
inflammation (Hornung et al. 2008; Baron et al. 2015;
Tavera Busso et al. 2020).

These results show the important role of the NLRP3
inflammasome in protecting the host from exogenous infec-
tious and environmental threats and from endogenous dan-
gers and stress thus contributing to immunity and tissue
repair.

Upstream and intracellular events that activate
the NLRP3 inflammasome

NLRP3 activation includes multiple upstream signals, such
as the efflux of potassium (K™) and chloride ions (Cl7),
influx of calcium ions (Ca2+), lysosomal disruption, and
mitochondrial dysfunction (Fig. 2).
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Fig. 2 Schematic illustration of the NLRP3 inflammasome pathway. Priming is the first step of NLRP3 inflammasome activation. Priming
is induced by Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-containing protein-2 (NOD2). Priming can also be
induced by cytokines, such as tumor necrosis factor (TNF) and interleukin 1 beta (IL-1p), which activate nuclear factor-kB (NF-kB) and gene
transcription. Priming upregulates the expression of inflammasome components, such as NLRP3, caspase-1, and pro-IL-1f. The second step is
an activation signal mediated by numerous PAMPs, DAMPs, fungi, bacteria producing pore-forming toxins, viruses, and environmental irritants.
These activation signals include the efflux of potassium (K*) and chloride ions (C17), the influx of calcium ions (Ca2+), lysosomal disruption,
mitochondrial dysfunction, metabolic changes, and trans-Golgi disassembly. Decomposition of the bacterial cell wall component peptidoglycan
during bacterial infection releases N-acetylglucosamine (GlcNAc) in the lysosomes. Hexokinase (HK), which is located on the mitochondrial
membrane, binds GlcNAc. GlcNAc-induced hexokinase relocalization promotes NLRP3 inflammasome activation regardless of K* efflux. Mito-
chondrial dysfunction and the release of mtROS and mitochondrial DNA (mtDNA) into the cytosol are the major upstream events in NLRP3
activation. NEK7, a regulator of the NLRP3 inflammasome, interacts with NLRP3 through the catalytic domain of NEK7 and the LRR domain
of NLRP3. Activation of the inflammasome causes caspase-1 activation resulting in the maturation and release of IL-1p/IL-18 and pyropto-
sis. Caspase-1 cleaves and releases gasdermin D (GSDMD). The amino terminal cell death domain of GSDMD (GSDMDN®™) inserts into
the membrane to form the pores and induce pyroptosis. Noncanonical NLRP3 inflammasome activation is induced by gram-negative bacteria.
Intracellular LPS delivered to the cytosol via infection activates human caspase-4/-5 and mouse caspase-11. Human caspase-4/-5 and mouse cas-
pase-11 indirectly induce the activation of pro-IL-1f or pro-IL-18 by promoting NLRP3 inflammasome activation. Activated caspase-4, -5, and
-11 cleave GSDMD and cause pyroptosis. The alternative inflammasome pathway is induced by TRIF-RIPK1-FADD-caspase-8 signaling that
does not require K* efflux and does not induce pyroptosis

K* efflux is a general requirement for the activation of
the NLRP3 inflammasome. ATP-induced activation of the
NLRP3 inflammasome is mediated by P2X purinoceptor 7
(P2X7) activation resulting in K* efflux. P2X7 is a ligand-
gated ion channel belonging to the purinergic receptor fam-
ily (Ferrari et al. 2006). Following stimulation by ATP,
P2X7 promotes the influx of Ca?* and Na* ions in coordina-
tion with the two-pore domain weak inwardly rectifying K*
channel 2 (TWIK2), which mediates K* efflux. Nigericin,
a microbial toxin derived from Streptomyces hygroscopi-
cus, is another well-known NLRP3 inflammasome activator.
Nigericin induces K* efflux by acting as a potassium iono-
phore in a pannexin-1-dependent manner. Particulates, such
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as alum, silica, and calcium pyrophosphate crystals, cause
K™ efflux, which is essential for the activation of the NLRP3
inflammasome. In bone marrow-derived macrophages and
human monocytes, a low extracellular K* concentration is
sufficient to activate the NLRP3 inflammasome. In con-
trast, a high extracellular K* concentration prevents NLRP3
inflammasome activation (Munoz-Planillo et al. 2013).
Therefore, K* efflux is a common upstream signal in most
pathways that leads to NLRP3 activation.

The CI~ efflux downstream of K efflux promotes ASC
oligomerization during the formation of the NLRP3 inflam-
masome (Green et al. 2018). Low extracellular C1™ levels
cause ATP-induced IL-1f secretion, whereas CI~ channel
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blockers and high extracellular CI~ conditions inhibit
NLRP3 activation. Chloride intracellular channel proteins
(CLICs) are necessary for NLRP3 activation by various
stimuli; however, these proteins are not required for the
activation of the AIM2 or NLRC4 inflammasome. CLIC1,
DLIC4, and DLICS deficiency prevents IL-1p efflux (Tang
et al. 2017).

Ca”* mobilization is suggested to be another significant
upstream event in NLRP3 activation (Murakami et al. 2012).
K* efflux controls Ca?* influx since K* acts as the coun-
terion for Ca®* as it enters the cytosol through the plasma
membrane (Yaron et al. 2015). Activation of the NLRP3
inflammasome induced by nigericin, alum, and monoso-
dium urate crystals is dependent on Ca’>" influx in addition
to K* efflux (Murakami et al. 2012; Triantafilou et al. 2013).
POVPC-induced activation of the NLRP3 inflammasome is
also mediated through intracellular Ca>* signaling (Yeon
et al. 2017). Notably, contradictory evidence suggested that
Ca** influx is not significantly implicated in NLRP3 activa-
tion by two canonical NLRP3 agonists, ATP and nigericin
(Katsnelson et al. 2015).

Lysosomal rupture is a major event associated with par-
ticulates that activates the NLRP3 inflammasome. Phagocy-
tosis of self-derived particulates (e.g., uric acid and choles-
terol crystals) and foreign-derived particulates (e.g., alum,
silica, and asbestos) is characterized by lysosomal rupture,
which leads to the release of the particulates into the cyto-
plasm. Experiments using cathepsin inhibitors demonstrated
that cathepsins residing in the lysosomes are essential for
NLRP3 activation by particulate stimuli. Lysosomal rupture
by the lysosomotropic dipeptide Leu-Leu-OMe and NLRP3-
activating particulate stimuli activate K* efflux and Ca*
influx indicating that these NLRP3 activation pathways
converge upstream at K* efflux or Ca®* influx (Katsnelson
et al. 2016).

Mitochondrial dysfunction is another major upstream
event in NLRP3 inflammasome activation (Zhou et al.
2011). Upon cellular stress, mitochondrial dysfunction leads
to excessive production of reactive oxygen species (ROS)
and oxidized mitochondrial DNA and the release of these
factors into the cytosol (Cruz et al. 2007). Oxidized mito-
chondrial DNA activates the NLRP3 inflammasome linking
mitochondrial apoptotic signaling and inflammasome activa-
tion (Shimada et al. 2012). Mitophagy serves as an essential
controller of NLRP3 activation since it eliminates damaged
and dysfunctional mitochondria and reduces mitochondrial
ROS. Treatment with mitophagy inhibitors increases the
number of damaged and dysfunctional mitochondria thereby
promoting NLRP3 inflammasome activation.

The intracellular events activating the NLRP3 inflamma-
some are not mutually exclusive and are rather intercon-
nected influencing each other to attain maximal activation
of the NLRP3 inflammasome. Additionally, NLRP3 agonists

generally share intracellular events leading to NLRP3
inflammasome activation. Considering the in vivo situation
when the host is simultaneously exposed to multiple PAMPs
and DAMPs, the intracellular signaling pathways of NLRP3
inflammasome activation can be more complex and remain
to be defined in detail.

NLRP3 inflammasome-associated diseases

One of the critical features of the NLRP3 inflammasome is
the ability to sense a wide array of danger signals derived
from infection, the environment, and the host itself. NLRP3
inflammasome activation is accompanied by inflamma-
tory processes induced by secretion of potent inflammatory
cytokines, IL-1f and IL-18, and pyroptotic cell death, which
regulate the immune response. However, excessive and per-
sistent activation of the NLRP3 inflammasome is closely
linked to pathophysiology of a variety of chronic diseases
(Table 1).

Alzheimer’s disease

Accumulation of amyloid-f plaques in the cerebrum is the
main characteristic of Alzheimer’s disease (Masters and
Selkoe 2012). The NLRP3 inflammasome in microglia acts
as an amyloid-p sensor after phagocytosis of amyloid-f
accompanied by lysosomal damage and release of cath-
epsin B eventually culminating in IL-1p secretion (Halle
et al. 2008; Sebastian-Valverde and Pasinetti 2020). The
levels of cleaved caspase-1 were increased in the brain of
patients with Alzheimer’s disease and mild cognitive impair-
ment (Heneka et al. 2013). Similarly, an increase in cas-
pase-1 cleavage and IL-1f levels was observed in the brain
of aged APP/PS1 transgenic mice (Heneka et al. 2013).
Deficiency of NLRP3 and caspase-1 resulted in protection
from cognitive impairment and memory loss in an APP/
PS1 mouse model of Alzheimer’s disease (Heneka et al.
2013). Additionally, NLRP3 deficiency led to a decrease in
the amyloid-f levels and deposition suggesting an aggravat-
ing role of the NLRP3 inflammasome in the pathology of
Alzheimer’s disease (Heneka et al. 2013).

In a mouse model of sporadic Alzheimer’s disease (SAD)
induced by streptozotocin (STZ) injection, the levels of
NLRP3 in the cortex and hippocampus were increased in the
STZ group compared with those in the sham group (He et al.
2020). The symptoms of SAD, such as neuronal dysfunction,
neuronal loss, and amyloid-f deposition, were aggravated by
LPS treatment in an NLRP3-dependent manner, and genetic
deletion of NLRP3 or an NLRP3 inhibitor, MCC950, pre-
vented SAD symptoms via inhibition of NLRP3 inflamma-
some activation (He et al. 2020).
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Table 1 NLRP3 inflammasome-associated diseases

Diseases

Relevance with the NLRP3 inflammasome

References

Alzheimer’s disease
Autoimmune diseases

Multiple sclerosis (MS)
Rheumatoid arthritis (RA)
Systemic lupus erythematosus (SLE)

Autoinflammatory diseases

Cryopyrin-Associated Periodic Syndromes (CAPS)

Familial cold autoinflammatory syndrome (FCAS)

Muckle-Wells syndrome (MWS)

Neonatal Onset Multisystemic Inflammatory
Disease (NOMID)/Chronic Infantile Neurologic
Cutaneous Articular (CINCA)

Cancer

Cardiovascular diseases

Atherosclerosis
Acute myocardial infarction

Gout
Nonalcoholic fatty liver disease (NAFLD)

Silicosis
Skin diseases
Acne
Atopic dermatitis (AD)
Psoriasis
Vitiligo

Type 2 diabetes (T2D)

NLRP3 inflammasome activation by amyloid-f§

NLRP3 gene SNP and increase of NLRP3, caspase-1,
ASC, IL-1p, and IL-18 in MS patients

Increased expression of NLRP3 inflammasome com-
ponents in RA patients

Controversial in a mouse model and SLE patients

Heterozygous gain-of-function mutations within the
NLRP3 gene

Increase of NLRP3, IL-1p, and IL-18 in CAPS
patients

Different effects on tumor formation, development and
invasion depending on the type and stage of cancer

Activation and inhibition study
NLRP3 inflammasome activation by cholesterol
crystals

NLRP3 inflammasome activation by uric acid crystals

Involvement in NASH/NAFLD patients and mouse
models

NLRP3 inflammasome activation by silica

NLRP3 and caspase-1 activation by P. acnes in sebo-
cytes

Lowered NLRP3 and caspase-1 in lesional AD skin

NLRP3 gene SNP in psoriatic lesions

NLRP3 inflammasome activation by monobenzone in
melanocytes

The relevance of NLRP3, ASC, caspase-1 or IL-1f in
T2D

Studied in a high fat diet-induced obesity mouse
model

(Halle et al. 2008)

(Keane et al. 2018)
(Kastbom et al. 2008)
(Tsai et al. 2011)

(Masters et al. 2009)
(Morandini et al. 2014)
(Booshehri and Hoffman 2019)

(El-Omar et al. 2000)
(Snoussi et al. 2005)
(Zaki et al. 2010)
(Chen et al. 2013)
(Bae et al. 2017)

(Sandanger et al. 2013)
(Duewell et al. 2010)

(Landis and Haskard 2001)
(Dixon et al. 2012)

(Hornung et al. 2008)

(Lietal. 2014)

(Dai et al. 2011)
(Carlstrom et al. 2012)
(van den Boorn et al. 2016)

(Vandanmagsar et al. 2011)

Administration of OLT1177, an NLRP3 inflammasome
inhibitor, rescued cognitive impairment and neuroinflam-
mation in an APP/PS1 mouse model of Alzheimer’s disease
(Lonnemann et al. 2020). Activation of the NLRP3 inflam-
masome was increased in CRND8 APP transgenic mice,
an Alzheimer’s disease mouse model, compared to non-
transgenic littermate controls, and treatment with JC-124,
another NLRP3 inflammasome inhibitor, led to a decrease
in amyloid-p deposition in the brain of CRNDS transgenic
mice (Yin et al. 2018).

Aggregation of hyperphosphorylated tau is another
important etiology of neurodegeneration in addition to
accumulation of amyloid-p in plaques (Lewis and Dickson
2016). Alzheimer’s disease is considered to be a secondary
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tauopathy (Lewis and Dickson 2016). Primary tauopathies,
such as frontotemporal dementia (FTD), present neuroin-
flammation and cognitive impairment. Caspase-1 cleavage,
ASC levels, and mature IL-1p were elevated in the cortex
samples of FTD patients carrying a tau mutation and in the
cerebral samples of 11-month-old Tau22 mice (Lewis and
Dickson 2016). Amyloid-p-induced tau pathology was medi-
ated by the NLRP3 inflammasome, and deficiency in NLRP3
and ASC decreased tau pathology and improved cognition
in Tau22 mice (Lewis and Dickson 2016).

ASC specks accumulate in the extracellular space after
NLRP3 inflammasome activation and act as a danger signal
by inducing lysosomal damage, nucleation of soluble ASC
in the cytosol, caspase-1 activation, and IL-1p production
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after uptake by the cell (Franklin et al. 2014). ASC specks
function as a seed to induce aggregation of soluble ASC to
form fibrillar structures similar to other prionoid proteins
(Franklin et al. 2014). Similarly, amyloid-f is aggregated
into large and insoluble amyloid fibrils, which assemble into
amyloid plaques (Chen et al. 2017). ASC specks released by
microglia enhanced amyloid-f§ aggregation, and the binding
of ASC specks to amyloid-p was increased in the brain of
Alzheimer’s disease patients (Venegas et al. 2017).

Overall, activation of the NLRP3 inflammasome aggra-
vates the pathologies of Alzheimer’s disease by inducing
inflammation and tissue damage. Pharmacological inhibitors
of NLRP3 can be a beneficial strategy for the treatment of
Alzheimer’s disease.

Autoimmune diseases
Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory autoim-
mune disease of the central nervous system. Hereditary sus-
ceptibility is one of the leading causes of MS pathology.
The single-nucleotide polymorphism (SNP) rs35829419 in
the NLRP3 gene was found to be associated with MS sever-
ity (Soares et al. 2019). Moreover, a recent study detected
mutations in the NLRP3 and caspase-1 genes in MS patients
(Vidmar et al. 2019). Elevated IL-18 has been reported to
be associated with the clinical progression of MS (Losy and
Niezgoda 2001). In addition, the NLRP3 inflammasome
was found to be overactive in monocytes from MS patients
(Malhotra et al. 2020). An increase in caspase-1, NLRP1,
NLRP3, and AIM2 expression and IL-1p production was
detected in the white matter of MS patients (Voet et al.
2019). High protein levels of caspase-1, ASC, and IL-18
were detected in the serum of MS patients (Keane et al.
2018). These results suggest that the NLRP3 inflammasome
may be a promising prognostic factor and therapeutic target.

Rheumatoid arthritis

NLRP3/CARDS8 ™'~ genetic mutations are common in
patients with rheumatoid arthritis and are associated with
an increase in incidence and severity of rheumatoid arthritis
symptoms (Kastbom et al. 2008). Conversely, transcription
of the genes of the components of the NLRP3 inflammas-
ome was substantially increased in patients with rheumatoid
arthritis (Mathews et al. 2014). In caspase—l_/_ mice, the
symptoms of theumatoid arthritis, including joint inflamma-
tion and cartilage degeneration, were significantly reduced
(Joosten et al. 2009).

Systemic lupus erythematosus (SLE)

In patients with SLE, the NLRP3 inflammasome was
reported to be overactivated (Kahlenberg and Kaplan 2014).
NLRP3 gene expression was significantly increased con-
comitant to the progression of lupus nephritis in an MRL/
Ipr lupus model. The NLRP3 inflammasome and caspase-1
contribute to severe organ damage and are essential for
autoantibody production and nephritis development (Lu
et al. 2017). Controversial reports showed that NLRP3
downregulation is correlated with disease incidence in SLE
patients (Yang et al. 2014). Activation of the NLRP3 inflam-
masome resulted in a decrease in lupus development in mice
(Tsai et al. 2011). Specific role of the NLRP3 inflammasome
in SLE remains to be fully elucidated.

Autoinflammatory diseases

Mutations in NLRP3 are a well-known etiology of a series
of autoinflammatory diseases, such as cryopyrin-associated
periodic syndrome (CAPS). CAPS is a rare hereditary auto-
inflammatory disease with fever and continuous systemic
inflammation (Mensa-Vilaro et al. 2016). CAPS includes a
continuum of three phenotypes: familial cold autoinflamma-
tory syndrome (FCAS), Muckle-Wells syndrome (MWS),
and neonatal-onset multiple systems inflammatory disease
(NOMID)/chronic infantile neurologic cutaneous articular
(CINCA) syndrome. These CAPS phenotypes were previ-
ously thought to be separate conditions; however, currently,
these phenotypes are used to describe the severity of the
disease. Chronicity or severity of shared symptoms is most
severe in CINCA/NOMID followed by MWS and FCAS.
FCAS is characterized by recurrent urticaria and fever after
common exposure to cold (Stych and Dobrovolny 2008).
MWS is an intermediate phenotype initially described by
Muckle and Wells in 1962 (Muckle and Wellsm 1962), who
determined that the condition was inherited in an autoso-
mal dominant manner. The most severe form is NOMID,
which was described for the first time in 1973. Develop-
ment of neonatal skin symptoms with damage to the ter-
minal organs is the hallmark of NOMID. These symptoms
include arthrosis, chronic urticaria, and symptoms related to
the central nervous system (CNS). In these diseases, inflam-
mation can occur spontaneously without obvious irritation
or in response to triggers, such as cold, stress, or exercise.
In patients with CAPS, single amino acid mutations
in NLRP3 cause the hypersecretion of IL-1p and severe
inflammatory symptoms (Booshehri and Hoffman 2019).
Approximately 100 pathogenic mutations are known to be
associated with CAPS. Most CAPS-related mutations are
located in exon 3, which encodes the NOD domain, and sev-
eral mutations in the C-terminal exons encoding the LRR
domain have been reported (Masters et al. 2009). A strong
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genotype—phenotype correlation along the disease contin-
uum has been reported. CAPS monocytes secrete excessive
amounts of ATP resulting in a high level of NLRP3 inflam-
masome activation and the production of IL-1f and IL-18
(Morandini et al. 2014). In CAPS, excessive production and
secretion of IL-1p are the key elements implicated in the
development of chronic inflammation.

Cancer

Inflammation induced by microbial or danger signals affects
all stages of tumor development, and proinflammatory
cytokines, including IL-1p and IL-6, are important media-
tors of inflammation-induced tumorigenesis (El-Omar et al.
2000). Increasing attention is focused on identification of the
role of the NLRP3 inflammasome in various tumor types,
while the role of NLRP3 inflammasome activation in tumor
formation, development, and invasion remains controver-
sial depending on types and stages of cancer (Moossavi
et al. 2018). Studies on colitis-associated colorectal cancer
suggested that NLRP3 plays a protective role in inflamma-
tory components against carcinogenesis mediated by the
antitumor effect of IL-18 (Zaki et al. 2010). In contrast,
in lung cancer (Wang et al. 2016), prostate cancer (Chen
et al. 2013), breast cancer (Weichand et al. 2017), and head
and neck squamous cell carcinoma (Bae et al. 2017), the
NLRP3 inflammasome, IL-1p, and IL-18 promote tumor
growth, proliferation, invasion, and metastasis. In addition,
the NLRP3 inflammasome is associated with chemo- and
radioresistance in glioblastoma and oral squamous cell car-
cinoma. The role of the NLRP3 inflammasome in the tumor
microenvironment has been noted. Wild-type macrophages
stimulated with ATP enhanced the metastatic potential of
melanoma cells; however, NLRP3- or caspase-1-deficient
macrophages lost the ability to promote metastasis of mel-
anoma cells (Lee et al. 2019a). IL-1p may participate in
NLRP3 inflammasome-mediated tumor promotion in the
tumor microenvironment since recombinant IL-1p treatment
of macrophages increased the migration and invasion of
melanoma cancer cells (Lee et al. 2019a). Further research
is required to determine the potential therapeutic role of the
NLRP3 inflammasome in human malignancies.

Cardiovascular diseases

Acute myocardial infarction

NLRP3 is the most extensively characterized inflammatory
sensor in the heart and is activated in response to noninfec-
tious stimuli, such as cell debris or cholesterol, which act as

DAMPs (Liu et al. 2013a). During acute myocardial infarc-
tion, injury results from a decrease in blood supply to the
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tissue, which is worsened by an inflammatory response stim-
ulated during reperfusion (Westman et al. 2016). Activation
of the NLRP3 inflammasome triggers myocardial damage
through the release of IL-1p and promotion of inflamma-
tory cell death by pyroptosis (Takahashi 2014). Inhibition of
NLRP3 inflammasome activation during the initial reperfu-
sion period reduces the overall infarct size and preserves
normal cardiac function in animal models of myocardial
ischemia—-reperfusion injury (Sandanger et al. 2013). IL-1
blockade can prevent recurrence of acute myocardial infarc-
tion in patients who have experienced previous events (Van
Tassell et al. 2017). IL-1 blockade can prevent heart failure
and improve motor skills and heart function in heart failure
patients (Ridker et al. 2011).

Atherosclerosis

Atherosclerosis is a chronic inflammatory disease in which
imbalanced lipid metabolism causes a gradual narrowing of
arterial blood vessels. Cholesterol crystals produced intra-
cellularly activate the NLRP3 inflammasome in mouse and
human cells via phagolysosomal damage that depends on
cathepsin B and cathepsin L (Duewell et al. 2010; Altaf et al.
2015). IL-1p and IL-18 are produced in response to inflam-
masome activation and play essential roles in the initiation
and progression of atherosclerosis. Deficiencies in IL-1p and
IL-18 reduced the lesion size in an apolipoprotein E-defi-
cient mouse model of atherosclerosis (Zhang et al. 1992).

Gout

Gout is a chronic disease manifested as deposition of
monosodium urate (MSU) crystals that are formed under
increased urate concentrations (Brill and McCarty 1964).
MSU crystals are well-known activators of the NLRP3
inflammasome. NLRP3 inflammasome activation and
the release of IL-1p have essential roles in gout by trig-
gering acute gout flares (Landis and Haskard 2001). In
NLRP3 inflammasome-deficient mice, the symptoms of
gouty arthritis and pathological markers induced by MSU
injection were lessened compared to those of the wild-type
control group (Martinon et al. 2006).

Nonalcoholic fatty liver disease (NAFLD)

NAFLD is a broad-spectrum liver disease ranging from
simple steatosis to liver failure (Tiniakos et al. 2010).
Excessive accumulation of hepatic lipids has been pro-
posed to be the primary etiological factor of NAFLD to
accelerate the progression to nonalcoholic steatohepati-
tis (NASH) (Tilg and Moschen 2010). Hepatic NLRP3
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inflammasome activation was observed in NASH patients
because pro-IL-1f and pro-IL-18 were markedly increased
in the liver of NASH patients. These findings may lead to
new treatment strategies to prevent hepatic steatosis from
progressing to a more serious form of the disease (Wree
et al. 2014). Studies of knockout mice deficient in NLRP3
inflammasome components, including NLRP3, ASC, and
caspase-1, showed that NLRP3 inflammasome activation
was essential for NAFLD progression in an MCD-induced
NAFLD model (Dixon et al. 2012). Caspase-1-knockout
mice fed a high-fat diet showed improved disease status
associated with obesity and insulin resistance compared
to that in high-fat diet-fed wild-type mice (Stienstra et al.
2010).

Silicosis

The pathophysiology of silicosis includes deposition of
silica particles in pulmonary alveoli accompanied by sil-
ica-mediated activation of the NLRP3 inflammasome in
macrophages (Hornung et al. 2008). Inhalation of silica
crystals causes inflammation of the alveolar space, and
long-term exposure to silica can lead to silicosis, a fibrotic
lung disease. In addition, deposition of macrophage recep-
tors with collagenous structures (MARCO), NLRP3, cas-
pase-1, ASC, IL-1f, and IL-18 was found in both glomeru-
lar and tubulointerstitial areas of patients with a history of
silicosis (Chen et al. 2019).

Skin diseases
Acne

Propionibacterium acnes (P. acnes) induces the expression
of proinflammatory cytokines in a variety of cells involved
in skin innate immunity (Graham et al. 2004). IL-1p expres-
sion is upregulated in the sebaceous glands of acne lesions.
Stimulation of human myeloid cells with P. acnes signifi-
cantly enhanced caspase-1 activation and IL-1f secretion
(Kistowska et al. 2014). Moreover, knocking down the
expression of NLRP3 abolished P. acnes-induced IL-1p
production in sebaceous cells. The activation of the NLRP3
inflammasome by P. acnes was dependent on protease activ-
ity and generation of reactive oxygen species. In addition,
NLRP3-deficient mice showed impaired inflammatory
responses to P. acnes (Li et al. 2014). These results suggest
that human sebaceous cells are important immunocompetent
cells that induce NLRP3 inflammasome activation and that
IL-1p activation induced by P. acnes in the sebaceous glands
may play a role in acne pathogenesis.

Atopic dermatitis

Atopic dermatitis is a chronic inflammatory disease caused
by a combination of genetic and environmental factors. Der-
matophagoides pteronyssinus, a house dust mite allergen, is
an important etiology for the development of atopic dermati-
tis and induces assembly of the NLRP3 inflammasome com-
plex resulting in caspase-1 activation and IL-1p and IL-18
release from keratinocytes (Dai et al. 2011). This effect indi-
cates a positive role of the NLRP3 inflammasome in house
dust mite-induced atopic dermatitis (Dai et al. 2011).

Th2 responses are dominant in the acute phase of atopic
dermatitis, and the appearance of high levels of IFN-y and
Th1 cells is observed in the chronic phase (Grewe et al.
1995). The expression of NLRP3 and caspase-1 was lower in
atopic dermatitis skin lesions compared to those in healthy
skin (Niebuhr et al. 2014). Th2 cytokines, such as IL-4,
IL-5, and IL-13, reduced the expression of NLRP3 and ASC,
whereas a Th1 cytokine, interferon-vy, increased the expres-
sion of NLRP3 in primary keratinocytes (Niebuhr et al.
2014). The exotoxin a-toxin from Staphylococcus aureus
(S. aureus) induced IL-1p secretion mediated by caspase-1
activation in monocytes from healthy controls, and IL-1p
secretion by a-toxin was impaired in monocytes from atopic
dermatitis patients (Niebuhr et al. 2014). These results indi-
cate that impairment of the NLRP3 inflammasome leads to
increased vulnerability to S. aureus-mediated skin inflam-
mation in atopic dermatitis patients (Niebuhr et al. 2014).

Single-nucleotide polymorphisms (SNPs) of the Nirp3
gene are associated with atopic dermatitis. There is a strong
association between NLRP3 variant rs10733113 and an
increase in the levels of serum IgE-specific antibodies in
male individuals of Swedish families with atopic dermatitis
(Bivik et al. 2013). A significant correlation between the
NLRP3 rs35829419 polymorphism and increased suscepti-
bility to atopic dermatitis has been identified (Zhang et al.
2015).

NLRP3 inflammasome plays a positive role in the devel-
opment of atopic dermatitis by house dust mite allergens,
while impaired NLRP3 inflammasome activity under Th2-
skewed conditions makes atopic dermatitis patients suscep-
tible to S. aureus-mediated skin infection. Therefore, the
NLRP3 inflammasome is apparently involved in the pathol-
ogy of atopic dermatitis depending on the context of whether
its activation has detrimental or beneficial effects on the
manifestations of the disease.

Psoriasis
Psoriatic skin is characterized by hyperproliferation and
abnormal differentiation of keratinocytes and infiltration of

inflammatory cells. The association between inflammation
and psoriasis has been investigated due to the relationship
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with inflammatory cytokines, such as IL-1p and IL-18. Stud-
ies have shown that polymorphisms in NLRP1, NLRP3,
and CARDS are associated with susceptibility to psoriasis
(Carlstrom et al. 2012; Ekman et al. 2014). The activity of
caspase-1 was higher in psoriatic lesions than that in nonle-
sional skin (Johansen et al. 2007).

Vitiligo

Vitiligo is an autoimmune skin disease that leads to bleach-
ing and white spots due to the loss of functioning melano-
cytes (Ezzedine et al. 2015). Skin exposed to monobenzone
displays melanocyte-specific inflammation characterized by
macrophage infiltration and activation of NK cells. Melano-
cyte-specific immune response was significantly suppressed
in NLRP3-deficient mice suggesting that the NLRP3 inflam-
masome is the key to monobenzone-induced inflammation
in melanocytes (van den Boorn et al. 2016). In addition,
inactivation of the NLRP3 inflammasome in keratinocytes
impaired CD8* T cell recruitment and inhibited cutaneous
T-cell response in patients with vitiligo. This result indicates
that NLRP3 inflammasome activation and its downstream
cytokines may be promising therapeutic targets for the treat-
ment of patients with vitiligo (Li et al. 2020).

Type 2 diabetes (T2D)

T2D is a chronic inflammatory disease and a global threat
caused by insulin resistance (Donath and Shoelson 2011).
IL-1p is closely related to the development of T2D by pro-
moting insulin resistance, damaging f-cell functions, and
causing cell death. Treatment with an IL-1 receptor antago-
nist (IL-1RA) or anti-IL-1 antibody improves blood glucose
homeostasis and f-cell functions (Larsen et al. 2007). The
levels of NLRP3, ASC, and proinflammatory cytokines were
increased in monocyte-derived macrophages isolated from
T2D patients. The upregulation of interleukin (IL)-1f matu-
ration, IL-18 secretion, and caspase-1 cleavage in response to
various NLRP3 activators was observed in monocyte-derived
macrophages from T2D patients (Lee et al. 2013). Further-
more, mice deficient in NLRP3, ASC, or caspase-1 showed
improved glucose metabolism and insulin sensitivity when
exposed to a high-fat diet (Vandanmagsar et al. 2011). This
effect was mediated by the normalization of the insulin-PI3K-
Akt signaling pathway and a decrease in the concentrations of
proinflammatory cytokines in the context of NLRP3, ASC, or
caspase-1 deficiency (Vandanmagsar et al. 2011).

Saturated fatty acids (FAs), such as palmitate, and cera-
mide are increased in subjects fed a high-fat diet and can
cause T2D at least partly mediated by NLRP3 inflamma-
some activation. Palmitate induces mitochondrial ROS gen-
eration, which activates the NLRP3 inflammasome (Wen
et al. 2011). Ceramide induces NLRP3-dependent caspase-1
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activation in macrophages and adipose tissue (Vandanmag-
sar et al. 2011). In contrast, omega-3 unsaturated fatty acids
suppressed NLRP3 inflammasome activation in a high-fat
diet-induced T2D model (Yan et al. 2013).

Thus, accumulating evidence demonstrates the significant
role of the NLRP3 inflammasome in the development and
progression of chronic diseases. Many chronic diseases can
be initiated or aggravated by signals activating the NLRP3
inflammasome, including DAMPs derived from tissue and
cell damage and PAMPs derived from infections. These
considerations emphasize the importance of controlling the
NLRP3 inflammasome to maintain danger surveillance and
proper immune responses.

Therapeutic targeting of the NLRP3
inflammasome

Continuing studies on NLRP3 result in the rapidly pro-
gress in the development of therapeutic strategies targeting
NLRP3 in many diseases. Current treatments for NLRP3-
related pathologies involve suppression of the activation of
the NLRP3 inflammasome by direct regulation of the com-
ponent of the NLRP3 inflammasome or indirect regulation
of associated cellular signaling events (Table 2).

Direct targeting of NLRP3
Bay 11-7082

Bay 11-7082, a phenyl vinyl sulfone-related compound, was
shown to prevent the organization of the ASC pyroptosome
and NLRP3 inflammasome through alkylation of cysteine
residues in the ATPase region of NLRP3 (Juliana et al.
2010). Vinyl sulfone derivatives were well tolerated and
nonmutagenic and had suitable pharmacokinetic profiles in
preclinical trials suggesting feasibility of their application.
These compounds have been used as antiparasitic agents in
dogs and mice (Kerr et al. 2009). However, Bay 11-7082
inhibits the kinase activity of IKKp resulting in the modu-
lation of the NF-kB pathway, which is upstream of NLRP3
expression. Thus, the specificity of Bay 11-7082 toward the
NLRP3 inflammasome is uncertain.

p-Carotene (provitamin A)

-Carotene suppresses NLRP3 inflammasome activation
induced by ATP, MSU crystals, and nigericin in mac-
rophages. p-Carotene binds directly to the pyrin domain
(PYD) of NLRP3. In a mouse model of gouty arthritis,
inflammatory symptoms caused by MSU crystals were
attenuated by oral administration of B-carotene. In addi-
tion, B-carotene reduced IL-1p secretion by human synovial
cells isolated from patients with gout showing a potential
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Table 2 Inhibitors of the NLRP3 inflammasome

Mechanism Agents Targets Diseases References
Direct targeting of NLRP3 ~ Bay 11-7082 NLRP3 NACHT domain Systemic lupus erythema-  (Juliana et al. 2010)
(ATPase region) tosus
f-carotene NLRP3 PYD domain Gout (Yang et al. 2020a)
CY-09 NLRP3 NACHT domain Gout, T2D, CAPS (Jiang et al. 2017)
(Walker A motif)
MNS NLRP3 LRR and NACHT Inflammation-associated (He et al. 2014)
domains diseases
MCC950 NLRP3 NACHT domain Multiple sclerosis, CAPS (Coll et al. 2015)
(Walker B motif)
OLT1177 NLRP3 NACHT domain Degenerative arthritis, (Marchetti et al. 2018a)
(ATPase region) CAPS
Oridonin NLRP3 NACHT domain T2D, peritonitis, gout (He et al. 2018)
(cysteine 279)
Parthenolide NLRP3 NACHT domain Cystic fibrosis (D’Anneo et al. 2013)
(cysteine modification)
Tranilast NLRP3 NACHT domain Gout, CAPS, T2D (Huang et al. 2018)

Direct targeting of ASC

Direct targeting of cas-
pase-1

Targeting IL-1p

Targeting IL-18

Indirect inhibition

Caffeic acid phenethyl ester
VX-740, VX-765

Anakinra

Canakinumab
Gevokizumab
Rilonacept

GSK1070806

Auranofin
B-hydroxybutyrate
Celastrol

EGCG

FCI11A-2

Glyburide, 16,673-34-0,
JC171

JC124

Licochalcone A

Sulforaphane

ASC
Caspase-1

IL-1or and IL-1PB

IL-1p
IL-1p
IL-1

IL-18

IKK kinase, thioredoxin
reductase

K+efflux, ASC aggrega-
tion

K+ efflux

Mitochondrial DNA
Caspase-1, IL-1p, IL-18

ATP-sensitive K + channels,
ASC, P2X7 signaling

ASC aggregation

Mitochondrial ROS, UCP1
expression

AMP-activated protein
kinase/autophagy axis

Gout

Rheumatoid arthritis,
epilepsy, psoriasis, AD,
myocardial infarction

Gout, rheumatoid arthritis
coronary artery disease,
acute Kawasaki disease

CAPS, gout

T1D, T2D, Rheumatoid
arthritis

CAPS, gout, systemic
sclerosis

Autoimmune diseases, non-
Hodgkin’s lymphoma,
IBD

Rheumatoid arthritis, acne

MWS, FCAS, urate crys-
tal-induced peritonitis

Autoimmune diseases,
tumor

Gout

Colitis

T2D, acute myocardial
infarction

Traumatic brain injury,
neuroinflammatory, Acute
myocardial infarction, AD

P. acnes-mediated acne,
obesity

NAFLD, gout

(Lee et al. 2016)
(Linton 2005)

(So et al. 2007)

(Church and McDermott
2010)

(Cavelti-Weder et al.
2012)

(Kone-Paut and Galeotti
2015)

(Mistry et al. 2014)
(Isakov et al. 2014)
(Youm et al. 2015)
(Lee et al. 2019a)

(Lee et al. 2019b)
(Liu et al. 2013b)

(Lamkanfi et al. 2009b)
(Marchetti et al. 2014)
(Guo et al. 2017)

(Yin et al. 2018)

(Lee et al. 2018)

(Yang et al. 2016)

inhibitory effect of B-carotene on human gout (Yang et al.

2020a).

CY-09

CY-09 is an analog of cystic fibrosis transmembrane con-
ductance regulator (CFTR) channel blockers (Ma et al.
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2002). In mouse macrophages primed with LPS, CY-09
blocked ATP-, monosodium urate (MSU)-, and nigericin-
induced caspase-1 activation and IL-1p release (Jiang et al.
2017). This inhibitory effect did not depend on posttransla-
tional modification (ubiquitination) of NLRP3. Mechanis-
tically, to remove ATP bound to NLRP3, CY-09 interacts
with the NLRP3 Walker A motif directly without affect-
ing NLRP1, NLRC4, RIG-1, or NOD2 (Jiang et al. 2017).
CY-09 exerted outstanding preventive or therapeutic effects
in mouse models of gout, T2D, and CAPS.

4-Methylenedioxy-f-nitrostyrene (MNS)

MNS binds to the LRR and NACHT domains of NLRP3
(He et al. 2014) and directly targets these domain to block
the ATPase activity of NLRP3. MNS does not affect the
activation of the AIM2 or NLRC4 inflammasomes (He et al.
2014).

MCC950

MCC950, a diarylsulfonylurea-containing compound, was
found to be a selective inhibitor of the NLRP3 inflamma-
some. MCC950 blocks the canonical (e.g., ATP, nigericin,
and monosodium urate) and noncanonical (e.g., cytosolic
LPS) activation of NLRP3 at nanomolar concentrations and
the AIM inflammasome at relatively higher concentrations;
however, MCC950 does not affect the NLRP4 inflamma-
some (Coll et al. 2015). MCC950 reduced IL-1p production
and the severity of experimental autoimmune encephalomy-
elitis (EAE), an animal disease model of multiple sclerosis.
MCC950 rescued neonatal lethality in a mouse model of
CAPS (Coll et al. 2015). MCC950 has been shown to block
the Walker B motif within the NLRP3 NACHT domain (Coll
et al. 2019) to block ATP hydrolysis by NLRP3 required for
inflammasome functions. Extensive pharmacokinetic inves-
tigations in vitro and in vivo resulted in significant progress
toward therapeutic applications (Coll et al. 2019).

OLT1177

OLT1177 is a p-sulfonyl nitrile compound. OLT1177 can
block both canonical and noncanonical activation of the
NLRP3 inflammasome. OLT1177 directly binds to NLRP3
to block its ATPase activity and decrease caspase-1 activity
and IL-1p secretion in monocytes from CAPS patients and
reduced LPS-induced systemic inflammation in mice (Mar-
chetti et al. 2018b). A phase I clinical trial for the treatment
of degenerative arthritis was completed, and a phase II clini-
cal trial is ongoing (Toldo and Abbate 2018). In the phase

@ Springer

I trial, oral administration of OLT1177 to healthy subjects
had an excellent safety profile and level of tolerance. Despite
long half-life, the compound did not show any signs of organ
or hematological toxicities at various doses (Marchetti et al.
2018a; Sanchez-Fernandez et al. 2019). Therefore, OLT1177
may have great potential for the treatment of NLRP3-related
diseases.

Oridonin

Oridonin (Ori) is a bioactive ent-kaurane diterpenoid that is
a primary component of the herbal plant Rabdosia rubescens
and is widely used in traditional Chinese medicine (Kadota
et al. 1997). Previously, Ori was reported to interact with
cysteine 279 of the NLRP3 NACHT domain through a cova-
lent bond and abolish NLRP3-NEK?7 interactions resulting
in selective inhibition of NLRP3 inflammasome activation.
Use of Ori in mouse models of T2D, peritonitis, and gouty
arthritis resulted in significant preventive and therapeutic
effects (He et al. 2018).

Parthenolide

Parthenolide, a plant sesquiterpene lactone with anti-inflam-
matory properties, is used as an herbal medicine to treat
various inflammatory diseases (Heinrich et al. 1998). Parthe-
nolide was originally known to be an NFxB inhibitor acting
by inhibiting the kinase activity of kB kinase  (IKKp). Par-
thenolide inhibits NLRP1, NLRC4, and NLRP3 stimuli by
alkylating a number of cysteine residues of caspase-1 thus
blocking caspase-1 activation (Juliana et al. 2010). Addition-
ally, parthenolide may directly target the ATPase activity
of NLRP3 through cysteine modification. Parthenolide has
poor solubility and bioavailability, and soluble analogs of
parthenolide are currently undergoing evaluation (D’Anneo
et al. 2013).

Tranilast

Tranilast (N-[3',4'-dimethoxycinnamoyl]-anthranilic acid
(TR)) is a tryptophan metabolite analog that has inhibi-
tory effects on homologous passive cutaneous anaphylaxis
(Darakhshan and Pour 2015). Inhibitory effects of TR were
selective for the NLRP3 inflammasome. TR impaired the
endogenous NLRP3-ASC interaction, which was verified
by its binding with the NLRP3 NACHT domain and sup-
pression of direct NLRP3-NLRP3 interactions. TR showed
significant therapeutic and preventive effects in the mouse
models of CAPS and T2D (Huang et al. 2018). TR is a rea-
sonably safe compound; patients showed moderate levels of
tolerance to high doses of TR (Platten et al. 2005).
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Direct targeting of ASC
Caffeic acid phenethyl ester (CAPE)

CAPE inhibited NLRP3 inflammasome activation by block-
ing caspase-1 activation and IL-1p production induced by
MSU crystals. CAPE directly associates with ASC to block
the NLRP3-ASC interaction induced by MSU crystals (Lee
et al. 2016). In a mouse gouty arthritis model, oral adminis-
tration of CAPE inhibited MSU crystal-induced caspase-1
activation and IL-1p production in air pouch exudate and
foot tissue thus attenuating inflammatory symptoms (Lee
et al. 2016).

Direct targeting of caspase-1
VX-740 and VX-765

VX-740 (pralnacasan) and its analog VX-765 are pepti-
domimetic inhibitors of caspase-1. VX-765 is a pro-drug
of VRT-043198, which is a potent inhibitor of caspase-1.
VX-765 reduces IL-1p and IL-18 levels both in vitro and
in vivo in correlation with tissue-protective effects in animal
models of inflammatory disease. VX-740 and VX-765 act by
covalently modifying the catalytic cysteine residues in the
active sites of caspase-1 to inhibit enzymatic activity (Linton
2005). In phase I and II clinical trials in theumatoid arthri-
tis patients, VX-740 and VX-765 showed anti-inflammatory
effects and excellent pharmacokinetic profiles (Strand and
Sokolove 2009). However, no additional development was
pursued because of the hepatotoxicity induced after long-
term exposure in animals (Fischer and Schulze-Osthoff
2005; Wannamaker et al. 2007). According to a recent study,
VX-765 alleviated cognitive impairments and the severity
of AD (Flores et al. 2018). Additionally, VX-765 alleviated
myocardial infarction by preserving ventricular functions in
mice (Audia et al. 2018).

Targeting IL-1p and IL-18

Anakinra is a recombinant interleukin 1 (IL-1) receptor
antagonist. A number of clinical trials on the efficacy and
safety of anakinra were conducted in gout and rheumatoid
arthritis (So et al. 2007). Anakinra can quickly terminate sei-
zures, prevent recurrence, and resolve seizure-related effects
on the blood-brain barrier. Clinical trials have identified the
effects of interleukin-1 inhibition on vascular and left ven-
tricular function in rheumatoid arthritis patients with coro-
nary artery disease. A phase 2 clinical trial was performed
to assess the efficacy and safety of anakinra in patients
with Kawasaki disease who failed to respond to a standard
treatment. The safety and tolerability of anakinra-mediated
blockade of both IL-1a and IL-1f will be evaluated as a

strategy to prevent or attenuate coronary artery damage in
infants and children with acute Kawasaki disease (Dinarello
and van der Meer 2013).

Canakinumab is a human monoclonal antibody that
targets IL-1p approved for the treatment of CAPS and is
undergoing clinical trials for chronic obstructive pulmo-
nary disease (COPD) and gout. In 2016, a clinical study
was performed to investigate the use of canakinumab for the
treatment of adult-onset Still’s disease (AOSD) (Church and
McDermott 2010; Kone-Paut et al. 2011).

Gevokizumab binds with high affinity to IL-1f and has
unique allosteric modulating properties. Gevokizumab has
a potential to treat patients with a wide variety of inflamma-
tory and other diseases (Cavelti-Weder et al. 2012). Clinical
trials of the efficacy and safety of gevokizumab against acne
vulgaris were conducted to determine whether gevokizumab
was effective for the treatment of moderate to severe acne
vulgaris (Fenini et al. 2017).

Rilonacept is an IL-1 inhibitor and is also known as IL-1
Trap (brand name: Arcalyst). Rilonacept is the first FDA-
approved drug for the treatment of CAPS, including FCAS
and Muckle—Wells syndrome in adults and children (Kone-
Paut and Galeotti 2015). In 2012, an FDA Advisory Panel
approved rilonacept for the treatment of gout (Schumacher
et al. 2012).

GSK1070806 is a humanized monoclonal antibody that
blocks the IL-18 protein. From 2009 to 2017, a phase 1
clinical study of GSK1070806 was conducted to test the
effect of GSK1070806 in healthy and obese male subjects
with normal immune systems to determine the safety of this
drug and the rate of metabolism of the antibody. Numerous
clinical trials assessed direct inhibition of IL-18 in B-cell
non-Hodgkin’s lymphoma and inflammatory bowel disease
(IBD) (Mistry et al. 2014).

Indirect inhibition
Auranofin

Auranofin is an Au-containing acetylated carbohydrate com-
plex used for the treatment of rheumatoid arthritis. Mono-
cytes and macrophages in the synovial fluid of RA patients
secrete large quantities of IL-1p that lead to the pathophysi-
ological changes associated with RA (Yamada et al. 1999;
Han et al. 2008).

Auranofin suppressed LPS-induced NLRP3 and IL-
1-related gene expression in J774 cells and primary mouse
peritoneal macrophages (Isakov et al. 2014). These results
are in line with the known mechanism of action of auranofin
by targeting IKK, which is critical for NF-kB activation.
In addition, thioredoxin reductase, a redox enzyme respon-
sible for controlling macrophage activation, was another
functionally relevant target of auranofin in the blockade of
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LPS-induced expression of the pro-IL-1p and NLRP3 genes
(Isakov et al. 2014). Auranofin inhibited Propionibacterium
acnes-induced activation of the NLRP3 inflammasome in
primary mouse macrophages and human sebocytes result-
ing in a reduction in inflammatory symptoms in a P. acnes-
induced mouse acne model (Yang et al. 2020b). Overall,
these studies suggest that auranofin inhibits IL-1f secretion
by blocking NF-«xB activation and subsequent NLRP3/pro-
IL-1p transcription.

p-Hydroxybutyrate (BHB)

Various stimuli that activate NLRP3-mediated inflamma-
tion are specifically inhibited by a ketone body, BHB, which
acts as an alternative to glucose under hypoglycemic condi-
tions. In animal models of NLRP3-mediated diseases, such
as Muckle—Wells syndrome, familial cold autoinflammatory
syndrome, and urate crystal-induced peritonitis, caspase-1
activation and IL-1p secretion were significantly weakened
by BHB-complexed nanolipogels and a ketogenic diet, and
BHB inhibited K* efflux and ASC aggregation (Youm et al.
2015).

Celastrol

Celastrol inhibits NLRP3 inflammasome activation induced
by both ATP and nigericin (Lee et al. 2019a). Celastrol
blocks the ATP-induced cleavage of procaspase-1 to cas-
pase-1 and pro-IL-1p to mature IL-1p in macrophages. Inhi-
bition of NLRP3 inflammation in macrophages by celastrol
is associated with inhibition of tumor cell metastasis (Lee
et al. 2019a). Celastrol inhibits ox-LDL-induced NLRP3
inflammasome activation in mesangial cells suggesting a
possible contribution of celastrol-mediated NLRP3 inhibi-
tion to proliferative glomerular diseases (Sun et al. 2019).

Epigallocatechin-3-gallate (EGCG)

EGCG inhibits NLRP3 inflammation by blocking MSU
crystal-induced production of caspase-1 (pl0) and
interleukin-1p in primary mouse macrophages. In an
acute gout mouse model, oral administration of EGCG
effectively alleviated the symptoms of gout inflammation
in mouse foot tissue injected with MSU crystals. EGCG
inhibited NLRP3 inflammation via de novo synthesis of
mitochondrial DNA and generation of reactive oxygen
species in primary mouse macrophages (Lee et al. 2019b).

FCI1IA-2
In THP-1 cells and a mouse model of dextran sulfate

sodium (DSS)-induced experimental colitis, 1-ethyl-5-
methyl-2-phenyl-1H-benzo[d]imidazole (also known as
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FC11A-2) inhibited IL-1p/18 release and thus inhibited
the NLRP3 inflammasome. FC11A-2 hindered the prox-
imity-induced autocleavage of procaspase-1 to eventually
decrease caspase-1 activation via a pathway independent
of NF-xB activation (Liu et al. 2013b).

Glyburide, 16673—-34-0 (JC21), and JC171

Glyburide is a small-molecule inhibitor commonly used
to treat T2D. Glyburide was the first compound confirmed
to inhibit NLRP3-dependent IL-1f production (Lamkanfi
et al. 2009b; Masters et al. 2010). Glyburide inhibits NLRP3
inflammasome activity caused by islet amyloid polypeptide
(IAPP), ATP, and nigericin (Masters et al. 2010). Glyburide
suppresses ATP-sensitive K + channels downstream of P2X7
receptors and ASC aggregation. Glyburide was effective in
preventing endotoxic shock-induced lethality in an animal
model of T2D (Lamkanfi et al. 2009a).

16673-34-0 (referred to as JC21) is an intermediate sub-
strate in glyburide synthesis. 16673-34-0 does not affect
glucose metabolism due to absence of the cyclohexylurea
moiety, which participates in insulin release, present in gly-
buride. 16673-34-0 inhibits the formation of the NLRP3
inflammasome in mouse macrophages and primary adult
rat cardiomyocytes; however, the compound does not affect
the AIM2 or NLRC4 inflammasome (Marchetti et al. 2014).
Although 16673-34-0 has shown promising activity as an
NLRP3 inflammasome inhibitor, its low solubility has been
recognized as a problem for further development (Marchetti
et al. 2014). Therefore, to increase the polarity of this com-
pound, a new analog (JC171) containing hydroxamic acid
on the sulfonamide moiety was developed (Guo et al. 2017).
JC171 disrupted the NLRP3/ASC interaction induced by
LPS/ATP stimulation in macrophages. JC171 treatment
reduced the severity of experimental autoimmune encepha-
lomyelitis (EAE) in a mouse model of multiple sclerosis.

JCIi24

Kuwar et al. developed a novel small molecule, JC124,
through structural optimization of glyburide (Kuwar et al.
2019). JC124 was designed to prevent the potential hypo-
glycemic effects of glyburide. Exploration of the poten-
tial of JC124 for the treatment of traumatic brain injury
(TBI) demonstrated that the compound has significant
anti-inflammatory effects on the TBI-affected brain. Treat-
ment with JC124 significantly decreased the expression of
NLRP3, ASC, caspase-1, pro-IL-1p, TNFa, and inducible
nitric oxide synthase (iNOS). Protective effects of JC124
on TBI were suggested to be due to the activation of the
NLRP3 inflammasome and targeting of its downstream
neuroinflammatory cascade (Kuwar et al. 2019). JC124



Therapeutic regulation of the NLRP3 inflammasome in chronic inflammatory diseases 29

was shown to block ASC aggregation, caspase-1 activa-
tion, and IL-1p secretion and thus exert protective effects
in the mouse models of acute myocardial infarction (Fulp
et al. 2018) and in transgenic AD models (Yin et al. 2018).

Licochalcone A

Licochalcone A, a chalconoid isolated from the root of Gly-
cyrrhiza inflatae, inhibits P. acnes-induced NLRP3 inflam-
masome activation. Licochalcone A blocks caspase-1 (p10)
and IL-1p production in primary mouse macrophages and
human SZ95 sebocytes. In addition, Licochalcone A inhibits
ASC speck formation and mitochondrial reactive oxygen
species. The topical application of licochalcone A to mouse
ear skin attenuated P. acnes-induced skin inflammation
according to the data of histological evaluation, ear thick-
ness measurement, and inflammatory gene expression. Lico-
chalcone A reduced caspase-1 activity and IL-1p production
in mouse ears injected with P. acne (Yang et al. 2018a).
Licochalcone A induced UCP1 expression in adipocytes and
inguinal white adipose tissue of high-fat diet-fed mice (Lee
et al. 2018). Licochalcone A treatment improved metabolic
homeostasis compromised by a high-fat diet and blocked
obesity (Lee et al. 2018). Considering the role of the NLRP3
inflammasome in inducing metabolic disorders, the inhibi-
tory effect of licochalcone A on the NLRP3 inflammasome
may mediate the blockade of high-fat diet-induced obesity
and metabolic disorders by the compound.

Sulforaphane

In an acute gout mouse model, oral administration of sul-
foraphane (SFN) attenuated MSU crystal-induced swelling
and neutrophil recruitment thus indicating inhibition of
NLRP3 inflammatory activation in the foot tissue. In pri-
mary mouse macrophages, SFN inhibited NLRP3 inflam-
masome activation induced by MSU crystals, adenosine
triphosphate, and nigericin independent of the reactive
oxygen species pathway. SEN inhibited ligand-independent
activation of the NLRP3 inflammasome suggesting that
SFN acts directly on the NLRP3 inflammasome complex
(Yang et al. 2018b). Oral administration of SFN prevented
hepatic steatosis in a high-fat diet-induced mouse NAFLD
model, and the effect was mediated by inhibition of the
lipid-induced NLRP3 inflammasome in hepatocytes by SFN
(Yang et al. 2016). SFN regulates the AMP-activated protein
kinase-autophagy axis resulting in the suppression of the
NLRP3 inflammasome in hepatocytes (Yang et al. 2016).
In summary, intensive efforts evaluated small molecules
and phytochemicals as pharmacological inhibitors of the
NLRP3 inflammasome. To date, certain small molecule
inhibitors have specific targets, especially those inhibitors

that directly bind to the NLRP3 inflammasome compo-
nents, and some of the inhibitors nonspecifically regulate
cellular signaling pathways. It is important to identify
the exact mechanism of inhibition of the NLRP3 inflam-
masome by these small molecules to finally develop high
potency pharmacological inhibitors specific to the NLRP3
inflammasome.

Perspectives

The need for NLRP3-specific treatments will increase because of
an increase in the number of individuals affected by inflamma-
tory diseases associated with Western lifestyle and aging popu-
lation. Many NLRP3 inhibitors that indirectly or directly inhibit
the activation of the NLRP3 inflammasome have been developed
and reached clinical trials. Nevertheless, no treatment is currently
approved by the Food and Drug Administration (FDA) or other
agencies. It is critical to evaluate the safety, tolerance, and dose-
dependent toxicity of NLRP3 inflammasome modulators for
effective treatment. Future investigations will require chemical
studies of the structure and phase separation to uncover the basic
principles of NLRP3 inflammasome assembly. Studies should
also use the advantage of the currently available NLRP3 structure
and focus on the development of direct structure-induced inhibi-
tors with improved specificity and efficacy. Continued profiling,
restructuring, and improvements in the pharmacokinetic proper-
ties of specific NLRP3 inhibitors will facilitate clinical transla-
tion in the future to demonstrate the use of precision medicine in
inflammasome-related diseases.
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