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Abstract

Members of the nucleotide-binding domain and leucine-rich repeat containing (NLR) family and
the pyrin and HIN-domain (PYHIN) family can form multiprotein complexes termed
“inflammasomes”. The biochemical function of inflammasomes is to activate caspase-1, which
leads to the maturation of interleukin 1p (IL-1p) and IL-18 and induction of pyroptosis, a form of
cell death. Unlike other inflammasomes, the NLRP3 inflammasome can be activated by diverse
stimuli. The importance of the NLRP3 inflammasome in immunity and human diseases has been
well documented, but the mechanism and regulation of NLRP3 inflammasome activation remains
unclear. In this review we summarize current understanding of the mechanism and regulation of
NLRP3 inflammasome activation, as well as recent advances in the non-canonical and alternative
inflammasome pathways.
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The NLRP3 inflammasome: A critical component of innate immunity and
pathological contributor to human diseases

Inflammasomes are a group of cytosolic protein complexes that are formed to mediate host
immune responses to microbial infection and cellular damage [1]. Assembly of an
inflammasome triggers proteolytic cleavage of dormant procaspase-1 into active caspase-1,
which converts the cytokine precursors pro-IL-1p and pro-IL-18 into mature and
biologically active IL-1p and IL-18, respectively [2, 3]. Mature IL-1p is a potent
proinflammatory mediator in many immune reactions, including the recruitment of innate
immune cells to the site of infection and modulation of adaptive immune cells, whereas
mature IL-18 is important for the production of interferon-ry and potentiation of cytolytic
activity of natural killer cells and T cells [4]. Active caspase-1 also induces a
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proinflammatory form of cell death, known as pyroptosis [5]. Inflammasome formation
requires a pattern recognition receptor (PRR) as the sensor, in most cases the adaptor ASC
(apoptosis-associated spec-like protein containing a CARD), and the cysteine protease
caspase-1. To date, five PRRs (NLRP1, NLRP3, NLRC4, Pyrin and AIM2) have been shown
to form inflammasomes [6, 7]. Emerging evidence indicates that several other members of
the NLR family and the PYHIN family, including NLRP6, NLRP7, NLRP12 and IFI16, can
also form inflammasomes, but their composition remains obscure [7].

Among these inflammasomes, the NLRP3 inflammasome has been under intensive
investigation given its possible involvement in several human diseases. NLRP3 belongs to
the NLR protein family, which includes 22 members in human and at least 34 members in
mouse [8]. Most NLRs have a tripartite structure defined as the following: an amino-
terminal caspase-recruitment domain (CARD), pyrin domain, acidic transactivating domain
or baculovirus inhibitor repeat that mediates downstream protein-protein interaction; a
centrally located nucleotide-binding-and-oligomerization domain that mediates self-
oligomerization; and carboxy-terminal leucine-rich repeats (LRRs) that are thought to be
involved in recognition of stimuli [9]. During microbial infections, the NLRP3
inflammasome promotes host immune defense against infectious microbes, such as
Influenza A virus, Staphylococcus aureus and Candida albicans [1]. However, dysregulated
activation of the NLRP3 inflammasome has been implicated in the pathogenesis of inherited
and acquired inflammatory diseases [10, 11].

The NLRP3 inflammasome was initially shown to be activated by ATP and certain bacterial
toxins [12]. Subsequently, a wide array of stimuli were identified to activate the NLRP3
inflammasome including multiple microbial products, endogenous molecules or particulate
matter [13-15]. In subsequent studies, however, it became clear that most microbial stimuli,
such as Toll-like receptor (TLR) ligands and muramy! dipeptide, do not directly activate the
NLRP3 inflammasome, but they instead prime the NLRP3 inflammasome for activation
[16]. Furthermore, NLRP3 activation induced by ATP, pore-forming toxins and particulate
matter requires pretreatment of macrophages with microbial stimuli or cytokines [16-18].
Therefore, a two-signal model has been proposed for NLRP3 inflammasome activation in
macrophages. In this model, the first signal (priming) is provided by microbial or
endogenous molecules that induce NLRP3 and pro-IL-1p expression through activation of
NF-xB; the second signal (activation) is triggered by ATP, pore-forming toxins, viral RNA
and particulate matter (Figure 1).

Priming the NLRP3 inflammasome: Beyond the induction of NLRP3 and

pro-IL-1B

Macrophages, such as mouse bone marrow-derived macrophages, show no or minimal
activation of the NLRP3 inflammasome when stimulated with NLRP3 activators, whereas
pretreatment with microbial ligands strongly enhances NLRP3 inflammasome activation
[16]. This pretreatment is defined as the priming step, which provides the first signal for
NLRP3 inflammasome activation. Unlike ASC and caspase-1, the protein amounts of
NLRP3 in resting macrophages are thought to be insufficient for NLRP3 activation.
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Expression of NLRP3 is induced by priming with microbial components such as TLR
ligands or endogenous molecules, such as tumor necrosis factor and IL-p, through the
activation of NF-xB [16, 18]. Recent studies have shown that FADD and caspase-8 also
regulate the induction of NLRP3 expression during priming [19-21]. Consistent with this
transcriptional role in the priming step, macrophages constitutively expressing high levels of
NLRP3 via a retroviral vector show inflammasome activation after stimulation with NLRP3
activators in the absence of priming [16, 22]. Therefore, priming positively regulates the
NLRP3 inflammasome through the induction of NLRP3 expression (Figure 1).

In addition to this transcriptional role, emerging evidence indicates that priming also
regulates NLRP3 activation at the posttranscriptional level. This regulation was first revealed
by the finding that priming macrophages for a short time (10 mins), which is not sufficient
for the induction of NLRP3 expression, significantly enhances inflammasome activation [22,
23]. Deeper understanding of the signaling mechanism of priming was provided by
experiments using mouse macrophages deficient in signaling molecules of the NF-xB
pathway. The adaptor MyD88 and the downstream kinases IRAK1 and IRAK4 have been
implicated in transcriptional regulation of NLRP3 activation by priming, whereas the
adaptor TRIF and IRAK1 play a role in the posttranscriptional regulation of the priming step
[16, 24, 25]. Furthermore, NLRP3 is deubiquitinated during priming [23, 26, 27]. BRCC3, a
JAMM domain-containing Zn2+ metalloprotease, promotes NLRP3 deubiquitination during
priming and regulates NLRP3 activation [26]. Therefore, the role of priming in NLRP3
activation is more complex than originally appreciated (Figure 1). Transcription-independent
signaling of priming may further fine-tune NLRP3 inflammasome activation.

Activating the NLRP3 inflammasome: Integration of multiple cellular

signaling events

Given the chemical and structural diversity of NLRP3-activating stimuli, it is unlikely that
NLRP3 physically interacts with its activators. Instead, NLRP3 is likely to sense a common
cellular signal induced in response to NLRP3 activators. The identity of this signal is
currently under intensive debate. Several molecular and cellular events have been proposed
as the trigger(s) for NLRP3 inflammasome activation, including K* efflux, Ca2* signaling,
reactive oxygen species (ROS), mitochondrial dysfunction, and lysosomal rupture (Figure
1).

K* efflux: a common step for NLRP3 inflammasome activation

K* efflux has emerged as a common denominator in the activation of the NLRP3
inflammasome. This was first implicated from an earlier report that potassium ionophores,
such as nigericin, trigger 1L-1p maturation in LPS-stimulated murine macrophages [28]. The
importance of K* efflux in NLRP3 inflammasome activation has been further revealed by
additional studies [29, 30]. These studies have shown that a high concentration of
extracellular K* blocks NLRP3 inflammasome activation, but not AIM2 or NLRC4
inflammasome activation [31, 32]. K* efflux is induced in response to most or all NLRP3
stimuli, including ATP, nigericin and particulate matter, and lowering cytosolic K*
concentration is sufficient to activate the NLRP3 inflammasome [30]. Such a low
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concentration of K* can also trigger NLRP3 inflammasome assembly in a cell-free system
[31]. Therefore, the drop of intracellular K* concentration has been proposed to be a
common trigger for NLRP3 inflammasome activation [30]. In addition, K* efflux is also
required for NLRP3 activation in the non-canonical inflammasome pathway (see next
section) [33, 34]. However, the mechanistic link between decreased levels of intracellular K*
and NLRP3 activation remains poorly understood. K* efflux is thought to act at or upstream
of NLRP3 activation. In support of this notion, K* efflux precedes inflammasome activation
[30]. Furthermore, activation of the NLRP3 inflammasome in macrophages harboring a
NLRP3 activating mutation (NLRP3R258W) occurs in the absence of K+ efflux and is not
affected by a high concentration of extracellular K* [30, 35]. This suggests that the drop in
intracellular K* concentration might induce NLRP3 to undergo conformational changes that
are already induced by the presence of NLRP3 activating mutations.

Ca?* signaling and NLRP3 inflammasome activation

The involvement of Ca?* signaling in NLRP3 inflammasome activation was suggested by
studies showing that the CaZ* chelator BAPTA-AM inhibits IL-1p secretion [36-38].
Several studies have supported a general requirement for Ca2* signaling in NLRP3
activation [39-41]. NLRP3 stimuli including ATP, nigericin, and particulate matter induce
Ca2* mobilization during the process of NLRP3 inflammasome activation [40]. Importantly,
inhibition of Ca2* signaling blocks NLRP3 inflammasome activation, but has no effect on
the activation of the AIM2 and NLRC4 inflammasomes [39, 40]. As a major intracellular
Ca?* reservoir, the endoplasmic reticulum (ER), appears to be critical for this process,
because pharmacological inhibition or small hairpin RNA (shRNA) knockdown of inositol
1,4,5-triphosphate receptor (IP3R), a Ca2* release channel on the ER, attenuates Ca2*
mobilization and NLRP3 activation [39]. Activation of IP3R is triggered by IP3, a product of
phospholipase C (PLC)-mediated phosphatidylinositol 4,5-bisphosphate (PIP,) cleavage.
Consistently, PLC inhibition blocks NLRP3 activation induced by multiple stimuli, whereas
direct activation of PLC induces IL-1p secretion in the absence of any other exogenous
stimuli [39]. How PLC is activated by NLRP3 stimuli remains unclear. Lee et a/. reported
that the Calcium-Sensing Receptor (CASR), a G protein-coupled receptor (GPCR), acts
upstream of PLC to trigger Ca2* mobilization and NLRP3 activation [39]. However, another
study showed that CASR and a related family member GPRC6A are only required for
extracellular Ca2*-induced NLRP3 activation, but not for ATP-induced NLRP3 activation
[41]. Notably, the addition of Ca?* to extracellular RPMI medium leads to the formation of
particulate matter and K* efflux, complicating the interpretation of these experiments [30].
The store-operated Ca2* entry (SOCE) channel on the plasma membrane, which is often
coupled to ER Ca2* release, has been implicated in Ca2* mobilization and NLRP3 activation
[40]. How does Ca?* signaling regulate NLRP3 inflammasome activation? Cytosolic CaZ*
may promote NLRP3 complex formation [39]. Alternatively, Ca?* mobilization and
mitochondrial Ca2* overload may cause mitochondrial dysfunction, which may promote
NLRP3 activation (see next subsection [40]. However, a recent study indicated that NLRP3
inflammasome activation is independent of Ca2* signaling [42]. In this study, the authors
compared the contribution of decreased cytosolic K* concentrations versus increased
cytosolic Ca2* in NLRP3 activation and found that Ca2* is largely dispensable for NLRP3
activation [42]. Surprisingly, this study also revealed that BAPTA blocks NLRP3 activation
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independently of its expected inhibitory effects on Ca?* signaling [42]. Thus, the role of
Ca?* signaling in NLRP3 activation remains controversial.

Mitochondrial dysfunction and ROS

The role of ROS and the mitochondria in NLRP3 inflammasome activation is a topic of
long-standing debate [43, 44]. Cytosolic ROS produced by NAPDH oxidase were initially
proposed to be the common signal responsible for NLRP3 inflammasome activation based
on studies with chemical inhibitors [45]. However, human peripheral blood mononuclear
cells and mouse macrophages lacking NAPDH oxidase activity show normal activation of
the NLRP3 inflammasome [46, 47]. The implication of mitochondrial dysfunction in
NLRP3 activation was originally based on chemical inhibitors in which the perturbation of
mitochondria were found to promote activation of the NLRP3 inflammasome [48]. However,
chemical inhibitors are prone to causing artifacts, especially at high concentrations. Indeed,
at least one study showed that ROS inhibitors also affect the induction of NLRP3 at the
priming stage when used at high concentrations [49]. Furthermore, although induced by
most NLRP3 stimuli, mitochondrial perturbation and associated ROS production appear
dispensable for NLRP3 activation [30]. In addition, oxidized mitochondrial DNA that can be
released into the cytosol has been suggested to interact with and activate NLRP3 [50].
However, the release of mitochondrial DNA can occur downstream of NLRP3 activation
[51]. Furthermore, cardiolipin, a mitochondria-specific phospholipid which is normally
located in the inner membrane of mitochondria, can translocate to the outer membrane of
mitochondria to bind the LRRs of NLRP3 [52]. However, additional studies are needed to
support the role of cardiolipin in NLRP3 activation. The mitochondrial-associated adaptor
MAVS has been also implicated in NLRP3 activation. However, the role of MAVS in
NLRP3 inflammasome activation remains controversial [19, 53]. One study reported that
MAVS interacts with NLRP3 and is required for NLRP3 inflammasome activation by
soluble stimuli (e.g. ATP and nigericin), but not particulate matter (e.g. Alum and MSU)
[53]. However, several studies showed a role for MAVS in NLRP3 activation induced by
RNA viruses, but not non-viral stimuli (e.g. ATP and nigericin) [14, 19, 54, 55]. In
conclusion, the exact role of the mitochondria in NLRP3 inflammasome activation remains
to be determined.

Lysosomal leakage

Particulate matter activates the NLRP3 inflammasome through endocytosis and damages the
lysosome membrane, resulting in the release of cathepsin B, a lysosomal cysteine protease
of the papain family, into the cytosol [37]. A number of studies have shown that NLRP3
activation is inhibited by treatment with CA-074-Me, a chemical inhibitor for cathepsin B
[47, 56, 57]. However, cathepsin B-deficient macrophages show a modest or no defect in
NLRP3 activation induced by particulate matter [57]. Thus, inhibition of NLRP3
inflammasome activation by cathepsin B inhibitors may be due to an off-target effect or
redundancy among members of the cathepsin family. Consistent with the latter, a recent
study suggests that multiple cathepsins, which can be inhibited by CA-074-Me, promote
NLRP3 priming and activation [58]. In addition to the cytosolic release of cathepsins,
particulate matter also triggers K* efflux that is dependent on phagocytosis and required for
NLRP3 activation [30]. In accord with this notion, incubation of macrophages with the
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lysosomotropic agent Leu-Leu-O-Methyl ester alone induces rapid K* efflux that precedes
NLRP3 activation [30]. However, the mechanism linking particulate matter-induced
lysosomal rupture to K* efflux remains to be determined.

In conclusion, NLRP3 activators can trigger multiple cellular and molecular events including
ion fluxes, mitochondrial dysfunction and lysosomal leakage. However, the role of these
events in NLRP3 activation with the exception of K* efflux remains unclear.

Non-canonical inflammasome pathway

Most Gram-negative bacteria, such as Escherichia coli, Citrobacter rodentium, and Vibrio
cholera, activate a caspase-11-mediated signaling pathway in mouse macrophages, resulting
in maturation and release of IL-1p/IL-18, and pyroptosis (Figure 2) [59]. The release of
IL-1B/IL-18 requires the NLRP3 inflammasome, whereas pyroptosis is independent of the
NLRP3 inflammasome. In contrast to the NLRP3 inflammasome, this pathway is defined as
a non-canonical inflammasome pathway because of the requirement of caspase-11 [59]. The
signaling mechanism upstream of caspase-11 activation remains controversial. Several
studies indicate that type I IFN signaling, activated downstream of the TLR4-TRIF signaling
cascade, is required for the expression and activation of caspase-11 [60-62]. However,
another study shows that type | IFN signaling is dispensable for the activation of this non-
canonical inflammasome pathway [63]. Further studies are required to determine the role of
type I IFN signaling in non-canonical inflammasome activation. This non-canonical
inflammasome pathway is activated by Gram-negative, but not Gram-positive bacteria,
suggesting a role for LPS in this pathway. Indeed, two studies have shown that cytosolic
LPS, delivered by cholera toxin A or transfection, can activate this non-canonical
inflammasome pathway [63, 64]. Furthermore, TLR4-deficient macrophages, which are
primed with poly (I:C) for the induction of caspase-11, can activate this pathway, indicating
that a dual recognition mechanism for LPS exists in host immune defense: TLR4 sensing the
extracellular LPS and caspase-11 sensing cytosolic LPS [63, 64]. Inferred from the
recognition mechanism of LPS by TLR4 on the cell surface, it was hypothesized that there
exists an intracellular receptor which binds to LPS and engages caspase-11 directly or
through another CARD-containing adaptor. Surprisingly, LPS directly binds to the CARD
domains of caspase-11, human caspase 4 and caspase-5, but not other caspases [65]. This
LPS binding can trigger the oligomerization and activation of caspase-11. It is unclear how
LPS specifically binds to the CARD domain of caspase-11, human caspase 4 and caspase-5,
but not other CARD domains of caspases. Structural studies of LPS-bound caspase-11,
human caspase 4 or caspase-5 are needed to confirm these findings. How does activation of
caspase-1 and caspase-11 cause pyroptosis? Recent progress has identified the protein
gasdermin D (GSDMD) as the substrate of active caspase-11 and caspase-1 [66—68]. Active
caspase-1 and caspase-11 enzymatically cleave GSDMD into two fragments (the N domain
and C domain) after an aspartic residue at position 276 (human) or 275 (mouse). The
GSDMD-N domain is responsible for pyroptosis induced by activated caspases. The
GSDMD-N domain can form pores on lipid membranes and induce pyroptosis through cell
membrane disruption [69-71]. Additionally, activated caspase-11 cleaves the cytosolic
region of pannexin-1, a membrane channel for ATP, and thus induces the extracellular
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release of ATP, which engages the P2X7 receptor in an autocrine or paracrine manner to
open P2X7 pores leading to pyroptosis [33].

Alternative NLRP3 inflammasome pathway

Human monocytes, unlike macrophages, are able to release mature IL-1p in response to
TLR ligands alone, such as LPS [29, 72]. This may be achieved through microbial activation
of the NLRP3 inflammasome through an autocrine mechanism. In this model, LPS induces
the release of endogenous ATP from human monocytes, which in turn activates the P2X7
receptor to trigger NLRP3 inflammasome activation and IL-1f maturation. Mouse bone
marrow-derived dendritic cells can also secrete mature IL-1p in response to TLR ligands
alone, but in contrast to human monocytes this occurs through an ATP-P2X7 independent
pathway [73]. Furthermore, in vivo experiments with P2X7-deficient mice indicate that
P2X7 is dispensable for IL-1p secretion in an LPS-induced septic shock model [73].
However, the cell type(s) involved in the production of IL-1p in vivo remains unclear. An
alternative NLRP3 inflammasome pathway is also activated in human monocytes in
response to LPS (Figure 2) [74]. In this pathway, K* efflux is not required, which contrasts
with NLRP3 activation induced by ATP, pore-forming toxins and particulate matter. Thus,
this pathway is defined as an alternative NLRP3 inflammasome pathway [74].
Mechanistically, molecules RIPK1, FADD and CASP8 act downstream of TLR4-TRIF
signaling to activate NLRP3 after LPS treatment. Although both ASC and caspase-1 are
required, there is no evidence for ASC speck formation or pyroptosis in this pathway.

Regulators of NLRP3 inflammasome activation

Several regulators of NLRP3 inflammasome activation including double-stranded RNA-
dependent protein kinase (PKR), guanylate-binding protein 5 (GBP5) and Nek7 [75-79]
have been reported.

PKR regulates the activation of all known inflammasomes, including NLRP1, NLRP3,
NLRC4, and AIM2 [76]. Deletion or inhibition of PKR leads to reduced activation of
caspase-1 and maturation of IL-1p and IL-18 in response to a wide array of stimuli.
However, the role of PKR in inflammasome activation was not independently confirmed in a
different study with macrophages from two different Pkr-deficient mice, including the
mutant mice in the former study [80]. Therefore, further studies are required to clarify the
role of PKR in NLRP3 inflammasome activation.

Similar to PKR, the role of GBP5 in NLRP3 inflammasome activation remains
controversial. GBP5 was shown to promote NLRP3 inflammasome activation in response to
ATP, nigericin, and bacteria, but not particulate matter [75]. In contrast, another study
observed normal activation of the NLRP3 inflammasome in macrophages from an
independently generated Ghp5-deficient mouse line [62]. It is not clear what accounts for the
discrepancies in these studies.

Unlike PKR and GBP5, the critical role of Nek7 in NLRP3 inflammasome activation has
been shown independently in three independent studies [77-79]. Nek7 belongs to the
NIMA-related kinases family that regulates the mitotic progression and DNA damage
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response [81]. Nek7 deficiency in mice results in late lethality during embryogenesis and
growth retardation, indicating a critical role of Nek7 in development and survival [82]. Nek7
is required for NLRP3 inflammasome activation induced by all NLRP3 stimuli tested
including ATP, nigericin, monosodium urate crystals and Alum [77, 78]. In contrast, Nek7 is
dispensable for the activation of NLRC4 or AIM2 inflammasomes [77-79]. Nek7 interacts
with NLRP3 through the catalytic domain of Nek7 and the LRR domain of NLRP3, which is
enhanced by NLRP3 stimulation but is independent of Nek7 kinase activity [77, 78].
Furthermore, the kinase activity of Nek7 is also not required for Nek7-mediated NLRP3
activation [77, 78]. Nek7 was shown to control NLRP3 oligomerization, ASC speck
formation and caspase-1 activation downstream of potassium efflux [77]. Notably, both
Nek®6, a close paralog of Nek7, and Nek9, a known upstream regulator of Nek7 during
mitosis, do not interact with NLRP3 and are also dispensable for NLRP3 inflammasome
activation [77]. Furthermore, Nek?7 is also required for NLRP3 activation in macrophages
harboring a NLRP3 activating mutation (NLRP3R258W) [77]. The critical role of Nek?7 in
NLRP3 activation has been further demonstrated by three in vivo models, in which Nek7
deficiency results in reduced IL-1p secretion, attenuated recruitment of immune cells and
decreased disease severity as compared to wild-type mice [77, 78]. Therefore, these results
clearly reveal that Nek7 is a bona fide positive regulator of NLRP3 inflammasome
activation. How does Nek7 regulate NLRP3 inflammasome activation? The Nek7/NLRP3
interaction requires K* efflux as this interaction is abolished in the presence of a high
extracellular concentration of K*. It is possible that a drop in intracellular K* causes
conformational changes in NLRP3, which allow the binding of Nek7 to NLRP3. In line with
this hypothesis, a mutation in NLRP3 that allows K* efflux-independent activation still
requires Nek?7 for inflammasome activation [77]. Understanding the signaling mechanism of
Nek?7 in response to NLRP3 activators will provide new insight into the molecular
mechanism of NLRP3 inflammasome activation.

Concluding remarks

In the past decade, intense efforts have been put into the investigation of the mechanism of
NLRP3 inflammasome activation. However, a unified mechanism has not yet emerged.
Recent progress has been made to reveal a critical role for K* efflux in NLRP3 activation
while the contribution of Ca2* signaling, ROS and mitochondrial dysfunction remains
controversial. Importantly, the identification of Nek7 as an essential regulator of the NLRP3
inflammasome, as well as the discoveries of a non-canonical infllmmasome and an
alternative NLRP3 inflammasome pathway, represent major advances in the inflammasome
field. Clearly, much more work is needed to understand the mechanism by which Nek7
regulates NLRP3 inflammasome activation and how diverse cell signaling events are
integrated to activate the NLRP3 inflammasome (See Outstanding Questions).
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Outstanding Questions
Which are the convergent signaling events for NLRP3 inflammasome activation?

Does NLRP3 recognize an endogenous molecule released downstream or in parallel to
K* efflux in response to NLRP3 stimuli?

What is the composition and structural organization of the NLRP3 inflammasome and the
NLRP3-NEK7 complex?

Are changes in intracellular K* levels sensed directly by NLRP3 or by another factor
upstream of NLRP3?

Which are the proximal signaling events required for NLRP3 activation in the non-
canonical and alternative inflammasome pathways?

Does Nek7 regulate NLRP3 inflammasome activation by directly promoting NLRP3
oligomerization or recruiting other regulators?

Does NLRP3 also need other NLRs for activation, similar to that seen in the NLRC4
inflammasome which needs NAIPs as upstream sensors?
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Trends

The NLRP3 inflammasome is an essential mediator of host immune responses through
the activation of caspase-1 and IL-1B/IL-18.

The NLRP3 inflammasome is thought to sense the disturbance of cellular homeostasis
rather than directly recognizing a common motif present in its activators, and multiple
cellular signals have been proposed for triggering its activation, including K* efflux, Ca2*
signaling, mitochondrial dysfunction and lysosomal rupture.

Non-canonical and alternative inflammasome pathways have been recently identified to
activate the NLRP3 inflammasome.

Nek7 has emerged as an essential regulator of NLRP3 inflammasome activation.
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Figure 1.
A two-signal model for NLRP3 inflammasome activation. Signal 1 (priming, left) is

provided by microbial molecules or endogenous cytokines and leads to the upregulation of
NLRP3 and pro-IL-1p through the activation of transcriptional factor NF-xB. Caspase-8 and
FADD are involved in priming via the regulation of the NF-xB activation pathway. BRCC3
(a deubiquitinase) and IRAK1 regulate NLRP3 inflammasome activation independently of
transcription. Signal 2 (activation, right) is provided by a plethora of stimuli, such as ATP,
pore-forming toxins, viral RNA and particulate matter, and activates the NLRP3
inflammasome. A number of signaling events have been proposed as the key mechanism of
NLRP3 activation. Most NLRP3 stimuli induce K* efflux that is necessary and sufficient for
NLRP3 activation. Ca2* signaling is proposed to cause mitochondrial dysfunction and is
implicated in NLRP3 inflammasome activation. Mitochondrial dysfunction-derived signals,
such as reactive oxygen species (mtROS), oxidized mtDNA or externalization of
phospholipid cardiolipin have also been suggested to mediate NLRP3 activation.
Mitochondrial adaptor MAVS mediates NLRP3 activation induced by RNA viruses.
Particulate matter activates NLRP3 through lysosomal rupture-induced K* efflux and
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perhaps the release of cathepsins. Nek7 is an essential regulator of the NLRP3
inflammasome. TLR: Toll-like receptor; IL-1R: receptor for IL-13; TNFR: receptor for
tumor-necrosis factor; BRCC3: Lys-63-specific deubiquitinase BRCC36; FADD: FAS-
associated death domain protein; IRAK1:Interleukin-1 receptor-associated kinase 1.
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Figure 2.

Mechanisms of activation for non-canonical and alternative NLRP3 inflammasomes. Non-
canonical NLRP3 inflammasome activation (left side of the figure) is induced by Gram-
negative bacteria. LPS is delivered into the cytosol through transfection or infection and
activates caspase-11. Active caspase-11 triggers the opening of the pannexin-1 channel
through cleavage, which induces the K* efflux required for NLRP3 inflammasome
activation and release of IL-1p. Caspase-11 activation also drives pyroptosis through the
cleavage of gasdermin D. The gasdermin D N domain disrupts cellular functions by forming
pores on the membrane. The activation of P2X7 by ATP released from the pannexin-1
channel also contributes to pyroptosis. The alternative NLRP3 inflammasome (right side of
the figure) is activated in human monocytes in response to LPS. For this pathway, K* efflux
is dispensable, and molecules RIPK1, FADD and CASP8 are required, and no ASC speck
formation or pyroptosis is induced.
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