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The cytosolic pattern recognition receptor (PRR) NOD-like receptor family, pyrin domain
containing 3 (NLRP3) senses a wide range of pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs). Upon activation, NLRP3
triggers the assembly of inflammasome via the self-oligomerization and the recruitment
of apoptosis-associated speck-like protein containing a caspase-recruitment domain
(ASC) and pro-caspase-1, facilitating the robust immune responses including the
secretion of proinflammatory cytokines and pyroptosis. The NLRP3 inflammasome
must be well orchestrated to prevent the aberrant activations under physiological
and pathological conditions, because uncontrolled activation of NLRP3 inflammasome
is one of the major causes of a variety of autoimmune diseases and metabolic
disorders. Therefore, understanding the molecular mechanisms for controlling NLRP3
inflammasome activation may provide novel strategies for the treatment of NLRP3-related
diseases. Although NLRP3 inflammasome can be regulated at the transcriptional level,
the post-translational modification (PTM) of NLRP3 as well as other infammasome
components has also been showed to be critical for the regulation of its activation.
Several kinases and phosphatases have been shown to control NLRP3 inflammasome
activation in response to either exogenous pathogen infections or endogenous
molecules, such as bile acids. In this review, we summarize our current knowledge
of phosphorylation patterns and their functional role in the regulation of NLRP3
inflammasome, and suggest interesting areas for future research.
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INTRODUCTION

Inflammasomes are large multi-protein complexes that mediate the immune responses against
pathogen infection and tissue damage (1, 2). Canonical inflammasome is mainly composed of
the initiator protein such as pattern recognition receptors (PRRs), the adaptor protein called
ASC (Apoptosis-associated speck-like protein containing a CARD), and the effector protein,
pro-caspase-1 (2-4). In response to the disturbance of tissue homeostasis, PRRs, such as NLRs
and ALRs, undergo conformational change and nucleate the oligomerization of monomeric PRR
proteins (4). Once the core PRR oligomer is formed, ASC can then be recruited and interact with
the PRR oligomer through their pyrin domains (PYD) (5). As a platform, the clustered ASC can
recruit pro-caspase-1 to the PRR-ASC complex via their caspase-recruitment domain (CARD) (6).
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This recruitment converts dormant pro-caspase-1 into
active caspase-1 by the proximity-mediated cleavage (7).
Active caspase-1 then promotes the proteolytic cleavage of
inflammatory cytokines including pro-interleukin-1f (pro-
IL-1B) and pro-IL-18, and also the Gasdermin D (GSDMD)
(8, 9). The pore-forming activity of GSDMD can then trigger
pyroptosis, facilitating the secretion of a serious of cytokines
including cleaved IL-1, IL-18, and IL-1a (10, 11).

So far, five different types of inflammasomes have been
identified, distinguished by their core PRRs, which are NLRP1,
NLRP3, NLRC4, Pyrin, and Absent in Melanoma 2 (AIM2)
(3, 12-18). Although sharing highly resembled downstream
pathways, each inflammasome responds to different kind of
stimuli (19). Particularly, NLRP3 inflammasome senses a wide
array of stimuli such as ATP, toxins, RNA viruses, and crystals
(20-24). Moreover, aberrant activation of NLRP3 caused by
mutations has been implicated in the pathogenesis of Cryopyrin-
associated periodic syndrome (CAPS) and other inflammatory
diseases (25-27). Therefore, the molecular mechanism of NLRP3
inflammasome activation has been extensively investigated.

To data, a two-step model of NLRP3 activation has been well
documented, which is triggered by two sequential signals (3, 28—
30). Unlike other PRRs, the basal level of NLRP3 in macrophage
is quite low (30). Before activation, NLRP3 needs to be “primed”
by Toll-like receptor (TLR) agonists such as lipopolysaccharide
(LPS). Activation of TLR signaling not only transcriptionally
upregulates NLRP3 expression, but also post-transcriptionally
activates NLRP3 by phosphorylation and deubiquitination. This
step has been referred to as “priming.” The second step, defined
as “activation,” can be induced by several potent stimuli such as
pore-forming toxins, leading to the oligomerization of NLRP3
and the subsequent assembly of inflammasome. Therefore the
activation of NLRP3 inflammasome is tightly regulated by
different mechanisms mediated by interacting proteins and/or
modifications (31-34). Of note, growing evidence highlights that
phosphorylation, one of the most abundant PTM, serves as one
of the predominant signals controlling inflammasome activation
(35). Several inflammasome components, such as the core PRRs
like NLRP3, NLRC4, Pyrin, the adaptor ASC, and the effector
caspase-1, are all reported to be regulated by phosphorylation
(32, 35-44).

Here, we summarize the progress in understanding the
role that phosphorylation plays in the regulation of NLRP3
inflammasome activation, including how phosphorylation
can affect the activity of NLRP3 and other inflammasome
components in both priming and activation steps (Figure 1).

PHOSPHORYLATION IN THE PRIMING
STEP

Considering the limited expression level of NLRP3 in quiescent
macrophages, the priming step has initially been demonstrated
as a prerequisite for NLRP3 transcription (30). Nuclear factor-kB
(NF-kB) can be activated by TLR signaling, and upregulate the
expression of NLRP3, as well as pro-IL-1p. However, emerging
evidence indicates that a rapid priming within 30 min is sufficient

for the activation of NLRP3 inflammasome, suggesting that
rather than transcription, another layer of regulation may be
more essential for the priming of NLRP3 inflammasome (31, 45-
47). A couple of studies showed that the deubiquitination of
NLRP3, which occurs in both steps of NLRP3 inflammasome
activation, may be responsible for the rapid priming of
NLRP3 (31, 34). By screening the library of deubiquitinase,
(48) demonstrated that BRCC3 functions as a key regulator
for NLRP3 activation by promoting its deubiquitination (34).
Moreover, one targeted chemical screening demonstrated that
inhibitors that target IKK or its downstream pathway shows
little effects on LPS/ATP-induced caspase-1 activation in THP-
1 cells, while the inhibitors acting upstream of the IkB kinase
(IKK) complex indeed blocks both NF-kB and inflammasome
activation (47). This study suggested that TGF-B-activated kinase
1 (TAK1), the mitogen-activated protein kinase kinase kinase
(MAPKKK), or other TLR signaling-related kinase(s), may
phosphorylate NLRP3 or other inflammasome components,
which serves as a rapid but essential step for NLRP3
priming.

PHOSPHORYLATION BY IKKs

In line with this hypothesis, both IKKa and IKKi have been
described to play an important role in ASC phosphorylation
(Table1). Martin et al. demonstrated that the dual
phosphorylation of Serl6 and Serl193 of ASC by IKKa
negatively regulates the binding of ASC to NLRP3 by
sequestering ASC in the nucleus (38). In contrast, IKKi/IKKe
can bind with ASC and phosphorylate Ser58 site during
LPS-induced priming, which facilitates the translocation of
ASC from the nucleus to the perinuclear region. Although
the phosphorylation of ASC may be required for all the ASC-
containing inflammasome, the serine/threonine phosphatase
PP2A, which dephosphorylates IKKa, specifically regulates
the activation of NLRP3 inflammasome, but not AIM2
inflammasome, suggesting that ASC phosphorylation may not
be the only mechanism of LPS priming (38). Moreover, not
all the inflammasomes need to be primed, whereas some of
them, such as AIM2 inflammasome, indeed need ASC as the
adaptor to recruit caspase-1 (17). How ASC is activated and
translocated during the activation of these inflammasomes need
to be clarified.

PHOSPHORYLATION BY MAPKs

Besides IKK/NF-kB signaling, MAPKKK-MAPKK-MAPK
cascade is another crucial pathway involved in the TLR signaling
(49, 50). As the MAPK cascade can be rapidly activated via either
Myeloid differentiation primary response protein 88 (MyD88) or
TIR-domain-containing adapter-inducing interferon-p (TRIF)
(51, 52), two adaptors downstream of TLRs, several groups
investigated the potential role of different MAPKs in NLRP3
inflammasome activation. Ghonime et al. studied early signaling
events that occur before protein translation in human monocytes,
and found that a short LPS priming time (5-30 min in duration)
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FIGURE 1 | Regulation of NLRP3 inflammasome by phosphorylation. The phosphorylation modifications of NLRP3 (Nod-like receptor protein 3), ASC and
pro-caspase-1 are indicated. The phosphorylations regulated by signal 1 are highlighted in red, while signal 2-regulated phosphorylations are in black. Briefly, during
priming process, NLRP3 can be dephosphorylated at S5 by PP2A, and phosphorylated at S198 by JNK1. ASC is phosphorylated at S16 and S193 by IKKa, and
phosphorylated at S58 by IKKi. H. pylori-derived LPS can activate PAK1, which in turn phosphorylates pro-caspase-1 at S376. Upon signal 2 stimulation, PTPN22
dephosphorylates NLRP3 at Y861, while ASC undergoes phosphorylation at Y146. Both of these events are required for inflammasome assembly. NLRP3 S295
phosphorylation triggered by PKD promotes the release of NLRP3 from mitochondria-associated membranes, and also negatively regulates NLRP3 activation in a
PKA-dependent manner. All residue numbers refer to the human proteins. ASC, apoptosis-associated speck-like protein containing a CARD; BTK, Bruton‘s tyrosine
kinase; EP4, E-prostanoid 4; IKK, IkB kinase; JNK1, c-Jun N-terminal kinase 1; P, phosphate; PAK1, p21-activated kinase 1; PGEp, prostaglandin Eo; PKA, protein
kinase A; PKD, protein kinase D; PP2A, protein phosphatase2A; PTPN22, protein tyrosine phosphatase, non-receptor type 22; Pyk2, proline-rich tyrosine kinase 2;
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is sufficient for ATP-induced inflammasome activation (53).
Moreover, by a small scale inhibitor screening, Ghonime
et al. found that blockade of external signal regulated kinasel
(ERK1) significantly inhibits this rapid priming of NLRP3 in
monocytes, but not immortalized mouse bone-marrow derived
macrophage (BMDM). In contrast, transient knockdown of
ERK2 cannot inhibit this priming process. Unfortunately,
the direct target for this ERK1-dependent priming has not
been determined in this study, although an indirect regulation
of NLRP3 deubiquitination by ERK1 was suggested (53). In
addition, regarding the differences in methodological, cell types,
and species, priming mechanisms involving other MAPKs
cannot be excluded.

To fully understand the phosphorylation profile of NLRP3,
we previously performed a phospho-proteomic analysis by
Flag-tag affinity purification plus liquid chromatography-mass
spectrometry (LC-MS) (32). In the study, we have identified
a series of phosphorylation sites in NLRP3 protein ranging
from the N-terminal Pyrin domain to the C-terminal Leucine
rich repeat (LRR) region. By mutagenesis evaluation in
reconstituted NLRP3 inflammasome, we have identified that
the phosphorylation of Ser194 in mouse NLRP3 (corresponding

to Ser198 in human NLRP3) regulates the activation of
NLRP3 inflammasome (32). Using the NLRP3-S194A knock-
in mice, we demonstrated that NLRP3 S194A mutation
significantly protects mice from LPS-induced endotoxemia and
monosodium urate (MSU)-induced peritoneal inflammation.
With NLRP3 phospho-Ser194 antibody, we found that this
Ser194 phosphorylation is directly mediated by c-Jun N-
terminal kinase 1 (JNKI), and occurs specifically in the
priming process (32). Mechanistically, the phosphorylated
NLRP3 is prone to form oligomers, according to the shift of
NLRP3 into the high-molecular-weight fractions in gel filtration
assay. These observations suggest that JNKI1-mediated NLRP3
phosphorylation, as an essential priming event, is a prerequisite
for inflammasome activation. In addition, inflammasome-
related inflammatory responses have been proposed as the
key pathogenic mechanism in endometriosis (54). Therefore,
inhibition of inflammasome activation may alleviate the
progression of endometriosis. The proof-of-concept studies
have been performed by using JNK1 inhibitor Bentamapimod
(also known as AS602801 and PGL5001). Palmer et al
showed that bentamapimod can reduce inflammatory cytokines
in endometriotic lesions, and therefore repress the disease
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TABLE 1 | Regulation of NLRP3 inflammasome activation by phosphorylation.

Phase Protein Site Kinsae Phosphatase Effect Mouse model References
Priming NLRP3 Ser198 (human) JNK1 Positive NLRP3-S194A Kl, JNK1 KO (32)
Ser194 (mouse)
ASC Ser16 (mouse) IKKa Negative IKKa-K44A K, IKKa-AA Kl (38)
Ser193 (mouse)
Ser58(mouse) IKKi Positive IKKi KO (38)
Caspase-1 Ser376 (human) PAKA1 Positive (36)
Activation NLRP3 Ser5 (human) PP2A Negative (42)
Ser3 (mouse)
Ser295 (human) PKA, PKD Positive or negative PKD1 KO, PDK3 KO (89-41)
Ser291 (mouse)
Tyr861 (human) PTPN22 Negative PTPN22 KO (43)
Tyr859 (mouse)
ASC Tyr146 (human) Syk/UNK1/INK2, PyK2 Positive Syk KO, JNK1 KO, JNK2 KO (37, 44)
(i )

Tyr144 (mouse

progression in an autologous rat endometriosis model (55).
Consistently, Hussein et al. reported that bentamapimod can
also reduce induced endometriosis in baboons, but without
severe side effects (56). Together, these studies indicate
JNK1 as a promising target for treating inflammasome-related
disease.

Of interest, although the Ser194 phosphorylation of NLRP3
can be detected after priming, the level of this phosphorylation
is relative low, suggesting that only a small portion of NLRP3
is phosphorylated by JNK1 (32). One possibility is that the
phosphorylated NLRP3 may function as a “seed” to induce
the conformational change of non-phosphorylated NLRP3, and
to further nucleate the formation of the NLRP3 oligomers.
A similar model of PRR oligomerization has been identified
by two independent structure studies with regard to NLRC4
inflammasome (57, 58). Both of these studies showed that
a single activated NAIP2 is sufficient for the initiation of
NLRC4 polymerization via a domino-like reaction, in contrast
to the assembly of apoptosome, in which each Apaf-1 needs
to be activated by their ligands (59). Since NAIP2/NLRC4 and
NLRP3 share similar oligomerization pattern (60), a detailed
structure of NLRP3 would provide useful information to evaluate
whether NLRP3 phosphorylation could also trigger structural
reorganization and create the oligomerization surface like
NLRC4.

Besides ERK and JNK, p38 is also a potent MAPK that
modulates the inflammatory responses during infections (49).
The role of p38 in the priming process has emerged recently.
Fenini et al. reported that in primary human keratinocytes,
two p38 MAPK isoforms, p38a and p383, are required for
UVB-induced inflammasome activation and IL-1f secretion
(61). In addition, Wang et al. showed that CDD-450, an
inhibitor that selectively blocks p38a activation of downstream
MAPKAPK2 (MK2), suppresses the activation of NLRP3
inflammasome without blockade of NLRP3 expression (62).
Moreover, CDD-450 can attenuate neonatal-onset multisystem

inflammatory disease (NOMID)-associated complications in
vivo. As the NOMID-related NLRP3 mutation can trigger the
assembly of inflammasome independent of the second signal,
this observation indicates a potential role of p38-MK2 axis in
the priming process. Considering p38 and JNK share some
substrates such as myeloid cell leukemia 1 (Mcl-1) and activating
transcription factor 2 (ATF2) (59, 63), it is likely that p38 may
also be involved in NLRP3 phosphorylation in some specific cell

types.

PHOSPHORYLATION BY p21-ACTIVATED
KINASE (PAK)

Unlike the multiple phosphorylation sites identified in NLRP3
and ASC, only one report showed the phosphorylation of
caspase-1. According to the finding by Basak et al. LPS
derived from Helicobacter pylori can trigger the PI-3K/Rac1/p21-
activated kinase 1 (PAK1) cascade, which in turn phosphorylates
caspase-1 at Ser376 (36). As H. pylori LPS utilized in this
study can directly induce the release of IL-1f, it is difficult
to clarify whether this phosphorylation of caspase-1 occurs
specifically in the priming step. However, the S376A mutation
indeed blocks the activation of caspase-1. Of note, the Ser376
phosphorylation is located in the pl0 subunit of caspase-1.
Similarly, caspase-7, an executor caspase mediates apoptosis,
also undergoes phosphorylation by PAK2 in its p11 subunit,
whereas this Ser239 phosphorylation renders active caspase-
7 incapable of binding substrate (64). Since both PAK1
and PAK2 can be activated by Racl (65), whether these
phosphorylation modifications in two caspases orchestrate the
balance between apoptosis and pyroptosis remains to be
investigated.

Except for caspase-1, caspase 11 in mouse (corresponding to
caspase 4/5 in human) is also involved in the host innate
immunity, mainly by the formation of non-canonical
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inflammasome (66-69). So far, the intracellular LPS and
lipid A have been proposed as the ligands for caspase-11 (69).
The activated caspase-11 can cleave GSDMD and trigger the
occurrence of pyroptosis (8). However, the caspase-11-induced
secretion of IL-18 and IL-18 indeed requires the components of
the NLRP3 inflammasome (68). Broz and colleagues indicated
that caspase-11 can activate the canonical NLRP3 inflammasome
by promoting K efflux (70). Considering the involvement
of phosphorylation regulation of NLRP3 inflammasome,
whether caspase-11 needs to be primed, or whether it
is also modulated by phosphorylation is worthy of being
studied.

PHOSPHORYLATION IN THE ACTIVATION
STEP

In contrast to the regulation of priming step, the post-
translational modification (PTM) of the activation step has been
extensively investigated, profit by the abundance of readouts that
can indicate the assembly of NLRP3 inflammasome. Since this
assembly process involves a series of sequential molecular events,
including the oligomerization of NLRP3, the recruitment of ASC
and pro-caspase-1, as well as the cleavage of GSDMD (2), several
phosphorylation modifications that regulates these events were
clearly demonstrated.

PHOSPHORYLATION IN THE PYRIN
DOMAIN

NLPR3, as the core initiator, has been evaluated via multiple
strategies. Similar to the phosphoproteomic analysis that we
performed, Stutz et al. utilized a murine cell line stably expressing
the comparable level of NLRP3-FLAG to that of NLRP3 after
priming (42). Among the sites identified, the phosphomimetic
mutation of Ser5, which is located in the N-terminal PYD
domain, completely abolished NLRP3 activation in response
to nigericin. The PYD domain of NLRP3 is essential for the
recruitment of ASC, and the NLRP3-ASC interaction is mediated
largely by charge complementarity. Therefore the introduction
of negative charges by Ser5 phosphorylation disturbs the
interaction between NLRP3 and ASC. Although the kinase
that phosphorylates the Ser5 of NLRP3 remains unclear, the
phosphatase PP2A is involved in the dephosphorylation of Ser5.
As aforementioned, PP2A, which is recruited to IKKa in response
to both ATP and nigericin stimulation, regulates the association
of ASC to NLRP3 (38). These observations indicate that okadaic
acid (OKA), the PP2A inhibitor, may be a potent candidate for
the treatment of NLRP3-related diseases. Of note, the N-terminal
death domains, including both PYD and CARD domain, mediate
the assembly of oligomeric signaling platforms, also referred
to as signalosome (71). These homotypic interactions lead to
the activation of the downstream signaling in several innate
immunity pathways.

Besides NLRP3, RIG-I, and MDA5, two intracellular RNA
sensors, also need to be dephosphorylated in their N terminal
CARD domains during activation, respectively (72). However,

this dephosphorylation process is mediated by PPla and
PP1y, but not PP2A. Taken together, these studies indicate a
possible unified mechanism for the activation of death domain-
containing proteins, which relies on the on-oft switch modulated
by kinases and phosphatases.

PHOSPHORYLATION IN THE NACHT
DOMAIN

The NACHT domain of NLRP3 is closely related to the
inherited autoimmune diseases such as CAPS (25-27). A series
of mutations have been identified in this domain, leading to the
autoactivation of NLRP3 independent of signal 2 stimulation.
Consistently, ATP hydrolysis by the NACHT domain has been
reported to regulate NLRP3 self-oligomerization (73). Although
none of the phosphorylation site identified in this domain was
shown to be essential for the regulation of NLRP3 activation,
the PKA-induced Ser295 phosphorylation (corresponding to
Ser291 in mouse NLRP3) significantly blocks nigericin-induced
inflammasome activation (39). This Ser295 phosphorylation can
induced either by chemicals such as forskolin, or endogenous
compounds like bile acids, both of which trigger the cAMP-PKA
signaling (40). Of interesting, the inhibitory effect of cAMP on
NLRP3 inflammasome activation has already been proposed in
an earlier study, which indicates that cAMP can directly bind
to NLRP3, leading to the inhibition of inflammasome assembly
(74). Albeit the differences in the indicated mechanisms, all these
studies demonstrated that both the phosphorylation of Ser295
and cAMP treatment, showed marginal effect on the CAPS-
related NLRP3 mutants. This observation further confirmed
that targeting the priming step, as well as the interaction
between ASC and NLRP3, might be more potent strategies
for treating CAPS than targeting the NACHT domain of
NLRP3.

In contrast to the inhibitory effect of Ser295 phosphorylation
on NLRP3 inflammasome, Zhang et al. showed that protein
kinase D (PKD)-induced Ser295 phosphorylation at Golgi is
also required for NLRP3 activation, via facilitating the release
of NLRP3 from mitochondria-associated membrane (MAM)
(41). Moreover, the inhibition of PKD prevents inflammasome
activation in peripheral blood mononuclear cells (PBMCs)
derived from CAPS patients. One possible explanation for this
discrepancy is that the Ser295 phosphorylation of NLRP3 exhibit
dual functions with regard to the inflammasome activation.
Therefore, a sequential phosphorylation-dephosphoryation
process is required for the activation of NLRP3 inflammasome.
Similar mechanism has also been proposed in the activation
of Pyrin inflammasome. As reported by Gao et al. the
phosphorylation of Ser205 and Ser241 in mouse Pyrin
resulted in inhibitory binding of cellular 14-3-3 proteins,
while the signal-induced dephosphorylation of Pyrin at these
two sites further licenses the activation of Pyrin inflammasome
(75). Taken together, the phosphorylation of Ser295 may
be an important regulation for NLRP3 activation, while the
detailed function of this phosphorylation still requires further
clarification.
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PHOSPHORYLATION IN THE LRR DOMAIN

Tyr861 phosphorylation, as the first reported phosphorylation
modification of NLRP3, negatively regulates the activation of
NLRP3 (76). Spalinger et al. showed that Protein tyrosine
phosphatase, non-receptor type 22 (PTPN22) directly interacts
with NLRP3 and thus dephosphorylates NLRP3. Intriguingly, the
Y861C mutation of NLRP3 has been identified in patient with
chronic infantile neurologic cutaneous and articular syndrome
(CINCA), consistent with the result that the Y861F mutation
of NLRP3 indeed exhibits an elevated level of inflammasome
activation, compared with wild-type NLRP3. Moreover, PTPN22
affects NLRP3 activation only in the lamina propria, but
not in epithelial cells, due to the restricted Ptpn22 mRNA
expression. As the pathogenesis of CAPS including CINCA is
not limited in the lamina propria (25-27), whether this PTPN22-
mediated NLRP3 phosphorylation can suppress CAPS and other
NLRP3-driven disorders is still unclear. In addition, unlike
other CAPS-associated NLRP3 mutation, Y861F alone is not
sufficient to trigger the inflammasome activation independent
of signal 2, suggesting that this Tyr861 phosphorylation may
regulate the NLRP3 activation specifically in some circumstances
such as colitis. Since the kinase that directly phosphorylates
Tyr861 remains to be identified, further studies using phospho-
Tyr861 antibody and gene-editing mice would provide more
information for understanding the role of PTPN22 on NLRP3
activation.

PHOSPHORYLATION IN THE CARD
DOMAIN

In addition to NLRP3, ASC phosphorylation may also
occur during the activation step. Hara et al. suggested that
Syk/JNK1/JNK2-mediated ASC phosphorylation plays a role
in the pyroptosome formation of NLRP3 and AIM2, but not
NLRC4, inflammasome (37). Inhibition of Syk or JNK abolished
the formation of ASC specks, while does not affect the interaction
of ASC with NLRP3. By mutagenesis assay, Hara et al. identified
the Tyr144 of ASC as a possible phosphorylation site, which is
critical for speck formation. Of note, the role of Syk and JNK
proposed in this study is contradictory to previous findings.
Gross et al. reported that Syk is not required for ATP or nigericin-
induced NLRP3 inflammasome activation, but required for
anti-fungal host defenses (77). Moreover, JNK2 showed an
inhibitory effect on NLRP3 inflammasome activation (78). JNK1,
as a serine/threonine-specific protein kinase, is not likely the
kinase that mediates the Tyr144 phosphorylation. In addition,
the role of ASC in the activation of NLRC4 inflammasome is
still under debate, as the N terminal CARD domain of NLRC4
is sufficient for the recruitment of NLRC4. According to the
in vitro reconstitution assay, NLRC4 can directly activate
caspase-1 independent of ASC expression (79). However, ASC
oligomerization has indeed been observed in primary BMDMs
triggered with NLRC4 stimuli. Furthermore, knockout of ASC
significantly disrupts the NLRC4 inflammasome activation
in BMDMs (80). In contrast to these observations, Hara

et al. showed that NLRC4 inflammasome activation is not
regulated by Syk/JNK1/JNK2-mediated ASC phosphorylation,
indicating the binding pattern of ASC and NLRC4 may
be different from that of ASC and other PYD-containing
PRRs.

Indeed, Chung et al. reported that Pyk2, downstream kinase
of Syk, directly phosphorylates ASC at Tyr146 (44). Upon
nigericin treatment, Pyk2 is activated by phosphorylation
at Tyr402. The phosphorylated Pyk2 co-localizes with
ASC, facilitating the formation of ASC oligomerization by
Tyr146 phosphorylation. Moreover, Pyk2 inhibitor PF-431396
downregulates NLRP3- and AIM2-induced IL-1B secretion
and pyroptosis (44). In addition, the clinical-trial-tested
Pyk2/FAK dual inhibitor PF-562271 mitigates monosodium
urate-mediated peritonitis in vivo. Syk signaling can be
activated by integrins (81). Consistently, Integrin a5p1 has
been reported to activate inflammasome by direct interaction
with a bacterial surface protein (82), suggesting that the Syk
signaling plays a critical role in the regulation of inflammasome
activation. Whether other tyrosine phosphorylations such
NLRP3 Tyr861 may be regulated by Syk remains to be further
clarified.

Besides Pyk2, Bruton’s tyrosine kinase (BTK) can also
be triggered by Syk (83). Ito et al. performed a screening
of pharmacological signal inhibitors, and found that BTK
is an essential regulator of the NLRP3 inflammasome (84).
BTK inhibition substantially reduced ASC redistribution into
the Triton X-insoluble fraction in macrophages in which
NLRP3 inflammasome is activated. Moreover, BTK-induced
redistribution of ASC can be severely reduced in the presence of
the BTK inhibitor. In addition, a recent study indicates that the
approved BTK inhibitor ibrutinib blocks the secretion of IL-1f
in cells derived from patients with Muckle-Wells syndrome (85).
Together with the fact that BTK is a tyrosine kinase, BTK kinase
activity is also likely to be required for ASC phosphorylation.
Further studies using a specific ASC phosphorylation antibody
would promote our understanding of the role of this PTM
regulation in ASC oligomerization.

CONCLUDING REMARKS

In the past decade, extensive efforts have been put into
the exploring of the regulation mechanisms of NLRP3
inflammasome. Although many interacting proteins and
post-transcriptional modifications have been suggested to be
essential for either the priming of NLRP3 or its activation,
the detailed mechanisms of NLRP3 regulation are still needed
to be elucidated. Of note, many studies that focus on the
PTM regulation of NLRP3 highly rely on the in vitro system,
therefore the contradictories may be caused due to the different
methodologies utilized in either the generation of stable cell lines,
or other function assays. Future studies performed in vivo would
provide a more convincing clue for understanding the regulation
of NLRP3 inflammasome. Given the fact that the aberrant NLRP3
inflammasome activation is involved in the pathology of various
inflammatory disorders, including CAPS, gout, type 2 diabetes,
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obesity, as well as neurological diseases, what is the unified
mechanism that modulates the NLRP3 activation in response to a
wide spectrum of stimuli need to be further investigated. Finally,
clinical investigation of compounds such as MCC950 and the
ketone metabolite B-hydroxybutyrate (BHB), which specifically
targets NLRP3, may lead to the development of therapies against
NLRP3-related diseases. Investigation into the mechanism of
NLRP3 inflammasome activation will aid the development of
NLRP3-targeted compounds for treatment of NLRP3-driven
diseases.

REFERENCES

1. Bouchier-Hayes L, Oberst A, Mcstay G P, Connell S, Tait SW, Dillon
CP, et al. Characterization of cytoplasmic caspase-2 activation by
induced proximity. Mol Cell (2009) 35:830-40. doi: 10.1016/j.molcel.200
9.07.023

2. Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and
signalling. Nat Rev Immunol. (2016) 16:407-20. doi: 10.1038/nri.2016.58

3. Agostini L, Martinon E, Burns K, Mcdermott ME, Hawkins PN, Tschopp J.
NALP3 forms an IL-1beta-processing inflammasome with increased activity
in Muckle-Wells autoinflammatory disorder. Immunity (2004) 20:319-25.
doi: 10.1016/S1074-7613(04)00046-9

4. Lu A, Magupalli VG, Ruan J, Yin Q, Atianand MK, Vos MR, et al.
Unified polymerization mechanism for the assembly of ASC-dependent
inflammasomes. ~ Cell (2014) 156:1193-206. doi:  10.1016/j.cell.201
4.02.008

5. De Alba E. Structure and interdomain dynamics of apoptosis-associated
speck-like protein containing a CARD (ASC). ] Biol Chem. (2009)
284:32932-41. doi: 10.1074/jbc.M109.024273

6. Bryan NB, Dorfleutner A, Rojanasakul Y, Stehlik C. Activation of
inflammasomes requires intracellular redistribution of the apoptotic speck-
like protein containing a caspase recruitment domain. J Immunol. (2009)
182:3173-82. doi: 10.4049/jimmunol.0802367

7. ShiY. Caspase activation: revisiting the induced proximity model. Cell (2004)
117:855-8. doi: 10.1016/j.cell.2004.06.007

8. ShiJ, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD
by inflammatory caspases determines pyroptotic cell death. Nature (2015)
526:660-5. doi: 10.1038/nature15514

9. Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA,
et al. Molecular cloning of the interleukin-1 beta converting enzyme. Science
(1992) 256:97-100.

10. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature (2016) 535:111-6.
doi: 10.1038/nature18590

11. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature
(2016) 535:153-8. doi: 10.1038/nature18629

12. Martinon E Burns K, Tschopp J. The inflammasome: a molecular
platform triggering activation of inflammatory caspases and processing
of prolL-beta. Mol Cell (2002) 10:417-26. doi: 10.1016/S1097-2765(02)0
0599-3

13. Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee
WP, et al. Differential activation of the inflammasome by caspase-1
adaptors ASC and Ipaf. Nature (2004) 430:213-8. doi: 10.1038/nature
02664

14. Yu JW, Wu J, Zhang Z, Datta P, Ibrahimi I, Taniguchi S, et al
Cryopyrin and pyrin activate caspase-1, but not NF-kappaB, via ASC
oligomerization. Cell Death Differ. (2006) 13:236-49. doi: 10.1038/sj.cdd.44
01734

15. Burckstummer T, Baumann C, Bluml S, Dixit E, Durnberger G, Jahn
H, et al. An orthogonal proteomic-genomic screen identifies AIM2 as
a cytoplasmic DNA sensor for the inflammasome. Nat Immunol. (2009)
10:266-72. doi: 10.1038/ni.1702

AUTHOR CONTRIBUTIONS

NS drafted the manuscript. TL supervised and edited the
manuscript.

ACKNOWLEDGMENTS

This research was supported by grants from China National
Natural Science Foundation (No. 81771708) and China
Postdoctoral Science Foundation (2015T81096).

16. Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. AIM2 activates the
inflammasome and cell death in response to cytoplasmic DNA. Nature (2009)
458:509-13. doi: 10.1038/nature07710

17. Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind E Horvath G, Caffrey
DR, et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating
inflammasome with ASC. Nature (2009) 458:514-8. doi: 10.1038/nature07725

18. Roberts TL, Idris A, Dunn JA, Kelly GM, Burnton CM, Hodgson S, et al. HIN-
200 proteins regulate caspase activation in response to foreign cytoplasmic
DNA. Science (2009) 323:1057-60. doi: 10.1126/science.1169841

19. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in
disease, and therapeutics. Nat Med. (2015) 21:677-87. doi: 10.1038/nm.3893

20. Kanneganti TD, Ozoren N, Body-Malapel M, Amer A, Park JH, Franchi L,
et al. Bacterial RNA and small antiviral compounds activate caspase-1 through
cryopyrin/Nalp3. Nature (2006) 440:233-6. doi: 10.1038/nature04517

21. Mariathasan S, Weiss DS, Newton K, Mcbride J, O’rourke K, Roose-Girma M,
et al. Cryopyrin activates the inflammasome in response to toxins and ATP.
Nature (2006) 440:228-32. doi: 10.1038/nature04515

22. Martinon E, Petrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric
acid crystals activate the NALP3 inflammasome. Nature (2006) 440:237-41.
doi: 10.1038/nature04516

23. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, et al.
The NALP3 inflammasome is involved in the innate immune response to
amyloid-beta. Nat Immunol. (2008) 9:857-65. doi: 10.1038/ni.1636

24. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock
KL, et al. Silica crystals and aluminum salts activate the NALP3
inflammasome through phagosomal destabilization. Nat Immunol. (2008)
9:847-56. doi: 10.1038/ni.1631

25. Hoffman HM, Mueller JL, Broide DH, Wanderer AA, Kolodner RD. Mutation
of a new gene encoding a putative pyrin-like protein causes familial cold
autoinflammatory syndrome and Muckle-Wells syndrome. Nat Genet. (2001)
29:301-5. doi: 10.1038/ng756

26. Brydges SD, Mueller JL, Mcgeough MD, Pena CA, Misaghi A, Gandhi
C, et al. Inflammasome-mediated disease animal models reveal roles
for innate but not adaptive immunity. Immunity (2009) 30:875-87.
doi: 10.1016/j.immuni.2009.05.005

27. Meng G, Zhang E Fuss I, Kitani A, Strober W. A mutation in
the Nlrp3 gene causing inflammasome hyperactivation potentiates
Th17 cell-dominant immune responses. Immunity (2009) 30:860-74.
doi: 10.1016/j.immuni.2009.04.012

28. Ali SR, Timmer AM, Bilgrami S, Park EJ, Eckmann L, Nizet V, et al.
Anthrax toxin induces macrophage death by p38 MAPK inhibition but leads
to inflammasome activation via ATP leakage. Immunity (2011) 35:34-44.
doi: 10.1016/j.immuni.2011.04.015

29. Sutterwala FS, Ogura Y, Szczepanik M, Lara-Tejero M, Lichtenberger GS,
Grant EP, et al. Critical role for NALP3/CIAS1/Cryopyrin in innate and
adaptive immunity through its regulation of caspase-1. Immunity (2006)
24:317-27. doi: 10.1016/j.immuni.2006.02.004

30. Inohara, Chamaillard, Mcdonald C, Nunez G. NOD-LRR proteins: role in
host-microbial interactions and inflammatory disease. Annu Rev Biochem.
(2005) 74:355-83. doi: 10.1146/annurev.biochem.74.082803.133347

31. Juliana C, Fernandes-Alnemri T, Kang S, Farias A, Qin F, Alnemri ES. Non-
transcriptional priming and deubiquitination regulate NLRP3 inflammasome
activation. J Biol Chem. (2012) 287:36617-22. doi: 10.1074/jbc.M112.407130

Frontiers in Immunology | www.frontiersin.org

October 2018 | Volume 9 | Article 2305


https://doi.org/10.1016/j.molcel.2009.07.023
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1016/S1074-7613(04)00046-9
https://doi.org/10.1016/j.cell.2014.02.008
https://doi.org/10.1074/jbc.M109.024273
https://doi.org/10.4049/jimmunol.0802367
https://doi.org/10.1016/j.cell.2004.06.007
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/nature18629
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1038/nature02664
https://doi.org/10.1038/sj.cdd.4401734
https://doi.org/10.1038/ni.1702
https://doi.org/10.1038/nature07710
https://doi.org/10.1038/nature07725
https://doi.org/10.1126/science.1169841
https://doi.org/10.1038/nm.3893
https://doi.org/10.1038/nature04517
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04516
https://doi.org/10.1038/ni.1636
https://doi.org/10.1038/ni.1631
https://doi.org/10.1038/ng756
https://doi.org/10.1016/j.immuni.2009.05.005
https://doi.org/10.1016/j.immuni.2009.04.012
https://doi.org/10.1016/j.immuni.2011.04.015
https://doi.org/10.1016/j.immuni.2006.02.004
https://doi.org/10.1146/annurev.biochem.74.082803.133347
https://doi.org/10.1074/jbc.M112.407130
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Song and Li

Regulation of NLRP3 Inflammasome by Phosphorylation

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Song N, Liu ZS, Xue W, Bai ZE, Wang QY, Dai ], et al. NLRP3 phosphorylation
is an essential priming event for inflammasome activation. Mol Cell (2017)
68:185-97.e6. doi: 10.1016/j.molcel.2017.08.017
Leemans JC, Cassel SL, Sutterwala F S.
the NLRP3 inflammasome. Immunol Rev.
doi: 10.1111/j.1600-065X.2011.01043.x
Conforti-Andreoni C, Beretta O, Licandro G, Qian HL, Urbano M, Vitulli
E et al. Synergism of NOD2 and NLRP3 activators promotes a unique
transcriptional profile in murine dendritic cells. J Leukoc Biol. (2010)
88:1207-16. doi: 10.1189/j1b.1009652

Qu Y, Misaghi S, Izrael-Tomasevic A, Newton K, Gilmour LL, Lamkanfi
M, et al. Phosphorylation of NLRC4 is critical for inflammasome activation.
Nature (2012) 490:539-42. doi: 10.1038/nature11429

Basak C, Pathak SK, Bhattacharyya A, Mandal D, Pathak S, Kundu M. NF-
kappaB- and C/EBPbeta-driven interleukin-1beta gene expression and PAK1-
mediated caspase-1 activation play essential roles in interleukin-1beta release
from Helicobacter pylori lipopolysaccharide-stimulated macrophages. ] Biol
Chem. (2005) 280:4279-88. doi: 10.1074/jbc.M412820200

Hara H, Tsuchiya K, Kawamura I, Fang R, Hernandez-Cuellar E, Shen Y,
et al. Phosphorylation of the adaptor ASC acts as a molecular switch that
controls the formation of speck-like aggregates and inflammasome activity.
Nat Immunol. (2013) 14:1247-55. doi: 10.1038/ni.2749

Martin BN, Wang C, Willette-Brown J, Herjan T, Gulen ME, Zhou H, et al.
IKKalpha negatively regulates ASC-dependent inflammasome activation. Nat
Commun. (2014) 5:4977. doi: 10.1038/ncomms5977

Mortimer L, Moreau F, Macdonald JA, Chadee K. NLRP3 inflammasome
inhibition is disrupted in a group of auto-inflammatory disease CAPS
mutations. Nat Immunol. (2016) 17:1176-86. doi: 10.1038/ni.3538

Guo C, Xie S, Chi Z, Zhang ], Liu Y, Zhang L, et al. Bile
acids  control inflammation and metabolic  disorder through
inhibition of NLRP3 inflammasome. Immunity (2016) 45: 802-16.
doi: 10.1016/j.immuni.2016.10.009

Zhang Z, Meszaros G, He WT, Xu Y, De Fatima Magliarelli H, Mailly L, et al.
Protein kinase D at the Golgi controls NLRP3 inflammasome activation. ] Exp
Med. (2017) 214:2671-93. doi: 10.1084/jem.20162040

Stutz A, Kolbe CC, Stahl R, Horvath GL, Franklin BS, Van Ray O, et al. NLRP3
inflammasome assembly is regulated by phosphorylation of the pyrin domain.
J Exp Med. (2017) 214:1725-36. doi: 10.1084/jem.20160933

Spalinger MR, Kasper S, Gottier C, Lang S, Atrott K, Vavricka SR, et al. NLRP3
tyrosine phosphorylation is controlled by protein tyrosine phosphatase
PTPN22. J Clin Invest. (2016) 126: 1783-800. doi: 10.1172/JCI90897

Chung IC, Ouyang CN, Yuan SN, Li HP, Chen JT, Shieh HR, et al. Pyk2
activates the NLRP3 inflammasome by directly phosphorylating ASC and
contributes to inflammasome-dependent peritonitis. Sci Rep. (2016) 6:36214.
doi: 10.1038/srep36214

Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol. (2009) 7:99-109. doi: 10.1038/nrmicro2070
Lin KM, Hu W, Troutman TD, Jennings M, Brewer T, Li X, et al.
IRAK-1 bypasses priming and directly links TLRs to rapid NLRP3
inflammasome activation. Proc Natl Acad Sci USA. (2014) 111:775-80.
doi: 10.1073/pnas.1320294111

Gong YN, Wang X, Wang J, Yang Z, Li S, Yang J, et al. Chemical probing
reveals insights into the signaling mechanism of inflammasome activation.
Cell Res. (2010) 20:1289-305. doi: 10.1038/cr.2010.135

Py B, Kim M, Vakifahmetoglu-Norberg H, Yuan J. Deubiquitination of
NLRP3 by BRCCS3 critically regulates inflammasome activity. Mol Cell (2013)
49:331-8. doi: 10.1016/j.molcel.2012.11.009

Lavelle EC, Murphy C, O’neill LA, Creagh EM. The role of TLRs, NLRs, and
RLRs in mucosal innate immunity and homeostasis. Mucosal Immunol. (2010)
3:17-28. doi: 10.1038/mi.2009.124

Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol. (2010) 11:373-84.
doi: 10.1038/ni.1863

Jiang Z, Zamanian-Daryoush M, Nie H, Silva AM, Williams BR, Li X.
Poly(I-C)-induced Toll-like receptor 3 (TLR3)-mediated activation of
NFkappa B and MAP kinase is through an interleukin-1 receptor-associated
kinase (IRAK)-independent pathway employing the signaling components

Sensing damage by
(2011)  243:152-62.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

TLR3-TRAF6-TAK1-TAB2-PKR. ] Biol Chem.
doi: 10.1074/jbc.M300562200

Byrd-Leifer CA, Block EF, Takeda K, Akira S, Ding A. The role of MyD88 and
TLR4 in the LPS-mimetic activity of Taxol. Eur ] Immunol. (2001) 31:2448-
57. doi: 10.1002/1521-4141(200108)31:8&#60;2448::AID-IMMU2448&#62;3.
0.CO;2-N

Ghonime MG, Shamaa OR, Das S, Eldomany RA, Fernandes-Alnemri T,
Alnemri ES, et al. Inflammasome priming by lipopolysaccharide is dependent
upon ERK signaling and proteasome function. ] Immunol. (2014) 192:3881-8.
doi: 10.4049/jimmunol.1301974

Bullon P, Navarro JM. key  pathogenic
mechanism in endometriosis. Curr Drug Targets (2017) 18:997-1002.
doi: 10.2174/1389450117666160709013850

Palmer SS, Altan M, Denis D, Tos EG, Gotteland JP, Osteen KG,
et al. Bentamapimod (JNK Inhibitor AS602801) induces regression of
endometriotic lesions in animal models. Reprod Sci. (2016) 23:11-23.
doi: 10.1177/1933719115600553

Hussein M, Chai DC, Kyama CM, Mwenda JM, Palmer SS, Gotteland JP,
et al. c-Jun NH2-terminal kinase inhibitor bentamapimod reduces induced
endometriosis in baboons: an assessor-blind placebo-controlled randomized
study. Fertil Steril. (2016) 105:815-24.e5. doi: 10.1016/j.fertnstert.2015.11.022
Hu Z, Zhou Q, Zhang C, Fan S, Cheng W, Zhao Y, et al. Structural and
biochemical basis for induced self-propagation of NLRC4. Science (2015)
350:399-404. doi: 10.1126/science.aac5489

Zhang L, Chen S, Ruan J, Wu ], Tong AB, Yin Q, et al. Cryo-EM
structure of the activated NAIP2-NLRC4 inflammasome reveals nucleated
polymerization. Science (2015) 350:404-9. doi: 10.1126/science.aac5789

Bao Q, Shi Y. Apoptosome: a platform for the activation of initiator caspases.
Cell Death Differ. (2007) 14:56-65. doi: 10.1038/sj.cdd.4402028

Li H, Xu H, Zhou Y, Zhang J, Long C, Li S, et al. The phosphothreonine
lyase activity of a bacterial type III effector family. Science (2007) 315:1000-3.
doi: 10.1126/science.1138960

Fenini G, Grossi S, Gehrke S, Beer HD, Satoh TK, Contassot E, et al.
The p38 mitogen-activated protein kinase critically regulates human
keratinocyte inflammasome activation. J Invest Dermatol. (2018) 138:1380-90.
doi: 10.1016/j.jid.2017.10.037

Wang C, Hockerman S, Jacobsen EJ, Alippe Y, Selness SR, Hope HR,
et al. Selective inhibition of the p38alpha MAPK-MK2 axis inhibits
inflammatory cues including inflammasome priming signals. ] Exp Med.
(2018) 215:1315-25. doi: 10.1084/jem.20172063

Thomas LW, Lam C, Edwards SW. Mcl-1; the molecular regulation of protein
function. FEBS Lett. (2010) 584:2981-9. doi: 10.1016/j.febslet.2010.05.061
Eron §J, Raghupathi K, Hardy JA. Dual site phosphorylation of caspase-7 by
PAK2 blocks apoptotic activity by two distinct mechanisms. Structure (2017)
25:27-39. doi: 10.1016/j.str.2016.11.001

Bachmann VA, Bister K, Stefan E. Interplay of PKA and Rac: fine-
tuning of Rac localization and signaling. Small GTPases (2013) 4:247-51.
doi: 10.4161/sgtp.27281

Akhter A, Caution K, Abu Khweek A, Tazi M, Abdulrahman BA, Abdelaziz
DH, et al. Caspase-11 promotes the fusion of phagosomes harboring
pathogenic bacteria with lysosomes by modulating actin polymerization.
Immunity (2012) 37:35-47. doi: 10.1016/j.immuni.2012.05.001

Broz P, Ruby T, Belhocine K, Bouley DM, Kayagaki N, Dixit VM, et al.
Caspase-11 increases susceptibility to Salmonella infection in the absence of
caspase-1. Nature (2012) 490:288-91. doi: 10.1038/nature11419

Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J, et al.
Non-canonical inflammasome activation targets caspase-11. Nature (2011)
479:117-21. doi: 10.1038/nature10558

Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases
are innate immune receptors for intracellular LPS. Nature (2014) 514:187-92.
doi: 10.1038/nature13683

Ruhl S, Broz P. Caspase-11 activates a canonical NLRP3 inflammasome
by promoting K(+) efflux. Eur ] Immunol. (2015) 45:2927-36.
doi: 10.1002/€ji.201545772

(2003) 278:16713-9.

Inflammasome as a

. Yang JK. Death effecter domain for the assembly of death-inducing

signaling complex. Apoptosis (2015) 20:235-9. doi: 10.1007/s10495-014-
1060-6

Frontiers in Immunology | www.frontiersin.org

October 2018 | Volume 9 | Article 2305


https://doi.org/10.1016/j.molcel.2017.08.017
https://doi.org/10.1111/j.1600-065X.2011.01043.x
https://doi.org/10.1189/jlb.1009652
https://doi.org/10.1038/nature11429
https://doi.org/10.1074/jbc.M412820200
https://doi.org/10.1038/ni.2749
https://doi.org/10.1038/ncomms5977
https://doi.org/10.1038/ni.3538
https://doi.org/10.1016/j.immuni.2016.10.009
https://doi.org/10.1084/jem.20162040
https://doi.org/10.1084/jem.20160933
https://doi.org/10.1172/JCI90897
https://doi.org/10.1038/srep36214
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1073/pnas.1320294111
https://doi.org/10.1038/cr.2010.135
https://doi.org/10.1016/j.molcel.2012.11.009
https://doi.org/10.1038/mi.2009.124
https://doi.org/10.1038/ni.1863
https://doi.org/10.1074/jbc.M300562200
https://doi.org/10.1002/1521-4141(200108)31:8&#60;2448::AID-IMMU2448&
https://doi.org/10.4049/jimmunol.1301974
https://doi.org/10.2174/1389450117666160709013850
https://doi.org/10.1177/1933719115600553
https://doi.org/10.1016/j.fertnstert.2015.11.022
https://doi.org/10.1126/science.aac5489
https://doi.org/10.1126/science.aac5789
https://doi.org/10.1038/sj.cdd.4402028
https://doi.org/10.1126/science.1138960
https://doi.org/10.1016/j.jid.2017.10.037
https://doi.org/10.1084/jem.20172063
https://doi.org/10.1016/j.febslet.2010.05.061
https://doi.org/10.1016/j.str.2016.11.001
https://doi.org/10.4161/sgtp.27281
https://doi.org/10.1016/j.immuni.2012.05.001
https://doi.org/10.1038/nature11419
https://doi.org/10.1038/nature10558
https://doi.org/10.1038/nature13683
https://doi.org/10.1002/eji.201545772
https://doi.org/10.1007/s10495-014-1060-6
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Song and Li

Regulation of NLRP3 Inflammasome by Phosphorylation

72.

73.

74.

75.

76.

77.

78.

79.

80.

Wies E, Wang MK, Maharaj NP, Chen K, Zhou S, Finberg RW, et al.
Dephosphorylation of the RNA sensors RIG-I and MDAS5 by the phosphatase
PP1 is essential for innate immune signaling. Immunity (2013) 38:437-49.
doi: 10.1016/j.immuni.2012.11.018

Becker CE, Creagh EM, O’neill LA. Rab39a binds caspase-1 and is required
for caspase-1-dependent interleukin-1beta secretion. J Biol Chem. (2009)
284:34531-7. doi: 10.1074/jbc.M109.046102

Lee GS, Subramanian N, Kim AI, Aksentijevich I, Goldbach-Mansky
R, Sacks DB, et al. The calcium-sensing receptor regulates the NLRP3
inflammasome through Ca2+ and cAMP. Nature (2012) 492:123-7.
doi: 10.1038/nature11588

Gao W, Yang J, Liu W, Wang Y, Shao F. Site-specific phosphorylation and
microtubule dynamics control Pyrin inflammasome activation. Proc Natl
Acad Sci USA. (2016) 113:E4857-66. doi: 10.1073/pnas.1601700113

BaeJY, Park HH. Crystal structure of NALP3 protein pyrin domain (PYD) and
its implications in inflammasome assembly. J Biol Chem. (2011) 286:39528-
36. doi: 10.1074/jbc.M111.278812

Gross O, Poeck H, Bscheider M, Dostert C, Hannesschlager N, Endres S, et al.
Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host
defence. Nature (2009) 459:433-6. doi: 10.1038/nature07965

Zhang Q, Kuang H, Chen C, Yan J, Do-Umehara HC, Liu XY, et al. The kinase
Jnk2 promotes stress-induced mitophagy by targeting the small mitochondrial
form of the tumor suppressor ARF for degradation. Nat Immunol. (2015)
16:458-66. doi: 10.1038/ni.3130

Hu Z, Yan C, Liu P, Huang Z, Ma R, Zhang C, et al. Crystal structure
of NLRC4 reveals its autoinhibition mechanism. Science (2013) 341:172-5.
doi: 10.1126/science.1236381

ZhaoY, Yang J, Shi J, Gong YN, Lu Q, Xu H, et al. The NLRC4 inflammasome
receptors for bacterial flagellin and type III secretion apparatus. Nature (2011)
477:596-600. doi: 10.1038/nature10510

81.

82.

83.

84.

85.

Woodside DG, Obergfell A, Leng L, Wilsbacher JL, Miranti CK, Brugge
JS, et al. Activation of Syk protein tyrosine kinase through interaction
with integrin beta cytoplasmic domains. Curr Biol. (2001) 11:1799-804.
doi: 10.1016/50960-9822(01)00565-6

Jun HK, Lee SH, Lee HR, Choi BK. Integrin alpha5betal activates the NLRP3
inflammasome by direct interaction with a bacterial surface protein. Immunity
(2012) 36:755-68. doi: 10.1016/j.immuni.2012.05.002

Baba Y, Hashimoto S, Matsushita M, Watanabe D, Kishimoto T, Kurosaki T,
et al. BLNK mediates Syk-dependent Btk activation. Proc Natl Acad Sci USA.
(2001) 98:2582-6. doi: 10.1073/pnas.051626198

Ito M, Shichita T, Okada M, Komine R, Noguchi Y, Yoshimura A, et al.
Bruton’s tyrosine kinase is essential for NLRP3 inflammasome activation
and contributes to ischaemic brain injury. Nat Commun (2015) 6:7360.
doi: 10.1038/ncomms8360

Liu X, Pichulik T, Wolz OO, Dang TM, Stutz A, Dillen C, et al
Human NACHT, LRR, and PYD domain-containing protein 3 (NLRP3)
inflammasome activity is regulated by and potentially targetable through
Bruton tyrosine kinase. J Allergy Clin Immunol. (2017) 140:1054-67.e10.
doi: 10.1016/j.jaci.2017.01.017

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Song and Li. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

October 2018 | Volume 9 | Article 2305


https://doi.org/10.1016/j.immuni.2012.11.018
https://doi.org/10.1074/jbc.M109.046102
https://doi.org/10.1038/nature11588
https://doi.org/10.1073/pnas.1601700113
https://doi.org/10.1074/jbc.M111.278812
https://doi.org/10.1038/nature07965
https://doi.org/10.1038/ni.3130
https://doi.org/10.1126/science.1236381
https://doi.org/10.1038/nature10510
https://doi.org/10.1016/S0960-9822(01)00565-6
https://doi.org/10.1016/j.immuni.2012.05.002
https://doi.org/10.1073/pnas.051626198
https://doi.org/10.1038/ncomms8360
https://doi.org/10.1016/j.jaci.2017.01.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Regulation of NLRP3 Inflammasome by Phosphorylation
	Introduction
	Phosphorylation in The Priming Step
	Phosphorylation by IKKs
	Phosphorylation by MAPKs
	Phosphorylation by p21-Activated Kinase (PAK)
	Phosphorylation in The Activation Step
	Phosphorylation in The Pyrin Domain
	Phosphorylation in The NACHT Domain
	Phosphorylation in The LRR Domain
	Phosphorylation in The CARD Domain
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


