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Abstract— The NLRP3 inflammasome is a multi-molecular complex that acts as a molecular
platform to mediate caspase-1 activation, leading to IL-1β/IL-18 maturation and release in
cells stimulated by various pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs). This inflammasome plays an important role in the
innate immunity as its activation can further promote the occurrence of inflammation,
enhance the ability of host to remove pathogens, and thus facilitate the repair of injured
tissues. But if the inflammasome activation is dysregulated, it will cause the development of
various inflammatory diseases and metabolic disorders. Therefore, under normal conditions,
the activation of inflammasome is tightly regulated by various positive and negative signaling
pathways to respond to the stimuli without damaging the host itself while maintaining
homeostasis. In this review, we summarize recent advances in the major signaling pathways
(including TLRs, MAPK, mTOR, autophagy, PKA, AMPK, and IFNR) that regulate NLRP3
inflammasome activation, providing a brief view of the molecular network that regulates this
inflammasome as a theoretical basis for therapeutic intervention of NLRP3 dysregulation-
related diseases.
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INTRODUCTION

The innate immune system is the first line of the host
defense against infection and tissue damages, in which
innate immune cells recognize various pathogen-
associated molecular patterns (PAMPs) such as lipopoly-
saccharide (LPS) and alien nucleic acid from invaded
bacteria, fungi, or viruses through their various pattern
recognition receptors (PRRs) [1]. They also recognize

various damage-associated molecular patterns (DAMPs)
such as extracellular adenosine triphosphate (ATP), reac-
tive oxygen species (ROS), high mobility group box-1
protein (HMGB1), and monosodium urate (MSU) crystals
[2]. Upon the recognition of PAMPs or DAMPs by the
PRRs, a series of signaling pathways are aroused in innate
immune cells leading to gene expression of various inflam-
matory cytokines [3, 4]. Noticeably, one type of PRRs in
the cytosol of a cell, including nucleotide-binding oligo-
merization domain (NOD) like receptors (NLR), rather
than inducing the gene expression, can act differently by
recruiting the apoptosis-associated speck-like protein con-
taining a CARD (ASC) to form a large molecular complex
named inflammasome, on which pro-caspase-1 is recruited
and activated by autocatalytic cleavage. The active
caspase-1 in turn cleaves downstream substrates pro-
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interleukin-1β (pro-IL-1β), pro-IL-18, and gasdermin D
(GSDMD) to produce mature IL-1β, IL-18, and GSDMD
N-terminal fragment (GSDMD-NT), respectively. Conse-
quently, the perforating GSDMD-NT forms pores in the
plasma membrane, leading to a lytic form of cell death
named pyroptosis. Such a lytic cell death culminates in
robust release of cellular components including mature IL-
1β and IL-18, thus representing a form of inflammatory
cell death [5–7].

The concept of inflammasome, with an apparent mo-
lecular weight of > 700 kDa, was first proposed by
Tschopp in 2002 [8]. The past two decades have witnessed
the continuous uncovering of different types of
inflammasomes as well as the molecular mechanisms un-
derlying their activation and regulation. So far, there are
approximately 20 types of inflammasomes being discov-
ered. Among them, the NLRP1 (NLR family pyrin domain
containing 1), NLRP3 (NLR family pyrin domain contain-
ing 3), NLRC4 (NLR family CARD domain-containing
protein 4), AIM2 (absent in melanoma 2), and pryin
inflammasomes have been rigorously investigated, and
their molecular mechanisms of activation have been rela-
tively well elucidated [7, 9, 10].

It is worth noting that the NLRP3 inflammasome is
currently the most extensively explored one and that the
molecular mechanisms of its activation and regulation are
progressively elucidated by mounting studies. Being distinct
from other inflammasome sensors, NLRP3 can be activated
by a wide spectrum of stimulators ranging from extracellular
ATP and bacterial pore-forming toxins to microparticles in-
cluding MSU crystals and asbestos. Upon pathogenic infec-
tion, innate immune cells including macrophages and neutro-
phils release mature IL-1β and IL-18 or neutrophil extracel-
lular traps (NETs) upon NLRP3 inflammasome activation,
which further induce innate immune responses resulting in a
strong inflammatory status of the host [7, 11]. Concomitantly,
pathogens that have invaded into the cells, if there were, are
released out due to cell pyroptosis, followed by being killed
and removed ultimately by other newly recruited phagocytes
including neutrophils. The released pathogens may also be
uptaken and processed by antigen presenting cells,
thereby being presented to T lymphocytes, and thus
activating the adaptive immunity [12]. NLRP3
inflammasome activation and pyroptosis therefore play
a fundamental role in the innate immunity against the
infections of bacteria, fungi, and viruses [12].

Despite the fact that the biological activities of IL-1β,
IL-18, and other inflammatory cell contents released after
pyroptosis are beneficial to the host in most cases of
infections, endogenous danger signals including HMGB1

and ATP may trigger sterile inflammation, becoming risk
factors for spontaneous inflammation and metabolic dis-
eases [7, 13]. Such sterile inflammatory diseases include
auto-inflammatory diseases such as cryopyrin-associated
periodic syndrome (CAPS), auto-immune diseases such as
gout and rheumatoid arthritis, as well as metabolic disor-
ders like type 2 diabetes and atherosclerosis [14–16].
Therefore, under normal physiological conditions, invaded
pathogens or metabolic wastes are eliminated by induction
of inflammasome activation in the cells, while excessive
activation of inflammasome is prevented through negative
regulatory signaling pathways, so as to maintain an ade-
quate host defense while avoiding damage to the
normal tissues and organs of the host [17], highlight-
ing the importance of regulatory signaling pathways
for NLRP3 triggering.

In general, the signaling pathways that regulate
NLRP3 inflammasome activation can be grouped into
three types: one is those promoting NLRP3 activation,
including Toll-like receptors (TLRs), mitogen-activated
protein kinases (MAPKs), and mechanistic target of
rapamycin (mTOR) signaling [7, 18, 19]; the second is
those inhibiting NLRP3 activation, including protein ki-
nase A (PKA), AMP-activated protein kinase (AMPK)
signaling and autophagy [20, 21]; and the third is interferon
(IFN) signaling pathways that may promote or inhibit
NLRP3 dependently on the physiological conditions [22].
All these signaling pathways regulate NLRP3
inflammasome activation by interfering with its assembly,
thus promoting or inhibiting its activation. Full understand-
ing of these regulation mechanisms is a basis for therapeu-
tic targeting to the inflammasome. We therefore in this
review focus on current advances in the mechanisms of
NLRP3 inflammasome activation and its regulatory sig-
naling pathways.

ACTIVATION OF NLRP3 INFLAMMASOME

NLRP3 inflammasome is activated mainly through
three pathways: the canonical pathway, the non-canonical
pathway, and the alternative pathway.

The canonical pathway of NLRP3 activation general-
ly requires two signals: the first one responsible for priming
and the second for triggering [23]. The first signal regulates
NLRP3 activation at both transcriptional and post-
translational levels. It primes cells to express pro-IL-1β
and NLRP3 at transcriptional level mainly through regu-
lating TLRs-NF-κB signaling, which increases NLPR3
activation efficiently though some studies have indicated
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that the transcriptional regulation was dispensable for
NLRP3 activation [7, 24], while post-translational modifi-
cation is mainly through phosphorylation of NLRP3 pro-
tein at the Ser198 residue (human) which leads to its de-
ubiquitination at Lys63 (Fig. 1), or ubiquitination of ASC
protein at its Lys174 residue, and all these post-
translational modifications promote the assembly of
NLRP3-ASC inflammasome [25–27]. The second signal
is mainly provided by K+ efflux which is induced by
DAMPs including extracellular ATP, perforated toxins
(such as nigericin), ROS produced by mitochondrial
dysfunction, or released Ca2+ and cathepsin B due to
lysosome rupture induced by microparticles (such as
silica and MSU crystals) (Fig. 1) [7]. Yet the common
second signaling still remains controversial. An early study
reported that the rupture of lysosomes was dispensable for
NLRP3 activation [28]. Subsequently Muñoz-Planillo and
colleagues found that ROS was also dispensable, but K+

efflux was a common second signal for NLRP3 activation
[29]. Later studies discovered that it is critical for NLRP3
activation to sense K+ efflux by NIMA-related kinase 7
(NEK7), which is bound to the leucine-rich repeat (LRR)
domain of NLRP3 protein [30], thus considering K+ efflux
as the common second signal for NLRP3 inflammasome
activation. However, it has also been found that some small
molecules, such as Imiquimod, can induce NLRP3
inflammasome activation independently of K+ efflux
[31]. Therefore, although K+ efflux is believed to be a
convergent point in activating the canonical NLRP3
inflammasome for a variety of inducers, the common
second signal for the canonical NLRP3 inflammasome
activation still awaits further clarification.

Apart from the canonical activation pathway for
NLRP3, it has been found that intracellular (transfected)
LPS-mediated caspase-11 activation can also lead to
NLRP3 inflammasome assembly [32]. The recognition of
caspase-11 with LPS, together with the action of IFN-
induced guanylate-binding proteins (GBPs), leads to poly-
merization of caspase-11 and its autocatalytic activation,
similarly to the auto-cleavage of pro-caspase-1 (Fig. 2). In
contrast to caspase-1, activated caspase-11 cannot directly
cleave pro-IL-1β and pro-IL-18 but can cleave GSDMD to
generate GSDMD-NT, the latter of which forms pores in
the plasma membrane, thereby mediating K+ efflux that is
currently believed to induce the activation of non-
canonical NLRP3 inflammasome [32–34].

Distinctly from both canonical and non-canonical
activation pathways, the alternative activation of NLRP3
inflammasome is independent of K+ efflux but is induced
through the TLR4-RIPK1-FADD-caspase-8 pathway

by cell surface stimulation with LPS under certain
circumstances (Fig. 1). FADD-caspase-8 represents
an extrinsic pathway of apoptosis. Indeed, activation
of the alternative NLRP3 inflammasome does not
cause pyroptotic cell death [35].

It has been demonstrated that FADD-caspase-8 sig-
naling pathway facilitates the activation of NLRP3
inflammasome by up-regulating the expression of NLRP3
and pro-IL-1β at transcriptional level through activating
the NF-κB pathway; meanwhile, FADD-caspase-8 pro-
motes the activation of pro-caspase-1 through directly
binding to the NLRP3-ASC inflammasome [36]. Recently,
Chen and colleagues found that caspase-8 and -9 can be
activated via the intrinsic and extrinsic apoptosis pathways,
respectively, leading to caspase-3 and -7 activation, the
latter of which further cleaves the glycoprotein Pannexin-
1 at its C-terminal, thus mediating cell membrane perfora-
tion and leakage of K+ from the porous channels (Fig. 1),
thereby promoting the assembly of NLRP3 inflammasome
[37]. Likewise, caspase-6 also plays a role in NLRP3
inflammasome activation. A latest study by Zheng et al.
showed that in the cells infected with influenza A virus
(IAV), caspase-6 binds with RIPK3 (receptor-interacting
protein kinase 3) and serves as a scaffold to promote
the interaction between RIPK3 and Z-DNA binding
protein 1 (ZBP1), thus inducing the NLRP3
inflammasome activation (Fig. 1). But so far, such
a pathway mediated by caspase-6 was only observed
in the circumstance of IAV infection [38].

When NLRP3 inflammasome is activated, the cells
may culminate in different outcomes including pyroptosis,
apoptosis, secondary necrosis, or even hyperactivation,
respectively, depending on their distinct statuses. In the
cells with high levels of pro-caspase-1 and GSDMD pro-
teins, activated NLRP3 inflammasome can recruit pro-
caspase-1, leading to its polymerization and auto-
cleavage at Asp316 residue in the linker between the large
and small subunits of its protease domain to form an active
p33/p10 complex [39]. The p33/p10 complex is the main
form of active caspase-1, but it is also a transitional form as
the complex may subsequently be auto-cleaved once more
at the Asp119 residue in the connecting region between the
large subunit and the CARD domain, producing a p20/p10
complex which is released from the cell while losing its
protease activity [39]. The active caspase-1 can then cut
pro-IL-1β at both Asp26 and Asp116 residues, thus pro-
ducing an active p17 IL-1β fragment [40]. Active caspase-
1 can also cleave GSDMD through its hydrophobic inter-
face that is formed after the auto-cleavage of pro-caspase-1
to interact with the C-terminal domain of GSDMD.
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Fig. 1. Current view of molecular mechanisms for canonical NLRP3 inflammasome activation. The activation of NLRP3 inflammasome requires two signals. The
first signal activates the signaling pathways mediated by TLRs-NF-κB and IFN-γ and thereby up-regulates the expression of inflammasome-related components
NLRP3 and pro-IL-1β at the transcriptional level. Potassium ion (K+) efflux andROS, induced bymTORC1/2, and apoptosis signaling pathways, serve as the second
signal to promote the assembly of inflammasome, thereby inducing the activation of caspase-1. By cleaving pro-IL-1β and GSDMD, active caspase-1 eventually
converts pro-IL-1β into mature IL-1β and induces pyroptosis through pores formed in the plasmamembrane by GSDMD-NT. ASC, apoptosis-associated speck-like
protein containing a CARD; FADD, Fas-associated with death domain protein; Fas, CD95; FasL, Fas ligand; GSDMD, gasdermin D; GSDMD-FL, full length
GSDMD; GSDMD-NT, GSDMD N-terminal; IκB, inhibitor of nuclear factor kappa B; IKK, IκB kinase; IRAK, interleukin-1 receptor related kinase; JAK, Janus
Kinase; JNK, c-Jun N-terminal kinase; MAPKs, mitogen-activated protein kinases; mTORC, mammalian target of rapamycin complex; mtROS, mitochondrial
reactive oxygen species;MyD88,myeloid differentiation factor 88; NEK7, NIMA-related kinase; NF-κB, nuclear factor kappa-B; NLRP3, NLR family pyrin domain
containing 3; P—, phosphorylation; P2X7, purinergic ligand-gated ion channel 7 receptor; RIPK3, receptor interacting protein kinase; STAT1, signal transducer
and activator of transcription; TRAF6, tumor necrosis factor receptor related kinase 6; TRIF, TIR-domain-containing adaptor inducing interferon-β; TXNIP,
thioredoxin-interacting protein; Ub, Ubiquitin; ZBP1, Z-DNA binding protein 1.
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GSDMD is cleaved at the Asp275 residue (human) to
produce an active p30 GSDMD-NT fragment, which can
perforate the plasma membrane [41, 42]. So far, it is
believed that when the density of GSDMD-NT pores in
the cell membrane exceeds a certain threshold, lytic cell
death will take place to release a large amount of inflam-
matory cellular contents. Such a phenomenon is called
pyroptosis [43, 44]. But when the density of GSDMD-

NT pores is lower than the threshold, they will allow the
release of IL-1β while maintaining the integrity of the cell
membrane. Such a status of the cells is called hyperactiva-
tion. Some researchers thought that the ESCRT-III
(endosomal sorting complex required for transport III)
repair mechanism played an important role in main-
taining the hyperactivation through reducing the

Fig. 2. Mechanisms for non-canonical NLRP3 inflammasome activation.Gram-negative bacteria in vacuoles release LPS into the cytoplasm in the presence
of type I IFN-induced GBPs and IRGs (immunity-relatedGTPases). After recognizing LPS directly and self-activation, caspase-11 (mouse) cleaves GSDMD
to generate active N-terminal fragment (GSDMD-NT) which forms pores in the plasma membrane. Caspase-4 (the human analog of caspase-11) undergoes a
similar process to that of caspase-11, except that it is recruited and activated by a platform formed by GBP1. The potassium ion (K+) efflux through the
GSDMD-NT pores activates the NLRP3 inflammasome, which eventually induces the release of mature IL-1β and IL-18 as well as pyroptosis. GBPs,
guanylate-binding proteins; IRF9, Interferon regulatory factor 9; IRGs, immunity-related GTPases.
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amount of GSDMD-NT pores and preventing the cell
from lysis [44, 45].

In caspase-1-deficient cells, however, NLRP3
inflammasome activation may lead to apoptosis through
ASC-caspase-8-mediated caspase-3/-7 activation [46], or
secondary necrosis through cleavage of GSDME by cas-
pase-3/-7 when the cells expressing a high level of
GSDME [47]. Apoptosis and secondary necrosis may also
be induced in GSDMD-deficient cells upon the activation
of NLRP3 inflammasome, but the underlying mechanism
is different from that of caspase-1-deficient cells: the apo-
ptosis is induced directly by caspase-1-mediated Bid-
caspase-9-caspase-3 axis, instead of by caspase-8 activa-
tion [48]. Interestingly, a recent study has revealed that
caspase-3 is activated through the caspase-1/caspase-8-
Bid-SMAC (second mitochondria-derived activator of
caspases)-caspase-9 pathway to induce secondary necrosis
in a GSDME-independent manner, but which member of
the gasdermin family or other cell membrane perforating
proteins is targeted to mediate the secondary necrosis is
currently unclear [49].

SIGNALING PATHWAYS THAT PROMOTE
NLRP3 INFLAMMASOME ACTIVATION

Toll-Like Signaling Pathway

TLRs are the most widely expressed PRRs in innate
immune cells, which play an important role in the innate
immunity [3]. The TLR pathway is composed of various
adaptors such as myeloid differentiation factor 88
(MyD88) and other TIR domain adaptor protein (TIRAP),
which respectively mediates sub-pathways to induce the
expression of multiple pro-inflammatory cytokines includ-
ing pro-IL-1β, TNF-ɑ, and IL-6, via various downstream
kinases such as the tumor necrosis factor receptor-related
kinase 6 (TRAF6) and interleukin-1 receptor-related kinase
1/4 (IRAK1/4), and thus promoting the inflammatory re-
sponses [50, 51].

TLR pathways also play a critical role in promoting
the activation of NLRP3 inflammasome. They do so main-
ly at the transcriptional and post-translational levels. At the
transcriptional level, triggering TLRs up-regulate the ex-
pression of NLRP3 inflammasome components such as
NLRP3 and pro-IL-1β through the canonical MyD88-
IRAK1/4-TRAF6-TAK1-IKK-NF-κB pathway [50, 52–
54]; however, Juliana et al. revealed that when the first
and second signals are present simultaneously, 10 min is
enough for NLRP3 activation, suggesting that the

transcriptional regulation in this process may be dispens-
able [55]. In view of post-translational modifications, trig-
gering of TLRs leads to the activation of theMyD88/TRIF-
TARF6-TAK1-JNKs signaling pathway, which in turn
targets NLRP3, phosphorylating it at Ser198 residue, and
only by phosphorylation at this residue, the NLRP3 will
undergo de-ubiquitination, thereby allowing it to be assem-
bled with ASC to form the NLRP3 inflammasome [25, 56,
57] (Fig. 1). Therefore, NLRP3 phosphorylation through
TLR pathways is a switch for NLRP3 inflammasome
activation, and the threshold of NLRP3 activation will be
reduced when its expression is transcriptionally up-regu-
lated. But only when both the transcriptional up-regulation
and the post-translational modification act together, the
NLRP3 inflammasome can be fully activated to ensure its
physiological function of killing and clearing pathogens
[7]. Moreover, as mentioned above, the alternative path-
way of NLRP3 activation can also be mediated by TLR
signaling, specifically the TLR4-TRIF-RIPK1-FADD-cas-
pase-8 pathway upon LPS stimulation, which is indepen-
dent of a second signal like K+ efflux (Fig. 1). That is to
say, a single TLR signal is sufficient for NLRP3
inflammasome activation in certain cells (such as human
monocytes) [35].

mTOR Signaling Pathway

mTOR can be activated by multiple environmental
input signals, including nutrients and growth factors, to
coordinate the growth and metabolism of eukaryotic cells
[58]. mTOR is a serine/threonine protein kinase member of
the phosphatidylinositol 3-kinase (PI3K)-related kinase
family. It is the catalytic subunit of two different protein
complexes, named mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2) [58, 59]. mTORC1/2 are
able to sense the changes of intracellular energy and the
stimulation of growth factors; promote biosynthesis, cell
growth, or division; and play an important role in various
immune responses [58, 59].

Emerging evidence indicates that mTOR signaling is
involved in NLRP3 inflammasome activation. Rapamycin
(an inhibitor of mTORC1) can inhibit the activity of NF-
κB signaling through targeting mTOR, suggesting that
mTOR can regulate gene transcription via the NF-κB
pathway [60, 61]. It has also been shown that the activation
of mTORC1 can promote the expression and maturation of
IL-1β through HIF-1α (hypoxia-inducible factor-1α),
though these studies had not specifically linked mTORC1
to NLRP3 inflammasome activation [62–64]. Recently,
one study revealed that activated mTOR could promote
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NLRP3 inflammasome activation by increasing mitochon-
drial ROS (mtROS) production [65]. All these studies have
shown that mTOR may act at both the first and second
steps of NLRP3 inflammasome activation, but which of the
mTOR complexes (mTORC1/2 or both) is involved in
these processes remains unclear. Some studies revealed
that mTORC2 could promote the development of inflam-
mation and had been involved in skin aging through the
AKT1-IKK-NF-κB pathway [66]. Another recent study
have pointed out that mTORC2 catalyzes the phosphory-
lation of serum- and glucocorticoid-inducible kinase 1
(SGK1) in renal tubule cells, which in turn activates the
epithelial Na+ channel (ENaC), and promotes Na+ influx
and K+ efflux [67], suggestive of a potential role for
mTORC2 to regulate NLRP3 activation considering that
K+ efflux is sufficient for NLRP3 inflammasome
activation [7]. However, whether mTORC2 regulates
Na+/K+ currents in innate immune cells as it does in renal
tubule cells is worthy of further investigation. Together,
these findings suggest that the mTOR signaling may
facilitate the activation of NLRP3 inflammasome by up-
regulating the expression of NLRP3, pro-IL-1β, and other
components through the AKT1-IKK-NF-κB pathway, or
inducing the production of ROS and K+ efflux (Fig. 1), but
how it works in this process requires more investigations.

MAPK Signaling Pathway

MAPKs are another class of serine/threonine kinases,
which transmit extracellular growth-stimulating signals to
the nucleus, thus promoting cell proliferation. The mam-
malian MAPK family is composed of several kinases such
as ERKs (extracellular signal-regulated kinases), p38, and
JNKs (c-Jun N-terminal kinases), which are activated
through MKKK (MAP 3K/MEKK)-MAPKK (MAP 2
K/MEK)-MAPKs pathways, respectively [68, 69].
MAPKs participate not only in biological responses to
growth factor and cytokine stimulations but also in sensing
non-biological stimuli such as oxidative stress, DNA dam-
age, and osmotic imbalance, suggesting the association of
MAPK signaling with inflammatory responses [70, 71].

Early studies have shown that ROS, a second signal
for NLRP3 activation, could induce signaling in the MAP
3K-MAP 2K-MAPK pathway [7, 72, 73]. A later study by
Wang et al. shows that over-expressed microRNA-377 in
cells induced the production of ROS, which further in-
duced MAPK signaling to activate thioredoxin-
interacting protein (TXIP), thus facilitating NLRP3
inflammasome activation [74] (Fig. 1). In resting cells,
NLRP3 is located at the endoplasmic reticulum (ER), and

ASC is evenly distributed in the cytoplasm; upon
activation, however, NLRP3 and ASC are redistributed
around the nucleus, co-localized with the ER and mito-
chondrial clusters. TXNIP is transported to the
mitochondria-associated ER membranes where it interacts
with NLRP3, thus linking the oxidative stress to
inflammasome activation [75, 76]. Besides, TXNIP also
acts as a positive factor for NLRP3 activation by inhibiting
LPS-induced production of nitric oxide (NO), a negative
regulator of NLRP3 inflammasome activation [77, 78].
Recent studies have shown that ROS can also activate
NF-κB signaling through MAPKs (JNK/ERK/p38) path-
ways to promote the expression of NLRP3 and pro-IL-1β,
thereby promoting the activation of NLRP3 inflammasome
[79, 80]. All these findings support the notion thatMAPKs,
together with their upstream ROS and downstream TXNIP
and NF-κB, play a pivotal role in regulating NLRP3 acti-
vation (Fig. 1).

SIGNALING PATHWAYS THAT INHIBIT THE
ACTIVATION OF NLRP3 INFLAMMASOME

Autophagy

Under some conditions such as amino acid starvation,
pathogenic infection, and organelle damage, various
autophagy-related (ATG) protein complexes mediate
phagophores to form autophagosomes that contain targets
(such as misfolded proteins and damaged organelles) for
degradation by fusing with lysosomes to become
autolysosomes, thereby recycling of nutrients and remov-
ing harmful substances [81, 82] (Fig. 3). Over the past
decade, autophagy has been shown to be critically linked
to immune responses. Deficiency of autophagy is associ-
ated with various inflammatory diseases such as Crohn’s
disease (DC) and systemic lupus erythematosus (SLE) [83,
84], while abnormal activation of NLRP3 inflammasome
boosts the development of these diseases [85].

Early studies have shown that ATG16L1-deficient
macrophages produce much higher levels of IL-1β than
normal cells upon the activation of NLRP3 inflammasome
[86, 87], indicating the importance of autophagy in main-
taining the homeostasis of the innate immunity. In step
with this, many studies have indicated that autophagy can
negatively regulate the activation of inflammasome
through a variety of mechanisms [88]. When bone
marrow-derived dendritic cells (BMDCs) are infected by
IAV, cytoplasmic nucleotide-binding oligomerization
domain-containing protein 2 (NOD2) and its downstream
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Fig. 3. Signaling pathways that inhibit the activation of NLRP3 inflammasome. The signaling pathways that inhibit the activation of NLRP3 inflammasome
mainly include autophagy, cAMP-PKA, and AMPK. These signaling pathways work primarily by inhibiting NLRP3 phosphorylation, ubiquitination, and
down-regulating pro-IL-1β and NLRP3 expression, suppressing the co-localization of NLRP3 and ASC, as well as clearing ROS and inflammasome
component ASC, thereby inhibiting the assembly and activation of inflammasome. AC, adenylate cyclase; AMPK, AMP-activated protein kinase; ATF4,
activating transcription factor 4; ATG, autophagy-related protein; cAMP, cyclic adenosine monophosphate; NOD2, nucleotide-binding oligomerization
domain 2; elF2a, eukaryotic translation initiation factor 2α; EP4, prostaglandin E2 receptor 4; ER, endoplasmic reticulum; Nrf2, NF-E2-related factor 2; PEG,
prostaglandin E; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; PKA, protein kinase A; Trx, thioredoxin.
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regulator RIPK2 (receptor interacting protein kinase 2)
elicit mitochondrial autophagy (mitophagy) by inducing
the phosphorylation of Unc-51 like autophagy activating
kinase 1 (ULK1) at Ser555 residue, when the damaged
mitochondria produce a mass of ROS [76, 89]. In addition,
upon ER stress, PKR-like eukaryotic initiation factor 2a
kinase (PERK) is activated by misfolded proteins from the
ER and phosphorylates eukaryotic translation initiation
factor 2 (eIF2a ) at the Ser51 residue on its α subunit.
Activated eIF2a in turn up-regulates the expression of
activating transcription factor 4 (ATF4), which is a tran-
scription factor that promotes the expression of various
ATG proteins, thus promoting autophagy and alleviating
the ER stress [90]. As ER stress is able to activate NLRP3
inflammasome, autophagy-mediated alleviation of ER
stress can dampen NLRP3 inflammasome activation [91].
Moreover, autophagy can also inhibit inflammasome acti-
vation by reducing ASC [92]. In sum, autophagy induced
by mitochondrial damage (via the NOD2-RIPK2-ULK1
pathway) or ER stress (via the PERK-eIF2α-ATF4-ATGs
pathway) can clear damaged organelles to prevent genera-
tion of second signals such as ROS or degradation of ASC,
thereby negatively regulating NLRP3 activation.

Increasing evidence makes the mechanism by which
autophagy regulates NLRP3 inflammasome more and
more clear. Various NLRP3 stimuli induce the disassembly
of the trans-Golgi network (dTGN), which serves as a
scaffold for NLRP3 aggregation and ASC speck formation
[93]; however, other reports including ours have revealed
that NLRP3 inflammasome and ASC speck are formed
near the microtubule organization center (MTOC) [94,
95]. But another question comes, how is the dTGN-
localized NLRP3 aggregation delivered to the MTOC dur-
ing its activation? Recently, an excellent study has indicat-
ed that it is the histone deacetylase 6 (HDAC6) together
with dynein, the retrograde transport motor, that under-
takes the delivery of NLRP3 aggregate to the MTOC, thus
facilitating the association of centrosome-localized kinase
NEK7 with the NLRP3 inflammasome [96]. Interestingly,
the NLRP3 inflammasome puncta can be degraded by
autophagy as they colocalize with LC3B, an autophagy
marker, thus suppressing its activation [96, 97]. Consistent
with a previous report [98], however, the delivery function
of HDAC6 does not depend on its microtubule
deacetylation activity but depends on its ubiquitin-
binding domain [96]. Noticeably, our study demonstrates
that knockdown of αTAT1, the α-tubulin N-acetyltrans-
ferase, to reduce microtubule acetylation significantly sup-
presses IL-1β secretion and cell death [95], indicating the
fundamental role of microtubule acetylation in NLRP3

inflammasome activation though it is unclear how HDAC6
acts synergistically with α-TAT1 in this process.

cAMP-PKA Signaling Pathway

PKA is a cyclic adenosine monophosphate (cAMP)-
activated serine/threonine kinase. The cAMP-PKA path-
way has long been found to play an important role in
negative regulation of inflammatory responses. Early stud-
ies showed that induction of cAMP could suppress the
release of IL-1β and alleviate the development of inflam-
mation [99]. Subsequently it was found that the cAMP-
PKA signaling regulates transcription and post-
translational modification by phosphorylating specific pro-
teins, thus being an important negative regulator for the
immune system [100].

Emerging evidence demonstrates that the cAMP-
PKA signaling can directly regulate both canonical and
non-canonical NLRP3 inflammasome activation. It was
found that some physiological products such as prostaglan-
din and dopamine, through binding with their respective
receptors, induce the generation of cAMP, leading to the
ubiquitination and degradation of NLRP3 and thus
preventing its activation [101, 102]. Another study has
identified a more specific mechanism by which cAMP-
PKA signaling inhibits the activation of NLRP3
inflammasome: prostaglandin E2 (PGE2) binds to its re-
ceptor and activates the adenylate cyclase (AC), the latter
of which converts ATP into cAMP; cAMP then binds to
and activate PKA, which in turn phosphorylates the Ser295
residue (human) of NLRP3, thereby inhibiting the assem-
bly of NLRP3 inflammasome [15] (Fig. 3). Similarly,
through binding with the transmembrane G-protein-
coupled receptor 5 (TGR5), bile acid induces the produc-
tion of cAMP, which further activates PKA to phosphory-
late the Ser295 residue of NLRP3, allowing its
ubiquitination, thus negatively regulating the activation of
NLRP3 inflammasome [103]. Pharmacological studies re-
vealed that scutellarin or wedelolactone can facilitate Ser/
Thr phosphorylation of NLRP3 via PKA to suppress the
inflammasome activation and pyroptosis [104–106].

It was recently found that L-adrenaline activates AC
through binding to the adrenoceptor α 2B (ADRA2B) to
produce cAMP and thus activating PKA, but interestingly,
the activated PKA directly bind to and phosphorylate cas-
pase-11, thereby suppressing caspase-11-mediated non-
canonical NLRP3 inflammasome activation [107] (Fig.
3). Besides, the cAMP-PKA signaling may also inhibit
the activation of IKK and NF-κB, preventing the latter
from translocating into the nucleus and thereby
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suppressing the expression of inflammatory genes. This
suggests that cAMP-PKA signaling may inhibit the expres-
sion of NLRP3 and pro-IL-β, thus negatively regulating
NLRP3 activation at the transcriptional level through
dampening NF-κB signaling [108, 109]. Together,
cAMP-PKA signaling regulates NLRP3 inflammasome
activation both at the transcriptional level and at the post-
translational level (Fig. 3).

AMPK Signaling Pathway

AMP-activated protein kinase (AMPK) is another
serine/threonine kinase, which is allosterically activated by
AMPwhen the intracellular AMP:ATP ratio rises. It regulates
energy homeostasis and metabolic stresses and plays an
important role in the development of neurodegeneration,
inflammation, and oxidative stress [110, 111]. In response
to anti-inflammatory cytokines such as IL-10 and TGF-β,
AMPK is activated to negatively regulate the IKK/IκB/NF-
κB signaling while converting the macrophages into an anti-
inflammatory type, thus inhibiting the development of inflam-
mation [112]. These studies indicate that AMPK plays a
fundamental role in suppressing inflammation.

AMPK signaling may attenuate the activation of
NLRP3 inflammasome by decreasing cellular ROS levels.
An early study by Ouslimani et al. has manifested that
AMPK agonist metformin could reduce ROS production
from the mitochondrial respiratory chain of aortic endothe-
lial cells, though the underlying molecular mechanism was
not clearly revealed [113]. Later, it was found that AICAR,
an AMP analog, up-regulated the expression of IκB and
inhibited its phosphorylation through activating AMPK,
thus preventing NF-κB activation and NAD(P) H oxidase
synthesis. As NAD(P) H oxidase is vital for mtROS pro-
duction, AMPK activation is proposed to inhibit the pro-
duction of mtROS [114]. Based on these studies, other
investigators have showed that AMPK activation inhibited
NLRP3 inflammasome by suppressing the production of
ROS in BMDMs [115]. Further studies confirm that
AMPK activation not only down-regulates the expression
of NAD(P) H oxidase and the production of mtROS thus
inhibiting NLRP3 inflammasome activation but also pre-
vents the assembly of the inflammasome through inducing
the AMPK-GSK3β-Nrf2 pathway (Fig. 3). In the lung
cells of patients with acute lung injury, xanthohumol can
induce the phosphorylation (activation) of AMPK, which
in turn phosphorylates and inactivates glycogen synthase
kinase 3β (GSK3β), thereby up-regulating the activated
p62 transcription factor NF-E2-related factors (p62-Nrf2)
[116]. Nrf2 plays a pivotal role in reducing various

diseases caused by inflammation and oxidative stress,
and can induce the expression of NADPH and thioredoxin
(Trx), among which Trx inhibits TXNIP-mediated
inflammasome assembly and activation [117].

Although AMPK signaling is generally regarded to
inhibit NLRP3 inflammasome activation, it is worth noting
that, however, metformin- and berberine-mediated AMPK
signaling could greatly enhance ATP-induced NLRP3
inflammasome activation and pyroptosis in macrophages,
respectively [118, 119]. The discrepancy between these
studies and previous ones may be due to different cellular
models used in respective studies, which should be clari-
fied in further research.

IFN SIGNALING PATHWAY

The interferon (IFN) family is composed of type I IFNs
(IFN-α/β), type II IFN (IFN-γ), and type III IFN (IFN-λ),
among which type I IFN and type II IFN function in various
innate and adaptive immune cells, while the receptor of type
III IFN is currently only found in endothelial cells [120, 121].
Therefore, herein, we mainly introduce the roles of the type I
and type II IFNs in regulating NLRP3 inflammasome activa-
tion. Through binding to IFN-α/β receptor (IFNAR) and
INF-γ receptor (IFNγR), respectively, type I and II IFN
activate signal transducer and activator of transcription
(STATs), and induce the expression of interferon-stimulated
genes (ISGs) such as GBPs and iNOS (inducible nitric oxide
synthase), to regulate innate immune responses especially
anti-viral infection [120, 122]. One important mechanism by
which IFN signaling regulates innate immunity is that it
regulates the activation of inflammasomes especially NLRP3
inflammasome [22]; however, whether IFN signaling pro-
mote or inhibit NLPR3 inflammasome activation depends
on the status of the cell [17, 22]. For example, if the cells
are infected with different viruses or at different stages of
infection, they may produce anti-inflammatory IL-10 or pro-
inflammatory TNF-α [123, 124]. The following continues to
review the role of IFN signaling in regulating NLRP3
inflammasome activation, respectively (Figs. 2 and 3).

IFN Signaling Pathways Promote the Activation of
NLRP3 Inflammasome

The expression of caspase-11 in mouse macrophages
was previously thought to be induced by IFN-β, and only
when the IFNR signaling pathway was intact, could the invad-
ed Escherichia coli induce the activation of caspase-1 and
caspase-11, leading to the release of IL-1β [125, 126].
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However, the basal level of intracellular caspase-11 is adequate,
and there are reports indicated that transfected LPS can directly
activate caspase-11, suggesting that the IFN pathway is dis-
pensable for caspase-11 activation [127, 128]. Later studies
have found that under the treatment of type I IFN, STAT1/2,
and IRF9 forms a transcription factor complex, which induces
the expression of caspase-11 and GBPs. After lysis by GBPs,
vacuoles containing invaded bacteria release the bacteria into
the cytosol, and then, GBPs and IRG10B bind to the bacteria
and release their LPS into the cytosol for caspase-11 recogni-
tion [33, 129–131]. Since humans lack the IRG family, a recent
study showed that GBP1 directly binds to LPS on the surface
of cytoplasmic bacteria to form a platform to recruit and induce
caspase-4 (human analog of caspase-11) activation, thus further
mediating the activation of non-canonical NLRP3
inflammasome [131] (Fig. 2).Moreover, type I IFN can induce
the expression of Z-DNA binding protein 1 (ZBP1), which
promotes NLRP3 inflammasome activation by recognizing the
components of IAV [132]. On the other hand, IFN-γ together
with STAT1 up-regulates the expression of NLRP3, pro-cas-
pase-1, and GSDMD (Figs. 2 and 3), and such a pathway is
NF-κB-independent, indicating that IFN-γ positively regulates
the activation of NLRP3 inflammasome by up-regulating the
expression of its components [133]. Thus, IFN signaling pro-
motes both canonical and non-canonical NLRP3
inflammasome activation under the above-mentioned
circumstances.

IFN Signaling Pathways Inhibit the Activation of
NLRP3 Inflammasome

On the contrary, IFN signaling may inhibit
NLRP3 inflammasome activation under following cir-
cumstances. In macrophages, IFN-γ-STAT1 signaling
induces the expression of CD40, which inhibits the
production of ROS and the phosphorylation of
ERK1/2, thus preventing TLR4 and ATP signaling to
activate NLRP3 inflammasome [134, 135]. In mono-
cytes from patients of multiple sclerosis, IFN-β in-
duces the expression of IL-10 through IFNR-STAT1
pathway, and in turn, IL-10 down-regulates the expres-
sion of pro-IL-1β through the IL-10R-STAT3 pathway
(Fig. 3), thus mitigating NLRP3 inflammasome activa-
tion [136]. In mouse lung cells intracellularly infected
with Mycobacterium tuberculosis, IFN-γ could induce
the expression of inducible NO synthase (iNOS),
which produces NO to make NLRP3 thiol nitrosylated,
thus inhibiting the assembly of NLRP3 inflammasome
to alleviate tuberculosis caused by M. tuberculosis in-
fection [78].

CROSS-TALK AMONG THE SIGNALING
PATHWAYS

We in this review have narrated several signaling
pathways, inhibitory or promotional, that regulate NLRP3
inflammasome activation. But their actions are quite com-
plicated as these pathways do not act independently but
cross-talk with each other.

For example, TLRs are at the upstream of MAPKs in
innate immune responses, and TLR signaling induces the
activation of MAPKs through the TRAF6-TAK pathway
[50]. In addition, the TLR signaling may also induce
autophagy: mTOR senses intracellular energy levels and
regulates metabolism through the RTK-PI3K-AKT-mTOR
pathway, and if such a pathway is blocked, autophagy is to
take place [137, 138]. This was corroborated by Yang and
his colleagues, who found that in A549 cells, TLR-
MyD88-TRAF6 signaling induces the activation of the
PI3K-AKT-mTOR pathway, thus indirectly inhibited au-
tophagy and promoted the development of inflammation
[139]. Among the many NLRP3 signaling pathways, the
cross-talking between AMPK, mTORC, and autophagy is
commonly observed. AMPK directly or indirectly induces
autophagy, in which AMPK promotes the autophagosome
assembly by phosphorylating the Ser555 of ATG1/ULK1,
or by promoting the nucleus translocation of transcription
factor EB (TFEB ) [140–142]. TFEB is a key positive
regulator of autophagy and lysosome biogenesis, which
induces the expression of autophagy-related LC3 and
ATGs. AMPK can also phosphorylate the Ser1345 residue
of the tumor suppressor TSC2 to enhance the ability of
TSC2, or phosphorylate the Ser792 residue of Raptor of
mTORC1, thus inhibiting the mTORC1 signaling [143,
144]. In addition to inducing autophagy, AMPK may also
inhibit the activity of NF-κB, thus to certain extent
inhibiting the TLR signaling pathway [145]. Moreover,
MAPK activation can also inhibit autophagy in that
MAPK1/ERK regulates the phosphorylation of TFEB to
prevent it from entering the nucleus, thus inhibiting the
occurrence of autophagy [142].

In the process of inflammasome activation, the induc-
tion of intracellular IFNs is generally TLRs-dependent,
through the TRIF-TRAF3-IKK-TBK1 pathway to promote
the nucleus translocation of interferon regulatory factor 3/7
(IRF3/7) to induce the expression of IFNs [146–148]. As
induction of intracellular IFN is TRIF-dependent, autopha-
gymay suppress the IFN signaling by directly targeting TRIF
through autophagy-related molecules sequestosome 1
(SQSTM1) and TAX1-binding protein 1 (TAX1BP1) to
reduce its intracellular levels [149]. Besides autophagy,
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AMPK also inhibits IFN signaling by preventing STAT1
from entering the nucleus, thus inhibiting the expression of
inflammatory cytokines such as CCL2 and CXCL10 through
the IFNγ-STAT1 signaling [150].

Therefore, induction of one pathway may activate or
inhibit another one, and they synergistically regulate the
physiological status of cells or decide their fate. Therefore,
the related signaling pathways are multi-dimensional and
interconnected with each other to orchestrate NLRP3
inflammasome activation in different types of cells.

CONCLUSION

NLRP3 inflammasome stimuli may simulta-
neously or sequentially activate several pathways as
mentioned above, and these pathways may have
cross-talk with each other. With the hint of the
cross-talk between the known signaling pathways,
experiments can be designed to study the as-yet-
unknown mechanisms of NLRP3 inflammasome acti-
vation, thus more comprehensively understanding the
mechanism(s) of the inflammasome activation, which
provides a theoretical basis for developing therapeutic
drugs targeting NLRP3 inflammasome.
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