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Abstract: Inflammation is triggered by a repertoire of receptors detecting infections and dam-

ages. Some of these receptors directly bind microbial ligands, while others recognize endogenous 

molecules exposed under stress conditions, including infections. Most of these receptors can be 

engaged by a relatively limited number of stimuli. Differently, NLRP3 acts as a broad sensor of 

cell homeostasis rupture and can be activated downstream of a plethora of stimuli. NLRP3 then 

assembles a multiprotein platform resulting in caspase-1 activation, which controls, by direct 

cleavage, the maturation of cytosolic pro-cytokines including pro-interleukin-1β. In addition, 

caspase-1 processes cytosolic gasdermin-D and unleashes its pore-forming N-terminal domain, 

leading to the release of mature cytosolic cytokines and alarmins, as well as pyroptotic cell lysis. 

Accumulating evidences of the aggravating role of NLRP3-mediated inflammation in various 

highly prevalent human conditions, including diabetes, neurodegenerative and cardiovascular 

diseases, raises a huge clinical interest. Nevertheless, the molecular mechanism governing 

NLRP3 activation remains insufficiently understood. In line with the detrimental consequences 

of NLRP3 activation illustrated by the aforementioned pathologies, this process is tightly regu-

lated. In this review, we address the current understanding of the control of NLRP3 activity 

which can be divided into two coordinated processes referred to as priming and activation. In 

particular, we detail the emerging role of NLRP3 post-translational modifications critical in 

inflammasome assembly regulation.

Keywords: inflammation, NLRP3, inflammasome, post-translational modifications

Introduction
Inflammation is usually triggered in response to infections and/or tissue damages. It 

constitutes a protective response, critical for the recruitment of immune cells mediating 

pathogen clearance and tissue repair at the affected site.1 Pathogens and damages are 

sensed by tissue resident cells, including innate immune cells, through a repertoire of 

germline-encoded dedicated receptors known as pattern recognition receptors (PRRs). 

These receptors are activated by pathogen-associated molecular patterns (PAMPs), 

typically shared throughout large kindred of microbes but absent from the host organ-

ism, and by host-derived cellular stress signals, markers of tissue and cell homeostasis 

disruption, known as damage-associated molecular patterns (DAMPs).2,3

Many inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor 

(TNF), and interferon-β (IFN-β) are regulated at the transcriptional level and secreted 

through the endoplasmic reticulum (ER)/Golgi pathway. Others, including IL-1β and 

IL-18, are produced as cytosolic precursors and their secretion is tightly controlled by 
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inflammatory caspases, namely caspase-1 and -11 in mice, 

and caspase-1, -4, and -5 in humans. These caspases are 

activated within cytosolic multimolecular complexes named 

inflammasomes (Figure 1). Canonical inflammasomes form 

activation platforms for caspase-1. Their assembly depends on 

some dedicated cytosolic PRRs from the nucleotide-binding 

domain leucin-rich repeat (NLR) family including NLR and 

pyrin domain containing receptor 1 (NLRP1), NLRP3, and 

NLR and caspase recruitment domain containing receptor 4 

(NLRC4); the AIM2-like receptors (ALR) family including 

absent in melanoma 2 (AIM2); or the tripartite motif (TRIM) 

family including pyrin. Activation of these PRRs triggers either 

their oligomerization (as for NLRC4 or AIM2)4,5 or confor-

mational changes of pre-formed oligomers (as for NLRP3).6 

The PRR oligomer then recruits the adaptor protein ASC 

(apoptosis-associated speck-like protein containing a caspase 

recruitment domain [CARD]) through pyrin domain (PYD)–

PYD interactions and constitutes a nucleation platform for fila-

ments of ASC. The surface of the filament in turn enables the 

nucleation of filaments of the effector pro-caspase-1 through 

CARD–CARD interactions.7 Inflammasomes form specks, 

also referred to as pyroptosomes, in the micron range in size 

and unique per cell, that can be observed by light microscopy.8 

Pyroptosome assembly constitutes an all-or-nothing response 

at the single cell level. Noteworthy, NLRC4 which possesses 

a CARD domain can either directly recruit pro-caspase-1 or 

trigger the formation of ASC filaments, serving as an ampli-

fication mechanism required for cytokine maturation but 

dispensable for pyroptosis.9 The inflammasomes that control 

the activation of caspase-11 in mice and caspase-4 and -5 in 

human in response to cytosolic lipopolysaccharide (LPS) are 

referred to as non-canonical. Their composition remains poorly 

understood, and the lipid A moiety of LPS has been proposed 

to directly interact with the CARD of caspase-11, -4, and -5 

which then undergo oligomerization, resulting in the activation 

of the caspases.10 Therefore, non-canonical inflammasome 

assembly does not depend on dedicated PRRs, and caspase-11, 

-4, and -5 act as receptors themselves.

Figure 1 Canonical and non-canonical inflammasomes.
Notes: Canonical inflammasomes assemble downstream of cytosolic PRRs including NLRP1, NLRP3, NLRC4, AIM2, and pyrin and control the activation of caspase-1. 
The ASC adaptor forms multimeric filaments and amplifies the response. The non-canonical inflammasomes are activated by cytosolic LPS and result in caspase-4 and -5 
(homologs of mouse caspase-11) activation. All these inflammatory caspases cleave GSDMD which then forms cytolytic pores leading to pyroptosis. In addition, caspase-1 
controls the maturation of cytosolic pro-cytokines. 
Abbreviations: PRRs, pattern recognition receptors; ASC, apoptosis-associated speck-like protein containing a CARD domain; LPS, lipopolysaccharide; GSDMD, 
gasdermin-D; h, human; m, mouse.
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The caspase-1 protease controls maturation of pro-IL-1β 

and pro-IL-18, produced as pro-cytokines in the cytosol by 

direct cleavage of the pro-forms.11 In addition, all inflamma-

tory caspases trigger a pro-inflammatory form of cell death 

named pyroptosis (from Greek roots pyro, relating to fire or 

fever, and ptosis, relating to falling). This process is mediated 

by the cleavage of the cytoplasmic gasdermin-D (GSDMD) 

protein, which leads to the release of its N-terminal domain 

that oligomerizes as pores in the plasma membrane.12–14 

GSDMD pores and cell lysis mediate the release of mature 

IL-1β and IL-18 together with IL-1a and many other alarm-

ins, as well as the ASC speck. Extracellular ASC specks enter 

neighbor cells by phagocytosis and propagate the inflam-

matory signal.15,16 Noteworthy, caspase-11, -4, and -5 do 

not directly cleave pro-IL-1β and pro-IL-18. Non-canonical 

inflammasome controls cytokine maturation through sub-

lytic plasma membrane permeabilization by GSDMD pores 

that activate the NLRP3 inflammasome.12,17

NLRP3, also known as cryopyrin, CIAS1, or NALP3, was 

initially described for its genetic association with forms of 

hereditary autoinflammation known as familial cold autoinflam-

mation syndrome (FCAS), Muckle–Wells syndrome (MWS), 

and neonatal-onset multisystem inflammatory disease/chronic 

infantile neurologic cutaneous articular syndrome (NOMID/

CINCA), in the order of increasing severity.18,19 These diseases 

were then collectively named cryopyrin-associated periodic 

syndromes (CAPS). Since then, NLRP3-mediated inflam-

mation has been additionally recognized to fuel a number of 

multifactorial diseases including gouty arthritis, atherosclerosis, 

type 2 diabetes, and non-alcoholic steatohepatitis, as well as 

several neurodegenerative diseases, including amyotrophic 

lateral sclerosis, Alzheimer’s and Parkinson’s diseases, and 

other aging-related diseases.20–23 NLRP3 has also been involved 

in the response against diverse pathogens including ameba, 

protozoans including Plasmodium, fungi including Candida 

albicans and Saccharomyces cerevisiae, bacteria including 

Staphylococcus aureus and Listeria monocytogenes, and viruses 

including influenza, Sendai, and adenoviruses.24 On contrary to 

the abovementioned conditions, NLRP3-dependent inflamma-

tion is mostly protective against infections, although the impact 

of Nlrp3 deficiency is usually limited, probably due to some 

redundancies among PRRs. NLRP3 is a 115 kDa cytosolic 

protein composed of three domains: a C-terminal leucin-rich 

repeat (LRR) with poorly characterized regulatory functions, a 

central oligomerization domain NACHT or nucleotide binding 

oligomerization domain (NOD) with an ATPase activity, and a 

N-terminal pyrin domain (PYD) that recruits ASC.18 NLRP3 

is activated by numerous and highly diverse PAMPs/DAMPs 

as, for example, hyperglycemia, ceramides, fatty acids, protein 

aggregates (β-amyloid, islet amyloid polypeptide), crystals 

(cholesterol, sodium urate, asbestos, silica, calcium pyrophos-

phate, alum), extracellular ATP, hyaluronic acid, pore-forming 

bacterial toxins including nigericin, bacterial and viral nucleic 

acids, and hemozoin.25–27 The great diversity in the structures of 

these activators excludes the fact that NLRP3 acts as their direct 

receptor. Instead, it is now well accepted that NLRP3 indirectly 

senses cytosolic stress. In this review, we describe the recent 

advances in our understanding of signaling pathways control-

ling NLRP3 activation, with a particular focus on the newly 

discovered key role of NLRP3 post-translational modifications 

in inflammasome assembly.

Signaling pathways controlling 
NLRP3 inflammasome assembly
Regulation of the NLRP3 inflammasome has been most 

extensively investigated in macrophages. In these cells, 

NLRP3 inflammasome assembly results from a two-step 

process referred to as priming and activation (Figure 2). The 

priming signal usually corresponds to cytokines or DAMPs/

PAMPs recognized by receptors that transcriptionally control 

the expression of numerous genes. The activation signal can 

be provided by various cellular stresses and is transcription 

independent. 

NLRP3 inflammasome priming
Consistent with the high diversity of the conditions leading 

to NLRP3 inflammasome assembly, a large number of recep-

tors, including PRRs as well as cytokine and anaphylatoxin 

receptors, control NLRP3 priming. Among the PRRs, Toll-

like receptors (TLRs), nucleotide-binding oligomerization 

domain 2 (NOD2), and receptor for advanced glycation 

endproducts (RAGE) can prime NLRP3 for further activa-

tion.28–32 The immune system itself can autonomously prime 

NLRP3 through the anaphylatoxin C3a and C5a receptors 

and cytokines IL-1 and TNF receptors.33–36 In addition, exces-

sive reactive oxygen species (ROS) production also leads to 

NLRP3 priming.

Upon TLR binding by their agonists, several pathways 

resulting in NLRP3 priming are successively activated over 

time (Figure 3). The first pathway that has been described 

relies on transcription activation downstream of these 

receptors and de novo protein synthesis.35 This pathway is 

referred to as transcriptional priming or late priming, since 

it requires several hours (>3 h) before NLRP3 is licensed 

for further activation. Transcriptional priming depends on 

myeloid differentiation primary response 88 (MyD88), TIR 
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domain-containing adapter-inducing interferon-β (TRIF), 

Fas-associated protein with death domain (FADD), and 

caspase-8, as well as ROS, which activate nuclear factor-κB 

(NF-κB).37–39 Indeed, while NLRP3 expression is low and 

the major caspase-1 substrate pro-IL-1β is not expressed 

in resting macrophages, both are highly transcriptionally 

upregulated downstream of TLR activation.35 In addition, 

experimental overexpression of NLRP3 alleviates priming 

requirement for further NLRP3 activation, suggesting that 

priming mechanism may rely on this upregulation of NLRP3 

expression level.35,39,40 Expressions of ASC, pro-caspase-1, 

and other substrates, including IL-18, are constitutive and are 

not affected upon priming in cultured macrophages.

More recently, accumulative evidence highlighted a 

transcriptional-independent priming mechanism. Indeed, 

TLR agonists, but not IL-1β or TNF cytokines, license very 

quickly and transiently NLRP3 for further activation inde-

pendently of protein synthesis.36,41–44 These reports imply 

that NLRP3 basal expression level may be sufficient for the 

inflammasome assembly and that transcriptional priming 

may rely on the expression of other factors that remain to be 

identified. In addition, these observations suggest that several 

priming mechanisms may exist, and that early after the activa-

tion of TLRs, priming may rely solely on post-translational 

modifications. This non-transcriptional priming is effective 

10–30 min after TLR4 and TLR2 binding and depends on 

Figure 2 Control of NLRP3 inflammasome assembly.
Notes: Inflammasome formation requires coordinated NLRP3 priming and activation. PAMPs/DAMPs and cytokines prime NLRP3 through rapid post-translational 
modifications (non-transcriptional priming) and then NF-κB-dependent transcriptional upregulation of NLRP3 and putative other factors (transcriptional priming). Activation 
signals are provided by various stress signals including change in plasma membrane permeability, lysosome rupture, and metabolic stress. Downstream signaling pathways 
rely on cytosolic K+ decrease. Increase in cytosolic Ca2+ and decrease in cAMP are also often observed. NLRP3 activation results in inflammasome assembly and caspase-1 
activation.
Abbreviations: PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TLR, Toll-like receptor; TNFR, tumor necrosis factor 
receptor; MSU, monosodium urate; ROS, reactive oxygen species; GSDMD, gasdermin-D; ASC, apoptosis-associated speck-like protein containing a CARD domain.
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the MyD88/IL-1 receptor-associated kinase 1/4 (IRAK1/4) 

pathway. Notably, IRAK1, which is required for this process 

and associates with NLRP3–ASC complexes, is degraded 

after 30 min providing a possible mechanism for the transient 

nature of this priming.44 Non-transcriptional priming is also 

effective 30 min–1 h after TLR4 and TLR3 binding and then 

depends on the activation of the TRIF/IRAK1/FADD/cas-

pase-8/receptor-interacting protein 1 (RIP1) pathway.37,42–45 

These pathways are referred to as early and intermediate 

priming, respectively, and both rely on mitochondrial ROS 

(mtROS), which can even bypass the requirement for TLR 

agonists.42 In addition, a third non-transcriptional priming 

pathway has been described in macrophages deficient for 

caspase-8 activity. This priming pathway would bypass the 

requirement for NLRP3 activation and rely on FADD and 

mixed lineage kinase domain like (MLKL) pseudokinase.38 

However, ongoing necroptosis in this setting is likely to 

provide NLRP3 activation signal.37,45,46

Finally, prolonged exposure (>12 h) of macrophages to 

TLR4 agonists, but not TNF or TLR2/1 agonists, renders 

Figure 3 NLRP3 priming.
Notes: Several pathways successively control NLRP3 priming following TLR activation. The early and intermediate non-transcriptional pathways are independent of de novo 
protein synthesis and rely on post-translational modifications. They are, respectively, engaged by the MyD88 and the TRIF adaptors. Prolonged TLR or cytokine receptor 
activation prime NLRP3 through NF-κB-dependent transcriptional upregulation of NLRP3 and putative other factors. Both MyD88- and TRIF-dependent signaling drives this 
late transcriptional priming. All priming pathways depend on mitochondrial ROS. 
Abbreviations: TLR, Toll-like receptor; ROS, reactive oxygen species; LPS, lipopolysaccharide.
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NLRP3 refractory to further activation signals. The require-

ment for coordinately received priming and activation signals 

may physiologically limit inappropriate response, and this 

desensitization process may therefore protect the organ-

ism against detrimental inflammation. Several mechanisms 

support NLRP3 desensitization. LPS triggers IFN-I secre-

tion which induces, in an autocrine/paracrine manner, the 

expression of inducible nitric oxide synthase (iNOS) and 

TRIM30.47,48 iNOS inhibits NLRP3 through the production 

of endogenous NO,47 while TRIM30 inhibits NLRP3 by 

reducing the production of ROS.48 In addition, IFN-I also 

represses the expression of the inflammasome substrates 

pro-IL-1a/β through the secretion of IL-10.49 Moreover, 

LPS-inducible A20 dampens pro-IL-1β maturation by cas-

pase-1 (detailed in the “Post-translational modifications of 

ASC, caspase-1, and IL-1β in the regulation of the inflam-

masome” section).50 Finally, the induction of Sequestosome 

1 (SQSTM1, alternatively named p62) and degradation of 

damaged mitochondria that emit inflammasome-activating 

signals also participate in this desensitization.51 On the con-

trary, prolonged exposure to TNF does not make NLRP3 

refractory to further activation, and may thus participate in 

NLRP3 priming involved in chronic inflammatory diseases, 

such as CAPS and Alzheimer’s disease. Indeed, β-amyloid 

fibrils as well as inflammation associated with aging induce 

the release of TNF.33,36,52,53

In summary, successive signaling pathways activated 

downstream of PRRs, cytokine receptors, and other priming 

receptors control one or several of the following events: 1) the 

early or intermediate switch in NLRP3 by post-translational 

modifications to a form competent for further activation; 2) 

the late transcriptional upregulation of NLRP3, inflamma-

some substrates including pro-IL-1β, and probably other key 

regulator(s); and 3) upon their prolonged activation, the inhi-

bition of subsequent inflammasome activation by targeting 

NLRP3, inflammasome substrate pro-IL-1β, or key elements 

in NLRP3 activation pathways such as ROS or mitochondria. 

The impact and the relevance of these successive signaling 

pathways in infectious or auto-inflammatory contexts in vivo 

remain poorly understood.

NLRP3 inflammasome activation
Priming licenses NLRP3 to subsequent activation by highly 

diverse agents and conditions. These activation signals can 

be classified according to the type of cellular stress that they 

cause (Figure 4). Agents leading to changes in the plasma 

membrane permeability to ions form the first category. It com-

prises, for example, pore-forming bacterial toxins including 

nigericin,54 as well as the membrane attack complex assem-

bled upon the activation of the complement system.55,56 As 

already mentioned, permeabilization of plasma membrane by 

GSDMD pores is critical in NLRP3 activation downstream of 

non-canonical inflammasomes.13,17 Finally, extracellular ATP, 

as released by necrotic neighboring cells, activates NLRP3 

through the plasma membrane P2X7 receptor and the subse-

quent opening of ionic pores.57 Crystals constitute a second 

class of NLRP3 activation signals including asbestos, silica, 

cholesterol crystals, β-amyloid, and liposomes.58–61 They are 

phagocytized but resistant to degradation, and their accumula-

tion ultimately leads to the rupture of phagolysosomes and the 

consequent release of cathepsins and Ca2+ in the cytosol, and 

both may account for inflammasome activation.58,62 Finally, 

as mentioned before, particulates formed by inflammasome 

specks released in the extracellular milieu by pyroptotic cells 

may play a key role in inflammation amplification.15,16 Their 

phagocytosis by neighboring macrophages leads to NLRP3 

activation by lysosomal disruption similar to other particulate 

signals, and in addition triggers direct recruitment and activa-

tion of cellular caspase-1 by these ASC specks. In addition, 

extracellular ASC speck has been recently shown to recruit 

β-amyloid and seed aggregates, spreading β-amyloid pathol-

ogy in Alzheimer’s disease.63 Agents and conditions triggering 

mitochondrial dysfunction constitute the third class of NLRP3 

activators, including metabolic stress, inhibitors of respiratory 

chain complexes, and blockade of mitophagy.64 Finally, other 

NLRP3 activation signals cannot be included in any of these 

classes as, for example, ultraviolet radiations and activation 

of G-protein-coupled receptors by the extracellular Ca2+.62,65–67 

These highly diverse activation signals seem to engage several 

pathways to activate NLRP3.68

Although a unifying model for NLRP3 activation still 

remains controversial, common key signaling features 

observed downstream of several activators recently emerged 

including in particular changes in cytosolic ionic concen-

tration and mitochondrial damage. A decrease in cytosolic 

K+ is observed upon exposure to extracellular ATP, pore-

forming toxins, and particulates.69 K+ efflux precedes mito-

chondrial dysfunctions, and correlates with inflammasome 

activation upon experimental up- or down-modulations of 

extracellular K+ concentrations, suggesting a key role of 

reduction in cytosolic K+ levels in the upstream control of 

NLRP3 activation. The mechanism of this control remains 

unknown, although it has been suggested that low cytosolic 

K+ concentration might participate directly or indirectly in 

the conformational changes of NLRP3 oligomers associated 

with inflammasome formation.6 Rise in cytosolic Ca2+ is also 
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associated with inflammasome activation following numer-

ous stimuli.62 High extracellular K+ reduces cytosolic Ca2+ 

rise, suggesting that K+ efflux may promote Ca2+ influx to 

activate NLRP3, although its significance remains debated 

since the increase in cytosolic Ca2+ is not sufficient to trigger 

NLRP3 activation and its role may also be restricted to K+ 

efflux counterbalancing.69 Several ionic channels including 

transient receptor potential, inositol tri-phosphate receptor, 

and ryanodine receptor have been reported to mediate Ca2+ 

fluxes associated to NLRP3 activation depending on the 

inflammatory stimuli and contexts.6,56,61,62,65 In addition, dis-

ruption of lysosomes following particulate phagocytosis may 

lead to the release of lysosomal Ca2+ into the cytosol and may 

participate in the rise of cytosolic Ca2+ levels.62 Increased Ca2+ 

concentration favors ASC recruitment to NLRP3.65 Lastly, 

mitochondrial damage constitutes another shared feature of 

NLRP3 activation pathways. This mitochondrial dysfunction 

can be caused after mitochondrial Ca2+ overload following 

rise in cytosolic Ca2+ concentration.62 The events following 

mitochondrial damage such as loss of membrane potential 

(∆Ψm), production of ROS, release of mitochondrial DNA 

(mtDNA) in the cytosol, and exposure of cardiolipin at the 

Figure 4 NLRP3 activation.
Notes: NLRP3 activation is triggered by various stress signals including: 1) increase in plasma membrane permeability caused by bacterial toxins, activation of P2X7R by ATP 
release from necrotic cells, complement membrane attack complex (MAC) or GSDMD pore formed downstream of the activation of the non-canonical inflammasome by 
cytosolic LPS, 2) lysosome rupture caused by phagocytosis of particulates including crystals (asbestos, silica, monosodium urate [MSU], cholesterol crystals, etc) as well as 
ASC specks released from neighboring cells, and 3) mitochondrial damages. NLRP3 activation is highly dependent on K+ efflux. In addition, increase in membrane permeability, 
lysosome rupture, and activation of G-protein coupled receptor (GPCR) lead to a rise in cytosolic Ca2+. Subsequent Ca2+ overload induces mitochondrial damage, then 
cardiolipin exposure and oxidized mtDNA participate in NLRP3 activation at mitochondria-associated eR membranes (MAMs), resulting in the inflammasome assembly and 
caspase-1 activation. In addition, exogenous ASC specks released in the cytosol following lysosome rupture can directly activate caspase-1 and therefore propagate rapidly 
the inflammatory signal to neighboring cells.
Abbreviations: TLR, Toll-like receptor; GSDMD, gasdermin-D; LPS, lipopolysaccharide; ASC, apoptosis-associated speck-like protein containing a CARD domain; mtDNA, 
mitochondrial DNA; eR, endoplasmic reticulum.
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outer membrane of mitochondria have all been proposed 

to mediate NLRP3 activation. In particular, mtDNA and 

 cardiolipin could be direct ligands of NLRP3.70–72 Accord-

ingly, inhibition of mitophagy promotes NLRP3 activation 

through the accumulation of defective mitochondria.72

NLRP3 inflammasome assembly is similarly controlled in 

most of other innate immune cells, including murine mono-

cytes, mast cells, and neutrophils.73–75 Noteworthy, in human 

monocytes, strong LPS priming signals have been reported to be 

sufficient to trigger NLRP3 inflammasome activation in some 

conditions, although activation signals remain necessary for 

potentiation of weak priming signals.73,76–78 These differential 

requirements may be due to ATP secretion by human monocytes 

upon priming. Released ATP may then act as an activation signal 

in an autocrine/paracrine manner.76,77 More recently, it has been 

proposed that in human monocytes, an alternative inflamma-

some pathway may be triggered without the requirement of 

activation signals.73 This species-specific alternative pathway 

is independent of K+ efflux and leads to a low and gradual 

IL-1β response without pyroptosome formation and therefore 

significantly differs from the all-or-nothing speck response trig-

gered by canonical activation stimuli. This alternative pathway 

depends on TRIF, RIPK1, FADD, and caspase-8 signaling 

pathways as evidenced in BLaER1 post-mitotic monocytes 

transdifferentiated from immortalized B cells.

NLRP3 trafficking toward 
inflammasome assembly
The trafficking of NLRP3 seems to be tightly regulated upon 

both priming and activation processes and appears to be criti-

cal for inflammasome assembly (Figure 5). Nevertheless, the 

current model remains controversial due to possible artifacts 

of overexpression approaches, concerns on the specificity of 

anti-NLRP3 antibodies raising doubts on endogenous stain-

ing, and extensive use of artificial cell lines. NLRP3 is both 

cytosolic and associated with the ER in THP1 and resting 

bone marrow-derived macrophages (BMDMs).64,79 Upon 

NLRP3 activation, NLRP3 is recruited to mitochondria-

associated ER membranes (MAMs).64,71,80 This recruitment 

is independent of ASC and therefore probably precedes 

NLRP3 interaction with its adaptor.80,81 Consistently, NLRP3 

recruitment to the mitochondria has been recently reported 

to occur during priming.82 Consistent with the inhibition of 

NLRP3 pathway by colchicine or nocodazole,79 NLRP3 co-

migrates with LPS-induced microtubule-affinity regulating 

kinase 4 (MARK4) along microtubules to reach mitochondria, 

suggesting a role of microtubules in NLRP3 recruitment to 

the MAMs.83 MARK4 kinase domain interacts with NLRP3 

PYD and NACHT domains, and its expression is required 

for NLRP3 localization to mitochondria. Other interactors of 

NLRP3 have been described to be required for – or to facili-

tate – NLRP3 relocation and activation including cardiolipin, 

normally located in the inner mitochondrial membrane, that 

interacts with NLRP3 LRR domain,71 mitochondrial antiviral 

signaling (MAVS) that interacts with NLRP3 PYD,80 cellular 

FLICE-inhibitory protein long form (cFLIPL) upregulated by 

TLR signaling and interacting with NLRP3 LRR domain.84,85 

Noteworthy, the role of MAVS remains controversial and has 

been differentially shown by others to be restricted to NLRP3 

control downstream of RNA virus infections, and implicated 

in the priming of NLRP3 and ASC stabilization.86,87 In addi-

tion, ∆Ψm-dependent binding of NLRP3 with mitofusin-2 

(Mfn 2) may potentiate its interaction with MAVS, upon 

RNA virus infections, but the role of mitofusin-2 in NLRP3 

recruitment to the mitochondria has not been investigated.88 

Finally, small heterodimer partner (SHP) that co-translocates 

to the mitochondria upon NLRP3 activation and interacts with 

its PYD domain acts as a negative regulator. Interestingly, 

SHP deficiency abolishes NLRP3 recruitment to the mito-

chondria suggesting a not yet characterized role in NLRP3 

trafficking.81 Other inflammasome components have also 

been shown to relocate upon priming or activation. While 

caspase-1 is cytosolic in basal condition, it is recruited to the 

mitochondria upon priming probably through its interaction 

with externalized cardiolipin.82 In basal condition, ASC has 

been reported to be mostly in the nucleus but is also found in 

the cytoplasm where it associates with mitochondria.79,89 Upon 

NLRP3 activation, its mitochondrial recruitment increases.82 

In addition, mitochondria then relocate in a microtubule net-

work-dependent manner to approach the ER at the perinuclear 

region where acetylated tubulin accumulates.79 Inhibition of 

a-tubulin deacetylase sirtuin 2 (SIRT2) caused by mitochon-

drial damage and subsequent decrease in NAD+ may induce 

this process.79 NLRP3 undergoes self-oligomerization and 

interacts with ASC in the MAMs before being released in the 

cytosol.81,90 Clustering of mitochondria around the Golgi and 

phosphorylation of NLRP3 by Golgi-associated protein kinase 

D (PKD, detailed hereunder) control this release.90 NLRP3 

and ASC then colocalize in one cytosolic perinuclear speck of 

1–6 µm.89,91 This speck has recently been described to localize 

at the centrosome, suggesting a role of microtubule network 

in speck formation and providing a mechanistic explanation 

for the formation of a single speck per cell.83 Consistently, 

the centrosomal protein NIMA-related protein kinase 7 

(NEK7) associates with the inflammasome complex.92–94 On 

the contrary, a previous study reported the speck to be distinct 
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from the  centrosome.95 Finally,  inflammasome targeting to 

autophagosome plays a role in the control or resolving of the 

response.96,97 If the inflammasome is not degraded by autopha-

gosome, the abovementioned release of specks participates in 

the amplification of the inflammatory response.15,16 
To conclude, the assembly of the NLRP3 inflammasome 

in macrophages is a tightly controlled event that requires 
coordinated priming and activation signals. Signaling path-
ways and molecular mechanisms involved are not yet fully 
understood. Notably, accumulative studies recently highlight 
the role of NLRP3 post-translational modifications in both 

processes, that is, priming and activation (Figure 6; Table 1).

NLRP3 post-translational 
modifications as a regulation 
mechanism of inflammasome 
assembly
NLRP3 post-translational modifications in 
inflammasome priming
As already mentioned, NLRP3 priming can occur indepen-

dently of new protein synthesis, and therefore relies primarily 

on post-translational modifications in addition to the extra 

need of transcriptional gene upregulation in some condi-

tions.42 Phosphorylation of S198 (corresponding to S194 in 

Figure 5 Current model of NLRP3 subcellular localization during its activation process.
Notes: Primed NLRP3 is both cytosolic and associated with endoplasmic reticulum (eR). Upon activation, NLRP3 is recruited to mitochondria-associated eR membranes 
(MAMs) by co-migration with MARK4 along microtubules (1). NLRP3 is stabilized in the MAMs through its interaction with cardiolipin, MAvS, cFLIPL, Mfn 2, and oxidized 
mtDNA at the surface of the mitochondria (2). Upon NLRP3 activation, ASC relocates from the nucleus to the mitochondria network (3), which approaches the eR in a 
microtubule-dependent manner (4). NLRP3 associates with ASC in the MAMs (5). Phosphorylation of NLRP3 by Golgi-associated PKD leads to the release of NLRP3/ASC 
complex from the MAMs (6) and assembly of a single speck at the centrosome (7). Autophagy dampens inflammation by targeting the inflammasome (8), while release of ASC 
speck from pyroptotic cells propagates the inflammatory signal to neighboring cells (9).
Abbreviations: MAvS, mitochondrial antiviral signaling; mtDNA, mitochondrial DNA; ASC, apoptosis-associated speck-like protein containing a CARD domain; PKD, 
protein kinase D; mtDNA, mitochondrial DNA; GSDMD, gasdermin-D.
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mouse NLRP3) by JNK1 has been recently proposed as a 

universal feature of NLRP3 priming, required for both tran-

scriptional-dependent and -independent priming pathways, 

and downstream of both MyD88 and TRIF signaling.98 S198 

phosphorylation kinetics correlates with NLRP3 priming 

by these different pathways. S198 phosphorylation leads to 

NLRP3 deubiquitination and promotes its oligomerization. 

S198N polymorphism has been identified in CAPS patients.99 

This observation is surprising since CAPS is typically caused 

by gain of function mutations in NLRP3. Nevertheless, this 

patient bore another well characterized CAPS mutation 

Y570C that was probably causing over-activation of NLRP3 

without the need of S198 phosphorylation. These results are 

consistent with earlier findings that NLRP3 is constitutively 

ubiquitinated and that non-transcriptional priming induced 

by short LPS exposure leads to NLRP3 deubiquitination in 

a mtROS-dependent manner.42 More recently and in opposite 

to its constitutive ubiquitination model, NLRP3 has been 

reported to be very transiently ubiquitinated with K63 chains 

following LPS priming.100 This ubiquitination depends on the 

E3 ligase Pellino 2, whose deficiency significantly impairs 

NLRP3 response in cultured BMDMs, as well as in several 

mouse models. Most E3 ubiquitin ligases and deubiquitinases 

controlling NLRP3 priming remain to be identified. Notewor-

thy, chaperones such as suppressor of the G2 allele of skp1 

(SGT1) and heat shock protein 90 (HSP90), which have E3 

ligase activity, associate with NLRP3 in resting conditions.101 

In addition, the increase in NLRP3 level upon transcriptional 

priming may in part rely on stabilization of NLRP3 through 

post-translational regulation. Indeed, NLRP3 ubiquitination 

on K691 (K689 in mouse) by skp-cullin-F box L2 (SCFFBXL2) 

E3 ligase targets NLRP3 to proteasomal degradation.102,103 

Transcriptional priming leads to the expression of the SCFF-

BXO3 E3 ligase that destabilizes SCFFBXL2 via ubiquitination 

and degradation, resulting in increased NLRP3 half-life. 

Other NLRP3 modifications have been reported upon LPS 

priming including S-glutathionylation, but their relevance in 

the priming process remains to be established.104

NLRP3 post-translational modifications in 
inflammasome activation
Accumulative studies point to the critical role of NLRP3 

post-translational modifications in NLRP3 activation step. We 

first described that NLRP3 inflammasome assembly requires 

Figure 6 Post-translational modifications of NLRP3 involved in its priming, activation, and desensitization.
Notes: Stimuli, enzymes, modifications, and targeted residues that promote or inhibit inflammasome assembly are represented in pink and green, respectively. 
Abbreviations: LPS, lipopolysaccharide; ASC, apoptosis-associated speck-like protein containing a CARD domain; Nig, nigericin; Sil, silica; MSU, monosodium urate; PYD, 
pyrin domain.
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NLRP3 deubiquitination by the BRCA1/BRCA2-containing 

complex subunit 3 (BRCC3) deubiquitinase downstream 

of all tested activation signals.105 Therefore, this deubiq-

uitination can be considered as a key common regulatory 

mechanism of inflammasome activation. It does not depend 

on mtROS, and therefore signaling differs from deubiquiti-

nation associated with NLRP3 priming.42 NACHT and LRR 

domains of NLRP3 are independently ubiquitinated, and both 

K48 and K63 ubiquitin chains associate with NLRP3.105 The 

K63-specific deubiquitinase BRCC3 specifically targets the 

NLRP3 LRR domain, but the precise ubiquitinated residue 

and the structural consequences of this deubiquitination 

remain unknown. BRCC3 inhibition promotes NLRP3 ubiq-

uitination and blocks inflammasome assembly but does not 

target NLRP3 for degradation.105 Consistently, the ARIH2 

ubiquitin ligase has recently been identified in the speck.106 

While ARIH2 promotes NLRP3 ubiquitination with K63 

and K48 chains and inhibits the inflammasome activation, 

it does not reduce NLRP3 stability. In addition, NLRP3 acti-

vation is also downregulated by degradative ubiquitination. 

The inflammasome inhibitor dopamine induces an increase 

in cAMP level through dopamine receptor D1 (DRD1).107 

cAMP then binds to NLRP3 and triggers the ubiquitination 

of NLRP3 NACHT and LRR domains with K48 ubiquitin 

chains by the E3 ubiquitin ligase membrane associated 

ring-CH-type finger 7 (MARCH7), targeting NLRP3 to 

autophagy-mediated degradation.107 

Phosphorylation of NLRP3 also controls its activation 

process. Phosphorylation of S295 (S291 in mouse NLRP3) 

in the NACHT domain has recently emerged as a key regula-

tory point in NLRP3 activation process. Initially, bile acids 

binding Takeda G-protein-coupled receptor 5 (TGR5) and 

eicosanoid prostaglandin E2 (PGE2) binding E prostanoid 

4 receptor (EP4) have been shown to inhibit NLRP3 through 

production of cAMP, activation of protein kinase A (PKA), 

phosphorylation of NLRP3 by PKA on S295 leading to its 

inactivation by non-degradative ubiquitination.108,109 On the 

opposite, S295 phosphorylation by PKDs has recently been 

reported to be required for NLRP3 activation.90 Indeed, 

in response to inflammasome activators, Golgi-associated 

diacyl-glycerol (DAG) recruits PKDs while mitochondria 

cluster to the Golgi. Then PKDs phosphorylate MAM-

associated NLRP3 on S295, leading to its release from the 

MAMs and inflammasome assembly in the cytosol. PKDs are 

dispensable for mitochondrial clustering to the Golgi and act 

downstream of mitochondrial damage. Reconciling all data, 

both NLRP3 phospho-null and phospho-mimetic mutants are 

inactive, suggesting that S295 phosphorylation needs to be 

Table 1 Post-translational modifications of NLRP3 inflammasome

Protein Process Effect Modification Domain (residue  
human/mouse)

Regulatory 
enzyme

References

NLRP3 Priming Activatory Phosphorylation NACHT (S198/S194) JNK1 Song et al98

Activatory Deubiquitination ? ? Juliana et al42

Activatory Ubiquitination ? PeLI2 Humphries et al100

Inhibitory Ubiquitination LRR (K691/K689) SCFFBXL2 Han et al102

? S-glutathionylation ? ? Guglielmo et al104

Activation Activatory Deubiquitination LRR BRCC3 Py et al105

Inhibitory Ubiquitination NACHT ARIH2 Kawashima et al106

Inhibitory Ubiquitination NACHT and LRR MARCH7 Yan et al107

Inhibitory Phosphorylation NACHT (S295/S291) PKA Guo et al, Mortimer et al108,109

Activatory Phosphorylation NACHT (S295/S291) PKD Zhang et al90

Activatory Dephosphorylation LRR (Y861/Y859) PTPN22 Spalinger et al112

? Activatory Dephosphorylation PYD (S5/S3) PP2A Stutz et al110

Desensitization Inhibitory Ubiquitination ? TRIM31 Song et al113

Inhibitory S-nitrosylation LRR ? Hernandez-Cuellar et al47

ASC Priming Activatory Ubiquitination CARD (K174/K172) TRAF3 Guan et al87

? Phosphorylation PYD ? Stehlik et al118

Activation Activatory Deubiquitination ? USP50 Lee et al117

Activatory Phosphorylation CARD (Y146/Y144) SYK/JNK Hara et al119

? Activatory Ubiquitination ? LUBAC Rodgers et al116

Resolving Inhibitory Ubiquitination ? ? Shi et al96

Caspase-1 Activation Activatory Ubiquitination CARD cIAP-2 Labbé et al120

? Inhibitory S-glutathionylation p10 subunit (C362 and C397) ? Meissner et al121

Pro-IL-1β Desensitization Inhibitory Deubiquitination K133 A20 Duong et al50

Note: ? indicates unknown.
Abbreviations: ASC, apoptosis-associated speck-like protein containing a CARD domain; LRR, leucin-rich repeat; PYD, pyrin domain; CARD, caspase recruitment domain.
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timely and locally regulated. Indeed, S295 phosphorylation 

initially prevents NLRP3 recruitment to MAMs necessary 

for its activation, while S295 phosphorylation later by PKDs 

allows its release from the MAMs to form cytosolic specks.90 

In addition, inflammasome assembly also requires the 

dephosphorylation of S5 (S3 in mouse NLRP3) in the PYD 

of NLRP3.110 Indeed, phosphorylation of S5 prevents ASC 

recruitment by electrostatic repulsion. Protein phosphatase 

2A (PP2A) could be involved in this dephosphorylation.110,111 

However, it remains unclear whether S5 dephosphorylation 

occurs during the priming or the activation step. Noteworthy, 

the critical role of kinase NEK7 in NLRP3 inflammasome 

assembly has recently been discovered by several indepen-

dent studies.92–94 NEK7 interacts with NLRP3 LRR domain 

and takes part in the inflammasome complex. However, its 

catalytic activity is dispensable for the inflammasome activity 

and therefore does not regulate inflammasome assembly by 

direct phosphorylation of NLRP3 or other components of the 

complex but rather by scaffolding, subcellular relocation, or 

other functions that remain to be elucidated. Finally, the phos-

phorylation on Y861 (Y859 in mouse) in the LRR domain 

dampens the inflammasome activity by targeting NLRP3 to 

autophagosomes.97,112 Phosphorylated NLRP3 interacts with 

SQSTM1 in an ASC-dependent manner, suggesting that this 

downregulation may occur later in the process after inflam-

masome assembly.97 Upon activation signals, protein tyrosine 

phosphatase non-receptor type 22 (PTPN22) is recruited to 

NLRP3 in an ASC-dependent manner and sustains IL-1β 

secretion by dephosphorylating Y861.112 NLRP3 dephos-

phorylation in a model of dextran sulfate sodium-induced 

colitis requires PTPN22 and correlates with caspase-1, 

IL-1β, and IL-18 maturation as well as granulocyte recruit-

ment, suggesting that NLRP3 Y861 phosphorylation may 

play a significant role in inflammatory diseases. Noteworthy, 

PTPN22 is genetically associated with several inflammatory 

disorders linked to inflammasome dysregulation.

NLRP3 post-translational modifications 
involved in its desensitization upon 
prolonged priming
As mentioned previously, prolonged TLR4-mediated prim-

ing in the absence of timely activation causes NLRP3 to 

be refractory to late activation stimuli. This desensitization 

probably participates in maintaining NLRP3 under tight 

control preventing inappropriate inflammasome-mediated 

inflammation and relies partly on NLRP3 post-translational 

modifications. Indeed, the E3 ubiquitin ligase TRIM31, which 

is induced after LPS and IL-1β, prolonged priming triggers 

K48 ubiquitination of NLRP3 and leads to its proteasomal 

degradation.113 In addition, as already mentioned, Y861 

phosphorylation targets the inflammasome to autophago-

somes preventing NLRP3 activation.97,112 Therefore, this 

mechanism may support desensitization upon prolonged 

priming. Last but not least, independent studies evidenced 

the key role of iNOS in this desensitization of NLRP3.47,114 

Prolonged exposure to LPS triggers IFN-I secretion, which 

in turn induces iNOS expression in an autocrine/paracrine 

manner. iNOS inhibits NLRP3 at least in part through its 

direct modifications. Indeed, the subsequent production of 

NO leads to the S-nitrosylation of the cysteine-rich LRR 

domain of NLRP3, a modification that prevents ASC oligo-

mer formation.47  Notably, IFN-β inhibits NLRP3 through 

the same mechanism.115

Post-translational modifications of 
ASC, caspase-1, and IL-1b in the 
regulation of the inflammasome
The NLRP3 inflammasome activity is also regulated by post-

translational modifications of its other components including 

ASC, caspase-1, and its substrate IL-1β. ASC linear ubiquiti-

nation by heme-oxidized IRP2 ubiquitin ligase 1L (HOIL-1L) 

in the linear ubiquitin chain assembly complex (LUBAC) is 

required for its recruitment to NLRP3, inflammasome assem-

bly, and activation.116 However, whether ASC linear ubiquiti-

nation occurs downstream of priming or activation signaling 

has not yet been investigated. Besides, ubiquitination of 

ASC at K174 residue with K63 chains by tumor necrosis 

factor receptor-associated factor 3 (TRAF3) downstream of 

MAVS stabilizes ASC and supports inflammasome assem-

bly upon RNA virus infections.87 Interestingly, ASC is also 

ubiquitinated with K63 chains upon LPS priming, and later 

deubiquitinated by ubiquitin specific peptidase 50 (USP50) 

upon NLRP3 activation, suggesting a conserved regulation 

of speck formation by dynamic ASC K63 ubiquitination.117 

Finally, ASC ubiquitination with K63 ubiquitin chain also 

participates in the resolution of the response by targeting 

the inflammasome to degradation through the autophagy 

machinery.96 Phosphorylation of ASC also likely plays a role 

in inflammasome regulation. A previous report shows that 

ectopically expressed ASC PYD domain can be phosphory-

lated in response to TNF treatment.118 More recently, ASC 

has been shown to be phosphorylated upon inflammasome 

activation stimuli through an unknown pathway dependent 

on both spleen tyrosine kinase (SYK) and c-Jun N-terminal 

kinase (JNK), which are required for ASC oligomerization 

and speck formation but not for ASC recruitment to NLRP3. 
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Among several other phosphorylated residues, Y146 in 

ASC CARD domain (Y144 in mouse ASC) seems to be the 

critical target of this pathway.119 The inflammasome effector 

caspase-1 has been reported to be ubiquitinated in its CARD 

domain with K63 ubiquitin chains by cellular inhibitor of 

apoptosis 2 (cIAP-2) upon NLRP3 activation signals.120 

Since cIAP-1/2 and TRAF2-containing complex, which 

associates with caspase-1, is required for IL-1β secretion, this 

non-degradative ubiquitination may promote inflammasome 

activity but the mechanism remains unknown. In addition, 

caspase-1 is also unexpectedly directly inhibited by some 

ROS. Indeed, accumulation of intracellular superoxide, as 

observed in superoxide dismutase 1 (SOD-1) deficiency, 

leads to caspase-1 S-glutathionylation on C362 and C397 and 

its inhibition.121 Finally, post-translational modifications of 

the caspase-1 substrate pro-IL-1β also impact inflammasome 

activity. Indeed, pro-IL-1β associates with K63 ubiquitin 

chains on K133 and unanchored K48 chains in a complex 

pre-formed upon LPS transcriptional priming and containing 

RIPK1/3, pro-caspase-1/8, and A20.50 While A20 reduces 

pro-IL-1β K63 ubiquitination and maturation, on the contrary 

RIPK3 increases pro-IL-1β association with ubiquitin chains 

and promotes its spontaneous NLRP3-dependent maturation 

upon A20 deficiency. Therefore, pro-IL-1β ubiquitination 

supports its caspase-1-mediated proteolytic processing. It 

may be interesting in future studies to address ubiquitina-

tion of other caspase-1 substrates including pro-IL-18 and 

GSDMD.

Conclusion
While inflammation is important for organism protection, its 

dysregulation is highly detrimental as tragically exemplified 

by a number of inflammatory diseases. Accordingly, NLRP3 

inflammasome assembly is strictly regulated by the require-

ment of coordinated priming and activation signals. These 

signals are highly diverse, and despite almost 20 years of 

research, our understanding of the signaling pathways and the 

molecular mechanisms controlling NLRP3 remains largely 

incomplete. Post-translational modifications of NLRP3 and 

other inflammasome components have recently emerged as 

an important mechanism in the control of its assembly. In 

the near future, ongoing characterization of the molecular 

consequences of these modifications will fill some of these 

gaps. In addition, identification of the enzymes and their 

co-factors controlling these modifications may lead to the 

identification of novel druggable targets for specific anti-

inflammatory therapies.
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