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Abstract
TheNLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) inflammasome is an immunolog-

ical sensor that detects awide range ofmicrobial- and host-derived signals. Inflammasome activa-

tion results in the release of the potent pro-inflammatory cytokines IL-1𝛽 and IL-18 and triggers a

form of inflammatory cell death known as pyroptosis. Excessive NLRP3 activity is associated with

the pathogenesis of a wide range of inflammatory diseases, thus NLRP3 activation mechanisms

are an area of intensive research. NLRP3 inflammasome activation is a tightly regulated process

that requires both priming and activation signals. In particular, recent research has highlighted the

highly complex nature of the priming step, which involves transcriptional and posttranslational

mechanisms, and numerous protein binding partners. This reviewwill describe the current under-

standing of NLRP3 priming and will discuss the potential opportunities for targeting this process

therapeutically to treat NLRP3-associated diseases.
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1 INTRODUCTION

The cytoplasmic innate immune receptorNLRP3 forms a proinflamma-

tory signaling complex known as an inflammasome.1 NLRP3 has been

Abbreviations: AIM2, absent in melanoma 2; ARIH2, Ariadne homolog 2; ASC,

apoptosis-associated speck like protein containing a caspase recruitment domain; Bcl-2,

B-cell lymphoma 2; BRCC3, BRCA2 containing complex subunit 3; BTK, Bruton’s tyrosine

kinase; cAMP, cyclic adenosinemonophosphate; CAPS, cryopyrin associated periodic

syndromes; CARD, caspase recruitment domain; cIAP, cellular inhibitor of apoptosis protein;

COP, CARD-only protein; CPPD crystals, calcium pyrophosphate dihydrate crystals; CRISPR,

clustered regularly interspaced short palindromic repeats; DUB, deubiquitinating enzyme;

FBXL2, F- box/LRR- repeat protein 2; FBXO3, F- box only protein 3; GSTO1-1, glutathione

S-transferase omega-1; HSV-1, Herpes simplex virus type 1; ICE, IL-1𝛽 converting enzyme;

IFI16, IFN-𝛾 inducible protein 16; IKK, I𝜅B kinase; IKKi, IKK-related kinase; Inca, inhibitory

CARD; IRAK-1, IL-1 receptor-associated kinase; JNK-1, c-Jun N-terminal kinase 1; LRR,

leucine rich repeat; LUBAC, linear ubiquitin assembly complex;MARCH7,

membrane-associated RING finger protein 7;MAVS, mitochondrial activation signalling

protein; MDS, myelodysplastic syndrome; NEK7, NIMA-related kinase 7; NLRP3, NOD-, LRR-

and pyrin domain-containing protein 3; PAK1, PI-3K/Rac1/p21-activated kinase 1; PKA,

protein kinase A; PKD, protein kinase D; PLK4, polo-like kinase 4; POP, PYD-only protein;

PP2A, protein phosphatase 2A; PPI, protein-protein interactions; PRR, pattern recognition

receptor; PTPases, protein tyrosine phosphatases; PTPN22, protein tyrosine phosphatase

non-receptor type 22; PYD, pyrin domain; Pyk2, proline-rich tyrosine kinase 2; RIP2,

receptor-interacting-serine/threonine-protein kinase 2; ROS, reactive oxygen species; SENP,

SUMO-specific protease; Ser, serine; SIRT2, sirtuin 2; STING, stimulator of interferon genes;

SUMO, small ubiquitin-like modifier; Syk, spleen tyrosine kinase; TGN, trans-Golgi network;

TRAF, TNFR associated factor; TRIM31, tripartite motif containing protein 31; Tyr, tyrosine;

USP, ubiquitin specific peptidase.

the subject of intense research since mutations in the NLRP3 gene

were first linked to the autoinflammatory Cryopyrin Associated Peri-

odic Syndromes (CAPS) in 2001.2

NLRP3 forms an inflammasome by oligomerizing and interacting

with the adapter apoptosis-associated speck like protein containing a

caspase recruitment domain (ASC).1,3,4 ASC has remarkable prion-like

properties and forms large fibrillar aggregations known as "specks."3,4

TheseASC specks provide a platform for the activation of the zymogen

caspase-1.5 Active caspase-1 cleaves substrates such as the cytokines

pro-IL-1𝛽 , pro-IL-18, and the pore forming protein GSDMD that cause

inflammation and cell death (pyroptosis)3–5 (Fig. 1).

It is now apparent that excessive or aberrant activation of NLRP3

can cause damaging inflammation that is associated with the patho-

genesis of a huge range of diseases.6 Despite the significant progress

toward understanding the role of NLRP3 in disease and the promising

therapeutic potential of modulating its activity, the molecular mecha-

nisms governingNLRP3activation remain incompletely understood.3,4

NLRP3 can be activated by an astounding variety of microbial-,

host-, and environmental-derived molecules ranging from pore form-

ing toxins to monosodium urate crystals and asbestos particles.1,4

The indiscriminate nature of NLRP3 activation has made defining this

mechanism a challenging task for the field, however some key cellular
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F IGURE 1 NLRP3 inflammasome activation. Priming involves binding of PAMPs and DAMPs, such as LPS and TNF, to pattern recognition
receptors (PRRs) triggering up-regulation of NLRP3, pro-IL-1𝛽 , and pro-IL-18 transcription via NF-𝜅B-dependent pathways. Priming also triggers
PTMs of NLRP3 to facilitate rapid NLRP3 regulation. PAMPs and DAMPs, such as nigericin or extracellular ATP, or crystals/particles act as the
second activating signal. This triggers various intracellular events, including K+ efflux, lysosomal disruption, dispersal of the trans-Golgi network,
and mitochondrial damage leading to release of mitochondrial (mt)DNA and production of ROS. Together, priming and activation stimuli induce
NLRP3 oligomerization that recruits ASC, triggering formation of the ASC speck and recruiting pro-caspase-1. The inflammasome complex also
recruits NEK7 thatmediates formation of interactions between adjacent NLRP3 subunits. Pro-caspase-1 auto-catalytically self-cleaves to become
active and then cleaves its effector substrates, pro-IL-1𝛽 , pro-IL-18, and GSDMD. Mature forms of these cytokines are released from the cell and
cleaved GSDMD forms pores in the plasmamembrane, triggering pyroptosis

processes involved have been defined. Different types of NLRP3

activators trigger different activation pathways. For example, partic-

ulates disrupt lysosomes while certain stimuli cause mitochondrial

damage that appears to be necessary for NLRP3 activation.4 Most

of these pathways converge as they all ultimately cause potassium

efflux from the cell. This change in potassium concentration activates

NLRP3, although howNLRP3 senses this change is not known.3,7 More

recently, non-potassium efflux dependent mechanisms of NLRP3

have been defined. They involve the disruption of the mitochondrial

electron transport chain8 or a TLR4-TRIF-RIPK1-FADD-Caspase-8

signaling pathway present in human monocytes termed alternative

NLRP3 activation.9 In addition, a mechanism triggered by both

potassium-dependent and -independent NLRP3 stimuli is the dis-

assembly of the trans-Golgi network (TGN) that facilitates NLRP3

inflammasome assembly.10 The molecular details of NLRP3 activation

signals have been extensively reviewed3,4,11 and are not the focus of

the discussion herein.

In addition to an activating signal, NLRP3 critically requires a stim-

ulus that has become known as a "priming" or "licencing" signal in

order to become fully active. The priming of the NLRP3 inflammasome

is a multifaceted process involving transcriptional and posttransla-

tional mechanisms and the regulation of protein partners that interact

with NLRP3.11,12

Unfortunately, the use of the term "priming" and the specific cellu-

lar events it refers to has been inconsistent and is confused in the lit-

erature. To prime something means to make it ready or prepare it for

use. Indeed, the earliest use of the verb in the 16th century describes

the action to fill or load a weapon.13 The use of priming in refer-

ence to NLRP3 is thus entirely apt as the NLRP3 inflammasome is a

piece of cellular artillery with the ability to initiate powerful inflam-

mation and cell destruction. NLRP3 activation is therefore strictly con-

trolled and priming is a key component of the security measures that

ensure a timely and appropriate inflammatory response. This review

will attempt to demystify NLRP3 priming and will describe the current
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understanding of this enigmatic process and the potential for its thera-

peutic modulation.

2 THE 2-STEP ACTIVATION MODEL

Prior to the description of the inflammasome14 and the demonstration

that NLRP3 could form such a complex in 200415 many studies had

focused on the posttranslational processing of the pro-inflammatory

cytokine IL-1𝛽 . IL-1𝛽 is synthesized as an inactive pro-form and must

be cleaved or processed into its 17 kDa mature form that can acti-

vate signaling through the IL-1 receptor complex.16 Although the

exact nature of the protease responsible for IL-1𝛽 processing was

initially unclear, a number of studies established that 2 signals were

required to cause pro-IL-1𝛽 production and mature IL-1𝛽 release.17,18

The synthesis of pro-IL-1𝛽 can be induced by many stimuli includ-

ing TLR ligands and cytokines such as TNF.16 LPS-stimulated signal-

ing via TLR4 was and remains the most commonly used ligand to

induce pro-IL-1𝛽 production due to its potency and ready availabil-

ity. Studies including those by Christopher Gabel and colleagues iden-

tified a number of different signals such as the pore forming toxin

nigericin17 and potassium depletion19 that could trigger the process-

ing of pro-IL-1𝛽 . Subsequent research demonstrated that these stim-

uli activate NLRP37,20 and that the enzyme responsible for IL-1𝛽

processing is caspase-1 (initially know as IL-1𝛽 converting enzyme

or ICE).21 The concept of the 2-step activation model of NLRP3

thus originated from previous research on the posttranslational

processing of IL-1𝛽 .

3 TRANSCRIPTIONAL PRIMING

As described above, one aspect of the NLRP3 inflammasome priming

process is the transcriptional induction of its substrate pro-IL-1𝛽 . The

detection of mature IL-1𝛽 continues to be a key experimental read-

out in many inflammasome studies. Another important inflammasome

substrate is pro-IL-18. Pro-IL-18 is constitutively expressed in numer-

ous cell types such monocytes and epithelial cells. However, pro-IL-18

expression can also be induced by TLR signalling,22 thus the relative

importance of its transcriptional regulation is context dependent.

NLRP3 itself is also regulated at the transcriptional level. Although

NLRP3 is present in unstimulated cells, TLR and cytokine stimulation

significantly increase its expression23,24 by activating the transcrip-

tion factorNF-𝜅B.24 Bauernfeind et al. demonstrated that ectopic con-

stitutive expression of NLRP3 in M𝜙 cell lines rendered them sensi-

tive to NLRP3 activation in the absence of a priming signal.24 These

results suggest that high levels of NLRP3 expression are sufficient to

prime theNLRP3 inflammasome for activation.Whether such high lev-

els of NLRP3 expression are reached physiologically is unclear, but

enhanced NLRP3 expression appears to correlate with higher levels

of inflammasome activation in M𝜙s.25 The second facet of transcrip-

tionalNLRP3 inflammasomepriming is thus the induction ofNLRP3, as

illustrated in Fig. 1.

4 POSTTRANSLATIONAL PRIMING

Although transcriptional primingmayenhanceNLRP3activation and is

required for IL-1𝛽 production, more recent studies have demonstrated

that transcription is not necessary for NLRP3 activation. Numerous

studies have reported that simultaneous addition of priming and acti-

vation stimuli can activate NLRP3.25–29 As it takes around 2 h to up-

regulate NLRP3 protein expression,24 posttranslational processes are

believed to account for this rapid activation of NLRP3.30 Analysis of

the signaling pathways downstream of priming by TLRs has observed

that the adapter molecule MyD88 and the IL-1 receptor-associated

kinases IRAK-1 and IRAK-4 are essential for fast NLRP3 priming.28,29

LPS sensed by TLR4 rapidly activates IRAK1 and IRAK4 via MyD88

and so priming of NLRP3 within minutes is consistent with known TLR

responses.31 Importantly, pharmacological inhibitors of NF-𝜅B and of

protein synthesis fail to block rapid NLRP3 activation29,32 suggesting

that posttranslational modifications (PTMs) are the essential regula-

tors of NLRP3 activation.

5 POSTTRANSLATIONAL MODIFICATIONS

PTMs influence many aspects of protein function including their

activity, degradation, localization, structure, and interactions

with other proteins; PTMs are thus essential for rapid protein

regulation.33,34

6 UBIQUITINATION OF NLRP3

In the first study identifying a role for PTMs in regulating NLRP3,

Juliana et al. demonstrated that signaling through TLR4 and

MyD88 triggers deubiquitination of NLRP3 to induce inflammasome

activation.26 Additional studies have confirmed that deubiquitinating

enzymes (DUBs) play a vital role inNLRP3 regulation as smallmolecule

inhibitors of DUBs completely blockNLRP3 activation.26,35,36 Deubiq-

uitination of the leucine rich repeat (LRR) domain of NLRP3 by BRCA2

containing complex subunit 3 (BRCC3, human BRCC36) is necessary

for NLRP3 oligomerization.36 LPS stimulation induces ABRO1, a

subunit of the BRCC3 deubiquitinase complex, to bind to NLRP3

and recruit BRCC3. Upon subsequent activation signals, BRCC3

removes K63-linked ubiquitin from NLRP3, allowing inflammasome

activation.37 In addition, the stimulator of IFN genes (STING) has

been shown, upon Herpes simplex virus type 1 (HSV-1) infection and

cytosolic DNA stimulation, to bind to NLRP3 and localize it to the

endoplasmic reticulum, where it then removes K48- and K63-linked

polyubiquitination of NLRP3, facilitating inflammasome activation.38

Additional DUBs, such as ubiquitin-specific peptidase 7 (USP7) and

USP47, have also been shown to play an essential role in regulating

inflammasome activation, although they are activated primarily

in response to NLRP3 activation signals like nigericin and calcium

pyrophosphate dihydrate (CPPD) crystals.39
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Ubiquitination also negatively regulates NLRP3 by inducing pro-

tein degradation. F- box/LRR- repeat protein 2 (FBXL2) ubiquitinates

the LRR domain of NLRP3 to promote its proteasomal degradation

in resting cells.40 This process is inhibited following LPS stimulation

as the E3 ligase component, F-box only protein (FBXO3) targets and

degrades FBXL2, thereby extending the half-life of NLRP3.40 The

E3 ligases tripartite motif containing protein 31 (TRIM31) and Ari-

adne homolog 2 (ARIH2) bind to the NLRP3 pyrin (PYD) and NACHT

domains, respectively, to induce K48-linked ubiquitination and sub-

sequent proteasome-mediated degradation of NLRP3.41,42 Stimula-

tion with LPS further increases the expression and E3 ligase activ-

ity of TRIM31, suggesting it functions as a feedback suppressor of

inflammasome activation.41 However, a more recent report from Tang

et al. found that TRIM31 does not interact with NLRP3, suggesting

it may not be the E3 ligase that targets NLRP3 for ubiquitination.43

These contradictory findings could be due to differences in experimen-

tal approach as Song et al. examined cells from TRIM31−/- mice while

Tang et al. (2020) use siRNA to knockdown TRIM31. In addition, differ-

ent TRIM31 Abs were used to study NLRP3-TRIM31 interactions.41,43

Tang et al. instead identified sequential ubiquitination of NLRP3 by the

E3 ligases RNF125 and Cbl-b as critical for proteasomal degradation

of NLRP3. RNF125 first induces K63-linked ubiquitination of the LRR

domain of NLRP3, recruiting Cbl-b that induces K48-linked polyubiq-

uitination of NLRP3 at K496, thus targeting NLRP3 for degradation.43

In addition, dopamine signaling through dopamine receptor D1, trig-

gers an increase in cyclic (c)AMP, promoting K48-linked ubiquitina-

tion of the NLRP3 LRR domain by the E3 ubiquitin ligase membrane-

associated RING finger protein 7 (MARCH7) and inducing NLRP3

degradation via autophagy.44

Additional E3 ligases, such as Cullin1, a component of the Skp1-

Cullin1-F-box E3 ligase, inactivate, but do not degrade NLRP3.45 In

resting cells and following LPS stimulation, Cullin1 interacts with

NLRP3 and promotes NLRP3 ubiquitination, which represses inflam-

masome activation without causing protein degradation. Only fol-

lowing the addition of a second activating signal (nigericin, ATP, or

influenza A virusH3N2) does Cullin1 dissociate fromNLRP3 and allow

inflammasome formation.45

More recently, studies have found that ubiquitination also posi-

tively regulates NLRP3 activation. The E3 ubiquitin ligase Pellino2

facilitates NLRP3 activation by triggering K63-linked ubiquitination of

NLRP3 during LPS priming.46 However, NLRP3 has not been shown to

be a direct target of Pellino2, suggesting that ubiquitination may be

mediated by an additional E3 ubiquitin ligase. Although the molecu-

lar mechanisms are not yet clear, ubiquitination mediated by Pellino2

may prevent inhibitory proteins, such as IRAK1, from binding to

NLRP3.46 Presumably, once this ubiquitin has performed its role in

the priming process, the ubiquitin chains need to be removed by

BRCC3 to allow inflammasome formation.46 As summarized in Fig. 2,

multiple E3 ubiquitin ligases and DUBs must co-operate to regu-

late NLRP3 inflammasome activation. Priming (generally LPS stim-

ulation) triggers many of these changes in NLRP3 ubiquitination,

demonstrating that ubiquitination is a key component of the NLRP3

priming process.

7 PHOSPHORYLATION OF NLRP3

Phosphorylation is another major PTM that regulates NLRP3 activ-

ity and is essential to the priming process. During priming, c-Jun N-

terminal kinase 1 (JNK1) phosphorylates NLRP3 at human Serine 198

(Ser198, mouse Ser194) that is critical for NLRP3 self-association

and inflammasome activation.30 Phosphorylated Ser198 is present

15 min after treatment with LPS, demonstrating that phosphoryla-

tion occurs early in the priming process and can partly account for

rapid priming observed through non-transcriptional mechanisms.26,30

LPS priming and subsequentNLRP3 activating signals also trigger acti-

vation of protein kinase D (PKD) that phosphorylates human Ser295

(mouse Ser293) of NLRP3 at the Golgi membrane, releasing NLRP3

to allow formation of the inflammasome.47 However, phosphorylation

at Ser295 is also inhibitory. Mortimer et al. demonstrated that pro-

tein kinase A (PKA) directly phosphorylates Ser295 in NLRP3, inhibit-

ing the ATPase function of the NACHT domain, which is necessary for

NLRP3 oligomerization.48 Future studies are needed to elucidate why

phosphorylation of the same serine residue by 2 different kinases has

opposing effects.

Other inhibitory phosphorylation events have been identified

on NLRP3. Phosphorylation at human Ser5 (mouse Ser3) inhibits

NLRP3 inflammasome activation as Ser5 is located at a PYD-PYD

interface and phosphorylation interferes with these charge-charge

interactions.49 Ser5 must be dephosphorylated by protein phos-

phatase 2A (PP2A) to allow inflammasome activation following addi-

tional activation signals.49 This activity of PP2A is inhibited byBruton’s

tyrosine kinase (BTK) that binds to NLRP3 following LPS stimulation

to prevent dephosphorylation of Ser5. This inhibition is relieved upon

NLRP3 activation that triggers the dissociation of BTK and NLRP3.50

Phosphorylation at Tyrosine 861 (Tyr861) of NLRP3 is also inhibitory

and in resting cells prevents its aberrant activation. Tyr861 is dephos-

phorylated by protein tyrosine phosphatase non-receptor type 22

(PTPN22) in response to NLRP3 activation stimuli to allow inflam-

masome assembly.51 It appears that Ty861 phosphorylation drives

NLRP3 into autophagosomes consequently limiting its activation.52

Whether Tyr861 phosphorylation is affected by priming stimuli is

unclear. Recently, Huang et al. demonstrated that dephosphoryla-

tion of NLRP3 at Tyr32 by the phosphatase PTEN is necessary to

allowNLRP3 activation and subsequent antitumor activity in response

to chemotherapy, highlighting the potential clinical importance of

NLRP3 PTMs.53 As illustrated in Fig. 2, the activities of numerous

kinases and phosphatasesmust be co-ordinated to enable bothNLRP3

priming and activation.

8 ADDITIONAL PTMS OF NLRP3

Evidence in recent years has highlighted a role for additional PTMs

in regulating NLRP3 (Fig. 2). NLRP3 is sumoylated by the small

ubiquitin-like modifier (SUMO) E3 ligase MAPL in resting cells and is

desumoylated by the SUMO-specific protease 6 (SENP6) and SENP7

in response to NLRP3 activation signals.54 However, sumoylation

D
ow

nloaded from
 https://academ

ic.oup.com
/jleukbio/article/108/3/937/6884443 by R

eprints D
esk user on 17 April 2023



MCKEE AND COLL 941

Ubiquitination
Activating Inhibitory

Phosphorylation
Activating Inhibitory

Sumoylation
Activating Inhibitory

S

S

S

S

S

S

MAPL

SUMO1

K88

K133

K204

K552

K689

K204

Other PTMs
Activating Inhibitory

IFN-γN

KAT5

K21
Ace

K22

SIRT2

Alk

ADP ?

BOT4-one

Mycoplasma
pneumoniae
CARDS toxin

Nitric
Oxide

Ace

BRCC3

ARIH2

MARCH7 Dopamine

Pellino2 ?

?

FBXL2 FBXO3

Cbl-b

RNF125

STING

TRIM31

Cullin1

K496

?

BRCC3 ABRO1

K689

JNK1
S198

PKD
S295

PKA
S295

S5
PP2A

Y861
PTPN22

BTK

Y32
PTEN

F IGURE 2 PTMs of NLRP3. Activation of NLRP3 is regulated via PTMs including ubiquitination (Ub), phosphorylation (P), sumoylation (S),
nitrosylation (N), acetylation (Ace), alkylation (Alk), and ADP-risobylation (ADP). These PTMs can both activate (left) and inhibit (right) the NLRP3
inflammasome. Specific amino acid sites of modification are includedwhere known

can also be activating, as sumoylation by SUMO1 is necessary for

NLRP3 activation and desumoylation mediated through SENP3 atten-

uates activation.55 Importantly, LPS priming does not appear to affect

NLRP3 sumoylation.54,55

Multiple studies have identified nitrosylation as a negative regula-

tor of NLRP3.56–58 Mycobacterium tuberculosis infection, pretreatment

with IFN-𝛽 , or long-term LPS stimulation, trigger IFN-𝛾-mediated S-

nitrosylation of NLRP3 that inhibits inflammasome assembly.56,58 It

has also been demonstrated that endogenous nitric oxide negatively

regulates NLRP3 through stabilizingmitochondria.57

Recently He et al. identified an "acetylation switch" that is involved

in the regulation of the NLRP3 inflammasome. They demonstrate that

NLRP3 acetylation at K21 and K22 in M𝜙s is necessary for inflam-

masome activation, while the cytosolic deacetylase sirtuin 2 (SIRT2)

inhibits activation.59 A preprint study from Zhao et al. has observed

that this acetylation is triggered specifically by the second NLRP3

activation signal, not a priming signal, which is mediated by KAT5 and

regulates NLRP3 aggregation and association with ASC.60

Other less well-characterized PTMs of NLRP3 include alkyla-

tion that regulates inflammasome activation through preventing the

ATPase activity of NLRP361 and ADP-ribosylation that is essential

for NLRP3 activation following infection with mycoplasma.62 While

only nitrosylation of NLRP3 is clearly influenced by priming stimuli,

future studies will likely uncover additional PTMs that play a role in

NLRP3 priming.

9 PTMS OF ASC

In addition to direct regulation of NLRP3, priming also indirectly reg-

ulates NLRP3 through PTMs of other components of the inflamma-

some that are essential to its activity (Fig. 3). For example, various
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F IGURE 3 PTMs of additional inflammasome components. NLRP3 inflammasome formation is regulated via PTMs of the inflammasome com-
ponents ASC, caspase-1, pro-IL-1𝛽 , and NEK7. These PTMs include ubiquitination (Ub), phosphorylation (P), and glutathionylation (G), which can
both activate (left) and inhibit (right) NLRP3 inflammasome signaling. Specific amino acid sites of modification are includedwhere known

ubiquitination and deubiquitination events have been shown to be

essential for ASC oligomerization and formation of the NLRP3 inflam-

masome. TheDUBUSP50deubiquitinatesASC through the removal of

K63-linked polyubiquitin chains to allow inflammasome formation.63

Signaling through mitochondrial activation signaling protein (MAVS)

triggers TNFR-associated factor 3 (TRAF3)-mediated ubiquitination of

ASC64 and the linear ubiquitination assembly complex (LUBAC) medi-

ates linear ubiquitination of ASC,65 both of which are essential for

NLRP3 inflammasomeassembly.However, ASCubiquitination appears

to be regulated by the second activation signal.63–65 ASC phosphory-

lation also regulates NLRP3 inflammasome activation. Phosphoryla-

tion by the I𝜅Bkinase (IKK) complex can both positively and negatively

regulate ASC. IKK𝛼 induces phosphorylation at Ser16 and Ser193 to

sequester ASC in the nucleus in resting cells, whereas LPS stimula-

tion promotes IKK-related kinase (IKKi)-driven translocation of ASC

to the perinuclear region through the phosphorylation of Ser58 to

allow inflammasome formation.66 ASC is phosphorylated at multiple

tyrosine residues, including Tyr146 (located in the caspase recruit-

ment domain, CARD), which is essential for ASC speck formation and

caspase-1 activation.67,68 Spleen tyrosine kinase (Syk) phosphorylates

proline-rich tyrosine kinase 2 (Pyk2) to induce subsequent phospho-

rylation of ASC at Tyr146 upon activation of both the NLRP3 and

Absent in Melanoma 2 (AIM2) inflammasomes.68,69 Dephosphoryla-

tion of ASC by protein tyrosine phosphatases (PTPases) at Tyr60 and

Tyr137 is also essential for ASC speck formation and NLRP3 inflam-

masome activation, highlighting the dynamic nature of PTM-mediated

regulation.70 It is unclear whether phosphorylation of Tyr146 or

dephosphorylation of Tyr60 andTyr137are directly related to priming.

10 PTMS OF CASPASE-1 AND PRO-IL-1B

Although they do not directly interact with NLRP3, caspase-1 and

pro-IL-1𝛽 are also regulated by PTMs that can impact the activity of

NLRP3, as illustrated in Fig. 3. Polyubiquitination of pro-IL-1𝛽 is neces-

sary to allow its proteolytic processing via caspase-1.71 A20 prevents

this K63-linked ubiquitination of pro-IL-1𝛽 to prevent spontaneous IL-

1𝛽 release in response to LPS alone.71 Also, LPS-induced K63-linked

polyubiquitination of caspase-1 by cellular inhibitor of apoptosis pro-

tein 1 (cIAP1) and cIAP2 is required for caspase-1 activity.72 E3 ligases,

including TRAF6 have been shown to play a positive regulatory role in

non-transcriptional priming of the NLRP3 inflammasome, although it

is not known which components of the inflammasome are targeted.73

Ubiquitination can also be inhibitory as linear ubiquitination of the

CARD of caspase-1 by LUBAC suppresses caspase-1 activation, how-

ever it is not clear if this is directly linked to priming.74

The ability of PTMs to regulate inflammasome activation has also

been exploited by pathogens, for example, the bacterial toxin Strep-

tolysin O induces ubiquitination and degradation of pro-IL-1𝛽 , there-

fore playing an important role in bacterial virulence and pathogenesis

by limiting availability of pro-IL-1𝛽 and subsequently reducing the

amount of mature IL-1𝛽 released fromM𝜙s in response to infection.75
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In another example, stimulation of THP-1 cells with Helicobacter pylori

LPS triggers activation of PI-3K/Rac1/p21-activated kinase 1 (PAK1).

PAK1 phosphorylates caspase-1 Ser376, which appears to be nec-

essary for caspase-1 activation in this context.76 Whether LPS from

other pathogens can trigger caspase-1 phosphorylation is not known.

It is apparent that priming stimuli such as LPS also affect PTMs of

NLRP3-associated proteins, thus adding an extra level of control of the

inflammasome pathway downstream of NLRP3.

11 PROTEIN BINDING PARTNER

REGULATED PRIMING

In addition to transcriptional and posttranslational regulation mecha-

nisms, NLRP3 priming and activation is both positively and negatively

influenced by several protein binding partners.

12 NEK7

A genome-wide CRISPR screen conducted by Schmid-Burgk et al.

identified NIMA-related kinase 7 (NEK7), a serine-threonine kinase,

as a critical component in NLRP3 inflammasome activation.77 Prior to

this, NEK7 was known to play an important role in regulating mitosis

and progression of the cell cycle.78 NEK7 has since been described

as a "cellular switch" between mitosis and NLRP3 inflammasome

activation as the quantity of NEK7 present in M𝜙s is insufficient to

allow both to occur simultaneously.78,79 NLRP3 priming with LPS and

subsequent activation stimuli trigger an increase in NLRP3-NEK7

interaction, which is partly mediated through electrostatic comple-

mentarity as NLRP3 has an overall negative charge, while NEK7 is

positively charged overall.79 This interaction with NLRP3 is specific

as NEK7 does not interact with NLRC4 or AIM2.78 Together, NLRP3

and NEK7 form a large oligomeric complex (>1000 kDa) that leads to

inflammasome assembly as NEK7 mediates the formation of bipartite

interactionsbetweenadjacentNLRP3subunits.79,80 NEK7 is therefore

essential for ASC speck formation, caspase-1 activation, IL-1𝛽 release,

and pyroptosis in response to NLRP3 activation, as demonstrated in

multiple in vitro and in vivo models.77,78,80 He et al. identified potas-

sium efflux induced by NLRP3 activators as an essential trigger to

induce NEK7 to interact with NLRP380 while other studies have found

that this interaction requires reactive oxygen species (ROS),78 sup-

porting a broad role for NEK7 in response to multiple NLRP3 inflam-

masome activators. Interestingly, NEK7 is also regulated by PTMs

(Fig. 3), with glutathione S-transferase omega-1 (GSTO1-1) medi-

ating deglutathionylation of NEK7 to promote NLRP3 activation.81

NEK7 is also phosphorylated by polo-like kinase 4 (PLK4) at Ser204

that attenuates NEK7-NLRP3 interaction, therefore suppressing

inflammasome activation.82

These studies suggest NEK7 is involved primarily in NLRP3 acti-

vation but a recent preprint study by Schmacke et al. argues that

NEK7 functions as an NLRP3 priming factor.83 Importantly, this study

also identified a NEK7-independent mechanism of NLRP3 activa-

tion, involving TAK1-driven posttranslational priming of NLRP3. The

authors suggest that previous studies were conducted in murine mod-

els while their research utilized human induced pluripotent stem cell-

derived M𝜙s as the explanation for these differing results. This study

highlights the complexity of NLRP3 regulation via NEK7 and the need

for further investigation, particularly as determining the precise role

played by NEK7 could identify it as a therapeutic target in NLRP3

inflammasome-mediated diseases.83–86

13 PYRIN-ONLY PROTEINS

PYD-PYD interactions between NLRP3 and ASC are essential for

inflammasome assembly but our understanding of how these are reg-

ulated is limited.87,88 In the past 2 decades, a new family of proteins

consisting of a single PYD have been discovered. These PYD-only

proteins (POPs) are small cytoplasmic decoy proteins that regulate

inflammasome activation in human cells, but they are not expressed in

rodents (Fig. 4).89–91

POP1 has 88% similarity with the ASC PYD and can bind to the

ASCPYD, preventingASC self-polymerization and interactionwith the

PYDs of pattern recognition receptors (PRRs) such as NLRP3.90 As

a result, POP1 inhibits the formation of all ASC-dependent inflam-

masomes and subsequent caspase-1 activation and IL-1𝛽 release.90,92

In addition, POP1 regulates the expression of NF-𝜅B-inducible genes

through suppressing the kinase activity of the IKK complex.90 The

expression of POP1 is increased in response to TLR4, TLR2, and IL-1

receptor signaling (4 h post stimulation).92 This indicates that POP1

functions as part of a negative feedback mechanism that allows for

early inflammation and host defense but where long-term priming

promotes the resolution of inflammasome-driven inflammation. Trans-

genic mouse studies have demonstrated that POP1 protects against

systemic inflammation and can regulate models of NLRP3-driven dis-

eases including one caused by a CAPS-associated mutation.92 Inter-

estingly, individuals with CAPS exhibit reduced POP1 expression that

could contribute to the uncontrolled NLRP3 inflammasome-driven

inflammation they experience.92

Despite having low similarity with the ASC PYD (37%), POP2

also interacts with ASC and prevents activation of ASC-dependent

inflammasomes.89,93,94 In contrast to POP1, POP2 also interacts

directly with PYD-containing NLRs, including NLRP3, and therefore

may provide more versatile inflammasome regulation.94 POP2 also

regulates NLRP3 inflammasome transcriptional priming and produc-

tion of NF-𝜅B-dependent cytokines, including TNF and IL-6. This

occurs as POP2 reduces TLR-induced NF-𝜅B signaling at the level

of p65 (RelA), resulting in less nuclear import and altered accu-

mulation of NF-𝜅B.89,95 Similar to POP1, POP2 is a late-response

inflammatory regulator induced by pro-inflammatory stimuli (peak-

ing at 20 h post-LPS stimulation) thus participating in resolution

of inflammation, and again suggesting long-term priming is anti-

inflammatory.95 Anti-inflammatory stimuli, such as IL-10, also increase

POP2 expression, further implicating POP2 in the maintenance of an

anti-inflammatorymilieu.95
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F IGURE 4 Roles of POPs andCOPs in regulating inflammation.A summary of the roles of POPs in regulating activation of inflammasomes and
NF-𝜅B and the roles of COPs in regulating activation of caspase-1

POP3 shares only 18.9% sequence identity with the PYD of ASC.91

Khare et al. demonstrated that POP3 does not regulate NF-𝜅B or the

NLRP3 inflammasome but instead competes with ASC to bind directly

to the PYD of 2 other inflammasome sensor proteins, AIM2 and IFN-

𝛾 Inducible Protein 16 (IFI16). POP3 therefore functions as a specific

inhibitor of AIM2-like receptors in response to DNA virus infection.91

POP4 was initially characterized as a pseudogene, but the POP4

gene has been shown to code for a functional protein expressedwidely

in humancells,with increasedexpression inmonocytic cells uponexpo-

sure to inflammatory stimuli, such as LPS.96 POP4 inhibits NF-𝜅B

by reducing the phosphorylation of p65 that limits its transcriptional

activity andprevents productionofNF-𝜅B-dependent cytokines.How-

ever, POP4 does not appear to inhibit inflammasome activation as it

does not affect NLRP3 or ASC-mediated release of IL-1𝛽 .96 POP4 is

therefore considered to have amore exclusive role in regulatingNF-𝜅B

compared to the other POPs.96 Although POP4 could subsequentially

affect NLRP3 transcriptional priming, this has not been demonstrated.

POPs are therefore involved in NLRP3 priming via direct inter-

actions with NLRP3 and ASC, and indirectly via effects on NF-𝜅B

that may affect both transcriptional priming and also potentially

NLRP3 PTMs.

14 CARD-ONLY PROTEINS

Three CARD-only proteins (COPs) have been identified in humans;

CARD16, CARD17, and CARD18, similar to POPs they are not

expressed in rodents.97–99 Although CARD interactions are essential

for NLRP3 inflammasome assembly, the regulatory roles played by

these different COPs currently remain somewhat unclear (Fig. 4).87,88

CARD16 (Pseudo-ICE or Cop) has 97% nucleic acid sequence

identity to the pro-caspase-1CARD, allowing strong and specific inter-

actions, without binding to other CARD-containing proteins.98,99

Binding of CARD16 to pro-caspase-1 prevents CARD-CARD
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interactions, thereby preventing functional inflammasome

formation.99 CARD16 may also play a role in activating NF-𝜅B,

potentially through receptor-interacting-serine/threonine-protein

kinase 2 (RIP2) that has been shown to interact with the IKK com-

plex and could therefore affect NLRP3 priming in certain contexts,

although this has not been characterised.99,100 CARD16 is expressed

widely in human cells and its expression is comparable to that of

caspase-1, suggesting they may be under similar transcriptional reg-

ulation at basal levels.99,100 Although these studies suggest CARD16

is anti-inflammatory, a report from Karasawa et al. argues that the

oligomerization of CARD16 promotes caspase-1 activation and IL-1𝛽

release.101 Therefore, additional investigations are necessary to

elucidate the role of CARD16 in NLRP3 inflammasome regulation.

CARD17 (Inca; Inhibitory CARD) has 81% sequence identity with

the CARD of pro-caspase-1 and has been found to bind to this CARD,

preventing IL-1𝛽 release in response to inflammatory stimuli.98 A

study from Lu et al. found CARD17 does not bind to monomeric pro-

caspase-1 but instead caps the growing oligomeric form to prevent

caspase-1 polymerization and inflammasome formation.102 CARD16

and CARD17 may thus have different roles in regulating caspase-

1 activation.101,102 CARD17 is co-expressed with pro-caspase-1 in

a range of human cells, and like pro-caspase-1 its expression is up-

regulated inmonocytes in response to IFN-𝛾 .98

CARD18 (ICEBERG) shares only 53% sequence identity with the

CARD of pro-caspase-1, but can specifically interact with caspase-

1 and reduce IL-1𝛽 release in response to NLRP3 inflammatory

stimuli.99 CARD18 acts as a competitive antagonist and pref-

erentially binds to caspase-1, inhibiting RIP2-mediated caspase-1

oligomerization.97,99,102 However, unlike CARD16, CARD18 cannot

bind directly to RIP2 and is therefore a less potent inhibitor.97,99

Expression of CARD18 is increased after 4–6 h stimulation with

LPS or TNF in THP-1 cells and monocytes, therefore after initial

inflammasome activation, CARD18 is induced as a negative feed-

back mechanism to regulate IL-1𝛽 production.97 However, a contra-

dictory report observed that CARD18 oligomerizes and promotes for-

mation of caspase-1 filaments and is therefore incapable of inhibit-

ing inflammasome formation.102 This may be because CARD18 levels

induced by doxycycline treatment were insufficient in these experi-

ments or perhaps binding of CARD18 to caspase-1 may be regulated

by other cellular proteins. Further study is thus required to define the

role of CARD18.

POPs and COPs are clearly important regulators of the NLRP3

inflammasome that are influencedbyNLRP3priming stimuli. However,

our knowledge of the physiological function of these proteins remains

somewhat limited. This is likely because they are only expressed in

the primate lineage and are not expressed in mice, suggesting inflam-

masome regulation is more complex in humans than in rodents.92,101

Systemic inflammatory responses such as fever are essential for

host defense but come at a huge metabolic cost, while sustained

inflammation also causes tissue damage.103 POPs and COPs are an

additional checkpoint in primates that can restrain excessive inflam-

mation, thus preventing damage to the host and aiding a return to

homeostasis.87 The absence of this checkpoint in mice suggests that

rodents may have evolved other mechanisms to restrain damaging

inflammation. This may include the expression of alternative splice

variants of proteins that can limit inflammatory signaling.104 For

example, alternative splice forms of ASC have been shown to inhibit

inflammasome activation.105 Transgenic mouse models have offered

opportunities for studying POPs in vivo and have discovered novel

regulatory functions.91–93 However, there are currently no COP

transgenic mouse models and there remains the need for the devel-

opment of human models to study inflammasome regulation via both

COPs and POPs.

15 THERAPEUTIC POTENTIAL OF

TARGETING NLRP3 PRIMING AND PTMS

Due to its association with the pathogenesis of a wide range of

human diseases, NLRP3 is an attractive target for the development of

new anti-inflammatory therapies.6,106,107 Small molecule inhibitors of

NLRP3 such as MCC950 (CP-456,773) have been extensively studied

in a huge number of disease models with very promising results.6,108

Indeed,NLRP3 inhibitors have recently entered clinical trials for safety

and efficacy marking the advent of an exciting new era for inflamma-

some research, where the potential of targeting this pathway for the

treatment of inflammatory diseasesmaybe realised.107,109 MCC950 is

a noncovalent inhibitor that directly interacts with NLRP3 and blocks

its ATPase activity thereby preventing inflammasome formation in

response to all NLRP3 priming and activation stimuli.110,111 Directly

inhibiting NLRP3 is advantageous in terms of specificity, but as we

havehighlighted in previous sections, there aremanyproteins involved

in NLRP3 priming that could be targeted to prevent NLRP3-driven

inflammation.

16 TARGETING TRANSCRIPTIONAL

PRIMING OF THE NLRP3 INFLAMMASOME

Transcriptional priming of the NLRP3 inflammasome will be affected

by compounds that target the NF-𝜅B pathway and hundreds of

natural and synthetic molecules that can inhibit NF-𝜅B have been

identified.112 NF-𝜅B is a master regulator of the immune response

and is induced by many different stimuli,113 thus parsing the relative

impact of these inhibitors on NLRP3 signaling is challenging as they

will broadly impact inflammation. However, some NF-𝜅B inhibitors

have also been shown to inhibit NLRP3 more directly. The vinyl sul-

fone BAY 11–7082 is an IKK-𝛽 inhibitor but was also shown to block

NLRP3 activation distinct from any effect on transcriptional priming,

likely through inhibiting the ATPase activity of NLRP3.114,115 BAY 11–

7082 is however a non-specific inhibitor as it has also been observed to

potently block protein tyrosine phosphatases.116

It can be argued that the production of mature IL-1𝛽 is the most

important NLRP3-dependent signal. Individuals with CAPS, where

inflammation is driven by mutations in NLRP3, are currently treated

with anti-IL-1 biologics that are very effective.117 This effectiveness
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may be due to the positive feed-back loop of IL-1𝛽 in vivo, where IL-

1𝛽 can induce its own gene transcription118,119 and IL-1𝛽 can also

primeNLRP3 for activation.120 The transcription of pro-IL-1𝛽 is highly

regulated, including by metabolic adaptations. LPS signaling in M𝜙s

drives a shift to aerobic glycolysis that appears to be critical for

pro-IL-1𝛽 synthesis, as inhibiting glycolysis with 2-deoxyglucose sup-

presses IL-1𝛽 mRNA.121,122 Further studies have identified multiple

metabolites andmetabolic pathways that regulate LPS induced pro-IL-

1𝛽 production.123 Targeting these metabolic pathways may indirectly

impact NLRP3 transcriptional priming.

17 TARGETING NLRP3

PHOSPHORYLATION

The identification of priming associated PTMs of NLRP3 has provided

a new strategy for modulating NLRP3 activity. Kinases have been

intensively studied as drug targets for decades, and the United States

Food and Drug Administration has approved >60 kinase inhibitors

to date, of which the vast majority are cancer treatments. NLRP3

activation requires serine phosphorylations mediated by JNK1 and

PKD, therefore inhibition of these kinases should limit NLRP3 acti-

vation. The ATP competitive JNK inhibitor SP600125 was shown

to block NLRP3 activation30 and second generation JNK inhibitors

have been evaluated in the clinic,124 including the Celgene molecule

CC-90001 for the treatment of idiopathic pulmonary fibrosis.125 A

number of PKD inhibitors (e.g., CRT 0066101 and kb NB 142–70)

were found to inhibit NLRP3 activation,47 although there are no

PKD inhibitors that have advanced to clinical trials. NLRP3 is also

phosphorylated at Ser298 by PKA and this phosphorylation inhibits

NLRP3 activity.48 PKA is activated by cAMP so increasing cAMP

levels using synthetic cAMP molecules such as dibutyryl cAMP can

indirectly prevent NLRP3 activation. Other studies have shown that

modulating cAMP with adenylate cyclase activators or phosphodi-

esterase inhibitors can inhibit NLRP3, although this effect was not

attributed to PKA.126,127

Several additional NLRP3 phosphorylation sites at Ser5, Tyr32, and

Tyr861 appear to inhibit NLRP3 activity.49,51,53 The kinases responsi-

ble for these modifications are currently unknown and so the poten-

tial impact of modulating their activity remains to be determined.

However, the phosphatases involved in dephosphorylation of these

sites have been identified as PP2A, PTEN and PTPN22,49,51,53 and

inhibiting these phosphatases will likely limit NLRP3 activation. Phos-

phatases were previously considered to be difficult drug targets,

however a number of phosphatase inhibitors are now being evalu-

ated in clinical trials.128 The PP2A inhibitor okadaic acid can inhibit

NLRP3 activation49 and the PP2A inhibitor LB-100 is currently in

clinical development.129 In one of these trials (NCT03886662) LB-

100 is being evaluated for the treatment of myelodysplastic syn-

drome (MDS). Interestingly, a previous study by Basiorka et al.

found that NLRP3 drives pyroptosis and ineffective hematopoiesis

in MDS.130 LB-100 may thus have both anticancer and anti-NLRP3

effects inMDS.

18 TARGETING NLRP3 UBIQUITINATION

The numerous ubiquitin modifications associated with NLRP3 could

also be targeted to modulate NLRP3 activity. The DUBs BRCC3,

USP7, and USP47 appear to be essential for NLRP3 activation.36,39

Consistent with this, various inhibitors of DUBs such as G5, PR619,

bAP15, and WP1130 can all block NLRP3 activation.26,35,36 Specific

DUB inhibitors have made promising preclinical progress for disease

indications in oncology, immuno-oncology, neurodegeneration, and

inflammation.131 Of these USP7, inhibitors may be the most promis-

ing they have been shown to inhibit NLRP3,39 a number are in preclin-

ical development,131 and highly specific inhibitors are available.39,132

Multiple E3 ligases are also linked to NLRP3 function, as described

above they can mediate NLRP3 degradation and inactivation but can

also positively regulate NLRP3. E3 ligases are a very large family of

proteins and although E3 ligase inhibitors are in use clinically, for

example, Birinapant that blocks the inhibitors of apoptosis proteins

(IAPs), no inhibitors of the E3 ligases associatedwithNLRP3have been

developed.132,133

19 TARGETING ADDITIONAL NLRP3 PTMS

Additional PTMs of NLRP3 such as sumoylation may also be inter-

esting targets. Desumoylation of NLRP3 by SENP6 and SENP7 could

be inhibited to decrease NLRP3 activity.54 SENP inhibitors have been

described, although most target SENP1 and SENP2, a couple with

activity toward SENP6 and SENP7 were identified but these have

not been well characterized.134 Alternatively, it has been proposed

that sumoylation activates NLRP3,55 in this case SUMO inhibitors

will block NLRP3. The SUMO inhibitor TAK-981 (ML-792) was devel-

oped by Takeda135 and is currently being evaluated in a clinical trial

(NCT04074330) for non-Hodgkin lymphoma.136

Recently it was demonstrated that acetylation is required for

NLRP3 inflammasome assembly.59,60 These studies suggest that this

acetylation is mediated by the acetyl transferase KAT5 (Tip60)60

and deacetylation is mediated by SIRT2.59 Thus, an SIRT2 activa-

tor could negatively regulate NLRP3, although SIRT1 activators have

been developed none have been characterized for SIRT2.137 The KAT5

inhibitor NU9056 was found to decrease NLRP3 activation in vitro

and in vivo.60 However, few histone acetyl transferase inhibitors have

been developed and many of those that have are thiol-reactive and

have off-target effects.138 Alkylation of NLRP3 by BOT-4-one atten-

uates its activation by interfering with ATPase activity and enhancing

ubiquitination.61 However, similar to Bay 11–7082, BOT-4-one is also

an NF-𝜅B inhibitor139 and also partially blocks NLRC4.61

20 TARGETING PROTEIN-PROTEIN

INTERACTIONS

An additional approach to target NLRP3 priming could be to dis-

rupt protein-protein interactions (PPI) with NLRP3 protein binding
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F IGURE 5 Potential targets involved in NLRP3 priming, PTMs, and PPIs for anti-inflammatory therapies. Direct inhibitors of NLRP3 such
as MCC950 are priming independent. A summary of potential targets and therapeutic strategies affecting NLRP3 transcriptional priming, NLRP3
PTMs (phosphorylation, ubiquitination, acetylation, sumoylation, and alkylation), and PPIs that influence NLRP3 inflammasome formation. Some
examples of currently available drugs andmolecules are included

partners. Recognizing the importance of PPIs to the function of biolog-

ical systems, medicinal chemists have made considerable progress in

their ability to disrupt these interactions with small molecules.133,140

The development of PPI inhibitors and in particular intracellular

ones is challenging. There are however a number of successful exam-

ples such as ABT-199 (Venetoclax) that targets B-cell lymphoma 2

(Bcl-2) protein interactions and is used to treat chronic lymphocytic

leukemia.133,140 Molecules that could disrupt NLRP3 oligomerization,

NLRP3-NEK7 or NLRP3-ASC interactions would effectively limit

NLRP3 activation. There is unfortunately a relatively limited amount

of structural data available for NLRP3 that could inform the design

of such molecules. The NLRP3 PYD domain crystal structure was

published in 2011141 and a cryo-EM structure of NLRP3 (without the

PYD) and NEK7 was published in 2019.79 The study by Sharif et al.79

revealed potential NLRP3-NEK7 interaction interfaces that could be

disrupted by PPI inhibitors.

An alternative to small molecule inhibitors could be to administer

or enhance the expression of endogenous regulators such as POP1 or

POP2 that can disrupt NLRP3-ASC interactions.87,142 Intriguingly, an

mAb to human ASC known as IC100 has been reported to be taken up

by neurons and THP-1 cells143 suggesting that Abs could potentially

be used to disrupt NLRP3 inflammasome formation.

The discoveries of NLRP3 PTMs and protein binding partners have

provided newpotentially druggable targets forNLRP3-driven diseases

(summarized in Fig. 5). Some of these targets, particularly in the kinase

space, may already have well characterized inhibitors that could allow

the repurposing of molecules that have already been successful in

clinical development.

21 CONCLUDING REMARKS AND OPEN

QUESTIONS

NLRP3 priming can now be clearly divided into transcriptional priming

that is not essential for NLRP3 activation, and PTM-mediated prim-

ing that is essential for the formation of the NLRP3 inflammasome.

NLRP3 priming can be further influenced by inflammasome protein

binding partners including NEK7, POPs, and COPs. There are however

still numerous outstanding questions related to NLRP3 priming.
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It is unclear how all of the NLRP3 PTMs, such as multiple phos-

phorylation and ubiquitination events, are spatially and temporally co-

ordinated. As themechanism of NLRP3 inflammasome assembly is not

understood,3,4 it is uncertain whether these PTMs may affect spe-

cific steps in this process, such as NLRP3 oligomerization or structural

changes that may be required for NLRP3 activation.34 Future studies

on the structure of the NLRP3 inflammasomewill likely clarify some of

these events.

Another enigmatic aspect of NLRP3 priming is that human mono-

cytes appear to break all the rules that were established by studies in

M𝜙s. It has long been appreciated that humanmonocytes can activate

NLRP3 in response to LPS alone.144 This pathway appears to require

relatively long stimulation with LPS and has been termed alternative

NLRP3 activation.9 A recent report byGritsenko et al.145 has observed

that in human monocytes caspase-1 activation and substrate process-

ing (IL-18, GSDMD) are detected in response to nigericin stimulation

in the absence of any classical priming stimulus. These results suggest

priming is not essential for NLRP3 activation in human monocytes.

Thus, the 2-step activation dogma does not apply to monocytic cells,

highlighting the disparities in NLRP3 activation mechanisms in differ-

ent cell types.

A recent study by Hoss et al.146 discovered that the human NLRP3

gene is regulated by alternative splicing, resulting in the expression of

an isoform lacking exon 5. The loss of this exon results in a shorter LRR

domain that disrupts NLRP3-NEK7 interaction and prevents NLRP3

inflammasome activation. The relative expression of these NLRP3 iso-

forms thus represents another layer of regulation in the NLRP3 sig-

naling pathway.146 How priming stimuli may influence the balance

of the active full-length or inactive Δ exon 5 isoforms is currently

not understood.

It is clear that the human NLRP3 inflammasome is subject to addi-

tional regulatory mechanisms that are absent in mice. In particu-

lar, POPs, COPs, and alternative splicing may significantly influence

NLRP3 activation in human cells. In addition, there is an apprecia-

ble divergence between innate immune signaling pathways in human

and mouse cells147,148 that may affect how stimuli such as LPS trigger

NLRP3 priming.

Despite significant progress in the field the molecular mechanisms

ofNLRP3priming remain somewhatmysterious.Adeeperunderstand-

ing of this process will inform our understanding of the physiological

role of NLRP3149 and will be essential to the development of novel

treatments for NLRP3-driven diseases.
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