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Abstract

The inflammasome is a complex of proteins that through the activity of caspase-1 and the 

downstream substrates gasdermin D, IL-1β, and IL-18 execute an inflammatory form of cell death 

termed pyroptosis. Activation of this complex often involves the adaptor protein ASC and 

upstream sensors including NLRP1, NLRP3, NLRC4, AIM2, and pyrin, which are activated by 

different stimuli including infectious agents and changes in cell homeostasis. Here we discuss new 

regulatory mechanisms that have been identified for the canonical inflammasomes, the most 

recently identified NLRP9b inflammasome, and the new gasdermin family of proteins that mediate 

pyroptosis and other forms of regulated cell death.

INTRODUCTION

The innate immune system recognizes infection and changes in cellular homeostasis to 

initiate responses to clear pathogens and repair tissue damage. One of the major complexes 

involved in these processes is the inflammasome, a multimeric protein complex that 

activates pro-caspase-1, which then proceeds to cleave multiple substrates including the pro-

inflammatory cytokines IL-1β and IL-18 [1]. The inflammasome further initiates an 

inflammatory form of cell death termed pyroptosis via an activating cleavage of gasdermin 

D, which forms pores in the plasma membrane and acts as the executioner molecule for 

pyroptosis [2–4]. As an inflammatory form of cell death, dysregulation of the 

inflammasome’s activity is associated with many different autoimmune, metabolic, and 

infectious diseases.

Upstream of caspase-1 oligomerization and activation are adaptor and sensor proteins that 

recognize specific stimuli, which are named after their structural domains: the NLRs 

(nucleotide-binding domain and leucine-rich repeat containing), ALRs (absent in melanoma 

2-like receptors), the pyrin receptor, and the PYD (pyrin domain) and CARD (Caspase 

activation and recruitment domain) containing adaptor molecule ASC (apoptosis-associated 

speck—like protein containing a CARD, also known as Pycard). Of these, NLRP1, NLRP3, 

NLRC4, AIM2, and pyrin are well established to assemble a canonical inflammasome 
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complex, while other sensors have also been proposed (Figure 1). These include the human 

NLRP2, NLRP7, and IFI16 and murine NLRP6 and NLRP9b inflammasomes [5–10]. One 

hallmark of activation is the recruitment of the sensor protein, ASC, and caspase-1 into a 

single large macromolecular complex called the ASC speck, which can be visualized by 

microscopy. Within this complex, caspase-1 is proposed to undergo autocatalytic cleavage to 

produce enzymatically active p20 and p10 subunits [11]. In this review we will describe the 

recent advances in our understanding of the canonical inflammasomes as well as the most 

recently identified NLRP9b inflammasome and the gasdermin family.

NLRP1 Inflammasome

The first NLR described to form an inflammasome complex was NLRP1, which in humans 

is encoded by a single NLRP1 gene containing a PYD (pyrin) domain, FIIND (function-to-

find domain), and CARD domain or as NLRP1(a-c) in mice, which lack the PYD domain 

[12,13]. Bacillus anthracis anthrax lethal toxin, which is composed of the two proteins 

protective antigen and lethal factor, activates mouse NLRP1b through the toxin’s ability to 

form pores in the host cell membrane (via protective antigen) and subsequent cleavage of 

NLRP1b within the N-terminal NR100 domain (via lethal factor) [14]. Cleavage of murine 

NLRP1b by lethal toxin within the FIIND domain is sufficient to cause assembly of an 

inflammasome complex, but the ligand for human NLRP1 remains unknown [15]. Murine 

NLRP1b does not contain a PYD domain, unlike human NLRP1, suggesting that NLRP1b 

can assemble with caspase-1 directly via CARD-CARD interactions rather than through 

ASC, similar to NLRC4 [13]. Interestingly, the NLRP1b inflammasome does not lead to 

autoproteolytic cleavage of caspase-1 in all cases, but it still able to cleave IL-1β and 

undergo pyroptosis, unlike the NLRP3 inflammasome [16]. In human NLRP1, the PYD and 

LRR domains exert an autoinhibitory function, with gain-of-function mutations leading to 

spontaneous activation. Mutations in these domains lead to skin diseases including multiple 

self-healing palmoplantar carcinomas and familial keratosis lichenoides chronica [17]. 

NLRP1a has also been implicated in driving pyroptosis of hematopoietic cells following a 

gain-of-function mutation in the region between the NACHT and LRR domain (Q593P), 

which leads to overactive inflammasome activation and IL-1β release [18]. The 

physiological triggers of human NLRP1 and murine NLRP1a/c remain to be discovered, but 

current biochemical studies suggest all are capable of forming inflammasome complexes.

NLRP3 Inflammasome

One of the most studied inflammasome sensors is NLRP3, which was first associated with 

hereditary autoimmune diseases called cryopyrin-associated periodic syndromes, which 

present with skin rashes and fever and has since been associated with over 90 disease-

associated mutations [19–21]. NLRP3 forms an inflammasome complex containing ASC 

and caspase-1 and responds to a wide range of infections and stress stimuli with no single 

trigger. The model for NLRP3 activation is a two-step process, with signal one acting as a 

priming and licensing step including upregulation of NLPR3 and post-translational 

modifications to license NLRP3 to be activated by signal two, which through a still-debated 

mechanism leads to NLRP3 oligomerization with inflammasome components. Many studies 

have recently identified regulators of both signal one and signal 2 but the complete 

mechanism by which NLRP3 is activated is still under investigation.
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Signal one, which primes/licenses NLRP3, occurs downstream of TLRs and MyD88 

signaling and leads to NF-κB activation and the upregulation of NLRP3, IL-1β, and IL-18 

[22]. Recent work, however, suggests that NLRP3 licensing occurs independently from 

upregulation, with rapid NLRP3 inflammasome activation observed downstream of TLR/

IL-1R/MyD88 signaling through IRAK4/IRAK1 kinase activity and TRAF6 E3 ubiquitin 

ligase activity [23–25].

Signal two results in the activation of the NLRP3 inflammasome, provided by extracellular 

ATP, uric acid crystals, bacterial pore-forming toxins, Gram-positive and Gram-negative 

bacteria, viruses, fungal, or protozoan pathogens [2,26,27]. The mechanism by which signal 

two activates NLRP3 is disputed, but these diverse stimuli likely act on a common cellular 

mechanism, with many candidates proposed, including: changes in ionic homeostasis via 

potassium efflux, calcium influx, or toxin-mediated membrane disruption; lysosomal rupture 

and release of cathepsin B; changes in cell volume; cardiolipin translocation to the outer 

membrane of mitochondria; or, release of oxidized mitochondrial DNA [2,27]. Interestingly, 

human monocytes undergo NLRP3 inflammasome activation independently from an 

observed signal two [28].

Further, NLRP3 is also regulated by its subcellular localization and by cytoskeleton 

components. Endoplasmic reticulum-resident NLRP3 is spatially isolated from ASC, which 

under basal conditions resides in mitochondria, cytosol, and the nucleus, and is recruited to 

NLRP3 via microtubules [29]. Another key regulator of NLRP3 activation is NEK7 (NIMA-

related kinase 7), a protein involved in regulating the cell cycle, mitotic spindle formation, 

and cytokinesis [30–32]. Interaction between the NLRP3 LRR domain and NEK7, 

independent of its kinase activity, leads to NLRP3 activation in interphase cells downstream 

of potassium efflux. Another novel regulator of NLRP3 activation, PKD (protein kinase D), 

was recently found to recruit to the Golgi, where its phosphorylation of NLRP3 was shown 

to be required and sufficient for NLRP3 inflammasome activation [33]. In another study, 

dephosphorylation of NLRP3 at Tyr861 by PTPN22 (protein tyrosine phosphatase 22) was 

involved in activation of the NLRP3 inflammasome [34]. Many other proteins have been 

implicated in regulation of NLRP3 and are described in detail in other reviews [2,26,27].

NLRP3 inflammasome activation also occurs downstream of caspase-11 and gasdermin D 

cleavage and pore-formation in a process called non-canonical NLRP3 inflammasome 

activation [3,35,36]. More recently, NLRP3 inflammasome activation downstream of 

necroptosis and MLKL pore-formation have also been reported [37,38]. Together, these data 

suggest that pore formation, similar to toxin-mediated pore formation, activates the NLRP3 

inflammasome through disruption of the cellular ion homeostasis.

NAIP-NLRC4 Inflammasomes

The NAIP-NLRC4 inflammasomes responds to the evolutionarily related bacterial 

components of the T3SS (type three secretion system) and flagellin proteins of Gram-

negative bacteria [2,39]. In humans, a single NAIP protein senses the bacterial T3SS needle 

and flagellin proteins, while 7 murine Naip proteins recognize distinct ligands: Naip1, T3SS 

needle protein; Naip2, T3SS rod protein; Naip5/6, flagellin; while the ligands for the 

remaining Naip proteins remains unknown [40–42]. Cryo-electron microscopy has revealed 
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that a single NAIP protein is sufficient to recruit multiple NLRC4 proteins into an 

inflammasome complex [43]. Recent studies have identified that the NLRC4 inflammasome 

is also regulated by an activating phosphorylation event on S533 during Salmonella 
infection, which was mediated by PKCδ or by LRRK2 kinase activity [44–46]. Other studies 

showed that the phosphorylation of S533 occurs independently from Naip5 binding to 

flagellin and that Salmonella and Shigella infections could activate the NAIP-NLRC4 

inflammasome independent from PKCδ, suggesting that both LRRK2 and PKCδ regulate 

S533 phosphorylation. Another study showed that a S533A mutant of NLRC4 was 

minimally defective in inflammasome activation by Salmonella and flagellin due to 

enhanced activation of the NLRP3 inflammasome, suggesting this modification may 

regulate inflammasome scaffolding functions [47]. These data and previous studies have 

shown that NLRC4 is able to form inflammasome complexes incorporating NLRP3, ASC, 

caspase-1 and caspase-8 during Salmonella infection, suggesting other modifications may be 

able to regulate how specific NLRC4 inflammasomes and oligomeric complexes form [48].

AIM2 Inflammasome

The AIM2 inflammasome detects dsDNA in the cytosol of cells during viral and 

intracellular bacterial infections, as well as self-DNA. The HIN-200 domain of AIM2 

mediates the binding of dsDNA in a sequence-independent manner [49]. Many of the 

advances in understanding the AIM2 inflammasome have recently focused on the 

mechanisms by which bacterial DNA, which is sequestered within the bacterial cell walls, is 

exposed for sensing by cytosolic sensors. The interferon-inducible proteins GBP2, GBP5, 

and IRGB10 have been identified as required for activation of AIM2 during Francisella 
novicida infections in a series of recent studies, downstream of the type I IFN/IRF1 

signaling axis [50–52]. GBP2 and GBP5 are both required for activation of the AIM2 

inflammasome, as absence of either restricts the activation of the AIM2 inflammasome. 

Similar to the GBPs, a newly characterized protein, IRGB10, has also been identified as a 

factor required for AIM2 inflammasome activation during F. novicida infection [52]. These 

proteins act by attacking either the vacuolar membrane or bacterial membrane and causing 

lysis, thereby exposing DNA or other bacterial components to cytosolic sensors. 

Furthermore, GBPs appear to act upstream of IRGB10, and other studies have suggested that 

these proteins are recruited to pathogens in a hierarchical manner [53]. Future work with 

other infection models may reveal novel functions for these interferon-inducible proteins in 

inflammasome activation.

Other recent work has examined the role of AIM2 in sensing of self-DNA. Following 

ionizing radiation exposure, double-stranded DNA breaks occur and lead to extensive cell 

death and tissue damage via AIM2 [54]. An interesting feature of this recognition is that 

AIM2 localizes to the nucleus of DNA-damaged cells, rather than sensing release of dsDNA 

into the cytosol, as is observed in most other situations [54]. This study also showed that 

AIM2 contributes to the pathology associated with DNA damaging chemotherapy drugs but 

did not limit the anti-cancer properties, suggesting that AIM2 activity could be modulated to 

limit side effects associated with these drugs. In addition to radiation, drugs that stress the 

nuclear envelope integrity have been linked to AIM2 inflammasome activation [55]. 

Place and Kanneganti Page 4

Curr Opin Immunol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Together, these findings suggest that AIM2 inflammasome activation contributes to the 

negative side effects of chemotherapy.

Pyrin Inflammasome

Gain-of-function mutations in the pyrin protein were first associated with familiar 

Mediterranean fever (FMF), an autoinflammatory disease of humans and later pyrin was 

identified as a component of an inflammasome complex[56]. In normal conditions, Rho-

inactivating toxins from bacterial pathogens including Clostridium difficile (TcdB), Vibrio 
parahemolyticus (VopS), and others were discovered to activate the pyrin inflammasome 

[57]. Each toxin targets Rho activity by different covalent modifications including 

glycosylation, adenylation, ADP ribosylation, or deamination, but these modifications all 

lead to pyrin inflammasome activation, suggesting other common factors help to induce 

pyrin activation [2]. More recent work has identified that Rho activates PKN1 and PKN2 

(protein kinase N1/2), which phosphorylate and maintain pyrin in an inactive [58]. 

Phosphorylation of human pyrin at S242 leads to binding of 14-3-3 proteins, which limit the 

activation of pyrin as S242 mutations which disrupt the phosphorylation site lead to pyrin-

associated autoimmunity and neutrophilic dermatoses [59]. Another recent discovery 

showed that pyrin inflammasomes are regulated by the mevalonate pathway, as cells 

deficient in protein geranylgeranylation have defective PI(3)K activity, which limits 

excessive TLR-mediated signaling and constitutive pyrin inflammasome activation[60]. 

Upon stimulation with pyrin-activating stimuli, the repressive phosphorylation of pyrin is 

removed and inflammasome activation proceeds. Further work has shown that microtubule 

dynamics also regulate pyrin inflammasome assembly and activation independently from the 

dephosphorylation events, but microtubules are not required for FMF-associated 

inflammasome activation, suggesting the cytoskeleton also has distinct regulatory functions 

in normal pyrin inflammasome activation and in FMF-associated pyrin inflammasomes 

[61,62].

NLRP9b Inflammasome

The murine NLRP9b inflammasome was very recently described to be activated by rotavirus 

infection of intestinal epithelial cells [63]. Rotaviruses specifically infect the small intestine 

epithelial cells, where the inflammasome components NLRP6, NLRC4, NAIPs, and 

NLRP9b were expressed. The authors proposed that Dhx9, an RNA helicase, recognizes 

viral double-stranded RNA and leads to NLRP9b association with the inflammasome 

adaptor ASC and caspase-1, maturation of IL-18, and gasdermin D-mediated pyroptosis 

(Figure 2).

The proximal sensor of rotavirus dsRNA, Dhx9, co-immunoprecipitated preferentially with 

short dsRNA (low molecular weight poly(I:C)) and slightly with tri-phosphate RNA (which 

preferentially is recognized by the RNA sensor RIG-I). Previous studies have identified that 

Dhx9 is able to unwind dsDNA, dsRNA, and DNA/RNA hybrids, so future studies may 

reveal other nucleic acid species capable of activating the NLRP9b inflammasome via Dhx9 

[64]. The authors did not show which domains in Dhx9 are required for NLRP9b 

inflammasome activation or rotavirus RNA recognition, but the protein contains a dsRNA 

binding domain, helicase domain, and RGG box domain (involved in ssRNA binding). 
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Further work confirming the assembly of a true inflammasome and downstream cleavage of 

gasdermin D, IL-1β, and IL-18 must still be done to firmly establish Nlrp9b as a genuine 

inflammasome complex. Whether Dhx9 or other helicases help to activate other 

inflammasomes in different cell types remains another interesting area of future research.

Gasdermins as Executioner Molecules

One of the most significant discoveries in the last few years was that caspase-1 and 

caspase-11 cleavage of the substrate gasdermin D, first identified in a proteomic screen of 

caspase-1 substrates, leads to cell death following activation of the inflammasome [3,4,65]. 

Upon cleavage by caspase-1 or caspase-11, the N-terminal domain of gasdermin D is 

released from the autoinhibitory C-terminal domain and translocates to the plasma 

membrane where it forms large, 10–15 nanometer pores that lead to cell death. A related 

molecule, DFNA5 (or GSDME), which is cleaved by caspase-3, also has similar N-terminal 

domain that is capable of forming pores in the cell membrane, leading to cell death similar 

to secondary necrosis, suggesting that in specific cell types, specific gasdermin molecules 

function to execute cell death [66]. Of the remaining gasdermin family members (gasdermin 

A (in mice A1-3), B (absent in mice), C (in mice C1-4), D, E, and DFNB59), all contain an 

N-terminal pore- forming domain with all but DFNB59 shown to have pore-forming activity 

[67]. It will be interesting to see where other gasdermin molecules are involved in regulated 

cell death and whether new “inflammasome” complexes may contribute to these processes.

CONCLUSIONS

The most well studied inflammasomes including NLRP1, NLRP3, NLRC4, AIM2, and 

pyrin each have been solidly established as activators of caspase-1 and gasdermin D, two 

hallmarks of pyroptosis. While these have been established for years, current work has 

begun to unravel many of the unique post-translational regulatory mechanisms that modulate 

their activation and repression and how gain-of-function mutations in these molecules leads 

to autoinflammatory diseases and susceptibility to various infections. Other less well studied 

inflammasomes including the human NLRP2 inflammasome (activated in astrocytes), 

human NLRP7 (activated by pathogen-derived acylated lipopeptides), human IFI16 

(activated within the nucleus by KHSV and HIV), and murine NLRP6 (activated by the 

taurine, histamine, and spermine in the intestine), and NLRP9b (activated by dsRNA in 

intestinal epithelial cells) are still poorly characterized but with careful investigation may be 

established as genuine inflammasome complexes or regulate other aspects of immunity [5–

10,63]. How each of these inflammasomes is regulated presents new targets for drugs that 

could limit their pathological effects in many diseases.
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HIGHLIGHTS

• The NLRP3, NLRC4, and pyrin inflammasomes are regulated by post-

translational modifications

• The Dhx9-NLRP9b inflammasome recognizing viral dsRNA was recently 

identified in intestinal cells

• Gasdermin family proteins are cleaved by caspases to form pores in cells and 

execute cell death
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Figure 1. 
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Figure 2. 
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