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Abstract Inflammasomes are multi-protein platforms

that are organized in the cytosol to cope with pathogens

and cellular stress. The pattern recognition receptors

NLRP1, NLRP3, NLRC4, AIM2 and Pyrin all assemble

canonical platforms for caspase-1 activation, while cas-

pase-11-dependent inflammasomes respond to intracellular

Gram-negative pathogens. Inflammasomes are chiefly

known for their roles in maturation and secretion of the

inflammatory cytokines interleukin-(IL)1b and IL18, but

they can also induce regulated cell death. Activation of

caspases 1 and 11 in myeloid cells can trigger pyroptosis, a

lytic and inflammatory cell death mode. Pyroptosis has

been implicated in secretion of IL1b, IL18 and intracellular

alarmins. Akin to these factors, it may have beneficial roles

in controlling pathogen replication, but become detrimental

in the context of chronic autoinflammatory diseases.

Inflammasomes are increasingly implicated in induction of

additional regulated cell death modes such as pyronecrosis

and apoptosis. In this review, we overview recent advances

in inflammasome-associated cell death research, illustrat-

ing the polyvalent roles of these macromolecular platforms

in regulated cell death signaling.
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Canonical and non-canonical inflammasome
platforms

Inflammasomes are cytosolic multiprotein complexes that

are assembled when the cell encounters pathogens, toxins,

crystals and a diversity of other agents that may harm the

host [1, 2]. These potentially cytotoxic agents or the

ensuing cellular stress are monitored by a set of intracel-

lular pattern recognition receptors (PRRs) that auto-

oligomerize and recruit additional inflammasome compo-

nents. Similar to the death-inducing signaling complexes

that activate the apoptotic initiator caspases 8 and 10 [3],

and the caspase-9-activating apoptosome [4], oligomer-

ization of inactive procaspase-1 zymogens in

inflammasomes results in the proximity-induced autoacti-

vation of the protease [1]. The caspase recruitment domain

(CARD)- and pyrin domain (PYD)-containing adaptor

protein Apoptosis-associated speck-like protein containing

a CARD (ASC) bridges the recruitment of procaspase-1,

although inflammasomes of CARD-containing PRRs may

also recruit the inflammatory protease directly [5–7]. Once

active, caspase-1 matures and releases the pleiotropic

inflammatory cytokines interleukin(IL)-1b and IL18,

thereby contributing importantly to inflammatory and

immune responses [8]. Caspase-1 also induces pyroptosis,

a lytic regulated cell death mode of myeloid cells that is

emerging as a critical host defense mechanism against

microbial pathogens [9]. On the other hand, excessive and

unwarranted pyroptosis induction is linked to autoinflam-

matory disease [10–13]. Also, activation of murine

caspase-11 and its human orthologs caspases 4 and 5 in the

non-canonical inflammasome pathway induces pyroptosis

[14–16]. Furthermore, inflammasome-induced cell death

responses are increasingly recognized to extend well

beyond caspase-1- and -11-induced pyroptosis, and
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encompass apoptosis and pyronecrosis as discussed in the

following paragraphs.

The canonical inflammasomes

By definition, the canonical inflammasomes activate cas-

pase-1. Most canonical inflammasomes are assembled by

PRRs that belong to the nucleotide-binding oligomeriza-

tion domain-like receptor (NLR) family [17], but Pyrin [2]

and the HIN200 protein AIM2 [18, 19] also engage well-

defined inflammasomes. The roles and signaling mecha-

nisms of the different inflammasomes have been reviewed

extensively [1, 20–22], and they will only be briefly dis-

cussed here in the context of their roles in regulated cell

death signaling.

Akin to other NLRs, NLRP3 possesses a central

nucleotide-binding NAIP, CIITA, HET-E and TP1

(NACHT) domain and a number of C-terminal leucine-rich

repeat (LRR) domains that are thought to regulate NLR

activation. NLRP3 is a representative member of the NLRP

subfamily, which are characterized by a PYD domain in

the amino-terminus. The NLRP3 inflammasome is acti-

vated in response to a broad variety of pathogen- and

danger-related activators that includes Gram-negative

bacteria, Staphylococcus aureus, RNA viruses, pore-

forming toxins, ionophores, crystals, etc. [23] (Fig. 1). As

it is unlikely for NLRP3 to physically ligate such a diverse

set of activators, it is commonly thought that these stimuli

may converge on production of a secondary messenger that

is monitored by NLRP3. K? efflux, Ca2? signaling, mito-

chondria-derived reactive oxygen species (ROS), cytosolic

release of mitochondrial DNA and cardiolipin, release of

lysosomal cathepsins and microtubule-assisted relocation

of the NLRP3 inflammasome to mitochondria–endoplas-

mic reticulum (ER) foci all are mechanisms that may

possibly contribute to NLRP3 activation [24–30], but fur-

ther research is required to fully understand NLRP3

activation mechanisms.

The human NLRP1 inflammasome has been implicated

in Vitiligo-associated autoimmune disease [31],

Fig. 1 Schematic representation of the inflammasome pathways

resulting in pyroptosis. Pyroptosis as a regulated lytic cell death

mode of myeloid cells is induced in response to a wide variety of

endogenous, environmental, and pathogen-derived triggers down-

stream of inflammasome-associated activation of caspases 1 or 11 in

mice, or that of the orthologous caspases 1, 4, and 5 in humans. While

the PYD-based NLRP3, AIM2, and Pyrin platforms require the

bipartite adaptor protein ASC to recruit and activate caspase-1, the

CARD-based NLRP1b and NLRC4 inflammasomes trigger caspase-

1-dependent pyroptosis independently of ASC. Both caspases 1 and

11 engage pyroptosis directly by cleaving its substrate gasdermin D.

The mechanism by which gasdermin D triggers pyroptosis is currently

unknown
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autoimmune Addison’s disease [32], type I diabetes [33,

34], and autoinflammation [35]. Importantly, humans pos-

sess only one NLRP1 gene, whereas the mouse genome

contains NLRP1a, NLRP1b, and NLRP1c genes. A number

of studies have shown that NLRP1a and NLRP1b assemble

inflammasomes that non-redundantly activate caspase-1 in

hematopoietic progenitor cells infected with lymphocytic

choriomeningitis virus (LCMV) [36], and in macrophages

intoxicated with Bacillus anthracis lethal toxin (LeTx),

respectively [37]. LeTx consists of two subunits: the pro-

tective antigen (PA) subunit attaches to plasma membrane-

bound host receptors and assists in cytosolic translocation

of the zinc metalloproteinase subunit lethal factor (LF). In

the cytosol, LF protease activity triggers assembly of the

NLRP1b inflammasome through mechanisms that are not

entirely clear yet [38, 39] (Fig. 1).

NLRC4 is another NLR protein that assembles a

canonical inflammasome [40]. Unlike NLRP3, NLRC4

contains an amino-terminal CARD. The NLRC4 inflam-

masome plays an important role in host defense against

Salmonella enterica serovar Typhimurium (S. Typhimur-

ium), Legionella pneumophila, Pseudomonas aeruginosa,

Shigella flexneri, and Burkholderia thailandensis [23, 41,

42]. Members of the NAIP subfamily—which are charac-

terized by amino-terminal baculovirus IAP repeat (BIR)

motifs—bind flagellin or components of bacterial type III

secretion systems (T3SS) of pathogenic bacteria that gain

access to the cytosol (Fig. 1) [43–45]. NAIP5-independent

phosphorylation of NLRC4 is also required for engagement

of flagellin-induced inflammasome signaling [46, 47].

Importantly, while rodents encode multiple NAIP genes,

humans express different isoforms from a single NAIP

gene that detect flagellin and T3SS components, respec-

tively [48].

Also the HIN200 family member Absent in Melanoma 2

(AIM2) assembles a well-characterized inflammasome.

Through its dsDNA-binding HIN200 domain, AIM2

detects the presence of viral and bacterial pathogens in the

cytosolic compartment [49–51]. AIM2 mediates host

defense against cytomegalovirus and influenza virus, but

also restricts Francisella tularensis. Guanylate-binding

proteins (GBPs) appear dispensable for AIM2 detection of

transfected DNA and cytomegalovirus infection, but they

are required for responding to AIM2-activating bacterial

pathogens [52, 53]. This is explained by the notion that

these type I interferon (IFN)-induced GTPases mediate

lysis of bacteria-encapsulating vacuoles or the bacterial cell

wall, thereby exposing F. tularensis DNA to AIM2

detection.

Pyrin is the latest addition to the list of pattern recog-

nition receptors (PRRs) that engages a canonical

inflammasome. Pyrin is mutated in familial Mediterranean

Fever patients, and the protein was recently shown to

respond to bacterial toxins that post-translationally modify

members of the Rho GTPase family [2, 54]. Pathogens

such as Clostridium difficile, Clostridium botulinum, Vibrio

parahaemolyticus, Histophilus somni, and Burkholderia

cenocepacia express such toxins and induce Pyrin-depen-

dent caspase-1 activation (Fig. 1). In light of the reported

association of Pyrin with the cell cytoskeleton [55], this

suggests that Pyrin may guard disrupted Rho signaling

indirectly, possibly by monitoring remodeling of the

cytoskeleton downstream of toxin-induced inhibition of the

GTPase [2].

The non-canonical inflammasome

Akin to the role of caspase-1 in canonical inflammasomes,

caspase-11 acts as the effector protease of the non-canon-

ical inflammasome [14]. Notably, this inflammasome

pathway has emerged only recently with the unexpected

observation that widely used caspase-1 knockout mice

were also deficient in caspase-11 expression [14]. The non-

canonical inflammasome pathway targets Gram-negative

bacteria that gain access to the cytosolic compartment

(Fig. 1). Direct binding of cytosolic LPS was shown to

promote caspase-11-mediated pyroptosis as a host defense

response that is thought to be important for disposal of

macrophages that are infected with Escherichia coli,

Citrobacter rodentium, Vibrio cholerae and other Gram-

negative pathogens [14, 56]. Akin to their role in lysis of F.

tularensis-containing vacuoles to license AIM2 inflamma-

some activation, GBP GTPases act upstream of caspase-11

for inducing pyroptosis of infected macrophages [57, 58].

Caspase-11 cannot mature IL1b and IL18 directly [59], but

it nevertheless promotes secretion of bioactive IL1b and

IL18 indirectly through engagement of the NLRP3

inflammasome [14].

Mechanisms of inflammasome-induced pyroptosis

Caspases are well known for their chief roles in apoptosis

signaling [60]. Unlike their apoptotic counterparts, the

inflammatory caspase subset—i.e., human caspases 1, 4

and 5, and murine caspases 1 and 11—triggers pyroptosis.

Maturation of the apoptotic executioner caspases 3 and 7,

internucleosomal DNA fragmentation and cleavage of Poly

(ADP-ribose) polymerase-1 (PARP1) are considered hall-

marks of apoptosis. However, these events may not be

apoptosis-selective biomarkers as Terminal deoxynu-

cleotidyl transferase dUTP nick end labeling (TUNEL)-

activity is also detected in S. Typhimurium-infected mac-

rophages [61–63], and occurs downstream of caspase-1

[64] (Fig. 2). Similarly, inflammasome activation promotes

caspase-1-dependent maturation of caspase-7, and cleavage
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of PARP1 [64–66] (Fig. 2). Unlike caspase-1, however,

deletion of neither caspase-7 nor PARP1 halted pyroptosis

by the Nlrp3 and Nlrc4 inflammasomes [64, 65], suggest-

ing that caspase-7 and PARP1 may contribute to other

inflammasome-linked events. In this regard, caspase-7

activation by the Nlrc4 inflammasome was shown to pro-

mote endolysosomal destruction of Legionella

pneumophila in infected macrophages [67], and caspase-7-

mediated PARP1 cleavage enhanced transcription of NF-

jB-dependent target genes [66]. Despite these overlapping

molecular characteristics, apoptotic and pyroptotic cells

differ markedly in other aspects. Apoptosis features cell

body shrinkage (pyknosis) and formation of apoptotic body

formation, whereas pyroptotic cells undergo cytoplasmic

swelling, consequently leading to opposing immunological

outcomes. While apoptosis is an immunologically silent

regulated cell death mode in which the plasma membrane

integrity of the dying cell is not compromised before cells

are phagocytosed, pyroptosis represents a lytic regulated

cell death mode that is characterized by early membrane

rupture and extracellular release of the intracellular con-

tents. Because these hallmarks do not distinguish

pyroptosis from other lytic regulated cell death modes such

as necroptosis [68], pyroptosis is better defined as ‘a lytic

regulated cell death mode that relies on the enzymatic

activity of inflammatory caspases’. The term ‘pyroptosis’

combines the Greek roots ‘pyros’ and ‘ptosis’—which,

respectively, stand for ‘fire’ and ‘falling’—to highlight the

inflammatory nature of this cell death mode [69]. Although

the term pyroptosis was coined only in 2001, reports

describing caspase-1-mediated regulated cell death of S.

Typhimurium- and S. flexneri-infected macrophages date

back to as early as 1996, even though at the time these

events were designated as apoptotic or necrotic cell death

[70–74]. In contrast, caspase-11 only recently emerged as a

caspase that shares with caspase-1 the ability to induce

pyroptosis in Gram-negative-infected macrophages [14].

Though still incompletely understood, understanding of

the molecular mechanisms of pyroptosis has gained sig-

nificant traction lately. The increasingly detailed

description of the mechanisms driving caspase-1 and -11

activation in the canonical and non-canonical inflamma-

some pathways have clarified how pyroptosis is induced by

microbial pathogen-associated molecular patterns

(PAMPs) and cellular danger signals [23]. Moreover, the

recent discovery that gasdermin D cleavage is critical for

both caspase-1- and -11-induced pyroptosis revealed a

shared pyroptosis execution mechanism in the canonical

and non-canonical inflammasome arms [75, 76]. Little is

currently known about the physiological roles of gasdermin

D and other gasdermin family members, but cleavage of

human gasdermin D after Asp275 (corresponding to

Asp276 in mouse gasdermin D) by caspase-1 and the

caspase-11 orthologues caspases 4 and 5 releases an amino-

Fig. 2 Scheme of the morphological and biochemical features of

pyroptosis and apoptosis. These forms of cell death represent two

very distinct forms of regulated cell death in terms of their final

outcome, but share some important characteristics related to their

signaling events (highlighted in green boxes)
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terminal fragment that suffices to induce pyroptosis when

overexpressed (Fig. 2). Gasdermin D is present in humans,

mouse, rat and genomes of other mammals, but absent in

birds, insects, amphibians and fish. Notably, the amino-

terminal domains of other gasdermin proteins also induce

cell death when ectopically expressed, but gasdermin D

appears the sole family member in which the regulatory

carboxy-terminal domain is physically detached from the

amino-terminal region by caspase-1/11 cleavage [75, 76].

It would, therefore, be interesting to examine whether the

cell death-inducing properties of other gasdermins may be

exposed by alternative post-translation modifications in the

flexible linker region, and whether this contributes to

pyroptosis and/or other lytic cell death modes in macro-

phages and other cell types.

Remarkably, while hundreds of caspase cleavage events

coordinately orchestrate apoptotic cell death [77–79], cas-

pase-11-mediated pyroptosis appears to rely solely on

gasdermin D cleavage because gasdermin D-deficient

macrophages are fully protected from caspase-11-induced

pyroptosis [75, 76]. Because gasdermin D deletion con-

ferred only a temporal protection from caspase-1-induced

pyroptosis [76], it is likely that cleavage of additional

substrates contributes to caspase-1-mediated pyroptosis.

This also suggests that cleavage events associated with

pyroptosis via the canonical and non-canonical inflamma-

somes may overlap significantly because caspase-11-

mediated gasdermin D cleavage indirectly engages cas-

pase-1 downstream of the Nlrp3 inflammasome [75, 76].

A central outstanding question concerns the mecha-

nism(s) by which caspase-1/11 cleavage of gasdermin D

engages pyroptosis. Given the early plasma membrane

rupture in pyroptotic cells, the amino-terminal gasdermin D

domain may oligomerize to form a membrane pore akin to

how MLKL may act during necroptosis [80, 81]. Alterna-

tively, the pyroptotic gasdermin D domain may induce cell

lysis indirectly by damaging intracellular organelles that

result in disruption of mitochondrial respiration and ATP

synthesis. In this regard, activation of the NLRP3 and

AIM2 inflammasomes was shown to be associated with

caspase-1-mediated mitochondrial damage that was

accompanied by cleavage of the pro-apoptotic Bcl-2 family

member Bid and cytosolic release of mitochondrial cyto-

chrome c [82] (Fig. 2). However, transgenic expression of

Bcl-2 and deletion of apoptosis-associated mitochondrial

outer membrane permeabilization inducers Bid, Bok, Bax,

and Bak do not alter the course of pyroptosis induced by

the NLRP3 or AIM2 inflammasomes [82, 83], suggesting

that mitochondrial destabilization in pyroptotic cells may

occur through other mechanisms.

Inflammasome-induced gasdermin D cleavage may also

induce pyroptosis by modulating ion fluxes from intracel-

lular stores and/or plasma membrane-bound ion channels,

which could explain osmosis and the plasma membrane

rupture of pyroptotic cells. In this regard, pyroptosis was

suggested to be accompanied by caspase-1-induced for-

mation of transmembrane pores of approximately

1.1–2.4 nm prior to cell lysis [61] (Fig. 2). Unlike caspase-

1, caspase-11 was proposed to cleave and degrade the

plasma membrane-bound cationic channel subunit transient

receptor potential channel 1 (TRPC1) to stimulate uncon-

ventional IL1b secretion [84], but how this integrates with

the essential role of caspase-11-mediated gasdermin D

cleavage for IL1b secretion in the context of non-canonical

inflammasome activation requires further investigation

(Fig. 2). Without doubt, coming years will provide

important progress in understanding the mechanisms

driving pyroptosis downstream of caspases 1 and 11, and

this is likely to reveal interesting similarities and differ-

ences by which the canonical and non-canonical

inflammasomes coordinate pyroptotic cell death.

Pyroptosis in inflammation and anti-microbial host
defense

Inflammasome activation provides protection against bac-

terial, viral, fungal, and protozoan pathogens, and

pyroptosis induction is thought to contribute importantly to

anti-microbial host defense [9, 14, 85–88]. It is hypothe-

sized that it does so by eliminating intracellular replication

niches and by externalizing intracellular pathogens for

immune recognition and clearance. In addition, recent

reports suggest that pyroptosis may also represent a

mechanism for the passive extracellular release of bioac-

tive Interleukin (IL)-1b and IL18. Unlike conventional

cytokines, IL1b and the related cytokine IL18 are secreted

independently of the endoplasmic reticulum (ER)-Golgi

secretory pathway, but instead are synthesized as cytosolic

precursors that await their proteolytic cleavage by caspase-

1 [88]. IL1b promotes fever and infiltration of inflamma-

tory cells indirectly through inflammatory mediators such

as PGE2, NOS and adhesion molecules. In addition, it

modulates T and B cell responses by inducing Th2 and

Th17 polarization of naı̈ve CD4 T cells [8]. IL18 also

regulates T cell maturation by polarizing the response

towards Th1 or Th2 patterns in conjunction with IL12 [8].

By monitoring caspase-1 activity using an engineered flu-

orescence resonance energy transfer (FRET) sensor in

parallel with extracellular IL1b at the single-cell level,

secretion of IL1b was shown to correlate fully with

pyroptosis induction by the NLRP3, NLRC4, and AIM2

inflammasomes [89]. Moreover, although a role for gas-

dermin D in active secretion of these cytokines cannot be

ruled out, the observation that its deletion delayed pyrop-

tosis induction by the canonical inflammasomes along with
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extracellular release of mature IL1b and IL18 suggests a

causal link between these inflammasome outcomes [75,

76].

In addition to IL1b and IL18, pyroptosis has been

associated with externalization of intracellular danger-as-

sociated molecular patterns (DAMPs). In particular, release

of IL1a and high mobility group box 1 (HMGB1) have

been linked to pyroptosis induction by the canonical and

non-canonical inflammasomes [14, 90]. IL1a is a cytokine

highly related to IL1b, but with the contrasting difference

that it does not need to be cleaved to be functional [8].

Therefore, release of bioactive IL1a likely is a common

feature of lytic cell death modes, and may account for some

of their inflammatory properties. Also, release of HMGB1

has been documented not only during pyroptosis [14, 90],

but also in the context of necroptosis [91, 92]. Intracellular

HMGB1 regulates chromosome architecture in the nucleus,

and although its intracellular roles confound its analysis as

an extracellular DAMP in conditionally targeted mice [93–

95], studies using antibody-based HMGB1 neutralization

have implicated it in a variety of inflammatory disease

models. For example, lethality in the caspase-11-dependent

LPS-induced endotoxemia model [14, 96] was more

effectively prevented by neutralization of HMGB1 than by

the combined deletion of IL1b and IL18 [14, 90, 97]. It is

thought that extracellular HMGB1 may act as a chemokine

that engages receptor for advanced glycation endproducts

(RAGE) and possibly as a Toll-like receptor (TLR) ligand

in conjunction with PAMPs [98].

In addition to these DAMPs, pyroptotic cells have been

suggested to release ASC specks to increase local inflam-

matory responses or to amplify inflammasome signaling

when these aggregates are phagocytosed by neighboring

cells [99, 100]. In the extracellular space, ASC specks

continue to promote caspase-1 proteolysis of pro-IL1b, and
phagocytosed ASC specks serve as a platform for nucle-

ating inflammasome activation in bystander cells [99, 100].

Thus, by promoting release of ASC specks and DAMPs

such as IL1a, IL1b, IL18, and HMGB1, pyroptosis is

increasingly regarded as a major effector mechanism by

which inflammasomes contribute to inflammatory and host

defense responses.

Inflammasome-induced apoptosis
and pyronecrosis

Although inflammasomes have primarily been linked with

induction of pyroptosis, mounting evidence suggests that

they can elicit additional cell death modes, namely apop-

tosis and pyronecrosis. Similar to pyroptosis, pyronecrosis

is a lytic cell death mode that relies on inflammasome

adaptors, namely NLRP3 and ASC, but unlike pyroptosis it

proceeds independently of caspase-1 activity [101, 102].

Instead, this inflammatory cell death mode possibly relies

on the lysosomal cathepsins to induce cell lysis and

HMGB1 release in the context of Shigella flexneri- and

Neisseria gonorrhoeae-infected THP1 cells and human

peripheral blood mononuclear cell (PBMC)-derived

monocytes [101, 102].

Current understanding of pyronecrosis is incomplete, but

our knowledge on how inflammasomes engage apoptosis is

gradually increasing. The first description of apoptosis

induction by inflammasomes emerged from studies with

ectopically expressed NLRC4 and ASC in HEK293T cells,

which lack caspase-1. In this system, NLRC4 and ASC

formed a complex that recruited endogenous caspase-8 and

induced apoptosis [103]. ASC was proposed to engage in

direct heterotypic CARD/DED interactions with caspase-8

for apoptosis induction [103–105], although the possibility

of a still unidentified component mediating their interaction

cannot be ruled out. Caspase-8 is intimately connected with

inflammasome responses, as in addition to its role in medi-

ating inflammasome-associated apoptosis, it mediates

transcriptional upregulation of proIL1b in response to TLR4

engagement, thus also serving as a checkpoint for efficient

inflammasome-induced cytokine responses [106]. More-

over, caspase-8 is recruited to NLRP3 and NLRC4-engaged

ASC specks in the context of pyroptosis signaling [106–

108].Additionally, it was shown to promote IL1bmaturation

and secretion from macrophages independently of inflam-

masomes under conditions of ER stress, fungal infection,

death receptor engagement and chemotherapy treatment

[109–112].

Apoptosis induction with endogenous inflammasome

components was more recently demonstrated in caspase-1

and -11-deficient S. Typhimurium-infected mouse macro-

phages [113]. Using pharmacological caspase-1 inhibition,

caspase-1 protease activity was suggested to actively sup-

press apoptosis in S. Typhimurium-infected macrophages,

although the mechanism involved remains unknown [113].

Apoptosis induction in the absence of caspase-1 activity

was relayed by the inflammasome adaptors NLRC4 and

NLRP3 in this context [113]. In a similar manner, caspase-

1/11-deficient macrophages that have been exposed to

canonical NLRP3 and AIM2 stimuli also responded with

delayed induction of apoptosis [104, 105]. Apoptosis was

accompanied by caspase-8 recruitment to ASC specks, but

caspase-8 could only be fully activated in the absence of

caspase-1 [104, 105]. It is interesting to note in this respect

that ASC was originally cloned as an aggresome-forming

protein in retinoic acid- and etoposide-treated apoptotic

human promyelocytic leukemia HL-60 cells [114], and its

expression is suppressed in close to half of primary human

breast cancers, suggesting that it may act as a tumor sup-

pressor that induces apoptosis [115].

2340 N. M. de Vasconcelos et al.

123



However, formation of ASC specks is not confined to

apoptotic cells, but also observed in the context of

inflammasome-induced pyroptosis. ASC deletion prevents

both pyroptosis and apoptosis induction in the context of

the NLRP3 and AIM2 inflammasomes, but it is difficult to

establish whether ASC-dependent apoptosis induction

emerges from ASC specks or the ASC-containing inflam-

masome platforms because ASC is critical for bridging the

interaction between NLRP3 and AIM2 with caspase-1 in

their respective inflammasomes [23]. Indeed, the formation

of the 1–2 lm-sized ASC aggregates is considered a hall-

mark of inflammasome engagement, and their prion-like

physicochemical properties are well documented [116,

117]. ASC specks are also formed in the context of the

NLRC4 and NLRP1b inflammasomes, but as both NLRC4

and NLRP1b have a CARD domain, these sensors can

directly engage caspase-1 in the absence of ASC utilizing

homotypic CARD interactions [5–7]. Consequently,

pyroptosis induction by the NLRC4 and NLRP1b inflam-

masomes is unhampered in the absence of ASC, whereas

ASC is essential for pyroptosis in the context of the PYD-

based NLRP3 and AIM2 inflammasomes [5–7]. The

observations described above suggest that inflammasome-

associated pyroptosis and apoptosis induction may generate

profoundly different systemic outcomes, and modulation of

these cell death responses may offer novel approaches for

treating inflammasome-associated diseases. In conclusion,

significant progress was made in recent years in charac-

terizing inflammasome-associated apoptosis, but more

work is needed to examine when and how they contribute

to inflammasome signaling in vivo.

Inflammasome-induced cell death in infection
and autoinflammation

While understanding the relevance of inflammasome-me-

diated apoptosis in vivo is still in its infancy, a clearer

picture on how pyroptosis induction by caspases 1 and 11

contributes to host defense against microbial pathogens,

and detrimental inflammation in autoinflammatory diseases

is emerging. Pyroptosis has been particularly linked to

in vivo protection against infection with Bacillus anthracis

spores, B. thailandensis, B. pseudomallei, S. Typhimurium,

Legionella pneumophila, and F. tularensis [86, 118, 119].

In S. Typhimurium infection, the combined absence of

IL1b and IL18 failed to fully recapitulate the more severe

phenotype of caspase-1/11-deficient mice in agreement

with the notion that pyroptosis not only promotes secretion

of IL1b and IL18, but also exposes pathogens to extra-

cellular immune recognition [86, 119].

However, generalized pyroptosis may also become

detrimental to the host. For instance, extensive caspase-1-

driven pyroptosis was identified as a major cause of

immunodepletion in HIV patients that targets CD4 T cells

that have been unproductively infected with the virus [120,

121]. Also caspase-11-mediated pyroptosis in the absence

of caspase-1-dependent cytokine production was suggested

to be disadvantageous to the host in terms of efficiently

clearing S. Typhimurium in vivo [122]. Excessive caspase-

11-associated pyroptosis may also be pathogenic during

LPS-induced endotoxemia because caspase-11 knockout

mice are highly resistant to LPS-induced lethality, while

animals lacking IL1b and IL18 remain largely sensitive

[14, 96]. Nevertheless, detailed analysis of the in vivo roles

of pyroptosis was hampered by the absence of specific

biomarkers, but the recent identification of gasdermin D

cleavage as a pyroptosis-selective event offers a potentially

suitable biomarker for monitoring pyroptosis in vivo.

Nevertheless, inflammasome-induced cell death is sus-

pected to contribute to inflammatory pathology in

inflammasomopathies, which are hereditary periodic fever

syndromes caused by gain-of-function mutations in genes

coding for inflammasome components [11, 123]. CAPS

(Cryopyrin-associated periodic syndromes) is frequently

caused by mutations in and around the central NACHT

domain of the inflammasome adaptor NLRP3 [124].

Patients diagnosed with these diseases can be distributed

across a spectrum of severity of their clinical outcomes, in

which FCAS (Familial cold autoinflammatory syndrome)

patients present the mildest form, MWS (Muckle–Wells

syndrome) correlates with an intermediate phenotype,

while NOMID (Neonatal onset multisystem inflammatory

disease) is very severe. CAPS patients exhibit the symp-

toms of general inflammation, suffering with rash, fever,

headache and fatigue that can be triggered by cold expo-

sure, stress or, in its most serious form, even be present in a

chronic manner. Severe presentations of CAPS can pro-

gress to hearing impairment or even neurological sequelae

due to aseptic meningitis [124]. Some NLRP3 SNPs that

are associated with CAPS have been shown to render

NLRP3 constitutively active, which explains the high

levels of inflammation experienced by the patients [123].

CAPS patients highly benefit from IL1 inhibitors that are

already prescribed in the clinic [124]. However, in mouse

models of CAPS, combined blockade of IL1R/IL18R sig-

naling provided less protection from postnatal lethality

than caspase-1 deletion, reinforcing the notion that

pyroptosis-related DAMPs may contribute to pathology in

this autoinflammatory model [10].

Inflammasome-associated cell death may also be an

important driver of pathology in recently described

autoinflammatory diseases that are caused by activating

mutations in NLRC4 [11–13]. In all studied cases, recur-

rent fever began early in life but the other symptoms were

variable, including rash and intestinal-commitment. High
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levels of IL18 in the serum of patients, together with other

inflammatory markers, confirmed the correlation of

NLRC4-activating mutations with disease onset. In accor-

dance with the clinical presentation, these diseases were

termed NLCR4-MAS, SCAN4, and NLRC4-FCAS,

respectively [11–13]. IL1b neutralization improved a sub-

set of symptoms in NLCR4-MAS patients and in a mouse

model of NLRC4-FCAS, but could not rescue the high

levels of circulating IL18. The latter suggests that exces-

sive NLRC4-induced cell death linked with IL18 secretion

and macrophage activation syndrome may be an important

cause of pathology in NLRC4-associated autoinflammation

[11–13]. These findings undoubtedly warrant a thorough

investigation of inflammasome-induced cell death respon-

ses and its roles in CAPS and NLRC4-associated

autoinflammation.

Concluding remarks: inflammasomes
as polyvalent cell death controllers

We illustrated throughout this review that inflammasomes

may regulate several cell death modes and inflammatory

mechanisms (Fig. 3). That a signaling platform would

control a variety of downstream cell death pathways is not

unprecedented. The death receptor family member tumor

necrosis factor (TNF)-receptor 1 (TNF-R1) can engage at

least three different complexes, termed complex I, II and

IIb, with each complex promoting a distinct cellular

response. Complex I induces NF-jB- and AP-1-dependent

transcription of pro-inflammatory cytokines and the apop-

tosis inhibitor cFLIP, therefore constituting a pro-survival

signal. When complex I-dependent responses are impaired,

assembly of complex II activates caspase-8 for induction of

apoptosis. When caspase-8 activation fails, complex IIb

leads to induction of necroptosis through RIP kinases 1 and

3. Therefore, signaling through TNF-R1 is highly regu-

lated, thereby skewing cellular responses to TNF

stimulation depending on the cellular context [92]. Simi-

larly, inflammasome responses appear to be regulated by an

exquisite range of regulatory mechanisms. Although

induction of pyroptosis downstream of caspase-1 may be

an all–or–none response [89], inflammasome activation

itself is tightly controlled at both the transcriptional and

post-translational levels. A prime example of transcrip-

tional control is presented by the NF-jB-dependent
induction of NLRP3, proIL1b and caspase-11 levels to

license inflammasome assembly, pyroptosis, and the

release of mature IL1b [23]. Inflammasome activation is

also regulated directly through post-translational

Fig. 3 Representation of

inflammasomes as cell death

switches. While engagement of

NLRP3, AIM2 and NLRC4

leads to pyroptosis in the

presence of caspase-1, lack of

this inflammatory caspase

deviates the response towards

caspase-8-dependent apoptosis.

Importantly, NLRC4 is able to

activate caspase-1 in the

absence of the adaptor ASC, but

the apoptotic phenotype is

highly dependent on the adaptor

protein. Considering the

downstream effects of

pyroptosis and apoptosis,

inflammasome engagement

could potentially play

contrasting roles in immune

response depending on the

expression level of caspase-1

2342 N. M. de Vasconcelos et al.

123



modifications, as illustrated by the necessity for NLRP1b

autocleavage [125] and NLRC4 phosphorylation [46, 47]

for inflammasome activation. Primate-specific CARD-only

and Pyrin-only proteins represent yet another level of

inflammasome regulation [126]. Overall, tight regulation of

inflammasome activation may serve to ensure that cells

respond adequately to intracellular pathogen invasion

while minimizing as much as possible the collateral dam-

age induced by excessive cell death and inflammatory

responses.
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