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Abstract

Intracellular pathogens pose a significant threat to animals. In defense,
innate immune sensors attempt to detect these pathogens using pattern
recognition receptors that either directly detect microbial molecules or
indirectly detect their pathogenic activity. These sensors trigger different
forms of regulated cell death, including pyroptosis, apoptosis, and necrop-
tosis, which eliminate the infected host cell niche while simultaneously
promoting beneficial immune responses. These defenses force intracellular
pathogens to evolve strategies to minimize or completely evade the sensors.
In this review, we discuss recent advances in our understanding of the
cytosolic pattern recognition receptors that drive cell death, including
NLRP1, NLRP3, NLRP6, NLRP9, NLRC4, AIM2, IFI16, and ZBP1.
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INTRODUCTION

Many pathogens attempt to hide from extracellular defenses by replicating inside host cells. Such
intracellular pathogens replicate either in the vacuolar compartment or in the cytosolic/nuclear
compartment. To counteract intracellular pathogens, host cells have a strategy to trigger regu-
lated cell death (RCD) pathways, including apoptosis, pyroptosis, and necroptosis. Killing the
infected cell removes the replicative niche of the pathogen, allowing the host immune system to
clear the pathogen before it can enter and successfully commandeer the next cell. However, the
host–pathogen interface is constantly evolving; if the host evolves an RCD program that elimi-
nates intracellular infection, pathogens are now under pressure to evolve evasion strategies. This
never-ending “Red Queen’s race” (1) results in increasingly complex host–pathogen interactions,
making it challenging to know which side is “winning” at any particular point.

A complex array of cytosolic sensors monitors cells for infection and can trigger RCD
(Table 1). Pattern recognition receptors (PRRs) bind directly to pathogenic molecules or sense
the direct consequences of pathogen virulence properties. Here, we discuss PRRs that sense
intracellular pathogens and induce RCD. Numerous inflammasome pathways trigger pyroptosis,
and a single cytosolic PRR is known to trigger necroptosis. Other pathways that are not cytosolic
or not PRRs, including tumor necrosis factor/Toll-like receptor (TNF/TLR)-driven and BH3
family–driven RCD, are not covered here.We also do not discuss pyrin, which is a cytosolic PRR,
because it appears to mostly detect extracellular pathogens (reviewed in Reference 2).

PYROPTOSIS

Inflammasomes are multiprotein complexes containing sensor proteins, which detect virulence
traits of pathogens either directly, by sensing pathogen-associated molecular patterns (PAMPs),
or indirectly, by sensing virulence factor activities (3). Inflammasomes all cause proinflammatory
cytokine release and cell death. Inflammasomes have different domain architecture, but all contain
either a pyrin domain (PYD) or a caspase activation and recruitment domain (CARD) (4).

CARD-containing inflammasomes directly activate caspase-1 via CARD-CARD interactions
and are amplified by the apoptosis-associated speck-like protein (ASC) adapter, a PYD-CARD
protein. In contrast, PYD-containing inflammasomes require ASC to signal, recruiting it via PYD-
PYD interactions that trigger ASC polymerization (forming ASC specks), which serve as a hub
for caspase-1 activation (5, 6). This activated caspase-1 cleaves the linker of the pore-forming pro-
tein gasdermin D (GSDMD), which liberates the N-terminal pore-forming domain, which form
pores in the plasma membrane (7–10). These pores trigger cell surface Ninjurin1 oligomeriza-
tion and subsequent plasma membrane rupture (i.e., pyroptosis) (11). At the same time, caspase-1
cleaves the proinflammatory cytokines IL-1β and IL-18 to their active forms, which escape the
cytosol through the GSDMD pore or by other means (12, 13). Indeed, the charge properties of
the GSDMDpore preferentially attract the cleaved forms of the cytokines for release (14). Inflam-
masome activation also triggers the production of eicosanoids and releases intracellular damage-
associated molecular patterns (DAMPs), which drive further inflammation (15). The highly
inflammatory nature of pyroptosis can clear pathogens, but it can also lead to immunopathology
(16, 17).

NLRP1

Many Nod-like receptors (NLRs) form inflammasomes. The mechanism of activation of the first
inflammasome, NLRP1 (18), was recently elucidated.
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Activation

NLRP1 diverges from the direct PAMP-binding paradigm set by theTLR family. Instead,NLRP1
monitors for virulence factor activity. This detection is enabled by a domain architecture not
present in other NLRs.NLRP1 proteins have the typical NACHT and leucine-rich repeat (LRR)
domains, but these are followed by a function to find domain (FIIND) and a CARD that are key to
its function (19, 20) (Figure 1). Additionally, the human NLRP1 paralog contains an N-terminal
PYD; however, unlike other NLRPs, this PYD is not essential.

Human NLRP1

Mouse NLRP1b

CARDNACHT LRR UPAPYD

Proteasome

Ub

Oligomerize

Activates caspase-1

Inflammasome

a

b

LT cleavage

Inactive

Fate?

Ub
Ub

Ub
Ub

DPP9

ZU5
FIIND

VbP

Functional
degradation

Decoy
target

N-end rule
ubiquitination

New
N-terminus

Intended
target

LT

Liberated
UPA-CARD

MAPK

Original
N-terminus

1

2

3

4

1

(Caption appears on following page)
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Figure 1 (Figure appears on preceding page)

NLRP1 regulation by a series of proteolytic events. NLRP1 is regulated and activated by a series of protease steps (❶–❹). (a) NLRP1
is composed of NACHT and LRR domains, which are typical of NLR proteins, but it also has a unique FIIND and CARD at its C
terminus. Additionally, human NLRP1 has a PYD that is not essential for its function. The FIIND exerts autoproteolytic activity and
cleaves itself in the middle (❶), generating a ZU5 fragment and a UPA fragment. (b) Bacillus anthracis uses the pathogen protease LT to
cleave MAPKs. However, murine NLRP1b has a decoy sequence that lures LT to cleave NLRP1b in its N terminus (❷). This process
results in a novel nonmethionine N terminus that is detected by the N-end rule ubiquitinases, which target the protein to the
proteasome, leading to functional degradation of NLRP1b (❸). The proteasome degrades the NACHT, LRR, and ZU5 domains, but,
because of the lack of a peptide bond between ZU5 and UPA, the UPA-CARD C-terminal fragment escapes the proteasome. This
UPA-CARD is now free to oligomerize into an inflammasome that activates caspase-1. However, if the UPA-CARD is not generated in
sufficient quantities, its activity is quenched. The dipeptidyl protease DPP9 normally cleaves proteins with specificity for cleaving after
any amino acid followed by a proline at the N terminus of a protein. DPP9 organizes a ternary complex among itself, an intact NLRP1,
and a UPA-CARD. DPP9 binds the intact NLRP1 by its ZU5 and UPA domains, and the UPA-CARD by its UPA domain, preventing
the UPA-CARD from forming an inflammasome. Although the protease activity of DPP9 is essential for this inhibition (❹), whether
DPP9 cleaves the UPA-CARD is unknown. Abbreviations: CARD, caspase activation and recruitment domain; DPP, dipeptidyl
protease; FIIND, function to find domain; LRR, leucine-rich repeat; LT, lethal toxin; NLR, Nod-like receptor; PYD, pyrin domain;
VbP, Val-boroPro.

NLRP1 sensing involves the activity of multiple different proteolytic steps: autoprocessing,
pathogen proteases, proteasomal functional degradation, and dipeptidyl protease (DPP) regula-
tion. The first protease is the FIIND, which cleaves itself (autoprocessing), generating two frag-
ments: the ZU5,which remains covalently tied to theNACHT-LRR, and theUPA,which remains
covalently tied to the CARD (21). Autoprocessing occurs constitutively but not with immediate
efficiency; whether this step is regulated remains unclear. Importantly, the UPA-CARD fragment
remains noncovalently associated with NACHT-LRR-ZU5 (19–21). Once cleaved, NLRP1 is
primed and ready to sense virulence factors in the cytosol.

The nonobligatory pathogen protease step can be confusing, as some NLRP1 activators skip
this step. However, because the protease lethal toxin (LT) was key to the discovery of the NLRP1
activation mechanism, we describe it first (22). LT delivers a protease toxin (called lethal fac-
tor) that cleaves and inactivates host MAP kinases (23). However, NLRP1b has evolved what ap-
pears to be a lure for this activity; thus, LT also cleaves NLRP1b. This process generates a novel
N terminus of NLRP1b, which starts the activation cascade.

NLRP1 activation uniquely requires proteasomal degradation (24, 25). In the case of LT, the
novel N terminus triggers ubiquitination by the cellular N-end rule pathway, which is one of
the normal regulatory systems for protein homeostasis (26–30). Normally, proteins begin with a
methionine; the N-end rule recognizes other N-terminal residues as a marker of abnormality, and
ubiquitinates the protein to instigate proteasomal degradation (27). As N-terminal NLRP1 is fed
into the proteasome, the prior FIIND autoprocessing permits the C-terminal fragment to escape.
This liberated UPA-CARD becomes an inflammasome that activates caspase-1 (28–30). Thus,
functional degradation occurs when most of the NLRP1 protein is degraded by the proteasome;
meanwhile, the escaping UPA-CARD is the functional inflammasome (28) (Figure 1). Another
example of this functional degradation is found in several picornavirus 3C proteases that cleave
NLRP1 (31, 32).

NLRP1 can also detect nonprotease virulence factors. The Shigella type III secretion system
(T3SS) translocated effector IpaH7.8 is a ubiquitin ligase that directly ubiquitinates NLRP1b,
again resulting in functional degradation (28). Therefore,NLRP1 can sense virulence factors that
have diverse enzymatic activities (proteases or ubiquitinases), which converge upon functional
degradation. The common theme is that NLRP1 appears to act as a decoy that evolved to be
targeted by virulence factors, a concept first established in plant NLR-like sensors (33).
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NLRP1was also recently shown to respond to double-strandedRNA (dsRNA), again following
the functional degradation pathway (34). The structural basis underlying dsRNA recognition and
how it causes functional degradation remain to be described.

NLRP1 is also regulated by the endogenous protease DPP. The DPP inhibitor Val-boroPro
triggers NLRP1 activation (35, 36). DPPs cleave N-terminal dipeptides and generate a novel
N terminus of their substrates (37), and inhibition of DPP8/9 causes NLRP1 activation (36, 38).
The critical role of DPP in preventing aberrant NLRP1 activation is illustrated by recent struc-
tural studies that revealed a ternary complex among DPP9, a FIIND of an intact NLRP1, and a
UPA of a second functionally degraded NLRP1 (39, 40). It is not known why DPP9 evolved to
dock with two NLRP1 proteins in order to inhibit inflammasome formation, or why the DPP9
enzymatic function is essential (38).

Pathogens Detected by NLRP1

Bacillus anthracis is a gram-positive bacterium that causes anthrax in livestock and, occasionally,
humans. Bacterial spores sense the macrophage phagosome, triggering germination and intra-
cellular growth. However, after this first round of intracellular replication, B. anthracis replicates
primarily in the extracellular space. B. anthracis secretes toxins, including LT, to support vacuolar
survival (41). Only some murineNlrp1b alleles are able to detect LT (129S, BALB/c); otherNlrp1b
alleles cannot (C57BL/6J) (22). Successful LT detection by Nlrp1b makes mice resistant to in
vivo infection (42).Whether NLRP1b is important for closing an intracellular niche by inducing
pyroptosis, or for attacking an extracellular niche, remains to be determined. In this regard, IL-1β
could be useful against both niches by attracting neutrophils to attack either extracellular bacteria
or bacteria trapped within the remnants of pyroptotic macrophage pore-induced intracellular
traps (PITs) (43).

Viruses are obligate intracellular cytosolic pathogens, and thus pyroptosis could close the intra-
cellular niche. The picornavirus of single-stranded RNA (ssRNA) viruses includes enteroviruses
(coxsackieviruses, polioviruses, echoviruses) and rhinoviruses (44). Picornaviruses use a viral 3C
protease to cleave their viral polyprotein intomature proteins (45, 46).The 3C protease frommul-
tiple picornaviruses also cleaves human NLRP1 and mouse NLRP1B, triggering activation (31,
32). This 3C cleavage site in NLRP1 is rapidly evolving, with variation among primates and even
within the human population (32) suggesting an evolutionary conflict between 3C and NLRP1.
Whether NLRP1 helps clear these viruses in vivo has not been established.

Shigella species are intracellular cytosolic pathogens; however, whether the detection of
IpaH7.8 by NLRP1 drives clearance of the bacteria in vivo has not been studied (28). This
process may be facilitated by recent descriptions of mouse models of Shigella flexneri infection
(47–49).

Toxoplasma gondii is an intracellular parasite that establishes a vacuolar niche for both replica-
tion and long-term persistence. In mice,T. gondii can trigger NLRP1 activation, and Casp1/11−/−,
Asc−/−, and Nlrp1−/− mice have increased susceptibility (50). How NLRP1 detects T. gondii could
be elucidated by further study inspired by the functional degradation model.

CARD8

CARD8 is a primate-specific inflammasome that is not an NLR but instead consists of a short
N terminus followed by a FIIND-CARD. Like NLRP1, CARD8 is regulated by DPP8/9 and
activated by Val-boroPro (38, 40, 51). Whether pathogens are detected by CARD8 and whether
it has a role in clearing intracellular infection remain to be explored.
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NLRP3

NLRP3 is the most-studied inflammasome and is activated by diverse stimuli, which lead to hall-
marks of cellular catastrophe (such as damaged organelles or cytosolic ion fluxes) in both infectious
and noninfectious contexts (52). The full mechanism of NLRP3 activation remains a conundrum,
despite extensive study.

Activation

NLRP3 has the typical NLR domains (PYD-NACHT-LRR) and requires the ASC adaptor to
activate caspase-1. Inactive NLRP3 was recently shown to exist in a double-ring cage structure
held together by the LRR domains, which holds the PYD in the sequestered interior of the cage
(53). NLRP3 activation is strictly regulated in at least three steps: (a) priming, (b) activation, and
(c) licensing (52, 54) (Figure 2). The first priming step can be mediated by diverse pathways
in response to PAMPs, DAMPs, or cytokines. Priming occurs in two ways: (a) through an in-
crease in the amount of NLRP3 protein, typically by nuclear factor κB (NF-κB) signaling, and/or
(b) through posttranslational modifications such as ubiquitylation or phosphorylation (52). After
priming, other agonists can cause NLRP3 activation and oligomerization. The underlying mech-
anisms remain unclear but may include loss of intracellular ions (potassium or calcium), release of
oxidized mitochondrial DNAs, lysosomal disruption, and organelle dysfunction (mitochondria or
Golgi apparatus). During the oligomerization process, a third licensing step is required, wherein
NIMA-related kinase 7 (NEK7), which is normally involved in mitosis, plays an essential role in
assembling the inflammasome oligomer (55–57) by connecting two adjacent NLRP3 monomers
to stabilize the inflammasome disk (58).

The subcellular location at which NLRP3 activates has been a topic of debate in the litera-
ture and may be the key to its activation mechanism. Early publications argued for mitochondria
or mitochondria-associated endoplasmic reticulum membranes (52), whereas more recent publi-
cations advocate for dispersed trans-Golgi networks and the microtubule-organizing center (53,
59–61). The discovery of how these locations fit into an overall mechanism of NLRP3 activation
will undoubtedly spark additional studies.

Pathogens Detected by NLRP3

Pathogens that cause cellular crisis could activate NLRP3. Indeed, a broad spectrum of pathogens,
including bacteria, viruses, and fungi, can activate NLRP3 (52, 62). NLRP3 activates in response
to virulence factors that cause cytosolic ion fluxes, including ionophores (nigericin), bacterial pore-
forming toxins, and viral pore-forming proteins (viroporins) (52).Many other cell death pathways
can also cause NLRP3 to activate. NLRP3 also senses PAMPs such as intracellular dsRNA or
DNA/RNA hybrids (52). This activation is indirect, as the DExD/H-box RNA helicase DHX33
binds dsRNA from various pathogens, after which DHX33 interacts with and activates NLRP3
(63). The in vivo utility of RNA detection by NLRP3 is illustrated by West Nile virus infection
in mice; those deficient in Nlrp3 show increased mortality (64). Conversely, RNA detection is not
useful against vesicular stomatitis virus in mouse models of infection, despite the observation that
NLRP3 can detect this virus in vitro (65).

One of the most-studied viral infections in the NLRP3 literature is influenza A virus (IAV),
which can activate NLRP3 by multiple mechanisms, including dsRNA sensing (66) and the M2
viroporin (67). However, IAV can also inhibit NLRP3 activation by using nonstructural protein 1
(NS1) (68, 69). Conflicting reports suggest that NLRP3-deficient mice may or may not have
increased mortality after IAV infection or may have altered adaptive responses (70–72). These
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Figure 2 (Figure appears on preceding page)

Regulation of NLRP3 and NLRC4 activation. NLRP3 activation requires three distinct stimulatory priming/licensing events, whereas
NAIP/NLRC4 activation can proceed from exposure to a single activating agonist. (a) NLRP3 is composed of PYD, NACHT, and
LRR domains. The NACHT domain includes four subdomains: NBD, HD1,WHD, and HD2. The licensing partner of NLRP3 is
NEK7, which is composed of an N-lobe and a C-lobe. (b) NLRP3 activation requires three steps: priming, activation, and licensing.
Under NF-κB signaling, the priming step occurs by multiple posttranslational modifications, whose structural functions and
interdependence remain to be elucidated (e.g., deubiquitylation and phosphorylation). After priming, activation occurs by exposure to
NLRP3 agonists, followed by (hypothetical) rotation of the NBD-HD1 module. Licensing requires NEK7, whose C-lobe connects two
adjacent NLRP3 monomers to enable oligomerization into an inflammasome complex. (c) NAIPs and NLRC4 have closely related
structures. Both include similar NACHT-LRR domains; however, NAIPs have BIR domains, while NLRC4 has a CARD in each
N terminus. (d) Once bacterial ligands bind their cognate NAIP, the NAIP undergoes rotational activation, followed by NLRC4
phosphorylation by unknown mechanisms. The activated NAIP interacts with an NLRC4 monomer and induces NLRC4 rotational
activation, which enables NLRC4 to oligomerize. Only 1 activated NAIP is required to recruit and activate 10 NLRC4 monomers and
oligomerize in a domino-like reaction, resulting in the formation of an inflammasome disk complex. Abbreviations: CARD, caspase
activation and recruitment domain; LRR, leucine-rich repeat; NAIP, NLR family apoptosis inhibitory protein; NEK7, NIMA-related
kinase 7; NF-κB, nuclear factor κB; NLR, Nod-like receptor; NLRC4, NLR family CARD domain–containing 4; PYD, pyrin
domain.

IAV infection phenotypes also change in different genetic backgrounds (73). Therefore, more
studies are needed to understand the complex interactions between IAV and NLRP3.

Evasion of NLRP3

Some pathogen-derived proteins can inhibit NLRP3 activation in each step. In the priming step,
enterovirus 71 (EV71) proteases 2A and 3C directly cleave and inactivate NLRP3 (74). Human
parainfluenza virus 3C interacts with NLRP3 and promotes its ubiquitination and degradation
(75). In the activation step, measles virus and paramyxovirus V protein as well as IAV NS1 di-
rectly interact with and inhibit NLRP3 (76, 77). PB1-F2, another IAV protein, can attenuate the
mitochondrial membrane potential, thereby inhibiting NLRP3 (78), although other isoforms of
PB1-F2 induce excessive NLRP3 activation (79, 80).

NAIP/NLRC4

Together, NLR family apoptosis inhibitory proteins (NAIPs) and NLR family CARD domain–
containing 4 (NLRC4) detect the activity of bacterial T3SS and T4SS, both of which inject
effector molecules into the host cells and can promote a variety of effects, including bacterial
invasion and intracellular replication.

Activation

Humans encode a single NAIP, while mice encode four functional NAIPs. The NAIP directly
binds bacterial ligands. In mice, NAIP1 and NAIP2 detect T3SS needle and inner rod proteins,
respectively, while NAIP5 and NAIP6 detect flagellin (81–87). In humans, these functions are
condensed into a single NAIP (84, 87–89). After ligand recognition, the activated NAIP under-
goes a confirmational change that triggers NLRC4 oligomerization into an inflammasome hub
consisting of 1 NAIP plus 10 NLRC4s (90–94) (Figure 2). NAIPs and NLRC4 are constitu-
tively expressed in myeloid cells and intestinal epithelial cells under interferon-regulator factor
8–related transcriptional factors (95, 96), with the exception of mouse NAIP1, which is expressed
only in peritoneal macrophages (86). NLRC4 may be posttranslationally regulated by S533 phos-
phorylation by protein kinase Cδ and LRRK2 (97–99); however, another study found that S533
phosphorylation is dispensable (100). Thus, the importance of this regulatory mechanism requires
further investigation.
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Pathogens Detected by NAIP/NLRC4

NAIP/NLRC4-deficient mice often show increased bacterial burdens during infection with
T3SS/T4SS pathogens (2). For example, our group discovered that an environmental pathogen,
Chromobacterium violaceum, killed Nlrc4−/− mice even after 100 CFU infection, whereas wild-type
mice survived even after 1,000,000 CFU infection,which is the strongest phenotype within known
NLRC4-activating pathogens (62, 101). We also identified a milder phenotype during systemic
Burkholderia thailandensis infection, where Nlrc4−/− mice maintain bacterial burdens for 3 days
after wild-type mice clear the infection (102). Similarly, Nlrc4−/− or Casp1–/– mice have higher
burdens of Salmonella enterica sv. Typhimurium during oral infection and succumb earlier than
wild-type mice (2, 103–105). S. flexneri is another important gastrointestinal pathogen of humans,
but mice are naturally resistant to infection.A recent paper showed thatNaip1–6�/� mice as well as
Nlrc4−/− mice become susceptible to oral Shigella infection (47). In pulmonary Burkholderia pseudo-
mallei and Legionella pneumophila infection, both Nlrc4−/− mice and Nlrp3−/− mice have increased
susceptibility to infection compared with wild-type mice (2, 106, 107).

Evasion of NAIP/NLPR4

In Salmonella, all the T3SS proteins known to activateNAIP/NLRC4 (PrgI, PrgJ, and FliC) are se-
creted by the SPI1 T3SS (108). During intracellular replication, S.Typhimurium represses SPI1
and switches to a SPI2 T3SS (109, 110) whose rod protein evades NLRC4 (85). This observa-
tion suggests that S.Typhimurium evades NLRC4 during its intracellular replication phase (111).
Similarly, Listeria monocytogenes represses flagellin during in vivo infection, enabling NLRC4 eva-
sion (112, 113), which may also be relevant for nonmotile pathogens such as Shigella. After SPI1
is repressed, NLRP3 can detect S. Typhimurium, but NLRP3 fails to clear the infection on its
own, as C57BL/6 mice still succumb. A low-virulence M525P-derivative strain enables prolonged
infections, revealing that NLRP3 can promote late-protective Th1 immune responses (114).Pseu-
domonas aeruginosa effectors ExoU and ExoS along with phospholipase A2 activity inhibit NLRC4
(115), although the mechanism is still unknown. Overall, it is surprising that more bacteria have
not developed systems to directly inhibit the NAIP/NLRC4 inflammasome; perhaps such evasion
strategies have yet to be discovered.

NLRP6

The sequence and structure of NLRP6 are similar to those of NLRP3; however, its mechanism of
activation and its function in combating intracellular pathogens are not well established. NLRP6
has both inflammasome and noninflammasome functions.

Activation

Since its early identification (as PYPAF5), NLRP6 has been known to signal through ASC to
activate caspase-1 (116, 117). In vivo, Nlrp6−/− mice have less serum IL-18 basally and during
dextran sulfate sodium–induced colitis (118). Multiple agonists or enhancers for NLRP6 have
been proposed, including the metabolite taurine, cell wall lipids from gram-positive (lipoteichoic
acid) or gram-negative [lipopolysaccharide (LPS)] bacteria, and dsRNA (117, 119–121). NLRP6
undergoes liquid-liquid phase separation as part of its activation process (122). Whereas most
studies suggest that NLRP6 signals through ASC to caspase-1, the Núñez group (119) observed
that NLRP6 signaled through ASC to both caspase-11 and caspase-1, but this did not result in
pyroptosis. Further studies of the NLRP6 signaling pathway could elucidate how different ago-
nists can result in different downstream pathways and whether LPS detection occurs redundantly
by NLRP6 and caspase-11 (see the section titled Caspase-11).
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NLRP6 is regulated by posttranslational modification, but, in contrast to what occurs with
NLRP3, ubiquitination promotes NLRP6 signaling (123). How this ubiquitination is regulated
awaits further study.

Pathogens Detected by NLRP6

L. monocytogenes infection as well as cytosolic lipoteichoic acid activates NLRP6 to release IL-
1β and IL-18 in vitro. However, other publications report that inflammasome activation occurs
through combinations of NLRC4, NLRP3, and AIM2 in response to L. monocytogenes (124). In
mice, NLRP6 and caspase-11 were reported not to protect but rather to exacerbate L. monocyto-
genes infection (119). In contrast, earlier publications found that Casp1–/–Casp11–/– mice were more
susceptible (125) and that Casp11–/– mice had normal susceptibility (126). The detrimental effects
of NLRP6 were dependent on IL-18 secretion (119); however, one publication reported that this
same IL-18-driven detrimental effect occurred through NLRP3 (127). Further confounding the
picture is the finding that IL-18 exerts antimicrobial effects againstL.monocytogenes infection (101).
Resolving these conflicts will require further investigation.

NLRP6 can also combat ssRNA viruses, including murine norovirus 1 and encephalomy-
ocarditis virus, during in vivo oral infection, although the mechanism is independent of caspase-1
(121). Mechanistically, NLRP6 binds viral RNA via DHX15 to activate mitochondrial antiviral-
signaling protein (MAVS) and initiate a type I/III interferon response. Interestingly, this
DHX15-NLRP6-MAVS axis is analogous to the DHX33-NLRP3-MAVS axis (66) but differs
in its ability to activate caspase-1 through this pathway. How NLRP6 signals through ASC to
caspase-1/11 (or, alternatively, through MAVS) requires further study.

NLRP6 has been reported to have inflammasome-independent functions, such as mucin-
granule exocytosis and coordinating autophagy in intestinal goblet cells (128). NLRP6 also in-
fluences colonic commensal bacteria (118, 129), and, in turn, microbiota-associated metabolites
shape NLRP6 activation (117).However, this effect of NLRP6 upon the microbiota remains con-
tentious (130, 131). Much remains to be learned about NLRP6.

NLRP9

Early studies indicated that NLRP9 is expressed mainly in reproductive organs and is associated
with reproductive health (132, 133). More recent studies indicate that NLRP9 is an inflamma-
some (134). In comparison to humans, mice have expanded NLRP9 into three paralogs (Nlrp9a–
Nlrp9c), and fullyNlrp9-deficient mice have defects in blastocyst development due to an unknown
mechanism (135). Nlrp9b was recently found to be expressed specifically in ileal intestinal ep-
ithelial cells (IECs), and both Nlrp9b−/− mice and IEC-specific knockouts are susceptible to ro-
tavirus (134). In contrast, Nlrp9a and Nlrp9c are not expressed in IECs and are not important
for rotavirus defense. This rotavirus clearance required GSDMD, suggesting that IEC pyropto-
sis and/or extrusion clears rotavirus infection. Mechanistically, the RNA helicase DHX9 binds
rotavirus dsRNA, which mediates NLRP9b recognition (134). Human NLRP9 can also bind ro-
tavirus RNA.Whether human NLRP9 is a functional homolog that combines the murine devel-
opmental and viral defense functions remains to be determined.

AIM2

Cytosolic DNAmay arise from pathogens or from host mitochondria DNA. Absent in melanoma
2 (AIM2) directly binds either self or nonself dsDNA and forms an inflammasome. AIM2 is the
prototype of the AIM2-like receptors (ALRs).
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Activation

AIM2 is expressed basally by many cell types and can be further induced by type I interferon (124).
AIM2 consists of an N-terminal PYD and a C-terminal HIN domain not found in NLR family
inflammasomes.ThisHIN domain binds directly to dsDNA that is at least 80 bp long (136).Cryo–
electron microscopy structural studies show that in the resting state the HIN inhibits the PYD,
but once the HIN domain detects dsDNA, the PYD nucleates the polymerization of ASC (136).

AIM2 has several inhibitory mechanisms. p202, a mouse ALR composed of two HIN domains
without a PYD, inhibits the activity of AIM2 by binding like a decoy ALR (137). Similarly, IFI16-β,
a human transcript isoform of IFN-γ-inducible protein 16 (IFI16), inhibits AIM2 inflammasome
(138). Furthermore, the human PYD-only protein 3 was found to specifically bind the AIM2 PYD
and thereby inhibit its interaction with ASC (139).

Pathogens Detected by AIM2

Although AIM2 can detect dsDNA from bacteria, virus, and fungi, the pathway required to liber-
ate dsDNA is different. Bacteria must escape from the vacuole and undergo bacteriolysis, which
can be caused by cytosolic GTPases such as guanylate-binding proteins (GBPs) (140, 141) and
immunity-related GTPase family member b10 (IRGB10) (142). These are interferon-stimulated
genes. Francisella novicida and the vaccine strain of Francisella tularensis were the first bacteria re-
ported to activate AIM2 (143, 144). In F. novicida infection, GBP2,GBP5, and IRGB10 all localize
to F. novicida and cause bacteriolysis, exposing the bacterial DNA (140, 141). Irgb10−/− mice are
more susceptible to F. novicida infection; this phenotype is similar toGbpchr3 knockout,Aim2–/–, and
Casp1–/– mice (142). Other intracellular bacteria, such as L. monocytogenes, Legionella pneumophila,
andMycobacterium species, also activate AIM2 in vitro (124).

Several DNA viruses activate AIM2, including mouse cytomegalovirus (MCMV) and
vaccinia virus (141, 144–146). MCMV-infected mice exhibited AIM2- and ASC-dependent
IL-18 production and viral clearance (144). Vaccinia virus–infected macrophages and human
papillomavirus–infected keratinocytes release IL-1β or IL-18 in an AIM2-dependent manner
(144, 147). EV71-infected neuronal cells also activate AIM2, which restricts viral replication in
vitro (148). AIM2 also plays a role in fungal infections, such as Aspergillus fumigatus or Candida
albicans; however, the mechanism of releasing DNA remains undetermined (149).

Evasion of AIM2

Among wide varieties of DNA viruses, only a subset has been found to activate AIM2, perhaps due
to evasion strategies. Indeed, herpes simplex virus 1 evades by inhibiting DNA–AIM2 interaction
using VP22 (150). Another herpesvirus, human cytomegalovirus, uses pUL83 to interact with and
disrupt the AIM2 inflammasome (151). Viral DNA is typically shielded by nucleoproteins that
uncoat only in the nucleus, thus creating a natural evasion strategy. Whether AIM2 detects only
defective viral particles, or whether viral DNA is deliberately liberated by host cell machinery in
the cytosolic space, is a topic for further investigation.

IFI16

IFI16 is an ALR composed of a PYD and two HIN domains. The activation mechanism of IFI16
often appears to be parallel to that of AIM2; indeed, IFI16 can directly interact with dsDNA (136).
Human IFI16 can detect Kaposi sarcoma–associated herpesvirus and release IL-1β (152). IFI16
detects HIV-1 infection in CD4 T cells and induces pyroptosis (153). However, IFI16 does not
substitute for AIM2 in Aim2–/– cells or mice; therefore, the two must have distinct properties.
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How a host differentially uses IFI16, AIM2, and other, similar ALRs to defend against pathogens
requires further elucidation.

CASPASE-11

Murine caspase-11 cleaves GSDMD and causes pyroptosis without activating IL-1β and IL-18
directly (154). The CARDs of caspase-11 and its human paralogs, caspase-4 and -5, directly bind
the lipid Amotif of LPSwhen it is present in the cytosol (155–157).This process results in caspase-
11 oligomerization and catalytic activation (158, 159). The structural mechanism by which the
CARD of caspase-11 binds lipid A has yet to be determined.

Activation

Many intracellular gram-negative bacteria activate caspase-11 (124). Some of them are bona fide
cytosol-invasive pathogens (e.g., B. thailandensis and B. pseudomallei), whereas others are vacuolar
pathogens whose LPS is normally not detected.When vacuolar pathogens such as S.Typhimurium
are mutated to aberrantly enter the cytosol (sifA mutants), increased caspase-11 detection results
(160). Alternatively, cytosolic LPS detection could occur if vacuolar bacteria accidentally invade
the cytosol due to high multiplicities of infection or long-term endpoints in vitro or if high doses
of LPS or outer membrane vesicles are used. Although aberrant activation can occur and can
sometimes be detrimental (LPS-induced sepsis), the evolved function of caspase-11 is to clear
bacteria that efficiently invade the cytosol.

In some cases, the outer membrane of bacteria may not naturally expose the lipid moieties
of LPS, creating a type of evasion strategy. GBP proteins and IRGB10 liberate LPS in certain
cytosolic bacteria (142, 161). During bacterial infection, interferon induces expression of caspase-
11,GBPs, and immunity-related guanosine triphosphatases (IRGs) (142, 161–163). Recent studies
have shown that GBPs liberate or expose LPS for detection. There are 7 GBPs in humans and 11
in mice (164). GBPs work in sequence when exposing LPS: Human GBP1 rapidly polymerizes
on the surface of bacteria and initiates recruitment of GBP2–4 to assemble a GBP coat (165,
166). Subsequently, GBP1 functions as a surfactant that disrupts the O-antigen barrier, thereby
exposing buried lipid A for detection (167). In mice, IRGB10 resides near the GBPs and promotes
LPS liberation (142), although the underlying mechanism remains to be described. Thus, GBPs
and IRGs have been implicated in exposing bacterial PAMPs to both caspase-11 and AIM2.

Pathogens Detected by Caspase-11

Many intracellular gram-negative bacteria activate caspase-4, -5, and -11 in vitro. Among them,
the environmental bacterium B. thailandensis escapes from the vacuole and invades the cytosol
using a T3SS that is closely related to that of Shigella species (168). In a systemic infection
model, wild-type mice were completely resistant to challenge by even 20,000,000 CFUs of
B. thailandensis, which cleared in only 1 day. In contrast, Casp11–/– and Gsdmd–/– mice were highly
susceptible to B. thailandensis, succumbing to even 100 bacteria (102, 160, 169, 170). We recently
demonstrated why NLRC4 detection of the T3SS was not sufficient to clear these bacteria in
a single Casp11–/– mouse (170, 171). Interestingly, using casp11-conditional knockout mice, we
revealed that neutrophil caspase-11 is important to clear B. thailandensis.Mechanistically, caspase-
11 triggered pyroptosis, whereas NLRC4 and caspase-1 failed to cause pyroptosis in neutrophils,
suggesting that caspase-11-dependent neutrophil pyroptosis is essential for defense against
B. thailandensis in vivo (170, 171).How NLRC4/caspase-1 in neutrophils fails to trigger pyropto-
sis remains to be determined, but this process has been observed for NLRP3 inflammasomes as
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well (172). Although the six GBP genes on chromosome 3 are not required to clear B. thailandensis
(102), it is unknown whether the GBPs on chromosome 5 are sufficient.

Numerous bacteria that are not cytosol invasive have been shown to trigger caspase-11 in vitro,
most recently P. aeruginosa (173). P. aeruginosa is primarily an extracellular pathogen; however, it
has been proposed to escape the vacuole into the cytosol (174).Whether this caspase-11 detection
is beneficial or detrimental to the host in vivo remains to be determined. Similarly, the vacuolar
pathogen S.Typhimurium was not cleared by caspase-11 (175), but an aberrantly cytosol-invasive
�sifA mutant was cleared by a caspase-11/GSDMD pathway (160, 176).

In one study, Casp11–/– mice with L. pneumophila infection had increased bacterial burdens,
which correlated not with pyroptosis but instead with modulated trafficking of the pathogen-
containing vacuoles in vitro (177).However, other groups found that caspase-11 causes pyroptosis
in vitro in response to L. pneumophila (178, 179) or in response to sdhAmutant L. pneumophila that
aberrantly escapes the vacuole (160). The in vivo phenotype was not replicated in another study
of Casp11–/– mice, although those mice had a mixed genetic background, where instead NLRC4
was important (180). These conflicting studies may inspire further investigation.

Unlike the T3SS-expressing B. thailandensis, whether Burkholderia cenocepacia is a cytosol-
invasive bacterium is unclear. Nevertheless, during B. cenocepacia infection, caspase-11 and
GSDMD responses were found not to cause pyroptosis but instead to induce mitochondrial
reactive oxygen species production, pathogen-containing vacuole trafficking, and autophagy
in macrophages (181, 182). How caspase-11 regulates these nonpyroptotic functions requires
further study. In parallel, a B. cenocepacia T6SS effector that attacks RhoA can be detected by the
pyrin inflammasome (183). Whether there is redundancy remains to be determined.

Evasion of Caspase-11

There appears to be strong evolutionary pressure for cytosol-invasive bacteria to evade caspase-
11. The cytosol-invasive Francisella species include some of the most virulent bacteria. Francisella
modifies its lipid A to contain only four acyl chains, thereby evading caspase-11 detection (155).
Shigella is a bona fide cytosol-invasive bacterium that uses the OspC3 T3SS effector to inhibit
human caspase-4 (165, 184–186). B. pseudomallei and Burkholderia mallei remain highly virulent
despite sharing the T3SS of B. thailandensis; therefore, they probably use an as-yet-undiscovered
mechanism to evade caspase-11.

CELL TYPE–SPECIFIC EFFECTS OF CASPASE-1/11

Macrophages express most inflammasome-associated proteins and have been intensively studied.
After GSDMD activation, the macrophage membrane ruptures, releasing all soluble cytosolic
content, which is the definition of pyroptosis. Larger particles, including organelles and bacteria,
remain trapped within the macrophage corpse, which we term a PIT (43). A PIT is conceptually
parallel to a neutrophil extracellular trap (NET) (187) in that both detain bacteria. Meanwhile,
IL-1β, IL-18, and eicosanoids promote neutrophil recruitment and subsequent efferocytosis of
both the PIT and its entrapped bacteria (43, 188).

Neutrophils undergo a unique form of cell death called NETosis, which releases chromatin to
trap extracellular pathogens (187).Recent studies revealed that when caspase-11 or neutrophil ser-
ine proteases cleave GSDMD in neutrophils,NETs form in vitro (176, 189).The in vivo relevance
of GSDMD-dependent NETs awaits further study, as does the mechanism by which caspase-11
causes NETosis while caspase-1 does not. Whether neutrophils undergo pyroptosis after GS-
DMD activation remains puzzling, as caspase-11 can cause pyroptosis but, in contrast, NLRC4-
or NLRP3-activated caspase-1 fails to do so (170–172).
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IECs cover the large surface of the intestine and as such are exposed to copious numbers of
microbes. IECs also express many inflammasomes and can undergo pyroptosis; however, prior to
pyroptosis they rapidly extrude into the intestinal lumen, effectively removing the infected cell
from the body. The extrusion pathway might occur via multiple pathways downstream of the
inflammasome. GSDMD seems sufficient to cause extrusion, but backup pathways signaling from
ASC to activate caspase-8 are effective in its absence (190).During oral S.Typhimurium infection,
NAIP/NLRC4 in IECs contribute to IEC extrusion and to a reduction in bacterial burden (190,
191). Interestingly, while systemic S. Typhimurium infection is not affected by caspase-11 (175),
oral S.Typhimurium infection exhibits a higher bacterial burden inCasp11–/– mice (192).Whether
IEC pyroptosis is important after IEC extrusion in combating intracellular pathogens is unknown.

Neurons are an important cell type that must be protected from intracellular infection yet can
be difficult or impossible to replace. In contrast, macrophages, neutrophils, and IECs are easily
and rapidly replaced. Neurons are often highly resistant to RCD; nevertheless, they express both
apoptotic and inflammatory caspases, as well as inflammasome components (including NLRP3,
AIM2, and GSDMD) (193, 194). In the setting of irreversible compromise during intracellular
infection, neurons can undergo pyroptosis. Zika virus has tropism to infect neural progenitor cells
in the central nervous system (195, 196), and infection of these cells by Zika virus in the neonatal
brain results in caspase-1/GSDMD-dependent pyroptosis, which is linked to developmental de-
fects (197). Even in the mature central nervous system,West Nile virus–infected cortical neurons
release IL-1β, which inhibits neuronal viral replication (64).

ZBP1, A NUCLEIC ACID SENSOR THAT INDUCES NECROPTOSIS

Necroptosis is a lytic form of RCD triggered either by transmembrane death receptors (e.g., TNF
receptor) or by PRRs that are either transmembrane (TLRs) or cytosolic [Z-DNA-binding pro-
tein 1 (ZBP1)]. When triggered, these pathways activate receptor-interacting kinase 3 (RIPK3),
which phosphorylates pseudokinase mixed lineage kinase domain–like protein (MLKL). MLKL
then forms pores on the plasmamembrane, leading to the lytic RCD termed necroptosis (198). Be-
low, we discuss ZBP1, a cytosolic PRR that causes necroptosis. The function of other necroptosis
pathways is reviewed elsewhere (199).

Activation

ZBP1 contains twoZ α domains and twoRIP homotypic interactionmotif (RHIM) domains (200).
It has been identified biochemically as a Z-DNA-binding protein. DNA adopts the Z-form when
rapid replication or unwinding occurs faster than endogenous helicase activities can unwind and
relax the DNA. Z-DNA is left-handed with a zigzag backbone, whereas DNA typically adopts the
B-form, which is right-handed with a symmetrical backbone (Figure 3). Although initially ZBP1
was proposed to be a stimulator of type I interferon expression, this function was later assigned
to cyclic GMP–AMP synthase (200). Now, ZBP1 is accepted as a necroptosis-inducing PRR that
senses Z-DNA and Z-RNA.

Necroptosis induced by ZBP1 is RIPK3 dependent and does not require the signaling compo-
nents of other necroptosis pathways (204), although the situationmay bemore complex (205, 206).
Although identified as a Z-DNA-binding protein, ZBP1 also binds Z-RNA, which is structurally
similar to Z-DNA. Z-RNA may occur when viruses rapidly synthesize RNA. ZBP1 thus detects
RNA viruses such as IAV (207, 208). Surprisingly, Z-RNA is also the ligand during DNA viral
infection, including with MCMV (209, 210), vaccinia virus (211–213), and herpes simplex virus
(214). This finding suggests that ZBP1 may be a sensor not for genomic nucleic acids but rather

484 Nozaki • Li • Miao



TLR3

TLR7
TLR8

TLR9

RNA sensors DNA sensors

RIG-I
MDA5

cGAS

ZBP1 ZBP1

AIM2

Necroptosis

Pyroptosis

Outcome

Z-RNA

A-RNA

ssRNA

A-DNA

B-DNA

Z-DNA

ssDNA

NLRP

DHX33
DHX15

DHX9

Type I
interferon

Figure 3

Nucleic acid sensors. Type I IFN–inducing RNA sensors include three TLRs (TLR3, TLR7, and TLR8)
and two RLRs (RIG-I and MDA5) (201). These three RNA-sensing TLRs are localized predominantly to
endosomes, where TLR3 recognizes dsRNA (which typically adopts the A-form, A-RNA), while TLR7 and
TLR8 recognize ssRNA. The two RLRs are cytosolic RNA sensors that drive IFN responses by sensing
A-RNA; RIG-I binds to short A-RNA with 5′ di- or triphosphates, while MDA-5 binds to long A-RNA.
Type I IFN–inducing DNA sensors include TLR9 and cGAS. Like the RNA-sensing TLRs, TLR9 is also
localized to endosomes; however, its ligand is ssDNA. cGAS recognizes cytosolic B-DNA. ZBP1, a
necroptosis-inducing Z-form nucleic acid sensor, recognizes both Z-DNA and Z-RNA as markers of viral
infection. Inflammasome sensors that activate caspase-1 also respond to cytosolic DNA and RNA ligands.
RNA detection is mediated by three DHX family members (DHX33, DHX15, and DHX9), which are
cytosolic A-RNA sensors that activate NLRP inflammasomes (NLRP3, NLRP6, and NLRP9, respectively)
to induce pyroptosis by binding with A-RNA. NLRP1 (not shown) also responds to cytosolic RNA, but
DHX partnership is not known to be required. The structural relationships between these NLRs and their
partners or RNA are not yet established. Finally, the AIM2 inflammasome directly binds to dsDNA. The
structures of A-form, B-form, and Z-form nucleic acids are shown.Whereas A-form and B-form are
right-handed helices, Z-form adopts a left-handed helix. Genomic DNA exists in B-form, but in contrast,
dsRNA does not typically adopt B-form. Z-forms occur during replication or unwinding of nucleic acids that
occurs too rapidly for helicases to relax the structure (202, 203). Abbreviations: AIM2, absent in melanoma 2;
cGAS, cyclic GMP–AMP synthase; DHX, DExD/H-box helicase; dsDNA, double-stranded DNA; dsRNA,
double-stranded RNA; NLR, Nod-like receptor; ssDNA, single-stranded DNA; ssRNA, single-stranded
RNA; TLR, Toll-like receptor; ZBP1, Z-DNA-binding protein 1.
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for excessive transcription states that generate hyperwound messenger RNA due to excessively
fast viral transcription rates.

Pathogens Detected by ZBP1

One group showed that, in response to IAV, ZBP1 induces apoptosis and necroptosis (207, 208,
215), whereas another group proposed that ZBP1 additionally activates pyroptosis (216–218).
Published studies suggest that ZBP1 both protects against and is detrimental during IAV infec-
tion in vivo. Further research will be required to understand the relationship between ZBP1 and
IAV. Note that the ZBP1 knockout mice generated by the Akira group (219) and widely used by
others have a mixed genetic background that affects natural killer (NK) cells and thereby MCMV
infection, potentially making wild-type C57BL/6 mice a problematic control (220, 221).

ZBP1 Evasion

Because necroptosis clears intracellular niches for viral replication, many viruses encode pro-
teins to antagonize necroptosis. For example, MCMV encodes viral inhibitor of RIP activation,
a RHIM-containing protein, to target the ZBP1-RIPK3 complex (220). Vaccinia virus encodes
the E3 protein to compete with ZBP1 for Z-RNA, thus inhibiting necroptosis (212, 213). A re-
cent study discovered that vaccinia virus also encodes a protein called viral inducer of RIPK3
degradation to trigger degradation of RIPK3 and inhibit necroptosis (222). Similarly, herpes sim-
plex virus 1 evades necroptosis in humans by using ICP6 to antagonize RIPK1 and RIPK3 (223).
Intriguingly, this virulence function backfires when this human-specific virus infects mice; here
ICP6 inadvertently triggers RIPK1 and RIPK3 to cause necroptosis in murine cells (224). This
suggests that necroptotic signaling may prevent viruses from crossing species barriers, allowing,
in this case, mice to be protected from this human-specific virus.

INTERPLAY BETWEEN PYROPTOSIS AND APOPTOSIS

If a pathogen inactivates GSDMD, then inflammasomes fail to execute pyroptosis. Indeed, the
EV71 3C protease cleaves GSDMD within its pore-forming domain, abolishing pyroptosis and
promoting viral replication (225). Perhaps the host evolved NLRP1 to detect 3C (31, 32) but
subsequently some viruses evolved 3C to cleave the downstream GSDMD, thereby negating py-
roptosis. This situation is mimicked in Gsdmd–/– cells, and it could be induced physiologically if
specific cell types do not express GSDMD.To ensure cell death,GSDMD-deficient cells undergo
apoptosis via two different backup pathways. First, activated caspase-1 can cleave and thereby
activate BID, which then drives caspase-9-dependent apoptosis (226, 227). Second, ASC can acti-
vate caspase-8-dependent apoptosis (190, 228, 229).More research is required to fully understand
whether these pathways compensate for the loss of pyroptosis during intracellular infection.

In contrast to pyroptosis, apoptosis is usually said to cause silent, noninflammatory cell death.
Once apoptotic signaling has been achieved, apoptotic caspases provide feedback to inhibit other
forms of cell death. Caspase-3 cleaves GSDMD within its pore-forming domain, inactivating it
and preventing accidental pyroptosis (230, 231). Similarly, caspase-8 cleaves and inactivates RIPK1
and RIPK3 to prevent accidental necroptosis (199, 232). In contrast, certain cell types or stimula-
tion conditions can rewire cells in ways that cause apoptotic caspases to trigger pyroptosis. This
process occurs when cells express another gasdermin, GSDME, with an activation linker that is
cleaved by caspase-3, causing this normally apoptotic caspase to trigger pyroptosis (233, 234).
Some cells express GSDME constitutively, while other cells can be induced to express it. Thus,
this apoptosis-to-pyroptosis switch may always be toggled in some cells and inducibly toggled in
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others (233, 234). Another way to switch from apoptosis to pyroptosis is that caspase-8 can also
cleave and activate GSDMD, albeit more slowly than caspase-1 (231, 235, 236). This could serve
as a fail-safe timer, such that if apoptosis fails to be completed within a certain time, caspase-8 will
attempt to initiate pyroptosis instead (231, 235, 236).

NK cells and cytotoxic T lymphocytes (NK/CTLs) deliver granzyme B to trigger apoptosis,
which clears intracellular pathogens including MCMV, lymphocytic choriomeningitis virus, and
L. monocytogenes (101). Another gasdermin, GSDMB, is cleaved by granzyme A, delivered from
NK/CTLs, and causes pyroptosis (237). Thus, NK/CTL attack can toggle from apoptosis to py-
roptosis. However, at least one pathogen antagonizes this pathway; GSDMB is countered by the
Shigella IpaH7.8 T3SS effector, which ubiquitinates and degrades GSDMB (238). This report
of these findings also proposed, in contrast to another report, that GSMDB cannot cause host
cell pyroptosis but instead targets the bacterial membrane (238). Interestingly, this same IpaH7.8
effector was also recently shown to degrade GSDMD (239).

Integrating these observations, we find that hosts have evolved several pathways to switch be-
tween apoptosis and pyroptosis. On one hand, GSDME directs both cell-intrinsic apoptosis and
NK/CTL attack into pyroptosis (233, 234, 240). On the other hand, GSDMB expression leaves
cell-intrinsic apoptosis intact but redirects NK/CTL attack into pyroptosis (237). Importantly,
GSDME/B pyroptosis can occur independently of GSDMD, allowing hosts to overcome suppres-
sion of inflammasome-dependent pyroptosis by pathogens. The mode of cell death is determined
mostly by the GSDME/B expression profile of the targeted cell. However, NK/CTLs might alter
their granzyme A/B profile to take control of the cell death decision. Establishing the physiologic
relevance of these interwoven pathways in vivo against intracellular pathogens requires additional
study.

CLOSING REMARKS

Among the innate sensing proteins, NLRs, ALRs, and ZBP1 have evolved as RCD-inducing sen-
sors for intracellular pathogens.Hosts use these death-inducing sensors to detect many pathogens,
but meanwhile host-adapted intracellular pathogens fight back against these sensors. Multiple
backup pathways interact in different cell types and under different stimulations to create a com-
plex network of RCD signals. Can all of these diverse and interwoven networks of pathways be
methods that evolved to ensure RCD and to alternate between apoptotic and pyroptotic out-
comes? We consider this philosophical question in the context of the evolutionary Red Queen
hypothesis (1) as it applies to the interface between hosts and pathogens. Every evolutionary step
taken by a host provokes an evolutionary response by pathogens, and a subsequent evolutionary
response by the host, and so on. How complicated can the processes of RCD become over time?
RCD occurs both in the roundworm Caenorhabditis elegans and in humans, which are separated
by more than 700 million years of evolution. That is a considerable amount of time to develop
complexity, as hosts continuously evolve in competition with intracellular pathogens. Over this
time, it seems that RCD pathways have become interwoven in order to ensure that the infected
cell dies by pyroptosis, apoptosis, or necroptosis, all of which could eliminate infected cell niches
in a redundant manner. Viewed from this perspective, it is somewhat surprising to find single-gene
phenotypes where the loss of one RCD pathway results in a dominant phenotype. It may be that
many more strong in vivo phenotypes will be uncovered as researchers study mice that have mul-
tiple RCD pathways simultaneously deleted to prevent the immune response from accomplishing
any form of RCD. Such studies could reveal the elegant evolutionary dance between hosts and
pathogens that plays out against a background of intricate signaling pathways leading to diverse
modes of cell death.
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