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Abstract

Cell death is an effective strategy to limit intracellular infections. Canonical inflammasomes,
including NLRP3, NLRC4, and AIM2, recruit and activate caspase-1 in response to a range of
microbial stimuli and endogenous danger signals. Caspase-1 then promotes the secretion of IL-1p
and IL-18 and a rapid form of lytic programmed cell death termed pyroptosis. A second
inflammatory caspase, mouse caspase-11, mediates pyroptotic death through an unknown non-
canonical inflammasome system in response to cytosolic bacteria. In addition, recent work shows
that inflammasomes can also recruit procaspase-8, initiating apoptosis. The induction of multiple
pathways of cell death has probably evolved to counteract microbial evasion of cell death
pathways.

Introduction

Whilst viral infection is necessarily intracellular, many bacteria also find a replicative or
survival niche within cells, evading immune cell attack. In such cases, death of the infected
cell can benefit the host by cutting short the replicative cycle, and releasing the invader for
killing by neutrophils [1] Alternatively, cell death could be co-opted by pathogens to deplete
immune cells, or to release replicated organisms, enhancing pathogen spread. An emerging
mechanism for microbe-induced cell death involves formation of inflammasome complexes.
Inflammasomes are well known as the route to activation of caspase-1, which cleaves the
precursors of the inflammatory cytokines IL-1f and 1L-18 [2]. These cytokines are of great
importance in clearance of a number of infections. The induction of cell death by
inflammasomes is less studied, but analysis in fish suggests that the inflammasome system
evolved as part of a cell death program, and that cytokine processing was a later
development [3]. In this review we examine the pathways of inflammasome-induced cell
death, and what is known of the contribution of this process to host defense. The role of non-
inflammasome cell death pathways in bacterial infection has been reviewed elsewhere [4].
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Caspases in apoptosis and pyroptosis

For many years programmed cell death was synonymous with apoptosis. Apoptosis is
described as “immunologically silent”, as cell membrane integrity is normally maintained
until cells are engulfed by phagocytes (Fig. 1). A lack of inflammatory consequence of
apoptosis is important during development and homeostasis. Apoptosis can also be induced
by infection, and in that case, immunologically silent death is undesirable and unlikely,
since the dying cell contains microbial products that should activate the engulfing
macrophage. Cell death by necrosis, involving cell swelling and lysis, was long seen as the
passive response to overwhelming environmental stress or injury, independent of signaling
pathways. However, programmed necrosis (“necroptosis”), involving RIP1/RIP3 signaling
has now been described, and is reviewed elsewhere [5]. Pyroptosis is another form of
programmed lytic cell death, frequently induced by infection. Pyroptotic death elicits
inflammation due to release of cytosolic contents such as ATP, HMGB1 and IL-1a, and is
commonly accompanied by processing of inflammatory cytokines IL-1p and 1L-18 (Fig. 1)
[1,2].

Both pyroptosis and apoptosis involve activation of members of the caspase family of
proteases. Pyroptosis is established as inflammasome-dependent cell death, executed
following activation of inflammatory caspases (caspase-1 or mouse caspase-11). In contrast,
apoptotic initiator caspases (caspases-2, -8 and -9) subsequently cleave effector caspases
(caspases-3, -6 and -7). Caspases then cleave target proteins to trigger programmed
pyroptotic or apoptotic cell death. The critical step in commitment to both pathways is the
recruitment of initiator caspases into a protein complex where they are activated by
dimerization, generally followed by intermolecular cleavage. Caspases-1, -2, -8 and -9 are
each recruited into unique activating complexes via their N terminal pro-domain of the
death-fold family (either a caspase recruitment domain (CARD) or death effector domain
(DED)). For example, the caspase-1 and -9 activating platforms are the inflammasome and
apoptosome, respectively [6].

Inflammasome induction of pyroptosis

Inflammasomes activating caspase-1 are initiated either by a Nod-like receptor (NLRP1, 3,
6, 7, 12, NLRC4), AIM2, or Pyrin, all of which contain a CARD or pyrin domain (PYD)
(Fig. 2) [2,7]. While NLRP3 responds to a wide array of agonists [2], NLRC4 is specific for
cytosolic bacterial flagellin and type 111 secretion system (T3SS) components [8-11], and
AIM2 is specific for cytosolic DNA [12-15]. Many inflammasomes recruit the ASC
adaptor, composed of a CARD and a PYD [2], via homotypic interactions. Additional ASC
molecules are incorporated via CARD-CARD and PYD-PYD interactions, until all ASC is
collected into a single focus (Fig. 2). Attraction of procaspase-1 into the ASC focus via
CARD-CARD interaction results in its dimerization and proximity-induced autoproteolytic
processing into p10 and p20 subunits. This processed and catalytically active caspase-1
cleaves pro-1L-1p and pro-1L-18.

NLRC4 contains a CARD that can recruit procaspase-1 directly, although caspase-1
activation for IL-1p processing also requires ASC. However NLRC4-induced pyroptosis
requires neither the characteristic ASC focus, nor the cleavage of procaspase-1 into p10 and
p20 subunits. In the absence of ASC, a spatially diffuse, unprocessed, but catalytically active
caspase-1 induces pyroptosis but not cytokine processing [16,17]. A diffuse localization for
pyroptotic caspase-1 may facilitate cleavage of the unknown substrates responsible for
pyroptosis. It is not known whether there is a similar paradigm of spatially and
proteolytically distinct caspase-1 downstream of PYD inflammasomes (such as NLRP3 or
AIM2) that only signal through ASC.
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Pyroptosis occurs after activation of either caspase-1 or caspase-11, depending on the
stimulus. The upstream platform(s) that recruits and activates caspase-11 remains to be
defined. The catalytic targets of these caspases which lead to pyroptosis are also unknown,
although the catalytic site of caspase-1 is essential as cells expressing only catalytically
inactive caspase-1 are resistant to pyroptosis [16].

Protective role of caspase-1-dependent pyroptosis in vivo

Many pathogens have evolved strategies to resist the antimicrobial activities of macrophages
and to replicate within them, effectively sequestering the bacteria away from extracellular
immune defenses. Such pathogens have often not evolved mechanisms to evade
extracellular defenses. Pyroptosis attacks this Achilles heel by lysing the infected cell and
exposing pathogens to extracellular defenses, for example transferring them to neutrophils,
which have significantly greater antimicrobial activities. This was first shown using
modified S. typhimurium and L. monocytogenes strains [18-20]. In these cases, while
/L1677 11187 mice cleared the infection, CaspI™'~Casp11~~ failed to do so. This suggests,
but does not prove, a role for pyroptosis. Because mice specifically competent for IL-1f and
IL-18 secretion but lacking pyroptosis do not exist, several pieces of ancillary data are
needed to support pyroptosis as the active process (Table 1). There is also evidence that
Francisella novicida, Burkholderia thailandensis, and Burkholderia pseudomallei can be
cleared fully or in part by pyroptosis [21-23] (Table 1). Some of these analyses become
complex; for example during B. pseudomallei infection, I1L-18 and pyroptosis are protective,
while IL-1B has detrimental effects [21]. Normally, IL-1p recruits neutrophils that clear
bacteria to the benefit of the host, however, excessive neutrophil influx may result in tissue
damage to the detriment of the host. In many of these infections, the relative roles of
cytokines and pyroptosis may depend on the dose and/or route of infection, and it is likely
that in natural infections IL-1, IL-18, and pyroptosis will work additively or collectively to
mediate protection.

Non-canonical inflammasome-dependent pyroptosis in defense against

bacteria

Murine caspase-11 induces pyroptosis independent of caspase-1, but also promotes
processing of IL-1p through the NLRP3-ASC-caspase-1 pathway [24]. It remains unclear
whether human caspase-4 or -5 are functionally analogous/equivalent to murine caspase-11.
Kayagaki et al. hypothesized that caspase-11 would be recruited to an oligomerized platform
similar to known caspase-1-activating inflammasomes. To differentiate these two pathways,
Kayagaki defined “canonical inflammasomes” as those that activate caspase-1 and “non-
canonical inflammasomes” as the hypothetical platform(s) for caspase-11 activation [24].
Caspase-11 expression is primed through a TLR4-TRIF-IFN-B-STAT1 pathway [25-29], or
an IFN-y-STAT1 pathway [22,28,30]. Caspase-11 is activated by prolonged exposure to the
cholera toxin B subunit or many Gram-negative bacteria /n vitro [24-27,31]. However,
caspase-11 was not shown to benefit the host during /in vivo Citrobacter or Salmonella
infection [25,26]. In contrast, we recently showed that rapid caspase-11 activation in
response to cytosolic bacteria is protective in vivo [22].

Burkholderia pseudomallei is a highly virulent pathogen that causes melioidosis, and is
classified as a potential biologic weapon. B. thailandensisis a closely related species
expressing similar virulence factors, but is avirulent [32]. We showed that Burkholderia
triggers caspase-11 activation within four hours post infection, and that this was dependent
upon their ability to lyse the phagosome and enter the cytosol. The absence of caspase-11
causes mice to be acutely susceptible to both B. pseudomallei and B. thailandensis [22].
Interestingly, while B. thailandensis is avirulent, in the absence of caspase-11 this bacterium
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becomes lethal. Similarly, caspase-11 initiated pyroptosis after aberrant cytosolic release of
naturally vacuolar bacteria. Mutation of a specific T3SS effector, sifA in S. typhimurium
causes rupture of the Salmonella-containing vacuole, and a similar phenotype is described
for L. pneumophila sahA mutants. This exit from the vacuole results in caspase-11 detection
and played an important role in the clearance of S. fyphimurium AsifA in vivo [22].

Can the protective roles of caspase-11 against cytosolic bacteria be attributed to pyroptosis,
or do IL-1B and IL-18 play a role? For S. fyphimurium AsifA infection, IL-1p and I1L-18
play no role [22]. The clearance of B. thailandensis was partially dependent upon IL-1p/
IL-18, but only after intranasal infection [22]. We previously showed that the clearance of
bacteria after pyroptosis is mediated by neutrophils through generation of reactive oxygen
[18]. Indeed, NADPH oxidase deficient VcfZ~/~ (p47Ph°%) mice were defective for clearance
of S. typhimurium AsifA [22]. These results suggest pyroptosis as the mechanism of
clearance of cytosolic bacteria (Table 1).

Inflammasome-dependent cell death in defense against viruses

A wide range of DNA and RNA viruses activate inflammasome pathways (reviewed in
[33]). Inflammasome-dependent cell death /n7 vitro has been observed for both West Nile
virus [34] and adenovirus [35], but the contribution of this to antiviral defense /in vivo
remains to be established.

Detrimental effects of pyroptosis in vivo

If too many host cells undergo pyroptosis, detrimental effects may occur due to the release
of inflammatory cytosolic mediators or the depletion of host cells. /n vivo caspase-11 can be
activated by triggers other than cytosol-localized bacteria, including LPS, hypoxia, and ER
stress [24,36-38]. LPS-induced septic shock has been shown to require caspase-11 [24,36],
suggesting that overwhelming infection may promote pathological caspase-11 activation.
The role of caspase-11 in septic shock was not explained by IL-1p and IL-18 production,
suggesting a role for pyroptosis [39]. It is still unclear what events downstream of
caspase-11 cause lethality in sepsis, but HMGBL release has been implicated [40].
Identification of signals activating caspase-11 and the subsequent downstream events will
clarify the dual role of caspase-11 in host protection and immunopathology.

In the setting of unresolved bacterial infections that trigger pyroptosis, such as S.
typhimurium FIiCON in an NADPH oxidase-deficient mouse, lysis and depletion of
macrophages in the spleen by pyroptosis causes breakdown of normal splenic architecture
[18]. Similarly, constitutively active A/rplagermline mutations cause pyroptosis in the
hematopoietic progenitor cells, resulting in basal myelosuppression [41].

Inflammasome induction of apoptosis

Recent work showed that inflammasomes trigger apoptosis in addition to pyroptosis.
Initially, AIM2 was observed to activate caspase-3 in parallel with caspase-1 [15].
Subsequently, AIM2 recognition of DNA released by the cytosolic bacterium Francisella
novicida[42], the NLRP3 response to the bacterial pore-forming toxin nigericin [43], and
ASC-dependent recognition of Legionellaand Salmonella [44,45] have been shown to elicit
apoptotic caspase activation. Although wild type cells rapidly undergo pyroptosis with
inflammasome stimuli, caspase-1 knockout cells were observed to undergo apoptosis, with a
slower timecourse [42,43,45]. Although it was suggested that caspase-1 inhibits the
inflammasome-dependent activation of apoptotic caspases by Salmonella [45], apoptotic
responses can be readily observed in wild type cells responding to AIM2 or NLRP3 stimuli
[43]. We found that the balance between apoptosis and pyroptosis in wild type cells
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depended on the dose of stimulus applied, with apoptosis predominating at low doses [43].
Thus the type of cell death occurring in infections may depend on the magnitude of the
microbial burden.

AIM2 and NLRP3 inflammasome-dependent apoptosis requires caspase-8, which is
recruited to the inflammasome via a novel heterotypic interaction between its DED domains
and the PYD of ASC [42,43,46]. An apoptotic pathway involving ASC and caspase-8 is
consistent with literature from the cancer field, although signaling pathways upstream of
ASC relevant to cancer cells have not been established [47]. ASC was initially identified and
characterized as an apoptosis-associated protein forming dense perinuclear specks in a
leukemia cell line upon treatment with chemotherapeutic drugs [48].

An increased susceptibility of Asc™'~ mice to infection in comparison to CaspZ™~ mice
would suggest a physiologic function of the ASC-caspase-8 pathway /7 vivo, and there are
some potential leads in the literature. ASC-dependent apoptosis limited £. novicida
replication /n vitro, and in vivo Asc™'~ mice defective in their IFN-y production in
comparison to CaspZ™'~ mice [42]. Initially, indirect comparisons suggested that Asc™/~
mice were more susceptible to in vivo F. novicidainfection than CaspZ™~ mice [23].
However upon later direct comparison, they were found to succumb with identical kinetics
[42], indicating that in this case ASC-dependent apoptosis does not confer a survival benefit
in vivo, although different doses or routes of infection should be examined. Asc™~ mice
have also been suggested to be more susceptible than CaspZ™'~ mice to Mycobacterium
tuberculosis infection [49], although this is disputed [50]. Inflammasome-induced apoptosis
may be particularly important for combating pathogens that directly inhibit caspase-1; the
Yersinia T3SS effector YopM directly inhibits caspase-1 via pseudo-substrate binding to the
catalytic site [51]. Caspase-8 may escape YopM inhibition and could serve as a backup
system for inflammasome signaling.

Conclusion

Initiation of cell death pathways is a fundamental and evolutionarily ancient defense against
infection [52,53]. The presence of pathogen-encoded inhibitors of inflammasome pathways
provides evidence for an important role for the inflammasome in vivo [33,51,54].
Inflammasome-dependent cell death and cytokine production are likely to work together to
promote clearance, but in certain infections, one or the other may have a dominant
individual contribution. Caspase-11-induced pyroptosis, and Inflammasome-induced
apoptosis are newly appreciated, and their roles in a range of infections remain to be tested.
Wherever Asc™~ mice have a more severe defect in host defense than CaspZ~/~ mice, a role
for ASC-dependent apoptosis should be considered. There is good evidence that pyroptosis
can benefit the host during infection, but it may be detrimental during overwhelming
infection or sepsis. Some pathogens may trigger inflammasome-induced cell death as a
virulence strategy to remove host immune cells or promote pathogen spread..
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Figure 1. Thecdlular events during pyroptosis and apoptosis

Both pyroptosis and apoptosis require activation of caspases, caspase-1/11 or
caspase-2/3/7/8/9, respectively, but differ morphologically. Pyroptosis is characterized by
formation of membrane pores between 1.1 and 2.4 nm in diameter. These pores likely cause
dissipation of cellular ionic gradients leading to osmotic water influx, cell swelling, and
plasma membrane lysis, releasing the cytosolic content into the extracellular space. Specific
markers for this lysis are useful /n vitro, for example lactate dehydrogenase release is readily
detected by enzyme assay. Other cytosolic components released have inflammatory biologic
functions, for example HMGBL, IL-1a, and ATP. On the other hand during apoptosis,
plasma membrane integrity is maintained and cellular contents are not released. The plasma
membrane loses leaflet lipid composition asymmetry as phosphatidyl serine becomes
exposed on the outer leaflet, promoting phagocytosis. However, in the absence of
phagocytosis, at later timepoints the apoptotic bodies undergo secondary necrosis
characterized by rupture of the membrane. Apoptosis is an energy requiring process during
which cells shrink and form apoptotic blebs. The DNA repair factor PARP1 is inactivated by
cleavage, and nuclear condensation and fragmentation occur. Internucleosomal DNA
cleavage, detected as laddering on gel electrophoresis or by TUNEL staining for DNA ends,
occurs due to ICAD degradation and activation of CAD (caspase-activated DNase). Weak
TUNEL staining is also seen in pyroptosis, but DNA laddering and ICAD degradation are

absent [55].
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Figure 2. Canonical and non-canonical inflammasome pathwaysto cell death and cytokine
secretion

Canonical inflammasomes are cytosolic platforms that activate caspase-1 in response to
pathogen- or danger- associated molecular patterns. Activation of caspase-1 leads to
secretion of IL-1p and IL-18, and pyroptosis. Two domain structures for inflammasome
initiator proteins are known. 1) NLRs contain a signaling domain (PYD or CARD), a
nucleotide binding oligomerization domain (NOD/NACHT), and a leucine rich repeat
(LRR) domain. 2) AIM2 contains a PYD signaling domain and a DNA-binding HIN-200
domain. AIM2 detects cytosolic DNA. NLRP3 detects multiple agonists such as
extracellular ATP, bacterial pore-forming toxins, monosodium urate crystals, and
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cholesterol crystals. NLRC4 detects cytosolic flagellin or T3SS components that have been
injected into the cytosol. The NLR or AIM2 signaling domains (PYD or CARD) bind to
ASC by homotypic interactions, triggering formation of the ASC focus, which recruits
procaspase-1, leading to its activation and processing. The ASC focus also recruits
procaspase-8, initiating an apoptotic pathway. NLRC4 can additionally interact directly with
caspase-1, resulting only in pyroptosis. The platform(s) that activate caspase-11 in response
to cytosolic bacteria remain unknown. Caspase-11 triggers pyroptosis directly, and can also
activate the canonical NLRP3-ASC-caspase-1 inflammasome pathway leading to IL-1p and
IL-18 processing (denoted by the long curved arrow to NLRP3).
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