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Abstract

Inflammasomes are cytosolic multi-molecular complexes that sense intracellular microbial danger
signals and metabolic perturbations. Inflammasome activation leads to the activation of caspase-1
and the release of pro-inflammatory cytokines IL-1p and I1L-18 accompanied by cell death. An
inflammasome-based surveillance machinery for Gram-negative bacterial infections has been
recently discovered. This noncanonical inflammasome relies on sensing the cytosolic presence of
lipopolysaccharide (LPS) of Gram-negative bacteria via inflammatory caspases such as caspase-4,
-5, and -11. This Review discusses the recent findings related to the mechanism of activation of the
noncanonical inflammasome and its biological functions.
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Noncanonical inflammasome sensing of intracellular LPS

The innate immune system recognizes pathogen invasion via pattern recognition receptors
(PRRs) that detect pathogen associated molecular patterns (PAMPS) [1]. Inflammasomes are
a subset of PRRs located in the cytosol that are responsible for sensing various PAMPs and
endogenous danger signals (danger associated molecular patterns or DAMPS).
Inflammasomes are multimeric protein complexes consisting of a sensor protein from the
AIM2 (absent in melanoma 2)-like receptor (ALR) or the nucleotide-binding domain and
leucine rich repeat containing protein (NLR) families, an adaptor protein ASC (apoptosis-
associated speck like protein containing CARD), and the protease caspase-1 [2]. The
inflammasome complex undergoes oligomerization leading to the auto cleavage of caspase-1
into active caspase-1, which subsequently cleaves the inflammatory cytokines pro-I1L-1p and
pro-1L-18 into their active forms [2]. In addition, inflammasome activation results in an
inflammatory cell death called pyroptosis in most cases [3]. Inflammasomes are important
for initiating the inflammatory response against a wide variety of pathogens including
bacteria and viruses [4]. Inflammasomes also play crucial roles in sterile inflammatory
diseases such as atherosclerosis [5].

Assembly and activation of inflammasomes is triggered by a wide variety of microbial
products including nucleic acids, toxins, flagellin, and cell wall components [6-11].
Crystalline substances such as alum and silica and endogenous danger signals such as ATP
and uric acid can also activate the inflammasomes [12]. In addition to the above-described
canonical inflammasomes, a noncanonical inflammasome was recently discovered, which is
activated in response to intracellular LPS [13,14]. It was previously thought that LPS was
solely recognized by the innate immune system through toll-like receptor 4 (TLR-4) in
conjunction with MD2 and CD14 at the cell surface [15]. However, these proteins are not
responsible for the cytosolic recognition of LPS [13,14].

In the noncanonical inflammasome, the inflammatory protease, caspase-11, which is closely
related to caspase-1, acts as a receptor for LPS that gains access to the cytosol (Fig. 1) [16].
Caspase-11 is activated by Gram-negative bacteria including but not limited to Escherichia
coli, Salmonella typhimurium, Shigella flexneri, and Burkholderia thailandensis [16-18].
Upon recognizing LPS, caspase-11 undergoes activation resulting in pyroptotic cell death
(Fig. 1). Active caspase-11 also facilitates the activation of NLRP3 leading to the activation
of caspase-1 and the secretion of IL-1p and 1L-18 [18]. Caspase-11 directly binds the lipid A
moiety of LPS, the same structural component that activates TLR-4, via its CARD domain
[16]. Specifically, hexa-acylated lipid A is required for the optimal activation of caspase-11,
although penta-acylated LPS can weakly activate caspase-11 [13]. Gram-negative bacteria
containing hexa-acylated LPS, such as £. coliand S. flexnerirobustly activate caspase-11
[17]. However, some pathogenic bacteria can modify their LPS by changing the acylation
state of lipid A to evade recognition by the immune system and to minimize their
inflammatory potential. For example, Francisella sp and Heliobacter pylori contain tetra-
acylated lipid A, and they do not activate caspase-11 [13,14].

Caspase-11 can also be activated by endogenous DAMPs. Under the conditions of oxidative
stress during infections and tissue damage, oxidized phospholipids such as 1-palmitoyl-2-
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arachidonoyl-sn-glycero-3-phosphorylcholine (oxPAPC) that are generated by the oxidation
of plasma membrane phospholipids accumulate in the cell. Damaged and dying cells release
high concentrations of these oxidized phospholipids. It was recently discovered that
oxPAPC, a LPS mimic, binds to and activates caspase-11 in dendritic cells (DCs) [19].
Interestingly, oxPAPC and LPS bind different domains of caspase-11; LPS binds to the
CARD domain of caspase-11 but oxPAPC binds to the catalytic domain of caspase-11. Like
LPS, oxPAPC induces IL-1p release following caspase-11 activation, but does not induce
pyroptosis. The enzymatic activity of caspase-11 is not required for oxPAPC induced IL-1f
release. Furthermore, oxPAPC elicits IL-1p release only from DCs, but not macrophages.
DC recognition of oxPAPC via caspase-11 promotes adaptive T cell responses [19].

Transcriptional regulation of the non-canonical inflammasome

Caspase-11 is produced as two isoforms of 43 kDa and 38 kDa [20]. Unlike other caspases
that are primarily regulated by proteolytic cleavage, caspase-11 is regulated at both
transcriptional and post-translational levels. Caspase-11 is expressed broadly in immune and
non-immune cells and its expression in resting cells is weak [17,18,21]. The promoter region
of the caspase-11 gene has NFxB and STAT1 binding sites [22]. Accordingly, several pro-
inflammatory stimuli that activate NFxB and STAT1 induce caspase-11 transcription [18].
The magnitude of caspase-11 expression driven by NFxB and STAT1 are different; while
NF«xB can induce caspase-11 expression weakly, STAT1 signaling robustly activates
caspase-11 transcription [17].

The mechanism of caspase-11 transcription in Gram-negative bacterial infections has been
extensively explored [17,23-25]. LPS from Gram-negative bacteria such as
enterohemorrhagic Escherichia coli (EHEC) or Citrobacter rodentium is a strong inducer of
caspase-11 expression (Fig. 1). LPS activation of TLR-4-TRIF signaling leads to the
expression of type | interferons via the activation of interferon regulatory factor (IRF)-3.
Autocrine or paracrine engagement of IFNAR1 receptor by type | interferons results in the
activation of STAT1 and IRF9, which initiate the transcription of caspase-11. Accordingly,
macrophages defective in any component of TRIF and type | interferon signaling are unable
to robustly upregulate caspase-11 expression and activate inflammasome responses to Gram-
negative bacterial infections [17].

Apart from the TRIF-type | interferon signaling axis, caspase-11 expression can also be
induced by other immune pathways. IFN-y acting via STAT1 can also trigger the expression
of caspase-11. During infection with the invasive B. thailandensis in vivo, caspase-1-directed
IL-18 was required for the production of IFN-y that eventually primed the cells for
caspase-11 expression [26]. Thus, IFN-y might represent a potential link by which innate
and adaptive lymphocytes such as NK and Th1 cells can potentiate noncanonical
inflammasome activation. A recent study employing a whole genome CRISPR-Cas9 screen
has demonstrated a role for the complement cascade in caspase-11 transcription [27]. It was
shown that complement related carboxypeptidase B1 (Cbpl) processes C3a, which signals
via the C3a receptor to promote caspase-11 expression. Chpl-C3a-C3aR axis enhances the
TLR-4-TRIF-IFNAR signaling by modulating P38 mitogen activated protein kinase
(MAPK), thereby increasing caspase-11 expression (Fig. 1). Reactive oxygen species (ROS)
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accumulation can also augment caspase-11 expression by increasing c-Jun N-terminal kinase
(JNK) signaling [28].

Noncanonical inflammasome in humans

Humans lack the caspase-11 gene, but do have the caspase-4 and caspase-5 genes, which are
considered to be duplication products of an ancestral caspase-11 gene [29]. Unlike
caspase-11, which is an inducible protein, caspase-4 is constitutively expressed in human
cells [16]. On the other hand, caspase-5 expression is inducible [30]. Although caspase-5
transcription has not been extensively examined, type I and 11 interferons strongly induce
caspase-5 expression [30]. Like caspase-11, both caspase-4 and caspase-5 are capable
binding to hexa-acylated lipid A and undergo activation [16]. The presence of these two
caspase-11-like proteins raised an obvious but important question of which one is
responsible for the cytosolic detection of LPS in humans. Several reports have shown a
requirement for caspase-4 in this process; siRNA knock down and CRISPR/Cas9-deletion of
caspase-4 in HeLa cells, THP-1 cells and primary macrophages attenuated the pyroptotic
and IL-1p responses to transfected LPS [16,31-33]. Whether caspase-5 is similarly required
remains less clear. It appears that caspase-5 is minimally required when LPS is transfected
into the cytosol, but becomes more important during actual infections [33]. The exact
contribution of caspase-4 and caspase-5 to the cytosolic recognition of LPS during bacterial
infections is yet to be completely understood. It is likely that caspase-4 and caspase-5 work
together during infections to activate the noncanonical inflammasome. A recent study
reported that LPS activates an alternative inflammasome pathway only in human monocytes,
but not in macrophages and DCs [34]. This human monocyte-specific pathway does not
require caspase-4/5, but is dependent on TLR-4-TRIF-RIPK1-FADD-CASP8 signaling, as
well as the canonical NLRP3, ASC, and caspase-1 pathway. This alternative NLRP3
inflammasome activation occurs independent of potassium (K+) efflux and pyroptosome
formation. An additional unique feature of this alternative inflammasome pathway is that it
does not trigger pyroptosis [34]. Determining the relative contribution of the noncanonical
inflammasome versus monocyte-specific alternative inflammasome to the overall IL-1
response in humans will be of future interest.

Cytosolic access of LPS

Bacterial vesicle-mediated delivery of LPS into the cytosol

Cytosolic presence of LPS is a requirement for the activation of caspase-11-dependent cell
death and IL-1 responses in macrophages, DCs and several other cell types of human and
murine origins [13,14,16]. However, free LPS fails to translocate across the plasma
membrane of several immune and non-immune cells [16]. LPS of bacteria such as
Burkholderia spp. can reach the cytosol when bacteria invade the cytosol [13]. Considering
that caspase-11 activation is a feature common to both cytosolic and noncytosolic bacterial
infections, a major question was how LPS gains access to the cytosol particularly during
infections with noncytosolic and extracellular bacteria [17,18]. Many Gram-negative
bacteria that activate caspase-11 have a type |11 secretion system (T3SS) to deliver bacterial
effector proteins into the host cell, and it was a possibility that LPS was also delivered by
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T3SS. However, bacterial mutants lacking the T3SS are still able to activate the
noncanonical inflammasome [17]. Additionally, non-pathogenic strains of £. co/ithat lack
virulence factors robustly activate the noncanonical inflammasome [35]. Therefore, LPS
entry into the cytosol during infection with extracellular bacteria is independent of the T3SS.

Gram-negative bacteria secrete LPS-laden outer membrane vesicles (OMVSs), which range in
size from 20 to 250 nm and are used by bacteria to deliver their contents into host cells [36].
It has been known for several years that OMVs are immunostimulatory, and studies have
shown that the peptidoglycan associated with OMVs can activate NOD signaling in immune
cells [37]. We recently demonstrated that OMV:s function as a vehicle to deliver LPS into the
host cytosol (Fig. 1) [35]. Purified OMVs from E. coli were sufficient to deliver LPS into the
cytosol and activate capase-11 leading to pyroptosis and IL-1f release. In contrast, the
membrane vesicles from Gram-positive bacterium, Listeria monocytogenes, did not induce
appreciable cell death or IL-1p release. Remarkably, hypovesiculating bacterial strains that
minimally produce OMVs failed to induce robust cell death and IL-1f responses [35].
OMVs enter the macrophages through clathrin-mediated endocytosis, and traffic to early
endosomes, from where LPS is able to access the cytosol by an unknown mechanism [35]. It
is possible that OMVs could fuse with the endosomal membrane and release LPS into the
cytosol. Additional studies are needed to determine the precise mechanism of LPS entry into
the cytosol from early endosomes.

Key roles for interferons-inducible proteins in cytosolic translocation of LPS

Host factors play critical roles in facilitating the cytosolic entry of LPS. Type | interferon
signaling during Gram-negative bacterial infections upregulates the expression of a family of
interferon-inducible proteins called guanylate-binding proteins (GBPs) [38]. GBPs are
generally thought to play protective roles in infections with intracellular pathogens [39,40].
It was shown, during infection with L. monocytogenes and Mycobacterium bovis, that GBPs
target phagocyte oxidase complexes and antimicrobial peptides to bacteria containing
vacuoles and promote intracellular bacterial killing [40]. Most notably, GBPs play important
roles in caspase-11 activation. GBPs have been shown to accumulate on phagosomal
membranes and facilitate the release of bacterial products into the cytosol for recognition by
caspase-11 [38]. GBPs also recruit an additional type | interferon inducible protein celled
interferon response gene B10 (IRGB10) to the membranes of cytosolic bacteria. IRGB10
permeabilizes Gram-negative bacterial membranes to liberate bacterial products for
recognition by the inflammasome sensors, AIM2 and caspase-11 [41]. It has also been
demonstrated that macrophages deficient for these GBPs had impaired caspase-11 activation
and diminished pyroptosis even after the transfection of LPS into the cytosol [42]. This
suggests that GBPs play additional roles in the noncanonical inflammasome pathway.
Overall, these studies highlight the critical contributions of the type | interferon signaling
and interferon-inducible proteins to the cytosolic recognition of Gram-negative bacteria.
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Effector functions of the noncanonical inflammasome

Pyroptosis

Activation of the noncanonical inflammasome by Gram-negative bacteria results in an
inflammatory cell death called pyroptosis [18]. This type of programmed cell death is in
general mediated by the inflammatory caspases including caspase-1 and caspase-4/-5/-11
and is characterized by plasma membrane perforation, cell swelling and osmotic lysis, and
release of cytosolic contents to the extracellular space [16,18,43]. Pyroptosis mediated by
the noncanonical inflammasome is a direct effector function of caspase-11. It was recently
shown that active caspase-11 cleaves the effector protein gasdermin D liberating its N-
terminal fragment, which executes the lytic cell death [44-46]. Additionally, caspase-4 and
caspase-5 can also cleave gasdermin D to initiate pyroptosis in humans [44,45]. Cells that
are gasdermin D-deficient are protected from pyroptosis following noncanonical
inflammasome activation. Although caspase-1 also cleaves gasdermin D following canonical
inflammasome activation, caspase-11 cleavage of gasdermin D and the subsequent
pyroptosis in response to cytosolic LPS occur independent of caspase-1. The N-terminal
peptide has a preference for binding to phospholipids, specifically phosphatidylinositol
phosphates, highly abundant in the inner leaflet of the plasma membrane. As a result, the N-
terminal fragment of gasdermin D accumulates on the plasma membrane, undergoes
oligomerization, and forms pores that are on average 10-20 nm in diameter leading to
osmotic swelling and cell lysis [47-50]. The affinity of gasdermin D for the lipid species on
the inner leaflet of the plasma membrane ensures that gasdermin D kills cells only from
within and not the bystander cells upon its release into the extracellular milieu. Furthermore,
gasdermin D can also bind to cardiolipin found on the bacterial cell wall, allowing for direct
bacterial killing [48].

Noncanonical NLRP3 activation

Activation of caspase-11 by Gram-negative bacterial pathogens results in the activation of
the NLRP3 inflammasome leading to proteolytic activation of caspase-1, IL-1f, and 1L-18
[18]. The link between caspase-11 and NLRP3 activation remained elusive, but the recent
studies have shed some light on this aspect. It has been shown that gasdermin D cleavage by
caspase-11 is required to promote NLRP3 activation of caspase-1 and IL-1p maturation and
secretion during Gram-negative bacterial infection [45]. Gasdermin D-deficient cells are
protected from pyroptosis following infection with Gram-negative bacteria and also have
impaired IL-1p secretion. Furthermore, gasdermin D-deficient cells have impaired
processing of capase-1 and IL-1p in cell lysates following LPS electroporation [43]. This
indicates that caspase-11 activation of gasdermin D precedes NLRP3 activation of caspase-1
and IL-1p secretion. Plasma membrane pore formation by gasdermin D oligomers results in
K+ efflux [51], which is an established trigger of NLRP3 activation [52,53]. Furthermore, it
was recently shown that caspase-11 activation occurs upstream of NLRP3 inflammasome
formation and results in a drop in intracellular K+ levels [54]. Therefore, it is most likely
that gasdermin D activated by caspase-11, triggers NLRP3 inflammasome activation by
inducing K+ efflux via the plasma membrane pores.
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Unconventional protein secretion

Inflammasome activation is accompanied by unconventional protein secretion into the
extracellular space [55]. Normally, proteins to be secreted follow the traditional secretory
pathway from the endoplasmic reticulum (ER) to the Golgi apparatus to the plasma
membrane. This pathway requires that proteins have a signal peptide sequence that directs
them to the ER [56]. However, there are repertoires of secreted proteins that lack this signal
sequence, and their route of secretion is still not well characterized [56]. These proteins
follow an “unconventional secretory route”, and it is thought that the proteins released
following inflammasome activation are secreted through the pores formed in the plasma
membrane by gasdermin D [44]. Additionally, secretory lysosomes, multivesicular bodies,
exosomes, microvesicles, and secretory autophagy also contribute to the release of leaderless
proteins to the extracellular space [57]. Several of these secreted proteins such as IL-1a and
HMBG1 are believed to act as alarmins or DAMPs, and regulate the inflammatory responses
downstream of inflammasome activation [3,18]. The unconventional release of these
endogenous alarmins following cytosolic LPS sensing is mediated by caspase-11 without
requiring caspase-1 [18]. However, the full spectrum of proteins secreted in a caspase-11
dependent manner has yet to be determined.

The protein secretion from human macrophages following the activation of caspase-4 and
caspase-5, human equivalents of murine caspase-11, has been recently characterized [58].
Lorey et al., described that caspase-4 and caspase-5 triggers the release of proteins from
human macrophages via both extracellular vesicle- and non-vesicles-based mechanisms
[58]. Expectedly, several danger signal proteins such as S100A8 and prothymosin-a were
identified in the secretome. Some of these proteins including S100A8 and prothymosin-a
have been shown to activate TLR-4 and thus, may enhance host’s inflammatory reaction.
Furthermore, a set of translational machinery associated proteins including ribosomal
proteins were secreted as well. The overall contribution of unconventionally secreted
proteins to the host defense and sepsis pathogenesis remains to be determined.

Role of the noncanonical inflammasome in antimicrobial defense

Caspase-11 plays a protective role during infections with bacteria that invade the cytosol;
caspase-117/~ mice are highly susceptible to infections with cytosolic bacteria B.
thailandensis and B. pseudomallei [59]. Similarly, caspase-11-deficient mice were also
susceptible to mutants of S. typhimurium and Legionella pneumophila that ruptures the
pathogen-containing vacuoles and invade the cytosol. Another study showed that the
noncanonical inflammasome is also functional in intestinal epithelial cells, where caspase-11
is required for 1L-18 secretion and pathogen clearance during infection with S. typhimurium
[60]. Here, caspase-11 was shown to be responsible for the shedding of infected epithelial
cells, which provided an explanation for the higher bacterial burdens observed in
caspase-11-deficient mice. Furthermore, caspase-11 has been shown to restrict the
replication of L. pneumophilain murine lungs [61]. Recently, Choi et al., reported that
caspase-11 is also required for effective bacterial clearance in a mouse model of
uropathogenic Escherichia coli (UPEC)-induced cystitis [62]. Mechanistically, caspase-11-
dependent secretion of IL-1p by bladder epithelial cells (BECs) was required for the
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recruitment of mast cells to the bladder epithelium, where they released chymase-loaded
granules. Upon endocytic uptake by infected BECs, these granules induced caspase-1-
dependent lysis and consequent shedding of BECs.

It has been thought for a while that the induction of pyroptosis exposes intracellular bacteria
to the extracellular environment for subsequent clearance by secondary phagocytes, such as
neutrophils. However, the precise steps governing this process remained unclear. Jorgensen
et al., recently provided mechanistic insights into this phenomenon and demonstrated that
intracellular bacteria are in fact retained within the pyroptotic cell corpses, which were
termed as pore-induced intracellular traps (PITs) [63]. Interestingly, these PITs are believed
to display potential find-me and eat-me signals that are recognized by complement and
scavenger receptors on neutrophils for effective recruitment to and phagocytosis of PITs and
the associated bacteria [63]. Furthermore, a combination of IL-1p, IL-18 and eicosanoids are
also required for the recruitment of neutrophils to PITs [64]. Importantly, pyroptotic cell
corpses injected into mice were also phagocytosed by neutrophils and macrophages in vivo.

A recent report has shown a new effector function for caspase-1 and caspase-11 in
controlling bacterial growth in the cytosol of cells independently of pyroptosis [65]. Mouse
embryonic fibroblasts (MEFs) and bone marrow-derived macrophages (BMDMSs) lacking
caspase-11 were more permissive for intracellular Sa/monella growth relative to their
caspase-11 sufficient counterparts. Interestingly, the ability of caspase-11 to inhibit
Salmonella growth in the cytosol occurred prior to pyroptosis and was not dependent on
gasdermin D and IL-1pB. However, the enzymatic activity of caspase-11 was required for this
process. These results indicate that the inflammatory caspases likely have additional effector
mechanisms besides their typical pyroptotic functions to control intracellular infections.
Further studies are needed to determine the mechanism by which caspase-11 controls
cytosolic bacterial growth, and it also remains to be determined if caspase-11 functions
similarly in other intracellular bacterial infections. Overall, these studies demonstrate that
caspase-11 restricts bacterial replication in cell-intrinsic and -extrinsic fashions and that
caspase-11 is essential for the antimicrobial defense.

Role of the noncanonical inflammasome in sepsis

While the studies described above clearly demonstrate the protective role of caspase-11
during Gram-negative bacterial infections, the pathological role of caspase-11 in vivo is also
well documented. Excessive cytosolic localization of LPS leading to hyperactivation of
caspase-11 is a major mechanism responsible for endotoxic shock in mice, and
caspase-117/~ mice are resistant to lethal doses of LPS [13,14,18]. The mechanism(s) by
which caspase-11 activation leads to lethality in endotoxemia is just beginning to be
understood. It has been shown that mice lacking IL-1R and IL-18R are just as susceptible as
wild type mice to endotoxic shock [18,66]. On the other hand, caspase-11-deficient mice and
gasdermin D-deficient mice are protected from endotoxic shock. This argues that these IL-1
cytokines are less likely to play a major role in sepsis pathogenesis. This also implies that
gasdermin D-mediated pyroptosis is more likely to be a critical factor in sepsis lethality.
However, the precise molecular mechanism by which caspase-11 contributes to lethality in
endotoxic shock is yet to be determined. Caspase-11 is considered to contribute to sepsis

J Mol Biol. Author manuscript; available in PMC 2019 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Russo et al.

Page 9

pathology by causing tissue damage and ultimately organ failure. Furthermore, the
leaderless proteins released from cells undergoing pyroptosis can act as endogenous
alarmins and contribute to the inflammation associated with sepsis. Therefore, characterizing
the proteins secreted in a caspase-11 dependent manner will have important implications for
understanding how the noncanonical inflammasome contributes to Gram-negative bacterial
sepsis. Taken together, the noncanonical inflammasome pathway appears to function as a
double-edged sword during Gram-negative bacterial infections; while it protects the host
against certain cytosolic bacterial infections, its uncontrolled activation can be detrimental to
the host.

Role of the noncanonical inflammasome in intestinal homeostasis

Caspase-11 is also emerging as an important player in regulating intestinal homeostasis.
Multiple recent studies demonstrated that caspase-11 confers protection against dextran
sodium sulfate (DSS)-induced colitis [67—69]. Under the conditions of DSS-induced damage
to the epithelial layer, caspase-11 undergoes activation presumably in response to LPS from
the microbiome and mediates intestinal barrier-protective effects. Relative to wild-type
controls, mice lacking caspase-11, upon oral exposure to DSS, develop increased colonic
inflammation and pathology and eventually succumb to death. Consistent with its expression
and function in myeloid cells and intestinal epithelial cells, caspase-11’s role in both
hematopoietic and nonhematopoietic compartments contribute to the protection against DSS
colitis [60,68,69]. While the homeostatic function of caspase-11 in DSS-elicited colitis is
evident from these studies, the underlying mechanisms are less clear. Specifically, there is
some discrepancy in the requirement of IL-1p and IL-18 for the protective function. Demon
et al., found that caspase-11-deficient mice produced normal or even increased levels of
these cytokines depending on the DSS dose [68]. However, other studies reported that the
protective role of caspase-11 was dependent, in part, on IL-1p and IL-18 as these cytokines
were significantly reduced in caspase-11-deficient mice and their reconstitution attenuated
disease severity [67,69]. This discrepancy might have arisen due to several technical and/or
environmental variables. Nonetheless, these studies collectively establish the contribution of
caspase-11 to epithelial cell repair, intestinal barrier integrity, and intestinal homeostasis.

Conclusions and Future directions

The noncanonical inflammasome has now been established as an integral part of
intracellular innate surveillance mechanisms. The latest studies have provided new insights
into the noncanonical inflammasome with regard to the cytosolic translocation of LPS and
cell death induction (Fig. 1). Bacterial LPS that gains cytosolic access owing to the cytosolic
invasion of bacteria or OMVs secreted by bacteria is sensed by caspase-11 triggering the
activation of gasdermin D. The pore-forming ability of gasdermin D causes pyroptosis and
NLRP3-dependent activation of IL-1p and IL-18. While the optimal activation of caspase-11
provides protection against bacterial infections, its excessive activation has the potential to
cause extensive cell death and tissue damage of fatal consequence. While a substantial
progress has been made in this area in the recent years, we still have a number of
outstanding questions. The precise molecular mechanisms that govern the cytosolic
translocation of LPS from the phagosomal compartments are not yet clear. Considering the
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broad expression of noncanonical inflammasome components, particularly caspase-11 and
gasdermin D, it would be of interest to determine the cell type specific function of the
noncanonical inflammasome in sepsis. Characterizing the cytosolic LPS sensing pathway in
humans and determining the relative roles of caspase-4 and caspase-5 further could be
helpful in treating septic patients.
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Highlights

Noncanonical inflammasome relies on sensing the cytosolic presence of
lipopolysaccharide (LPS) of Gram-negative bacteria via inflammatory
caspases such as caspase-4, -5, and -11.

This Review discusses the recent findings related to the mechanism of
activation of the noncanonical inflammasome and its roles in anti-microbial
defense.
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Figure 1. Noncanonical inflammasome recognition of bacterial pathogens
LPS from Gram-negative bacterial pathogens trigger the expression of caspase-11 via

TLR-4-TRIF-type | interferon signaling. C3aR signaling also contributes to the upregulation
of caspase-11 expression. Extracellular vesicles released by bacteria, as well as GBPs and
IRGB10 proteins induced by type | interferon signaling, play critical roles in the cytosolic
localization of LPS. LPS that accumulates in the cytosol is recognized by caspase-11 in mice
and caspase-4 and -5 in humans leading to their activation. Active caspase-4/-5/-11 cleaves
gasdermin D to remove the inhibitory C terminal from the N terminal fragment, which
migrates to the plasma membrane forming pores and eventually causing cell death.
Gasdermin D is also involved in the activation of the NLRP3 inflammasome, presumably by
inducing potassium efflux.
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