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Introduction

Summary

Inflammation is a part of the body’s immune response for protection
against pathogenic infections and other cellular damages; however,
chronic inflammation is a major cause of various diseases. One key step
in the inflammatory response is the activation of inflammasomes, intracel-
lular protein complexes comprising pattern recognition receptors and
other inflammatory molecules. The role of the NLRP3 inflammasome in
inflammatory responses has been extensively investigated; however, the
caspase-11 inflammasome has been recently identified and has been classi-
fied as a ‘non-canonical’ inflammasome, and emerging studies have high-
lighted its role in inflammatory responses. Because the ligands and the
mechanisms for the activation of these two inflammasomes are different,
studies to date have separately described their roles, although recent stud-
ies have reported the functional cooperation between these two inflamma-
somes during an inflammatory response. This review discusses the studies
investigating the functional crosstalk between non-canonical caspase-11
and canonical NLRP3 inflammasomes in the context of inflammatory
responses; moreover, it provides insight for the development of novel
anti-inflammatory therapeutics to prevent and treat infectious and inflam-
matory diseases.

Keywords: canonical; caspase-11; crosstalk; inflammasome; NLRP3; non-
canonical.

molecular patterns (DAMPs) via pattern recognition
receptors (PRRs) that are expressed on the surface or in

Inflammation is an innate immunity response comprising
a series of biological processes that protect the body from
invading pathogens and intracellular stress signals. It is
characterized by five hallmarks: redness, heat, pain, swel-
ling, and loss of tissue function."” An inflammatory
response is induced by the recognition of pathogen-asso-
ciated molecular patterns (PAMPs) and danger-associated

the cytoplasm of inflammatory cells."* Activation steps of
inflammatory responses are different depending on PRRs.
Toll-like receptor (TLR)-induced inflammatory responses
only activate the priming step, whereas inflammasome-in-
duced inflammatory responses activate priming and trig-
gering steps. Priming is induced by extracellular PAMPs
and DAMPs via cell surface PRRs, such as TLRs, and

Abbreviations: AIM2, absent in melanoma 2; ALR, AIM2-like receptor; AP-1, activator protein-1; CARD, caspase recruit domain;
DAMPs, danger-associated molecular patterns; GBP, guanylate-binding protein; GSDMD, gasdermin D; HMGBI, hepatocyte-re-
lated high-mobility group box 1; IL, interleukin; iLPS, intracellular lipopolysaccharide; IRF, interferon regulatory factor; LPG,
lipophosphoglycan; LPS, lipopolysaccharide; LRRs, leucine-rich repeats; METH, methamphetamine; NACHT, nucleotide-binding
and oligomerization domain; NLR, NOD-like receptor; NLRs, NF-kB, nuclear factor-kappa B; NOD, nucleotide-binding
oligomerization domain; OMV, outer membrane vesicle; PAMPs, pathogen-associated molecular patterns; PRRs, pattern recogni-
tion receptors; PYD, pyrin domain; RAGE, receptor for advanced glycation end-product; RLR, RIG-I-like receptor; TLR, toll-
like receptor
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activates inflammatory signalling pathways, including
nuclear factor-kappa B (NF-xB), activator protein-1 (AP-
1) and interferon regulatory factors (IRFs), leading to the
production of inflammatory mediators and expression of
inflammatory genes.”> Alternatively, triggering is induced
by intracellular PAMPs and DAMPs via intracellular
PRRs, such as nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), RIG-I-like receptors
(RLRs), absent in melanoma 2 (AIM2)-like receptors
(ALRs) and caspase-11, and facilitates the inflammasome
activation and pyroptosis.®”

Inflammasomes are intracellular protein complexes that
comprise intracellular PRRs and inflammatory molecules.
Inflammasomes are classified into two main groups: the
canonical and non-canonical inflammasomes. Canonical
inflammasomes include the AIM2 inflammasome and
NLR family inflammasomes, such as NLRP1, NLRP3,
NLRP6, NLRP12 and NLRC4, whereas non-canonical
inflammasomes includes the mouse caspase-11 and the
human homologues of caspase-11, that is, caspase-4 and -
5 inflammasomes.*™"" These inflammasomes are activated
during inflammatory responses and the pathogenesis of
infectious and inflammatory diseases. Their activation
induces gasdermin D (GSDMD)-mediated pyroptosis and
the proteolytic activation of caspase-1, leading to subse-
quent proteolytic maturation of the pro-inflammatory
cytokines interleukin (IL)-1f and IL-18 and their secre-
tion by the cell through GSDMD pores.*'?

A large number of studies exist that have extensively
demonstrated the regulatory roles of the canonical
inflammasomes during inflammatory responses and the
pathogenesis of infectious and inflammatory diseases.'”'®
Mouse caspase-11 and human caspase-4/5 inflammasomes
have been recently discovered, and emerging studies are
demonstrating that caspase-4/5/11 inflammasomes are
also activated during inflammatory responses, ultimately
leading to GSDMD-mediated pyroptosis and caspase-1-
mediated maturation and secretion of IL-1§ and IL-18 in
a canonical inflammasome-independent manner. There-
fore, caspases-4/5/11 have been described as ‘non-canoni-
cal’ inflammasomes.'” ' Canonical and non-canonical
inflammasomes have different PRRs, and are activated by
different types of PAMPs and DAMPs that are unique
and specific for each inflammasome. Therefore, most
studies have focused on the role of inflammasomes indi-
vidually. Regardless of the inflammasome types, its activa-
tion shares similar downstream effector functions,
suggesting that inflammasomes, particularly canonical
and non-canonical inflammasomes, functionally cooperate
to induce an inflammatory response. Indeed, recent stud-
ies have demonstrated the functional crosstalk between
inflammasomes. This review aims to summarize and dis-
cuss the recent research progress in understanding the
functional crosstalk between the non-canonical caspase-11
inflammasome and the canonical NLRP3 inflammasome,
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the most extensively studied canonical inflammasome
during inflammatory responses and the pathogenesis of
infectious and inflammatory diseases. Moreover, this
review highlights the potential pathways that inhibit the
activation and functional crosstalk of inflammasomes to
provide insight into the future development of effective
therapeutics to prevent and treat human infectious and
inflammatory diseases.

Non-canonical caspase-11 inflammasome and its
activators

Activation of caspase-11 non-canonical inflammasome
by intracellular lipopolysaccharide

Caspase-11 consists of three main domains: an N-termi-
nal caspase recruitment domain (CARD), a p20 domain
and a C-terminal pl0 domain (Fig. 12)."° The non-
canonical caspase-11 inflammasome is assembled and
activated in response to the lipopolysaccharide (LPS)
internalized into the cells. LPS is a cell wall component
and the most conserved PAMP in Gram-negative bacte-
ria. Extracellular LPS derived from Gram-negative bacte-
ria enters cells through TLR4/MD2/CD14 receptor
complex-mediated endocytosis or via bacterial outer
membrane vesicle (OMV)-mediated internalization
(Fig. 1b).*? LPS is also released from the internalized or
vacuole-living Gram-negative bacteria with help from an
interferon (IFN)-inducible GTPase family member,
guanylate-binding protein (GBP). GBPs expressed by the
IFN signalling bind with the vacuoles containing Gram-
negative bacteria and disrupt the vacuole membrane
integrity, resulting in the cytosolic access of LPS to cas-
pase-11.>»** Extracellular LPS is also internalized by the
cells via the cell surface receptor for advanced glycation
end-product (RAGE). Extracellular LPS interacts with
hepatocyte-related high-mobility group box 1 (HMGBI)
to produce the LPS—HMGBI complex, and this complex
then enters the cells via RAGE-mediated endocytosis
(Fig. 1b).”

Intracellular LPS (iLPS) is the only known exogenous
ligand that directly interacts with caspase-11, and this
interaction is mediated by the caspase-11 CARD and LPS
lipid A moiety (Fig. 1c). Caspase-11-iLPS interaction pro-
duces the non-canonical caspase-11 inflammasome and
induces the oligomerization of the caspase-11—iLPS com-
plex (Fig. lc). Caspase-11 inflammasome is in turn acti-
vated by auto-proteolytic cleavage at the aspartic acid
residue at the 285th position (Asp>®®), whereas the cys-
teine residue at the 254th position (Cy5254) is critical for
the enzymatic activity of caspase-11.*° Once the non-
canonical caspase-11 inflammasome is activated in
response to iLPS, it induces the proteolysis of GSDMD at
the aspartic acid residue at the 276th position (Asp®’®),
which produces the N-terminal GSDMD and the C-
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Figure 1. Structures and activation of non-canonical inflammasomes. (a) Domain structures of mouse caspase-11 and human caspase-4 and -5.

Caspase-4/5/11 consists of three main domains; an N-terminal CARD, a p20 and a C-terminal p10, and the amino acid lengths of the caspase-4/
5/11 are 377, 434 and 373, respectively. (b) The mechanisms by which LPS enters the cells. LPS derived from the infected Gram-negative bacteria
binds with TLR4 with the help of CD14 and MD2, and the TLR4-MD2-LPS complex is internalized in the cells by the endocytosis. Gram-nega-
tive bacteria also generate the OMVs containing LPS, and the OMVs are internalized in the cells by the endocytosis. In addition, GBPs bind with

the vacuoles containing the internalized or vacuole-living Gram-negative bacteria and disrupt the vacuoles, resulting in the release of LPS into
the cytosol. Moreover, LPS binds to HMGBI, and the HMGBI1-LPS binds to RAGE, leading to the internalization of the RAGE-HMGBI1-LPS
complex by the endocytosis. (c) Structure of the caspase-11 non-canonical inflammasome. Caspase-11 directly binds with iLPS via the caspase-11

CARD and LPS lipid A moiety, resulting in the formation of the caspase-11 non-canonical inflammasome. CARD, caspase recruit domain; GBP,

guanylate-binding protein; HMGBI1, hepatocyte-related high-mobility group box 1; iLPS, intracellular LPS; LPS, lipopolysaccharide; OMV, outer

membrane vesicle; RAGE, receptor for advanced glycation end-product; TLR4, Toll-like receptor 4.

terminal GSDMD fragments. The N-terminal GSDMD
fragments then move to the cell surface and create
GSDMD pores in the cell membrane, ultimately leading
to cell death or pyroptosis. The activation of non-canoni-
cal caspase-11 inflammasome also facilitates the prote-
olytic activation of caspase-1 and caspase-1-mediated
proteolytic maturation of IL-1B and IL-18, leading to the
secretion of these cytokines through the GSDMD
pores.'"*” A recent interesting study reported another
type of ligand directly interacting with caspase-11 during
the sterile inflammation. Zanoni et al. demonstrated that
similar with LPS, the oxidized form of naturally occurring
endogenous phospholipids, 1-palmitoyl-2-arachidonoyl-
sn-glycero-3-phosphorylcholine (oxPAPC), directly inter-
acted with caspase-11 and activated caspase-11 non-
canonical inflammasome, leading to the NLRP3 inflam-
masome activation and IL-1 secretion in dendritic
cells.”® However, unlike LPS that interacts with the CARD
in caspase-11, oxPAPC interacted with the caspase
domain in caspase-11, and the downstream activation of
NLRP3 inflammasome mediated by oxPAPC-activated
caspase-11 non-canonical inflammasome was independent
on the caspase-11 catalytic activity.”® In addition,
oxPAPC-activated caspase-11 non-canonical inflamma-
some did not induce GSDMD-mediated pyroptosis.”®
These results suggest that although oxPAPC is another
ligand to directly interact with and activate caspase-11
non-canonical inflammasome and downstream NLRP3
inflammasome, caspase-11 is a unique PRR protease
specific for iLPS, and the caspase-11 non-canonical
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inflammasome-mediated inflammatory responses are
induced in a context-dependent manner.

Chu et al.* also reported that oxPAPC directly inter-
acts with caspase-11; however, it competed LPS binding
with caspase-11 and consequently inhibited the activation
of caspase-11 non-canonical inflammasome, resulting in
the suppression of GSDMD-induced pyroptosis and
IL-1P secretion in macrophages as well as in vivo LPS-
induced septic shock. This finding is in contrast to a pre-
vious report proposing that oxPAPC has an agonistic
activity for the activation of the caspase-11 non-canonical
inflammasome in dendritic cells;*® therefore, the role of
oxPAPC in the caspase-11-mediated inflammatory
responses is still unclear and needs to be further investi-
gated.

Although the role of oxPAPC is controversial for the
activation of the caspase-11 non-canonical inflammasome
and the downstream NLRP3 inflammasome in the
inflammatory response, these studies provide the critical
clue that there might exist other types of ligands than
LPS and oxPAPC that directly interact with caspase-11
and regulate the activation of caspase-11 non-canonical
inflammasome in the inflammatory responses.

Caspase-11 is a mouse protein, and efforts have been
made to identify the human counterparts of mouse cas-
pase-11. Shi et al.'® demonstrated that human caspase-4
and -5 directly interact with iLPS and induce pyroptosis.
Many studies also demonstrated that the interaction of
caspase-4/5 with iLPS generates non-canonical caspase-4/
5 inflammasomes, leading to their proteolysis and
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inducing the GSDMD-mediated pyroptosis and the prote-
olytic activation of caspase-1, leading to the caspase-1-
mediated secretion of IL-1B and IL-18.'%2%°%3% These
studies provide a strong evidence that human caspase-4/5
are homologues of the mouse caspase-11.

Other activators of caspase-11 non-canonical
inflammasome

Despite previous studies demonstrating that iLPS can
directly activate the non-canonical caspase-11 inflamma-
some during the inflammatory responses induced by
Gram-negative bacterial infections, recent studies have
demonstrated that the activation and functional coopera-
tion of the caspase-11 and NLRP3 inflammasomes during
inflammatory responses are also promoted by factors
other than iLPS.

As discussed in a previous section, Gram-negative bac-
teria strongly activate the caspase-11 non-canonical
inflammasome during the inflammatory responses by
promoting the direct interaction between iLPS and cas-
pase-11; however, other molecules in the host cells
infected with Gram-negative bacteria have been also
reported to play a critical role in the activation of the cas-
pase-11 non-canonical inflammasome. Several studies
reported that infection of Gram-negative bacteria, such as
Citrobacter rodentium, Escherichia coli, Legionella pneu-
mophila and Yersinia pseudotuberculosis, activated the
TIR-domain-containing adapter-inducing interferon f3
(TRIF), a TLR adaptor and the type I IFN signalling
pathway, leading to the caspase-11 induction and autoac-
tivation and the subsequent NLRP3 inflammasome activa-
tion in macrophages.” > These results suggest that the
TLR-TRIF-IEN signalling axis plays a critical role in the
activation of the caspase-11 non-canonical inflammasome
during the inflammatory responses; however, the molecu-
lar mechanism mediating IFN-induced activation of the
caspase-11 non-canonical inflammasome is still poorly
understood and needs to be demonstrated.

Lupfer et al. reported that NOD and RIP2 are critical
factors in the activation of the non-canonical caspase-11
inflammasome by modulating reactive oxygen species
(ROS) homeostasis during inflammatory responses
induced by Gram-negative bacterial infection. The intra-
cellular NLRs, NOD1 and NOD2 activate the inflamma-
tory NF-kB and mitogen-activated protein kinase
(MAPK) signalling pathways in response to peptidoglycan
fragments, a bacterial cell wall component, by activating
their downstream adaptor, RIP2.***' Lupfer et al*
demonstrated that RIP2 deficiency induced ROS accumu-
lation in macrophages infected with the Gram-negative
bacterium C. rodentium, resulting in the increased expres-
sion of caspase-11 by activation of the c-Jun N-terminal
kinase signalling pathway and that of the non-canonical
caspase-11 inflammasome. Moreover, the activated non-
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canonical caspase-11 inflammasome subsequently induced
the NLRP3 inflammasome activation in the macrophages.
It is noteworthy that ROS generation was induced by
RIP2 deficiency because ROS generation is typically
increased during inflammatory responses following the
activation of NF-kB and MAPK signalling pathways,*
which are also activated by the NOD2-RIP2 pathway.***!
ROS generation also activates the inflaimmatory NF-kB
and MAPK signalling pathways,”** suggesting that
increased ROS generation by RIP2 deficiency upregulated
caspase-11 expression and that in turn activated the non-
canonical caspase-11 inflammasome in macrophages. Fur-
ther studies to elucidate the mechanism of RIP2-defi-
ciency-mediated ROS generation and ROS-induced
activation of non-canonical caspase-11 inflammasome are
required. Cumulatively, these results suggest that the
NOD2-RIP2 axis is a critical player in ROS homeostasis,
and that increased ROS level by NOD2-RIP2 deficiency is
another critical factor in the induction and activation of
caspase-11 and caspase-11-promoted NLRP3 activation in
macrophage-mediated inflammatory responses.

Gabrielli et al. reported that secreted aspartyl pro-
teinases (Saps) of Candida albicans play a pivotal role in
the activation of the non-canonical caspase-11 inflamma-
some. Candida species are one of the most common
causes of systemic infection, with up to 50% mortality
rate.*” Candida albicans is a pathogenic yeast found in
the human gut flora and the main Candida species that
causes most of the reported candidiasis cases. Saps are
the key virulence determinants in C. albicans,*® with Sap2
and Sap6 reported to induce activation of the NLRP3
inflammasome, resulting in caspase-1 activation and
secretion of IL-1B and IL-18 in both monocytes and
macrophages.”” Gabrielli et al. reported that Sap2 and
Sap6 are also critical activators of the non-canonical cas-
pase-11 inflammasome in macrophages. They demon-
strated that Sap2 and Sap6 internalized by endocytosis
activated the caspase-11 inflammasome in a type I IFN-
dependent manner.*® Activated caspase-11 inflammasome
cooperated with the NLRP3 inflammasome to activate
caspase-1, leading to the subsequent IL-1f secretion.*® It
was previously believed that LPS is the only activator of
the caspase-11 non-canonical inflammasome; therefore,
Gram-negative bacteria but not Gram-positive bacteria
and other types of pathogens are able to induce the non-
canonical caspase-11 inflammasome during the inflamma-
tory responses. Unlike previous observations, this study
identified Saps of Candida species as critical factors other
than LPS to activate the caspase-11 non-canonical inflam-
masome, leading to the subsequent activation of the
NLRP3 inflammasome in macrophages during inflamma-
tory responses. Moreover, this study provided critical evi-
dence that not only Gram-negative bacteria but also yeast
is able to activate the non-canonical caspase-11 inflam-
masome  in

macrophage-mediated  inflammatory
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responses. However, further studies demonstrating the
mechanisms of how yeast Saps activate the non-canonical
caspase-11 inflammasome and whether Saps, similar to
LPS, interact with caspase-11 are urgently required.
Cumulatively, these results suggest that similar to LPS of
Gram-negative bacteria, other virulence factors from
pathogenic yeasts can also induce the caspase-11 inflam-
masome activation and facilitate the interplay between
caspase-11 and NLRP3 inflammasome pathways.

Another molecule has been recently reported to activate
the non-canonical caspase-11 inflammasome, and to pro-
mote the functional crosstalk between the caspase-11 and
NLRP3 inflammasomes in the neuroinflammatory
responses. Du et al. reported that methamphetamine
(METH), an amphetamine-type drug, acts as a stimulator
of caspase-11 and that functional cooperation between
the METH-induced activation of non-canonical caspase-
11 inflammasome and the NLRP3 inflammasome func-
tion occurs during METH-mediated neuroinflammation.
They demonstrated that METH increased caspase-11
expression and the non-canonical caspase-11 inflamma-
some in vitro and in vivo.** Inhibition of the METH-in-
duced caspase-11 expression reduced the expression of
NLRP3, ASC, caspase-1, IL-1$ and IL-18, as well as sup-
pressed the NLRP3 inflammasome activation in astro-
cytes.*” This study is interesting because not only
pathogenic microbes but also an exogenous drug can acti-
vate the non-canonical caspase-11 inflammasome and
induce the functional cooperation between the caspase-11
and NLRP3 inflammasomes during the inflammatory
responses, indicating that the caspase-11 could be a
promising target to alleviate the toxicity induced by drug-
mediated inflammation. However, molecular interaction
between exogenous drugs and caspase-11 and how these
drugs can induce the inflammatory responses by activat-
ing the caspase-11 and NLRP3 inflammasomes remains
unclear. Therefore, further studies solving these questions
need to be conducted. Taken together, these results sug-
gest that unlike pathogenic microbes, exogenous drug
METH is the activator of the non-canonical caspase-11
inflammasome and that the caspase-11 inflammasome
plays a pivotal role in the METH-induced neuroinflam-
mation by increasing the expression of NLRP3 inflamma-
some components as well as by activating the NLRP3
inflammasome pathway.

Lipopolysaccharide is the major glycolipid in Gram-
negative bacterial cell walls, with lipophosphoglycan
(LPG) being another type of glycolipid present on the
wall surfaces of Leishmania parasites, a group of single-
cell protozoan parasites causing Leishmaniasis in humans
and other mammals.”® LPG interacts with TLR2 and
enters the macrophages via endocytosis,”' resulting in the
production of pro-inflammatory cytokines.’>>> Recently,
de Carvalho et al. reported that Leishmania parasites-
derived LPG is a critical agonist for the activation of
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caspase-11 and NLRP3 inflammasomes in macrophages.
They demonstrated that cytoplasmic delivery of LPG in
the infected macrophages promoted the non-canonical
caspase-11 inflammasome activation, leading to pyropto-
sis, caspase-1 activation and IL-1P secretion in macro-
phages.®® These pathways were impaired in Lpgl /-
Leishmania-infected macrophages.”* Moreover, the LPG-
activated caspase-11 inflammasome subsequently triggered
the activation of NLRP3 inflammasome.”* This study pro-
vides critical evidence that caspase-11 non-canonical
inflammasome could be activated by another type of gly-
colipid, LPG derived from Leishmania protozoan para-
sites, indicating that similar to Gram-negative bacteria,
protozoan parasite infection also induces the inflamma-
tory responses by activating the non-canonical caspase-11
and NLRP3 inflammasomes in macrophages and that
selective targeting of LPG during Leishmania parasite
infection could be a promising strategy to ameliorate the
Leishmania parasite-induced inflammation and Leishma-
niasis. Although LPG was identified as an activator of the
caspase-11 non-canonical inflammasome in macrophages,
the molecular mechanisms of this event need to be fur-
ther elucidated. Cumulatively, these results suggest that
LPG is another critical agonist to induce the caspase-11
inflammasome activation, and to trigger the functional
cooperation between caspase-11 and NLRP3 inflamma-
somes via the caspase-11-dependent NLRP3 inflamma-
some activation in the protozoan parasite-infected
inflammatory responses.

In summary, the non-canonical caspase-11 inflamma-
some is activated by not only iLPS derived from Gram-
negative bacteria, but also other factors derived from
Gram-negative bacteria, yeast, protozoan parasites and
even by exogenous drugs, such as METH. Interestingly,
unlike iLPS, all these factors activate the caspase-11 non-
canonical inflammasome by inducing the caspase-11
expression rather than by directly binding with caspase-
11 during the inflammatory responses. The activation of
non-canonical caspase-11 inflammasome by any of these
factors induces its cooperation with the NLRP3 inflam-
masome to ultimately trigger an inflammatory response.
However, further efforts in identifying and validating
more molecular ligands that activate these pathways as
well as investigating the molecular mechanisms by which
these ligands activate the non-canonical caspase-11 and
NLRP3 inflammasomes during the inflammatory
responses are required.

Canonical and non-canonical NLRP3
inflammasomes

NLRP3 belongs to the NLR family of PRRs and consists
of an N-terminal pyrin domain (PYD), a nucleotide-bind-
ing and oligomerization domain (NACHT), and leucine-
rich repeats (LRRs; Fig. 2a). Under the stimulation,
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NLRP3 inflammasome is activated and assembled by
interaction of NLRP3 with other inflammatory molecules,
such as the ASC, a bipartite adapter through their PYDs
and subsequent recruitment and interaction with inactive
pro-caspase-1 through the CARDs of ASC and pro-cas-
pase-1 (Fig. 2b).0%°

An inflammatory response induced by inflammasomes
commonly comprises two main consecutive steps: prim-
ing and triggering. Priming is the preparatory phase for
inflammatory responses, which includes upregulation of
the expression of inflammatory molecules, such as PRRs,
inflammatory enzymes and pro-inflammatory cytokines,
whereas triggering is the process that boosts the inflam-
matory responses by inducing the activation of inflamma-
some responses and inflammatory cell death known as
pyroptosis.”® The activation of NLRP3 inflammasome
also follows this two-signal model. The priming response
is initiated by the interaction of extracellular PRRs, such
as TLR, with PAMPs and subsequently activates the
inflammatory signalling pathways, such as NF-kB and
IRF3 via TRIF activation, which induces the expression of
NLRP3, pro-caspase-1, caspase-11 and IFN. The produced
IFN in turn interacts with its extracellular receptor,
IFNAR in an autocrine manner, resulting in the IFN sig-
nalling-induced expression of caspase-11 and GBP
(Fig. 2¢). The triggering response is initiated by the acti-
vation of NLRP3 in response to various extracellular and
intracellular upstream activators, such as ATP, choles-
terol, crystals (endogenous and exogenous), alum, asbes-
tos, hyaluronan, B-amyloids, bacterial pore-generating
toxins, monosodium urate, silica and pathogen-originated
nucleic acid hybrids as well as the downstream cellular
mechanisms, such as K" efflux, Ca®" influx, phagosomal
rupture, oxidized mitochondrial DNA, mitochondrial
damage and ROS, leading to the formation of the active
NLRP3 inflammasome.®>>>*® The activation of NLRP3
inflammasome subsequently induces the proteolytic acti-
vation of the inactive pro-caspase-1, generating the active
caspase-1 dimers, and the active caspase-1 in turn induces
the GSDMD-mediated pyroptosis as well as the prote-
olytic maturation and secretion of IL-1B and IL-18
through the GSDMD pores. This process is called the
‘canonical’ NLRP3 inflammasome activation and caspase-
11 is not required for its activation (Fig. 2¢).08958

Intracellular LPS found in Gram-negative bacteria, such
as E. coli, Haemophilus influenzae, Klebsiella pneumoniae,
Neisseria gonorrhea, Shigella flexneri, Enterobacter cloacae,
Proteus mirabilis, L. pneumophila and Legionella gratiana,
is internalized by several different ways (Fig. 1b), directly
interacts with caspase-11 (Fig. 1c), and activates the non-
canonical caspase-11 inflammasome, which in turn acti-
vates the NLRP3 inflammasome.”>* The caspase-11 non-
canonical inflammasome-induced NLRP3 inflammasome
activation also induces proteolytic activation of caspase-1,
leading to the caspase-1-mediated maturation and
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secretion of IL-1p and IL-18 in a manner similar to that
of the activation of canonical NLRP3 inflammasome.
Moreover, the non-canonical caspase-11 inflammasome
along with active caspase-1 also induces the proteolytic
processing of GSDMD and the consequent GSDMD-me-
diated pyroptosis via generating GSDMD pores in the
membrane.***>® This kind of NLRP3 inflammasome
activation is distinguished from the manner of canonical
NLRP3 inflammasome activation, which is caspase-11-de-
pendent, leading to the identification of the ‘non-canoni-
cal’ NLRP3 inflammasome activation (Fig. 2¢).2%8

Although the canonical and non-canonical NLRP3
inflammasomes are activated in different ways, they
functionally cooperate to induce the inflammatory
responses. NLRP3 inflammasome is activated by canoni-
cal NLRP3 stimulants; however, caspase-11 non-canoni-
cal inflammasome activated by a different stimulant,
iLPS, can also activate the NLRP3 inflammasome. The
activation signals and mechanisms are different and
independent of each other; however, the canonical and
non-canonical NLRP3 inflammasomes have a crosstalk
and work together to induce the inflammatory responses.
Moreover, both share the common downstream effector
functions that induce the inflammatory response via the
GSDMD-mediated pyroptosis and caspase-1-mediated
maturation and secretion of pro-inflammatory cytokines,
IL-1B and IL-18 through the GSDMD pores. Taken
together, given the evidence, the activation of non-
canonical NLRP3 inflammasome during an inflammatory
response strongly indicates that the canonical NLRP3
inflammasome and non-canonical caspase-11 inflamma-
somes can functionally cooperate to induce the inflam-
matory response. The molecular mechanisms mediating
the crosstalk between these two inflaimmasomes will be
discussed next.

Functional crosstalk of caspase-11 and NLRP3
inflammasomes during inflammatory responses

As discussed earlier, the regulatory roles of the canonical
inflammasomes, particularly NLR family inflammasomes,
have long been described in inflammatory responses and
the pathogenesis of infectious and inflammatory diseases.
Interestingly, a large number of studies have focused on
the NLRP3 inflammasome, resulting in the remarkable
understanding of its regulatory roles during the inflam-
matory response and its role in the exacerbation of vari-
ous human infectious and inflammatory diseases.'>'®**®
Recently, the caspase-11 inflammasome was identified as
a novel non-canonical inflammasome to induce inflam-
matory responses in response to iLPS from Gram-nega-
tive bacteria, and the emerging studies have been
successfully demonstrating that similar to the canonical
inflammasomes, the caspase-11 non-canonical inflamma-
some also induces inflammatory responses and that the
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activation of the caspase-11 non-canonical inflammasome
might play critical roles in the pathogenesis of infectious,
inflammatory and autoimmune diseases.*?”*>”® Despite
many studies regarding the regulatory roles of both the
canonical NLRP3 and non-canonical caspase-11 inflam-
masomes in inflammatory responses, they have been sep-
arately studied, which might be due to their different
ligands and activation mechanisms. However, many
efforts have been made to demonstrate the functional
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relationship and cooperation between the two inflamma-
somes.

Rathinam et al. demonstrated the caspase-11-dependent
activation of the NLRP3 inflammasome following infec-
tion of the Gram-negative bacteria C. rodentium and
E. coli. Gram-negative bacterial infection activated the
TLR4-TRIF and the type I IEN signalling pathways, lead-
ing to the IFN-mediated caspase-11 induction and
autoactivation in  macrophages.”> The caspase-11
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Figure 2. Structure and activation of canonical and non-canonical NLRP3 inflammasomes (a) Domain structures of NLRP3, ASC and pro-cas-
pase-1. NLRP3 consists of three main domains; an N-terminal PYD, a NACHT and C-terminal LRRs. ASC consists of two main domains; an N-
terminal PYD and a C-terminal CARD. Pro-caspase-1 consists of three main domains; an N-terminal CARD, a p20 and a C-terminal p10. (b)
Structure of the NLRP3 inflammasome. NLRP3 binds with ASC via their PYDs, and then pro-caspase-1 is recruited and binds with ASC via their
CARDs. (¢) Two-signal model for the activation of canonical and non-canonical NLRP3 inflammasomes. In the priming response, interaction
between extracellular PAMPs and PRRs, such as TLRs, induces the transduction cascades of the inflammatory NF-kB and IRF3 signalling path-
ways by activating TRIF, resulting in the upregulation of the expression of inflammatory molecules, such as NLRP3, pro-caspase-1, caspase-11
and type I IFN necessary for the subsequent activation of the canonical and non-canonical NLRP3 inflammasome pathways. The produced type I
IFN in turn interacts with extracellular IFNAR in an autocrine manner, and the IFN signalling upregulates the expression of caspase-11 and GBP.
In the triggering response, extracellular and intracellular NLRP3 ligands interact with NLRP3, resulting in canonical NLRP3 inflammasome acti-
vation. LPS internalized from the Gram-negative bacteria directly interacts with caspase-11, leading to caspase-11 non-canonical inflammasome
activation, and the activated caspase-11 non-canonical inflammasome, in turn, induces non-canonical NLRP3 inflammasome activation. Activa-
tion of canonical and non-canonical NLRP3 inflammasomes activates caspase-1, and the activated caspase-1 induces IL-1B and IL-18 secretion
and GSDMD-mediated pyroptosis. CARD, caspase recruit domain; GBP, guanylate-binding protein; GSDMD, gasdermin D; IFN, interferon;
IFNAR, type I IFN receptor; IL, interleukin; IRF3, interferon regulatory factor 3; LRRs, leucine-rich repeats; NACHT, nucleotide-binding and
oligomerization domain; NF-kB, nuclear factor-kappa B; NLR, NOD-like receptor; PAMP, pathogen-associated molecular pattern; PRR, pattern

recognition receptor; PYD, pyrin domain; TRIF, TIR-domain-containing adapter-inducing interferon .

inflammasome activation subsequently synergized the
assembly and activation of the NLRP3 inflammasome,
which in turn induced caspase-1 activation and caspase-
1-mediated pyroptosis.” Interestingly, these events were
not induced by Gram-positive bacterial infection.” This
study identified TRIF as a critical modulator of the
TLR4 pathway in the activation of the non-canonical
caspase-11 inflammasome during the pathogenesis of
Gram-negative bacterial infection, and suggested that
solely Gram-negative bacteria induce the caspase-11-de-
pendent activation of the NLRP3 inflammasome.
Another study by Gurung et al>® demonstrated that
infection by the Gram-negative bacteria C. rodentium
and E. coli induced the synthesis and activation of the
caspase-11 inflammasome via the TLR4-TRIF axis, and
that caspase-11 inflammasome activation in turn acti-
vated the NLRP3 inflammasome, leading to caspase-1
activation and secretion of IL-1B and IL-18. This study
further confirmed that the TLR4-TRIF pathway plays a
pivotal role in the activation of the caspase-11 non-
canonical inflammasome, subsequently leading to the
activation of the canonical NLRP3 inflammasome in
macrophages during infection by enteric Gram-negative
bacteria, but not Gram-positive bacteria. Although these
two studies successfully demonstrated the Gram-negative
bacterium-induced activation of the non-canonical cas-
pase-11 inflammasome and caspase-11 inflammasome-
dependent activation of the canonical NLRP3 inflamma-
some, further studies would be necessary to confirm that
of all Gram-negative bacterial PAMPs, LPS is a key
determinant for the activation and functional coopera-
tion of these two inflammasomes.

Case et al.”’ reported that infection by the Gram-nega-
tive bacterium L. pneumophila in addition to LPS treat-
ment could also activate the caspase-11 inflammasome in
macrophages, resulting in the induction of the caspase-1
proteolytic activation and caspase-1-mediated pyroptosis
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by activation of the ASC and NLRP3 inflammasome, but
not the NLRC4 inflammasome, indicating that caspase-
11-mediated canonical inflammasome activation is not
universal but an inflammasome-specific event in macro-
phages during the inflammatory responses. Predictively,
L. pneumophila-mediated caspase-11 inflammasome acti-
vation and the caspase-11-induced pyroptosis were defi-
cient in the TRIF/MyD88 double knockout (KO) or type
I IFN receptor KO macrophages.”” Interestingly, the cas-
pase-11 inflammasome activation and caspase-11-depen-
dent responses were induced in the macrophages deficient
for either the TRIF or MyD88 intracellular adaptors of
TLR4.” This observation differs from that of the studies

35,36
and the reasons for

discussed earlier in this review,
the discrepancy in these results remain unclear. A possible
explanation is that the molecular mechanisms by which
Gram-negative bacteria induce the non-canonical caspase-
11 inflammasome and the caspase-11-dependent NLRP3
inflammasome activation could be different depending on
the bacterial subtype, and further studies in this regard
need to be conducted. Cumulatively, these studies suggest
that Gram-negative bacteria-induced caspase-11 inflam-
masome activation and caspase-11-dependent NLRP3
inflammasome activation require the TLR4-TRIF-MyD88
axis and the type I IFN signalling in macrophage-medi-
ated inflammatory responses.

Another study reported by Casson et al.”® demonstrated
that caspase-11 activation by the Gram-negative bacteria
L. pneumophila and Y. pseudotuberculosis requires TLR4
and TRIF-dependent type I IEN signalling, and caspase-
11 inflammasome activation consequently induced the
caspase-1 activation and the secretion of both IL-1f and
IL-10. Consistent with previous studies discussed earlier
in this review, caspase-11 inflammasome activation
induced IL-1P secretion by activating the NLRP3 inflam-
masome. However, unlike those previous studies, caspase-
11 inflammasome-induced IL-1a secretion was independent
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from NLRP3 and NLRC4 inflammasomes as well as the
TLR4-TRIF axis and type I IFN signalling.’® These results
suggest that IL-lo. secretion is not process-specific for
inflammasome activation, and that caspase-11 and NLRP3
inflammasomes do or do not cooperate, thereby resulting
in different outcomes during macrophage-mediated inflam-
matory responses.

Lacey et al.”® recently investigated the role of caspase-
11 and NLRP3 inflammasomes in the pathogenesis of
joint inflammation induced by Gram-negative bacterial
infection. They demonstrated that Brucella melitensis in-
fection induced inflammatory joint arthritis by activating
the caspase-11 inflammasome and caspase-1, subsequently
inducing pyroptosis and caspase-1-mediated secretion of
IL-1B and IL-18. Interestingly, the caspase-11 inflamma-
some activation did not induce the NLRP3 inflamma-
some activation, and the NLRP3 inflammasome was
dispensable for the caspase-11 inflammasome-dependent
restriction of Brucella burden in inflammatory joint
arthritis.*® It is known that activated macrophages play a
detrimental role in the pathogenesis of inflammatory joint
arthritis,”* and that caspase-11 and NLRP3 inflamma-
somes are highly activated in the activated macrophages
during inflammatory responses. However, it remains
unclear why Gram-negative bacterial infection activated
the caspase-11 inflammasome but not NLRP3 inflamma-
some in this study, and one possible explanation is that
not all Gram-negative bacteria induce inflammatory joint
arthritis or that the molecular mechanisms of Gram-nega-
tive bacterium-induced pathogenesis of inflammatory
joint arthritis might not be universal. This study indicates
that despite using a similar Gram-negative bacterial
group, the inflammatory response depends on the bacte-
rial species and strain and perhaps their different cell wall
structure, which can include different PAMPs. Further
studies demonstrating the mechanisms of the pathogene-
sis of inflammatory joint arthritis and other inflammatory
and infectious diseases are required.

Despite previous studies demonstrating the functional
cooperation between caspase-11 and NLRP3 inflamma-
somes, the underlying molecular mechanisms were poorly
understood. Elucidating the mechanisms of their func-
tional crosstalk in the inflammatory responses is essential
not only to improve our knowledge of how caspase-11
and NLRP3 inflammasomes work together to trigger an
inflammatory response but also to identify and validate
critical molecules that could act as molecular targets for
the development of anti-inflammatory drugs. Recent
studies have investigated the molecular and cellular mech-
anisms of the functional cooperation of the caspase-11
and NLRP3 inflammasomes in the inflammatory
responses.

Rihl and Broz investigated the mechanism by which
the caspase-11 inflammasome controls the NLRP3 inflam-
masome activation and IL-1f secretion in macrophages.
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They demonstrated that LPS transfection activated the
non-canonical caspase-11 inflammasome, subsequently
activating NLRP3 inflammasome in macrophages,” indi-
cating that non-canonical caspase-11 inflammasome func-
tions upstream of the canonical NLRP3 inflammasome.
They further found that the activation of the non-canoni-
cal caspase-11 inflammasome promoted K* efflux, which
is essential for the NLRP3 inflammasome activation,®’
consequently resulting in the NLRP3 inflammasome acti-
vation in macrophages.”” Moreover, caspase-11-induced
activation of NLRP3 inflammasome induced caspase-1
activation and caspase-1-mediated IL-1f secretion in
macrophages.”” Despite the observation of caspase-11
non-canonical inflammasome-induced K’ efflux, this
study did not specify which molecules mediate K™ efflux.
Recent studies, however, reported that bacterial pore-
forming toxins and P2X; promote K' efflux;’®”” there-
fore, caspase-11 non-canonical inflammasome-induced K"
efflux was probably promoted by these molecules. This
study clearly outlined the mechanism of non-canonical
caspase-11 inflammasome-induced activation of NLRP3
inflammasome by promoting intracellular K efflux
(Fig. 3a). Studies demonstrating how activation of the
non-canonical caspase-11 inflammasome induces K~
efflux during the inflammatory responses as well as iden-
tifying and validating the critical factors in this event are
required.

Cunha et al. also reported the mechanism of caspase-
11-dependent NLRP3 inflammasome activation by K
efflux in the Gram-negative bacterium, L. pneumophila-
induced inflammatory responses. They demonstrated that
L. pneumophila infection activated the non-canonical cas-
pase-11 inflammasome in macrophages and that this acti-
vation induced cell membrane damage in cooperation
with the AIM2 inflammasome.”® Cell membrane damage
promoted K" efflux, an essential and sufficient process to
activate the NLRP3 inflammasome,”>*>®" consequently
activating the NLRP3 inflammasome in macrophages.”
Activation of non-canonical caspase-11 inflammasome
induces pyroptosis, an inflammatory form of cell death
by forming GSDMD-mediated membrane pores, and the
mature pro-inflammatory cytokines, IL-1f and IL-18
were then secreted through these pores.'®'"® This study
also did not figure out the mechanism by which the acti-
vation of caspase-11 non-canonical inflammasome-in-
duced K" efflux in macrophages. Although it is believed
that K efflux occurs through the damaged cell mem-
brane, the studies examining whether the caspase-11 non-
canonical inflammasome-induced membrane damage in
this study is indeed the GSDMD-mediated pyroptosis or
differs from the GSDMD-mediated pyroptosis. Addition-
ally, apart from the GSDMD-mediated pyroptosis, other
mechanisms of the non-canonical caspase-11 inflamma-
some-induced cell membrane damage need to be further
elucidated. These results suggest that the activation of the

© 2019 John Wiley & Sons Ltd, Immunology, 159, 142-155
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Figure 3. Mechanisms of caspase-11 non-canonical inflammasome-mediated activation of NLRP3 inflammasome (a) Caspase-11 non-canonical

inflammasome activated by the interaction between iLPS and caspase-11 induces the K" efflux through the bacterial pore-forming toxins and

P2X;, leading to the activation of NLRP3 canonical inflammasome by assembling NLRP3, ASC and pro-caspase-1. (b) Activation of caspase-11

non-canonical inflammasome induces the membrane damage of the cells, and the membrane damage consequently triggers the K* efflux, leading

to the activation of NLRP3 canonical inflammasome by assembling NLRP3, ASC and pro-caspase-1. (c) Activation of caspase-11 non-canonical
inflammasome produces the N-terminal GSDMD fragments by proteolytic cleavage of the full-length GSDMD, and the N-terminal GSDMD frag-
ments generate GSDMD pores in the cell membrane, leading to the pyroptosis. K™ efflux is induced through the GSDMD pores, resulting in the

activation of NLRP3 canonical inflammasome by assembling NLRP3, ASC and pro-caspase-1. C, C-terminal fragment of GSDMD; CARD, caspase
recruit domain; GSDMD, gasdermin D; iLPS, intracellular LPS; LRRs, leucine-rich repeats; N, N-terminal fragment of GSDMD; NACHT, nucleo-
tide-binding and oligomerization domain; NLR, NOD-like receptor; PYD, pyrin domain.

non-canonical caspase-11 inflammasome by Gram-nega-
tive bacteria promotes NLRP3 activation by inducing
membrane damage-mediated K efflux (Fig. 3b). This is
another study that adds to the understanding of the
mechanisms by which activation of the non-canonical
caspase-11 inflammasome induces the NLRP3 inflamma-
some by triggering cell membrane damage and conse-
quent K efflux in macrophages.

Kayagaki et al. also reported GSDMD as an activator of
NLRP3 inflammasome in macrophage-mediated inflam-
matory responses. They demonstrated that the activation
of non-canonical caspase-11 inflammasome by the delivery
of LPS and Gram-negative bacterial infection processed
GSDMD, and the resulting N-terminal GSDMD fragments
promoted the pyroptosis by generating GSDMD pores in
the cell membranes and the NLRP3 inflammasome activa-
tion, leading to the NLRP3-dependent caspase-1 activation
and the maturation and secretion of IL-1f in macro-
phages.?” Moreover, activation of the NLRP3 inflamma-
some and caspase-1-induced IL-1P secretion were defective
in the GSDMD KO macrophages.”> Despite the clear

© 2019 John Wiley & Sons Ltd, Immunology, 159, 142-155

evidence of GSDMD-induced activation of NLRP3 inflam-
masome, the underlying molecular mechanism by which
N-terminal GSDMD fragments produced by caspase-11
non-canonical inflammasome activate the NLRP3 inflam-
masome was unknown. However, recent studies reported
that K" efflux occurs through the GSDMD pores generated
by caspase-11 non-canonical inflammasome-processed N-
terminal GSDMD fragments, resulting in the activation of
NLRP3 inflammasome.”®”® The purpose of this study was
to demonstrate a novel function of GSDMD as an agonist
of the NLRP3 inflammasome, and to elucidate another
mechanism by which iLPS-induced activation of the non-
canonical caspase-11 inflammasome triggers the NLRP3
canonical inflammasome in the inflammatory responses.
These results strongly suggest that the caspase-11 inflam-
masome activates NLRP3 inflammasome by inducing K"
efflux through GSDMD pores, resulting in the NLRP3
inflammasome-mediated =~ downstream  inflammatory
events, and that GSDMD is a key molecule in the activa-
tion of the NLRP3 inflammasome in the inflammatory
responses (Fig. 3¢).
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Table 1. Summary of functional cooperation between caspase-11 non-canonical and NLRP3 canonical inflammasomes

Study results

Exp. models

Ref.

Gram-negative bacterial infection activated TRIF and type I IFN signalling

Gram-negative bacterial infection activated caspase-11 inflammasome

Caspase-11 inflammasome activation subsequently activated NLRP3 inflammasome, resulting in
caspase-1 activation and caspase-1-mediated pyroptosis

Gram-negative bacterial infection activated TLR4-TRIF axis

Gram-negative bacterial infection activated caspase-11 inflammasome

Caspase-11 inflammasome activation subsequently activated NLRP3 inflammasome, resulting in
caspase-1 activation and caspase-1-mediated IL-1f and IL-18 secretion

Gram-negative bacterial infection activated caspase-11 inflammasome

Caspase-11 inflammasome activation subsequently activated NLRP3 inflammasome, resulting in
caspase-1 activation and caspase-1-mediated pyroptosis

Caspase-11 inflammasome activation did not occur in TRIF/MyD88 double KO or type I IFN
receptor KO macrophages

Gram-negative bacterial infection activated caspase-11, NLRP3 inflammasomes and caspase-1, and
induced IL-1P and IL-1o secretion

Caspase-11-mediated IL-1P secretion was dependent on NLRP3 inflammasome and caspase-1,

but caspase-11-mediated IL-1a secretion was NLRP3 inflammasome/caspase-1-independent

Gram-negative bacterial infection activated caspase-1 and caspase-11, resulting in pyroptosis and
caspase-1-mediated IL-1f and IL-18 secretion

Caspase-11 inflammasome activation did not activate NLRP3 inflammasome

NLRP3 inflammasome was dispensable for caspase-11-mediated restriction of bacterial burdens

RIP2-deficiency increased ROS production

Increased ROS-induced caspase-11 inflammasome expression and activation, resulting in NRLP3
inflammasome activation

Sap2 and Sap6 secreted from pathogenic yeast (Candida albicans) activated caspase-11 inflammasome

Caspase-11 inflammasome activation subsequently activated NLRP3 inflammasome, resulting in
caspase-1 activation and caspase-1-mediated IL-1 secretion

METH-induced caspase-11 expression and activated caspase-11 non-canonical inflammasome in vitro
and in vivo

Inhibition of METH-induced caspase-11 expression decreased expression of NLRP3, ASC, caspase-11,
IL-1P and IL-18, as well as suppressed NLRP3 inflammasome activation in astrocytes

Leishmania parasite infection and LPG transfection activated caspase-11 inflammasome

Caspase-11 inflammasome activation subsequently activated NLRP3 inflammasome, resulting in
pyroptosis, caspase-1 activation and IL-1f secretion

iLPS-induced caspase-11 inflammasome activation decreased intracellular K* level

Activated caspase-11 inflammasome subsequently activated NLRP3 inflammasome by promoting K"
efflux, resulting in caspase-1 activation and caspase-1-mediated IL-1p secretion

Gram-negative bacterial infection activated caspase-11

Caspase-11 inflammasome activation promoted cell membrane damage and K" efflux in cooperation
with AIM2 inflammasome

Membrane damage-triggered K* efflux induced NLRP3 inflammasome activation

iLPS-induced caspase-11 inflammasome activation cleaved GSDMD

Resulting N-terminal GSDMD fragments induced NLRP3 inflammasome activation and pyroptosis,
resulting in caspase-1 activation and caspase-1-mediated IL-1f3 secretion

Gram-negative bacterium-infected
BMDMs (Citrobacter rodentium
and Escherichia coli)

Gram-negative bacterium-infected
BMDMs (C. rodentium and
E. coli)

Gram-negative bacterium-infected
BMDMs
(Legionella pneumophila)

Gram-negative bacterium-infected
BMDMs (L. pneumophila and
Yersinia pseudotuberculosis)

Gram-negative bacterium-infected
arthritic mice
(Brucella melitensis)

Nod2- or Rip2-deficient BMDMs

Sap2 or Sap6-treated Raw264-7
and murine peritoneal
macrophages

METH-treated astrocytes

Leishmania parasite-infected
BMDMs (L. major,
L. braziliensis, and
L. amazonensis) LPG-transfected
BMDMs

LPS-transfected BMDMs

Gram-negative bacterium-infected
BMDMs (L. pneumophila)

LPS-transfected BMDMs
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Despite the small number of studies, these are critical
for understanding the mechanisms of the functional
crosstalk between the caspase-11 and NLRP3 inflamma-
somes. Activation of the non-canonical caspase-11 inflam-
masome triggers K~ efflux by cellular molecules, such as
bacterial pore-forming toxins and P2X; and also by cell
membrane damage, resulting in the canonical NLRP3
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inflammasome activation in an inflammatory response.
Activation of the non-canonical caspase-11 inflammasome
produces N-terminal fragments of GSDMD by proteolytic
processing, an effector molecule that promotes the assem-
bly and activation of NLRP3 by inducing K" efflux
through GSDMD pores. Cell membrane damage facilitat-
ing K" efflux might be the GSDMD-mediated pyroptosis

© 2019 John Wiley & Sons Ltd, Immunology, 159, 142-155



and, if so, GSDMD plays a pivotal role in the functional
crosstalk between the caspase-11 and NLRP3 inflamma-
somes by inducing the GSDMD pore-mediated K™ efflux
and the activation of NLRP3 canonical inflammasome
during the inflammatory responses. Although these stud-
ies provided some evidence for the mechanisms of the
non-canonical caspase-11 inflammasome-induced activa-
tion of the canonical NLRP3 inflammasome, further
mechanistic studies are still required for a complete
understanding of these pathways.

Conclusion and perspectives

Inflammation is an innate immune response and protec-
tive mechanism by which the body eliminates infected
pathogens and cellular damages. Chronic inflammation
has been considered a critical determinant of the infec-
tious and inflammatory diseases. Therefore, a large num-
ber of studies have analysed the mechanisms of the
inflammatory response and the pathogenesis of infectious
and inflammatory diseases in an attempt to identify and
validate the molecular targets critical in the regulation of
the inflammatory response to develop effective anti-in-
flammatory drugs.

One of the key steps in an inflammatory response is the
activation of intracellular inflammasomes in response to
unique ligands, leading to the pyroptosis and the caspase-
1-induced proteolytic maturation and secretion of pro-in-
flammatory cytokines IL-1B and IL-18 by the inflamed
cells. Many studies have mostly focused on the NLRP3
canonical inflammasome because it has been demon-
strated to play critical roles in the inflammatory responses
and pathogenesis of various infectious, inflammatory and
autoimmune diseases.>'®7%84 8¢ However, a novel cas-
pase-11 inflammasome has been recently identified and
demonstrated to induce an inflammatory response by acti-
vating downstream effectors, such as caspase-1 and
GSDMD, leading to the GSDMD-mediated pyroptosis and
caspase-1-induced secretion of the pro-inflammatory
cytokines IL-1f and IL-18. The downstream effector
events are similar to those of NLRP3 inflammasome acti-
vation; therefore, caspase-11 inflammasome was consid-
ered as the non-canonical caspase-11 inflammasome.'”
Unlike NLRP3 inflammasome, the non-canonical caspase-
11 inflammasome was recently identified, and the studies
demonstrating the roles of the caspase-11 non-canonical
inflammasome in the inflammatory responses are limited.
However, emerging studies have successfully demonstrated
some of the functions of the non-canonical caspase-11
inflammasome and the pathogenesis of the infectious and
inflammatory diseases. Additionally, they have demon-
strated the functional crosstalk between the non-canonical
caspase-11 and the canonical NLRP3 inflammasomes and
the underlying mechanisms in inflammatory responses.
These were summarized in Table 1. These studies are still
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insufficient for a complete and in-depth understanding of
these pathways. Specifically, studies investigating the
molecular and cellular mechanisms by which the non-
canonical caspase-11 inflammasome activates the canoni-
cal NLRP3 inflammasome in an inflammatory response
are still required. In addition, the functional crosstalk
between the non-canonical caspase-11 inflammasome and
the other types of canonical inflammasomes, such as
NLRP1, NLRP6, NLRP12, NLRC4 and AIM2 inflamma-
somes, in the inflammatory responses and the pathogene-
sis of the infectious and inflammatory diseases also needs
to be further investigated. The identification and valida-
tion of novel ligands that activate non-canonical caspase-
11 inflammasome will expand our understanding of the
mechanisms by which it can then subsequently activate
the canonical NLRP3 inflammasome.

In conclusion, the studies outlined in this review dis-
cussed the functional crosstalk between the non-canonical
caspase-11 and canonical NLRP3 inflammasomes during
inflammatory responses. Selectively targeting these inflam-
masomes or intervention of their functional crosstalk
using pharmacological agents may provide promising
strategies to prevent and treat various infectious and
inflammatory diseases as well as other inflammation-in-
duced diseases, such as cancer.
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