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Abstract

Innate immune cells, epithelial cells, and many other cell types are capable of detecting
infection or tissue injury, thus mounting regulated immune response. Inflammasomes
are highly sophisticated and effective orchestrators of innate immunity. These
oligomerized multiprotein complexes are at the center of various innate immune
pathways, including modulation of the cytoskeleton, production and maturation of
cytokines, and control of bacterial growth and cell death. Inflammasome assembly
often results in caspase-1 activation, which is an inflammatory caspase that is involved
in pyroptotic cell death and release of inflammatory cytokines in response to pathogen
patterns and endogenous danger stimuli. However, the nature of stimuli and inflam-
masome components are diverse. Caspase-1 activation mediated release of mature
IL-1B and IL-18 in response to canonical stimuli initiated by NOD-like receptor (NLR),
and apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC). On the other hand, caspase-11 delineates a non-canonical inflammasome that
promotes pyroptotic cell death and non-pyroptotic functions in response to non-ca-
nonical stimuli. Caspase-11 in mice and its homologues in humans (caspase-4/5) belong
to caspase-1 family of cysteine proteases, and play a role in inflammation. Knockout
mice provided new genetic tools to study inflammatory caspases and revealed the
role of caspase-11 in mediating septic shock in response to lethal doses of lipopolysac-
charide (LPS). Recognition of LPS mediates caspase-11 activation, which promotes a
myriad of downstream effects that include pyroptotic and non-pyroptotic effector
functions. Therefore, the physiological functions of caspase-11 are much broader than
its previously established roles in apoptosis and cytokine maturation. Inflammation
induced by exogenous or endogenous agents can be detrimental and, if excessive,
can result in organ and tissue damage. Consequently, the existence of sophisticated
mechanisms that tightly regulate the specificity and sensitivity of inflammasome path-
ways provides a fine-tuning balance between adequate immune response and minimal

tissue damage. In this review, we summarize effector functions of caspase-11.
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1 | INTRODUCTION

Inflammasomes assemble when a subset of intracellular receptors
that belongs to the NOD-like receptor (NLR) protein family, such
as NLRP3 or NLRC4, sense PAMPs or DAMPs. Pattern sensing is
followed by nucleation and oligomerization of the adapter protein
ASC (apoptosis-associated speck-like protein containing CARD),
and engagement of the cysteine protease pro-caspase-1."2 Within
the oligomerized inflammasome complex, dimers of pro-caspase-1
undergo proteolytic auto-cleavage into the enzymatically active
caspase-1, which consequently catalyzes the final processing of the
inflammatory cytokines, pro-IL-1p and pro-IL-18 precursors, into
their mature and secreted forms.* In addition, inflammasome assem-
bly and activation results in pyroptosis, a distinguished programmed
cell death that is initiated in response to bacterial infections. It is
associated with the release of inflammatory cytokines (IL-1p, IL-18),
alarmins such as IL-1a and high mobility group box 1 (HMGB1), and
unbound and trapped bacteria within cellular debris of pyroptotic
cells.2>7

Assembly and activation of inflammasomes is triggered by
a wide array of stimuli such as nucleic acids, bacterial toxins, and
flagellin.g'10 Further, inflammasome activation can be mediated via
endogenous damage signals such as ATP and uric acid.'* Activation
of caspase-1 by NLRP3/ASC or NLRC4/ASC delineates the canonical
inflammasome pathway. However, the non-canonical inflammasome
requires caspase-11-mediated activity.

Caspase-11 in mice, or caspase-4/5 in humans, belongs to the
family of inflammatory caspases and exhibits (46%) similarities to
caspase-1.1%" Inflammatory caspases are located on chromosome
9 in mice, and are thought to create an inflammatory cluster due to
close proximity and high degree of similarity. Indeed, caspase-11
is located adjacent to caspase-1, only 0.012 centimorgans, or
~1500 bp, on chromosome 9 in mice.?° Early on, Wang et al showed
that caspase-11 induced a pyroptotic cell death in vitro and formed
heterocomplex with caspase-1, but inefficiently cleaved IL-1p, sug-
gesting that cytokine maturation might not solely be dependent on
caspase-11.182! Generation of Casp1™ 2223 and Casp11™~ 18 knock-
out mice provided the scientific community with genetic tools to
study inflammatory caspases. For over a decade, it was thought that
the functions of caspase-1 and caspase-11 are redundant as both
knockout mice were resistant to lethal doses of LPS-mediated septic
shock.’® However, it was shown that the original Caspl’/’ are dou-
ble knockout and, indeed, lacked both caspase-1 and caspase-11.20
The same study showed that Casp1™” harbors a spontaneous 5-bp
deletion in the exon 7 splice acceptor site of caspase-11, which gen-
erated a stop codon, thus creating highly unstable caspase-11 tran-
scripts.20 To compensate for the loss of caspase-11, Caspi’/' mice
were engineered to express caspase-11 via an artificial chromosome
(Caspl’/’ Casping).zo This study showed that caspase-11, rather than
caspase-1, mediates LPS-induced septic shock in mice, suggesting
that the functions of each caspase are distinct.?° The identification
-

that caspase1™ mice are lacking both caspase-1 and caspase-112°

promoted further research to dissect the roles of caspase-11. We

now know that the physiological function of caspase-11 is much
broader than its previously established roles in apoptosis and cy-
tokine maturation. Herein, we discuss induction and activation and
review pyroptotic and non-pyroptotic functions of caspase-11 that
are required to control pathogens. We further discuss the role of
caspase-11 in diseases including asthma and gout. Understanding all
the facets of caspase-11 functions will help us decipher its role and
contribution to inflammatory diseases and infection. It will greatly
enhance our understanding to its complete role in immunity and
pave the way for development of new strategies that will enhance
physiological roles of caspase-11 during infection and inflammatory
diseases.

Until recently, appreciated functions of CASP11 were the recog-
nition of cytosolic LPS followed by the activation of CASP1, cleavage
of gasdermin D (GSDMD), pro-inflammatory cytokine secretion, and
cell death.

2 | STIMULI THAT INDUCE CASPASE-11
EXPRESSION AND ACTIVATION

Caspase-11 is expressed broadly in immune and non-immune cells,
and its expression in resting cells is low.'®%° In contrast to other cas-
pases that are regulated by proteolytic cleavage, caspase-11 is regu-
lated at both transcriptional and post-translational levels. Genetic
analysis revealed that the caspase-11 promoter region contains
several putative binding sites for transcriptional factors including
nuclear factor kappa-light-chain enhancer of activated B cells (NF-
kB), signal transducer and activator of transcription-1 (STAT-1), in-
terferon regulatory factor (IRF), nuclear factor of activated T cells
(NFAT), and cAMP response element-binding protein (CREB).%
Further, induction of caspase-11 expression is achieved by activa-
tion of p38 mitogen-activated protein kinase (MAPK) in rat glial
cells, c-Jun N-terminal kinase (JNK) in mouse embryonic fibroblasts,
and C/EBP homologous (CHOP) protein in mice.”?>?¢ Caspase-11
expression is induced through LPS-activated TLR4 signaling via the
adapter TIR-domain-containing adapter-inducing interferon-g (TRIF)
and TRIF-dependent type | interferon (IFN) production.®?%2427
Physiologically, during Gram-negative bacterial infection, cas-
pase-11 expression and other inflammasome components are initi-
ated concertedly by multiple TLRs in response to bacterial PAMPs.
Induction of caspase-11 and other inflammasome component ex-
pression is considered a “priming step,” and therefore is not suffi-
cient for caspase-11-mediated activation and downstream effector
functions. It was found that the “triggering step,” which is initiated
by cytosolic recognition of LPS by caspase-11, mediates activation
and downstream effector functions of caspase-11.228 It was shown
that caspase-11 senses cholera toxin B (CTB) and extracellular bac-
teria such as Escherichia coli, Citrobacter rodentium and Vibrio chol-
era.?® Subsequent studies showed that caspase-11 is activated by
other Gram-negative bacterial infection.?%?”27-31 We have reported
the induction of caspase-11 expression in mouse macrophages fol-

lowing infection with Legionella pneumophila. Caspase-11 expression
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was shown to be independent of bacterial flagellin, ASC and the
NLRC4 inflammasome.®° However, caspase-11 interaction with the
Nlrc4 inflammasome members and its activation required bacterial
flagellin.30 Hence, non-canonical stimuli such as cholera toxin or in-
tracellular LPS trigger caspase-11-dependent inflammasome activa-
tion in the cytoplasm independently of TLR4.1:20:32

Recently, we have demonstrated that expression of caspase-11
is induced by IL-1p and IL-1« via the IL-1R/MYD88.% Indeed, single
myd88_/', trif ", and myd88/ trif ", macrophages,34 showed reduced
caspase-11 expression in response to IL-1a and IL-1f, or in combina-
tion, respectively.®® Additionally, we have revealed that induction of
caspase-11 by LPS and HMGB1 is independent of IL-1R. HMGB1 uti-
lizes a variety of receptors to promote its signaling events, and LPS
is sensed by TLR4, which uses both adapters to signal.>>*® We have
shown that caspase-11 expression was not significantly hampered in
the WT or the single knockout macrophages during stimulation with
either HMGB1 or LPS, except when both MYD88 and TRIF were
absent, indicating that either adapter was able to countervail for the

1.3 Certain diseases have

deficient one in order to induce caspase-1
been classified as an IL-1p-mediated condition such as gout since
neutralizing antibodies to IL-1p or the caspase-1 inhibitor z-YVAD
significantly reduce inflammation and the production of other cy-
tokines within the joints.3”®? Induction of caspase-11 expression by
released IL-1p and IL-1a could prime immune cells for inflammasome
activation by subsequent insults including monosodium urate (MSU).
Thus, preventing the expression of caspase-11 in gout-prone indi-
viduals may prevent the instigation of tissue damage.®® Additionally,
we have shown that house dust mites (HDM) induce caspase-11 ex-
pression in bone marrow-derived macrophages and in C57BL/6 mice
(Abu Khweek et al under review). Intriguingly, HDM contain LPS,
proteases, and chitin from the mite exoskeleton.*®*! Therefore, the
expression of caspase-11 is induced not only by microbes but also

by specific cytokines and foreign particles such as house dust mites.

3 | CASPASE-11 PROTEASE ACTIVITY AND
SUBSTRATE SPECIFICITY

The signaling pathways upstream and downstream of caspase-11 are
still unclear, the molecular mechanism by which caspase-11 acquires
protease function in response to LPS binding or cytosolic bacterial
infection is not fully understood. LPS interaction with the caspase-11
CARD domain facilitates activation of the protease domain.*?
Caspase-11 is composed of an N-terminal recruitment domain and
large and small subunits that are linked by linkers. The CARD domain
linker (CDL) connects the large subunit with the N-terminal CARD
domain, while the interdomain linker (IDL) connects the large and
small catalytic subunits. Caspase-11 can be detected by immuno-
blot into full-length (43 kDa), shorter (38 kDa), which is thought to
arise from alternative start codon within the CARD domain,*® and a
shorter fragment generated during non-canonical signaling in mac-
rophages.?>** The catalytic cysteine C254 is located within the large

subunit. Dimerization of caspase-11 is sufficient for caspase-11 to
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acquire basal proteolytic activity. However, full spectrum of cas-

pase-11 activities such as cleavage of gasdermin D, macrophage
death, NLRP3 inflammasome activation, and IL-1f release requires
dimerization of caspase-11 and auto-cleavage.*® Indeed, caspase-11
harbors multiple candidate sites within CDL and IDL for auto-
cleavage, which could generate fragments of multiple sizes. Ross
et al showed that full-length, uncleaved p36 and p32 cleavage frag-
ments are released in the cell culture media in response to LPS trans-
fection.* Auto-cleavage within IDL at residue D285, but not CDL,
generates fully active P32/P10 species corresponding to CARD-
large/small subunit of caspase-11 dimer. The generated subunits are
independent of NLRP3 or caspase-1 activation, which further im-
plies the auto-cleavage of caspase-11. Human caspase-4 is similarly
cleaved to generate a p32 fragment upon exposure to cytosolic LPS
or Gram-negative bacteria, suggesting that the caspase-11 signaling
mechanism is conserved during non-canonical inflammasome signal-
ingin humans.*é Further, it has been shown that D285 residue within
IDL is important for caspase-11 function in vivo.*’ In this study, the
authors proposed that the active species of caspase-11 are likely to
be P26/P10 rather than P32/P10, wherein large subunits contains
P26 generated by cleavage within the D285 and D59 or alternatively,
by cleaving p36, a short form of caspase-11 derived from an alter-
native start site that is lacking most of the CARD domain required
for interacting with LPS. However, the precise identity of the large
subunit cleavage fragment is not resolved yet. Ross et al suggest
that the P32/P10, rather than P26/P10, fragments are more likely to
be the cleaved fragments for several reasons. Importantly, the p36

fragment is unable to bind LPS*?

and is unexpected to dimerize and
auto-cleave at IDL to generate p26/p10. In addition, the cleavage
fragments proposed by Lee et al are unlikely to be the targets for
cleavage as caspases prefer to cleave in flexible loop regions.45

In contrast to caspase-1, caspase-11 requires both dimerization
and auto-cleavage to mediate gasdermin D cleavage, which may or
may not be associated with cell death depending on the intensity of
the stimulus. The authors propose that dimerized P43 subunits of
caspase-11 have intrinsic catalytic activity, but could potentially be
suboptimal to cleave substrates.*® Further, the dimer form could be
unstable and cleavage within the IDL could potentially induce sta-
bility of the active site and substrate binding pocket.*®4° Moreover,
auto-cleavage at IDL site may expose recognition sites for interac-
tion with particular protein substrates, thus altering substrate speci-
ficity. Therefore, identification of caspase-11 substrates that can be
processed by dimerized but uncleaved caspase-11 would further en-
hance our understanding of the function of this protease. The mech-
anisms regulating activation of caspase-4/5/11 protease functions
within the non-canonical inflammasome are suggested to follow a
distinct mechanism from that of caspase-1 for several reasons. The
first reason is associated with the ability of caspase-11 to interact
directly with LPS without the requirement for traditional receptor
or signaling adapter.*? Second, non-canonical inflammasome assem-
bly is proposed to generate oligomers rather than dimers associated
with the canonical inflammasome.*° Figure 1 depicts current model

for caspase-11 cleavage and activity in response to LPS.
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FIGURE 1 A, Domain structure of caspase-11 showing caspase cleavage sites, the CDL, IDL, and the catalytic cysteine (C254), and the
molecular weights of caspase-11 fragments. Cleavage fragments P32/10 are shown in red lines as indicated by.** Fragments p26/10 shown
in green lines as demonstrated in Ref.47 B, Model for LPS-induced caspase-11 dimerization, auto-processing, and activation as shown by
Ref.45 Auto-cleavage with the IDL- but not CDL-mediated caspase-11 activation and downstream effector functions including gasdermin D

cleavage

Substrate specificity of caspase-1 and caspase-11 was analyzed
by using massive hybrid combinatorial substrate library (HyCoSulL)
screens using purified caspase-1 and caspase-11. The substrate
preference was correlated with caspase-11 activity on three endog-
enous substrates (IL-1f, IL-18, and gasdermin D). Caspase-1 rapidly
processed IL-1f and IL-18, but caspase-11 poorly cleaved these cy-
tokines. However, both caspase-1 and caspase-11 efficiently cleaved
gasdermin D. The authors hypothesized that caspase-11 might ex-
hibit an exosite that is specifically proficient in pyroptosis, but not
cleaving IL-1p and IL-18. Exosites are secondary binding sites that
are remote from the active site and tend to direct proteases toward
specific substrates that are not normally cleaved. Caspase-11 may
represent such a case by cleaving peptides and pro-interleukins
poorly, but cleaving gasdermin D well, and thus developed highly
selective substrate specificity via a yet-to-be-identified exosite.”*
Therefore, caspase-11 has restricted substrate specificity prefer-
ring gasdermin D over all the substrates examined.?>** Genetic
evidence shows that caspase-1 but not caspase-11 is able to cleave
IL-1p and IL-18.2%°2 However, both of these caspases are able to
cleave gasdermin D and induce pyroptosis.”>>* Hence, there must

be biochemical differences that distinguish these closely related

proteases. Using full length or CARD lacking recombinant expressed
enzymes showed that the CARD domain does not inhibit the activity
of caspase-11 toward endogenous substrates. The authors predict
that the specificity and activity of caspase-11 would not be affected
by the CARD domain. Until now, there has been no selective sub-
strate for caspase-11 over caspase-1. This makes it difficult to design
compounds that interfere with the non-canonical pathway over the
canonical one. Characterization of the putative exosite will pave the

way for designing compounds that will selectively target caspase-11.

4 | IL-1a 1S A DIRECT SUBSTRATE

OF MOUSE CASPASE-11 AND HUMAN
CASPASE-5 DURING NON-CANONICAL
INFLAMMASOME ACTIVATION AND
DURING SENESCENCE

Although IL-1a and IL-1p are released in response to non-canon-
ical inflammasome activation, the upstream target/s involved
in cleaving and activating IL-1a has/have not been character-

ized until recently. Wiggins et al showed that IL-1a is specifically



ABU KHWEEK ano AMER

cleaved and activated by human caspase-5 or mouse caspase-11
at a conserved position adjacent to the calpain site.® In human
macrophages, caspase-5 promotes cleaved IL-1a release after in-
flammasome activation. In contrast to IL-1f release that requires
caspase-11 and caspase-1, the cleavage and release of IL-1a is
exclusively dependent upon caspase-11 in murine macrophages.
Importantly, IL-1a acts in an autocrine/paracrine manner to pro-
mote senescence-associated secretory phenotype (SASP),%7
where senescent cells develop altered secretory activities. SASP
is involved in immune surveillance and clearance of senescent
cells.”® Further, it is associated with the release of pro-inflamma-
tory cytokines, chemokines, proteases, and growth factors, thus
driving chronic inflammation leading to diseases and unhealthy
aging.>’ Additionally, senescent human cells show an increase in
caspase-5 expression and total cleaved IL-1a compared to growing
cells. Knockdown of caspase-5 reduces IL-1a release and cytokines
associated with SASP such as IL-6, MCP1, and IL-8, suggesting that
caspase-5 is required for IL-1a release during senescence in vitro.
We also showed that IL-6, KC, and TNF-a are drastically reduced
in the absence of caspase-11.2% Additionally, caspase-117" mice
showed reduction in the level of IL-1a and KC in response to MRSA
infection.®® Consequently, directly targeting caspase-11/-5 may
reduce inflammation and limit the deleterious effects of senescent

cells that accumulate during disease and aging.55

5 | TRPC1 IS ASUBSTRATE FOR CASPASE-
11-MEDIATED IL-1p RELEASE

The cationic channel subunit transient receptor potential channel 1
(TRPC1) is a membrane protein that can form channel permeable to
Ca?". It was identified via yeast two-hybrid screen and was shown
to interact with the catalytic (P10 and P20), but not the CARD do-
main of caspase-11. Co-expression of the catalytic domains of cas-
pase-11, but not caspase-1 with TRPC1 reduced the level of TRPC1
in HEK293 cells.®* Furthermore, incubation of purified recombinant
caspase-11 p30 with S%_labeled TRPC1 in vitro led to appear-
ance of multiple TRPC1 fragments and a reduction of full-length
TRPC1,%! suggesting that the TRPC1 is a substrate for caspase-11.
Since caspase-11 is inducible via LPS, Py et al examined the effect
of LPS treatment on the level of ectopically expressed TRPC1. It was
shown that HA-TRPC1 protein levels were significantly reduced, but
not in the presence of the pan caspase inhibitor z-VAD.fmk or IDUN-
6556, indicating that TRPC1 is degraded by inflammatory caspases.
Moreover, TRPC1 degradation was shown in macrophages infected
with E coli (J53 strain), or following prolonged stimulation with LPS
(16hrs) followed by ATP stimulation. These stimulators have been
shown to induce caspase-11 expression. However, low dose of LPS
stimulation followed by ATP, which is sufficient for caspase-1 secre-
tion but insufficient to induce the expression of caspase-11, did not
lead to TRPC1 degradation.®® Thus, caspase-1 activation in the ab-
sence of caspase-11 expression does not lead to TRPC1 degradation.

In addition, caspase-11-mediated degradation of TRPC1 following

LPS stimulation suggests that the TRPC1 is remodeled at the onset
of inflammation and exhibits roles in regulating innate immunity.
Caspase-11 has been shown to be required for caspase-1 acti-
vation, IL-1p and IL-18 secretion, and pyroptosis in macrophages.?°
Since caspase-11 is a critical mediator of LPS-induced septic shock,
Py et al assessed the response of trpcl’/’ mice to intraperitoneally
injected LPS. Indeed, trpc1”” mice showed higher IL-1f in the serum
following intraperitoneal LPS injection as compared to WT mice,
suggesting that TRPC1 regulates inflammation in vivo via inhibit-
ing IL-1B secretion. Moreover, trpc1”” macrophages showed higher
secretion of mature IL-1p and IL-18 in response to E coli. However,
TRPC1 deficiency did not have any effect on caspase-1 cleavage,
observed by appearance of the caspase-1 subunit (p20) by Western

blotting. Further, infection of trpcl™””

macrophages with E coli or
treatment with canonical stimuli such as ATP did not sensitize cells to
caspase-11-dependent pyroptosis, indicating that pyroptosis occurs
independently of TRPC1 degradation. Additionally, trpc1”™ macro-
phages following LPS stimulation did not show an increase in pro-
IL-1p, thus excluding the role for TRPC1 in TLR4 signaling. Therefore,
caspase-11 regulates IL-1f secretion through degradation of TRPC1
and remodeling of associated channel complexes independently of
caspase-1.°! These data suggest that cleavage of TRPC1 likely im-
pacts events downstream of caspase-1 activation, including the un-
conventional secretion pathway that is responsible for mature IL-1p
release.®! The authors speculate that the inflammatory response
may alter the gating properties of TRPC1-containing channels in the
plasma or intracellular membranes to promote unconventional pro-
tein secretion. Therefore, the possibility for the role of the TRPC1-
associated channelosome in regulating unconventional secretion

needs further investigation.

6 | INTRACELLULAR LPS, MODE OF
CYTOSOLIC DELIVERY, AND DETECTION BY
CASPASE-11

Specific recognition of Gram-negative bacteria via innate immune
system requires activation of pathogen recognition receptors (PRRs)
such as the TLRs, and intracellular receptors such as caspase-11. The
immense presence of bacterial LPS in the environment requires a
tightly regulated detection and elimination of bacteria. Therefore,
this necessitates the existence of multiple mechanisms for recog-
nition and inflammatory-based response to LPS. Intracellular con-
tamination by LPS demands a strong response. Thus, an LPS sensor
can mediate an exacerbated response, resulting in the release of
inflammatory cytokines associated with pyroptosis. It was shown
that caspase-11 is activated by intracellular, live, and intact cytosolic
LPS and the CARD domain of caspase-11 is sufficient for binding to
lipid A.>%® Moreover, maximum caspase-11 activation is mediated by
sensing the hexa-acylated (lipid A with six acyl group), but not penta-
acylated (lipid A with five acyl group) or tetra-acylated (lipid A with
four acyl group) form of lipid A in the LPS structure.?>?”%? Therefore,

bacteria that lacked intact LPS failed to activate caspase-11.2%8
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However, modifying LPS structure by adopting penta-acylated or
tetra-acylated LPS allows some pathogenic bacteria to evade the de-
tection by caspase-11 and to avoid provoking inflammation.?3?
Since caspase-11 was activated by non-cytosolic and extracel-
lular bacteria, the semantic question was how do Gram-negative
pathogens deliver their LPS to the cytosol to mediate activation of
caspase-11? Some bacteria such as the Burkholderia spp can access
the cytosol following invasion of the cell, thus delivering their LPS
to the cytosol.?® Other pathogens have secretion systems to deliver

2763 |t has been demonstrated

virulence factors into eukaryotic cells.
that clathrin-mediated endocytosis of bacterial outer membrane
vesicles (OMVs), which are overloaded with LPS, mediate the deliv-
ery of LPS into the host cell cytosol.®* Intriguingly, caspase-11-me-
diated activation, pyroptosis, and release of mature inflammatory
cytokines were observed with purified OMVs derived from Gram-
negative but not Gram-positive bacteria.®

Another mode of delivering cytosolic LPS was through a family
of dynamin-related large GTPases, the so-called guanylate-bind-
ing proteins (GBPs).%> Expression of GBPs is induced in response
to interferons and other pro-inflammatory cytokines.®® The GBPs
promote a wide spectrum of innate immune functions against in-
tracellular pathogens.®” Meunier and his colleagues showed that
GBPs are required for activation of caspase-11 in response to in-
fection with vacuolar Gram-negative bacteria.®® Indeed, induction
of caspase-11-dependent pyroptosis by cytoplasmic L pneumophi-
la-derived LPS required GBPs.®® Further, macrophages lacking GBPs
showed impaired caspase-11 activation and attenuated pyropto-
sis.%8 Recently, it has been shown that GBPs activate caspase-11 and
regulate non-canonical NLRP3 inflammasome and IL-1f release in
response to T35S-negative Pseudomonas (P). aeruginosa.69 The fact
that GBPs are exclusively relevant in inducing immune response to
T3SS-negative P aeruginosa demonstrates the that these mecha-
nisms have evolved to detect pathogens that escape detection by
canonical inflammasomes.®’ Therefore, GBPs promote caspase-11-
driven, cell-autonomous immune defense against Gram-negative
pathogens accessing the cytosol.68 The cytosolic detection of intra-
cellular LPS by caspase-11 could serve as an extra checkpoint that
is established proceeding to initiating irreversible steps in the cell.

7 | GASDERMIN D, A SUBSTRATE FOR
CASPASE-11-MEDIATED SECRETION OF IL-
1p AND IL-18

In cases of high bacterial burdens, caspase-11 mediates pyroptotic
cell death, which consequently results in clearing intracellular bac-
teria.>3! Suicidal pyroptotic response inhibits the spread of some
pathogens by destructing the cozy niche needed by replicating in-
tracellular bacteria. Consequently, released bacteria become acces-
sible to attack by extracellular neutrophils.”® For other organisms,
pyroptosis actually helps propagation of the pathogen and the start
of a new cycle of replication in a new cell.”* Furthermore, pyroptosis

is considered a crucial defense mechanism against certain pathogens

escaping phagosome-lysosome fusion. Dysregulation or overactiva-
tion of pyroptosis results in excessive inflammation, which can lead
to a number of inflammatory diseases and vital organ damage.”?”*
Pyroptosis is distinguished as canonical or non-canonical de-
pending on inflammatory caspases involved, which comprises
caspase-1 and caspase-11/4/5, respectively. Although different
inflammatory caspases can cause canonical or non-canonical in-
flammasome-mediated pyroptosis, some of them share a common
substrate, gasdermin D.>*>** Gasdermin D is highly expressed in the
gastrointestinal epithelia and not restricted to macrophages, thus
extending pyroptosis to other cell types.”* Similar to caspase-117",
mice lacking gasdermin D are also protected from high dose of LPS-

mediated septic shock.”®

Gasdermin D belongs to a large gasdermin
family exhibiting a unique membrane pore-forming activity. Full-
length gasdermin D has an N- and C-terminal domains linked by a
loop. The full-length form is inactive due to the inhibitory effect of
the C-terminal on the N-terminal domain.>>°47> Cleavage of gasder-
min D at an aspartate site within the linking loop by caspase-1 or
caspase-11 removes the inhibitory effect by the C-terminal domain,
thus rendering it active.>* Similarly, the human caspase-4/5 cleaves
gasdermin D in response to cytosolic LPS treatment. Importantly,
the N-terminal domain of gasdermin D is competent and sufficient
to promote pyroptosis, not only in vitro, but also in vivo.”®>*7¢
Moreover, the N-terminal binds to negatively charged phosphoinos-
itides and cardiolipin in the membrane, and lipid binding mediates
oligomerization.”>”” The oligomerized N-terminal domain causes
a pore, which dissipates the electrochemical gradient across the
membrane and disrupts the osmotic potential, causing cell lysis.
Gasdermin D-deficient cells have impaired processing of caspase-1
and release of IL-1p in cell lysate following LPS electroporation.78
Further, gasdermin D pore indirectly activates the NLRP3 inflam-
masome to generate active caspase-1, which cleaves pro-IL-1 to its
mature form that is secreted.” Plasma membrane pore formation by
gasdermin D oligomers results in K" efflux, which is an established
trigger of NLRP3 activation.®%®! This indicates that caspase-11 acti-
vation of gasdermin D may precede NLRP3 activation of caspase-1
and IL-1p secretion. Several prominent studies have demonstrated
that caspase-11-mediated functions, including the release of IL-1p,

are attributed to pyroptosis.®?83

8 | NON-APOPTOTIC FUNCTIONS OF
CASPASE-11 AND GASDERMIN D

Recent study showed that at sublytic levels of inflammasome ac-
tivation, and in the absence of pyroptotic cell death, gasdermin
D pores mediate the release of IL-1p or IL-18 and other cytosolic
proteins.84 Notably, we have shown that the release of IL-1p
from macrophages in response to MSU was not accompanied

by cell death.3®

Our findings are corroborated by recent reports
describing how gasdermin forms pores within the intact plasma
membrane, allowing the release of IL-1f independently of cell

death.®>8 In a state of hyperactivation (truly viable phagocytes
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that release IL-1), gasdermin D regulates IL-1p release in these vi-
able cells independent of cell lysis.2>8 Using Staphylococcus (S.)
aureus OatA-deficient mutant (which did not induce the release
of lactate dehydrogenase), it was shown that the extent of pore
formation observed during OatA-deficient infection was less than
that observed for pyroptotic stimuli.®>® Furthermore, membrane
pores formed by activated gasdermin D exhibit different sizes with
variable stoichiometry.®* Therefore, the diameter and the size of
the substrate dictate whether it is going to be released by the
gasdermin D pore. Indeed, substrates with small diameter such
as IL-1B can pass through the gasdermin D pore. However, larger
substrates such as the lactate dehydrogenase (LDH) require cell
Iysis.84 So gasdermin D pore exhibits a bifunctional role by me-
diating cell lysis-dependent and cell lysis-independent release of
cytokines. Gasdermin D pores may act as unspecific channels that
release cytosolic proteins in size-dependent way, with a possible
cutoff between 25 and 50 kDa.?* Interestingly, proteins released
subsequently to inflammasome activation are secreted through
the gasdermin D pore.87 These secreted proteins such as IL-1a
and HMBG1 are alarmins or DAMPs that alarm other cells, and
therefore modulate the inflammatory responses downstream
of inflammasome activation.?’ The unconventional secretion of
these endogenous alarmins, following cytosolic LPS recognition,
is promoted by caspase-11 and is independent of caspase-l.20 The
pore-forming mechanism shared by the gasdermins could be uti-
lized for future drug design for treating sepsis or other disease
conditions characterized by inflammation. Together, gasdermin D
exhibits distinct functions in the context of two different cell-fate
decisions. One function is to execute cell death, associated with
indirect release of IL-1 after membrane disruption, when the cell-
fate decision of pyroptosis is made. This cell-fate decision is ad-
vantageous due to the massive inflammatory response that can be
at the site of infection. However, pyroptosis is costly as the dead
cell can no longer participate in any immunomodulatory activities.
The second cell-fate decision is mediated by gasdermin D and in-
dependent of cell death. The benefit of this cell-fate decision is
that the phagocyte can add IL-1 family cytokines to the repertoire
of secreted factors and that these cells might continue to influ-

ence immunomodulatory events.

9 | PYROPTOTIC AND NON-PYROPTOTIC
ANTI-BACTERIAL IMMUNE SURVEILLANCE
ROLE OF CASPASE-11

Given the extensive number of bacterial pathogens, it is expected
that mammalian cells harbor several inflammasomes to sense wide
arrays of pathogenic stimuli. Caspase-11 is involved in protecting
the host against a wide variety of extracellular and intracellular
Gram-negative pathogens.®2%273188-87 |ndeed, wildtype mice clear
cytosolic Burkholderia (B.) thailandensis and B pseudomallei and are

-/~

resistant to the infection. However, caspase-11~" mice are highly sus-

ceptible to B thailandensis and B pseudomallei growth.3' Moreover,

Salmonella (S). Typhimurium that exhibit vacuolar residence fail to
activate caspase-11, but instead activate the canonical inflamma-
some leading to IL-1p release that is dependent upon NLRC4.63!
Intriguingly, a mutant strain of S Typhimurium (A4sifA) is able to dis-
rupt the Salmonella vacuolar membrane, thus gaining access to the
cytosol and resulting in increased pyroptosis that is indispensable
of caspase-ll.31 Therefore, AsifA mutant is efficiently cleared by
WT but not caspase-117" mice. This suggests that WT vacuolar
S Typhimurium evade the detection by caspase-11-mediated pyrop-
tosis due to lack of access to the cytosol.3! Similarly, caspase-11 re-
stricts L pneumophila AsdhA mutant, which lyses the vacuole. This
further indicates that caspase-11 is required for clearing cytosolic
bacteria.®! Intriguingly, caspase-11-mediated activation is depend-
ent upon functional bacterial type Ill and IV secretion systems. Type
11l secretion mutant of S Typhimurium is defective in caspase-4 acti-
vation, cell death, and release of IL-1a and IL—1[’>.46 Moreover, it has
been demonstrated that functional type IV secretion is indispen-
sable for caspase-4- and caspase-11-dependent cell death during
Legionella (L.) pneumophila infection of human macrophages.*¢®’ It is
considered that the needle apparatus of the secretion system dam-
ages the vacuolar membrane and allows leakage of inflammasome
components across the vacuolar membrane into the cytosol.

Even though caspase-11-mediated pyroptosis restricts bacte-
rial growth by demolishing the bacterial niche, other studies have
demonstrated a non-pyroptotic role of caspase-11 in clearing bacte-
ria.29609193 \When used at a physiological MOI (0.025-0.05), L pneu-
mophila helps discern important physiological processes in the cell.
However, when used at MOI of 10 or more, it becomes a great tool
for the study of cell death. We and others using physiological lev-
els of infection have shown that caspase-ll’/’ macrophages support
growth of L pneumophila as compared to WT macrophages.30 The
uptake of L pneumophila was comparable in WT and caspase-117"
macrophages 1 hr postinfection.®° Additionally, the type IV secretion
system Dot/Icm is required for intracellular L pneumophila replication
and is modulated by caspase-11. This was shown by the ability of
both WT- and caspase-11-deficient macrophages to restrict the rep-
lication of L pneumophila dotA™~ mutant.%° Confirmation of the role
of caspase-11 in restricting L pneumophila growth in macrophages
was demonstrated through complementation (by a plasmid express-
ing caspase-4 and caspase-5) or depletion of caspase-11 by siRNA.
These series of experiments demonstrated that ectopic expression
of both caspase-4 and caspase-5 in human THP1 macrophages,
which normally allow L pneumophila growth, restricts L pneumophila
growth. Depletion of these caspases on the other hand mediated
growth of L pneumophila in WT mouse macrophages, which are usu-
ally restrictive.3® Mechanistically, caspase-11 promotes fusion of the
phagosomes containing L pneumophila with the lysosomes, thus re-
stricting L pneumophila replication in WT macrophages.30 Figure 2
shows non-pyroptotic functions of caspase-11 in the context of
bacterial infection. It is important to note that most of the studies
described above were obtained from mice in C57BL/6 background.
Other important studies in mixed background like that of Zamboni's

group concluded that caspase-11 does not restrict L pneumophila
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FIGURE 2 Caspase-11 induction, activation, and downstream (pyroptotic and non-pyroptotic) functions in modulating bacterial survival.
Following the stimulation of cell surface pattern recognition receptors (PRRs), NOD-like receptors (NLRs), inflammatory cytokines, and
chemokines, and caspase-11 is upregulated. Some vacuolar intracellular pathogens gain access to the cytosol via the action of guanylate-
binding proteins (GBPs). Upon lipopolysaccharide (LPS)-mediated activation, caspase-11 cleaves and activates gasdermin D, causing

the inflammatory lytic cell death: pyroptosis. Downstream of the non-canonical inflammasome, gasdermin D activates the canonical

NIrp3 inflammasome, promoting caspase-1 activation, leading to maturation of IL-1p and IL-18 and pyroptosis. Strong activation of the
inflammasome leads to release of cytokines and loss of membrane integrity, which results in release of damage chemicals to the extracellular
space, thus alarming other immune cells. Caspase-11 exhibits non-pyroptotic functions that regulate bacterial load intracellularly.
Caspase-11 regulates vesicular trafficking by modulating actin cytoskeleton. It promotes fusion of phagosomes containing L penumophila
with the lysosomes by regulating the ratio F/G actin through cofilin, thus restricting Legionella pneumophila replication in macrophages.
Caspase-11 also controls fusion of autophagosomes containing B cepacia fusion with the lysosome by regulating actin. For example,
caspase-11 counteracts mitochondrial ROS-mediated clearance of Staphylococcus aureus in macrophages

infection in the 129 x C57BL/6 background. Therefore, the interpre-
tation of caspase-11 functions should also take into consideration
the genetic composition of the mouse model used.”*

Further, caspase-11 positively modulates autophagosome for-
mation and trafficking to lysosomes in murine macrophages infected
with Burkholderia cenocepacia.”® Intriguingly, Thurston et al showed
that a subpopulation of cells harboring cytosolic bacteria did not un-
dergo cell lysis, but, instead, caspase-11-mediated restriction pre-
ceded the onset of cell death and was independent on gasdermin D
and IL—1[3.92 Together, these data suggest that caspase-11 exhibits
additional effector mechanism besides its typical pyroptotic func-
tion to control intracellular infections.

The action of inflammasome is not restricted to myeloid cells,
caspase-11 is expressed constitutively at high basal level in colonic
mucosa.” Importantly, the intestinal epithelial cells (IECs) employ
both the canonical and non-canonical inflammasomes to initiate
mucosal defense against enteric pathogens.%'98 Caspase-117" mice
harbor higher S Typhimurium in the IECs,”® which is required for I1L-18
secretion and S Typhimurium clearance. Further, reduced cell death
following infection with S Typhimurium, Enteropathogenic E coli, and

Shigella (S). flexneri was observed in human colonic epithelial cells

following siRNA knockdown of caspase-4.”4?? Intriguingly, bacte-
rial effector proteins can inhibit caspase-4 activation. For example,
the Enteropathogenic E coli NleF and the S flexneri OspC3 type Il
effector proteins inhibit caspase-4 activation and proteolytic-me-
diated function.?” Kobayashi et al showed that S flexneri deposits
conserved OspC3 X1-Y-X2-D-X3 motif at the putative catalytic
pocket of caspase-4, preventing caspase-4-p19 and caspase-4-p10
heterodimerization.”® Collectively, caspase-11 represents auxiliary
defense mechanisms that destabilize and subsequently rupture
bacterial-containing vacuole, thus exposing the vacuolar-resident
pathogen to the inflammasome.

Little is known about the roles of caspase-11 in the immune
defense against Gram-positive bacteria. Earlier reports indicated
that caspase-11 has no role in protection against Listeria monocy-
togenes infection.’® Recently, cytosolic lipoteichoic acid (LTA), a
molecule produced by Gram-positive bacteria, or infection with
L monocytogenes, was reported to induce caspase-11 activity via
NLRP6.1%' However, unlike mice infected with Gram-negative
bacteria, caspase-117" mice exhibit improved survival along with
efficient bacterial clearance of Gram-positive pathogens such as

L monocytogenes and S aureus.!®* Thus indicating that the absence
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of caspase-11 helps with the clearance of some Gram-positive bac-
teria. Using three different multiplicity of infections (MOls), our
group showed that caspase-117" macrophages promoted efficient
clearance of methicillin-resistant S aureus (MRSA) with increasing
MOI. Further, lungs of caspase-11~" mice exhibit reduced MRSA as
compared to WT mice.® Thus, the in vivo and in vitro data suggest
that the macrophage response against MRSA is more effective in
the absence of caspase-11. The improved MRSA clearance seen in
caspase-117" macrophages was independent of cell death. Instead,
caspase-11"" macrophages was shown to have an increased associ-
ation of MRSA with mitochondria. Moreover, electron microscopy
revealed more bacteria in proximity to mitochondria in caspase-1 17"
Furthermore, measurement of mitochondrial superoxide production,
using the MitoSOX Red reagent, showed that MRSA suppressed su-
peroxide levels in WT macrophages. Notably, macrophages lacking
caspase-11 exhibited higher MitoSOX fluorescence in response to
MRSA than corresponding WT cells.®° In addition, pharmacologi-
cal inhibition of mitochondrial complex Ill in the electron transport
chain (ETC) by antimycin A (Ant-A) treatment, which raises mito-
chondrial superoxide production, augments the bactericidal capac-
ity of caspase-117" macrophages against MRSA.® This suggests
that the enhanced proximity to mitochondria contributes to MRSA
elimination in response to Ant-A-induced mitochondrial superoxide
generation in caspase-ll’/’ macrophages. Intriguingly, increased
association of MRSA with the mitochondria in caspase-117~ macro-
phages was shown to be associated with impaired actin dynamics.
Thus, inhibition of actin cytoskeleton via cytochalasin D (Cyto D)
prevents the dissociation of phagocytosed MRSA from mitochon-
dria, and hence restores Ant-A-induced bacterial killing in WT mac-
rophages. Together, our study provides a novel role for caspase-11
in the persistence of Gram-positive bacteria by modulating the actin
machinery.

10 | ROLE OF CASPASE-11 IN
MODULATING INTRACELLULAR
TRAFFICKING

Vesicular trafficking and fusion of the phagosome-containing patho-
gen with the lysosome is a central host immune mechanism modu-
lated by the actin machinery. In order for phagolysosomal fusion to
happen, actin nucleates and polymerizes around the membranes of
phagosomes allowing a directional track to interact and mediates fu-
sion with lysosomes.°2193 The significance of caspase-11 during the
life cycle of L pneumophila in macrophages was shown by modulat-
ing trafficking of L pneumophila-containing vacuole (LCV) with the
lysosomes and actin dynamics.3® Trafficking of the LCV is halted,
and L pneumophila evades lysosomal degradation in murine mac-
rophages deficient of caspase-11.3° Importantly, caspase-11 func-
tional activity is required for promoting its function, as macrophages
expressing the WT, but not the inactive mutant caspase-11, medi-
ated fusion of phagosomes containing L pneumophila with the lys-

osomes.®%! Indeed, mouse macrophages show low amount of

polymerized actin in the vicinity of phagosomes containing L pneu-

—/-

mophila in caspase-11"~ macrophages, which is a result of modulating

the phosphorylation status of cofilin via targeting RhoGTPase.3%7?
Lack of caspase-11 maintained cofilin in the unphosphorylated ac-
tive form, thus sustaining actin depolymerization, which hinders
proper phagosome-lysosome fusion.” Furthermore, transportation
of phagosomes containing non-pathogenic E coli is not influenced by
caspase-11, as vacuoles containing E coli are destined to the lyso-
some irrespective of caspase-11.887! These data suggest differential
regulation of the endocytic pathways by caspase-11.3°

Together, caspase-11 regulates actin polymerization through
cofilin, affecting subcellular organization of vesicles and organelles
without affecting phagocytic events.>%! Therefore, the balance in
cofilin activation is fundamental in promoting actin polymerization
and efficient phagolysosomal fusion required for destruction of the
intracellular pathogen.?%?! These data shed the light on the role of
caspase-11 in modulating the actin dynamics and how an intracellu-
lar pathogen could manipulate these dynamics to promote survival
intracellularly by evading vesicular trafficking. This further reveals
that immune cells activate caspase-11 to mediate cellular immunity
by using an alternative non-apoptotic mechanism to restrict bacte-

rial replication.”?

11 | ROLE OF CASPASE-11 IN
MODULATING AUTOPHAGY IN RESPONSE
TO BACTERIAL INFECTION

Autophagy, an intracellular catabolic pathway, is important for cel-
lular homeostasis and recycling of damaged organelles and proteins,
as well as clearance of intracellular pathogens.104 Typical stimuli
known to induce autophagy are nutrient deprivation, increased pro-
duction of reactive oxygen species, and the accumulation of protein
aggregates. The breakdown of damaged organelles and proteins via
autophagy leads to recycling of nutrients and sustains cellular en-
ergy levels. In addition, several intracellular bacteria are cleared by a
bacterial-specific autophagy, termed xenophagy.'°>%?

Legionella pneumophila is a great tool to understand autophagy;
however, its behavior varies according to the MOI and to the cell
type and mouse background. In primary C57BL/6 macrophages,
non-opsonized L pneumophila is degraded by autophagy. This process
requires the expression of a L pneumophila factor called LegA‘?.110
However, in HEK293T cells, opsonized WT L pneumophila was able
to avoid autophagy via its effector RavZ. On the other hand, stud-
ies in WT murine macrophages used fla mutants to dissect the role
of RavZ in autophagy.!'? Therefore, it is important, especially in the
L pneumophila field, to take into account the mouse background, the
type of cells, and whether the organism is opsonized before compar-
ing and contrasting the conclusions of different studies.

During L pneumophila infection, inflammasome activation
promotes autophagy.!'? Similarly, caspase-11 positively mod-
ulates autophagosome formation and trafficking to lysosomes

in murine macrophages infected with B cenocepacia.’® Lungs of
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caspase-ll’/’ mice and their derived macrophages increased B ceno-

cepacia colony-forming units (CFUs). The permissiveness of lungs
or macrophages derived from caspase-11~" mice to B cenocepacia is
associated with defect in autophagosome maturation during infec-
tion.?° This is accompanied by compromised transport to lysosomes
resulting in the accumulation of Rab7 and decreased colocaliza-
tion with LC3, a marker that has been used to denote autophagy.90
Importantly, dysfunctional regulation of actin dynamics via cofilin-1
in caspase-11"~ compromises the formation and trafficking of auto-
phagosomes leading to accumulation of Rab7 during B cenocepacia
infection. Burkholderia cenocepacia infection in caspase-117" mice
and their derived macrophages produced less cytokines (IL-1a, IL-
1p) and chemokines (CXCL1/KC) compared to WT in their BALF.
Therefore, the increased survival of caspase-117~ mice is associated
with decreased inflammation shown by less cytokines and chemok-
ines produced in response to infection with B cenocepacia.”® Other
study demonstrated that the Salmonella-containing vacuole (SCV)
is recognized by GBPs, which mediate the lysis of the SCV result-
ing in the release of the bacteria into the cytosol and activation
of caspase-11 by bacterial LPS. In addition, lysed vacuoles are fol-
lowed by recruitment of the autophagy machinery. Thus, uptake of
the bacterium and the lysed vacuole into autophagosomes reduces
caspase-11 activation by removing the source of LPS from the cyto-
sol.%> Although it is not known how autophagy regulates caspase-11
activation, it is possible that autophagy removes excessive reactive
oxygen species that are suggested to enhance caspase-11 expres-
sion.!*3 Autophagic removal of intracellular DAMPs, inflammasome
components, or cytokines can reduce inflammasome activation.
Similarly, inflammasomes can regulate the autophagic process, al-
lowing for a two-way mutual regulation of inflammation that may
hold the key for treatment of multiple diseases. Therefore, mutual
regulation of caspase-11 activation and autophagy is important for
the maintenance of cellular homeostasis and optimized innate im-

mune response to intracellular bacterial pathogens.

12 | ROLE OF CASPASE-11 IN CELL
MIGRATION

It has been demonstrated that caspase-11 facilitates cell migration
of different cell types during inflammation. Intriguingly, splenocytes
and macrophages derived from caspase-11"" mice are defective in
migration toward different chemokines in vitro and in vivo.!* In
vitro actin depolymerization assays demonstrated that caspase-11
interacts physically and functionally with actin-interacting protein
1 (Aip1).1** The resulting interaction increases the proximity of Aip1l
to cofilin and F-actin and facilitates cofilin-mediated actin depolym-
erization. Moreover, caspase-1 17" Tcells migrate less efficiently into
lymphoid tissues.!'®> Thus, caspase-11 expression may regulate mi-
gration to the site of infection of cells that are implicated in early
immune response and cytokine release. In addition, modulation of
actin polymerization by caspase-11 could regulate additional aspects

of T-cell biology, including T-cell receptor (TCR) signaling.*'¢ Since

caspase-11 positively regulates actin depolymerization leading to

an increase in F-actin in caspase-117"

cells, phalloidin staining was
augmented in caspase-11"" compared to WT T cells after stimulation
with low-affinity ligand.}'® Therefore, caspase-11 regulates actin po-
lymerization, which affects many cell functions.!*

Studies in our laboratory have shown that the lack of caspase-11
is associated with significant reduction in neutrophil influx and in
the levels of inflammatory cytokines in the synovial fluid of MSU-
injected joints. Moreover, caspase-117" mice injected with MSU
crystals showed significant reduction in signs of joint inflamma-
tion. This was apparent by reduction in infiltration of inflammatory
cells and swelling and tissue damage in the tibiotarsal joint space
in caspase-ll’/’ mice.®® Further, caspase-117" mice showed re-
duced KC (IL-8) production, a key player in neutrophil chemotaxis.
Intriguingly, the absence of caspase-11 is accompanied by reduced
macrophage and neutrophil migration toward exogenously injected
KC in vivo and in vitro.®® Therefore, the low cytokine production
within the MSU-injected joint and the innate changes in the abil-
-

ity of caspase-11"" neutrophils to migrate toward a chemotactic

signal are correlated with the reduced neutrophil infiltration.®3 In
contrast to WT, caspase-11 ™ neutrophils exhibited irregular mi-
gration in response to a KC gradient in vitro. Intriguingly, we have
found that in response to MSU, caspase-11 ~~ neutrophils showed
significantly less neutrophil extracellular traps (NETs). Reduced NET
formation was independent of the receptor-interacting protein ki-
nase 3 (RIPK3), mixed lineage kinase domain-like (MLKL) pathway,
and gasdermin D. However, in caspase-117" neutrophils showed
altered cofilin phosphorylation in response to MSU. Together, our
data further emphasize the non-apoptotic functions for caspase-11

in macrophages and neutrophils.

13 | ROLE OF CASPASE-11 IN ALLERGY
AND ASTHMA

Importantly, caspase-4/11 contributes to allergic airway inflam-
mation, with implications for pathophysiology of asthma. Two in-
dependent studies have shown that caspase-11-deficient mice are
resistant to developing experimental allergic airway inflammation
in response to two different allergens. We used the common aer-
oallergen house dust mites (HDM), which has been demonstrated
to induce sensitization in 85% of patients with asthma.'¥’ Our
data show a global reduction in inflammation in the lungs of cas-
pase-117". This reduction is manifested by reduced cellular infiltra-
tion including neutrophils, macrophages, and lymphocytes in the
lungs. We also observed reduced Th1, Th2, and Th17 cytokines in
the broncho-alveolar lavage fluid derived from caspase-117" mice
(Abu Khweek et al under review). The reduced lung inflammation
in caspase-ll’/’ could be due to increased level of IgA, which po-
tentially neutralizes HDM in our experimental model. It can also be
due to reduced migration of neutrophils to the lungs in response
to lower KC and IL-17A. Alternatively, it may be due to reduced
IL-33 that can lead to reduced IL-4 and IL-5 production by T cells.
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Our study offers several intriguing scenarios for the diverse func-
tions of caspase-11. Expression of caspase-11 in innate immune
cells following HDM exposure may be required for the antigen
presentation by macrophages and dendritic cells to naive T cells.
Subsequently, insufficient antigen presentation leads to reduction
in cytokines and chemokines released in the BAL fluids. Our pub-
lished work and that of others also support the notion for inherent
defect in migration of caspase-117" cells due to defect in the actin
cytoskeleton.3311* Zaslona et al showed that caspase-117" mice
injected and challenged with ova plus alum are resistant to de-
veloping allergic airway inflammation. The reduced inflammation
is associated with lessened infiltration of leukocytes to the lungs,
especially eosinophils. In addition, caspase-ll’/’ mice showed re-
duced release of Th2, Th1, Th17 cytokines, and circulating IgE.!®
Even though we used a different allergen, exposure time, and
routes of administration, the Zaslona findings are in line with sev-
eral of our data. These studies demonstrate that caspase-11 plays

a protective role in asthma.

14 | CONCLUSIONS

Different studies indicate that the inflammatory caspases have func-
tions beyond those associated with pyroptosis and cytokine release.
The canonical inflammasome has been studied extensively including
stimuli, activation, and downstream effector functions. However,
research regarding stimuli, activation mode, downstream substrates,
and effector functions of the non-canonical inflammasome are still
in infancy. Given the multitude of signaling pathways and transcrip-
tion factors that can interact with caspase-11 promoter region, it
is hard to associate a single PAMPs or DAMPs with the main tran-
scription factor that is responsible for induction of caspase-11 ex-
pression. The vital role of caspase-11 in various cellular processes
including inflammation supports the notion of tight regulation of this
caspase in cases of stress or infection. Caspase-11 is inducible, and
its expression may serve to deliver cytokine-producing cells to the
site of infection in a rapid fashion, whereas apoptosis regulated by
caspase-11 may function as an auto-regulatory mechanism to termi-
nate the cytokine release.

Several studies have shed the light on the role of caspase-11
in controlling bacterial infection, specifically how intracellular, ex-
tracellular, or vacuolar Gram-negative bacteria access the cytosol,
and their derived LPS mediated caspase-11 downstream functions.
It was shown that caspase-11 is necessary for clearing cytosolic
bacteria or pathogens that evade detection by the canonical inflam-
masomes. These studies showed that caspase-11 operates by medi-
ating pyroptotic and non-pyroptotic functions to contain bacterial
functions. Recent studies showed that caspase-11 modulates the
actin cytoskeletal machinery. Actin dynamics are involved in regu-
lating multiple cellular events including cell migration, cell division,
and secretion. The ability of caspase-11 to regulate actin depolymer-
ization may provide a potential mechanism for caspase-11-mediated

control of additional events during inflammatory responses.

Immunological Reviews

Despite these important advances, several gaps need to be

unraveled to increase our understanding of caspase-11-mediated
functions. These include (a) the signals that activate caspase-11; (b)
why only pathogenic bacteria mediate caspase-11 activation; and (c)
how caspase-11 mediates caspase-1 activation. The stoichiometry
of the caspase-11-LPS complex is not defined, and it remains unclear
whether the higher order caspase-4/5/11 structures induced by LPS
are true oligomers, or represent multiple caspase dimers binding to
single LPS molecule or LPS aggregate. Understanding the diverse

functions of caspase-11 will pave the way for designing therapeutics.

CONFLICT OF INTEREST
The authors of the manuscript declare that the submitted work was
carried out in the absence of any personal, professional, or financial re-

lationships that could potentially be construed as a conflict of interest.

AUTHOR CONTRIBUTIONS
AAK wrote the review. AOA edited the manuscript.

ORCID

Arwa Abu Khweek https://orcid.org/0000-0001-8977-7673

REFERENCES

1. Zambetti LP, Laudisi F, Licandro G, Ricciardi-Castagnoli P,
Mortellaro A. The rhapsody of NLRPs: master players of inflamma-
tion ... and a lot more. Immunol Res. 2012;53(1-3):78-90.

2. Kayagaki N, Wong MT, Stowe IB, et al. Noncanonical inflam-
masome activation by intracellular LPS independent of TLR4.
Science. 2013;341(6151):1246-1249.

3. Proell M, Gerlic M, Mace PD, Reed JC, Riedl SJ. The CARD plays
a critical role in ASC foci formation and inflammasome signalling.
Biochem J. 2013;449(3):613-621.

4. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular
platform triggering activation of inflammatory caspases and pro-
cessing of prollL-beta. Mol Cell. 2002;10(2):417-426.

5. Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak
H, Vandenabeele P. Regulated necrosis: the expanding net-
work of non-apoptotic cell death pathways. Nat Rev Mol Cell Biol.
2014;15(2):135-147.

6. Broz P, Ruby T, Belhocine K, et al. Caspase-11 increases suscepti-
bility to Salmonella infection in the absence of caspase-1. Nature.
2012;490(7419):288-291.

7. Aachoui Y, Sagulenko V, Miao EA, Stacey KJ. Inflammasome-
mediated pyroptotic and apoptotic cell death, and defense against
infection. Curr Opin Microbiol. 2013;16(3):319-326.

8. Hornung V, Ablasser A, Charrel-Dennis M, et al. AIM2 recognizes
cytosolic dsDNA and forms a caspase-1-activating inflammasome
with ASC. Nature. 2009;458(7237):514-518.

9. Rathinam VA, Jiang Z, Waggoner SN, et al. The AIM2 inflam-
masome is essential for host defense against cytosolic bacteria
and DNA viruses. Nat Immunol. 2010;11(5):395-402.

10. Zhao 'Y, Yang J, Shi J, et al. The NLRC4 inflammasome receptors
for bacterial flagellin and type Il secretion apparatus. Nature.
2011;477(7366):596-600.

11. Latz E, Xiao TS, Stutz A. Activation and regulation of the inflam-
masomes. Nat Rev Immunol. 2013;13(6):397-411.

12. Lamkanfi M, Declercg W, Kalai M, Saelens X, Vandenabeele P.
Alice in caspase land. A phylogenetic analysis of caspases from
worm to man. Cell Death Differ. 2002;9(4):358-361.


https://orcid.org/0000-0001-8977-7673
https://orcid.org/0000-0001-8977-7673

* | wiLEy

13.
14.

15.
16.
17.

18.

19.

20.

21.

22.
23.

24.

25.

26.
27.
28.
29.

30.

31.

ABU KHWEEK ano AMER

Immunological Reviews

Martinon F, Tschopp J. Inflammatory caspases: linking an intra-
cellular innate immune system to autoinflammatory diseases. Cell.
2004;117(5):561-574.

Faucheu C, Diu A, Chan AW, et al. A novel human protease similar
to the interleukin-1 beta converting enzyme induces apoptosis in
transfected cells. EMBO J. 1995;14(9):1914-1922.

Kamens J, Paskind M, Hugunin M, et al. Identification and char-
acterization of ICH-2, a novel member of the interleukin-1 be-
ta-converting enzyme family of cysteine proteases. J Biol Chem.
1995;270(25):15250-15256.

Munday NA, Vaillancourt JP, Ali A, et al. Molecular cloning
and pro-apoptotic activity of ICErelll and ICErellll, members
of the ICE/CED-3 family of cysteine proteases. J Biol Chem.
1995;270(26):15870-15876.

Faucheu C, Blanchet AM, Collard-Dutilleul V, Lalanne JL, Diu-
Hercend A. ldentification of a cysteine protease closely re-
lated to interleukin-1 beta-converting enzyme. Eur J Biochem.
1996;236(1):207-213.

Wang S, Miura M, Jung YK, Zhu H, Li E, Yuan J. Murine caspase-11,
an ICE-interacting protease, is essential for the activation of ICE.
Cell. 1998;92(4):501-509.

Lin XY, Choi MS, Porter AG. Expression analysis of the human
caspase-1 subfamily reveals specific regulation of the CASP5
gene by lipopolysaccharide and interferon-gamma. J Biol Chem.
2000;275(51):39920-39926.

Kayagaki N, Warming S, Lamkanfi M, et al. Non-canonical
inflammasome  activation  targets caspase-11. Nature.
2011;479(7371):117-121.

Wang S, Miura M, Jung Y, et al. Identification and characterization
of Ich-3, a member of the interleukin-1beta converting enzyme
(ICE)/Ced-3 family and an upstream regulator of ICE. J Biol Chem.
1996;271(34):20580-20587.

Kuida K, Lippke JA, Ku G, et al. Altered cytokine export and apop-
tosis in mice deficient in interleukin-1 beta converting enzyme.
Science. 1995;267(5206):2000-2003.

Li P, Allen H, Banerjee S, et al. Mice deficient in IL-1 beta-convert-
ing enzyme are defective in production of mature IL-1 beta and
resistant to endotoxic shock. Cell. 1995;80(3):401-411.
Schauvliege R, Vanrobaeys J, Schotte P, Beyaert R. Caspase-11
gene expression in response to lipopolysaccharide and in-
terferon-gamma requires nuclear factor-kappa B and signal
transducer and activator of transcription (STAT) 1. J Biol Chem.
2002;277(44):41624-41630.

Hur J, Kim SY, Kim H, Cha S, Lee MS, Suk K. Induction of caspase-11
by inflammatory stimuli in rat astrocytes: lipopolysaccharide in-
duction through p38 mitogen-activated protein kinase pathway.
FEBS Lett. 2001;507(2):157-162.

Choi JR, Heo H, Lang Y, Shin KS, Kang SJ. Apoptosis signal-regu-
lating kinase 1 regulates the expression of caspase-11. FEBS Lett.
2009;583(18):3016-3020.

Rathinam VA, Vanaja SK, Waggoner L, et al. TRIF licenses
caspase-11-dependent NLRP3 inflammasome activation by
gram-negative bacteria. Cell. 2012;150(3):606-619.

Hagar JA, Powell DA, Aachoui Y, Ernst RK, Miao EA. Cytoplasmic
LPS activates caspase-11: implications in TLR4-independent endo-
toxic shock. Science. 2013;341(6151):1250-1253.

Brown MR, Barker J. Unexplored reservoirs of pathogenic bacte-
ria: protozoa and biofilms. Trends Microbiol. 1999;7(1):46-50.
Akhter A, Caution K, Abu Khweek A, et al. Caspase-11 pro-
motes the fusion of phagosomes harboring pathogenic bacteria
with lysosomes by modulating actin polymerization. Immunity.
2012;37(1):35-47.

Aachoui, Leaf IA, Hagar JA, et al. Caspase-11 protects against bac-
teria that escape the vacuole. Science. 2013;339(6122):975-978.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Bauernfeind FG, Horvath G, Stutz A, et al. Cutting edge: NF-
kappaB activating pattern recognition and cytokine receptors
license NLRP3 inflammasome activation by regulating NLRP3 ex-
pression. J Immunol. 2009;183(2):787-791.

Caution K, Young N, Robledo-Avila F, et al. Caspase-11 mediates
neutrophil chemotaxis and extracellular trap formation during
acute gouty arthritis through alteration of cofilin phosphorylation.
Front Immunol. 2019;10:2519.

Chen CJ, Shi Y, Hearn A, et al. MyD88-dependent IL-1 receptor
signaling is essential for gouty inflammation stimulated by mono-
sodium urate crystals. J Clin Investig. 2006;116(8):2262-2271.
Kokkola R, Andersson A, Mullins G, et al. RAGE is the major recep-
tor for the proinflammatory activity of HMGB1 in rodent macro-
phages. Scand J Immunol. 2005;61(1):1-9.

Yanai H, Ban T, Wang Z, et al. HMGB proteins function as univer-
sal sentinels for nucleic-acid-mediated innate immune responses.
Nature. 2009;462(7269):99-103.

So A, Dumusc A, Nasi S. The role of IL-1 in gout: from bench to
bedside. Rheumatology. 2018;57(suppl_1):i12-i19.

Martinon F, Petrilli V, Mayor A, Tardivel A, Tschopp J. Gout-
associated uric acid crystals activate the NALP3 inflammasome.
Nature. 2006;440(7081):237-241.

Busso N, So A. Mechanisms of inflammation in gout. Arthritis Res
Ther. 2010;12(2):206.

Bordas-Le Floch V, Le Mignon M, Bussieres L, et al. A com-
bined transcriptome and proteome analysis extends the aller-
gome of house dust mite Dermatophagoides species. PLoS One.
2017;12(10):e0185830.

Thomas WR, Hales BJ, Smith WA. House dust mite allergens in
asthma and allergy. Trends Mol Med. 2010;16(7):321-328.
ShiJ,ZhaoY,WangY,etal.Inflammatorycaspasesareinnateimmune
receptors for intracellular LPS. Nature. 2014;514(7521):187-192.
Kang SJ, Wang S, Hara H, et al. Dual role of caspase-11 in me-
diating activation of caspase-1 and caspase-3 under pathological
conditions. J Cell Biol. 2000;149(3):613-622.

Kang SJ, Wang S, Kuida K, Yuan J. Distinct downstream path-
ways of caspase-11 in regulating apoptosis and cytokine
maturation during septic shock response. Cell Death Differ.
2002;9(10):1115-1125.

Ross C, Chan AH, Von Pein J, Boucher D, Schroder K. Dimerization
and auto-processing induce caspase-11 protease activa-
tion within the non-canonical inflammasome. Life Sci Alliance.
2018;1(6):e201800237.

Casson CN, Yu J, Reyes VM, et al. Human caspase-4 mediates
noncanonical inflammasome activation against gram-negative
bacterial pathogens. Proc Natl Acad Sci USA. 2015;112(21):
6688-6693.

Lee BL, Stowe IB, Gupta A, et al. Caspase-11 auto-proteolysis is
crucial for noncanonical inflammasome activation. J Exp Med.
2018;215(9):2279-2288.

Boucher D, Blais V, Drag M, Denault JB. Molecular determinants
involved in activation of caspase 7. Biosci Rep. 2011;31(4):283-294.
Fuentes-Prior P, Salvesen GS. The protein structures that shape
caspase activity, specificity, activation and inhibition. Biochem J.
2004;384(Pt 2):201-232.

Boucher D, Monteleone M, Coll RC, et al. Caspase-1 self-cleavage
is an intrinsic mechanism to terminate inflammasome activity. J
Exp Med. 2018;215(3):827-840.

Ramirez MLG, Poreba M, Snipas SJ, Groborz K, Drag M, Salvesen
GS. Extensive peptide and natural protein substrate screens reveal
that mouse caspase-11 has much narrower substrate specificity
than caspase-1. J Biol Chem. 2018;293(18):7058-7067.

HeY,HaraH, Nunez G. Mechanism and regulation of NLRP3 inflam-
masome activation. Trends Biochem Sci. 2016;41(12):1012-1021.



ABU KHWEEK ano AMER

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Kayagaki N, Stowe IB, Lee BL, et al. Caspase-11 cleaves gas-
dermin D for non-canonical inflammasome signalling. Nature.
2015;526(7575):666-671.

Shi J, Zhao Y, Wang K, et al. Cleavage of GSDMD by inflam-
matory caspases determines pyroptotic cell death. Nature.
2015;526(7575):660-665.

Wiggins KA, Parry AJ, Cassidy LD, et al. IL-1alpha cleavage by
inflammatory caspases of the noncanonical inflammasome con-
trols the senescence-associated secretory phenotype. Aging Cell.
2019;18(3):e12946.

Gardner SE, Humphry M, Bennett MR, Clarke MC. Senescent
vascular smooth muscle cells drive inflammation through an inter-
leukin-1alpha-dependent senescence-associated secretory phe-
notype. Arterioscler Thromb Vasc Biol. 2015;35(9):1963-1974.
Orjalo AV, Bhaumik D, Gengler BK, Scott GK, Campisi J. Cell
surface-bound IL-1alpha is an upstream regulator of the senes-
cence-associated IL-6/1L-8 cytokine network. Proc Natl Acad Sci
USA. 2009;106(40):17031-17036.

Kang TW, Yevsa T, Woller N, et al. Senescence surveillance of
pre-malignant hepatocytes limits liver cancer development.
Nature. 2011;479(7374):547-551.

Coppe JP, Patil CK, Rodier F, et al. Senescence-associated secretory
phenotypes reveal cell-nonautonomous functions of oncogenic RAS
and the p53 tumor suppressor. PLoS Biol. 2008;6(12):2853-2868.
Krause K, Daily K, Estfanous S, et al. Caspase-11 counteracts mi-
tochondrial ROS-mediated clearance of Staphylococcus aureus in
macrophages. EMBO Rep. 2019;20(12):e48109.

Py BF, Jin M, Desai BN, et al. Caspase-11 controls interleu-
kin-1beta release through degradation of TRPC1. Cell Rep.
2014;6(6):1122-1128.

Zhong Z, Zhai Y, Liang S, et al. TRPM2 links oxidative stress to
NLRP3 inflammasome activation. Nat Commun. 2013;4:1611.
Vanaja SK, Russo AJ, Behl B, et al. Bacterial outer membrane ves-
icles mediate cytosolic localization of LPS and caspase-11 activa-
tion. Cell. 2016;165(5):1106-1119.

Vanaja SK, Rathinam VA, Fitzgerald KA. Mechanisms of inflam-
masome activation: recent advances and novel insights. Trends Cell
Biol. 2015;25(5):308-315.

Meunier E, Dick MS, Dreier RF, et al. Caspase-11 activation re-
quires lysis of pathogen-containing vacuoles by IFN-induced
GTPases. Nature. 2014;509(7500):366-370.

Cheng YS, Colonno RJ, Yin FH. Interferon induction of fibro-
blast proteins with guanylate binding activity. J Biol Chem.
1983;258(12):7746-7750.

Shenoy AR, Wellington DA, Kumar P, et al. GBP5 promotes NLRP3
inflammasome assembly and immunity in mammals. Science.
2012;336(6080):481-485.

Pilla DM, Hagar JA, Haldar AK, et al. Guanylate binding proteins
promote caspase-11-dependent pyroptosis in response to cyto-
plasmic LPS. Proc Natl Acad Sci USA. 2014;111(16):6046-6051.
Balakrishnan A, Karki R, Berwin B, Yamamoto M, Kanneganti
TD. Guanylate binding proteins facilitate caspase-11-depen-
dent pyroptosis in response to type 3 secretion system-negative
Pseudomonas aeruginosa. Cell Death Discov. 2018;5:3.

Jorgensen |, Lopez JP, Laufer SA, Miao EA. IL-lbeta, IL-18,
and eicosanoids promote neutrophil recruitment to pore-in-
duced intracellular traps following pyroptosis. Eur J Immunol.
2016;46(12):2761-2766.

Man SM, Karki R, Kanneganti TD. Molecular mechanisms and func-
tions of pyroptosis, inflammatory caspases and inflammasomes in
infectious diseases. Immunol Rev. 2017;277(1):61-75.

Cookson BT, Brennan MA. Pro-inflammatory programmed cell
death. Trends Microbiol. 2001;9(3):113-114.

Lamkanfi M, Dixit VM. Mechanisms and functions of inflam-
masomes. Cell. 2014;157(5):1013-1022.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Immunological Reviews

Saeki N, Kuwahara Y, Sasaki H, Satoh H, Shiroishi T. Gasdermin
(Gsdm) localizing to mouse Chromosome 11 is predominantly ex-
pressed in upper gastrointestinal tract but significantly suppressed
in human gastric cancer cells. Mamm Genome. 2000;11(9):718-724.
Ding J, Wang K, Liu W, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature.
2016;535(7610):111-116.

Aglietti RA, Estevez A, Gupta A, et al. GsdmD p30 elicited by
caspase-11 during pyroptosis forms pores in membranes. Proc Natl
Acad Sci USA. 2016;113(28):7858-7863.

Sborgi L, Ruhl S, Mulvihill E, et al. GSDMD membrane pore forma-
tion constitutes the mechanism of pyroptotic cell death. EMBO J.
2016;35(16):1766-1778.

Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol. 2009;7(2):99-109.

Ruhl S, Broz P. Caspase-11 activates a canonical NLRP3 in-
flammasome by promoting K(+) efflux. Eur J Immunol.
2015;45(10):2927-2936.

Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran
TM, Nunez G. K(+) efflux is the common trigger of NLRP3 inflam-
masome activation by bacterial toxins and particulate matter.
Immunity. 2013;38(6):1142-1153.

Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp
J. Activation of the NALP3 inflammasome is triggered by
low intracellular potassium concentration. Cell Death Differ.
2007;14(9):1583-1589.

de Gassart A, Martinon F. Pyroptosis: caspase-11 unlocks the
gates of death. Immunity. 2015;43(5):835-837.

Man SM, Kanneganti TD. Regulation of inflammasome activation.
Immunol Rev. 2015;265(1):6-21.

Heilig R, Dick MS, Sborgi L, Meunier E, Hiller S, Broz P. The
Gasdermin-D pore acts as a conduit for IL-1beta secretion in mice.
Eur J Immunol. 2018;48(4):584-592.

Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The pore-form-
ing protein gasdermin D regulates interleukin-1 secretion from liv-
ing macrophages. Immunity. 2018;48(1):35-44.e36.

Kuriakose T, Kanneganti TD. Gasdermin D flashes an exit signal for
IL-1. Immunity. 2018;48(1):1-3.

Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed
necrotic cell death. Trends Biochem Sci. 2017;42(4):245-254.
Akhter A, Caution K, Abu Khweek A, et al. Caspase-11 promotes
the fusion of phagosomes harboring pathogenic bacteria with ly-
sosomes by modulating actin polymerization. Immunity.

Case CL, Kohler LJ, Lima JB, et al. Caspase-11 stimulates rapid
flagellin-independent pyroptosis in response to Legionella pneu-
mophila. Proc Natl Acad Sci USA. 2013;110(5):1851-1856.

Krause K, Caution K, Badr A, et al. CASP4/caspase-11 promotes
autophagosome formation in response to bacterial infection.
Autophagy. 2018;14(11):1928-1942.

Caution K, Gavrilin MA, Tazi M, et al. Caspase-11 and caspase-1
differentially modulate actin polymerization via RhoA and
Slingshot proteins to promote bacterial clearance. Sci Rep.
2015;5:18479.

Thurston TL, Matthews SA, Jennings E, et al. Growth inhibition of
cytosolic Salmonella by caspase-1 and caspase-11 precedes host
cell death. Nat Commun. 2016;7:13292.

Amer AO. Modulation of caspases and their non-apoptotic func-
tions by Legionella pneumophila. Cell Microbiol. 2010;12(2):140-147.
Cerqueira DM, Pereira MS, Silva AL, Cunha LD, Zamboni DS.
Caspase-1 but not caspase-11 is required for NLRC4-mediated
pyroptosis and restriction of infection by flagellated legio-
nella species in mouse macrophages and in vivo. J Immunol.
2015;195(5):2303-2311.

Demon D, Kuchmiy A, Fossoul A, Zhu Q, Kanneganti TD, Lamkanfi
M. Caspase-11 is expressed in the colonic mucosa and protects



2 L wiLEy Immunological Reviews

96.

97.

98.
99.

100.
101.
102.

103.
104.
105.

106.

107.

ABU KHWEEK ano AMER

against dextran sodium sulfate-induced colitis. Mucosal Immunol.
2014,7(6):1480-1491.

Knodler LA, Crowley SM, Sham HP, et al. Noncanonical inflam-
masome activation of caspase-4/caspase-11 mediates epithelial
defenses against enteric bacterial pathogens. Cell Host Microbe.
2014;16(2):249-256.

Pallett MA, Crepin VF, Serafini N, et al. Bacterial virulence fac-
tor inhibits caspase-4/11 activation in intestinal epithelial cells.
Mucosal Immunol. 2017;10(3):602-612.

Sellin ME, Muller AA, Felmy B, et al. Epithelium-intrinsic NAIP/
NLRC4 inflammasome drives infected enterocyte expulsion to
restrict Salmonella replication in the intestinal mucosa. Cell Host
Microbe. 2014;16(2):237-248.

Kobayashi T, Ogawa M, Sanada T, et al. The Shigella OspC3
effector inhibits caspase-4, antagonizes inflammatory cell
death, and promotes epithelial infection. Cell Host Microbe.
2013;13(5):570-583.

Mueller NJ, Wilkinson RA, Fishman JA. Listeria monocyto-
genes infection in caspase-11-deficient mice. Infect Immun.
2002;70(5):2657-2664.

Hara H, Seregin SS, Yang D, et al. The NLRPé inflammasome rec-
ognizes lipoteichoic acid and regulates gram-positive pathogen
infection. Cell. 2018;175(6):1651-1664.e1614.

Amer A, Franchi L, Kanneganti TD, et al. Regulation of Legionella
phagosome maturation and infection through flagellin and host
Ipaf. J Biol Chem. 2006;281(46):35217-35223.

Khweek AA, Amer A. Replication of Legionella pneumophila in
human cells: why are we susceptible? Front Microbiol. 2010;1:133.
Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular
mechanisms. J Pathol. 2010;221(1):3-12.

Abdulrahman BA, Khweek AA, Akhter A, et al. Autophagy stimu-
lation by rapamycin suppresses lung inflammation and infection by
Burkholderia cenocepacia in a model of cystic fibrosis. Autophagy.
2011;7(11):1359-1370.

Nakagawa |, Amano A, Mizushima N, et al. Autophagy de-
fends cells against invading group A Streptococcus. Science.
2004;306(5698):1037-1040.

Birmingham CL, Smith AC, Bakowski MA, Yoshimori T, Brumell
JH. Autophagy controls Salmonella infection in response to
damage to the Salmonella-containing vacuole. J Biol Chem.
2006;281(16):11374-11383.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Gutierrez MG, Master SS, Singh SB, Taylor GA, Colombo MI,
Deretic V. Autophagy is a defense mechanism inhibiting BCG and
Mycobacterium tuberculosis survival in infected macrophages. Cell.
2004;119(6):753-766.

Amer AO, Swanson MS. Autophagy is an immediate mac-
rophage response to Legionella pneumophila. Cell Microbiol.
2005;7(6):765-778.

Khweek AA, Caution K, Akhter A, et al. A bacterial protein pro-
motes the recognition of the Legionella pneumophila vacuole by
autophagy. Eur J Immunol. 2013;43(5):1333-1344.

Choy A, Dancourt J, Mugo B, et al. The Legionella effector RavZ
inhibits host autophagy through irreversible Atg8 deconjugation.
Science. 2012;338(6110):1072-1076.

Byrne BG, Dubuisson JF, Joshi AD, Persson JJ, Swanson MS.
Inflammasome components coordinate autophagy and pyroptosis
as macrophage responses to infection. MBio. 2013;4(1):e00620-12.
Lupfer CR, Anand PK, Liu Z, et al. Reactive oxygen species regulate
caspase-11 expression and activation of the non-canonical NLRP3
inflammasome during enteric pathogen infection. PLoS Pathog.
2014;10(9):e1004410.

Li J, Brieher WM, Scimone ML, et al. Caspase-11 regulates cell mi-
gration by promoting Aipl-Cofilin-mediated actin depolymeriza-
tion. Nat Cell Biol. 2007;9(3):276-286.

Bergsbaken T, Bevan MJ. Cutting edge: caspase-11 limits the re-
sponse of CD8+ T cells to low-abundance and low-affinity anti-
gens. J Immunol. 2015;195(1):41-45.

Ritter AT, Angus KL, Griffiths GM. The role of the cytoskeleton at
the immunological synapse. Immunol Rev. 2013;256(1):107-117.
Gregory LG, Lloyd CM. Orchestrating house dust mite-associated
allergy in the lung. Trends Immunol. 2011;32(9):402-411.

Zaslona Z, Flis E, Wilk MM, et al. Caspase-11 promotes allergic air-
way inflammation. Nat Commun. 2020;11(1):1055.

How to cite this article: Abu Khweek A, Amer AO. Pyroptotic
and non-pyroptotic effector functions of caspase-11. Immunol
Rev. 2020;297:39-52. https://doi.org/10.1111/imr.12910



https://doi.org/10.1111/imr.12910

