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Abstract

The immune system is armed with a broad range of receptors to detect and initiate the elimination
of bacterial pathogens. Inflammasomes are molecular platforms that sense a diverse range of
microbial insults to develop appropriate host response. In that context, non-canonical
inflammasome arose as a sensor for Gram-negative bacteria derived LPS leading to the control of
infections. This review describes the role of caspase-11/gasdermin-D-dependent immune response
against Gram-negative bacteria and presents an overview of guanylate-binding proteins (GBPs) at
the interface of non-canonical inflammasome activation. Indeed, caspase-11 acts as a receptor for
LPS and this interaction elicits caspase-11 auto-proteolysis that is required for its optimal catalytic
activity. Gasdermin-D is cleaved by activated caspase-11 generating an N-terminal domain that is
inserted into the plasmatic membrane to form pores that induce pyroptosis, a cell death program
involved in intracellular bacteria elimination. This mechanism also promotes IL-1p release and
potassium efflux that connects caspase-11 to NLRP3 activation. Furthermore, GBPs display many
features to allow LPS recognition by caspase-11, initiating the hon-canonical inflammasome
response prompting the immune system to control bacterial infections. In this review, we discuss
the recent findings and nuances related to this mechanism and its biological functions.

Summary sentence:

Review on the role of GBPs as major players on non-canonical inflammasome activation

Keywords

Caspase-11; Gasdermin-D; K* efflux; NLRP3

Correspondence: Prof. Sergio C. Oliveira, Departamento de Bioquimica e Imunologia, Universidade Federal de Minas Gerais, Av.
Antdnio Carlos 6627, Pampulha, Belo Horizonte, Minas Gerais, 31270-901, Brazil. Fax: +55-31-34092666. scozeusl@gmail.com.
Autorship

M.T.G., D.M.C., E.S.G., P.C.C. and S.C.O. wrote the review and prepared figures.

Disclosures
The authors declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gomes et al.

Page 2

1. Introduction

The innate immune system is responsible for the first line of defense against bacterial
infections [1]. At the molecular level, bacterial pathogens usually display an intricate
molecular signature known as pathogen-associated molecular patterns (PAMPS). The most
common PAMPs found in bacteria are lipopolysaccharide (LPS), peptidoglycan,
lipoproteins, flagellin and nucleic acids [2]. Similarly to non-microbial (sterile) stressful
insults, bacterial infection can also indirectly lead to physiological disturbance inducing
host-derived damage-associated molecular patterns (DAMPSs) [3]. The host can interact with
this panoply of PAMPs and DAMPs using its own molecular sentinels called pattern-
recognition receptors (PRRSs) [4]. Host germ-line PRRs are located at extracellular
membranes, intracellular vesicles/organelles or cytosolic space. Upon PAMPS recognition,
PRRs activate multiple molecular cascades responsible to change gene expression profile
leading to an efficient response against infection [5].

At the vanguard of PRRs are the Toll-like receptors (TLRs) discovered in the middle of the
1990s [6, 7]. Afterwards, several classes of cytosolic PRRs, including nucleic acid sensors
RIG-I-like receptors (RLRs) [8], cGAS/STING pathway [9] and Nod-like receptors (NLRs)
[10] were identified. In that context, inflammasomes have emerged as a group of PRRs
acting as cytosolic multi-molecular platforms which trigger the activation of inflammatory
caspases producing interleukin (IL)-1p and IL-18 [11]. The majority of the inflammasomes
are NLRs, such as NLRP1 [Nod- leucine-rich repeat (LRR) and pyrin domain-containing 1],
NLRP3, NLRP6, NLRP7, NLRP12 and NLRC4 (Nod- LRR and caspase recruitment
domain (CARD)-containing 4) [12]. Additionally, a non-NLR termed AIM2 (absent in
melanoma 2) which senses cytosolic DNA was described as a major inflammasome [13].

Inflammasome activation is triggered by a variety of factors that emerge during bacterial
infection, such as cellular damage or homeostatic imbalance. For instance, while AIM2
inflammasome is activated by cytoplasmic DNA [14], NLRP3 can be activated by K* efflux
[15], mitochondrial reactive oxygen species (ROS) [16], lysosomal rupture [17] and
oxidized mitochondrial DNA (mtDNA) [18]. Two signals are required for the production of
IL-1p and IL-18. The signal 1 or priming signal regulates the expression of inflammasome
components and both pro-IL-1p and pro-I1L-18 synthesis. The signal usually initiates after
PRRs recognition of PAMPs leading to nuclear factor (NF)-xB pathway activation. Signal 2
promotes inflammasome assembly and activation [19]. Once activated, inflammasomes
recruit apoptosis-associated speck-like protein containing a CARD (PYCARD, also known
as ASC). ASC acts as a molecular bridge between activated inflammasome sensors to the
effector protein pro-caspase-1. Recruitment of pro-caspase-1 leads to its autocatalytic
processing into caspase-1, which enzymatically converts the zymogenic forms of the pro-
inflammatory cytokines pro-1L-1p and pro-1L-18 into their mature and biologically active
forms [20]. In several occasions the activation of caspase-1 drives the secretion of pro-
inflammatory cytokines and promotes a programmed cell death distinguished from the non-
inflammatory apoptosis. Therefore, the term pyroptosis was suggested to describe this
caspase-1-dependent cell death displaying pro-inflammatory features [21].
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In the world of inflammatory caspases, caspase-11 used to live in the shadow of caspase-1.
Initial mouse line genetically deficient in caspase-1 was also deficient in caspase-11, due to
the close proximity of both caspases loci which prevented gene segregation during
recombination. Thus, inflammasome data were to some extent misinterpreted [22]. After the
genetic construction of caspase-11 deficient mice, the role of this protein in the triggering of
a caspase-1-independent macrophage death was described [23]. In addition, under certain
stimuli referred as non-canonical activators, caspase-11 promotes caspase-1-dependent
IL-1pB and IL-18 secretion. This novel form of inflammasome activation was entitled the
non-canonical inflammasome to distinguish itself from the traditional canonical
inflammasome activation [23]. The mechanism of cell death induced by the non-canonical
inflammasome gained new insight when it was demonstrated that gasdermin D (GSDMD) is
cleaved by caspase-11 resulting in a N-terminal fragment that induces pyroptosis [24]. In
addition, the identification of LPS as a ligand for caspase-11 [25] and the description of the
role of guanylate-binding proteins (GBPs) in non-canonical inflammasome activation shed
light on this intricate pathway [26]. Here, we discuss how caspase-11 and GSDMD are
activated and their role in bacterial infections. We also present an overview of how GBPs
work at the interface of non-canonical inflammasome activation.

2. Caspase 11: the non-canonical inflammasome receptor

The classical mechanism of caspase-1 activation mediated by NLRP3, NLRC4 and AIM2
was referred as the canonical inflammasome pathway. Caspase-11 arose as a member in the
NLRP3 inflammasome pathway when macrophages derived from caspase-11-'~ mice failed
to secrete IL-1p when infected with live Gram-negative bacteria Escherichia coli,
Citrobacter rodentium or Vibrio cholera, leading to the identification of a non-canonical
inflammasome pathway and its activators [23]. However, caspase-11 was dispensable for
NLRP3-dependent IL-1f secretion in response to monosodium urate (MSU) or the
ionophore nigericina, known as canonical inflammasome activators. In contrast, under non-
canonical activators stimulation, caspase-11, rather than NLRP3, promoted the release of
pyroptotic markers such as high mobility group box 1 (HMGB1), IL-1a and lactate
dehydrogenase (LDH). Thus, pro-inflammatory caspase-11 activates caspase-1-independent
cell death and caspase-1-dependent IL-1f secretion in response to non-canonical ligands.
Moreover, caspase-11 deficiency protected mice from a lethal dose of LPS emphasizing a
role for caspase-11 in response to clinically significant bacterial infections [23].

Later, the role of caspase-11 sensing cytoplasmic LPS and leading to septic shock was
established. The lethal sepsis occurred bypassing the need for TLR4, the cell-surface LPS
receptor [27, 28]. Afterwards, binding assays confirmed that caspase-11 and its human
homologue caspase-4 bound to LPS with high specificity and affinity [25]. At the molecular
level, the interaction between cytoplasmic LPS and the CARD domain of caspase-11 is
crucial for non-canonical inflammasome activation. This interaction elicits caspase-11 auto-
proteolysis which is required for its optimal catalytic activity, leading to pyroptosis and
IL-1p release [29]. Recent data demonstrated that both caspase-11 and its human
homologues caspase-4/5 bound hexa-acylated lipid A, the lipid portion of LPS. Remarkably,
the under-acylated (tetra-acylated) lipid A of the Gram-negative bacterium Francisella
novicida escaped caspase-11 recognition in mice but was sensed by caspase-4 in humans
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[30]. Thus, caspase-4 and caspase-11 display distinct specificity for LPS. In fact, CARD
domains of caspase-11 and caspase-4 shares 51% identity, which may explain the broader
sensitivity of caspase-4 in sensing LPS compared to caspase-11. In addition, it was
demonstrated that GBP2 promotes efficient sensing of under-acylated LPS by caspase-4,
although GBP2 was dispensable for hexa-acylated LPS recognition [30]. In this case, GBP2
might act as human-specific co-factor assisting under-acylated LPS detection by caspase-4
[30]. Taken together, the acylation state of lipid A may be used to predict the level of non-
canonical inflammasome activation. For instance, £. coliand Shigella flexneri contain hexa-
acylated lipid A that strongly activates caspase-11 [31]. In addition, hexa-acylated lipid A
derived from Yersinia pestis grown at 25°C is detected by caspase-11, in contrast with tetra-
acylated lipid A from pathogen grown at 37°C. Thus, this bacterium may exploit
temperature-dependent lipid A acylation state in order to escape caspase-11 recognition
during infection in the host [27].

The activation of non-canonical inflammasome prompts host immune system to control
bacterial infections in different scenarios (Table 1). For instance, K/ebsiella pneumoniae, a
Gram-negative bacterium, induces a caspase-11-dependent pyroptosis in bone-marrow-
derived macrophages (BMDMs), leading to IL-1a and IL-1p secretion. Indeed,
caspase-11~"mice showed impaired neutrophil recruitment and bacterial clearance during
K. pneumoniae infection, accompanied by a reduction in IL-1a production, a critical
cytokine for the recruitment of neutrophil in this model. These results suggest that
pyroptosis leads to IL-1a secretion that recruits neutrophils to control K. pneumoniae
infection [32]. Moreover, the pathogenic bacteria Sa/monella enterica serovar Typhimurium
colonize the intestinal epithelium of caspase-11-deficient mice more efficiently than wild-
type animals. The increased pathogen burden was correlated with the lack of pyroptotic cell
death, a host defense mechanism that assists infected cells extrusion in an attempt to restore
gut homeostasis [33]. In addition, a role for caspase-11 controlling bacterial infection was
determined for Acinetobacter baumannii, a pathogenic bacterium that can cause severe
pulmonary infection. In that case, caspase-11 deficiency augmented bacterial burden in
lungs, spleen and liver [34]. Similarly, caspase-11 controlled Brucella melitensis joint
infection and exacerbated joint inflammatory response against this pathogen [35]. Moreover,
recent data revealed that during B. abortus systemic infection, caspase-11~/~ mice are more
susceptible compared to wild-type animals and they recruited fewer immune cells such as
neutrophils, macrophages and dendritic cells (DCs) in mouse spleens [36]. Additionally,
Gram-negative bacteria such as Burkholderia pseudomallei and B. thailandensis, that
naturally invade the cytosol, are targeted by caspase-11. Indeed, caspase-11 protected mice
from lethal Burkholderia species challenge [37].

The activation of caspase-11 is not restricted to the recognition of LPS. Recent data
demonstrated that caspase-11 is crucial for controlling Leishmania infection [38]. The
activation of non-canonical inflammasome was attributed to the membrane molecule termed
lipophosphoglycan, formed by a lipid part attached to a polysaccharide moiety, which
envelops Lefshmania species. Moreover, parasites lacking lipophosphoglycan are unable to
trigger caspase-11 activation. Intriguingly, cell-free binding assays failed to show
lipophosphoglycan direct interaction with caspase-11, implying that additional cytoplasmic
molecules might participate in this process [38]. On the other hand, under oxidative stress
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that might be generated during microbial infections, endogenous oxidized phospholipids
formed, such as 1-palmitoyl-2-arachidonyl-sr-glycero-3-phosphorylcholine (0xPAPC) [39],
can bind to caspase-11 catalytic domain inhibiting its enzymatic activity [40]. Moreover,
0xPAPC-caspase-11 interaction mediates IL-1p secretion but does not promote pyroptosis in
DCs [40]. Thus, caspase-11 proteolytic activity is required to induce cell death, but not
IL-1pB release from DC. A model in which oxPAPC may induce the formation of a
caspase-1/11 hetero-complex leading to IL-1p processing and secretion was proposed [40].
Furthermore, oXPAPC appeared as a caspase-11 regulator in macrophages, but not in DCs.
Caspase-11 binds to oxPAPC competing with cytoplasmic LPS, thus abrogating LPS-
induced pyroptosis and IL-1p release [41]. Hence, oxPAPC may modulate the non-canonical
inflammasome offering a novel therapeutic approach against Gram-negative bacteria-
induced septic shock.

Revealing LPS to caspase-11

As previously described, several non-cytosolic Gram-negative bacteria trigger caspase-11
activation [23, 28, 42, 43], raising the question of how LPS from these bacteria gain access
to the cytosol.

Interestingly, during infection, caspase-11 activation requires the production of type-I
interferons (IFN) as well as the induction of IFN-stimulated genes [43, 44]. Among the most
strongly upregulated IFN-stimulated genes, the GBPs, a class of guanosine 5’-
triphosphatases (GTPases) spanning 65 to 73 kDa, are prominent [42, 45, 46]. GBPs are
extremely conserved among vertebrates and seven human GBPs genes (GBP1-GBP7)
located within a single cluster on chromosome 1 have been identified [47]. Genes encoding
murine GBPs, mGBP1, mGBP2, mGBP3, mGBP5, and mGBP7 are clustered on
chromosome 3 (GBP®'"3), whereas genes encoding mGBP4, mGBP6, mGBP8, mGBP9,
mGBP10, and mGBP11 are located on chromosome 5 [45, 48-50]. GBPs are primarily
found in the cytoplasm, associated with intracellular membranes, within vesicle-like
structures or in the nucleus [50-53], and exhibit anti-microbial effects against intracellular
bacteria, viruses and protozoa [45, 54, 55].

GBPs-dependent effects on non-canonical inflammasome activation have been shown in
several vacuolar and cytosolic bacterial pathogens, including S. typhimurium, Legionella
pneumophila, V. cholerae, S. flexneri, C. rodentium, Chlamydia trachomatis, Chlamydia
muridarum and type three secretion system (T3SS)-negative Pseudomonas aeruginosa [26,
42, 44, 56, 57]. For instance, mice macrophages deficient in GBP®"3 showed reduced levels
of non-canonical inflammasome activation and pyroptosis during infection with S.
typhimuriumand L. pneumophila[42, 56, 58].

Mechanistically, GBPs may induce inflammasome assembly directly or indirectly. Directly,
GBPs may physically interact with inflammasome machinery, facilitating its assembly in
both canonical and non-canonical pathways [46, 59]. Indirectly, GBPs might promote lysis
of pathogen-containing vacuoles (PCVs), thereby destroying the microbial niche and
exposing bacterial LPS for downstream detection by caspase-11 in the cytosol. Indeed, an
experiment demonstrated that caspase-11 activation and cell death induced by S.
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typhimurium required GBPCN'3 proteins expression confirming the early role of GBPs in the
activation of non-canonical inflammasome [42]. The mechanisms by which GBPs detect and
bind to PCVs remain poorly characterized; however, in murine cells infected with Yersinia
or Legionella, GBP recruitment to the PCVs seems to be linked to the vacuolar damage
sensor galectin-3. In this case, bacterial secretion systems insertion into PCVs destabilizes
its membrane structure exposing luminal side to host cytosolic proteins. Indeed, the
cytosolic exposure of intravacuolar host glycans derived from vacuolar damage drives the
recruitment of galectin-3 which targets mGBP2 to PCVs in a coordinate immune response
[60].

Murine macrophages infected with B. abortus present mGBP2 aggregates located close to
the PCVs. Moreover, a decreased number of disrupted PCVs was observed in cells deficient
in GBPC"3 when compared to wild-type cells [61], suggesting that GBPs orchestrate host
surveillance during B. abortus infection. Besides, GBP" machinery is essential for B.
abortus induction of non-canonical inflammasome activation and pyroptosis in BMDMs
[36]. Further experiments established that among the GBPs contained in mouse chromosome
3, mGBP5 is the most relevant for the recognition of Brucella LPS by caspase-11, triggering
BMDM pore formation and IL-1p secretion [36]. Collectively, these results suggest that the
GBPs are central to target and disrupt the PCV revealing B. abortus LPS to caspase-11 [36].

Furthermore, induction of caspase 11-dependent pyroptosis by cytoplasmic LPS derived
from L. pneumophila likewise required GBPC'™3 proteins. Similarly, pyroptosis in
macrophages infected with a cytosol-invading L. pneumophilia mutant was also dependent
on GBPC3 proteins, supporting a role for GBPs in the detection of cytoplasmic LPS and/or
in the subsequent activation of non-canonical inflammasome [56]. However, cytoplasmic
LPS derived from £. coliand Salmonellatriggered pyroptosis even in the absence of
GBP®I"3 proteins, although with a slight reduced efficiency. These observations may
potentially be explained by structural differences in the lipid A moiety of the LPS variants
derived from these distinct bacterial species [56].

Moreover, a following study suggested that GBPs were not only involved in vacuolar
damage, but also in direct bacterial lysis (bacteriolysis) [62]. Indeed, emerging evidences
have shown that cytoplasmic mGBP2 and mGBP5 interact with ~ novicida membrane after
its release from the PCVs and promote cytosolic lysis of this pathogen [63]. Accordingly,
GBPs recruit the immunity-related GTPase family member b10 (IRGB10) that directly
targets intracellular bacteria promoting bacteriolysis. Hence, IRGB10 contributes to the
release of cytosolic bacterial PAMPs for recognition by inflammasome sensors: LPS sensing
by caspase-11 and DNA sensing by AIM2 inflammasome. [64]. Interestingly, GBPs
mediated-bacteriolysis of cytosolic £ novicida leads to the release of bacterial genomic
DNA into the cytosol which activates both canonical and non-canonical inflammasome [63,
65]. It is unclear whether the caspase-11-dependent activation observed is due to sensing of
F. novicida LPS or another ligand, since caspase-11 does not recognize the under-acylated
Francisella LPS [27]. Notably, T3SS-negative £ aeruginosa proliferates in cytoplasm
avoiding NLRP3 and NLRC4 detection, but is recognized by mGBP2 and IRGB10.
Interestingly, only mGBP2 promotes bacterial killing, while both mGBP2 and IRGB10
enables caspase-11 activation leading to host cell death. Thus, during T3SS-negative 2
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aeruginosa infection, allegedly bacterial killing and exposure of bacterial ligands are two
uncouple processes [26]. Taken together, GBPs are crucial not only during vacuolar
pathogens infections but also in presenting concealed ligands by directly targeting cytosolic
bacteria. Besides this lytic function displayed by murine GBPs over targeted pathogens,
human GBPs mark and restrict bacteria spread by a different mechanism. The human GBP1
recognizes the O-antigen present at the S. flexneri LPS and promotes the corecruitment of
four additional GBP paralogs (GBP2, GBP3, GBP4, and GBP6). GBP1 displays a specific
polybasic protein motif which contains a triple-arginine essential for the recognition of S.
flexneri. The GBP1-decorated S. flexnerilack the ability to form actin tails and hence are
nonmotile, which avoids their cell-to-cell spread [66, 67]. Interestingly, the ubiquitin ligase
IpaH9.8 secreted by the Shigellatype 3 secretion system interferes with GBPL1 targeting to
cytosolic bacteria. Indeed, IpaH9.8 ubiquitylates human GBPs for proteasomal degradation
and hence restores actin-mediated motility promoting bacterial spreading [66, 67].

Additional mechanisms of antimicrobial activity are also related to GBPs. Gram-negative
bacteria produce and release outer membrane vesicles (OMVSs) during infection that are
internalized by macrophages and function as a vehicle that delivers LPS (and several other
surface antigens) into the host citosol. LPS delivered by OMVs can trigger caspase-11
promoting non-canonical inflammasome activation, playing a center role in host defense and
bacterial pathogenesis [68, 69]. In addition, the OMVs from Gram-negative bacteria £. colj,
Pseudomonas, Salmonellaand Shigella activated the non-canonical inflammasome in a
GBPCN3_dependent manner. In that context, GBPs may disrupt OMV and therefore release
LPS to engage caspase-11 activation [70]. Indeed, due to the hydrophobic nature of lipid A
moiety of LPS, GBPs may facilitate caspase-11 binding to intracellular LPS itself and also
LPS from experimental transfected liposomal membranes [70]. Accordingly, our recent data
support the idea that mGBP5 contributes to the recognition of B. abortus LPS incorporated
within liposomal membranes by caspase-11 [36].

4. Gasdermin: The executor of pyroptosis

As described above, caspase-11 triggers the non-canonical inflammasome pathway leading
to pyroptotic cell death in response to intracellular LPS independently of NLRP3/ASC/
caspase-1 [23, 27, 28]. However, the exact mechanism involved in pyroptosis remained
unclear until the identification of gasdermin-D (GSDMD), a substrate of caspase-1 and
caspase-11 [71, 72]. GSDMD belongs to a family of proteins first identified in the
gastrointestinal tract and dermis, therefore it was named “gas-dermin” [73, 74]. These
molecules are expressed in a variety of cell types and tissues and encompass a group of six
proteins in humans and ten proteins in mice [75]. All GSDMs, except Pejvakin (PJVK), can
be potentially cleaved by caspases, triggering oligomerization and membrane pore
formation. This mechanism is well known for GSDMD and GSDME (DFNA5). GSDME is
cleaved by the apoptotic caspase-3 which releases the N-terminal domain that targets the
plasma membrane, leading to a secondary necrosis process [76]. GSDMD is cleaved by
caspase-1 and caspase-11 generating a C-terminal (p20) and an N-terminal active domain
(p30) [71, 72, 76]. In addition, the inhibition of transforming growth factor p-activated
kinase 1 (TAKZL) activity elicits caspase-8 cleavage of GSDMD similarly to caspase-1 and
caspase-11 [77, 78].
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Once GSDMD cleavage occurs, the N-terminal domain is inserted into the plasmatic
membrane and oligomerizes forming 10-16 nm-diameter pores [79, 80]. The efflux of
potassium can occur through these pores triggering NLRP3/ASC inflammasome activation
[15, 81-85]. In addition, smaller diameter substrates like mature IL-1p [86, 87], IL-18 and
inflammatory mediators such as eicosanoids can be released through the pores, leading to
neutrophil recruitment to the site of infection [88]. For instance, Gsamd™~ mice are more
susceptible to B. abortus infection and show impaired neutrophil recruitment to spleen.
Interestingly, the levels of CD62L on neutrophils were higher in Gsdma™~ infected animals
compared to wild-type, what is related to less activated neutrophils. In addition, depletion of
neutrophils in wild-type mice increases susceptibility to bacterial infection, indicating a
prominent role of GSDMD in B. abortus infection restriction [36].

Moreover, GSDMD-dependent pore formation renders water influx that causes an osmotic
imbalance which might culminate in cell rupture and death [89]. However, novel data
demonstrated that, at some extension, cells can repair membrane pores to regulate pyroptosis
and cytokine release [87, 90]. This process is coordinated by the endosomal sorting
complexes required for transport (ESCRT) machinery that removes pores shedding bud
vesicles, known as ectosomes, from the plasma membrane to the extracellular space [91-93].
ESCRT acts downstream of GSDMD dependently on Ca2* influx through GSMDM-
membrane pores, which triggers the recruitment of ESCRT proteins to damaged membrane
sites [90].

Since the cleavage of GSDMD is executed by caspase-1 or caspase-11, both canonical and
non-canonical inflammasomes can trigger GSDMD-dependent pyroptosis. Gram-negative
bacteria such as E. coli, S. typhimurium, S. flexneri, and B. thailandensis activate caspase-11
promoting GSDMD cleavage and pore formation [71]. Similarly, GSDMD-dependent
pyroptosis can also be induced by canonical inflammasomes such as AIM2 and NLRC4. For
instance, AIM2 inflammasome is required for GSDMD cleavage in response to £~ novicida.
Indeed, Gsamad™~ mice are more susceptible to £ novicida infection, suggesting that
GSDMD is required for infection restriction of this pathogen [94]. Concerning NLRC4
inflammasome activation, flagellin failed to induce pore formation in Gsdmad~ BMDMs at
early time points, although pyroptosis progressed at later time points. Hence, this result
suggests that caspase-1 can cleave other pro-pyroptotic substrates apart from GSDMD [71].

In fact, recent data revealed alternative forms of GSDMD-independent cell death and IL-1$
secretion. Canonical inflammasomes activators induce caspase-1 promoting not only
cleavage of IL-1p but also its early secretion by GSDMD pores [95]. In that scenario,
caspase-8 activation is inhibited [96]. However, GSDMD-deficient cells exhibit a delayed
form of lytic death in which caspase-8 is activated and might drive the secretion of similar
levels of IL-1B compared to wild-type cells. Interestingly, cells deficient in caspase-1 secrete
reduced levels of mature IL-1p even at late time points. The GSDMD-independent
mechanisms of IL-1p release may promote host protection against pathogens, at least to
some extent, since GSDMD-deficient mice show a less severe £ novicida infection than
caspase-1-deficient mice [96]. Intriguingly, the mechanism of IL-1B maturation itself
empowers its relocation from the cytosol to the phosphatidylinositol 4,5-bisphosphate
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microdomains in the plasma membrane. This effect enables IL-1p fast exit via GSDMD pore
or its slow secretion in a GSDMD-independent manner [97].

Several mechanisms by which GSDMD-dependent pyroptosis can contribute to bacterial
infection restriction were proposed. One of them suggests that when pyroptosis leads to cell
death, intracellular bacteria remain trapped into the cell forming structures named pore-
induced intracellular traps (PITs) [98]. In addition, the secretion of cytokines and mediators
through GSDMD pores recruits neutrophils which remove by efferocytosis these PITs,
assisting the control of bacterial infection [88, 98]. Furthermore, recent studies linked
GSDMD to the release of neutrophil extracellular traps (NETS), a cell death process termed
NETosis [99, 100]. These structures are composed of neutrophil DNA and granular proteins
such as neutrophil elastase (NE), myeloperoxidase (MPO) and cathepsin G. These NETSs act
serving as a barrier that avoids bacterial spreading and also kill pathogens by degradation
their virulent factors [101]. In view of that, GSDMD can be cleaved by serine proteases such
as NE [99]. Once it is cleaved, it leads to pore formation in the membrane of neutrophil
azurophilic granules, thus contributing to enhance NE release in the cytosol [99]. NE
released in the cytosol may enter nucleus where it processes histones to promote chromatin
decondensation, triggering nuclear expansion which is an important stage during NETosis
process [102]. Furthermore, NE released in the cytosol can also cleave more GSDMD
promoting a positive feedback as GSDMD triggers more pore formation in the neutrophil
azurophilic granules membranes. Finally, cleaved GSDMD also inserts into plasmatic cell
membrane culminating in cell lysis and release of NETs [99]. Notably, this is a process in
which GSDMD is involved in pore formation independent of inflammasome activation. On
the other hand, PAMPs that trigger non-canonical inflammasome such as intracellular LPS
can trigger GSDMD-dependent NET formation, but independently of classical proteins such
as NE and MPO, describing a new pathway of NET release [100]. Moreover, N-terminal
fragments of GSDMD were found in these traps after release, suggesting a possible role for
GSDMD in pathogens restriction by directly killing microbes outside the cells [99].
Remarkably, this direct killing may constitute a novel manner that GSDMD reduces the
spread of viable pathogens from pyroptotic cells, although it lacks confirmation by /in vivo
studies. In addition, GSDMD attacking bacterial membranes may result in release of PAMPS
into the cytosol. This mechanism was recently hypothesized to explain £~ novicida response
during AIM2 inflammasome activation [94]. In response to £ novicida, GSDMD is required
for optimal caspase-1 activation. Since Gsdma™~ BMDMs display residual caspase-1
activation, it was suggested that during £ novicida initial phase of infection, it activates
caspase-1 independent of GSDMD. However, once caspase-1 is active, it cleaves GSDMD,
which can form pores in the intracellular bacteria causing its lysis and release of DNA
which, in a positive feedback, activates AIM2 leading to more caspase-1 activation and
pyroptosis [94]. In view of that, GSDMD N-terminal fragment can interact with bacterial
cardiolipin-rich membrane forming pores causing bacteriolysis, as shown when N-terminal
fragment was incubated /n vitrowith E. coli and Staphylococcus aureus [103].

5. Potassium efflux: connecting caspase-11 to NLRP3 activation

As mentioned before, caspase-11 induces NLRP3 inflammasome assembly leading to
caspase-1 activation and IL-1 secretion [23]. However, the mechanism persisted undefined
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until new data allowed a better comprehension of this pathway. The NLRP3 inflammasome
is activated by a variety of structurally and chemically distinct stimuli, including changes in
cell volume, Ca?* and Na* influx, K* efflux, pore-forming channels toxins, ROS, mtDNA,
bacterial mRNA, translocation of cardiolipin from the inner mitochondrial membrane to the
outer mitochondrial membrane, phagosomal destabilization and cathepsin release [15, 104].
Although it remains unclear if and how these distress signals are causally linked, an
increasing body of evidence indicates that K* efflux alone, acting on or upstream of NLRP3,
is the minimal common cellular event that is necessary and sufficient to activate the
canonical NLRP3 inflammasome [15, 105]. Accordingly, it was demonstrated that caspase-
11 activates a canonical NLRP3 inflammasome by promoting K* efflux, suggesting that
canonical and non-canonical inflammasomes work in concert to protect the host against
intracellular pathogens [84]. In fact, GSDMD depletes intracellular K * via membrane pores
formation [36, 106] and, hence, it is tempt to hypothesize that GSDMD activated by
caspase-11 induces K* efflux leading to NLRP3 activation [31].

However, in addition to NLRP3, other inflammasomes could be involved in the caspase-11-
dependent non-canonic inflammasome response. In a Legionella infection model, it was
demonstrated that the AIM2 inflammasome also cooperates with caspase-11 to induce host
resistance to bacterial infection. AIM2 engages active caspase-1 to induce pore formation
and K* efflux, thus amplifying the infection signals to trigger activation of non-canonical
NLRP3 inflammasome [107].

6. Concluding remarks

Host cells are often challenge by pathogenic bacteria that are capable to survive and
replicate intracellularly. The past years witnessed great advances in our understanding of
molecular mechanisms underlying innate immune system activation by cytosolic insults,
mainly through inflammasome biology comprehension. The recognition of several PAMPs
and DAMPs by inflammasome sensors was established and crucial downstream signaling
pathways were identified. Moreover, inflammasome activation is known as an essential part
of the immune response to control bacterial infections and thus acknowledged as a potential
target to therapeutic drug interventions. Additionally, the non-canonical inflammasome
arose as a key player that promotes host surveillance during cytosolic Gram-negative
bacteria infection. Indeed, recent data shed light into the intricate network of signaling
pathways during non-inflammasome activation (Fig. 1). Caspase-11, with the guidance of
GBPs, is activated by cytosolic LPS derived from PCVs or OMVs, initiating the non-
canonical inflammasome pathway. Subsequently, the cleavage of GSDMD by activated
caspase-11 yields an N-terminal fragment that induces pore formation in cell membranes.
This process ultimately leads to pyroptosis, a cell death program important for the
elimination of intracellular bacteria. In addition, K* efflux may potentially induce NLRP3
inflammasome assembly, which results in caspase-1 activation and IL-1p secretion. It is
worthy of notice that bacteria can interact with several PRRs during their infection, and
activation or inhibition of one signal transduction pathway may affect other pathways. For
instance, K* efflux can be a result of different insults apart of GSDMD-dependent pore
formation. Moreover, canonical inflammasomes such as AIM2 or NLRC4 trigger pyroptosis
in a GSDMD-dependent manner, suggesting that a complex signaling pathway cross talk
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occurs regularly. In that context, GBPs attacking PCVs may release different factors apart
from LPS, such as DNA, enabling multiple pathways activation concomitantly. In addition,
secretion of mediators during pyroptosis may recruit cells such as neutrophils, which are
prominent participants in bacterial clearance. Thus, non-canonical inflammasome activation

claims to be known as a coordinating process designed to restore tissue integrity and

function. Additionally, recent data indicate a variety of endogenous regulatory mechanisms
on the activation of non-canonical inflammasome pathway. These findings argue in favor of

a pyroptotic process not necessarily committed to cell death that could be exploited by

pathogens for their own benefit. Finally, since non-canonical inflammasomes are in the
interface of pyroptotic cell death and inflammation mechanisms, and considering the role of

this pathway in sensing cytoplasmic LPS, these novel findings may support innovative

treatments for inflammasome-related diseases and sepsis.
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Figure 1: Molecular basis of non-canonical inflammasome activation leading to pyroptosis and
bacterial infections restriction.

GBPs contribute to the cytosolic delivery of LPS from OMVs and may recruit IRGB10 to
promote bacteriolysis. GBPs also promote PCVs damage destroying the microbial niche and
exposing bacterial LPS for detection by caspase-11 in the cytosol. Cytoplasmic LPS
activates caspase-11 that cleaves GSDMD releasing its N-terminal which forms membrane
pores. OXPAPC can regulate this process as it binds to caspase-11 inhibiting its activation.
The canonical inflammasomes AIM2 and NLRC4 lead to caspase-1 activation which also
culminates in GSDMD cleavage, via recognition of bacterial DNA and flagellin,
respectively. GSDMD pore acts as a conduit for potassium efflux that potentially triggers
NLRP3 inflammasome activation. NLRP3-ASC complex activates caspase-1 leading to
cleavage and release of IL-1p. ESCRT machinery dependent on Ca2* influx acts controlling
GSDMD pores. Inflammatory mediators (eicosanoids and possible other factors) released
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through membrane pore contribute to recruitment of immune cells such as neutrophils to the
local of infection. Concerning neutrophils, GSDMD is cleaved by elastase and forms pores
in the membrane of azurophilic granules releasing more elastase which can cleave more
GSDMD. Elastase may enter nucleus triggering NETosis while GSDMD forms pores in the
plasmatic membrane releasing NETs. Furthermore, LPS activates caspase-11 which also
cleaves GSDMD leading to NET release.
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Table 1.

Caspase-11-dependent host protection during bacterial infections in mice.

Bacteria Bacterial number and via of infection  Caspase-11~/~ mice phenotype compared to wild-type animals
Acinetobacter baumannii 2 x 108 intranasal *liver, lung, spleen and BALF [34]
Brucella abortus 1 x 10% intraperitoneal * spleen [36]
Brucella melitensis 1x10°% in each rear footpad *joint [35]
Burkholderia thailandensis 2x107 intraperitoneal increased mortality [37]
Burkholderia pseudomallei 100 intranasal increased mortality [37]
Klebsiella pneumoniae 2 x 107 intranasal *lung and BALF [32]
Salmonella Typhimurium 3x10° oral :ipl:ir;i :\s/setrjjsn:nrg?::stz:;ll);n;f; ng;s
Legionella pneumophila 10° intranasal = lung [108]
Legionella gratiana 10° intranasal ~lung [108]

*, .
increased bacterial burden;

“no difference in bacterial burden.
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