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Abstract: The NLRP3 inflammasome is a cytosolic multimeric protein platform that leads to the
activation of the protease zymogen, caspase-1 (CASP1). Inflammasome activation mediates the
proteolytic activation of pro-inflammatory cytokines (IL-1β and IL-18) and program cell death called
pyroptosis. The pyroptosis is mediated by the protein executioner Gasdermin D (GSDMD), which
forms pores at the plasma membrane to facilitate IL-1β/IL-18 secretion and causes pyroptosis. The
NLRP3 inflammasome is activated in response to a large number of pathogenic and sterile insults.
However, an uncontrolled inflammasome activation may drive inflammation-associated diseases.
Initially, inflammasome-competent cells were believed to be limited to macrophages, dendritic
cells (DC), and monocytes. However, emerging evidence indicates that neutrophils can assemble
inflammasomes in response to various stimuli with functional relevance. Interestingly, the regulation
of inflammasome in neutrophils appears to be unconventional. This review provides a broad overview
of the role and regulation of inflammasomes—and more specifically NLRP3—in neutrophils.

Keywords: inflammasome; neutrophils; NLRP3; caspase-1; caspase-11; IL-1β; IL-18; pyroptosis;
gasdermin; Gasdermin-D; NETosis; neutrophil extracelluar traps (NETs); apoptosis; cell death;
macrophage; monocyte; cryopyrin-associated periodic syndrome (CAPS)

1. The NLRP3 Inflammasome

The innate immune system is a host defense mechanism conserved through the evo-
lutionary process [1]. Innate immunity relies on a complex network of specialized cells,
including myeloid, lymphoid lineage, but also non-hematopoietic cells, to respond to harm-
ful stimuli, such as infection or imbalanced cellular function [1]. This recognition sets into
motion multiple innate mechanisms, including phagocytosis, cytotoxicity, programmed cell
death or secretion of diverse factors: cytokines, chemokines, and alarmins. Innate immune
cells bear receptors to sense pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) produced by the infected or damaged tissues.
Engagement of these receptors enables the host to engage an appropriate molecular and
cellular response to control the infection. This recognition occurs through a set of germline-
encoded pattern recognition receptors (PRRs) expressed at the plasma membrane and
cytosol. The membrane-bound receptors are mainly composed of Toll-like receptors (TLRs)
and C-type lectin receptors (CLRs). The cytosolic PRRs include the nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), absent in melanoma 2 (AIM2)-like
receptors (ALRs) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) [2–5].
These cytosolic receptors primarily mediate the production of type I interferon or mediate
inflammasome activation [2,4,6].
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Inflammasomes are one of the major arms of the innate immune system with cru-
cial roles in microbial infections, cancer, and inflammatory disorders [3,5,7–9]. They are
multimeric protein platforms that lead to inflammatory protease zymogen caspase-1 activa-
tion, which drives proteolytic maturation of pro-inflammatory cytokines IL-1β and IL-18
(Figure 1). In parallel, active caspase-1 induces the cleavage and activation of Gasdermin D
(GSDMD). The N-terminal pyroptosis-inducing domain, GSDMDNT, can oligomerize and
form pores in the plasma membrane, leading to a lytic form of cell death called pyroptosis,
which may also facilitate the extracellular release of active IL-1β and IL-18 (Figure 1) [10,11].
Pyroptotic cell death is crucial for the innate immune response to control infection, tumor
progression, or inflammatory disorders. To date, multiple innate sensors with the potential
to assemble inflammasome complexes have been identified, including the NLR family pyrin
domain-containing 1b (NLRP1b), NLR family CARD domain-containing protein 4 (NLRC4),
and NLR family pyrin domain-containing 3 (NLRP3), absent in melanoma-2 (AIM2) re-
ceptor and pyrin receptor (PYRIN) but also the most recent NLR family pyrin domain-
containing 6 (NLRP6) and NLR family pyrin domain-containing 9 (NLRP9) (Figure 1A) [5].
These receptors are capable of sensing PAMPs and DAMPs to assemble inflammasome
complexes. Upon sensing and activation, these receptors nucleate the formation of the
inflammasome complex by actively recruiting the adaptative molecule called apoptosis-
associated speck-like protein-containing CARD (ASC) via domain-domain (PYRIN-PYRIN)
interaction (Figure 1A). However in rare cases, as with NLRC4 or NLRP1b, inflammasome
may function independently of ASC [12–14]. Next, the ASC from these complex recruits
and interacts with the caspase-1 CARD domain, resulting in the assembly of a function-
ally mature inflammasome. Among the well-established inflammasomes, NLRP1 senses
the toxin Bacillus anthracis anthrax and the secreted protein IpaH7.8 from Shigella flexneri,
whereas NAIP-NLRC4 responds to bacterial flagellin and the type III secretion system
(T3SS) [15–18]. AIM2 is a DNA sensor that can engage inflammasome formation upon
binding to microbial DNA [2,3,5]. PYRIN inflammasome is activated in response to the
bacterial Rho-inactivating toxins like Clostridium difficile [19,20].

Of all, NLRP3 inflammasome is the most documented as a broad sensor of cellular
damage, which responds to several stimuli from various pathogens or resultsfrom metabolic
disorders including cancer.

The NLRP3 inflammasome is activated by two principal mechanisms named canonical
and non-canonical activation (Figure 1B,C). The NLRP3 inflammasome has been actively
reviewed; the readers should refer to extensive reviews for more comprehensive details
concerning the regulation of NLRP3 inflammasome activation [5,9,21–24].

The canonical NLRP3 inflammasome activation needs two signals: (1) First, a priming
signal to promote the expression of the inflammasome components such as NLRP3 as well
as the immature inflammatory cytokines pro-IL-1β or pro-IL-18 and (2) a subsequent acti-
vation signal such as extracellular ATP or bacterial toxins to promote the oligomerization
and activation of NLRP3 (Figure 1B). Despite NLRP3 inflammasome being thoroughly
investigated, the complete molecular mechanisms driving NLRP3 activation have not
been deciphered yet. Multiple mechanisms are proposed to trigger NLRP3 inflammasome
assembly, such as aberrant cellular ionic exchange, lysosomal rupture, mitochondria desta-
bilization, trans-Golgi network disassembly, or translation inhibition, but these mechanisms
may differ according to the triggering signal and cell type (Figure 1B). Despite 15 years of
intense investigation, the canonical NLRP3 inflammasome is not fully understood [5,25].

The non-canonical NLRP3 inflammasome activation occurs upon Gram-negative bacte-
ria infection or circulating lipopolysaccharide (LPS) (Figure 1C). In this context, caspase-11
(in mice) or caspase-4 and caspase-5 (in humans) mediate NLRP3 activation and caspase-1
cleavage upon LPS sensing (Figure 1C). The release of LPS into the cytoplasm binds to
caspase-11 or caspase-4/-5 to initiate their oligomerization (Figure 1C) [26]. Mechanistically,
LPS binding to caspase-11 induces oligomerization and proteolytic cleavage of the GSDMD
protein [26].
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Figure 1. NLRP3 inflammasome assembly. (A). Inflammasome complex. Inflammasomes are
composed of cytosolic sensors, which trigger caspase-1 activation. The identified cytosolic sensors are
the NLR family pyrin domain-containing 1b (NLRP1b), NLR family CARD domain-containing protein
4 (NLRC4), and NLR family pyrin domain-containing 3 (NLRP3), absent in melanoma-2 (AIM2)
receptor and pyrin receptor (PYRIN), NLR family pyrin domain-containing 6 (NLRP6) and NLR
family pyrin domain-containing 9 (NLRP9). First, the sensors recruit the adaptor apoptosis-associated
speck-like protein containing a CARD (ASC) via domain-domain (PYRIN-PYRIN) interaction. Then,
ASC recruits and interacts with the caspase-1 CARD domain by domain-domain interaction, resulting
in the assembly of a functionally mature inflammasome. (B). Canonical NLRP3 inflammasome
activation. The canonical NLRP3 inflammasome requires two parallel and complementary steps:
(1) priming (signal 1) after sensing invaders or sterile insult, which induces the transcription of NLRP3
inflammasome components (NLRP3, pro-IL1β, . . . ) and (2) activation, which results in the assembly
of the NLRP3 inflammasome, Gasdermin D (GSDMD)-dependent pore formation, pyroptosis, and
IL-1β release. (C). Non-canonical NLRP3 inflammasome activation. The non-canonical NLRP3
inflammasome is engaged in response to Gram-negative bacteria by the binding of LPS on the protease
caspase-11 (mouse) or caspase-4/-5 (human). Activated caspase-11 or caspase-4/-5 cleaves GSDMD
and induces pore formation, potassium efflux, culminating in NLRP3 inflammasome activation.

For a while, inflammasomes were considered to be functionally relevant in a restricted
set of myeloid cells, including macrophages, monocytes, and dendritic cells. Conversely, in
neutrophils, which are key immune sentinels, activation of inflammasomes was considered
important [27]. Being traditionally considered as a simple antimicrobial population, the
vision of neutrophils has largely evolved over the past two decades. It is now clear that
neutrophils are more complex and can mediate a wide range of specialized functions, posi-
tioning them as critical cellular components in immunoregulation. Among those emerging
functions, neutrophils were identified to engage an unconventional inflammasome with
the formation of the supramolecular complex, and release of pro-inflammatory cytokines
(IL-1β and IL-18) in absence of classical pyroptosis [27]. This new function for neutrophils
is further discussed below.
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2. Neutrophils: From Phagocytosis Sentinel to Immunoregulation Commander

Neutrophils are the most abundant circulating cell population of the immune system.
In humans, neutrophils represent up to 70% of circulating leukocytes and are continuously
generated in the bone marrow [28]. It is estimated that 1011 neutrophils are daily released
into the bloodstream, a figure that drastically increases during infection or inflammation.
Of note, a large proportion of “marginated” neutrophils populates peripheral organs.
This likely enables a rapid mobilization of mature neutrophils in the case of harmful
invaders [29]. Neutrophils derive from a common bone marrow committed myeloid
progenitor cell, called hematopoietic stem cell (HSC) (granulocyte-monocyte progenitors),
and undergo differentiation and maturation upon stimulation with the cardinal growth
factor granulocyte colony-stimulating factor (G-CSF).

Initially, neutrophils were considered as short-lived cells with a circulating half-life
of 8 h [30–32]. However, the lifespan of neutrophils can significantly increase upon ac-
tivation [33,34]. Indeed, neutrophils can undergo an anti-apoptotic program to survive
longer during inflammation and/or infection [35]. In addition, mature neutrophils can
proliferate in the periphery following infection [36]. Furthermore, it has been revealed that
extravasated neutrophils could re-enter circulation and, thus, disseminate inflammation to
distant sites. Neutrophils are defined based on their polylobed nucleus, various granules,
and a set of surface markers. Typically, CD11b, CD66b, CD16, and CD15 expression enables
identification of human neutrophils, while co-expression of CD11b and Ly6G are used to
identify mouse neutrophils.

Historically, neutrophils were believed to represent a homogeneous population that
was fully equipped to exert various potent antimicrobial effector functions to eliminate
pathogens and prevent their dissemination. Among those functions, neutrophils are robust
phagocytes that can encapsulate microbes in phagosomes [37]. Once phagocyted, neu-
trophils can exert antimicrobial activities through both oxygen-dependent and -independent
pathways. First, they produce several oxidants including the reactive oxygen species (ROS)
via a network of enzymes including the NADPH oxidase complex and the myeloperoxidase
(MPO). Lack or dysfunction of these enzymes results in chronic granulomatous disease,
with a significant predisposition to bacterial and fungal infection [38–40]. In parallel,
neutrophils can release a myriad of proteases stored in their granules such as cathepsins,
defensins, lactoferrin, and lysozyme [41]. This arsenal is then released either into the
phagosomes or the extracellular environment, thus acting on both intra- or extracellular
pathogens. In addition, neutrophils can eliminate extracellular microorganisms by releasing
neutrophil extracellular traps (NETs) in the environment, which acts as a fishnet to trap
invaders. The NET structure is mainly composed of DNA and histones but also covered
with neutrophil proteases and many other bactericidal proteins and granules [42]. Interest-
ingly, the neutrophil chromatin undergoes a fast decondensation associated with histone
modification. Most NET DNA originates from the nucleus, but some mitochondrial DNA
can be isolated [42].

Since NET discovery, the list of pathologies reporting NET formation is expanding:
NETs are involved in chronic inflammatory diseases such as atherosclerosis [43], autoim-
mune diseases such as rheumatoid arthritis [44], systemic lupus erythematosus [45], and
asthma [46]. Although NETs protect against pathogens, they can also generate tissue
damages during infection and inflammatory diseases as recently exemplified in severe
COVID-19 patients [47]. They also play a detrimental role in bacterial sepsis [48] and are
highly prominent in the sputum of patients with cystic fibrosis [49]. During tuberculosis,
they are involved in severe lung damages in susceptible mouse models [50] and patients
suffering from active disease [51]. NET release occurs via a programmed cell death (PCD)
mechanism termed NETosis [52]. Interestingly, non-lytic NETosis is an alternative mech-
anism in which neutrophils remain alive and continue to crawl. This mechanism was
observed in vivo during Staphylococcus aureus infections, preventing bacterial dissemina-
tion [48]. NETosis and NET release mechanisms vary according to the trigger [53]. NETosis
depends on the influx of Ca2+ into activated neutrophils. This relies on multiple pathways
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including NOX activation, protein kinase as Protein Kinase C (PKC), Raf-MEL-ERK MAP,
or SYK-PI3K pathways, as well as the recently discovered JAK2 (for reviews: [42,53,54]).
However, further studies are required to identify the original mediator that explain the
cellular fate in chromatin decondensation and DNA excretion. Notably, the executioner
protein-mediating NETosis has been recently suggested to be the protein GSDMD [55,56],
which was initially discovered as a pyroptosis executioner in macrophages [10,11]. Inter-
estingly, other cell types such as eosinophils, basophils, mast cells, and macrophages also
mount a NETosis-like process [53]. However, whether NETosis mechanisms are similar
between cell lineages remains unknown. The functional relevance of this process beyond
the neutrophil biology also needs further investigations.

Over the last decade, neutrophils emerged as a more complex cell type that initially
thought endowed with a wide set of immunomodulatory properties through their ability to
produce various cytokines, chemokines, and growth factors as well as mediating functions
through cell-cell interactions. Thus, neutrophils exert roles during cancer, infection, and in-
flammatory disorders by regulating intensity and quality of the ensuing immune response,
mediating antibody response and influencing tissue repair and angiogenesis [57–60]. It
remains to be determined whether these versatile properties are dependent on functional
plasticity or are mediated by specific sublineages. In line, increasing evidence suggests
the existence of neutrophilic subsets with discrete functions. For instance, circulating neu-
trophils can be segregated based on their density [61,62]. Low-density neutrophils (LDN)
have been observed in various pathologies including systemic lupus erythematosus [63],
cancer [64], tuberculosis [65], malaria [66], or asthma [67]. In these settings, LDN appeared
to display immunosuppressive functions [68]. Myeloid-derived suppressor cells (MDSC)
represent a heterogeneous population of immature cells that comprise monocytic MDSC
(M-MDSC) and granulocytic MDSC (Polymorphonuclear neutrophils (PMN)-MDSC). PMN-
MDSC are phenotypically similar to mature neutrophils [69] but studies proposed that
they expressed higher levels of CD115 (CSF1R), CD244 (2B4), and lectin-type oxidized
LDL receptor 1 [70,71]). Initially described in cancer, PMN-MDSC have also been identi-
fied during bacterial, fungal, and viral infections [72]. Similar to LDN, PMN-MDSC can
accumulate under pathological conditions and exhibit immunosuppressive activities via
different mechanisms, including production of reactive oxygen species (ROS), nitric oxide
(NO), prostaglandin E2 (PGE2), or arginase 1 [73]. Akin to macrophages, tumor-associated
neutrophils (TAN) have been identified and can be segregated in two subsets according
to their activation profile, cytokine signature, and effects on tumor progression. While N1
TAN exert antitumoral activity by direct or indirect cytotoxicity, N2 TAN promote tumor
growth via immunosuppression as well as increased angiogenesis and metastasis [74].
Furthermore, as compared with classical neutrophils and PMN-MSDCs, N2 TAN produce
higher levels of chemokines but lower granules and ROS [75,76]. PD-L1-expressing neu-
trophils have been identified in cancer, infections, autoimmunity, and sepsis [77–81] and
appear to be less prone to apoptosis than their PDL-1-negative counterparts [81]. Inter-
estingly, these PDL-1-expressing neutrophils suppress the immune response by limiting
activity of PD-1-expressing cells [77–81], culminating in either a protective or deleterious
role according to the pathological context.

The neutrophils are no longer the simple cell patrol, catching and eliminating pathogens,
but they have multiple innate immune mechanisms in response to various conditions, in-
cluding infections, autoimmune disorders, and cancers. Therefore, neutrophils clearly
emerged as crucial components in regulating the immune responses.

3. Neutrophilic NLRP3 Inflammasome: A Novel Relevant Regulatory Pathway
3.1. Emerging Shreds of Evidence

Although inflammasomes were historically thought to be selectively activated by
cell populations from the myeloid lineage (e.g., monocytes, macrophages, and dendritic
cells) [5], NLRP3 inflammasome components were subsequently widely detected in both
hematopoietic and non-hematopoietic cells, including neutrophils [82,83]. Indeed, the
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functional relevance of the inflammasome in neutrophils has first received minor consid-
eration since pioneer studies suggested that the processing of mature forms of IL-1β by
neutrophils was caspase-1 independent, and required the processing from neutrophil serine
proteases such as proteinase 3 and elastase [84–86]. A few years later, a paradigm shift
identified NLRP3-dependent IL-1β secretion in vitro by both highly purified mouse and
human neutrophils [87,88]. However, the amounts of NLRP3-dependent IL-1β released by
neutrophils were relatively low as compared with macrophages, which raised some doubts
on the physiological relevance of NLRP3 inflammasome in neutrophils. However, during
immune responses, neutrophils are massively recruited to the site of infection and inflam-
mation, which may compensate for the limited amount of IL-1β produced per neutrophil
as compared with macrophages. Moreover, a recent study suggested that neutrophils could
release IL-1β faster than macrophages [89].

In line, a seminal study by Cho and colleagues provided the first in vivo evidence
for a role of the NLRP3 inflammasome in IL-1β secretion by neutrophils in a model of
Staphylococcus aureus acute infection [90]. However, this study relied on the use of chemical
inhibitors (e.g., glyburide and Z-YVAD-FMK) that may lack complete specificity and induce
side effects [91]. A step forward into our understanding of the functional relevance of
the neutrophilic NLRP3 inflammasome arose from Pearlman’s lab [92,93], who elegantly
demonstrated using gene-targeted mice and in vivo depletion that neutrophils represented
a prime source of IL-1β in a NLRP3-, ASC- and caspase-1/11-dependent manner during
Streptococcus pneumoniae (serotype 4) corneal infection. In addition, analysis of protein
expression of NLRP3 inflammasome components from purified bone marrow neutrophils
incubated with heat-killed S. pneumoniae indicated NLRP3 priming and activation [93].
Furthermore, the use of neutrophils from elastase-deficient mice confirmed that serine
proteases were not required for IL-1β processing in this infection model [93]. Concomitantly,
our lab reinforced the existence of a fully functional NLRP3 inflammasome in neutrophils
in a model of S. pneumoniae-induced pneumonia [94]. Western blotting on ex vivo purified
primary lung neutrophils from S. pneumoniae-infected mice confirmed NLRP3 priming and
activation [94], as previously observed in in vitro assays [93]. We also demonstrated that
human neutrophils from peripheral blood mononuclear cells of healthy donors produced
IL-1β in an NLRP3-dependent manner in response to S. pneumoniae (serotype 1) using
MCC950 [94], a selective NLRP3 inflammasome inhibitor [95].

Despite these studies point toward a role for the neutrophilic NLRP3 inflammasome
in vivo, they still present limitations mainly due to the lack of selective deletion of NLRP3
components in neutrophils. However, this drawback could be overcome in the near future
thanks to several conditional mouse models that specifically target neutrophils such as the
Mrp8-Cre mice [96] and the Catchup mice (by targeting the locus Ly6G with a knock-in
allele expressing the Cre recombinase and fluorescent protein) [97]. Interestingly, a mouse
model with specific Nlrp3 gain-of-function mutations in neutrophils was generated [98].
Thus, the development of novel mouse models based on these existing biological tools
will likely generate meaningful data to better appreciate the biological relevance of the
inflammasomes in neutrophils.

For a long time, neutrophils have been considered to be unable to assemble inflamma-
some, but today the compiling proofs withdraw the doubt and confirm that neutrophils
should be highly regarded in the field of the inflammasome.

3.2. Activation Mechanisms

Akin to other myeloid cells, NLRP3 inflammasome in neutrophils has been proposed
to be activated via multiple triggers using canonical and non-canonical pathways.

3.2.1. Canonical Pathway

The canonical pathway is efficiently engaged in neutrophils as in other myeloid cells,
despite a few differences (Figure 2).



Cells 2022, 11, 1188 7 of 21

Cells 2022, 10, x FOR PEER REVIEW 7 of 22 
 

 

3.2. Activation Mechanisms 

Akin to other myeloid cells, NLRP3 inflammasome in neutrophils has been proposed 

to be activated via multiple triggers using canonical and non-canonical pathways. 

3.2.1. Canonical Pathway 

The canonical pathway is efficiently engaged in neutrophils as in other myeloid cells, 

despite a few differences (Figure 2). 

 

Figure 2. Mechanism NLRP3 inflammasome activation in neutrophils. (A). Canonical NLRP3 in-

flammasome activation in neutrophils. Extracellular bacteria are mainly sensed by Toll-like receptor 

2 (TLR2) and, in some cases, TLR4, Nucleotide-binding oligomerization domain-containing protein 

Figure 2. Mechanism NLRP3 inflammasome activation in neutrophils. (A). Canonical NLRP3
inflammasome activation in neutrophils. Extracellular bacteria are mainly sensed by Toll-like receptor
2 (TLR2) and, in some cases, TLR4, Nucleotide-binding oligomerization domain-containing protein
2 (NOD2) or formyl peptide receptor 1 (FPR1), leading to efficient priming. This first step can
also be mediated indirectly by host factors such as TNF and TNFR engagement. The main NLRP3
inflammasome activation signals are dependent of bacterial toxins from Escherichia coli (e.g.,α-hemolysin),
Staphylococcus aureus (e.g., enterotoxin O), Streptococcus agalactiae (e.g., β-hemolysin), and Streptococcus
aureus (e.g., pneumolysin). The damages they cause to the neutrophil lead to increased potassium
(K+) efflux, extracellular ATP, and subsequent NLRP3 inflammasome assembly via P2X receptor 7
(P2X7R). (B). Non-canonical NLRP3 inflammasome activation in neutrophils. The non-canonical
NLRP3 inflammasome is activated in response to Gram-negative bacteria (Burkholderia thailandensis)
or filamentous fungi Aspergillus fumigatus. This triggers caspase-11 activation and then NLRP3
inflammasome activation. In response to A. fumigatus this pathway depends on Dectin-1, spleen
tyrosine kinase (SYK), and type I interferon (IFN-I) signaling. (C). Neutrophil-specific resistance to
pyroptosis. Neutrophils are resistant to pyroptosis likely because they produce low ASC, caspase-1,
and sterile alpha and TIR motif-containing 1 (SARM1) proteins as compared with macrophages.
Indeed, SARM1 seems to be a key regulator of the rate of Gasdermin D (GSDMD) pore formation at
the plasma membrane to mediate pyroptosis. Thus, low SARM1 production by neutrophils may lead
to decreased cell lysis.
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Priming Step

Pioneer experiments by Hartl’s and Hornung’s groups revealed that both mouse and
human neutrophils could be primed for IL-1β production in vitro with purified LPS result-
ing in increased transcription of Il1b and Nlrp3 mRNA [87,88]. Next, mechanisms driving
NLRP3 inflammasome priming in neutrophils in response to pathogenic bacteria were
investigated. For instance, the Gram-negative bacterium uropathogenic Escherichia coli [99]
induced NLRP3 inflammasome priming in human neutrophils independently of TLR sig-
naling [100]. A TLR-independent pathway was also observed in the context of infection
with the Gram-negative bacterium Helicobacter pylori using blocking antibodies targeting
TLR2 and TLR4 (Figure 2A) [101]. However, a subsequent study suggested that H. pylori
could prime neutrophils in a TLR2-dependent (but TLR4- and NOD2-independent) manner
using purified cells from gene-targeted mice (Figure 2A) [102]. Since the same bacterial
strain was used in both studies, it is possible that these discrepant results arose from the
different cellular sources used (lines vs. primary; human vs. mouse). Thus, the mechanisms
involved in neutrophilic NLRP3 inflammasome priming in response to Gram-negative
bacteria require additional studies.

Mechanistic studies have also been conducted using the Gram-positive bacteria Staphy-
lococcus aureus and Streptococcus pneumoniae, two pathogens with an extracellular lifestyle
that account for the most severe infections at barrier sites. In the presence of live S. aureus
mouse bone marrow neutrophils produced IL-1β that was dependent on multiple PRRs
including TLR2, NOD2 and formyl peptide receptor 1 (FPR-1), suggesting the contribu-
tion of these different innate sensors in NLRP3 inflammasome priming (Figure 2A) [90].
In response to S. pneumoniae, multiple pathways leading to inflammasome priming in
neutrophils have been proposed [93,94]. In vitro exposure of mouse bone marrow neu-
trophils with heat-killed (HK) S. pneumoniae resulted in a TLR2-dependent NLRP3 up-
regulation (Figure 2A) [93]. Moreover, the use of pharmacological inhibitors indicated
that TLR2-dependent NLRP3 priming in neutrophils occurred through the NF-κB and
MAPK/AP-1 pathways [93]. Alternatively, our lab observed that NLRP3 inflammasome
priming in lung neutrophils during S. pneumoniae-induced pneumonia was dominated by
host-derived TNF-α secreted by alveolar macrophages (Figure 2A) [94], although TNF-α
has been shown to exhibit weaker and delayed ability to prime NLRP3 inflammasome in
macrophages as compared with LPS [103]. However, we observed that TNF-α could prime
the NLRP3 inflammasome in neutrophils as early as 6 h post-S. pneumoniae infection [94].
A TNF-dependent NLRP3 priming in neutrophils appears to also operate during sterile
inflammation [104,105]. Thus, it is possible that the role of TNF-α in neutrophilic inflam-
masome priming dominates as compared with its contribution in macrophages. In line,
neutrophils express higher transcripts of Tnfrsf1a (encoding for TNFR1) as compared with
macrophages [106,107].

Since neutrophils can prime NLRP3 inflammasome through bacterial- and host-
derived molecules, the host is able to engage innate immunity upon direct or indirect
contact with bacteria whatever the site of infection.

Activation Step

In macrophages, the mechanisms leading to NLRP3 inflammasome oligomerization
are multiple, and a similar diversity of stimuli seems to be at play in neutrophils.

Classical activators such as extracellular ATP and nigericin—that both mediate K+ efflux
in vitro—activate NLRP3 inflammasomes in mouse and human neutrophils (Figure 2A) [87,88].
During bacterial infection, K+ efflux appears as a main driver in NLRP3 activation in
neutrophils, although the triggering mechanisms differ among studies. For instance,
pore-forming toxins from Escherichia coli (e.g., α-hemolysin), Staphylococcus aureus (e.g., en-
terotoxin O), Streptococcus agalactiae (e.g., β-hemolysin), and Streptococcus aureus (e.g., pneu-
molysin) lead to an increase in K+ efflux in neutrophils and subsequent NLRP3 inflam-
masome assembly (Figure 2A) [93,94,99,108,109]. Additionally, during S. pneumoniae
corneal infection, the extracellular release of ATP also induced K+ efflux in P2X receptor
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7 (P2X7R)-expressing neutrophils, culminating in NLRP3 inflammasome oligomerization
(Figure 2A) [92]. Exogenous ATP potentiates NLRP3 activity in neutrophils in response to
the enterotoxin O from S. aureus, although the biological relevance in vivo remains to be
determined (Figure 2A) [109].

Insoluble particulate and crystalline compounds are efficient activators of NLRP3
inflammasome in macrophages and dendritic cells [110]. This activation is mediated by
phagolysosomal disruption leading to the cathepsin-dependent assembly of the NLRP3
inflammasome [111]. Schroder’s lab has suggested that in neutrophils, the particles or
crystals weakly—if not—activated NLRP3 inflammasome [112]. However, two other
studies have challenged this observation and demonstrated that silica and uric acid may
trigger NLRP3 inflammasome activation in neutrophils [104,113]. These contradictory
observations are likely due to the different origin of neutrophils. Interestingly, serum
amyloid A could induce NLRP3 inflammasome activation in neutrophils independently
from K+ efflux [114] and be partially dependent on the spleen tyrosine kinase Syk [115].

Regarding the existing literature, the mechanisms of canonical NLRP3 inflammasome
activation appeared to be similar to the one observed for the macrophages or monocyte.
However, it remains to be determined whether other general NLRP3 inflammasome assem-
blies and activation mechanisms described in macrophages are functional in neutrophils,
including mitochondrial- or reticulum endoplasmic-dependent pathways.

3.2.2. Non-Canonical and Alternative Pathways

The non-canonical NLRP3 inflammasome represents an additional layer of defense
during infection and is mainly activated in response to intracellular pathogens (Figure 2B).
Caspase-11 senses the cytosolic LPS release by the intracellular bacteria and mediates
inflammasome activation (Figure 2B) [26]. Neutrophils transfected with LPS activate
the non-canonical inflammasome in caspase-11 and caspase-1 in the same manner as in
macrophages (Figure 2B) [55,116]. However, no pyroptosis was observed despite GSDMD
cleavage (Figure 2C), but rather a reliance on NETosis program cell death with chromatin
extrusion (Figure 3) [55]. GSDMD processing is entirely dependent on caspase-11 [55,116].
During Burkolderia thailandensis infection, non-canonical inflammasome is activated by both
caspase-1 and -11 [116]. However, while IL-1β processing depended on caspase-1, GSDMD
cleavage, neutrophil cell death, and invader pathogen clearance were mediated by caspase-
11 (Figures 2B and 3) [116]. The fungus Aspergillus fumigatus also engages the non-canonical
inflammasome pathway in neutrophils [117], leading to caspase-11-dependent activation of
caspase-1 for IL-1β processing (Figure 2B). Caspase-11 is regulated by type I IFN receptor-
dependent JAK-STAT signaling. Using swollen conidia, upregulation of the IL-1β pro-form
is controlled by the Dectin-1-dependent Raf1 pathway (Figure 2B) [117]. Interestingly, no
signs of function for caspase-11 was observed in vitro with macrophages; however, the
mice lacking caspase-11 were susceptible to invasive pulmonary aspergillosis [118,119].
The underlying mechanisms for caspase-11 requirement during fungal infection still need
to be elucidated.

Recently, the priming has been shown to be dispensable for NLRP3 inflammasome
activation in human neutrophils as for human monocyte [120,121]. This new observation
highlights the difference observed between the human and mouse models, and the impor-
tance of studying both models to decipher the underlying molecular mechanism. However,
the mechanism driving this alternative inflammasome activation is not known yet, which
needs further exploration [120].

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is sufficient to induce
NLRP3-dependent secretion of IL-1β by human neutrophils [122]. In vitro treatment of
neutrophils with recombinant GM-CSF led to upregulation of Il1b and Nlrp3 transcripts in a
JAK/STAT-dependent manner [122] as previously shown in macrophages [123]. However,
it remains unclear how GM-CSF controls NLRP3 inflammasome assembly and activation,
and further studies are warranted.
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3.3. Does NLRP3 Inflammasome-Mediated Cell Death Occur in Neutrophils?

An essential function of the inflammasome is to sense the intracellular pathogen to
maintain tissue homeostasis via two main steps. First of all, the inflammasome releases
the pro-inflammatory cytokine IL-1β to mediate immune cell recruitment to the site of
infection. Then, inflammasome induces death of the infected cells to control pathogen
dissemination [27]. Early studies on the inflammasome functions in neutrophils showed
that the inflammasome components (NLRP3, ASC, caspase-1) were expressed, and released
IL-1β, but surprisingly in absence of pyroptosis (Figure 2C) [55,92,93,124]. The mechanisms
associated with pyroptosis resistance in neutrophils remain unclear. Emerging evidence
suggest a fine-tuning of GSDMD cleavage and pore-forming at the plasma membrane [27].
It is proposed that the neutrophils have a low expression level of ASC and caspase-1 as
compared with macrophages, resulting in weak inflammasome complex formation [55,125],
which is essential for caspase-1 activity and duration [126].

Interestingly, caspase-1 is more efficient in processing the pro-IL-1β than GSDMD
protein, which may probably maintain neutrophils in a sublytic state allowing for IL-1β
release without cell death [55], as was observed in macrophages (Figure 2C) [127,128].
However, the formation of GSDMD-dependent pores of the plasma membrane is still
unknown and debated.

A study from Pearlman’s lab discovered that the GSDMDNT domain generated
during NLRP3 inflammasome signaling in neutrophils localizes within the membranes
of azurophilic granules and intracellular organelles rather than the plasma membrane
(Figure 3) [129]. However, the mechanisms accompanying the intracellular trafficking of
GSDMD are unknown and require further investigation. Carty et al. recently demonstrated
that sterile alpha and toll/interleukine-1 receptor motif-containing protein 1 (SARM1)
is involved in pyroptosis during NLRP3 inflammasome activation (Figure 2C) [130].
Macrophages lacking SARM1 have increased inflammasome activation, including caspase-
1 cleavage, ASC speck formation, and IL-1β release (Figure 2C). However, pyroptosis
is almost abolished, whereas GSDMD is still processed. SARM1 induces mitochondria
depolarization that mediates cell death, but the fine mechanism is still unknown [130].
Although this study confirmed the crucial role of mitochondria in regulating NLRP3 in-
flammasome, it raised two questions: does SARM1 participate in GSDMDNT trafficking to
the plasma membrane for efficient pyroptosis? Do other intrinsic or extrinsic TIR domain
proteins regulate pyroptosis? Interestingly, neutrophils express lower levels of SARM1
than macrophages, which may partially explain the absence of pyroptosis in neutrophils
(Figure 2C) [89]. Mitochondria are essential in fueling the cells and cell death fate decision
(apoptosis). Mitochondria in neutrophils display discrete metabolic properties [131]. Neu-
trophilic mitochondria do not synthesize ATP and have limited enzymatic activity [131].
So, is the lack of pyroptosis in neutrophils due to mitochondria dysfunction? Studying the
mitochondrial metabolism in neutrophils vs. macrophages may reveal new mechanisms in
pyroptosis regulation.

Intriguingly, while being unable to mediate pyroptosis in neutrophils, GSDMD con-
trols NETosis and NETs formation upon LPS-mediated non-canonical NLRP3 inflamma-
some and Gram-negative bacteria infection (Figure 3) [55,132]. Indeed, caspase-11 cleaves
GSDMD more efficiently than caspase-1 and that may explain why cell death in neutrophils
could be better controlled by the non-canonical pathway over the canonical NLRP3 inflam-
masome (Figures 2 and 3) [55]. GSDMD-mediated NETosis is independent of neutrophil
elastase, myeloperoxidase, and PAD4, which are key regulators of classical NETosis [55].
SARM1 seems to be dispensable in GSDMD-mediated NETosis, nuclear delobulation, DNA
extrusion, and rupture of the nuclear membrane. SARM1 may be specific to pyroptosis by
controlling GSDMD pore formation at the plasma membrane. Thus, it will be of interest to
investigate the trafficking of GSDMD and other gasdermin family members in neutrophils
and macrophages upon multiple cell death triggers.

In term, neutrophils have a short lifetime, but they are surprisingly resistant to pyropto-
sis during inflammasome activation due to a GSDMD pore-forming fine-tuning. However,
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non-canonical NLRP3 inflammasome activation mediates a complex lytic cell death called
NETosis with nuclear extrusion and DNA net release.
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Figure 3. Mechanism of GSDMD-mediated NETosis. The LPS released intracellularly by Gram-
negative bacteria binds to the protease caspase-11. In turn, activated caspase-11 highly efficiently
cleaves Gasdermin D (GSDMD) which releases GSDMDNT into the cytoplasm of neutrophils. The
Gasdermin D N-terminal domain (GSDMDNT) lytic fragment is localized within the membranes of
azurophilic granules and intracellular organelles rather than the plasma membrane of neutrophils.
The pore formation in neutrophil organelles enables the release of enzymes and proteases that may
participate in nuclear delobulation, histone citrullination, DNA extrusion, and rupture of the nuclear
envelope. The activated cells died under the neutrophil-specific program cell death mediating the
formation of NET (neutrophil extracellular traps) named as NETosis. Then, NETs are released in the
milieu to capture and to kill the bacteria.

3.4. Relevant Functions of the NLRP3 Inflammasome Activation by Neutrophils in Diseases

The biological relevance of the neutrophilic NLRP3 inflammasome has been evaluated
in various conditions, including sterile inflammation and infections conferring to this
pathway, either protective or deleterious phenotypes. Its role was mainly investigated by
combining data from NLRP3 inflammasome component-deficient and neutrophil-depleted
mice. However, the recent generation of mouse models with specific deletion of NLRP3 in-
flammasome components in neutrophils enabled a more thorough evaluation of this pathway.

3.4.1. (Auto)-Inflammation

Cryopyrin-associated periodic syndrome (CAPS) represents a group of heterogeneous
autoinflammatory disorders caused by gain-of-function (GOF) mutations in NLRP3 [133].
This leads to constitutive production of IL-1β and culminates in systemic inflammation
with multiple clinical manifestations including fever, skin rash, joint inflammation, and
keratitis [134]. Using two mouse models displaying GOF mutations in NLRP3 (Nlrp3A350V

and Nlrp3L351P) associated with two clinical entities of CAPS, namely Muckle-Wells syn-
drome and familial cold autoinflammatory syndrome [135], authors demonstrated that
targeted and specific GOF mutations in NLRP3 in neutrophils (Nlrp3A350VMRP8cre and
Nlrp3L351PMRP8cre mice model) were sufficient to trigger severe CAPS-like phenotype
as judged by the intense extent of skin inflammation [98]. Indeed, the skin-infiltrating
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neutrophils of patients with CAPS syndrome represent an essential source of bioactive
IL-1β [98]. Regarding skin-infiltrating macrophages and dendritic cells, their contribution
was partial, as only 10% of these cells released IL-1β, whereas the CAPS syndrome was
totally independent of mast cells [98]. This study strongly suggests that neutrophils repre-
sent the leading cause of CAPS pathologies and should be considered as specific targets to
modulate IL1β release. Therefore, a bispecific antibody targeting neutrophils and the IL-1
pathway would be a good therapeutic tool.

Gouty arthritis is a debilitating and painful inflammatory condition caused by the
deposition of monosodium urate crystals in joints [136]. In an experimental model of gout in
rat, neutrophilic NLRP3 inflammasome has been suggested as an essential source of IL-1β
contributing to enhancing inflammation and pain [113]. However, the mechanisms involved
in NLRP3 activity have not yet been investigated. Regarding the limited capacity of
neutrophils to activate NLRP3 inflammasome through crystalline compounds, the activity
of the neutrophilic NLRP3 inflammasome may rely on classical inflammation-associated
host-derived molecules such as alarmins (e.g., DNA, HSP, HMGB1, Ca2+-binding S100a8/a9
proteins, ATP or hyaluronic acid). Interestingly, the ketogenic diet (β-hydroxybutyrate) in
the gouty arthritis model rat model can inhibit both NLRP3 inflammasome priming and
assembly step in neutrophils [113].

3.4.2. Infections

During Staphylococcus aureus cutaneous infection, abscess formation is a mandatory
step in developing the host immune response, a process that largely relies on neutrophil
recruitment. Interestingly, NLRP3 inflammasome-dependent IL-1β release by neutrophils
appeared to be essential in this process, which conferred a role in bacterial clearance [90].
The neutrophilic NLRP3 inflammasome was also proposed to contribute to the host re-
sponse in various models of Streptococcus pneumoniae infections [92–94]. In an S. pneumoniae
corneal infection model, NLRP3-dependent IL-1β secretion by neutrophils controlled their
own recruitment to facilitate bacterial clearance at the expense of increased keratitis [92,93].
During pneumococcal respiratory infection, neutrophilic NLRP3 inflammasome-dependent
IL-1β secretion also controlled neutrophil recruitment into the lung tissues to exert their an-
timicrobial properties [94]. However, in this model, we demonstrated that IL-1β indirectly
recruited neutrophils by activating IL-17A-producing γδT cells [94].

A role for neutrophil-derived IL-1β has also been demonstrated during corneal infec-
tion with the filamentous fungus A. fumigatus [117]. Similar to the S. pneumoniae model [93],
neutrophilic NLRP3-dependent IL-1β secretion controlled neutrophil recruitment to contain
the hyphal mass at the expense of more corneal opacity [117].

The contribution of the NLRP3-inflammasome in neutrophils during viral infection
has recently emerged during COVID-19. Both alterations in functions of neutrophils
and the NLRP3 inflammasome appear to contribute to COVID-19 pathogenesis [137,138].
Interestingly, a recent clinical study revealed that circulating neutrophil subsets from
COVID-19 patients display reduced intrinsic caspase-1 activity in response to classical
NLRP3 inflammasome activators [138]. Of note, decreased activity was accentuated during
severe clinical episode and returned to normal levels—as observed in healthy donors—
when patients recovered [138]. Although the underlying mechanisms are unknown, this
may be linked to the increased proportion of “immature/suppressive” neutrophils observed
in severe forms of COVID-19. Alternatively, a negative regulatory mechanism may dampen
the inflammasome activation [137,139]. However, in this study, the authors triggered
NLRP3 inflammasome activation in circulating neutrophils with nigericin only [138]. It
will be of high interest to test other NLRP3 inflammasome triggers to understand whether
the mechanism specifically depends on the pore forming toxins. Moreover, as circulating
neutrophils may differ from their extravasated counterparts, the role of inflammasome in
airway neutrophils during COVID-19 remains to be clarified. However, circulating and
airway neutrophils from severe COVID-19 patients were recently shown to have already
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ASC speck formed and release active IL-1β and IL-18 cytokines with positive citrullinated
Histone 3 nuclei, suggesting a link between inflammasome and NETosis [120].

Interestingly, the Marichal’s lab observed that the pathological function of neutrophils
in severe COVID-19 infection was due to the release of NETs both in lung airway tissue
and the vascular compartment [47]. The NETs formation is a marker for severe pulmonary
complications in COVID-19. However, the link between the NLRP3 inflammasome and
NETs release has not yet been explored in this setting. The investigation of GSDMD
cleavage in airway-infiltrating neutrophils should reveal interesting mechanisms and open
the way for new treatment options in severe pneumonia.

A reduced activity of the neutrophilic NLRP3 inflammasome during infection was also
illustrated in vitro in response to the protozoan Toxoplasma gondii infection [140]. T. gondii
inhibited phosphorylation of the p65 subunit of NF-κB in LPS-primed neutrophils affecting
the NLRP3 inflammasome priming step [140]. Thus, this mechanism may represent a
pathway for T. gondii to subvert neutrophil-dependent immunity.

Altogether, neutrophilic NLRP3 inflammasome emerged as a key pathway in orches-
trating the immune response in many pathological conditions. Further studies will be
essential to evaluate its contribution to low-grade inflammatory conditions such as cancer
and/or chronic infections. Of note, NLRP3 inflammasome in neutrophils has been shown
to be activated during H. pylori [102]. Since IL-1β is a critical factor in the development of
gastrointestinal cancer during chronic H. pylori infection [141], this pathway should also be
explored in this pathophysiological process.

4. Concluding Remarks

After long debate, doubt on inflammasome activity in neutrophils has now been
dismissed. Neutrophils can effectively activate the canonical and non-canonical NLRP3
inflammasomes as macrophages (Table 1). However, many gaps still need to be filled. The
regulatory mechanisms of NLRP3 are complex, involving an array of transcription factors
and regulatory molecules, which need to be fine-tuned [9]. The requirement of Nina-related
kinase 7 (NEK7)-binding on NLRP3 inflammasome in neutrophils is still unknown, and
only a few NLRP3 triggers have been tested and identified. The knowledge of activators or
triggers, as well as the identification of host signaling components, needs to be expanded.
Large screens using CRISPR technology may be valuable to understand inflammasome
regulation in neutrophils. Since the genetic manipulation of primary neutrophils is almost
impossible, the future generation of neutrophil cell lines will be likely helpful.

Only a few pathogens are described to regulate inflammasome in neutrophils. A.
fumigatus activates caspase-11 in neutrophils [117], whereas in macrophages, inflammasome
activation is caspase-11 independent [119]. Since fungi do not produce LPS, ligands
mediating caspase-11 activation need to be identified. Recently, the galactosaminogalactan
(GAG) of A. fumigatus has been shown to mediate NLRP3 inflammasome activation by
reticulum endoplasmic stress mechanism [25]. Do GAG or other fungal polysaccharides
bind to caspase-11 to activate NLRP3 in neutrophils?

The cell-specific regulation of death in neutrophils is fascinating. Neutrophils were
long-considered short-lived, but they can expand their life time under inflammatory condi-
tions by switching off apoptosis. Neutrophils are fully resistant to pyroptosis, despite clear
signs of GSDMD activation. The activation of GSDMD and release of the lytic executioner
GSDMDNT forms pores in the intracellular vesicle compartment but not at the membrane,
which induces NETosis-like cell death. Thus, the regulation of pyroptosis in neutrophils is
not as straightforward as defined in macrophages. Additional efforts on the understanding
of cellular trafficking of GSDMDNT are needed and may reveal new and exciting pathways.
The roles of other members of the GSDM family (GSDMA, GSDMB, GSDMC, GSDME,
and GSDMF) in neutrophil biology are currently unknown. For instance, GSDME plays
a crucial role in specific cell type and caspase-3/-7 apoptosis [142,143]. Do other GSDM
family members regulate NETosis cell death and NETs release?
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Table 1. Specific and conserved activation mechanisms of NLRP3 inflammasome and associated-cell
death in macrophages vs. neutrophils. The table depicts only conditions in which mechanisms
between macrophages and neutrophils have been compared. TLR, Toll-like receptors; TNF-R, tumor
necrosis factor α receptor; IL-1R, interleukine-1 receptor; NOD, nucleotide-binding oligomerization
domain; CLR, C-type lectin receptors; NF-κB, Nuclear factor kappa B; MAPK, mitogen-activated
protein kinase; ASK, apoptosis signal-regulating kinase; CASP8, caspase-8; FADD, FAS-associated
death domain; AP-1, Activator protein 1; Syk, spleen tyrosine kinase; K, potassium; GSDMD,
gasdermin D; CASP11, caspase-11; LPS, lipopolysaccharide; GBP, guanylate-binding proteins; IRGB10,
immunity-related GTPase family member b10; IFN, interferon; NETosis, neutrophil extracellular
traps-osis.
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For obvious technical reasons, many studies are performed ex vivo using neutrophils
isolated from mouse bone marrow or human blood. However, in vivo functions of in-
flammasomes in neutrophils during infection or autoinflammatory disease are likely more
complex. The recent development of mice with conditional NLRP3 inflammasome defi-
ciency in neutrophils represents an important step forward. Such tools revealed that the
pathological GOF in NLRP3 during CAPS was dependent on neutrophils [98]. In the near
future, generation of mice with specific deletion of given inflammasome components in
neutrophils (Nlrp3fl/flMRP8cre, Ascfl/flMRP8cre Caspase-1fl/flMRP8cre, Caspase-11fl/flMRP8cre,
GSDMDfl/flMRP8cre) will be highly valuable. Recently, Caspase-1fl/flMRP8cre mice enabled
demonstrating that neutrophils activated NLRC4 inflammasome in response to P. aerugi-
nosa and were competent for pyroptosis activation upon “incomplete NETosis” [144]. This
interesting study raises key questions: is this mechanism specific to P. aeruginosa infection
and/or neutrophilic NLRC4 inflammasome? In any case, this study nicely illustrated the
complex conundrum of cell death regulation within neutrophils and the importance of
further dedicated studies.

Here, we reviewed and discussed the activation mechanisms of NLRP3 inflammasome
in neutrophils as well as its functional relevance during infections and inflammatory
diseases. Although our understanding of the neutrophilic NLRP3 inflammasome biology
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is still in its infancy, its specific harnessing may represent a relevant option for new cell-
based immunotherapies. In addition, neutrophils appear to have the potential to activate
other inflammasomes such as NLRC4 and Aim2 even though the regulatory mechanisms
involved are unclear. Altogether, neutrophils now emerge as critical cellular components
in the biology of inflammasomes. Further investigations should be encouraged to better
appreciate the fine mechanisms of action regulation and clinical relevance beyond infection
and inflammation.

Author Contributions: C.P., E.D.-D., N.W. and B.B. contributed to the gathering of information and
writing and editing of this review. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by FEDER-FSE Centre Val de Loire 2014–2020, grant number
EX 010233.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge many investigators in the field whose primary data
could not be cited in this review because of space limitations. This work was supported by the FEDER
EURO-Féri grant N FEDER—FSE 2014-2020/EX010233. The authors declare no financial conflicts
of interest.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Riera Romo, M.; Pérez-Martínez, D.; Castillo Ferrer, C. Innate Immunity in Vertebrates: An Overview. Immunology 2016, 148,

125–139. [CrossRef] [PubMed]
2. Briard, B.; Place, D.E.; Kanneganti, T.-D. DNA Sensing in the Innate Immune Response. Physiology 2020, 35, 112–124. [CrossRef]

[PubMed]
3. Broz, P.; Dixit, V.M. Inflammasomes: Mechanism of Assembly, Regulation and Signalling. Nat. Rev. Immunol. 2016, 16, 407–420.

[CrossRef] [PubMed]
4. Kanneganti, T.-D. Intracellular Innate Immune Receptors: Life inside the Cell. Immunol. Rev. 2020, 297, 5–12. [CrossRef]
5. Xue, Y.; Enosi Tuipulotu, D.; Tan, W.H.; Kay, C.; Man, S.M. Emerging Activators and Regulators of Inflammasomes and Pyroptosis.

Trends Immunol. 2019, 40, 1035–1052. [CrossRef]
6. Kanneganti, T.-D. The Inflammasome: Firing up Innate Immunity. Immunol. Rev. 2015, 265, 1–5. [CrossRef]
7. Man, S.M.; Kanneganti, T.-D. Converging Roles of Caspases in Inflammasome Activation, Cell Death and Innate Immunity. Nat.

Rev. Immunol. 2016, 16, 7–21. [CrossRef]
8. Swanson, K.V.; Deng, M.; Ting, J.P.-Y. The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat. Rev.

Immunol. 2019, 19, 477–489. [CrossRef]
9. Christgen, S.; Place, D.E.; Kanneganti, T.-D. Toward Targeting Inflammasomes: Insights into Their Regulation and Activation.

Cell Res. 2020, 30, 315–327. [CrossRef]
10. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by Inflammatory

Caspases Determines Pyroptotic Cell Death. Nature 2015, 526, 660–665. [CrossRef]
11. Kayagaki, N.; Stowe, I.B.; Lee, B.L.; O’Rourke, K.; Anderson, K.; Warming, S.; Cuellar, T.; Haley, B.; Roose-Girma, M.; Phung,

Q.T.; et al. Caspase-11 Cleaves Gasdermin D for Non-Canonical Inflammasome Signalling. Nature 2015, 526, 666–671. [CrossRef]
[PubMed]

12. Broz, P.; von Moltke, J.; Jones, J.W.; Vance, R.E.; Monack, D.M. Differential Requirement for Caspase-1 Autoproteolysis in
Pathogen-Induced Cell Death and Cytokine Processing. Cell Host Microbe 2010, 8, 471–483. [CrossRef] [PubMed]

13. Zhao, Y.; Yang, J.; Shi, J.; Gong, Y.-N.; Lu, Q.; Xu, H.; Liu, L.; Shao, F. The NLRC4 Inflammasome Receptors for Bacterial Flagellin
and Type III Secretion Apparatus. Nature 2011, 477, 596–600. [CrossRef] [PubMed]

14. Van Opdenbosch, N.; Gurung, P.; Vande Walle, L.; Fossoul, A.; Kanneganti, T.-D.; Lamkanfi, M. Activation of the NLRP1b
Inflammasome Independently of ASC-Mediated Caspase-1 Autoproteolysis and Speck Formation. Nat. Commun. 2014, 5, 3209.
[CrossRef]

15. Chavarría-Smith, J.; Vance, R.E. Direct Proteolytic Cleavage of NLRP1B Is Necessary and Sufficient for Inflammasome Activation
by Anthrax Lethal Factor. PLoS Pathog. 2013, 9, e1003452. [CrossRef]

16. Levinsohn, J.L.; Newman, Z.L.; Hellmich, K.A.; Fattah, R.; Getz, M.A.; Liu, S.; Sastalla, I.; Leppla, S.H.; Moayeri, M. Anthrax
Lethal Factor Cleavage of Nlrp1 Is Required for Activation of the Inflammasome. PLoS Pathog. 2012, 8, e1002638. [CrossRef]

http://doi.org/10.1111/imm.12597
http://www.ncbi.nlm.nih.gov/pubmed/26878338
http://doi.org/10.1152/physiol.00022.2019
http://www.ncbi.nlm.nih.gov/pubmed/32027562
http://doi.org/10.1038/nri.2016.58
http://www.ncbi.nlm.nih.gov/pubmed/27291964
http://doi.org/10.1111/imr.12912
http://doi.org/10.1016/j.it.2019.09.005
http://doi.org/10.1111/imr.12297
http://doi.org/10.1038/nri.2015.7
http://doi.org/10.1038/s41577-019-0165-0
http://doi.org/10.1038/s41422-020-0295-8
http://doi.org/10.1038/nature15514
http://doi.org/10.1038/nature15541
http://www.ncbi.nlm.nih.gov/pubmed/26375259
http://doi.org/10.1016/j.chom.2010.11.007
http://www.ncbi.nlm.nih.gov/pubmed/21147462
http://doi.org/10.1038/nature10510
http://www.ncbi.nlm.nih.gov/pubmed/21918512
http://doi.org/10.1038/ncomms4209
http://doi.org/10.1371/journal.ppat.1003452
http://doi.org/10.1371/journal.ppat.1002638


Cells 2022, 11, 1188 16 of 21

17. Sandstrom, A.; Mitchell, P.S.; Goers, L.; Mu, E.W.; Lesser, C.F.; Vance, R.E. Functional Degradation: A Mechanism of NLRP1
Inflammasome Activation by Diverse Pathogen Enzymes. Science 2019, 364, eaau1330. [CrossRef]

18. Franchi, L.; Amer, A.; Body-Malapel, M.; Kanneganti, T.-D.; Özören, N.; Jagirdar, R.; Inohara, N.; Vandenabeele, P.; Bertin,
J.; Coyle, A.; et al. Cytosolic Flagellin Requires Ipaf for Activation of Caspase-1 and Interleukin 1β in Salmonella-Infected
Macrophages. Nat. Immunol. 2006, 7, 576–582. [CrossRef]

19. Fernandes-Alnemri, T.; Yu, J.-W.; Datta, P.; Wu, J.; Alnemri, E.S. AIM2 Activates the Inflammasome and Cell Death in Response to
Cytoplasmic DNA. Nature 2009, 458, 509–513. [CrossRef]

20. Xu, H.; Yang, J.; Gao, W.; Li, L.; Li, P.; Zhang, L.; Gong, Y.-N.; Peng, X.; Xi, J.J.; Chen, S.; et al. Innate Immune Sensing of Bacterial
Modifications of Rho GTPases by the Pyrin Inflammasome. Nature 2014, 513, 237–241. [CrossRef]

21. Sharma, B.R.; Kanneganti, T.-D. NLRP3 Inflammasome in Cancer and Metabolic Diseases. Nat. Immunol. 2021, 22, 550–559.
[CrossRef] [PubMed]

22. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of Activation and Regulation.
Int. J. Mol. Sci. 2019, 20, 3328. [CrossRef] [PubMed]

23. Moretti, J.; Blander, J.M. Increasing Complexity of NLRP3 Inflammasome Regulation. J. Leukoc. Biol. 2021, 109, 561–571. [CrossRef]
[PubMed]

24. Rathinam, V.A.K.; Zhao, Y.; Shao, F. Innate Immunity to Intracellular LPS. Nat. Immunol. 2019, 20, 527–533. [CrossRef]
25. Briard, B.; Fontaine, T.; Samir, P.; Place, D.E.; Muszkieta, L.; Malireddi, R.K.S.; Karki, R.; Christgen, S.; Bomme, P.; Vogel, P.; et al.

Galactosaminogalactan Activates the Inflammasome to Provide Host Protection. Nature 2020, 588, 688–692. [CrossRef]
26. Shi, J.; Zhao, Y.; Wang, Y.; Gao, W.; Ding, J.; Li, P.; Hu, L.; Shao, F. Inflammatory Caspases Are Innate Immune Receptors for

Intracellular LPS. Nature 2014, 514, 187–192. [CrossRef]
27. Chen, K.W.; Demarco, B.; Broz, P. Beyond Inflammasomes: Emerging Function of Gasdermins during Apoptosis and NETosis.

EMBO J. 2020, 39, e103397. [CrossRef]
28. Mestas, J.; Hughes, C.C.W. Of Mice and Not Men: Differences between Mouse and Human Immunology. J. Immunol. 2004, 172,

2731–2738. [CrossRef]
29. Yipp, B.G.; Kim, J.H.; Lima, R.; Zbytnuik, L.D.; Petri, B.; Swanlund, N.; Ho, M.; Szeto, V.G.; Tak, T.; Koenderman, L.; et al.

The Lung Is a Host Defense Niche for Immediate Neutrophil-Mediated Vascular Protection. Sci. Immunol. 2017, 2, eaam8929.
[CrossRef]

30. Basu, S.; Hodgson, G.; Katz, M.; Dunn, A.R. Evaluation of Role of G-CSF in the Production, Survival, and Release of Neutrophils
from Bone Marrow into Circulation. Blood 2002, 100, 854–861. [CrossRef]

31. Pillay, J.; den Braber, I.; Vrisekoop, N.; Kwast, L.M.; de Boer, R.J.; Borghans, J.A.M.; Tesselaar, K.; Koenderman, L. In Vivo Labeling
with 2H2O Reveals a Human Neutrophil Lifespan of 5.4 Days. Blood 2010, 116, 625–627. [CrossRef] [PubMed]

32. Galli, S.J.; Borregaard, N.; Wynn, T.A. Phenotypic and Functional Plasticity of Cells of Innate Immunity: Macrophages, Mast Cells
and Neutrophils. Nat. Immunol. 2011, 12, 1035–1044. [CrossRef] [PubMed]

33. Summers, C.; Rankin, S.M.; Condliffe, A.M.; Singh, N.; Peters, A.M.; Chilvers, E.R. Neutrophil Kinetics in Health and Disease.
Trends Immunol. 2010, 31, 318–324. [CrossRef] [PubMed]

34. Colotta, F.; Re, F.; Polentarutti, N.; Sozzani, S.; Mantovani, A. Modulation of Granulocyte Survival and Programmed Cell Death
by Cytokines and Bacterial Products. Blood 1992, 80, 2012–2020. [CrossRef]

35. Silvestre-Roig, C.; Hidalgo, A.; Soehnlein, O. Neutrophil Heterogeneity: Implications for Homeostasis and Pathogenesis. Blood
2016, 127, 2173–2181. [CrossRef]

36. Deniset, J.F.; Surewaard, B.G.; Lee, W.-Y.; Kubes, P. Splenic Ly6Ghigh Mature and Ly6Gint Immature Neutrophils Contribute to
Eradication of S. Pneumoniae. J. Exp. Med. 2017, 214, 1333–1350. [CrossRef]

37. Segal, A.W. How Neutrophils Kill Microbes. Annu. Rev. Immunol. 2005, 23, 197–223. [CrossRef]
38. Buvelot, H.; Posfay-Barbe, K.M.; Linder, P.; Schrenzel, J.; Krause, K.-H. Staphylococcus Aureus, Phagocyte NADPH Oxidase and

Chronic Granulomatous Disease. FEMS Microbiol. Rev. 2017, 41, 139–157. [CrossRef]
39. Song, E.; Jaishankar, G.B.; Saleh, H.; Jithpratuck, W.; Sahni, R.; Krishnaswamy, G. Chronic Granulomatous Disease: A Review of

the Infectious and Inflammatory Complications. Clin. Mol. Allergy 2011, 9, 10. [CrossRef]
40. Kutter, D.; Devaquet, P.; Vanderstocken, G.; Paulus, J.M.; Marchal, V.; Gothot, A. Consequences of Total and Subtotal Myeloperox-

idase Deficiency: Risk or Benefit? AHA 2000, 104, 10–15. [CrossRef]
41. Borregaard, N. Neutrophils, from Marrow to Microbes. Immunity 2010, 33, 657–670. [CrossRef] [PubMed]
42. Papayannopoulos, V. Neutrophil Extracellular Traps in Immunity and Disease. Nat. Rev. Immunol. 2018, 18, 134–147. [CrossRef]

[PubMed]
43. Megens, R.T.A.; Vijayan, S.; Lievens, D.; Döring, Y.; van Zandvoort, M.A.M.J.; Grommes, J.; Weber, C.; Soehnlein, O. Presence of

Luminal Neutrophil Extracellular Traps in Atherosclerosis. Thromb. Haemost. 2012, 107, 597–598. [CrossRef] [PubMed]
44. Khandpur, R.; Carmona-Rivera, C.; Vivekanandan-Giri, A.; Gizinski, A.; Yalavarthi, S.; Knight, J.S.; Friday, S.; Li, S.; Patel, R.M.;

Subramanian, V.; et al. NETs Are a Source of Citrullinated Autoantigens and Stimulate Inflammatory Responses in Rheumatoid
Arthritis. Sci. Transl. Med. 2013, 5, 178ra40. [CrossRef] [PubMed]

45. Garcia-Romo, G.S.; Caielli, S.; Vega, B.; Connolly, J.; Allantaz, F.; Xu, Z.; Punaro, M.; Baisch, J.; Guiducci, C.; Coffman, R.L.; et al.
Netting Neutrophils Are Major Inducers of Type I IFN Production in Pediatric Systemic Lupus Erythematosus. Sci. Transl. Med.
2011, 3, 73ra20. [CrossRef]

http://doi.org/10.1126/science.aau1330
http://doi.org/10.1038/ni1346
http://doi.org/10.1038/nature07710
http://doi.org/10.1038/nature13449
http://doi.org/10.1038/s41590-021-00886-5
http://www.ncbi.nlm.nih.gov/pubmed/33707781
http://doi.org/10.3390/ijms20133328
http://www.ncbi.nlm.nih.gov/pubmed/31284572
http://doi.org/10.1002/JLB.3MR0520-104RR
http://www.ncbi.nlm.nih.gov/pubmed/32531835
http://doi.org/10.1038/s41590-019-0368-3
http://doi.org/10.1038/s41586-020-2996-z
http://doi.org/10.1038/nature13683
http://doi.org/10.15252/embj.2019103397
http://doi.org/10.4049/jimmunol.172.5.2731
http://doi.org/10.1126/sciimmunol.aam8929
http://doi.org/10.1182/blood.V100.3.854
http://doi.org/10.1182/blood-2010-01-259028
http://www.ncbi.nlm.nih.gov/pubmed/20410504
http://doi.org/10.1038/ni.2109
http://www.ncbi.nlm.nih.gov/pubmed/22012443
http://doi.org/10.1016/j.it.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20620114
http://doi.org/10.1182/blood.V80.8.2012.2012
http://doi.org/10.1182/blood-2016-01-688887
http://doi.org/10.1084/jem.20161621
http://doi.org/10.1146/annurev.immunol.23.021704.115653
http://doi.org/10.1093/femsre/fuw042
http://doi.org/10.1186/1476-7961-9-10
http://doi.org/10.1159/000041062
http://doi.org/10.1016/j.immuni.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21094463
http://doi.org/10.1038/nri.2017.105
http://www.ncbi.nlm.nih.gov/pubmed/28990587
http://doi.org/10.1160/TH11-09-0650
http://www.ncbi.nlm.nih.gov/pubmed/22318427
http://doi.org/10.1126/scitranslmed.3005580
http://www.ncbi.nlm.nih.gov/pubmed/23536012
http://doi.org/10.1126/scitranslmed.3001201


Cells 2022, 11, 1188 17 of 21

46. Radermecker, C.; Louis, R.; Bureau, F.; Marichal, T. Role of Neutrophils in Allergic Asthma. Curr. Opin. Immunol. 2018, 54, 28–34.
[CrossRef]

47. Radermecker, C.; Detrembleur, N.; Guiot, J.; Cavalier, E.; Henket, M.; d’Emal, C.; Vanwinge, C.; Cataldo, D.; Oury, C.; Delvenne,
P.; et al. Neutrophil Extracellular Traps Infiltrate the Lung Airway, Interstitial, and Vascular Compartments in Severe COVID-19.
J. Exp. Med. 2020, 217, e20201012. [CrossRef]

48. Yipp, B.G.; Petri, B.; Salina, D.; Jenne, C.N.; Scott, B.N.V.; Zbytnuik, L.D.; Pittman, K.; Asaduzzaman, M.; Wu, K.; Meijndert,
H.C.; et al. Infection-Induced NETosis Is a Dynamic Process Involving Neutrophil Multitasking in Vivo. Nat. Med. 2012, 18,
1386–1393. [CrossRef]

49. Papayannopoulos, V.; Staab, D.; Zychlinsky, A. Neutrophil Elastase Enhances Sputum Solubilization in Cystic Fibrosis Patients
Receiving DNase Therapy. PLoS ONE 2011, 6, e28526. [CrossRef]

50. Moreira-Teixeira, L.; Stimpson, P.J.; Stavropoulos, E.; Hadebe, S.; Chakravarty, P.; Ioannou, M.; Aramburu, I.V.; Herbert,
E.; Priestnall, S.L.; Suarez-Bonnet, A.; et al. Type I IFN Exacerbates Disease in Tuberculosis-Susceptible Mice by Inducing
Neutrophil-Mediated Lung Inflammation and NETosis. Nat. Commun. 2020, 11, 5566. [CrossRef]

51. de Melo, M.G.M.; Mesquita, E.D.D.; Oliveira, M.M.; da Silva-Monteiro, C.; Silveira, A.K.A.; Malaquias, T.S.; Dutra, T.C.P.; Galliez,
R.M.; Kritski, A.L.; Silva, E.C.; et al. Imbalance of NET and Alpha-1-Antitrypsin in Tuberculosis Patients Is Related With Hyper
Inflammation and Severe Lung Tissue Damage. Front. Immunol. 2019, 9, 3147. [CrossRef] [PubMed]

52. Fuchs, T.A.; Abed, U.; Goosmann, C.; Hurwitz, R.; Schulze, I.; Wahn, V.; Weinrauch, Y.; Brinkmann, V.; Zychlinsky, A. Novel Cell
Death Program Leads to Neutrophil Extracellular Traps. J. Cell Biol. 2007, 176, 231–241. [CrossRef] [PubMed]

53. Thiam, H.R.; Wong, S.L.; Wagner, D.D.; Waterman, C.M. Cellular Mechanisms of NETosis. Annu. Rev. Cell Dev. Biol. 2020, 36,
191–218. [CrossRef] [PubMed]

54. Vorobjeva, N.V.; Chernyak, B.V. NETosis: Molecular Mechanisms, Role in Physiology and Pathology. Biochem. Mosc. 2020, 85,
1178–1190. [CrossRef] [PubMed]

55. Chen, K.W.; Monteleone, M.; Boucher, D.; Sollberger, G.; Ramnath, D.; Condon, N.D.; von Pein, J.B.; Broz, P.; Sweet, M.J.; Schroder,
K. Noncanonical Inflammasome Signaling Elicits Gasdermin D–Dependent Neutrophil Extracellular Traps. Sci. Immunol. 2018, 3.
[CrossRef] [PubMed]

56. Sollberger, G.; Choidas, A.; Burn, G.L.; Habenberger, P.; Di Lucrezia, R.; Kordes, S.; Menninger, S.; Eickhoff, J.; Nussbaumer,
P.; Klebl, B.; et al. Gasdermin D Plays a Vital Role in the Generation of Neutrophil Extracellular Traps. Sci. Immunol. 2018, 3,
eaar6689. [CrossRef]

57. Phillipson, M.; Kubes, P. The Healing Power of Neutrophils. Trends Immunol. 2019, 40, 635–647. [CrossRef]
58. Puga, I.; Cols, M.; Barra, C.M.; He, B.; Cassis, L.; Gentile, M.; Comerma, L.; Chorny, A.; Shan, M.; Xu, W.; et al. B Cell–Helper

Neutrophils Stimulate the Diversification and Production of Immunoglobulin in the Marginal Zone of the Spleen. Nat. Immunol.
2012, 13, 170–180. [CrossRef]

59. Tecchio, C.; Cassatella, M.A. Neutrophil-Derived Chemokines on the Road to Immunity. Semin. Immunol. 2016, 28, 119–128.
[CrossRef]

60. Mantovani, A.; Cassatella, M.A.; Costantini, C.; Jaillon, S. Neutrophils in the Activation and Regulation of Innate and Adaptive
Immunity. Nat. Rev. Immunol. 2011, 11, 519–531. [CrossRef]

61. Sagiv, J.Y.; Voels, S.; Granot, Z. Isolation and Characterization of Low- vs. High-Density Neutrophils in Cancer. Methods Mol. Biol.
2016, 1458, 179–193. [CrossRef] [PubMed]

62. Sagiv, J.Y.; Michaeli, J.; Assi, S.; Mishalian, I.; Kisos, H.; Levy, L.; Damti, P.; Lumbroso, D.; Polyansky, L.; Sionov, R.V.; et al.
Phenotypic Diversity and Plasticity in Circulating Neutrophil Subpopulations in Cancer. Cell Rep. 2015, 10, 562–573. [CrossRef]
[PubMed]

63. Rahman, S.; Sagar, D.; Hanna, R.N.; Lightfoot, Y.L.; Mistry, P.; Smith, C.K.; Manna, Z.; Hasni, S.; Siegel, R.M.; Sanjuan, M.A.; et al.
Low-Density Granulocytes Activate T Cells and Demonstrate a Non-Suppressive Role in Systemic Lupus Erythematosus. Ann.
Rheum. Dis. 2019, 78, 957–966. [CrossRef] [PubMed]

64. Brandau, S.; Trellakis, S.; Bruderek, K.; Schmaltz, D.; Steller, G.; Elian, M.; Suttmann, H.; Schenck, M.; Welling, J.; Zabel, P.; et al.
Myeloid-Derived Suppressor Cells in the Peripheral Blood of Cancer Patients Contain a Subset of Immature Neutrophils with
Impaired Migratory Properties. J. Leukoc. Biol. 2011, 89, 311–317. [CrossRef]

65. Deng, Y.; Ye, J.; Luo, Q.; Huang, Z.; Peng, Y.; Xiong, G.; Guo, Y.; Jiang, H.; Li, J. Low-Density Granulocytes Are Elevated in
Mycobacterial Infection and Associated with the Severity of Tuberculosis. PLoS ONE 2016, 11, e0153567. [CrossRef]

66. Rocha, B.C.; Marques, P.E.; Leoratti, F.M.D.S.; Junqueira, C.; Pereira, D.B.; Antonelli, L.R.d.V.; Menezes, G.B.; Golenbock, D.T.;
Gazzinelli, R.T. Type I Interferon Transcriptional Signature in Neutrophils and Low-Density Granulocytes Are Associated with
Tissue Damage in Malaria. Cell Rep. 2015, 13, 2829–2841. [CrossRef]

67. Herteman, N.; Vargas, A.; Lavoie, J.-P. Characterization of Circulating Low-Density Neutrophils Intrinsic Properties in Healthy
and Asthmatic Horses. Sci. Rep. 2017, 7, 7743. [CrossRef]

68. Grecian, R.; Whyte, M.K.B.; Walmsley, S.R. The Role of Neutrophils in Cancer. Br. Med. Bull. 2018, 128, 5–14. [CrossRef]
69. Almand, B.; Clark, J.I.; Nikitina, E.; van Beynen, J.; English, N.R.; Knight, S.C.; Carbone, D.P.; Gabrilovich, D.I. Increased

Production of Immature Myeloid Cells in Cancer Patients: A Mechanism of Immunosuppression in Cancer. J. Immunol. 2001, 166,
678–689. [CrossRef]

http://doi.org/10.1016/j.coi.2018.05.006
http://doi.org/10.1084/jem.20201012
http://doi.org/10.1038/nm.2847
http://doi.org/10.1371/journal.pone.0028526
http://doi.org/10.1038/s41467-020-19412-6
http://doi.org/10.3389/fimmu.2018.03147
http://www.ncbi.nlm.nih.gov/pubmed/30687336
http://doi.org/10.1083/jcb.200606027
http://www.ncbi.nlm.nih.gov/pubmed/17210947
http://doi.org/10.1146/annurev-cellbio-020520-111016
http://www.ncbi.nlm.nih.gov/pubmed/32663035
http://doi.org/10.1134/S0006297920100065
http://www.ncbi.nlm.nih.gov/pubmed/33202203
http://doi.org/10.1126/sciimmunol.aar6676
http://www.ncbi.nlm.nih.gov/pubmed/30143554
http://doi.org/10.1126/sciimmunol.aar6689
http://doi.org/10.1016/j.it.2019.05.001
http://doi.org/10.1038/ni.2194
http://doi.org/10.1016/j.smim.2016.04.003
http://doi.org/10.1038/nri3024
http://doi.org/10.1007/978-1-4939-3801-8_13
http://www.ncbi.nlm.nih.gov/pubmed/27581022
http://doi.org/10.1016/j.celrep.2014.12.039
http://www.ncbi.nlm.nih.gov/pubmed/25620698
http://doi.org/10.1136/annrheumdis-2018-214620
http://www.ncbi.nlm.nih.gov/pubmed/31040119
http://doi.org/10.1189/jlb.0310162
http://doi.org/10.1371/journal.pone.0153567
http://doi.org/10.1016/j.celrep.2015.11.055
http://doi.org/10.1038/s41598-017-08089-5
http://doi.org/10.1093/bmb/ldy029
http://doi.org/10.4049/jimmunol.166.1.678


Cells 2022, 11, 1188 18 of 21

70. Youn, J.-I.; Collazo, M.; Shalova, I.N.; Biswas, S.K.; Gabrilovich, D.I. Characterization of the Nature of Granulocytic Myeloid-
Derived Suppressor Cells in Tumor-Bearing Mice. J. Leukoc. Biol. 2012, 91, 167–181. [CrossRef]

71. Condamine, T.; Dominguez, G.A.; Youn, J.-I.; Kossenkov, A.V.; Mony, S.; Alicea-Torres, K.; Tcyganov, E.; Hashimoto, A.; Nefedova,
Y.; Lin, C.; et al. Lectin-Type Oxidized LDL Receptor-1 Distinguishes Population of Human Polymorphonuclear Myeloid-Derived
Suppressor Cells in Cancer Patients. Sci. Immunol. 2016, 1, aaf8943. [CrossRef] [PubMed]

72. Dorhoi, A.; Glaría, E.; Garcia-Tellez, T.; Nieuwenhuizen, N.E.; Zelinskyy, G.; Favier, B.; Singh, A.; Ehrchen, J.; Gujer, C.; Münz,
C.; et al. MDSCs in Infectious Diseases: Regulation, Roles, and Readjustment. Cancer Immunol. Immunother. 2019, 68, 673–685.
[CrossRef] [PubMed]

73. Gregory, A.D.; McGarry Houghton, A. Tumor-Associated Neutrophils: New Targets for Cancer Therapy. Cancer Res. 2011, 71,
2411–2416. [CrossRef] [PubMed]

74. Masucci, M.T.; Minopoli, M.; Carriero, M.V. Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis
and Therapy. Front. Oncol. 2019, 9, 1146. [CrossRef]

75. Fridlender, Z.G.; Sun, J.; Kim, S.; Kapoor, V.; Cheng, G.; Ling, L.; Worthen, G.S.; Albelda, S.M. Polarization of Tumor-Associated
Neutrophil Phenotype by TGF-β: “N1” versus “N2” TAN. Cancer Cell 2009, 16, 183–194. [CrossRef]

76. Fridlender, Z.G.; Albelda, S.M. Tumor-Associated Neutrophils: Friend or Foe? Carcinogenesis 2012, 33, 949–955. [CrossRef]
77. Yajuk, O.; Baron, M.; Toker, S.; Zelter, T.; Fainsod-Levi, T.; Granot, Z. The PD-L1/PD-1 Axis Blocks Neutrophil Cytotoxicity in

Cancer. Cells 2021, 10, 1510. [CrossRef]
78. Thanabalasuriar, A.; Chiang, A.J.; Morehouse, C.; Camara, M.; Hawkins, S.; Keller, A.E.; Koksal, A.C.; Caceres, C.S.; Berlin, A.A.;

Holoweckyj, N.; et al. PD-L1+ Neutrophils Contribute to Injury-Induced Infection Susceptibility. Sci. Adv. 2021, 7, eabd9436.
[CrossRef]

79. Luo, Q.; Huang, Z.; Ye, J.; Deng, Y.; Fang, L.; Li, X.; Guo, Y.; Jiang, H.; Ju, B.; Huang, Q.; et al. PD-L1-Expressing Neutrophils as
a Novel Indicator to Assess Disease Activity and Severity of Systemic Lupus Erythematosus. Arthritis Res. Ther. 2016, 18, 47.
[CrossRef]

80. da Fonseca-Martins, A.M.; de Souza Lima-Gomes, P.; Antunes, M.M.; de Moura, R.G.; Covre, L.P.; Calôba, C.; Rocha, V.G.; Pereira,
R.M.; Menezes, G.B.; Gomes, D.C.O.; et al. Leishmania Parasites Drive PD-L1 Expression in Mice and Human Neutrophils With
Suppressor Capacity. Front. Immunol. 2021, 12, 598943. [CrossRef]

81. Wang, J.; Wang, Y.; Xie, J.; Zhao, Z.; Gupta, S.; Guo, Y.; Jia, S.; Parodo, J.; Marshall, J.C.; Deng, X. Upregulated PD-L1 Delays
Human Neutrophil Apoptosis and Promotes Lung Injury in an Experimental Mouse Model of Sepsis. Blood 2021, 138, 806–810.
[CrossRef] [PubMed]

82. Tzeng, T.-C.; Schattgen, S.; Monks, B.; Wang, D.; Cerny, A.; Latz, E.; Fitzgerald, K.; Golenbock, D.T. A Fluorescent Reporter Mouse
for Inflammasome Assembly Demonstrates an Important Role for Cell-Bound and Free ASC Specks during In Vivo Infection. Cell
Rep. 2016, 16, 571–582. [CrossRef] [PubMed]

83. Guarda, G.; Zenger, M.; Yazdi, A.S.; Schroder, K.; Ferrero, I.; Menu, P.; Tardivel, A.; Mattmann, C.; Tschopp, J. Differential
Expression of NLRP3 among Hematopoietic Cells. J. Immunol. 2011, 186, 2529–2534. [CrossRef] [PubMed]

84. Coeshott, C.; Ohnemus, C.; Pilyavskaya, A.; Ross, S.; Wieczorek, M.; Kroona, H.; Leimer, A.H.; Cheronis, J. Converting Enzyme-
Independent Release of Tumor Necrosis Factor α and IL-1β from a Stimulated Human Monocytic Cell Line in the Presence of
Activated Neutrophils or Purified Proteinase 3. Proc. Natl. Acad. Sci. USA 1999, 96, 6261–6266. [CrossRef] [PubMed]

85. Karmakar, M.; Sun, Y.; Hise, A.G.; Rietsch, A.; Pearlman, E. Cutting Edge: IL-1β Processing during Pseudomonas Aeruginosa
Infection Is Mediated by Neutrophil Serine Proteases and Is Independent of NLRC4 and Caspase-1. J. Immunol. 2012, 189,
4231–4235. [CrossRef] [PubMed]

86. Joosten, L.A.B.; Netea, M.G.; Fantuzzi, G.; Koenders, M.I.; Helsen, M.M.A.; Sparrer, H.; Pham, C.T.; van der Meer, J.W.M.;
Dinarello, C.A.; van den Berg, W.B. Inflammatory Arthritis in Caspase 1 Gene-Deficient Mice: Contribution of Proteinase 3 to
Caspase 1-Independent Production of Bioactive Interleukin-1beta. Arthritis Rheum. 2009, 60, 3651–3662. [CrossRef]

87. Bakele, M.; Joos, M.; Burdi, S.; Allgaier, N.; Pöschel, S.; Fehrenbacher, B.; Schaller, M.; Marcos, V.; Kümmerle-Deschner, J.; Rieber,
N.; et al. Localization and Functionality of the Inflammasome in Neutrophils*. J. Biol. Chem. 2014, 289, 5320–5329. [CrossRef]

88. Mankan, A.K.; Dau, T.; Jenne, D.; Hornung, V. The NLRP3/ASC/Caspase-1 Axis Regulates IL-1β Processing in Neutrophils. Eur.
J. Immunol. 2012, 42, 710–715. [CrossRef]

89. Son, S.; Yoon, S.-H.; Chae, B.J.; Hwang, I.; Shim, D.-W.; Choe, Y.H.; Hyun, Y.-M.; Yu, J.-W. Neutrophils Facilitate Prolonged
Inflammasome Response in the DAMP-Rich Inflammatory Milieu. Front. Immunol. 2021, 12, 746032. [CrossRef]

90. Cho, J.S.; Guo, Y.; Ramos, R.I.; Hebroni, F.; Plaisier, S.B.; Xuan, C.; Granick, J.L.; Matsushima, H.; Takashima, A.; Iwakura, Y.; et al.
Neutrophil-Derived IL-1β Is Sufficient for Abscess Formation in Immunity against Staphylococcus Aureus in Mice. PLoS Pathog.
2012, 8, e1003047. [CrossRef]

91. Mangan, M.S.J.; Olhava, E.J.; Roush, W.R.; Seidel, H.M.; Glick, G.D.; Latz, E. Targeting the NLRP3 Inflammasome in Inflammatory
Diseases. Nat. Rev. Drug Discov. 2018, 17, 588–606. [CrossRef] [PubMed]

92. Karmakar, M.; Katsnelson, M.A.; Dubyak, G.R.; Pearlman, E. Neutrophil P2X 7 Receptors Mediate NLRP3 Inflammasome-
Dependent IL-1β Secretion in Response to ATP. Nat. Commun. 2016, 7, 10555. [CrossRef] [PubMed]

93. Karmakar, M.; Katsnelson, M.; Malak, H.A.; Greene, N.G.; Howell, S.J.; Hise, A.G.; Camilli, A.; Kadioglu, A.; Dubyak, G.R.;
Pearlman, E. Neutrophil IL-1β Processing Induced by Pneumolysin Is Mediated by the NLRP3/ASC Inflammasome and
Caspase-1 Activation and Is Dependent on K+ Efflux. J. Immunol. 2015, 194, 1763–1775. [CrossRef] [PubMed]

http://doi.org/10.1189/jlb.0311177
http://doi.org/10.1126/sciimmunol.aaf8943
http://www.ncbi.nlm.nih.gov/pubmed/28417112
http://doi.org/10.1007/s00262-018-2277-y
http://www.ncbi.nlm.nih.gov/pubmed/30569204
http://doi.org/10.1158/0008-5472.CAN-10-2583
http://www.ncbi.nlm.nih.gov/pubmed/21427354
http://doi.org/10.3389/fonc.2019.01146
http://doi.org/10.1016/j.ccr.2009.06.017
http://doi.org/10.1093/carcin/bgs123
http://doi.org/10.3390/cells10061510
http://doi.org/10.1126/sciadv.abd9436
http://doi.org/10.1186/s13075-016-0942-0
http://doi.org/10.3389/fimmu.2021.598943
http://doi.org/10.1182/blood.2020009417
http://www.ncbi.nlm.nih.gov/pubmed/34473230
http://doi.org/10.1016/j.celrep.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27346360
http://doi.org/10.4049/jimmunol.1002720
http://www.ncbi.nlm.nih.gov/pubmed/21257968
http://doi.org/10.1073/pnas.96.11.6261
http://www.ncbi.nlm.nih.gov/pubmed/10339575
http://doi.org/10.4049/jimmunol.1201447
http://www.ncbi.nlm.nih.gov/pubmed/23024281
http://doi.org/10.1002/art.25006
http://doi.org/10.1074/jbc.M113.505636
http://doi.org/10.1002/eji.201141921
http://doi.org/10.3389/fimmu.2021.746032
http://doi.org/10.1371/journal.ppat.1003047
http://doi.org/10.1038/nrd.2018.97
http://www.ncbi.nlm.nih.gov/pubmed/30026524
http://doi.org/10.1038/ncomms10555
http://www.ncbi.nlm.nih.gov/pubmed/26877061
http://doi.org/10.4049/jimmunol.1401624
http://www.ncbi.nlm.nih.gov/pubmed/25609842


Cells 2022, 11, 1188 19 of 21

94. Hassane, M.; Demon, D.; Soulard, D.; Fontaine, J.; Keller, L.E.; Patin, E.C.; Porte, R.; Prinz, I.; Ryffel, B.; Kadioglu, A.; et al.
Neutrophilic NLRP3 Inflammasome-Dependent IL-1β Secretion Regulates the ΓδT17 Cell Response in Respiratory Bacterial
Infections. Mucosal Immunol. 2017, 10, 1056–1068. [CrossRef]

95. Coll, R.C.; Robertson, A.A.B.; Chae, J.J.; Higgins, S.C.; Muñoz-Planillo, R.; Inserra, M.C.; Vetter, I.; Dungan, L.S.; Monks, B.G.;
Stutz, A.; et al. A Small-Molecule Inhibitor of the NLRP3 Inflammasome for the Treatment of Inflammatory Diseases. Nat. Med.
2015, 21, 248–255. [CrossRef]

96. Passegué, E.; Wagner, E.F.; Weissman, I.L. JunB Deficiency Leads to a Myeloproliferative Disorder Arising from Hematopoietic
Stem Cells. Cell 2004, 119, 431–443. [CrossRef]

97. Hasenberg, A.; Hasenberg, M.; Männ, L.; Neumann, F.; Borkenstein, L.; Stecher, M.; Kraus, A.; Engel, D.R.; Klingberg, A.; Seddigh,
P.; et al. Catchup: A Mouse Model for Imaging-Based Tracking and Modulation of Neutrophil Granulocytes. Nat. Methods 2015,
12, 445–452. [CrossRef]

98. Stackowicz, J.; Gaudenzio, N.; Serhan, N.; Conde, E.; Godon, O.; Marichal, T.; Starkl, P.; Balbino, B.; Roers, A.; Bruhns, P.; et al.
Neutrophil-Specific Gain-of-Function Mutations in Nlrp3 Promote Development of Cryopyrin-Associated Periodic Syndrome. J.
Exp. Med. 2021, 218, e20201466. [CrossRef]

99. Demirel, I.; Persson, A.; Brauner, A.; Särndahl, E.; Kruse, R.; Persson, K. Activation of NLRP3 by Uropathogenic Escherichia Coli
Is Associated with IL-1β Release and Regulation of Antimicrobial Properties in Human Neutrophils. Sci. Rep. 2020, 10, 21837.
[CrossRef]

100. Cirl, C.; Wieser, A.; Yadav, M.; Duerr, S.; Schubert, S.; Fischer, H.; Stappert, D.; Wantia, N.; Rodriguez, N.; Wagner, H.; et al.
Subversion of Toll-like Receptor Signaling by a Unique Family of Bacterial Toll/Interleukin-1 Receptor Domain–Containing
Proteins. Nat. Med. 2008, 14, 399–406. [CrossRef]

101. Pérez-Figueroa, E.; Torres, J.; Sánchez-Zauco, N.; Contreras-Ramos, A.; Alvarez-Arellano, L.; Maldonado-Bernal, C. Activation
of NLRP3 Inflammasome in Human Neutrophils by Helicobacter Pylori Infection. Innate Immun. 2016, 22, 103–112. [CrossRef]
[PubMed]

102. Jang, A.-R.; Kang, M.-J.; Shin, J.-I.; Kwon, S.-W.; Park, J.-Y.; Ahn, J.-H.; Lee, T.-S.; Kim, D.-Y.; Choi, B.-G.; Seo, M.-W.; et al.
Unveiling the Crucial Role of Type IV Secretion System and Motility of Helicobacter Pylori in IL-1β Production via NLRP3
Inflammasome Activation in Neutrophils. Front. Immunol. 2020, 11, 1121. [CrossRef] [PubMed]

103. Bezbradica, J.S.; Coll, R.C.; Schroder, K. Sterile Signals Generate Weaker and Delayed Macrophage NLRP3 Inflammasome
Responses Relative to Microbial Signals. Cell. Mol. Immunol. 2017, 14, 118–126. [CrossRef] [PubMed]

104. Yokose, K.; Sato, S.; Asano, T.; Yashiro, M.; Kobayashi, H.; Watanabe, H.; Suzuki, E.; Sato, C.; Kozuru, H.; Yatsuhashi, H.; et al.
TNF-α Potentiates Uric Acid-Induced Interleukin-1β (IL-1β) Secretion in Human Neutrophils. Mod. Rheumatol. 2018, 28, 513–517.
[CrossRef] [PubMed]

105. Chow, M.T.; Duret, H.; Andrews, D.M.; Faveeuw, C.; Möller, A.; Smyth, M.J.; Paget, C. Type I NKT-Cell-Mediated TNF-α Is a
Positive Regulator of NLRP3 Inflammasome Priming. Eur. J. Immunol. 2014, 44, 2111–2120. [CrossRef]

106. Ericson, J.A.; Duffau, P.; Yasuda, K.; Ortiz-Lopez, A.; Rothamel, K.; Rifkin, I.R.; Monach, P.A. ImmGen Consortium Gene
Expression during the Generation and Activation of Mouse Neutrophils: Implication of Novel Functional and Regulatory
Pathways. PLoS ONE 2014, 9, e108553. [CrossRef]

107. Gautier, E.L.; Shay, T.; Miller, J.; Greter, M.; Jakubzick, C.; Ivanov, S.; Helft, J.; Chow, A.; Elpek, K.G.; Gordonov, S.; et al.
Gene-Expression Profiles and Transcriptional Regulatory Pathways That Underlie the Identity and Diversity of Mouse Tissue
Macrophages. Nat. Immunol. 2012, 13, 1118–1128. [CrossRef]

108. Mohammadi, N.; Midiri, A.; Mancuso, G.; Patanè, F.; Venza, M.; Venza, I.; Passantino, A.; Galbo, R.; Teti, G.; Beninati, C.; et al.
Neutrophils Directly Recognize Group B Streptococci and Contribute to Interleukin-1β Production during Infection. PLoS ONE
2016, 11, e0160249. [CrossRef]

109. Hou, F.; Peng, L.; Jiang, J.; Chen, T.; Xu, D.; Huang, Q.; Ye, C.; Peng, Y.; Hu, D.-L.; Fang, R. ATP Facilitates Staphylococcal
Enterotoxin O Induced Neutrophil IL-1β Secretion via NLRP3 Inflammasome Dependent Pathways. Front. Immunol. 2021, 12,
1640. [CrossRef]

110. Schroder, K.; Tschopp, J. The Inflammasomes. Cell 2010, 140, 821–832. [CrossRef]
111. Hornung, V.; Bauernfeind, F.; Halle, A.; Samstad, E.O.; Kono, H.; Rock, K.L.; Fitzgerald, K.A.; Latz, E. Silica Crystals and

Aluminum Salts Activate the NALP3 Inflammasome through Phagosomal Destabilization. Nat. Immunol. 2008, 9, 847–856.
[CrossRef] [PubMed]

112. Chen, K.W.; Bezbradica, J.S.; Groß, C.J.; Wall, A.A.; Sweet, M.J.; Stow, J.L.; Schroder, K. The Murine Neutrophil NLRP3
Inflammasome Is Activated by Soluble but Not Particulate or Crystalline Agonists. Eur. J. Immunol. 2016, 46, 1004–1010.
[CrossRef] [PubMed]

113. Goldberg, E.L.; Asher, J.L.; Molony, R.D.; Shaw, A.C.; Zeiss, C.J.; Wang, C.; Morozova-Roche, L.A.; Herzog, R.I.; Iwasaki, A.; Dixit,
V.D. β-Hydroxybutyrate Deactivates Neutrophil NLRP3 Inflammasome to Relieve Gout Flares. Cell Rep. 2017, 18, 2077–2087.
[CrossRef] [PubMed]

114. Fujita, Y.; Matsuoka, N.; Temmoku, J.; Furuya, M.Y.; Asano, T.; Sato, S.; Kobayashi, H.; Watanabe, H.; Suzuki, E.; Urano, T.; et al.
Hydroxychloroquine Inhibits IL-1β Production from Amyloid-Stimulated Human Neutrophils. Arthritis Res. Ther. 2019, 21, 250.
[CrossRef] [PubMed]

http://doi.org/10.1038/mi.2016.113
http://doi.org/10.1038/nm.3806
http://doi.org/10.1016/j.cell.2004.10.010
http://doi.org/10.1038/nmeth.3322
http://doi.org/10.1084/jem.20201466
http://doi.org/10.1038/s41598-020-78651-1
http://doi.org/10.1038/nm1734
http://doi.org/10.1177/1753425915619475
http://www.ncbi.nlm.nih.gov/pubmed/26610398
http://doi.org/10.3389/fimmu.2020.01121
http://www.ncbi.nlm.nih.gov/pubmed/32582201
http://doi.org/10.1038/cmi.2016.11
http://www.ncbi.nlm.nih.gov/pubmed/26996064
http://doi.org/10.1080/14397595.2017.1369924
http://www.ncbi.nlm.nih.gov/pubmed/28880687
http://doi.org/10.1002/eji.201344329
http://doi.org/10.1371/journal.pone.0108553
http://doi.org/10.1038/ni.2419
http://doi.org/10.1371/journal.pone.0160249
http://doi.org/10.3389/fimmu.2021.649235
http://doi.org/10.1016/j.cell.2010.01.040
http://doi.org/10.1038/ni.1631
http://www.ncbi.nlm.nih.gov/pubmed/18604214
http://doi.org/10.1002/eji.201545943
http://www.ncbi.nlm.nih.gov/pubmed/27062120
http://doi.org/10.1016/j.celrep.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28249154
http://doi.org/10.1186/s13075-019-2040-6
http://www.ncbi.nlm.nih.gov/pubmed/31775905


Cells 2022, 11, 1188 20 of 21

115. Migita, K.; Izumi, Y.; Jiuchi, Y.; Kozuru, H.; Kawahara, C.; Nakamura, M.; Nakamura, T.; Agematsu, K.; Masumoto, J.; Yasunami,
M.; et al. Serum Amyloid A Induces NLRP-3-Mediated IL-1β Secretion in Neutrophils. PLoS ONE 2014, 9, e96703. [CrossRef]
[PubMed]

116. Kovacs, S.B.; Oh, C.; Maltez, V.I.; McGlaughon, B.D.; Verma, A.; Miao, E.A.; Aachoui, Y. Neutrophil Caspase-11 Is Essential to
Defend against a Cytosol-Invasive Bacterium. Cell Rep. 2020, 32, 107967. [CrossRef]

117. Sun, Y.; Abbondante, S.; Karmakar, M.; de Jesus Carrion, S.; Che, C.; Hise, A.G.; Pearlman, E. Neutrophil Caspase-11 Is Required
for Cleavage of Caspase-1 and Secretion of IL-1β in Aspergillus Fumigatus Infection. J. Immunol. 2018, 201, 2767–2775. [CrossRef]

118. Karki, R.; Man, S.M.; Malireddi, R.K.S.; Gurung, P.; Vogel, P.; Lamkanfi, M.; Kanneganti, T.-D. Concerted Activation of the AIM2
and NLRP3 Inflammasomes Orchestrates Host Protection against Aspergillus Infection. Cell Host Microbe 2015, 17, 357–368.
[CrossRef]

119. Man, S.M.; Karki, R.; Briard, B.; Burton, A.; Gingras, S.; Pelletier, S.; Kanneganti, T.-D. Differential Roles of Caspase-1 and
Caspase-11 in Infection and Inflammation. Sci. Rep. 2017, 7, 45126. [CrossRef]

120. Aymonnier, K.; Ng, J.; Fredenburgh, L.E.; Zambrano-Vera, K.; Münzer, P.; Gutch, S.; Fukui, S.; Desjardins, M.; Subramaniam,
M.; Baron, R.; et al. Inflammasome Activation in Neutrophils of Patients with Severe COVID-19. Blood Adv. 2022, 6, 2001–2013.
[CrossRef]

121. Gaidt, M.M.; Ebert, T.S.; Chauhan, D.; Schmidt, T.; Schmid-Burgk, J.L.; Rapino, F.; Robertson, A.A.B.; Cooper, M.A.; Graf,
T.; Hornung, V. Human Monocytes Engage an Alternative Inflammasome Pathway. Immunity 2016, 44, 833–846. [CrossRef]
[PubMed]

122. Furuya, M.Y.; Asano, T.; Sumichika, Y.; Sato, S.; Kobayashi, H.; Watanabe, H.; Suzuki, E.; Kozuru, H.; Yatsuhashi, H.; Koga,
T.; et al. Tofacitinib Inhibits Granulocyte–Macrophage Colony-Stimulating Factor-Induced NLRP3 Inflammasome Activation in
Human Neutrophils. Arthritis Res. Ther. 2018, 20, 196. [CrossRef] [PubMed]

123. Na, Y.R.; Gu, G.J.; Jung, D.; Kim, Y.W.; Na, J.; Woo, J.S.; Cho, J.Y.; Youn, H.; Seok, S.H. GM-CSF Induces Inflammatory Macrophages
by Regulating Glycolysis and Lipid Metabolism. J. Immunol. 2016, 197, 4101–4109. [CrossRef] [PubMed]

124. Chen, K.W.; Groß, C.J.; Sotomayor, F.V.; Stacey, K.J.; Tschopp, J.; Sweet, M.J.; Schroder, K. The Neutrophil NLRC4 Inflammasome
Selectively Promotes IL-1β Maturation without Pyroptosis during Acute Salmonella Challenge. Cell Rep. 2014, 8, 570–582.
[CrossRef]

125. Chen, K.W.; Lawlor, K.E.; von Pein, J.B.; Boucher, D.; Gerlic, M.; Croker, B.A.; Bezbradica, J.S.; Vince, J.E.; Schroder, K. Cutting
Edge: Blockade of Inhibitor of Apoptosis Proteins Sensitizes Neutrophils to TNF- but Not Lipopolysaccharide-Mediated Cell
Death and IL-1β Secretion. J. Immunol. 2018, 200, 3341–3346. [CrossRef]

126. Boucher, D.; Monteleone, M.; Coll, R.C.; Chen, K.W.; Ross, C.M.; Teo, J.L.; Gomez, G.A.; Holley, C.L.; Bierschenk, D.; Stacey,
K.J.; et al. Caspase-1 Self-Cleavage Is an Intrinsic Mechanism to Terminate Inflammasome Activity. J. Exp. Med. 2018, 215, 827–840.
[CrossRef]

127. Evavold, C.L.; Ruan, J.; Tan, Y.; Xia, S.; Wu, H.; Kagan, J.C. The Pore Forming Protein Gasdermin D Regulates Interleukin-1
Secretion from Living Macrophages. Immunity 2018, 48, 35–44.e6. [CrossRef]

128. Heilig, R.; Dick, M.S.; Sborgi, L.; Meunier, E.; Hiller, S.; Broz, P. The Gasdermin-D Pore Acts as a Conduit for IL-1β Secretion in
Mice. Eur. J. Immunol. 2018, 48, 584–592. [CrossRef]

129. Karmakar, M.; Minns, M.; Greenberg, E.N.; Diaz-Aponte, J.; Pestonjamasp, K.; Johnson, J.L.; Rathkey, J.K.; Abbott, D.W.; Wang, K.;
Shao, F.; et al. N-GSDMD Trafficking to Neutrophil Organelles Facilitates IL-1β Release Independently of Plasma Membrane
Pores and Pyroptosis. Nat. Commun. 2020, 11, 2212. [CrossRef]

130. Carty, M.; Kearney, J.; Shanahan, K.A.; Hams, E.; Sugisawa, R.; Connolly, D.; Doran, C.G.; Muñoz-Wolf, N.; Gürtler, C.; Fitzgerald,
K.A.; et al. Cell Survival and Cytokine Release after Inflammasome Activation Is Regulated by the Toll-IL-1R Protein SARM.
Immunity 2019, 50, 1412–1424.e6. [CrossRef]

131. Maianski, N.A.; Geissler, J.; Srinivasula, S.M.; Alnemri, E.S.; Roos, D.; Kuijpers, T.W. Functional Characterization of Mitochondria
in Neutrophils: A Role Restricted to Apoptosis. Cell Death Differ. 2004, 11, 143–153. [CrossRef] [PubMed]

132. Chen, W.; Zhao, J.; Mu, D.; Wang, Z.; Liu, Q.; Zhang, Y.; Yang, D. Pyroptosis Mediates Neutrophil Extracellular Trap Formation
during Bacterial Infection in Zebrafish. J. Immunol. 2021, 206, 1913–1922. [CrossRef] [PubMed]

133. Hoffman, H.M.; Mueller, J.L.; Broide, D.H.; Wanderer, A.A.; Kolodner, R.D. Mutation of a New Gene Encoding a Putative
Pyrin-like Protein Causes Familial Cold Autoinflammatory Syndrome and Muckle–Wells Syndrome. Nat. Genet. 2001, 29, 301–305.
[CrossRef] [PubMed]

134. Kuemmerle-Deschner, J.B. CAPS—Pathogenesis, Presentation and Treatment of an Autoinflammatory Disease. Semin. Im-
munopathol. 2015, 37, 377–385. [CrossRef]

135. Brydges, S.D.; Mueller, J.L.; McGeough, M.D.; Pena, C.A.; Misaghi, A.; Gandhi, C.; Putnam, C.D.; Boyle, D.L.; Firestein, G.S.;
Horner, A.A.; et al. Inflammasome-Mediated Disease Animal Models Reveal Roles for Innate but Not Adaptive Immunity.
Immunity 2009, 30, 875–887. [CrossRef]

136. Dalbeth, N.; Merriman, T.R.; Stamp, L.K. Gout. Lancet 2016, 388, 2039–2052. [CrossRef]
137. Schulte-Schrepping, J.; Reusch, N.; Paclik, D.; Baßler, K.; Schlickeiser, S.; Zhang, B.; Krämer, B.; Krammer, T.; Brumhard, S.;

Bonaguro, L.; et al. Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell Compartment. Cell 2020, 182, 1419–1440.e23.
[CrossRef]

http://doi.org/10.1371/journal.pone.0096703
http://www.ncbi.nlm.nih.gov/pubmed/24846290
http://doi.org/10.1016/j.celrep.2020.107967
http://doi.org/10.4049/jimmunol.1701195
http://doi.org/10.1016/j.chom.2015.01.006
http://doi.org/10.1038/srep45126
http://doi.org/10.1182/bloodadvances.2021005949
http://doi.org/10.1016/j.immuni.2016.01.012
http://www.ncbi.nlm.nih.gov/pubmed/27037191
http://doi.org/10.1186/s13075-018-1685-x
http://www.ncbi.nlm.nih.gov/pubmed/30157949
http://doi.org/10.4049/jimmunol.1600745
http://www.ncbi.nlm.nih.gov/pubmed/27742831
http://doi.org/10.1016/j.celrep.2014.06.028
http://doi.org/10.4049/jimmunol.1701620
http://doi.org/10.1084/jem.20172222
http://doi.org/10.1016/j.immuni.2017.11.013
http://doi.org/10.1002/eji.201747404
http://doi.org/10.1038/s41467-020-16043-9
http://doi.org/10.1016/j.immuni.2019.04.005
http://doi.org/10.1038/sj.cdd.4401320
http://www.ncbi.nlm.nih.gov/pubmed/14576767
http://doi.org/10.4049/jimmunol.2001335
http://www.ncbi.nlm.nih.gov/pubmed/33712519
http://doi.org/10.1038/ng756
http://www.ncbi.nlm.nih.gov/pubmed/11687797
http://doi.org/10.1007/s00281-015-0491-7
http://doi.org/10.1016/j.immuni.2009.05.005
http://doi.org/10.1016/S0140-6736(16)00346-9
http://doi.org/10.1016/j.cell.2020.08.001


Cells 2022, 11, 1188 21 of 21

138. Courjon, J.; Dufies, O.; Robert, A.; Bailly, L.; Torre, C.; Chirio, D.; Contenti, J.; Vitale, S.; Loubatier, C.; Doye, A.; et al. Heterogeneous
NLRP3 Inflammasome Signature in Circulating Myeloid Cells as a Biomarker of COVID-19 Severity. Blood Adv. 2021, 5, 1523–1534.
[CrossRef]

139. Silvin, A.; Chapuis, N.; Dunsmore, G.; Goubet, A.-G.; Dubuisson, A.; Derosa, L.; Almire, C.; Hénon, C.; Kosmider, O.; Droin,
N.; et al. Elevated Calprotectin and Abnormal Myeloid Cell Subsets Discriminate Severe from Mild COVID-19. Cell 2020, 182,
1401–1418.e18. [CrossRef]

140. Lima, T.S.; Gov, L.; Lodoen, M.B. Evasion of Human Neutrophil-Mediated Host Defense during Toxoplasma Gondii Infection.
mBio 2018, 9, e02027-17. [CrossRef]

141. Tu, S.; Bhagat, G.; Cui, G.; Takaishi, S.; Kurt-Jones, E.A.; Rickman, B.; Betz, K.S.; Penz-Oesterreicher, M.; Bjorkdahl, O.; Fox,
J.G.; et al. Overexpression of Interleukin-1β Induces Gastric Inflammation and Cancer and Mobilizes Myeloid-Derived Suppressor
Cells in Mice. Cancer Cell 2008, 14, 408–419. [CrossRef] [PubMed]

142. Wang, Y.; Gao, W.; Shi, X.; Ding, J.; Liu, W.; He, H.; Wang, K.; Shao, F. Chemotherapy Drugs Induce Pyroptosis through Caspase-3
Cleavage of a Gasdermin. Nature 2017, 547, 99–103. [CrossRef] [PubMed]

143. Rogers, C.; Fernandes-Alnemri, T.; Mayes, L.; Alnemri, D.; Cingolani, G.; Alnemri, E.S. Cleavage of DFNA5 by Caspase-3 during
Apoptosis Mediates Progression to Secondary Necrotic/Pyroptotic Cell Death. Nat. Commun. 2017, 8, 14128. [CrossRef] [PubMed]

144. Santoni, K.; Pericat, D.; Pinilla, M.; Bagayoko, S.; Hessel, A.; Leon-Icaza, S.-A.; Bellard, E.; Mazères, S.; Doz-Deblauwe, E.; Winter,
N.; et al. Caspase-1-Driven Neutrophil Pyroptosis Promotes an Incomplete NETosis upon Pseudomonas Aeruginosa Infection.
bioRxiv 2022. [CrossRef]

http://doi.org/10.1182/bloodadvances.2020003918
http://doi.org/10.1016/j.cell.2020.08.002
http://doi.org/10.1128/mBio.02027-17
http://doi.org/10.1016/j.ccr.2008.10.011
http://www.ncbi.nlm.nih.gov/pubmed/18977329
http://doi.org/10.1038/nature22393
http://www.ncbi.nlm.nih.gov/pubmed/28459430
http://doi.org/10.1038/ncomms14128
http://www.ncbi.nlm.nih.gov/pubmed/28045099
http://doi.org/10.1101/2021.06.28.450116

	The NLRP3 Inflammasome 
	Neutrophils: From Phagocytosis Sentinel to Immunoregulation Commander 
	Neutrophilic NLRP3 Inflammasome: A Novel Relevant Regulatory Pathway 
	Emerging Shreds of Evidence 
	Activation Mechanisms 
	Canonical Pathway 
	Non-Canonical and Alternative Pathways 

	Does NLRP3 Inflammasome-Mediated Cell Death Occur in Neutrophils? 
	Relevant Functions of the NLRP3 Inflammasome Activation by Neutrophils in Diseases 
	(Auto)-Inflammation 
	Infections 


	Concluding Remarks 
	References

