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Abstract: Neutrophils—polymorphonuclear cells (PMNs) are the cells of the initial immune response
and make up the majority of leukocytes in the peripheral blood. After activation, these cells modify
their functional status to meet the needs at the site of action or according to the agent causing injury.
They receive signals from their surroundings and “plan” the course of the response in both temporal
and spatial contexts. PMNs dispose of intracellular signaling pathways that allow them to perform
a wide range of functions associated with the development of inflammatory processes. In addition
to these cells, some protein complexes, known as inflammasomes, also have a special role in the
development and maintenance of inflammation. These complexes participate in the proteolytic
activation of key pro-inflammatory cytokines, such as IL-1β and IL-18. In recent years, there has been
significant progress in the understanding of the structure and molecular mechanisms behind the
activation of inflammasomes and their participation in the pathogenesis of numerous diseases. The
available reports focus primarily on macrophages and dendritic cells. According to the literature, the
activation of inflammasomes in neutrophils and the associated death type—pyroptosis—is regulated
in a different manner than in other cells. The present work is a review of the latest reports concerning
the course of inflammasome activation and inflammatory cytokine secretion in response to pathogens
in neutrophils, as well as the role of these mechanisms in the pathogenesis of selected diseases.
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1. Mechanisms of Recognition and Killing of Pathogens by Neutrophils

Neutrophils—polymorphonuclear granulocytes (PMNs) are the first line of defense
against pathogenic microorganisms and cancer cells. PMNs also play the role of regulatory
cells in the mechanisms of the acquired immune response [1]. Detection of invading mi-
crobes is via pathogen-associated molecular patterns (PAMPs) through Toll-like receptors
(TLRs). Neutrophils express the majority of TLR family members, lacking only the intra-
cellular receptors such as TLR3 and TLR7. Since the main role of neutrophils is to defend
against bacteria, it is the TLRs located on the cell surface that are the most well-studied in
neutrophil TLR biology [2]. However, the intracellular TLRs may also play important roles
in response to the pathogen. TLRs also have the ability to detect endogenous molecules
called damage-associated molecular patterns (DAMPs) that are produced by cells in re-
sponse to injury or infection [3]. TLR activation leads to important cellular processes,
including phagocytosis, reactive oxygen species (ROS) and nitric oxide (NO) generation,
cytokine production, and increased survival, all of which can contribute to the pathogenesis
of chronic inflammation [4–6].

Another weapon that neutrophils have in their anti-pathogenic arsenal is the release
of neutrophil extracellular traps (NETs). The traps formed from DNA fibers, histone
proteins, and serine proteases (mainly neutrophil elastase and myeloperoxidase) derived
from the granules are released outside the cell. The release of these structures is intended
to immobilize pathogens, including Gram-positive and Gram-negative bacteria, fungi,
protozoa, and viruses. In addition, NETs constitute a physical barrier that facilitates
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the degradation of bacterial and viral virulence factors and protects the host organism
against the spread of pathogenic microorganisms [7,8]. The consequence of recognizing
the pathogen and performing many effector functions by neutrophils is the development
of the inflammatory process due to the secretion of pro-inflammatory cytokines by these
cells. A significant cytokine secreted by PMNs, contributing to the development of the
inflammatory process by recruiting and activating inflammatory cells, is IL-1β. It has been
shown that the secretion of IL-1β requires the activation of inflammasomes—multimeric
complexes whose activation is triggered by pathogenic or non-pathogenic signals [9,10].

2. Inflammasomes—Structure and Activation

Pattern recognition receptors (PRRs) belong to numerous families, which can be
classified based on their location in the cell, structural construction, or function. Some of
these, including NOD-like receptors (e.g., NLRP3), act as intracellular “sensors,” receiving
information on the “danger” and activating the appropriate immune response adapted to
the antigen type [11,12].

Thus far, the best-studied signaling mechanism is NLRP3 inflammasome activation de-
scribed for monocytes/macrophages. This multi-protein complex includes the intracellular
NLRP3 receptor NALP (nucleotide-binding oligomerization domain, leucine-rich repeat,
and pyrin domain-containing)/cryopyrin, ASC (apoptosis-associated speck-like protein
containing a CARD (Caspase activation and Recruitment Domain) adaptor protein, and
procaspase-1 [13].

The canonical activation of the NLRP3 inflammasome requires two signals. The
first signal (signal 1) is transcriptional priming resulting from ligand action for TLR
(e.g., bacterial lipopolysaccharide [LPS] and TLR4) to increase the expression of NLRP3 and
pro-IL-1β via NF-κB [14–16]. The second (signal 2) is a broad spectrum of infectious and
noninfectious signals related to cellular stress (PAMPs: bacterial toxins, pathogen RNA;
DAMPs: ATP, K+ ionophores, crystals) [17–21]. The N-end of NLRP3 containing the PYD
effector domain (pyrin domain) binds to the homologous domain of the ASC protein. This
results in the spontaneous oligomerization of ASC in the cytosol and subsequently the
formation of long, filamentous structures, which organize into macromolecular complexes
known as ASC spots. On the C-end of the ASC protein, CARD binds to the p20 subunit
of procaspase-1 via a homologous interaction. As a result, procaspase-1 is cleaved into its
active form, causing proteolytic cutting of pro-IL-1β to active IL-1β. Moreover, caspase-1
has the ability to activate Gasdermin D (GSDMD). The N-end fragment of GSDMD formed
after proteolytic activation penetrates the plasma membrane and ultimately leads to pore
formation, cellular lysis, and IL-1β release into the extracellular space [22,23]. When a cell
is subjected to these processes, it develops an inflammatory phenotype, as observed in
the lytic, inflammatory caspase-1-dependent form of death known as pyroptosis [24]. The
canonical activation of the NLRP3 inflammasome is shown in Figure 1.
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Figure 1. Formation of NLRP3 inflammasome and its activation through the canonical pathway. 
Abbreviations: PAMPs- pathogen-associated molecular patterns; DAMPs—damage-associated 
molecular patterns, MSU—crystals of monosodium urate; TLR- toll-like receptors; NF-kB- nuclear 
factor kappa-light-chain-enhancer of activated B cells; PTMs post-translational modifications; ROS- 
reactive oxygen species; NLRP3—NLR family pyrin domain containing 3; ASC- apoptosis-
associated speck-like protein containing a CARD; GSDM- gasdermin D; GSDMD-N- N-end 
fragment of gasdermin D. Signal 1 causes priming through the activation of NF-κB [16]. The action 
of this nuclear factor in the cell nucleus results in increased transcription of pro-IL-1β and NLRP3 
genes and a series of posttranslational modifications, including phosphorylation, acetylation, and 
ubiquitination, enabling the NLRP3 protein to assume the appropriate conformation [25–27]. Signal 
2, which is triggered by numerous extracellular stimuli, including danger-associated molecular 
patterns, pathogen-associated molecular patterns, or uric acid crystals, leads to the binding of 
NLRP3, ASC, and pro-caspase-1. Other intracellular signals may also contribute to the activation of 
inflammasomes, through the action of signal 2, lysosome burst, release of reactive oxygen species, 
or mitochondrial damage. In the next stage, pro-caspase-1 bound in the inflammasome complex 
undergoes autoproteolytic activation. Caspase-1 induces the proteolytic activation of pro-IL-1β to 
its active form and cleaves the N-end fragment of gasdermin D, which accumulates in the cell 
membrane, creating pores and enabling the release of IL-1β to the extracellular environment [19,28]. 

NLRP3 inflammasome is also activated by other mechanisms. Its non-canonical 
activation occurs in response to bacterial or circulating cytosolic LPS. As a consequence, 
caspase-11 (in mice) or caspase-4 and caspase-5 (in humans) causes GSDMD cleavage. The 
pores formed by the N-end fragment of GSDMD allow the efflux of K+ ions, resulting in 
the canonical activation of NLRP3 following caspase-1 cleavage [29]. Non-canonical acti-
vation of the NLRP3 inflammasome is shown in Figure 2. 

Figure 1. Formation of NLRP3 inflammasome and its activation through the canonical pathway.
Abbreviations: PAMPs—pathogen-associated molecular patterns; DAMPs—damage-associated
molecular patterns, MSU—crystals of monosodium urate; TLR—toll-like receptors; NF-kB—nuclear
factor kappa-light-chain-enhancer of activated B cells; PTMs—post-translational modifications;
ROS—reactive oxygen species; NLRP3—NLR family pyrin domain containing 3; ASC—apoptosis-
associated speck-like protein containing a CARD; GSDM—gasdermin D; GSDMD-N—N-end frag-
ment of gasdermin D. Signal 1 causes priming through the activation of NF-κB [16]. The action
of this nuclear factor in the cell nucleus results in increased transcription of pro-IL-1β and NLRP3
genes and a series of posttranslational modifications, including phosphorylation, acetylation, and
ubiquitination, enabling the NLRP3 protein to assume the appropriate conformation [25–27]. Signal 2,
which is triggered by numerous extracellular stimuli, including danger-associated molecular patterns,
pathogen-associated molecular patterns, or uric acid crystals, leads to the binding of NLRP3, ASC,
and pro-caspase-1. Other intracellular signals may also contribute to the activation of inflammasomes,
through the action of signal 2, lysosome burst, release of reactive oxygen species, or mitochondrial
damage. In the next stage, pro-caspase-1 bound in the inflammasome complex undergoes autopro-
teolytic activation. Caspase-1 induces the proteolytic activation of pro-IL-1β to its active form and
cleaves the N-end fragment of gasdermin D, which accumulates in the cell membrane, creating pores
and enabling the release of IL-1β to the extracellular environment [19,28].

NLRP3 inflammasome is also activated by other mechanisms. Its non-canonical
activation occurs in response to bacterial or circulating cytosolic LPS. As a consequence,
caspase-11 (in mice) or caspase-4 and caspase-5 (in humans) causes GSDMD cleavage. The
pores formed by the N-end fragment of GSDMD allow the efflux of K+ ions, resulting in the
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canonical activation of NLRP3 following caspase-1 cleavage [29]. Non-canonical activation
of the NLRP3 inflammasome is shown in Figure 2.
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ride; NLRP3—NLR family pyrin domain containing 3; ASC- apoptosis-associated speck-like protein 
containing a CARD; GSDMD- gasdermin D; GSDMD-N- N-end fragment of gasdermin D. The non-
canonical inflammasome pathway is activated by intracellular (e.g., in Escherichia coli infections) or 
extracellular (circulating) LPS. LPS has the ability to induce direct proteolytic activation of pro-
caspase-4 and procaspase-5. Activation of inflammasome occurs due to the efflux of K+ ions from 
the cell or the cleavage of gasdermin D through the effect of active caspase-4 and caspase-5 [30,31]. 

Activation of Inflammasomes in Neutrophils 
AIM-1 receptor, which is classified among ALRs (absent in melanoma-2 (AIM2)-like 
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cellular compartments. Such proteins have also been observed in the cytoplasm, as well 
as in the secretory vesicles and grade III granules. The presence of caspase-1, AIM-2, ASC, 
NLRP1, NLRP3, and NLRC4 has been confirmed at the mRNA level. Moreover, the ex-
pression of NLRP3 and NLRC4 was observed both in human and mouse neutrophils at a 
similar or higher level compared to other types of cells, such as bone-marrow-derived 
macrophages or bone-marrow-derived dendritic cells [9,33]. It was shown that the expres-
sion of the NLRP3 gene was increased in mouse neutrophils under inflammation induced 

Figure 2. Non-canonical activation of NLRP3 inflammasomes. Abbreviations: LPS—lipopolysaccharide;
NLRP3—NLR family pyrin domain containing 3; ASC—apoptosis-associated speck-like protein
containing a CARD; GSDMD—gasdermin D; GSDMD-N—N-end fragment of gasdermin D. The
non-canonical inflammasome pathway is activated by intracellular (e.g., in Escherichia coli infec-
tions) or extracellular (circulating) LPS. LPS has the ability to induce direct proteolytic activation of
procaspase-4 and procaspase-5. Activation of inflammasome occurs due to the efflux of K+ ions from
the cell or the cleavage of gasdermin D through the effect of active caspase-4 and caspase-5 [30,31].

Activation of Inflammasomes in Neutrophils

AIM-1 receptor, which is classified among ALRs (absent in melanoma-2 (AIM2)-like
receptors), and receptors from the family of NLRs (NLRP1, NLRP3, NLRC4, NLRP12)
have been recognized so far as receptors of neutrophils participating in the formation of
inflammasomes, whose expression has been confirmed at the mRNA and protein level [32].
Proteins forming inflammasomes can be found in neutrophils, within several cellular
compartments. Such proteins have also been observed in the cytoplasm, as well as in the
secretory vesicles and grade III granules. The presence of caspase-1, AIM-2, ASC, NLRP1,
NLRP3, and NLRC4 has been confirmed at the mRNA level. Moreover, the expression of
NLRP3 and NLRC4 was observed both in human and mouse neutrophils at a similar or
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higher level compared to other types of cells, such as bone-marrow-derived macrophages
or bone-marrow-derived dendritic cells [9,33]. It was shown that the expression of the
NLRP3 gene was increased in mouse neutrophils under inflammation induced in vivo
with TNF and muramyl dipeptide, and a lower expression was observed in mouse resting
neutrophils [34]. Priming of human peripheral blood neutrophils with LPS led to elevated
expression of IL-1A and NLRC4 genes. A Western-blot-based study on the expression of
inflammasome-forming proteins following exposure to LPS confirmed that ASC, AIM-2,
and caspase-1 were found in human neutrophils, demonstrating the presence of NLRP3
protein in these cells [9].

In another study, immunofluorescent staining confirmed the role of inflammasome-
forming proteins in the activation of neutrophils. The study also reported:

1. The presence of numerous spots of enzymatically active caspase-1 (confirmed with a
FLICA test) in the PMNs of the infected cornea; and

2. ASC staining in bone-marrow-derived neutrophils stimulated with thermally inacti-
vated Streptococcus pneumoniae and pneumolysin (confirmed by positive FLICA test
and fluorescence), indicating the presence of NLRP3.

Moreover, the presence of high-molecular-mass ASC corresponding to the oligomers
of NLRP3 has been reported [35]. However, the expression of caspase-1 and ASC adapter
protein was found to a lesser degree than in macrophages [36].

In conclusion, the presented data seem to confirm that the activation of inflamma-
somes and the mechanisms responsible for the secretion of IL-1β have a different course
in neutrophils than in macrophages. The main differences are: “support” of the canonical
pathway by serine proteases, secretion of IL-1β without lytic death—pyroptosis, a differ-
ent (still not fully explored in neutrophils) mechanism of action of Gasdermin D, which
simultaneously supports the secretion of IL-1β and provokes the release of NETs. We will
discuss these issues in detail in the following sections.

3. Expression of IL-1β by Neutrophils with the Contribution of Inflammasomes

Because neutrophils are abundant in both circulating and marginal pools due to
recruitment by inflammatory mediators, physical effort, or the activity of adrenaline, these
cells promote inflammation by secreting chemokines and cytokines [37]. IL-1β is the
primary inflammatory regulator controlling the innate immune processes and performing
various biological functions. Its action includes the induction of acute inflammation phase
components and pyrogenic activity in cells and the central nervous system. Moreover, this
cytokine plays a significant role in regulating adaptive response through the recruitment
and activation of T and B lymphocytes [38–40].

It should be underlined that efficient activation of inflammasomes in cells results in
the proteolytic activation of IL-1β and its expression outside the cell. Currently, several
research groups are investigating the expression of IL-1β by neutrophils with an aim
of understanding the precise mechanism. However, previous reports clearly indicate
that the process of IL-1β expression by neutrophils differs from that by monocytes or
macrophages [41].

3.1. Inflammasome Activation with Canonical Pathway and Serine Proteases

Studies on macrophages have shown that caspase-1 is an important element in the
process of IL-1β maturation [42]. However, the results from a study on neutrophils by
Greten et al. cast doubt on the need for the participation of caspase-1 and, thus, other
inflammasome-forming proteins in the maturation of proteolytic IL-1β [43]. The study
revealed the contribution of serine proteases, mainly proteinase-3 and, to a lesser extent,
neutrophil elastase, in the maturation of IL-1β in PMNs. Another study conducted by
Mankan et al. on a mouse model allayed this doubt and proved that neutrophils lacking
the caspase-1 gene did not secrete IL-1β [44]. Moreover, NLRP3 protein, ASC, and caspase-1
were shown to be essential for the production of IL-1β and bacterial lysis by neutrophils in
a mouse model of corneal infection with S. pneumoniae [35]. The above research confirmed
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that the canonical inflammasome activation pathway is of importance in neutrophils. A
study conducted several years later, however, confirmed that serine proteases play a
significant role in the expression of IL-1β in neutrophils. This suggests that although
caspase-1 is necessary for the expression of this cytokine, it is rapidly inactivated, and
only neutrophil serine proteases are key components in the processing of pro-IL-1β into its
mature form. According to the authors of the cited studies, the regulatory role of serine
proteases in IL-β expression probably indicates their therapeutic applicability. Inhibition of
serine proteases can be a more efficient approach compared to therapies targeting IL-1β
alone in pathological conditions caused by this cytokine derived from neutrophils [45].

3.2. Neutrophils vs. Pyroptosis—Nonlytic Expression of IL-1β

Kramakar et al. made a significant discovery regarding the differences between
macrophages and neutrophils. Their studies showed that PMNs avoid pyroptosis by
expressing mature IL-1β [26,37]. The authors reported that neutrophils in which activation
of the NLRC4 inflammasome occurred by transfection of bacterial flagellin or infection with
Salmonella bacteria expressed IL-1β. The maturation of pro-IL-1β to its mature form was
conditioned by caspase-1, while secretion of this cytokine in the early phase was dependent
or partially dependent on GSDMD. However, the mechanism of secretion changed over
time. Three hours after the activation of the inflammasome, the release of IL-1β from the
cell occurred independently of GSDMD [22,38]. Differences in the inflammasome signaling
pathway between neutrophils and macrophages seem to be important in the context of
antimicrobial functions performed by neutrophils. In contrast to macrophages, non-lytic
expression of IL-1β enables neutrophils to maintain the concentration of this cytokine at
the site of infection and perform protective functions [39].

3.3. Non-canonical Activation of Inflammasome in Neutrophils—IL-1β and NETs

Kaiwen et al. proposed the non-canonical model of IL-1β release in neutrophils, which
provided considerable data regarding the pyroptosis-avoiding phenomenon of neutrophils.
These authors found that under the influence of cytosolic LPS and Gram-negative bacteria,
GSDMD was more efficiently cleaved in PMNs by caspase-11 than caspase-1, which is
markedly less expressed in neutrophils than in macrophages. This resulted in the formation
and ejection of neutrophil extracellular traps (NETs) and neutrophil NETotic cell death [46].
Almost at the same time, another group of researchers confirmed the involvement of
GSDMD in the formation of NETs [47]. Going one step further, the authors proposed that
the activity of caspase-1 in neutrophils is low enough to allow sublytic cutting of GSDMD,
not only to facilitate the expression of IL-1β but also to prevent pyroptosis. Moreover, they
hypothesized that NETotic cell death may be a mode of cell death specific for signaling
neutrophils via non-canonical inflammasome activation [46].

3.4. IL-1β Expression with Contribution of Autophagosomes

The latest reports on the expression of IL-1β combine many of the above-discussed
results and emphasize cellular identity and the associated differences in intracellular sig-
naling and IL-1β expression between macrophages and neutrophils. Since IL-1β lacks
the signal sequence required for conventional expression by the endoplasmic reticulum,
this cytokine requires nonconventional mechanisms participating in its release outside
of the cell [48,49]. A study by Vijayaraj et al. proved that the intracellular pool of pro-
IL-1β cannot be effectively and directly cleaved by caspase-1 until it undergoes a “check-
point” in the form of post-translational modification—ubiquitination. Deubiquitination
of lysine K133 caused by the presence of LPS promotes IL-1β turnover, increases the
level of pro-IL-1β, and enables proteolytic cleavage of caspase-1 to the mature form of
IL-1β [50]. Gasdermin D participates, in the classical mechanism described in macrophages,
in the secretion of IL-1β outside the cell. The inactive GSDMD precursor consists of an
N-terminal domain (p31 GSDM-N), a linker region, and a C-terminal autoinhibitory do-
main (p24 GSDM-C). Gasdermin D activation is initiated by proteolytic cleavage in the
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linker region, and p31 GSDM-N fragments integrate into the cell membrane by forming
pores, inducing pyroptosis, and releasing IL-1β out of the cell [51,52]. It was found that
in neutrophils, contrary to macrophages, the p31 N-GSDMD fragment, which is capable
of forming pores in the cell membrane, did not move efficiently in the vicinity of the cell
membrane following LPS/ATP activation. Rather, the fragment bound to the membranes
of neutrophil azurophilic granules, causing the release of neutrophil elastase into the
cytosol, where this enzyme took part in the cleavage of GSDMD and formation of the
p24 C-GSDMD fragment. The above study also demonstrated the connection of the
p31 N-GSDMD fragment with LC3+ autophagosome membranes [53]. The relationship
between autophagy and IL-1β expression by neutrophils has also been reported earlier.
Pharmacological inhibition of autophagy, as well as ATG5 knockdown, reduced the amount
of active caspase-1, whereas stimulation of autophagy via starvation resulted in an increased
amount of this enzyme [54]. This likely stems from both increased enzyme activation, as
well as limited removal of inflammasomes by autophagy [45,55]. Keitelman et al. hypoth-
esized that inflammasome removal by autophagy has different effects in macrophages
and neutrophils; in macrophages, inflammasome removal may inhibit the expression of
IL-1β, while in neutrophils, it may limit the expression of serine proteases from azurophilic
granules, avoiding IL-1β degradation. However, this presumption requires confirmation
through further research [45].

4. Inflammasomes in Neutrophils and Their Contribution to Disease Pathogenesis

From the standpoint of antimicrobial response, inflammasomes represent the contact
point of innate and acquired immune mechanisms. Their activation following pathogen
“detection” is crucial for the modulation of adaptive response against the pathogen. As
shown by various research groups, the functions of neutrophils participating in antimicro-
bial response vary depending on the immunological context. As the first line of defense,
these cells infiltrate the pathogen penetration site where high levels of DAMPs (damage-
associated molecular patterns) are found signaling the danger from damaged cells [56].
Despite their short lifespan, neutrophilic granulocytes exhibit prolonged antimicrobial
action, which is harmful to cells and tissues of the host [10].

Inflammasome activation is now considered responsible for the development of nu-
merous inflammation-based diseases. Given that neutrophils avoid pyroptosis during
IL-1β expression, unlike macrophages, these cells are assumed to play a key role in the
prolonged inflammatory process. This hypothesis was confirmed by the study by Son
et al., which showed that the inflammatory microenvironment rich in DAMPs reversed the
NLRP3 activation potential in macrophages but not in neutrophils. The authors indicated
that this was linked to the polarization of mitochondria by DAMPs in macrophages, and
it did not occur in neutrophils due to the lack of SARM-1 (a negative regulator of TLR
signaling) expression [57,58]. Moreover, it was shown that neutrophils did not cause polar-
ization of macrophages to M2, neutralizing inflammation through spherocytosis [57,59].
The prolonged inflammasome activation potential of neutrophils may contribute to the
pathogenesis of chronic inflammatory conditions, which are mediated by these cells.

4.1. Cardiovascular Diseases

Inflammatory lesions caused by neutrophils have long been a topic of interest and
the reference point for the treatment of cardiovascular diseases such as acute coronary
syndrome, deep venous thrombosis, and heart failure [60,61]. The role of neutrophils in
the pathogenesis of cardiovascular diseases is highlighted by research assessing neutrophil
count as a risk factor for complications in the course of these diseases or for sudden death.
Patients with different types of cardiovascular diseases who had neutrophil counts in
the upper normal limit were more likely to have an unexpected coronary death, nonfatal
myocardial infarction, heart failure, peripheral artery diseases, and abdominal aortic
aneurysm compared to people with neutrophils in the lower normal limit [62].
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The contribution of PMNs in the pathogenesis of atherosclerotic disease or recovery fol-
lowing myocardial infarction is related to their sterile inflammatory response. Neutrophils
activated by various risk factors of vascular diseases, including hyperglycemia, participate
in degranulation, phagocytosis, production of reactive oxygen species (ROS), and NET
release in the myocardium and peripheral and coronary vessels [63,64]. These cells also
play an important role in NET-dependent immunothrombosis by interacting with vascular
endothelial cells and platelets [65]. The expression of NETs and persistent inflammation by
neutrophils in cardiovascular diseases is driven by other cells participating in the process,
resembling a vicious cycle. Activated neutrophils produce significant amounts of ROS,
followed by the release of NETs which activate the macrophage NLRP3 inflammasome.
This protein complex expresses large quantities of IL-1β, which intensifies the expres-
sion of NETs, and in turn, NETs activate the NRLP3 inflammasome in macrophages [66].
Histones included in the NETs interact with TLR2 (Toll-like Receptor-2) on T cells, con-
tributing to the phosphorylation of STAT3 and differentiation of T lymphocytes into Th17,
which strongly recruits neutrophils. This ultimately results in prolonged and intensified
neutrophil-dependent inflammation [64,67]. The mechanism of immunothrombosis and
inflammation mediated by neutrophils in the blood vessel of the heart is presented in
Figure 3.
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During myocardial infarction, neutrophils are mobilized from the marrow due to
increased signaling on β3-adrenergic receptors in the sympathetic system. This leads to a
reduction in the expression of CXCL12 on hematopoietic cells and the release of PMNs to
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peripheral blood [68]. In a mouse model, a relationship between the presence of leukocyte-
derived gasdermin and the increased recruitment of PMNs from the bone marrow at
the early stage of myocardial infarction was found. Genetic (GSDMD −/− mice) and
pharmacological (necro sulfonamide) inhibition of GSDMD reduced the number of PMNs
and contributed to the clinical improvement by attenuating the infarct status, reducing
infarct size, improving cardiac function, and increasing survival [69].

Neutrophils intensify the acute inflammatory response by responding first to molec-
ular patterns released from damaged cardiomyocytes [70]. Their unfavorable activities
include persistent inflammation and delayed repair of hypoxic myocardial tissues. It was
found that among neutrophils infiltrating damaged myocardial tissues, approximately on
the 3rd day after infarction, a subset of neutrophils with SighlecFhi phenotype accumulated
in the microenvironment of damaged tissues, while such cells were not seen in the periph-
eral blood. The profile of these cells predisposes them to increased phagocytic activity and
ROS production [71]. This clearly indicates that the neutrophil aging process, which has a
circadian rhythm under the physiological state, follows a different course than in myocar-
dial infarction [72,73]. Persistent neutrophilic infiltration prolongs inflammation and the
tissue repair process and may result in poor reconstruction of the left heart ventricle [74].

Approximately 5–7 days after infarction, inflammatory neutrophils (N1) polarized into
a population of noninflammatory cells (N2), supporting the healing and regeneration of
damaged myocardial tissues. Moreover, limited recruitment of PMNs and increased release
of IL-4 by neutrophils in situ induced the proliferation of repairing M2 macrophages [75].

The diversity and complexity of processes involving neutrophils demonstrate the
vast therapeutic potential of these cells in the treatment and prevention of cardiovascular
diseases in high-risk individuals. Neutrophil-dependent inflammation in cardiovascular
diseases has been investigated for a long time in studies focusing on the development of
new therapies for these diseases. Clinical studies indicate that canakinumab—a human
monoclonal anti-IL-1β antibody—showed efficiency in the secondary prevention of my-
ocardial infarction [76]. Similarly, colchicine—an NLRP3 inflammasome inhibitor—showed
efficiency in the secondary prevention of coronary ischemia [77,78].

4.2. Severe Course of COVID-19

The clinical course of SARS-CoV-2 infection is highly variable, with symptoms ranging
from flu-like to severe (sometimes multiorgan) hypoxemia. Autopsy studies in patients
with a severe course of COVID-19 showed elevated levels of pro-inflammatory cytokines
(IL-1β and IL-6) in the serum and pulmonary tissue, as well as plasma [79,80]. Undoubt-
edly, the main clinical problem is uncontrolled inflammation, which occurs alongside a
cytokine storm. Earlier research showed that inflammasomes and pyroptosis of monocyte
play a role in inflammation during SARS-CoV-2 infection [81]. Since the beginning of the
pandemic, scientists have been noticing the resurgence of neutrophilia, particularly in
patients with a severe course of COVID-19 [82]. Studies on patients treated at the Wuhan
Union Hospital in China revealed a markedly lower level of lymphocytes and an increased
neutrophils/lymphocytes ratio in critically ill patients as compared with patients with
the severe or mild disease [83]. Neutrophils made up between 79 and 90% of peripheral
blood cells, outnumbering monocytes by about 10 times [84]. Granulocytes were also
found in the tracheal aspirates of patients with a severe COVID-19 course, accounting
for 80% of all myeloid cells CD45+, of which 60% were CD66b+ cells—neutrophils [85,86].
In addition to other serum markers, the count of PMNs in peripheral blood and the neu-
trophils/lymphocytes ratio was proposed as prognostic indicators of disease severity and
even mortality [87,88]. Neutrophils from patients with COVID-19 exhibited ASC spot
fluorescence, with the highest intensity in colocalization with NLRC4 protein (48% pa-
tients), followed by NLRP3 (28.9%), AIM-2 (15%), and NLRP1 (13.9%) [84]. A study on
macrophages by Jaqueira et al. showed a significant correlation between the expression
of quantitative trait loci (eQTL) and the severe course of COVID-19 with the NLRC4 gene,
as well as between the eQTL of the AIM-2 gene and the hospitalization frequency of
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COVID-19 patients with [89]. Considering the broad distribution of neutrophils (both
in the blood and in the pulmonary tissue) in comparison with other leukocytes and the
activation of inflammasomes in response to SARS-CoV-2 in patients with COVID-19, it can
be presumed that both neutrophils and monocytes contribute to cytokine storm through
inflammasome activation.

A serious clinical problem related to the course of COVID-19 itself, as well as its
complications, is frequent hemostatic disorders, which cause venous thromboembolic
disorder in patients with COVID-19, or disseminated intravascular coagulopathy in those
with an infection concomitant with COVID-19 [90]. Thromboembolic complications of
SARS-CoV-2 infection are burdened by a high mortality risk. Research indicates that
people who did not survive had a rapid increase in the levels of D-dimer [91]. Moreover,
autopsy studies showed the presence of microthrombi in small pulmonary arteries and
disseminated microvascular thrombi in numerous organs [92,93]. The contribution of NETs
was described in the pathogenesis of various types of thrombosis, as extracellular traps
favor the formation of thrombi by working as scaffolding, activating platelets, and inducing
intravascular coagulopathy [94]. The development and activation of inflammasome were
shown to play a significant role in NETs formation during sterile inflammation [95]. In
patients with COVID-19, the percentage of oligomerized ASC protein spots in neutrophils
indicated the presence of citrullinated histones (H3cit+) [84]. NETs were observed in plasma
samples, tracheal aspirates, and pulmonary tissues from autopsies of COVID-19 patients.
The potential for the formation and release of NETs was also increased in the neutrophils
of COVID-19 patients as compared with healthy people. According to the research, live
but not inactivated SARS-CoV-2 virus-induced neutrophils produce NETs. It was found
that virus penetration inside neutrophils and its replication occurred through the fusion of
virus spike protein (S) and the angiotensin-converting enzyme (ACE2) and the cleavage
of S protein by TMPRSS2 serine protease, the expression of which was also confirmed in
neutrophils [96,97]. Furthermore, evidence suggests that NETs form the scaffolding for
thrombus bound to von Willebrand factor (VWF), which is cleaved by the ADAMRS13
enzyme [98]. In patients with a severe course of COVID-19, the concentrations of VWF
exceeded the reference value by 500%. Moreover, a very high VWF/ADAMTS13 ratio
was observed, which was likely due to intensive endothelial activity. Intensified VWF
release may favor the retention of NETs in vessels [84]. In patients with a severe course
of COVID-19, apoptotic processes in the cells of pulmonary epithelium and endothelium
impeded the functional status of the lungs, resulting in a compromised state [99]. At the
same time, it was demonstrated that neutrophils activated by SARS-CoV-2 and purified
NETs from healthy neutrophils induced apoptosis in cells of the A549 line (cells isolated
from lung tissue). These results indicate that NETs may be a potential factor damaging
pulmonary epithelium cells in patients with severe SARS-CoV-2 infection. Moreover, NETs
may activate PRR, including TLR-4 and TLR-7, which mediate the release of inflammatory
mediators, intensifying the effect of NETs in patients with COVID-19 [97].

4.3. Cryopyrin-Associated Periodic Syndromes

The term “cryopyrin-associated periodic syndromes” (CAPS) collectively refers to a
group of autoinflammatory diseases based on NLRP3 gene mutations. These mutations
lead to constitutive activation of NLRP3 inflammasome, increasing the activity of caspase-1
and the expression of IL-1β and IL-18 [100]. CAPS patients can be effectively treated with
therapies targeting IL-1, which confirms its pathogenic role [101].

CAPS include familial cold autoinflammatory syndrome (FCAS), Muckle–Wells syn-
drome (MWS), and neonatal-onset multisystem inflammatory disease [102,103]. The clinical
manifestations of these diseases vary widely, ranging from fever to systemic inflammatory
conditions and dermal eruptions, in which mast cells play a significant role [103]. A study
on mouse myeloid cells conducted by Brydges et al. showed that mutations of Nlrp3A350V

(A352V) and Nlrp3L351P (L353P) were associated with the pathogenesis of FCAS and MWS,
respectively [104]. Research on CAPS undertaken by several groups focused primarily on
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the mechanisms of inflammasome activation in monocytes, macrophages, and dendritic
cells. However, none of the studies so far identified the cell group that plays the key role in
the pathogenesis of CAPS [11,105,106]. Notwithstanding, the research by Hoffman and Ley,
which analyzed the role of neutrophils in CAPS, demonstrated that neutrophilia and the
infiltration of PMNs in tissues are characteristic of CAPS, following which studies on the
importance of neutrophils in this disease group were expanded [107,108]. Stackowich et al.
studied at the mRNA level the genes responsible for the hyperactivity of NLRP3 and IL-1β
inflammasome in different populations of mouse cells and identified neutrophils, dendritic
cells, monocytes, and basophils as potential sources of hyperactive NLRP3, excluding mast
cells. Interestingly, the authors pointed out neutrophils as the main source of IL-1β among
the 21 types of immune cells analyzed. Considerable expression of IL-1β of neutrophil
origin was also observed in the dermal infiltrates of patients with CAPS and in a mouse
CAPS model (mutation of Nlrp3 A350V), which confirmed the contribution of PMNs in the
clinical manifestations of these syndromes [109]. The results of the above study suggest
that neutrophils could be a potential therapeutic target in the treatment of the clinical
manifestations of CAPS. CXCR2 receptor antagonists for chemokines on neutrophils are
a potential grip point for reducing the neutrophil count [110]. Clinical studies on CXCR2
blocking antibodies were conducted, among others, for asthma [111]. Further research
on the treatment of CAPS symptoms is undoubtedly needed to explain the pathogenic
mechanism involving neutrophils, although PMNs are certainly promising candidates for
targeted therapy of these diseases.

5. Summary and Future Prospects

Neutrophils exhibit their own cellular identity, which has an effect on their various
effector functions. The inflammasome activation-related signaling of these cells, which
differs from that of monocytes/macrophages, is the best proof of their distinct nature.
The mechanisms underlying the activation of protein complexes and the expression of
IL-1β neutrophils remain unclear. It is essential to understand the activation mechanism
of inflammasomes and their role in various clinical entities, as they could be significant
therapeutic targets with the potential to reduce inflammation in numerous diseases [112].

Despite their significantly higher count compared to monocytes, PMNs are often over-
looked when explaining the significance of inflammasome activation in the pathogenesis of
different diseases, including gout or neutrophilic dermatoses [113,114]. The contribution of
PMNs in the course of these diseases is indisputable, yet studies continue to focus only on
inflammasome activation in macrophages. There is a need for a better understanding of
the pathogenic mechanisms of inflammatory conditions associated with the activation of
inflammasomes in neutrophils. Regulation of the counts of neutrophils, their recruitment,
or the use of inhibitors affecting their effector functions could be potential therapeutic ap-
proaches. Although medications affecting the function and counts of neutrophils are being
sought continuously, they cannot be utilized without a thorough understanding of the
contribution of neutrophils to pathogenic mechanisms [110]. Thus, the need for expanding
the research on the effector functions of neutrophils and their role in the pathogenesis of
inflammatory conditions appears to be justified.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Int. J. Mol. Sci. 2023, 24, 6340 12 of 16

References
1. Mócsai, A. Diverse Novel Functions of Neutrophils in Immunity, Inflammation, and Beyond. J. Exp. Med. 2013, 210, 1283–1299.

[CrossRef]
2. Hayashi, F.; Means, T.K.; Luster, A.D. Toll-like Receptors Stimulate Human Neutrophil Function. Blood 2003, 102, 2660–2669.

[CrossRef] [PubMed]
3. El Kebir, D.; József, L.; Filep, J.G. Neutrophil Recognition of Bacterial DNA and Toll-like Receptor 9-Dependent and -Independent

Regulation of Neutrophil Function. Arch. Immunol. Ther. Exp. (Warsz.) 2008, 56, 41–53. [CrossRef] [PubMed]
4. Burgoyne, R.D.; Morgan, A. Secretory Granule Exocytosis. Physiol. Rev. 2003, 83, 581–632. [CrossRef] [PubMed]
5. Lacy, P.; Eitzen, G. Control of Granule Exocytosis in Neutrophils. Front. Biosci. J. Virtual Libr. 2008, 13, 5559–5570. [CrossRef]

[PubMed]
6. Robinson, J.M. Phagocytic Leukocytes and Reactive Oxygen Species. Histochem. Cell Biol. 2009, 131, 465–469. [CrossRef]
7. Almyroudis, N.G.; Grimm, M.J.; Davidson, B.A.; Röhm, M.; Urban, C.F.; Segal, B.H. NETosis and NADPH Oxidase: At the

Intersection of Host Defense, Inflammation, and Injury. Front. Immunol. 2013, 4, 45. [CrossRef]
8. Kaplan, M.J.; Radic, M. Neutrophil Extracellular Traps: Double-Edged Swords of Innate Immunity. J. Immunol. Baltim. Md 1950

2012, 189, 2689–2695. [CrossRef]
9. 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]
10. 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]
11. Martinon, F.; Burns, K.; Tschopp, J. The Inflammasome: A Molecular Platform Triggering Activation of Inflammatory Caspases

and Processing of ProIL-Beta. Mol. Cell 2002, 10, 417–426. [CrossRef]
12. Nathan, C. Neutrophils and Immunity: Challenges and Opportunities. Nat. Rev. Immunol. 2006, 6, 173–182. [CrossRef]
13. Lamkanfi, M.; Dixit, V.M. Mechanisms and Functions of Inflammasomes. Cell 2014, 157, 1013–1022. [CrossRef] [PubMed]
14. Chen, K.W.; Schroder, K. Antimicrobial Functions of Inflammasomes. Curr. Opin. Microbiol. 2013, 16, 311–318. [CrossRef]

[PubMed]
15. Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805–820. [CrossRef]
16. Bauernfeind, F.G.; Horvath, G.; Stutz, A.; Alnemri, E.S.; MacDonald, K.; Speert, D.; Fernandes-Alnemri, T.; Wu, J.; Monks,

B.G.; Fitzgerald, K.A.; et al. Cutting Edge: NF-KB Activating Pattern Recognition and Cytokine Receptors License NLRP3
Inflammasome Activation by Regulating NLRP3 Expression. J. Immunol. 2009, 183, 787–791. [CrossRef]

17. Greaney, A.J.; Leppla, S.H.; Moayeri, M. Bacterial Exotoxins and the Inflammasome. Front. Immunol. 2015, 6, 570. [CrossRef]
18. Kanneganti, T.-D.; Ozören, N.; Body-Malapel, M.; Amer, A.; Park, J.-H.; Franchi, L.; Whitfield, J.; Barchet, W.; Colonna, M.;

Vandenabeele, P.; et al. Bacterial RNA and Small Antiviral Compounds Activate Caspase-1 through Cryopyrin/Nalp3. Nature
2006, 440, 233–236. [CrossRef]

19. Mariathasan, S.; Weiss, D.S.; Newton, K.; McBride, J.; O’Rourke, K.; Roose-Girma, M.; Lee, W.P.; Weinrauch, Y.; Monack, D.M.;
Dixit, V.M. Cryopyrin Activates the Inflammasome in Response to Toxins and ATP. Nature 2006, 440, 228–232. [CrossRef]

20. Martinon, F.; Pétrilli, V.; Mayor, A.; Tardivel, A.; Tschopp, J. Gout-Associated Uric Acid Crystals Activate the NALP3 Inflamma-
some. Nature 2006, 440, 237–241. [CrossRef] [PubMed]

21. 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]

22. 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]

23. Liu, X.; Zhang, Z.; Ruan, J.; Pan, Y.; Magupalli, V.G.; Wu, H.; Lieberman, J. Inflammasome-Activated Gasdermin D Causes
Pyroptosis by Forming Membrane Pores. Nature 2016, 535, 153–158. [CrossRef] [PubMed]

24. Sborgi, L.; Rühl, S.; Mulvihill, E.; Pipercevic, J.; Heilig, R.; Stahlberg, H.; Farady, C.J.; Müller, D.J.; Broz, P.; Hiller, S. GSDMD
Membrane Pore Formation Constitutes the Mechanism of Pyroptotic Cell Death. EMBO J. 2016, 35, 1766–1778. [CrossRef]

25. Song, N.; Liu, Z.-S.; Xue, W.; Bai, Z.-F.; Wang, Q.-Y.; Dai, J.; Liu, X.; Huang, Y.-J.; Cai, H.; Zhan, X.-Y.; et al. NLRP3 Phosphorylation
Is an Essential Priming Event for Inflammasome Activation. Mol. Cell 2017, 68, 185–197.e6. [CrossRef]

26. Stutz, A.; Kolbe, C.-C.; Stahl, R.; Horvath, G.L.; Franklin, B.S.; van Ray, O.; Brinkschulte, R.; Geyer, M.; Meissner, F.; Latz, E.
NLRP3 Inflammasome Assembly Is Regulated by Phosphorylation of the Pyrin Domain. J. Exp. Med. 2017, 214, 1725–1736.
[CrossRef] [PubMed]

27. Lopez-Castejon, G. Control of the Inflammasome by the Ubiquitin System. FEBS J. 2020, 287, 11–26. [CrossRef]
28. Muñoz-Planillo, R.; Kuffa, P.; Martínez-Colón, G.; Smith, B.L.; Rajendiran, T.M.; Núñez, G. K+ Efflux Is the Common Trigger of

NLRP3 Inflammasome Activation by Bacterial Toxins and Particulate Matter. Immunity 2013, 38, 1142–1153. [CrossRef]
29. Kayagaki, N.; Warming, S.; Lamkanfi, M.; Vande Walle, L.; Louie, S.; Dong, J.; Newton, K.; Qu, Y.; Liu, J.; Heldens, S.; et al.

Non-Canonical Inflammasome Activation Targets Caspase-11. Nature 2011, 479, 117–121. [CrossRef]
30. 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]

http://doi.org/10.1084/jem.20122220
http://doi.org/10.1182/blood-2003-04-1078
http://www.ncbi.nlm.nih.gov/pubmed/12829592
http://doi.org/10.1007/s00005-008-0008-3
http://www.ncbi.nlm.nih.gov/pubmed/18250968
http://doi.org/10.1152/physrev.00031.2002
http://www.ncbi.nlm.nih.gov/pubmed/12663867
http://doi.org/10.2741/3099
http://www.ncbi.nlm.nih.gov/pubmed/18508605
http://doi.org/10.1007/s00418-009-0565-5
http://doi.org/10.3389/fimmu.2013.00045
http://doi.org/10.4049/jimmunol.1201719
http://doi.org/10.1074/jbc.M113.505636
http://doi.org/10.1182/blood.V80.8.2012.2012
http://doi.org/10.1016/S1097-2765(02)00599-3
http://doi.org/10.1038/nri1785
http://doi.org/10.1016/j.cell.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24855941
http://doi.org/10.1016/j.mib.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23466299
http://doi.org/10.1016/j.cell.2010.01.022
http://doi.org/10.4049/jimmunol.0901363
http://doi.org/10.3389/fimmu.2015.00570
http://doi.org/10.1038/nature04517
http://doi.org/10.1038/nature04515
http://doi.org/10.1038/nature04516
http://www.ncbi.nlm.nih.gov/pubmed/16407889
http://doi.org/10.1038/ni.1631
http://www.ncbi.nlm.nih.gov/pubmed/18604214
http://doi.org/10.1038/nature15514
http://doi.org/10.1038/nature18629
http://www.ncbi.nlm.nih.gov/pubmed/27383986
http://doi.org/10.15252/embj.201694696
http://doi.org/10.1016/j.molcel.2017.08.017
http://doi.org/10.1084/jem.20160933
http://www.ncbi.nlm.nih.gov/pubmed/28465465
http://doi.org/10.1111/febs.15118
http://doi.org/10.1016/j.immuni.2013.05.016
http://doi.org/10.1038/nature10558
http://doi.org/10.1038/nature13683


Int. J. Mol. Sci. 2023, 24, 6340 13 of 16

31. Schmid-Burgk, J.L.; Gaidt, M.M.; Schmidt, T.; Ebert, T.S.; Bartok, E.; Hornung, V. Caspase-4 Mediates Non-Canonical Activation
of the NLRP3 Inflammasome in Human Myeloid Cells. Eur. J. Immunol. 2015, 45, 2911–2917. [CrossRef]

32. 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] [PubMed]

33. Liu, L.; Sun, B. Neutrophil Pyroptosis: New Perspectives on Sepsis. Cell. Mol. Life Sci. 2019, 76, 2031–2042. [CrossRef] [PubMed]
34. 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]
35. 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. Baltim. Md 1950 2015, 194, 1763–1775. [CrossRef]

36. 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]

37. Wengner, A.M.; Pitchford, S.C.; Furze, R.C.; Rankin, S.M. The Coordinated Action of G-CSF and ELR + CXC Chemokines in
Neutrophil Mobilization during Acute Inflammation. Blood 2008, 111, 42–49. [CrossRef]

38. Kennedy, A.D.; DeLeo, F.R. Neutrophil Apoptosis and the Resolution of Infection. Immunol. Res. 2009, 43, 25–61. [CrossRef]
39. 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]
40. Kaneko, N.; Kurata, M.; Yamamoto, T.; Morikawa, S.; Masumoto, J. The Role of Interleukin-1 in General Pathology. Inflamm.

Regen. 2019, 39, 12. [CrossRef] [PubMed]
41. Tourneur, L.; Witko-Sarsat, V. Inflammasome Activation: Neutrophils Go Their Own Way. J. Leukoc. Biol. 2019, 105, 433–436.

[CrossRef]
42. Dinarello, C.A. Immunological and Inflammatory Functions of the Interleukin-1 Family. Annu. Rev. Immunol. 2009, 27, 519–550.

[CrossRef] [PubMed]
43. Greten, F.R.; Arkan, M.C.; Bollrath, J.; Hsu, L.-C.; Goode, J.; Miething, C.; Göktuna, S.I.; Neuenhahn, M.; Fierer, J.; Paxian, S.; et al.

NF-KB Is a Negative Regulator of IL-1β Secretion as Revealed by Genetic and Pharmacological Inhibition of IKKβ. Cell 2007, 130,
918–931. [CrossRef]

44. 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] [PubMed]

45. Keitelman, I.A.; Shiromizu, C.M.; Zgajnar, N.R.; Danielián, S.; Jancic, C.C.; Martí, M.A.; Fuentes, F.; Yancoski, J.; Vera Aguilar,
D.; Rosso, D.A.; et al. The Interplay between Serine Proteases and Caspase-1 Regulates the Autophagy-Mediated Secretion of
Interleukin-1 Beta in Human Neutrophils. Front. Immunol. 2022, 13, 832306. [CrossRef]

46. 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,
eaar6676. [CrossRef]

47. 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] [PubMed]

48. Dinarello, C.A. Interleukin-1 in the Pathogenesis and Treatment of Inflammatory Diseases. Blood 2011, 117, 3720–3732. [CrossRef]
[PubMed]

49. Monteleone, M.; Stow, J.L.; Schroder, K. Mechanisms of Unconventional Secretion of IL-1 Family Cytokines. Cytokine 2015, 74,
213–218. [CrossRef] [PubMed]

50. Vijayaraj, S.L.; Feltham, R.; Rashidi, M.; Frank, D.; Liu, Z.; Simpson, D.S.; Ebert, G.; Vince, A.; Herold, M.J.; Kueh, A.; et al.
The Ubiquitylation of IL-1β Limits Its Cleavage by Caspase-1 and Targets It for Proteasomal Degradation. Nat. Commun. 2021,
12, 2713. [CrossRef]

51. Broz, P.; Pelegrín, P.; Shao, F. The Gasdermins, a Protein Family Executing Cell Death and Inflammation. Nat. Rev. Immunol. 2020,
20, 143–157. [CrossRef] [PubMed]

52. Yow, S.J.; Yeap, H.W.; Chen, K.W. Inflammasome and Gasdermin Signaling in Neutrophils. Mol. Microbiol. 2022, 117, 961–972.
[CrossRef] [PubMed]

53. 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] [PubMed]

54. Iula, L.; Keitelman, I.A.; Sabbione, F.; Fuentes, F.; Guzman, M.; Galletti, J.G.; Gerber, P.P.; Ostrowski, M.; Geffner, J.R.; Jancic, C.C.; et al.
Autophagy Mediates Interleukin-1β Secretion in Human Neutrophils. Front. Immunol. 2018, 9, 269. [CrossRef] [PubMed]

55. Shi, C.-S.; Shenderov, K.; Huang, N.-N.; Kabat, J.; Abu-Asab, M.; Fitzgerald, K.A.; Sher, A.; Kehrl, J.H. Activation of Autophagy
by Inflammatory Signals Limits IL-1β Production by Targeting Ubiquitinated Inflammasomes for Destruction. Nat. Immunol.
2012, 13, 255–263. [CrossRef]

http://doi.org/10.1002/eji.201545523
http://doi.org/10.1016/j.celrep.2014.06.028
http://www.ncbi.nlm.nih.gov/pubmed/25043180
http://doi.org/10.1007/s00018-019-03060-1
http://www.ncbi.nlm.nih.gov/pubmed/30877336
http://doi.org/10.4049/jimmunol.1002720
http://doi.org/10.4049/jimmunol.1401624
http://doi.org/10.1084/jem.20172222
http://doi.org/10.1182/blood-2007-07-099648
http://doi.org/10.1007/s12026-008-8049-6
http://doi.org/10.1038/nri3024
http://doi.org/10.1186/s41232-019-0101-5
http://www.ncbi.nlm.nih.gov/pubmed/31182982
http://doi.org/10.1002/JLB.3CE1118-433R
http://doi.org/10.1146/annurev.immunol.021908.132612
http://www.ncbi.nlm.nih.gov/pubmed/19302047
http://doi.org/10.1016/j.cell.2007.07.009
http://doi.org/10.1002/eji.201141921
http://www.ncbi.nlm.nih.gov/pubmed/22213227
http://doi.org/10.3389/fimmu.2022.832306
http://doi.org/10.1126/sciimmunol.aar6676
http://doi.org/10.1126/sciimmunol.aar6689
http://www.ncbi.nlm.nih.gov/pubmed/30143555
http://doi.org/10.1182/blood-2010-07-273417
http://www.ncbi.nlm.nih.gov/pubmed/21304099
http://doi.org/10.1016/j.cyto.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25922276
http://doi.org/10.1038/s41467-021-22979-3
http://doi.org/10.1038/s41577-019-0228-2
http://www.ncbi.nlm.nih.gov/pubmed/31690840
http://doi.org/10.1111/mmi.14891
http://www.ncbi.nlm.nih.gov/pubmed/35244299
http://doi.org/10.1038/s41467-020-16043-9
http://www.ncbi.nlm.nih.gov/pubmed/32371889
http://doi.org/10.3389/fimmu.2018.00269
http://www.ncbi.nlm.nih.gov/pubmed/29515581
http://doi.org/10.1038/ni.2215


Int. J. Mol. Sci. 2023, 24, 6340 14 of 16

56. Kruger, P.; Saffarzadeh, M.; Weber, A.N.R.; Rieber, N.; Radsak, M.; von Bernuth, H.; Benarafa, C.; Roos, D.; Skokowa, J.; Hartl, D.
Neutrophils: Between Host Defence, Immune Modulation, and Tissue Injury. PLoS Pathog. 2015, 11, e1004651. [CrossRef]

57. 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]

58. Takeda, K.; Akira, S. TLR Signaling Pathways. Semin. Immunol. 2004, 16, 3–9. [CrossRef]
59. Abdolmaleki, F.; Farahani, N.; Gheibi Hayat, S.M.; Pirro, M.; Bianconi, V.; Barreto, G.E.; Sahebkar, A. The Role of Efferocytosis in

Autoimmune Diseases. Front. Immunol. 2018, 9, 1645. [CrossRef]
60. Ridker, P.M.; Danielson, E.; Fonseca, F.A.H.; Genest, J.; Gotto, A.M.; Kastelein, J.J.P.; Koenig, W.; Libby, P.; Lorenzatti, A.J.;

MacFadyen, J.G.; et al. Rosuvastatin to Prevent Vascular Events in Men and Women with Elevated C-Reactive Protein. N. Engl. J.
Med. 2008, 359, 2195–2207. [CrossRef]

61. Ridker, P.M. From C-Reactive Protein to Interleukin-6 to Interleukin-1: Moving Upstream To Identify Novel Targets for Athero-
protection. Circ. Res. 2016, 118, 145–156. [CrossRef]

62. Li, D.; Yu, J.; Zeng, R.; Zhao, L.; Wan, Z.; Zeng, Z.; Cao, Y. Neutrophil Count Is Associated With Risks of Cardiovascular Diseases.
J. Am. Coll. Cardiol. 2017, 70, 911–912. [CrossRef]

63. Nagareddy, P.R.; Murphy, A.J.; Stirzaker, R.A.; Hu, Y.; Yu, S.; Miller, R.G.; Ramkhelawon, B.; Distel, E.; Westerterp, M.; Huang,
L.-S.; et al. Hyperglycemia Promotes Myelopoiesis and Impairs the Resolution of Atherosclerosis. Cell Metab. 2013, 17, 695–708.
[CrossRef] [PubMed]

64. Silvestre-Roig, C.; Braster, Q.; Ortega-Gomez, A.; Soehnlein, O. Neutrophils as Regulators of Cardiovascular Inflammation. Nat.
Rev. Cardiol. 2020, 17, 327–340. [CrossRef]

65. Klopf, J.; Brostjan, C.; Eilenberg, W.; Neumayer, C. Neutrophil Extracellular Traps and Their Implications in Cardiovascular and
Inflammatory Disease. Int. J. Mol. Sci. 2021, 22, 559. [CrossRef]

66. Kahlenberg, J.M.; Carmona-Rivera, C.; Smith, C.K.; Kaplan, M.J. Neutrophil Extracellular Trap–Associated Protein Activation of
the NLRP3 Inflammasome Is Enhanced in Lupus Macrophages. J. Immunol. 2013, 190, 1217–1226. [CrossRef] [PubMed]

67. Wilson, A.S.; Randall, K.L.; Pettitt, J.A.; Ellyard, J.I.; Blumenthal, A.; Enders, A.; Quah, B.J.; Bopp, T.; Parish, C.R.; Brüstle, A.
Neutrophil Extracellular Traps and Their Histones Promote Th17 Cell Differentiation Directly via TLR2. Nat. Commun. 2022, 13, 528.
[CrossRef]

68. Méndez-Ferrer, S.; Lucas, D.; Battista, M.; Frenette, P.S. Haematopoietic Stem Cell Release Is Regulated by Circadian Oscillations.
Nature 2008, 452, 442–447. [CrossRef]

69. Jiang, K.; Tu, Z.; Chen, K.; Xu, Y.; Chen, F.; Xu, S.; Shi, T.; Qian, J.; Shen, L.; Hwa, J.; et al. Gasdermin D Inhibition Confers
Antineutrophil-Mediated Cardioprotection in Acute Myocardial Infarction. J. Clin. Investig. 2022, 132, e151268. [CrossRef]

70. Gong, Y.; Koh, D.-R. Neutrophils Promote Inflammatory Angiogenesis via Release of Preformed VEGF in an in Vivo Corneal
Model. Cell Tissue Res. 2010, 339, 437–448. [CrossRef] [PubMed]

71. Vafadarnejad, E.; Rizzo, G.; Krampert, L.; Arampatzi, P.; Arias-Loza, A.-P.; Nazzal, Y.; Rizakou, A.; Knochenhauer, T.; Bandi, S.R.;
Nugroho, V.A.; et al. Dynamics of Cardiac Neutrophil Diversity in Murine Myocardial Infarction. Circ. Res. 2020, 127, e232–e249.
[CrossRef] [PubMed]

72. Adrover, J.M.; Del Fresno, C.; Crainiciuc, G.; Cuartero, M.I.; Casanova-Acebes, M.; Weiss, L.A.; Huerga-Encabo, H.; Silvestre-Roig,
C.; Rossaint, J.; Cossío, I.; et al. A Neutrophil Timer Coordinates Immune Defense and Vascular Protection. Immunity 2019, 50,
390–402.e10. [CrossRef] [PubMed]

73. Aroca-Crevillén, A.; Adrover, J.M.; Hidalgo, A. Circadian Features of Neutrophil Biology. Front. Immunol. 2020, 11, 576. [CrossRef]
74. Wang, J.; Hossain, M.; Thanabalasuriar, A.; Gunzer, M.; Meininger, C.; Kubes, P. Visualizing the Function and Fate of Neutrophils

in Sterile Injury and Repair. Science 2017, 358, 111–116. [CrossRef]
75. Horckmans, M.; Ring, L.; Duchene, J.; Santovito, D.; Schloss, M.J.; Drechsler, M.; Weber, C.; Soehnlein, O.; Steffens, S. Neutrophils

Orchestrate Post-Myocardial Infarction Healing by Polarizing Macrophages towards a Reparative Phenotype. Eur. Heart J. 2017,
38, 187–197. [CrossRef] [PubMed]

76. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker,
S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377, 1119–1131.
[CrossRef]

77. Nidorf, S.M.; Fiolet, A.T.L.; Mosterd, A.; Eikelboom, J.W.; Schut, A.; Opstal, T.S.J.; The, S.H.K.; Xu, X.-F.; Ireland, M.A.; Lenderink,
T.; et al. Colchicine in Patients with Chronic Coronary Disease. N. Engl. J. Med. 2020, 383, 1838–1847. [CrossRef]

78. Tardif, J.-C.; Kouz, S.; Waters, D.D.; Bertrand, O.F.; Diaz, R.; Maggioni, A.P.; Pinto, F.J.; Ibrahim, R.; Gamra, H.; Kiwan, G.S.; et al.
Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N. Engl. J. Med. 2019, 381, 2497–2505. [CrossRef]

79. Conti, P.; Ronconi, G.; Caraffa, A.; Gallenga, C.; Ross, R.; Frydas, I.; Kritas, S. Induction of Pro-Inflammatory Cytokines (IL-1 and
IL-6) and Lung Inflammation by Coronavirus-19 (COVI-19 or SARS-CoV-2): Anti-Inflammatory Strategies. J. Biol. Regul. Homeost.
Agents 2020, 34, 327–331. [CrossRef]

80. Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. HLH Across Speciality Collaboration, UK COVID-19:
Consider Cytokine Storm Syndromes and Immunosuppression. Lancet Lond. Engl. 2020, 395, 1033–1034. [CrossRef]

81. Rodrigues, T.S.; de Sá, K.S.G.; Ishimoto, A.Y.; Becerra, A.; Oliveira, S.; Almeida, L.; Gonçalves, A.V.; Perucello, D.B.; Andrade,
W.A.; Castro, R.; et al. Inflammasomes Are Activated in Response to SARS-CoV-2 Infection and Are Associated with COVID-19
Severity in Patients. J. Exp. Med. 2021, 218, e20201707. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.ppat.1004651
http://doi.org/10.3389/fimmu.2021.746032
http://doi.org/10.1016/j.smim.2003.10.003
http://doi.org/10.3389/fimmu.2018.01645
http://doi.org/10.1056/NEJMoa0807646
http://doi.org/10.1161/CIRCRESAHA.115.306656
http://doi.org/10.1016/j.jacc.2017.04.070
http://doi.org/10.1016/j.cmet.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23663738
http://doi.org/10.1038/s41569-019-0326-7
http://doi.org/10.3390/ijms22020559
http://doi.org/10.4049/jimmunol.1202388
http://www.ncbi.nlm.nih.gov/pubmed/23267025
http://doi.org/10.1038/s41467-022-28172-4
http://doi.org/10.1038/nature06685
http://doi.org/10.1172/JCI151268
http://doi.org/10.1007/s00441-009-0908-5
http://www.ncbi.nlm.nih.gov/pubmed/20012648
http://doi.org/10.1161/CIRCRESAHA.120.317200
http://www.ncbi.nlm.nih.gov/pubmed/32811295
http://doi.org/10.1016/j.immuni.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/30709741
http://doi.org/10.3389/fimmu.2020.00576
http://doi.org/10.1126/science.aam9690
http://doi.org/10.1093/eurheartj/ehw002
http://www.ncbi.nlm.nih.gov/pubmed/28158426
http://doi.org/10.1056/NEJMoa1707914
http://doi.org/10.1056/NEJMoa2021372
http://doi.org/10.1056/NEJMoa1912388
http://doi.org/10.23812/CONTI-E
http://doi.org/10.1016/S0140-6736(20)30628-0
http://doi.org/10.1084/jem.20201707
http://www.ncbi.nlm.nih.gov/pubmed/33231615


Int. J. Mol. Sci. 2023, 24, 6340 15 of 16

82. Rahi, M.S.; Jindal, V.; Reyes, S.-P.; Gunasekaran, K.; Gupta, R.; Jaiyesimi, I. Hematologic Disorders Associated with COVID-19: A
Review. Ann. Hematol. 2021, 100, 309–320. [CrossRef] [PubMed]

83. Liao, D.; Zhou, F.; Luo, L.; Xu, M.; Wang, H.; Xia, J.; Gao, Y.; Cai, L.; Wang, Z.; Yin, P.; et al. Haematological Characteristics and
Risk Factors in the Classification and Prognosis Evaluation of COVID-19: A Retrospective Cohort Study. Lancet Haematol. 2020, 7,
e671–e678. [CrossRef] [PubMed]

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

85. Sánchez-Cerrillo, I.; Landete, P.; Aldave, B.; Sánchez-Alonso, S.; Sánchez-Azofra, A.; Marcos-Jiménez, A.; Ávalos, E.; Alcaraz-
Serna, A.; de los Santos, I.; Mateu-Albero, T.; et al. COVID-19 Severity Associates with Pulmonary Redistribution of CD1c+ DCs
and Inflammatory Transitional and Nonclassical Monocytes. J. Clin. Investig. 2020, 130, 6290–6300. [CrossRef]

86. Lakschevitz, F.S.; Hassanpour, S.; Rubin, A.; Fine, N.; Sun, C.; Glogauer, M. Identification of Neutrophil Surface Marker Changes
in Health and Inflammation Using High-Throughput Screening Flow Cytometry. Exp. Cell Res. 2016, 342, 200–209. [CrossRef]
[PubMed]

87. Liu, X.; Zhang, R.; He, G. Hematological Findings in Coronavirus Disease 2019: Indications of Progression of Disease. Ann.
Hematol. 2020, 99, 1421–1428. [CrossRef]

88. Henry, B.M.; de Oliveira, M.H.S.; Benoit, S.; Plebani, M.; Lippi, G. Hematologic, Biochemical and Immune Biomarker Abnormali-
ties Associated with Severe Illness and Mortality in Coronavirus Disease 2019 (COVID-19): A Meta-Analysis. Clin. Chem. Lab.
Med. 2020, 58, 1021–1028. [CrossRef]

89. Junqueira, C.; Crespo, Â.; Ranjbar, S.; Lewandrowski, M.; Ingber, J.; de Lacerda, L.B.; Parry, B.; Ravid, S.; Clark, S.; Ho, F.; et al.
SARS-CoV-2 Infects Blood Monocytes to Activate NLRP3 and AIM2 Inflammasomes, Pyroptosis and Cytokine Release. Res. Sq. 2021.
[CrossRef]

90. Beun, R.; Kusadasi, N.; Sikma, M.; Westerink, J.; Huisman, A. Thromboembolic Events and Apparent Heparin Resistance in
Patients Infected with SARS-CoV-2. Int. J. Lab. Hematol. 2020, 42 (Suppl. S1), 19–20. [CrossRef]

91. Lodigiani, C.; Iapichino, G.; Carenzo, L.; Cecconi, M.; Ferrazzi, P.; Sebastian, T.; Kucher, N.; Studt, J.-D.; Sacco, C.; Bertuzzi, A.; et al.
Venous and Arterial Thromboembolic Complications in COVID-19 Patients Admitted to an Academic Hospital in Milan, Italy.
Thromb. Res. 2020, 191, 9–14. [CrossRef]

92. Campbell, C.M.; Kahwash, R. Will Complement Inhibition Be the New Target in Treating COVID-19–Related Systemic Thrombosis?
Circulation 2020, 141, 1739–1741. [CrossRef]

93. Tian, S.; Hu, W.; Niu, L.; Liu, H.; Xu, H.; Xiao, S.-Y. Pulmonary Pathology of Early-Phase 2019 Novel Coronavirus (COVID-19)
Pneumonia in Two Patients With Lung Cancer. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2020, 15, 700–704.
[CrossRef]

94. Laridan, E.; Martinod, K.; De Meyer, S. Neutrophil Extracellular Traps in Arterial and Venous Thrombosis. Semin. Thromb. Hemost.
2019, 45, 86–93. [CrossRef]

95. Münzer, P.; Negro, R.; Fukui, S.; di Meglio, L.; Aymonnier, K.; Chu, L.; Cherpokova, D.; Gutch, S.; Sorvillo, N.; Shi, L.; et al.
NLRP3 Inflammasome Assembly in Neutrophils Is Supported by PAD4 and Promotes NETosis Under Sterile Conditions. Front.
Immunol. 2021, 12, 683803. [CrossRef] [PubMed]

96. Lovren, F.; Pan, Y.; Quan, A.; Teoh, H.; Wang, G.; Shukla, P.C.; Levitt, K.S.; Oudit, G.Y.; Al-Omran, M.; Stewart, D.J.; et al.
Angiotensin Converting Enzyme-2 Confers Endothelial Protection and Attenuates Atherosclerosis. Am. J. Physiol. Heart Circ.
Physiol. 2008, 295, H1377–H1384. [CrossRef] [PubMed]

97. Veras, F.P.; Pontelli, M.C.; Silva, C.M.; Toller-Kawahisa, J.E.; de Lima, M.; Nascimento, D.C.; Schneider, A.H.; Caetité, D.; Tavares,
L.A.; Paiva, I.M.; et al. SARS-CoV-2-Triggered Neutrophil Extracellular Traps Mediate COVID-19 Pathology. J. Exp. Med. 2020,
217, e20201129. [CrossRef]

98. Fuchs, T.A.; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D.; Wrobleski, S.K.; Wakefield, T.W.; Hartwig,
J.H.; Wagner, D.D. Extracellular DNA Traps Promote Thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880–15885. [CrossRef]
[PubMed]

99. Zhang, H.; Zhou, P.; Wei, Y.; Yue, H.; Wang, Y.; Hu, M.; Zhang, S.; Cao, T.; Yang, C.; Li, M.; et al. Histopathologic Changes
and SARS-CoV-2 Immunostaining in the Lung of a Patient With COVID-19. Ann. Intern. Med. 2020, 172, 629–632. [CrossRef]
[PubMed]

100. Agostini, L.; Martinon, F.; Burns, K.; McDermott, M.F.; Hawkins, P.N.; Tschopp, J. NALP3 Forms an IL-1beta-Processing
Inflammasome with Increased Activity in Muckle-Wells Autoinflammatory Disorder. Immunity 2004, 20, 319–325. [CrossRef]

101. Fenini, G.; Contassot, E.; French, L.E. Potential of IL-1, IL-18 and Inflammasome Inhibition for the Treatment of Inflammatory
Skin Diseases. Front. Pharmacol. 2017, 8, 278. [CrossRef] [PubMed]

102. 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]

103. Neven, B.; Callebaut, I.; Prieur, A.-M.; Feldmann, J.; Bodemer, C.; Lepore, L.; Derfalvi, B.; Benjaponpitak, S.; Vesely, R.;
Sauvain, M.J.; et al. Molecular Basis of the Spectral Expression of CIAS1 Mutations Associated with Phagocytic Cell-Mediated
Autoinflammatory Disorders CINCA/NOMID, MWS, and FCU. Blood 2004, 103, 2809–2815. [CrossRef] [PubMed]

http://doi.org/10.1007/s00277-020-04366-y
http://www.ncbi.nlm.nih.gov/pubmed/33415422
http://doi.org/10.1016/S2352-3026(20)30217-9
http://www.ncbi.nlm.nih.gov/pubmed/32659214
http://doi.org/10.1182/bloodadvances.2021005949
http://doi.org/10.1172/JCI140335
http://doi.org/10.1016/j.yexcr.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/26970376
http://doi.org/10.1007/s00277-020-04103-5
http://doi.org/10.1515/cclm-2020-0369
http://doi.org/10.21203/rs.3.rs-153628/v1
http://doi.org/10.1111/ijlh.13230
http://doi.org/10.1016/j.thromres.2020.04.024
http://doi.org/10.1161/CIRCULATIONAHA.120.047419
http://doi.org/10.1016/j.jtho.2020.02.010
http://doi.org/10.1055/s-0038-1677040
http://doi.org/10.3389/fimmu.2021.683803
http://www.ncbi.nlm.nih.gov/pubmed/34122445
http://doi.org/10.1152/ajpheart.00331.2008
http://www.ncbi.nlm.nih.gov/pubmed/18660448
http://doi.org/10.1084/jem.20201129
http://doi.org/10.1073/pnas.1005743107
http://www.ncbi.nlm.nih.gov/pubmed/20798043
http://doi.org/10.7326/M20-0533
http://www.ncbi.nlm.nih.gov/pubmed/32163542
http://doi.org/10.1016/S1074-7613(04)00046-9
http://doi.org/10.3389/fphar.2017.00278
http://www.ncbi.nlm.nih.gov/pubmed/28588486
http://doi.org/10.1038/ng756
http://www.ncbi.nlm.nih.gov/pubmed/11687797
http://doi.org/10.1182/blood-2003-07-2531
http://www.ncbi.nlm.nih.gov/pubmed/14630794


Int. J. Mol. Sci. 2023, 24, 6340 16 of 16

104. 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]

105. Kool, M.; Pétrilli, V.; De Smedt, T.; Rolaz, A.; Hammad, H.; van Nimwegen, M.; Bergen, I.M.; Castillo, R.; Lambrecht, B.N.; Tschopp,
J. Cutting Edge: Alum Adjuvant Stimulates Inflammatory Dendritic Cells through Activation of the NALP3 Inflammasome. J.
Immunol. Baltim. Md 1950 2008, 181, 3755–3759. [CrossRef]

106. Camilli, G.; Bohm, M.; Piffer, A.C.; Lavenir, R.; Williams, D.L.; Neven, B.; Grateau, G.; Georgin-Lavialle, S.; Quintin, J. β-Glucan-
Induced Reprogramming of Human Macrophages Inhibits NLRP3 Inflammasome Activation in Cryopyrinopathies. J. Clin.
Investig. 2020, 130, 4561–4573. [CrossRef]

107. Ley, K.; Hoffman, H.M.; Kubes, P.; Cassatella, M.A.; Zychlinsky, A.; Hedrick, C.C.; Catz, S.D. Neutrophils: New Insights and
Open Questions. Sci. Immunol. 2018, 3, eaat4579. [CrossRef]

108. Hoffman, H.M.; Wanderer, A.A.; Broide, D.H. Familial Cold Autoinflammatory Syndrome: Phenotype and Genotype of an
Autosomal Dominant Periodic Fever. J. Allergy Clin. Immunol. 2001, 108, 615–620. [CrossRef]

109. 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]

110. Németh, T.; Sperandio, M.; Mócsai, A. Neutrophils as Emerging Therapeutic Targets. Nat. Rev. Drug Discov. 2020, 19, 253–275.
[CrossRef]

111. O’Byrne, P.M.; Metev, H.; Puu, M.; Richter, K.; Keen, C.; Uddin, M.; Larsson, B.; Cullberg, M.; Nair, P. Efficacy and Safety of a
CXCR2 Antagonist, AZD5069, in Patients with Uncontrolled Persistent Asthma: A Randomised, Double-Blind, Placebo-Controlled
Trial. Lancet Respir. Med. 2016, 4, 797–806. [CrossRef] [PubMed]

112. Challagundla, N.; Saha, B.; Agrawal-Rajput, R. Insights into Inflammasome Regulation: Cellular, Molecular, and Pathogenic
Control of Inflammasome Activation. Immunol. Res. 2022, 70, 578–606. [CrossRef]

113. Dalbeth, N.; Gosling, A.L.; Gaffo, A.; Abhishek, A. Gout. Lancet Lond. Engl. 2021, 397, 1843–1855. [CrossRef]
114. Delaleu, J.; Lepelletier, C.; Calugareanu, A.; De Masson, A.; Charvet, E.; Petit, A.; Giurgea, I.; Amselem, S.; Karabina, S.; Jachiet,

M.; et al. Neutrophilic Dermatoses. Rev. Med. Interne 2022, 43, 727–738. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.immuni.2009.05.005
http://doi.org/10.4049/jimmunol.181.6.3755
http://doi.org/10.1172/JCI134778
http://doi.org/10.1126/sciimmunol.aat4579
http://doi.org/10.1067/mai.2001.118790
http://doi.org/10.1084/jem.20201466
http://doi.org/10.1038/s41573-019-0054-z
http://doi.org/10.1016/S2213-2600(16)30227-2
http://www.ncbi.nlm.nih.gov/pubmed/27574788
http://doi.org/10.1007/s12026-022-09286-9
http://doi.org/10.1016/S0140-6736(21)00569-9
http://doi.org/10.1016/j.revmed.2022.06.007
http://www.ncbi.nlm.nih.gov/pubmed/35870984

	Mechanisms of Recognition and Killing of Pathogens by Neutrophils 
	Inflammasomes—Structure and Activation 
	Expression of IL-1 by Neutrophils with the Contribution of Inflammasomes 
	Inflammasome Activation with Canonical Pathway and Serine Proteases 
	Neutrophils vs. Pyroptosis—Nonlytic Expression of IL-1 
	Non-canonical Activation of Inflammasome in Neutrophils—IL-1 and NETs 
	IL-1 Expression with Contribution of Autophagosomes 

	Inflammasomes in Neutrophils and Their Contribution to Disease Pathogenesis 
	Cardiovascular Diseases 
	Severe Course of COVID-19 
	Cryopyrin-Associated Periodic Syndromes 

	Summary and Future Prospects 
	References

