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Abstract

Evidence shows that neutrophils can protect the host against pathogens in
multiple ways, including the formation and release of neutrophil extracellular
traps (NETs). NETs are web-like structures composed of fibers, DNA, histones,
and various neutrophil granule proteins. NETs can capture and kill pathogens,
including bacteria, viruses, fungi, and protozoa. The process of NET formation
is called NETosis. According to whether they depend on nicotinamide adenine
dinucleotide phosphate (NADPH), NETosis can be divided into two categories:
“suicidal” NETosis and “vital” NETosis. However, NET components, including
neutrophil elastase, myeloperoxidase, and cell-free DNA, cause a proinflamma-
tory response and potentially severe diseases. Compelling evidence indicates a
link between NETs and the pathogenesis of a number of diseases, including
sepsis, systemic lupus erythematosus, rheumatoid arthritis, small-vessel vas-
culitis, inflammatory bowel disease, cancer, COVID-19, and others. Therefore,
targeting the process and products of NETosis is critical for treating diseases
linked with NETosis. Researchers have discovered that several NET inhibitors,
such as toll-like receptor inhibitors and reactive oxygen species scavengers, can
prevent uncontrolled NET development. This review summarizes the mech-
anism of NETosis, the receptors associated with NETosis, the pathology of
NETosis-induced diseases, and NETosis-targeted therapy.
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HUANG ET AL.

1 | INTRODUCTION

Neutrophils are the most common responsive innate
immune effector cells and the first line of defense against
pathogen invasion through degranulation, phagocytosis,
reactive oxygen species (ROS) generation, and chemokine
and cytokine synthesis.'*> Furthermore, scientists have
discovered another critical mechanism by which neu-
trophils protect the host from infections. Brinkmann et al.*
reported that neutrophils stimulated with phorbol 12-
myristate 13-acetate (PMA) could form web-like structures
termed neutrophil extracellular traps (NETs) that could be
induced by both extracellular or intracellular pathogens,
which were capable of capturing and killing bacteria,
viruses,” fungi,’ and protozoa.” NETs are made up of
fibers, DNA, histones, and various neutrophil granule
proteins, including neutrophil elastase (NE), cathelicidin,
cathepsin G, and myeloperoxidase (MPO).®’ The ensu-
ing programmed cell death is referred to as NETosis, and
it is classified into two types: “suicidal” NETosis and
“vital” NETosis.'” The neutrophil nucleus loses its shape
and chromatin decondensation during NETosis. The mem-
brane and nucleus particles then disintegrate and mix
together, releasing them to the outside of the cell.'! Apart
from neutrophils, other immune cells, such as basophils,'?
eosinophils,"* mast cells,'* and macrophages,”> may also
generate this web-like structure.

NETosis is a double-edged sword for the immune sys-
tem. NETs include a variety of antimicrobial proteins,
including antimicrobial peptide-LL37, pentraxin 3, pro-
teinase 3 (PR3), lactoferrin, MPO, and others.'°'® Com-
pelling evidence has shown that neutrophils play a sig-
nificant role in the immune response and that NETs can
encapsulate, capture, and kill pathogens, particularly large
microorganisms such as Candida albicans and Mycobac-
terium bovis aggregates that are difficult to swallow.'”
Furthermore, once viruses activate neutrophils, NETs are
produced and are capable of trapping and eliminating
viruses or repressing viral proliferation by blocking the
protein kinase C (PKC) pathway.”"~%

However, excessive release or dysfunction of NETs can
trigger and amplify inflammatory responses, which can
cause tissue damage and a variety of diseases. The com-
ponents of NETs might become autoantigens, causing
inflammation and autoimmune diseases. B lymphocytes,
for example, may develop autoantibodies against NET-
derived cell-free DNA (cfDNA) in individuals with sys-
temic lupus erythematosus (SLE).>* NETosis has also been
linked to cancer progression and metastasis in several
studies.”*?> As a result, a better understanding of the
mechanism of NETosis may lead to new approaches for
treating NET-induced diseases, and targeting the process

and products of NETosis is critical for treating diseases
linked with NETosis.

In this review, we highlighted the mechanism of NETo-
sis, the different receptors that might cause NET devel-
opment, the link between diseases and NETosis, and
potential strategies for treating diseases by targeting NETs.

2 | THE TWO KEY MECHANISMS OF
NETosis

Current research evidence shows that NETosis is classified
into two categories: (i) “suicidal” NETosis, which occurs
in the presence of NADPH oxidase activity, and (ii) “vital”
NETosis, which occurs without NADPH oxidase activity'’
(Figure 1).

The “suicidal” NETosis was discovered following the
initial stimulation with PMA.?® Activation of neutrophils
is, in fact, a prerequisite. Stimuli might include PMA,
cholesterol crystals, and (auto) antibodies.”’ Calcium ions
may be released from the endoplasmic reticulum when
neutral surface receptors are engaged by these stimuli.
Subsequently, PKC is activated as a result of the increase
in calcium concentration. The NADPH oxidase complex
(NOX) may then be assembled and activated.”® As a con-
sequence, ROS such as O,, H,0,, HOCI, and others are
produced.”’ Regardless of its bactericidal effect, ROS plays
acritical role in “suicidal” NETosis. For example, ROS may
stimulate the degradation of cytoplasmic granules contain-
ing MPO and NE.*° Furthermore, with the help of ROS,
NE can move into the nucleus and subsequently begin to
cleave histones, resulting in chromatin decondensation.’!
Meanwhile, the peptidyl arginine deiminase 4 (PAD4)
enzyme is activated, promoting histone H3 citrullination,
which is required for chromatin decondensation.’” NETs
are formed by the combination of chromatin and granule
proteins and are released into the extracellular space once
the cell membrane ruptures. However, there is no doubt
that neutrophils will die after this type of NETosis.

There are important molecules involved in the cre-
ation of NETs. Activation of PAD4 during NETosis is
required for the rupture of cytoplasmic granules, chro-
matin decondensation, and the release of nuclear DNA
into the cytoplasm.*® Sprenkeler et al.>* revealed that a
complete and active actin polymerization process, as well
as active myosin II, are critical for DNA release during
NETosis. Cyclin-dependent kinases (CDK) also play a key
role in NET production; NETs are not produced until
CDK4 and CDKG6 are activated.* Therefore, the rupture
of the nuclear membrane may be intimately related to the
cell cycle. Studies have shown that mitochondrial DNA
(mtDNA), rather than nuclear DNA, may constitute the
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FIGURE 1 Two types of process of neutrophil extracellular trap (NET) formation (NETosis): “suicidal” and “vital.” Various materials,

including pathogens, cytokines, and phorbol 12-myristate 13-acetate (PMA), can induce “suicidal” NETosis. Calcium ions can be released,

leading to protein kinase C (PKC) activation when the receptors interact with these stimuli. Subsequently, the levels of reactive oxygen species
(ROS) are elevated by activated NADPH oxidase complex (NOX), which promotes the degradation of cytoplasmic granules containing
myeloperoxidase (MPO) and neutrophil elastase (NE). Along with peptidyl arginine deiminase 4 (PAD4), NE, and MPO induce the
citrullination of histone H3 (CitH3), further resulting in chromatin decondensation. Finally, NETs are formed and released into the

extracellular space. Another kind of NETosis is called “vital” NETosis, which can be activated by platelets (PLTs), microorganisms, and

complement proteins. After the activation of neutrophils, calcium ions transfer into neutrophils via SK3. The rise in Ca?* activates the PAD4

enzyme, leading to CitH3 and chromatin decondensation. Finally, the NET is sent out of the neutrophil by vesicles. Abbreviations: IL,

interleukin; TNF-a, tumor necrosis factor-alpha

raw material of NETs in some diseases, including SLE and
trauma.*®*” Mitochondrial ROS (mitoROS) may play a role
in Ca?* influx. However, whether mitoROS is implicated
is unclear.”® Furthermore, CO, and HCO;~ levels may
influence NETosis efficiency, and pH may alter the effec-
tiveness of glycolysis in neutrophils regarding the “suicide”
NETosis.*®

A different type of NETosis is “vital” or NOX-
independent pathway. In contrast to the previously
described “suicidal” NETosis, the “vital” NETosis takes
approximately 30 min, while the “suicidal” NETosis lasts
3-4 h. Furthermore, the cause of these two forms of

NETosis is also quite different. “Vital” NETosis can be
stimulated by activated platelets, microorganisms, and
complement proteins.*>*° Calcium ions enter neutrophils
after activation, which is regulated by small conductance
potassium channel member three (SK3).*' The influx
of Ca?" activates PAD4 to aid in H3 citrullination. As a
consequence, the electrostatic bond between histone and
DNA weakens, causing chromatin decondensation.***3
Vesicles transport these chromatins, together with his-
tones and granular proteins, out of the neutrophil.***3
The neutrophils are still alive after “vital” NETosis, and
NOX is not needed during the process.
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Research indicates that cleavage of the histone n-
terminal may be used to determine the type of NETosis;
this is because NE cleaves the n-terminal tails of core his-
tones during “suicidal” NETosis but not “vital” NETosis.*®
Nonetheless, more data about these two types of NETosis
should be further explored.

3 | THE RECEPTORS THAT MEDIATE
NETosis

Receptors are biological macromolecules that are able to
bind to hormones, neurotransmitters, drugs, or intracellu-
lar signal molecules and alter cell functions. Cell surface
receptors and intracellular receptors are classified based on
their location in cells. Neutrophils, which are at the fore-
front of recognizing and killing pathogens, have a variety
of receptors that are vital to the human immune sys-
tem. Neutrophils may exert immunological effects such
as degranulation, ROS generation, and NET formation by
recognizing certain ligands. The activation of neutrophil
receptors is critical for both innate and adaptive immu-
nity, and a vast number of receptors are also involved in
the NETosis process (Figure 2). Dysregulated NETosis is
related to the pathogenesis of various diseases. Therefore,
it is vital to determine the relationship between receptors
and NETosis.

3.1 | Pattern recognition receptors

Pattern recognition receptors (PRRs) are a kind of recog-
nition molecule that are mostly expressed on the surface
and endosome of cells and can recognize one or more
pathogen-related molecular patterns (PAMPs). There are
several types of PRRs found on neutrophils, including
toll-like receptors (TLRs), C-type lectin receptors (CLRs),
RIG-I-like receptors, absent in melanoma 2-like recep-
tors and nucleotide-binding oligomerization domain-like
receptors (NLRs). Previous research has shown that TLRs,
NLRs, and CLRs all play a role in the NETosis process.’®

3.1.1 | Toll-like receptors

TLRs are single transmembrane proteins that can identify
microbial compounds with conserved structures. Current
research has revealed 11 family members of TLRs, with
eight of them (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11)
being present on the cell surface.”’” Human neutrophils
express all TLRs except TLR3.*® TLR activation allows neu-
trophils to initiate the process of cytokine synthesis, ROS
generation, NET formation, and degranulation.49 Several

TLRs have been revealed to play a role in NET develop-
ment. For example, various viruses, such as respiratory
syncytial virus,” chikungunya virus,”’ H5N1 influenza
virus,” and dengue virus (DV),> can induce the release of
NETs through TLRs. Moreover, human immunodeficiency
virus-1 can be eliminated by NETs via the interaction of
viral nucleic acids and TLR7/8.° In addition to viruses,
other pathogens contribute to NET formation. Research
shows that Mycoplasma agalactiae, one of the world’s
smallest prokaryotes, may induce NETosis via the TLR2
signaling pathway.” In addition, death-associated molec-
ular patterns (DAMPs), including oxidized low-density
lipoprotein and histones, may activate TLRs, resulting in
NET release.”* Moreover, Huang et al.”> found that high-
mobility group box 1 (HMGBI1) and histone DAMPs can
induce NETosis by activating PAD4 via the TLR4 and
TLRY signaling pathways in liver ischemia/reperfusion
(I/R) injury.

3.1.2 | NOD-like receptors

NLRs are cytoplasmic receptors that provide a second line
of defense against pathogens. Not only PAMPs but also
DAMPs are recognized by NLRs. Notably, NLR1 and NLR2
are two of the most well-studied NLRs.

There have been a few investigations on NETosis
through the NLR pathway. The first report was in 2019,
whereby Fusobacterium nucleatum was found to activate
neutrophils, resulting in NETosis via the NOD1 and NOD2
pathways.’® Furthermore, recent research found that nod-
like receptor protein 3 (NLRP3) is associated with NETosis
and that inhibiting NLRP3 might limit NET formation.”’
However, the mechanism remains unknown.

3.1.3 | C-type lectin receptors
CLRs are one of the most important PRRs with a Ca’*-
dependent sugar recognition domain. Similar to other
PRPs, CLRs can identify extracellular and intracellu-
lar pathogens and bind PAMPs to inhibit microbial
growth and promote phagocytosis. Neutrophils express
some CLRs, including C-type lectin-2 (CLEC-2), myeloid
inhibitory C-type lectin, Dectin-1, and C-type lectin
(Mincle).*®

CLEC2 and C-type lectin member 5A (CLEC5A) are
involved in NET release against pathogens such as DV
and H5N1.°2°? Furthermore, CLEC5A can induce immune
responses, including NETosis and ROS production, against
Listeria monocytogenes in mice.’® Mincle, another type of
CLR, can induce NET release via an ROS-independent
pathway.®! In addition to stimulating NETs, CLRs can stop
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FIGURE 2 Receptors and corresponding stimuli related to process of neutrophil extracellular trap (NET) formation (NETosis). NETosis

can be induced by multiple factors, including cytokines, immune complexes (ICs), oxidized low-density lipoprotein (oxLDL), viruses,
bacteria, yeasts, etc. In response to the different triggers, neutrophils can be activated by different receptors, including toll-like receptors
(TLRs), nucleotide-binding oligomerization domain-like receptors (NLRs), C-type lectin receptors (CLRs), complement receptors (CRs), FcR,

and chemokine receptors, and induce NETosis through different cellular signals. Abbreviations: CHIKV, chikungunya virus; DAMP,

death-associated molecular pattern; DV, dengue virus; HIV-1, immunodeficiency virus-1; HTNV, Hantaan virus; IAV, H5N1 influenza virus;

IL, interleukin; PSGL, P-selectin glycoprotein ligand

NET formation. Neutrophils may detect the size of the
pathogen via a CLR called Dectin-1, which helps them
decide whether or not to release NET. Dectin-1 can inhibit
NE transport to prevent NET formation if the pathogen is
extremely small."”

3.2 | Complement receptors

Complement receptors (CRs) on the cell surface can
mediate several biological effects, such as phagocytosis,
immune regulation, adhesion, clearance of immune com-
plexes, and inflammation, by engaging with the active
fragments generated during complement activation. There
are several CRs expressed on lymphoid and myeloid
cells, and some of them, including CR4, CR3 (Mac-1
or CD11b/CD18), CR1 (CD35), and CRS5, are linked to
NETosis.

Bacteria may activate neutrophils, resulting in the pro-
duction of NETs through CRs. Staphylococcus aureus and
Aspergillus fumigatus, for example, can cause NETosis via
CR3 interaction.®>% Viruses may also activate neutrophils
through CRs. For example, the Hantaan virus can cause
NETosis through the ROS-dependent pathway, mediated
by CR3 and CR4.%* In addition, yeasts may activate neu-
trophils, resulting in NET production, which is dependent
on CD18.% Furthermore, C5a receptor-1 (C5aR1) overex-
pression is thought to be linked to MPO-DNA, which
is used as a NET marker in some patients with stable
coronary artery disease.®

3.3 | Fcreceptors

Fc receptors are receptors for the C-terminal of
immunoglobulin (Ig) Fc. After Ig binds to an
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antigen, the Fc segment of the antibody becomes allosteric
and binds to the Fc receptor on the cell membrane,
resulting in various biological effects. As a result, Fc
receptors are vital in regulating immune function and
regulation, and each type of Ig has a corresponding Fc
receptor. Human neutrophils express two Fc to recognize
IgG molecules, including FcgRIIa (CD32a) and FcgRIIIb
(CD16b).”’

Previous findings indicated that immune complexes
(ICs) could induce NET formation. Two separate stud-
ies showed that the mechanism of NETosis mediated
by FcRs was significantly distinct. In one of the stud-
ies, FcgRIIa-induced NETosis after FcgRIIIb promoted ICs
endocytosis.®® However, another study found the oppo-
site results.®” Furthermore, FcRs are potentially involved
in NET formation to protect against bacterial invasion.®®”"
For example, studies have shown that hypervirulent Kleb-
siella pneumoniae (hvKp) and S. aureus can activate FcRs,
leading to NET formation.®>”!

3.4 | Chemokine receptors

Chemokine receptors, expressed on the cell membranes
of immune cells and endothelial cells, are a type of G
protein-coupled receptor that mediates chemokine activ-
ity. Chemokine receptors can recruit neutrophils to sites
of infection, trauma, and abnormal proliferation through
chemokine interactions. CRs are divided into four main
subfamilies: CXCR, CCR, CX3CR, and XCR. Among them,
CXCRI1, CXCR2, CXCR4, and CXCR7 are thought to be
associated with NETosis.

Teijeira et al.”> found that CXCR1 and CXCR2 ago-
nists were the main inducers of cancer-promoted NETosis.
Moreover, researchers have indicated that NET forma-
tion via the CXCR1/2 pathway is a therapeutic target in
sepsis.”> CXCR2 has been linked to the progression of
atherosclerosis (AS) and diffuse large B-cell lymphoma
through NET release.”*” The process of NETosis is acti-
vated via Src kinase, extracellular signal-regulated kinase,
and p38 mitogen-activated protein kinase signaling fol-
lowing the interaction of interleukin-8 (IL-8) and CXCR2;
Ca?* is potentially involved in this process.”” In addi-
tion, CXCR2 can recruit neutrophils in the presence of
P-selectin glycoprotein ligand-1, resulting in NETosis.”’
CXCR4 is thought to play a significant role in NETosis
in patients with severe malaria.”® Ngamsri et al.”” found
that CXCR4 and CXCR?7 inhibitors could inhibit NETo-
sis and the production of platelet-neutrophil complexes,
a biomarker for peritonitis and peritonitis-associated
sepsis.

4 | THE DISEASES ASSOCIATED WITH
NETosis

4.1 | Sepsis

Reports indicate that NETosis promotes sepsis, which is
caused by bacteria and other pathogenic microorganisms
invading the body and causing a systemic inflamma-
tory response and even multiorgan failure. The release of
inflammatory mediators is augmented by NETosis prod-
ucts such as cfDNA (Figure 3).%C Research has indicated
that extracellular cold-inducible RNA-binding protein
activated receptor on myeloid cells-1 (TREM-1) leading to
the production of neutrophils with intercellular adhesion
molecule-1, which is involved in Rho GTPase to promote
NETosis in sepsis.®! Extracellular histones produced by
NETosis may act as DAMPs, causing inflammation and
organ damage.®” Vitamin C might be used to treat sepsis
patients by inhibiting the production of NETs.** Studies
show that vitamin C can reduce the level of cfDNA® as
well as block the activation of IxB kinase and NFxB.%*
Nagaoka et al.®® discovered that LL37 can be used to treat
sepsis by modulating NETosis. Moreover, a study showed
that PAD2 protein levels are elevated in sepsis patients.
They found that PAD2 inhibitors can reduce NET for-
mation and ultimately increase the survival and organ
function of sepsis patients.®

4.2 | Systemic lupus erythematosus
SLE is an autoimmune disease that affects various organs
and is caused by immunological complexes and exces-
sive B-cell proliferation. It is noteworthy that NETosis is
strongly linked to the pathogenesis of SLE, and NET prod-
ucts are an important source of SLE autoantigens.?>*’
Under normal conditions, NETs might be degraded in
serum. However, patients with SLE have autoantibod-
ies against histones and cfDNA, which protects NETs
from degradation.88 Furthermore, insufficient clearance
of dead cells caused by NETosis may result in increased
production of autoantibodies.®” The presence of DNasel
inhibitors/antibodies or the arrest of the link between
DNasel and NETs by complement component Clq or anti-
bodies of NETs may explain the inefficient degradation
of NETs.%3°Y The levels of circulating cfDNA are elevated
because of the inefficient clearance and excessive produc-
tion of NETSs, which may contribute to the progression of
lupus nephritis.”!

Citrullinated histone from NETosis has been shown
to play an important role in SLE pathogenesis.”
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The roles of process of neutrophil extracellular trap (NET) formation (NETosis) in multiple diseases. NETs are involved in

the pathogenesis and progression of various diseases, such as sepsis, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA),
small-vessel vasculitis (SVV), inflammatory bowel disease (IBD), cancer, and COVID-19. Components of NETs may act as autoantigens,
leading to inflammation and autoimmune diseases. In addition, some diseases aggravate NETosis and cause a vicious circle. Abbreviations:
ACPA, anti-citrullinated protein antibody; ANCA, anti-neutrophil cytoplasmic antibody; ARDS, acute respiratory distress syndrome; CitH3,
citrullination of histone H3; cfDNA, cell-free DNA; CTSC, tumor-secreted protease cathepsin C; DAMP, death-associated molecular pattern;
IL, interleukin; MMP9, matrix metallopeptidase 9; MPO, myeloperoxidase; NE, neutrophil elastase; PAMP, pathogen-related molecular

pattern; PR3, proteinase 3; VEGF, vascular endothelial growth factor

Autoantibodies in the serum of SLE patients prefer-
entially combine with citrullinated core histones in NETs
rather than non-deiminated chromatin.®? Citrullination
of histone HI1 creates novel autoantibody epitopes that
may stimulate B cells to make autoantibodies. Moreover,
research shows that NETs with IL-17A and tissue factor
promote thromboinflammation and fibrosis in SLE via the
REDDI/autophagy pathway.”® Cl-amidine has been shown
to inhibit the development of NETs in SLE diseases.”*%
Additionally, acetylation and methylation of histones are
associated with SLE. Posttranslational modifications of
NETs from SLE-derived neutrophils have a higher level
of histone acetylation and methylation than NETs from
healthy donors.”®

It is generally known that the activation of autoreactive
B cells is one of the SLE biomarkers. LL37-DNA com-
plex, production of NETS, can activate polyclonal B cells
via TLRO. In this view, the number of self-reactive mem-
ory B cells against LL37 increases via an antigen-dependent
pathway.”’

4.3 | Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic autoimmune dis-
ease that causes nonspecific inflammation of peripheral
joints, resulting in the destruction of intra-articular carti-
lage and bone, joint dysfunction, and even disability.
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Numerous studies have shown that NETosis partici-
pates in RA progression. The synovial fluid of RA patients
contains neutrophils, which may generate NETs.”®*° The
debris of NETSs, including elastase, citrulline histone H3,
and MPO, have been discovered in the synovial fluid and
serum of RA patients.**!° Peptidylarginine deaminases
(PAD) play a significant role in the production of NETs.*?
Two PAD enzymes, PAD2 and PAD4, are required for the
citrullination of several proteins in NETS, including actin,
histone H3, a-enolase, and vimentin, in RA.'°! In this way,
B cells can produce anti-citrullinated protein antibodies
(ACPAs) with the support of T cells.”®!9> ACPAs are found
in more than two-thirds of the sera of RA patients and
are more specific than rheumatoid factors.!’> Moreover,
anticyclic citrullinated peptide antibody has emerged as a
key biomarker for RA.'% These citrullinated autoantigens
are potent inducers of proinflammatory cytokine release
and NET formation. Research evidence shows that specific
cytokines such as tumor necrosis factor-alpha (TNF-«), IL-
17A, and IL-8 can induce NETosis in RA neutrophils.!’*
Therefore, NETosis may be a source of autoantigens,
and the ensuing ACPAs can cause the development of
NETs and a subsequent inflammatory response. Moreover,
research indicates that quercetin inhibits NETosis by regu-
lating autophagy in RA mice. Therefore, quercetin might
be a potential therapy for RA by suppressing neutrophil
activities.!”> Navratilova et al.'’ found that NETosis can
induce S100A11 (calgizzarin) release, which is related to
the pathogenesis of RA.

4.4 | Small-vessel vasculitis

Small-vessel vasculitis (SVV) is an autoimmune disease
characterized by the appearance of anti-neutrophil cyto-
plasmic antibodies (ANCAs) against MPO and PR3.107:108
Kessenbrock et al.'® revealed increased levels of NETs in
the blood of SVV patients. Immunofluorescence can reveal
NETs in the necrotizing lesions of SVV. Furthermore, IgG
antibodies in the sera of SVV patients were more likely
to stimulate NET production in vitro than those in the
control group. As previously noted in the section on SLE,
the activity of DNAsel is similarly decreased, resulting in
NET accumulation in SVV patients.'°’ In addition, Wang
et al.''” indicated that NETSs can activate the alternative
complement pathway participating in the pathogenesis
of ANCA-associated vasculitis (AAV). In addition, a-PR3
and a-MPO ANCAs can trigger NETosis, resulting in a
vicious circle.!’® The dysregulated release of NETs may
induce endothelial cell damage because of their cytotoxic
effect.!?”1% However, several investigations have shown
that ANCA IgG may trigger NETosis regardless of ANCA

level,'! and circulating NET levels cannot be used to
diagnose SVV patients.'?

4.5 | Inflammatory bowel disease
Inflammatory bowel diseases (IBDs), which include ulcer-
ative colitis (UC) and Crohn’s disease (CD), are a cate-
gory of gastrointestinal diseases characterized by chronic
inflammation. Clinical evidence shows that IBD symp-
toms include severe diarrhea, fluid loss, abdominal pain,
and bleeding.'’>!"* Although the origin of IBD is unknown,
new research suggests that neutrophils play a significant
role in IBD pathogenesis, and neutrophil condensation
in the intestinal mucosa is positively correlated with the
severity of UC and CD.">!" ANCAs are a key biomarker
for IBD, and ANCAs can target neutrophil proteins pro-
duced during NETosis.""”

Research evidence indicates that NETosis may exert dif-
ferent effects on UC and CD. A recent study found that
NETosis is more prevalent in CD and UC patients."'® How-
ever, the formation of NETs has been previously found to
be solely associated with UC and not with CD, suggesting
that the pathogenesis of UC is related to innate immune
system activation.'’

Multiple inducers, including PAMPs, DAMPs, and
cytokines, that can activate NETosis in IBD patients
have been reported. Previous research by Dinallo et al.'*
demonstrated that stimulating lipopolysaccharide (LPS)
could increase NET production in UC patients. Cytokines,
such as TNF-a, IL-13, and IL-6, were also detected in
IBD.!?!

Proteins from NETSs cause tissue damage in IBD patients.
These proteins are linked to IBD pathology and pro-
duce inflammatory responses, extracellular matrix (ECM)
degradation, and other severe outcomes. NETs may induce
macrophages to release proinflammatory cytokines such
as TNF-a, IL-6, and monocyte chemotactic protein-1,
which leads to platelet activation and intestinal damage.'*’
PAD, a major NETosis product, plays a role in the patho-
genesis of IBD by increasing proinflammatory cytokine
levels in conjunction with MPO and decreasing the anti-
inflammatory cytokine IL-10.'%?

4.6 | Cancer

Cancer is one of the deadliest diseases, with unrestricted
cell proliferation and invasive growth. Recent research
shows that NETosis is closely associated with cancer
progression and metastasis.?* Furthermore, circulating
levels of NET components, including cfDNA, NE-DNA,
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MPO-DNA, and CitH3, are useful biomarkers for several
cancers. However, the relationships between their lev-
els and cancer diagnosis and/or progression are not fully
understood.

Tumor cells and their microenvironment may cause
NETosis. Probably, NET formation is caused by the hypoxic
environment generated by solid tumors with high levels
of hypoxia-inducible factor-1a.'*> Xiao et al.'** found that
the tumor-secreted protease cathepsin C may activate neu-
trophil membrane-bound PR3, resulting in an increase in
CCL3 and IL-6 and recruitment of neutrophils. Further-
more, Leal et al.'*> demonstrated that tumor-derived exo-
somes from cancer patients in prethrombotic stages may
cause NETosis. Tumor cells can also directly induce NETo-
sis by secreting granulocyte-colony stimulating factor.'?°

NETs potentially promote tumor progression and metas-
tasis. Experiments have shown that NETs promote tumor
progression by enhancing mitochondrial activity in tumor
cells to provide more energy.'”’ Recent research indi-
cates that NE, which is released during NETosis, can
promote cancer progression. Houghton et al.'*® found
that NE-defective mouse models of lung adenocarcinoma
exhibit decreased tumor burden and mortality when com-
pared to controls. Matrix metallopeptidase 9 (MMP9),
a NETosis product, may promote cancer progression by
increasing angiogenesis via the production of vascular
endothelial growth factor.'”” Moreover, NE and MMP9 can
cleave laminin, which is a significant component of the
ECM,*" and ECM degradation to the damaged basement
membrane is a prerequisite for tumor cell invasion and
metastasis.'*! Tohme et al.'** discovered that NETs derived
from mouse neutrophils may induce the production of
HMGBI, which activates tumor cells through the TLR9
pathway. Ortiz-Espinosa et al.'*” found that C5a may trig-
ger polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs) to release NETs, hence aiding cancer cell
migration and metastasis. Metastasis could be minimized
in a mouse lung metastasis model by blocking C5a, C5aR1,
or NETosis.

Tumor cells that infiltrate the peripheral blood stream
are known as circulating tumor cells (CTCs). CTCs may
persist and cause metastasis in the absence of the immune
system and blood flow shear forces.'** Platelets produced
by NETosis may protect CTCs from immune cells due to
the trapping properties of NETs.'** Experimental evidence
shows that NETs produced by surgical stress-activated
platelets may enhance CTC trapping and distant metasta-
sis. Moreover, by depleting or blocking platelets, metastasis
can be minimized or stopped.'*> Thus, disrupting the inter-
action between platelets, tumor cells, and NETs might
be a key target for cancer treatment.’*! Moreover, NETs
can increase tumor cell extravasation by entrapping or

attaching them to capillaries. A study demonstrated that
NETs may adhere to CTCs via fSl-integrin, resulting in
extravasation.'*®

4.7 | COVID-19 and acute respiratory
distress syndrome

The COVID-19 virus emerged around the end of 2019
and continues to spread and mutate fast, resulting in a
new wave of the pandemic in regions throughout the
world. COVID-19 patients experience flu-like symptoms
and viral pneumonia, which can develop into acute res-
piratory distress syndrome (ARDS) or potentially multiple
organ failure.'?’

Recent research identified higher levels of NETSs in the
tracheal aspirate and lung tissues of patients with severe
COVID-19,"® and NET components may elicit an inflam-
matory response and vascular microthrombosis, resulting
in ARDS."® Clinical studies have shown that individu-
als with COVID-19 have increased amounts of cfDNA,
MPO-DNA complexes, and CitH3, all of which are impor-
tant components of NETs.!? In vitro, serum samples from
COVID-19 patients may stimulate NET formation in con-
trol neutrophils. Moreover, cfDNA is linked to acute-phase
reactants and lactate dehydrogenase, as well as neutrophil
count, while CitH3 is linked to platelet levels, supporting
a function for NETosis in thrombosis.'*° Notably, SARS-
CoV-2 can directly cause spontaneous NET release in
Vitro. 141142

Several studies have demonstrated a positive correlation
between the presence of NETs and COVID-19 severity. Zuo
et al.'*" reported higher levels of cfDNA and MPO-DNA
in patients treated with specific care and mechanical ven-
tilation than in those breathing room air. Lower levels of
Pa0,:FiO, ratio suggest increasing respiratory failure as
an essential indicator of the severity of respiratory failure.
Experimental evidence shows that the PaO,:FiO, ratio cor-
relates inversely with NET levels. Furthermore, the SOFA
score, which is a clinical disease severity index, is linked to
NET levels.'*®

Furthermore, NETs can trap and eliminate pathogens to
protect the host against viral infection. However, we found
that histones, a major component of NETS, could enhance
SARS-CoV-2 infection.'*? Mounting evidence shows that
NETosis is associated with thrombosis, which is a signifi-
cant predictor of disease severity in COVID-19 patients.'*
In COVID-19 patients, researchers discovered inflamma-
tory microvascular thrombosis with NET-associated fibrin
and platelets in the heart, lung, and kidney; several
neutrophil-platelet aggregates in the patients suffered
from COVID-19.144
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4.8 | Other diseases

Acute renal injury (AKI) is a group of clinical syndromes
that refers to a sudden and continuous sudden decline
in renal function. Research showed that NET release and
tubular necrosis caused histone and cytokine release, pro-
moting kidney injury.!* Henry et al.'*® indicated that
intravascular NETosis was related to the pathogenesis of
COVID-19-associated AKI and microthrombosis.

Several studies have suggested that NETosis is associ-
ated with pancreatitis. Leppkes et al.'*’ found that NETosis
promotes pancreatitis by ductal occlusion. Some special
components in pancreatic juice, including calcium carbon-
ate crystals and bicarbonate ions, lead to aggregated NET
formation.

Gout is a common type of arthritis characterized by
the precipitation of monosodium urate (MSU) crystals in
the peripheral joints. Chatfield et al.'*® found NETs in
the fluid from acutely inflamed joints in gout patients. In
addition, the uninflamed tophi were coated with NETs in
patients with gout. Moreover, a recent study indicated that
a decrease in GPR105, which is highly expressed in neu-
trophils and sensitive to MSU, can prevent NETosis and
induce apoptosis. Therefore, targeting GPR105 might be a
possible therapy for acute gouty arthritis.'*

To cure multiple NET-associated diseases, further
research on NETosis is needed.

5 | THERAPEUTIC STRATEGIES FOR
TARGETING NETosis

As previously stated, dysregulated NETosis is associated
with the pathogenesis of various diseases. Therefore, regu-
lating uncontrolled NETosis might be a viable strategy for
treating NET-associated diseases (Figure 4; Table 1).

5.1 | Chlor-amidine

Chlor-amidine (Cl-amidine) inhibits protein-arginine
deiminase irreversibly by covalent modification of the
active site of the enzymes."”" Experimental results demon-
strated that 11 weeks of daily Cl-amidine injections as a
pharmacological inhibitor of PAD4 may reduce thrombo-
sis and atherosclerotic lesion area via NET formation in
the mouse model of AS. Furthermore, in a mouse model of
SLE, Cl-amidine may protect mice against NET-induced
outcomes such as kidney injury, endothelial dysfunction,
and vascular damage.””' However, Gordon et al."*? found
that PAD inhibitors did not alleviate the end-organ dam-
age features of proteinuria, showing that inducers other
than NETosis cause autoimmune disease.

5.2 | Hydroxychloroquine

Hydroxychloroquine (HDQ) is an antimalarial drug used
for the treatment of malaria as well as other diseases,
including SLE and RA."* Studies have shown that
HDQ can reduce NETosis by inhibiting TLR9 and sup-
pressing the expression of PAD4 and Rac2.°%"7 As
an immunomodulator, HDQ regulates cytokine pro-
duction by inhibiting costimulatory molecules.””®">° As
an immunomodulator, HDQ regulates cytokine produc-
tion by inhibiting costimulatory molecules.'°*'%> Zhang
et al.”® found that HDQ inhibited NET formation in a
mouse model of hepatic I/R injury. Moreover, HDQ was
reported to prevent neutrophils from absorbing tumor-
derived extracellular vesicles, which participate in NET
formation and intercellular transport.'®>!®* In contrast,
several studies reported that HDQ did not influence the
expression of NE, PAD4, and MPO.'%

5.3 | Diphenyleneiodonium chloride

As a hypoglycemic agent, diphenyleneiodonium chloride
(DPI) can suppress gluconeogenesis and respiration by
inhibiting numerous enzymes, including NOX, NADPH
cytochrome P450 oxidoreductase, NO synthase, xanthine
oxidase, and cholinest erase.!°®!%” It has been shown that
DPI binds the heme group of NADPH oxidase to reduce
ROS production and NADPH oxidase.'®® DPI can also
reduce the release of extracellular DNA during NET forma-
tion. However, the effects of DPI were distinguishing when
it was used before or together with PMA stimulation.'®’

5.4 | N-acetylcysteine

N-acetylcysteine (NAC), also called acetylcysteine, is a
mucus lysine used for the treatment of chronic obstructive
pulmonary diseases, bronchiectasis, and acetaminophen
overdose.'”%!7! It also exerts antioxidant effects in multiple
diseases associated with ROS."7>!73 A previous study found
that NAC suppressed ROS production to reduce NETo-
sis in a dose-dependent manner. However, NAC cannot
reduce the formation of NETs in the presence of hydro-
gen peroxide, suggesting that NAC inhibits NETosis by
regulating ROS production.'* Craver et al.'”> showed that
NAC reduced thrombus formation in vivo, which is sim-
ilar to the effects on the nonreversible platelet inhibitor,
aspirin. They also revealed that NAC reduced the forma-
tion of thrombin-induced platelet-leukocyte aggregates in
a mouse model with Janus kinase 2 mutation, which is
common in patients with chronic hematologic malignan-
cies (CHMSs). Moreover, it decreased the release of NET in
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Therapeutic strategies targeting neutrophil extracellular trap (NET) formation. Regulating uncontrolled process of NET

formation (NETosis) could be a promising strategy for the treatment of NET-related diseases. DNase and multiple inhibitors can be utilized for

targeting the critical steps and products of NETSs. Abbreviations: CitH3, citrullination of histone H3; MPO, myeloperoxidase; NE, neutrophil

elastase; NOX, NADPH oxidase complex; PAD4, peptidyl arginine deiminase 4; ROS, reactive oxygen species; TLR, toll-like receptor

primary human neutrophils extracted from CHM patients
or healthy individuals.'”

5.5 | Recombinant human DNase
Recombinant human DNase I (rhDNase I), which selec-
tively cleaves DNA to degrade DNA in sputum, is a
drug used for the treatment of bronchiectasis and lung
abscess. DNase has multiple functions, including absorb-
ing nucleotide nutrients, regulating biofilm formation,
facilitating pathogen invasion, degrading DNA matrixes,
and regulating immune functions.'”*"'”® Studies showed
that DNase degraded DNA-nucleoprotein and ICs, thereby
conferring therapeutic effects against lupus nephritis and
SLE.'”®

Evidence from previous studies has shown that DNase
regulates NETosis to reduce neutrophil infiltration and the
inflammatory response.'*’~182 DNase also reduces NET for-
mation in postischemic muscle,'®® as well as the tumor
volume in a mouse model when used together with other
proteases, such as trypsin and papain.'®* DNase therapy
has also been reported to treat cystic fibrosis. Together
with elastase, DNase degraded the DNA-protein com-
plexes released from NETosis.'®> However, treatment with
DNase may trigger the release of cytotoxins from NETosis,
thereby causing inflammation.'®°

5.6 | Vitamin D

Vitamin D is a fat-soluble vitamin also known as a
cyclopentanoperhy drophenanthrene compound. Vitamin
D can effectively treat numerous diseases, including rick-
ets, chondrosis, osteoporosis, hypothyroidism, and pso-
riasis. In addition to increasing intestinal absorption of
minerals, vitamin D can also activate the innate immune
system and suppress the adaptive immune system.'®-1%0
Vitamin D deficiency is one of the most important symp-
toms of SLE patients. Handono et al.'”! found that vitamin
D reduced NET formation and the number of damaged
endothelial cells. As an immunomodulator, vitamin D can
be used as a therapy for SLE patients with hypo-vitamin D
to inhibit endothelial damage.

5.7 | Antibiotic (azithromycin,
chloramphenicol, gentamicin) and other
drugs

Antibiotics are a class of secondary metabolites produced
by microorganisms or higher animals and plants that
are resistant to pathogens or other activities. In addi-
tion to their antibacterial function, antibiotics can also
be used as immunomodulators, as they interact with
multiple immune cells, such as neutrophils.”>!”* In a
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TABLE 1 Potential anti-neutrophil extracellular trap (NET) therapeutics and mechanism of action
Anti-NET Pharmacological
therapeutics compounds Phase Target Mechanism of action Disease Trial number
TLR inhibitors Dexamethasone Phase 4 TLR2 and Regulate TLR2 and TLR4 COVID-19 NCT04707534
TLR4 without affecting ROS
production
Calcineurin inhibitors ~ Cyclosporine A Phase 2 Calcineurin  Inhibit calcineurin SLE NCT00976300
pathway, reduce
activation of
neutrophils
ROS scavengers N-acetylcysteine Phase 2 ROS Reduce ROS formation, SLE NCT00775476
Methotrexate Phase 3 indirectly inhibit NET g1 g NCT00470522
Octyl gallate Preclinical production SLE
Diphenyleneiodonium Preclinical
chloride
PAD inhibitors Cl-amidine Preclinical PAD4 Decreasing SLE, diabetes
atherosclerotic lesion
Area and thrombosis
DNase Recombinant human  Phasel NET-derived Degradation of NETs COVID-19 NCT04409925
DNase DNA
Anti-inflammatory/ Azithromycin Phase 3 Cytokines Affect the activation and Sepsis NCTO03199547
immunomodulatory ) o migration of
Chloramphenicol Preclinical i
Gentamicin Phase 4 Sepsis NCT02898961
Other Vitamin D Phase 2 Reduces endothelial SLE NCT01709474
damage and cell
apoptosis
13-Series (T-series) Preclinical Macrophage Decrease NET release
resolvins and promote NET
clearance
Tetrahydroiso- Preclinical Neutrophils = Reduce NETosis without
quinolines influencing neutrophil
activity

Abbreviations: NETosis, process of NET formation; PAD4, peptidyl arginine deiminase 4; ROS, reactive oxygen species; SLE, systemic lupus erythematosus; TLR,

toll-like receptor.

Source: Clinical Registration website https://www.clinicaltrials.gov/ct2/home.

previous study, pretreatment of neutrophils with chloram-
phenicol and azithromycin reduced NET formation.'”*
Moreover, azithromycin treatment reduced respiratory
burst in a concentration-dependent manner. Manda-
Handzlik et al.'®* showed that gentamicin suppressed
NETosis, but cefotaxime did not. These results show
that different antibiotics have different therapeutic
effects.

Several other drugs that inhibit NETosis have been
reported. For example, dexamethasone reduced NETosis
by interacting with TLR2 and TLR4.!%° It has been shown
that cyclosporine A can inhibit the activity of neutrophils
by blocking the calcineurin pathway, which regulates neu-
trophil activation.'”® Chiang et al. reported that 13-series
(T-series) resolvins can decrease NET release and pro-
mote NET clearance by macrophages via a cyclic adenosine
monophosphate-protein kinase A-AMPK axis.'”” Recently,

Haute et al. found that octyl gallate reduced NETosis
by inhibiting ROS production.'”® In comparison, tetrahy-
droisoquinolines can reduce NETosis without influencing
neutrophil activity, including the formation of ROS and
neutrophil granular protein activity.'”” However, the spe-
cific mechanism remains unknown.

6 | CONCLUSION AND PERSPECTIVE
Numerous studies have revealed multiple effects of NETs
on the host. Neutrophils are one of the most important
immune cells for innate immunity. Depending on the type
of stimuli, NETs are released via different pathways. Yipp
et al.?’%° found a new method of NET formation in which
neutrophils can release NETs within 10 min following S.
aureus infection.
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NETs released by neutrophils can trap or kill multiple
pathogens, including bacteria, viruses, fungi, and pro-
tozoa. However, uncontrolled NETosis will cause tissue
damage leading to inflammation or serious diseases. Dys-
regulated NETosis has been reported to induce or aggravate
numerous diseases, including SLE, RA, SVV, sepsis, IBD,
cancer, and ARDS. Although the details and mechanisms
of multiple NET-associated diseases are not fully under-
stood, the levels of NET components have been shown
to be potential biomarkers for the diagnosis and progno-
sis monitoring of these diseases. Targeting specific steps
or products of NETosis can offer therapeutic benefits in
NET-associated diseases. Multiple drugs targeting differ-
ent steps of NET formation have been reported, including
Cl-amidine, HDQ, DPI, NAC, rhDNase, vitamin D, antibi-
otics, and others. For example, several studies have shown
that PAD enzymes can reduce NET formation and dampen
the activity of diseases associated with NETosis, includ-
ing diabetic wounds, colon cancer, AS, and RA.%201-204
Moreover, NET inhibitors can be used in combination
immunotherapies as adjuvants to improve the effective-
ness of immune checkpoint blockers and other cancer
drugs. Teijeira et al.”? indicated that combination ther-
apy with checkpoint inhibitors and NET inhibitors can
improve the antitumor ability of CD8" T cells. However,
these drugs are associated with negative effects on the
host’s immune system, such as increased susceptibility
to infections and weakened immune systems. Combined
therapy might be an effective approach to reduce these
detrimental effects and improve their efficacy.’”> Further
studies are recommended to reveal the detailed connec-
tions between NETosis and NETosis-related diseases and
to identify strategies to effectively modulate dysregulated
NETosis.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation for Excellent Young Scholars (No. 32122052), the
National Natural Science Foundation Regional Innovation
and Development (No. U19A2003), and the Natural Sci-
ence Foundation of China (No. 81774160). Figures were
created by Biorender.

CONFLICT OF INTEREST
All authors declare they have no conflicts of interest.

AUTHOR CONTRIBUTIONS

L.Z. and M.W. have provided important guidance for this
paper. J.H. drafted the manuscript and completed the illus-
trations and descriptions. W.H. provided the main writing
ideas and further refined the article. All authors have read
and approved the final manuscript.

Open Access,

ETHICS STATEMENT
Not applicable.

DATA AVAILABILITY STATEMENT
Not applicable.

ORCID
Weiqi Hong ‘© https://orcid.org/0000-0003-1668-2301

REFERENCES

1. Scapini P, Cassatella MA. Social networking of human neu-
trophils within the immune system. Blood. 2014;124(5):710-719.

2. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A.
Neutrophil function: from mechanisms to disease. Annu Rev
Immunol. 2012;30:459-489.

3. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neu-
trophils in the activation and regulation of innate and adaptive
immunity. Nat Rev Immunol. 2011;11(8):519-531.

4. Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil
extracellular traps kill bacteria. Science. 2004;303(5663):1532-
1535.

5. Saitoh T, Komano J, Saitoh Y, et al. Neutrophil extracellular
traps mediate a host defense response to human immunodefi-
ciency virus-1. Cell Host Microbe. 2012;12(1):109-116.

6. Urban CF, Reichard U, Brinkmann V, Zychlinsky A. Neu-
trophil extracellular traps capture and kill Candida albi-
cans yeast and hyphal forms. Cell Microbiol. 2006;8(4):668-
676.

7. Cacciotto C, Cubeddu T, Addis MF, et al. Mycoplasma lipopro-
teins are major determinants of neutrophil extracellular trap
formation. Cell Microbiol. 2016;18(12):1751-1762.

8. Delgado-Rizo V, Martinez-Guzman MA, Iiiguez-Gutierrez L,
Garcia-Orozco A, Alvarado-Navarro A, Fafutis-Morris M. Neu-
trophil extracellular traps and its implications in inflammation:
an overview. Front Immunol. 2017;3:81.

9. Thiam HR, Wong SL, Wagner DD, Waterman CM. Cellular
mechanisms of NETosis. Annu Rev Cell Dev Biol. 2020;36:191-
218.

10. Yipp BG, Kubes P. NETosis: how vital is it? Blood.
2013;122(16):2784-2794.

11. Fuchs TA, Abed U, Goosmann C, et al. Novel cell death
program leads to neutrophil extracellular traps. J Cell Biol.
2007;176(2):231-241.

12. Yousefi S, Morshed M, Amini P, et al. Basophils exhibit antibac-
terial activity through extracellular trap formation. Allergy.
2015;70(9):1184-1188.

13. Ueki S, Melo RC, Ghiran I, Spencer LA, Dvorak AM, Weller
PF. Eosinophil extracellular DNA trap cell death mediates
lytic release of free secretion-competent eosinophil granules in
humans. Blood. 2013;121(11):2074-2083.

14. Nagvi N, Ahuja K, Selvapandiyan A, Dey R, Nakhasi H, Puri
N. Role of mast cells in clearance of Leishmania through
extracellular trap formation. Sci Rep. 2017;7(1):13240.

15. Aulik NA, Hellenbrand KM, Czuprynski CJ. Mannheimia
haemolytica and its leukotoxin cause macrophage extracel-
lular trap formation by bovine macrophages. Infect Immun.
2012;80(5):1923-1933.


https://orcid.org/0000-0003-1668-2301
https://orcid.org/0000-0003-1668-2301

ot | MedComm

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

HUANG ET AL.

Open Access,

Brinkmann V, Zychlinsky A. Neutrophil extracellular traps:
is immunity the second function of chromatin? J Cell Biol.
2012;198(5):773-783.

Burgener SS, Schroder K. Neutrophil extracellular traps in host
defense. Cold Spring Harb Perspect Biol. 2020;12(7):a037028.
Lande R, Ganguly D, Facchinetti V, et al. Neutrophils activate
plasmacytoid dendritic cells by releasing self-DNA-peptide
complexes in systemic lupus erythematosus. Sci Transl Med.
2011;3(73):73ralo.

Branzk N, Lubojemska A, Hardison SE, et al. Neutrophils
sense microbe size and selectively release neutrophil extra-
cellular traps in response to large pathogens. Nat Immunol.
2014;15(11):1017-1025.

Muraro SP, De Souza GF, Gallo SW, et al. Respiratory syn-
cytial virus induces the classical ROS-dependent NETosis
through PAD-4 and necroptosis pathways activation. Sci Rep.
2018;8(1):14166.

Gwyer Findlay E, Currie SM, Davidson DJ. Cationic host
defence peptides: potential as antiviral therapeutics. BioDrugs.
2013;27(5):479-493.

Hoeksema M, Tripathi S, White M, et al. Arginine-rich histones
have strong antiviral activity for influenza A viruses. Innate
immunity. 2015;21(7):736-745.

Villanueva E, Yalavarthi S, Berthier CC, et al. Netting neu-
trophils induce endothelial damage, infiltrate tissues, and
expose immunostimulatory molecules in systemic lupus ery-
thematosus. J Immunol. 2011;187(1):538-552.

Demers M, Wong SL, Martinod K, et al. Priming of neutrophils
toward NETosis promotes tumor growth. Oncoimmunology.
2016;5(5):e1134073.

Jiang ZZ, Peng ZP, Liu XC, et al. Neutrophil extracellular traps
induce tumor metastasis through dual effects on cancer and
endothelial cells. Oncoimmunology. 2022;11(1):2052418.

Takei H, Araki A, Watanabe H, Ichinose A, Sendo F. Rapid
killing of human neutrophils by the potent activator phor-
bol 12-myristate 13-acetate (PMA) accompanied by changes
different from typical apoptosis or necrosis. J Leukocyte Biol.
1996;59(2):229-240.

Jorch SK, Kubes P. An emerging role for neutrophil extracellu-
lar traps in noninfectious disease. Nat Med. 2017;23(3):279-287.
Chen T, Li Y, Sun R, et al. Receptor-mediated NETosis on
neutrophils. Front Immunol. 2021;12:775267.

de Bont CM, Koopman WIJH, Boelens WC, Pruijn GJM.
Stimulus-dependent chromatin dynamics, citrullination, cal-
cium signalling and ROS production during NET formation.
Biochim Biophys Acta Mol Cell Res. 2018;1865(11 pt A):1621-1629.
Metzler KD, Goosmann C, Lubojemska A, Zychlinsky A,
Papayannopoulos V. A myeloperoxidase-containing complex
regulates neutrophil elastase release and actin dynamics dur-
ing NETosis. Cell Rep. 2014;3(3):883-896.

Manfredi AA, Ramirez GA, Rovere-Querini P, Maugeri N.
The neutrophil’s choice: phagocytose vs make neutrophil
extracellular traps. Front Immunol. 2018;9:288.

Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4
is essential for antibacterial innate immunity mediated by neu-
trophil extracellular traps. J Exp Med. 2010;207(9):1853-1862.
Thiam HR, Wong SL, Qiu R, et al. NETosis proceeds by
cytoskeleton and endomembrane disassembly and PADA4-

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

mediated chromatin decondensation and nuclear envelope
rupture. Proc Nat Acad Sci USA. 2020;117(13):7326-7337.
Sprenkeler EGG, Tool ATJ, Henriet S, van Bruggen R, Kuijpers
TW. Formation of neutrophil extracellular traps requires actin
cytoskeleton rearrangements. Blood. 2022;139(21):3166-3180.
Amulic B, Knackstedt SL, Abu Abed U, et al. Cell-cycle proteins
control production of neutrophil extracellular traps. Dev Cell.
2017;43(4):449-462. e5.

Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU.
Viable neutrophils release mitochondrial DNA to form neu-
trophil extracellular traps. Cell Death Differ. 2009;16(11):1438-
1444.

Wang H, Li T, Chen S, Gu Y, Ye S. Neutrophil extracellular trap
mitochondrial dna and its autoantibody in systemic lupus ery-
thematosus and a proof-of-concept trial of metformin. Arthritis
Rheumatol. 2015;67(12):3190-3200.

Mauerdder C, Mahajan A, Paulus S, et al. Ménage-a-Trois: the
ratio of bicarbonate to CO(2) and the pH regulate the capacity
of neutrophils to form NETs. Front Immunol. 2016;7:583.
Pilsczek FH, Salina D, Poon KK, et al. A novel mech-
anism of rapid nuclear neutrophil extracellular trap for-
mation in response to Staphylococcus aureus. J Immunol.
2010;185(12):7413-7425.

Kenny EF, Herzig A, Kriiger R, et al. Diverse stimuli
engage different neutrophil extracellular trap pathways. eLife.
2017;6:€24437.

Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel
and mitochondrial ROS mediate NADPH oxidase-independent
NETosis induced by calcium influx. Proc Nat Acad Sci USA.
2015;112(9):2817-2822.

Leshner M, Wang S, Lewis C, et al. PAD4 mediated histone
hypercitrullination induces heterochromatin decondensation
and chromatin unfolding to form neutrophil extracellular
trap-like structures. Front Immunol. 2012;3:307.

Serensen OE, Borregaard N. Neutrophil extracellular traps—
the dark side of neutrophils. J Clin Invest. 2016;126(5):1612-1620.
Stoiber W, Obermayer A, Steinbacher P, Krautgartner WD.
The role of reactive oxygen species (ROS) in the forma-
tion of extracellular traps (ETs) in humans. Biomolecules.
2015;5(2):702-723.

Galkina SI, Fedorova NV, Golenkina EA, Stadnichuk VI,
Sud’ina GF. Cytonemes versus neutrophil extracellular traps
in the fight of neutrophils with microbes. Int J Mol Sci.
2020;21(2):586.

Pieterse E, Rother N, Yanginlar C, et al. Cleaved N-terminal
histone tails distinguish between NADPH oxidase (NOX)-
dependent and NOX-independent pathways of neutrophil
extracellular trap formation. Ann Rheum Dis. 2018;77(12):1790-
1798.

Kawai T, Akira S. The role of pattern-recognition receptors in
innate immunity: update on toll-like receptors. Nat Immunol.
2010;11(5):373-384.

Hayashi F, Means TK, Luster AD. Toll-like receptors stimulate
human neutrophil function. Blood. 2003;102(7):2660-2669.
Prince LR, Whyte MK, Sabroe I, Parker LC. The role of TLRs in
neutrophil activation. Curr Opin Pharmacol. 2011;11(4):397-403.
Funchal GA, Jaeger N, Czepielewski RS, et al. Respira-
tory syncytial virus fusion protein promotes TLR-4-dependent



HUANG ET AL.

MedComm

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

neutrophil extracellular trap formation by human neutrophils.
PLoS One. 2015;10(4):e0124082.

Hiroki CH, Toller-Kawahisa JE, Fumagalli MJ, et al. Neutrophil
extracellular traps effectively control acute chikungunya virus
infection. Front Immunol. 2019;10:3108.

Sung PS, Hsieh SL. CLEC2 and CLECS5A: pathogenic host
factors in acute viral infections. Front Immunol. 2019;10:2867.
Schellekens GA, Visser H, de Jong BA, et al. The diagnos-
tic properties of rheumatoid arthritis antibodies recognizing
a cyclic citrullinated peptide. Arthritis Rheum. 2000;43(1):155-
163.

Awasthi D, Nagarkoti S, Kumar A, et al. Oxidized LDL
induced extracellular trap formation in human neutrophils via
TLR-PKC-IRAK-MAPK and NADPH-oxidase activation. Free
Radical Biol Med. 2016;93:190-203.

Huang H, Tohme S, Al-Khafaji AB, et al. Damage-associated
molecular pattern-activated neutrophil extracellular trap
exacerbates sterile inflammatory liver injury. Hepatology.
2015;62(2):600-614.

Alyami HM, Finoti LS, Teixeira HS, Aljefri A, Kinane
DF, Benakanakere MR. Role of NOD1/NOD2 receptors in
Fusobacterium nucleatum mediated NETosis. Microb Pathog.
2019;131:53-64.

Miinzer P, Negro R, Fukui S, et al. NLRP3 inflamma-
some assembly in neutrophils is supported by PAD4 and
promotes NETosis under sterile conditions. Front Immunol.
2021;12:683803.

Brown GD, Willment JA, Whitehead L. C-type lectins in immu-
nity and homeostasis. Nat Rev Immunol. 2018;18(6):374-389.
Schulz C, Gabriel G, von Kockritz-Blickwede M. Detrimen-
tal role of neutrophil extracellular traps during dengue virus
infection. Trends Immunol. 2020;41(1):3-6.

Chen ST, Li FJ, Hsu TY, et al. CLEC5A is a critical receptor
in innate immunity against Listeria infection. Nat Commun.
2017;8(1):299.

Sharma A, Simonson TJ, Jondle CN, Mishra BB, Sharma J.
Mincle-mediated neutrophil extracellular trap formation by
regulation of autophagy. J Infect Dis. 2017;215(7):1040-1043.
Palmer LJ, Damgaard C, Holmstrup P, Nielsen CH. Influence
of complement on neutrophil extracellular trap release induced
by bacteria. J Periodontal Res. 2016;51(1):70-76.

Clark HL, Abbondante S, Minns MS, Greenberg EN, Sun Y,
Pearlman E. Protein deiminase 4 and CR3 regulate Aspergillus
fumigatus and f-glucan-induced neutrophil extracellular trap
formation, but hyphal killing is dependent only on CR3. Front
Immunol. 2018;9:1182.

Raftery MJ, Lalwani P, Krautkrd mer E, et al. 82 integrin medi-
ates hantavirus-induced release of neutrophil extracellular
traps. J Exp Med. 2014;211(7):1485-1497.

Thompson-Souza GA, Santos GMP, Silva JC, et al. Histoplasma
capsulatum-induced extracellular DNA trap release in human
neutrophils. Cell Microbiol. 2020;22(7):e13195.

Jing C, Castro-Dopico T, Richoz N, et al. Macrophage metabolic
reprogramming presents a therapeutic target in lupus nephri-
tis. Proc Nat Acad Sci USA. 2020;117(26):15160-15171.
Nimmerjahn F, Ravetch JV. Fcgamma receptors as regulators
of immune responses. Nat Rev Immunol. 2008;8(1):34-47.
Chen K, Nishi H, Travers R, et al. Endocytosis of soluble
immune complexes leads to their clearance by FcyRIIIB but

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84.

Open Access,

induces neutrophil extracellular traps via FcyRIIA in vivo.
Blood. 2012;120(22):4421-4431.

Aleman OR, Mora N, Cortes-Vieyra R, Uribe-Querol E, Rosales
C. Differential use of human neutrophil Fcy receptors for
inducing neutrophil extracellular trap formation. J Immunol
Res. 2016;2016:2908034.

Aleman OR, Mora N, Cortes-Vieyra R, Uribe-Querol E, Rosales
C. Transforming growth factor-3-activated kinase 1 is required
for human FcyRIIIb-induced neutrophil extracellular trap
formation. Front Immunol. 2016;7:277.

Diago-Navarro E, Calatayud-Baselga I, Sun D, et al. Antibody-
based immunotherapy to treat and prevent infection with
hypervirulent Klebsiella pneumoniae. Clin Vaccine Immunol.
2017;24(1):e00456-16.

Teijeira A, Garasa S, Gato M, et al. CXCR1 and CXCR2
Chemokine receptor agonists produced by tumors induce
neutrophil extracellular traps that interfere with immune
cytotoxicity. Immunity. 2020;52(5):856-871. e8.

Alsabani M, Abrams ST, Cheng Z, et al. Reduction of NETo-
sis by targeting CXCR1/2 reduces thrombosis, lung injury, and
mortality in experimental human and murine sepsis. Br J
Anaesth. 2022;128(2):283-293.

AnZ,LiJ, YulJ, et al. Neutrophil extracellular traps induced by
IL-8 aggravate atherosclerosis via activation NF-xB signaling in
macrophages. Cell Cycle. 2019;18(21):2928-2938.

Nie M, Yang L, Bi X, et al. Neutrophil extracellular traps
induced by IL8 promote diffuse large B-cell lymphoma progres-
sion via the TLR9 signaling. Clin Cancer Res. 2019;25(6):1867-
1879.

Zhu G, Liu Y, Zhi Y, et al. PKA- and Ca(2+)-dependent p38
MAPK/CREB activation protects against manganese-mediated
neuronal apoptosis. Toxicol Lett. 2019;309:10-19.

Yago T, Liu Z, Ahamed J, McEver RP. Cooperative PSGL-
1 and CXCR?2 signaling in neutrophils promotes deep vein
thrombosis in mice. Blood. 2018;132(13):1426-1437.

Rodrigues DAS, Prestes EB, Gama AMS, et al. CXCR4 and
MIF are required for neutrophil extracellular trap release
triggered by plasmodium-infected erythrocytes. PLoS Pathog.
2020;16(8):21008230.

Ngamsri KC, Putri RA, Jans C, et al. CXCR4 and CXCR7
inhibition ameliorates the formation of platelet-neutrophil
complexes and neutrophil extracellular traps through Adora2b
signaling. Int J Mol Sci. 2021;22(24):13576.

Chamardani TM, Amiritavassoli S. Inhibition of NETosis
for treatment purposes: friend or foe? Mol Cell Biochem.
2022;477(3):673-688.

Murao A, Arif A, Brenner M, et al. Extracellular CIRP and
TREM-1 axis promotes ICAM-1-Rho-mediated NETosis in sep-
sis. FASEB J. 2020;34(7):9771-9786.

Xu J, Zhang X, Pelayo R, et al. Extracellular histones are
major mediators of death in sepsis. Nat Med. 2009;15(11):1318-
1321.

Mohammed BM, Fisher BJ, Kraskauskas D, et al. Vitamin C:
a novel regulator of neutrophil extracellular trap formation.
Nutrients. 2013;5(8):3131-3151.

Carcamo JM, Pedraza A, Borquez-Ojeda O, Golde DW. Vita-
min C suppresses TNF alpha-induced NF kappa B activation
by inhibiting I kappa B alpha phosphorylation. Biochemistry.
2002;41(43):12995-13002.



woro | IMedComm

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

HUANG ET AL.

Open Access,

Nagaoka I, Tamura H, Reich J. Therapeutic potential of catheli-
cidin peptide LL-37, an antimicrobial agent, in a murine sepsis
model. Int J Mol Sci. 2020;21(17):5973.

Tian'Y, Qu S, Alam HB, et al. Peptidylarginine deiminase 2 has
potential as both a biomarker and therapeutic target of sepsis.
JCI Insight. 2020;5(20):e138873.

Lood C, Blanco LP, Purmalek MM, et al. Neutrophil extra-
cellular traps enriched in oxidized mitochondrial DNA are
interferogenic and contribute to lupus-like disease. Nat Med.
2016;22(2):146-153.

Hakkim A, Fiirnrohr BG, Amann K, et al. Impairment of neu-
trophil extracellular trap degradation is associated with lupus
nephritis. Proc Nat Acad Sci USA. 2010;107(21):9813-9818.
Herrmann M, Zoller OM, Hagenhofer M, Voll R, Kalden JR.
What triggers anti-dsDNA antibodies? Mol Biol Rep. 1996;23(3-
4):265-267.

Leftler J, Martin M, Gullstrand B, et al. Neutrophil extracellular
traps that are not degraded in systemic lupus erythemato-
sus activate complement exacerbating the disease. J Immunol.
2012;188(7):3522-3531.

Zhang S, Lu X, Shu X, et al. Elevated plasma cfDNA may be
associated with active lupus nephritis and partially attributed
to abnormal regulation of neutrophil extracellular traps (NETs)
in patients with systemic lupus erythematosus. Intern Med.
2014:53(24):2763-2771.

Dwivedi N, Upadhyay J, Neeli I, et al. Felty’s syndrome
autoantibodies bind to deiminated histones and neutrophil
extracellular chromatin traps. Arthritis Rheum. 2012;64(4):982-
992.

Frangou E, Chrysanthopoulou A, Mitsios A, et al
REDDI1/autophagy pathway promotes thromboinflamma-
tion and fibrosis in human systemic lupus erythematosus
(SLE) through NETs decorated with tissue factor (TF) and
interleukin-17A (IL-17A). Ann Rheum Dis. 2019;78(2):238-248.
Knight JS, Zhao W, Luo W, et al. Peptidylarginine deimi-
nase inhibition isimmunomodulatory and vasculoprotective in
murine lupus. J Clin Invest. 2013;123(7):2981-2993.

Knight JS, Subramanian V, O’Dell AA, et al. Peptidylargi-
nine deiminase inhibition disrupts NET formation and protects
against kidney, skin and vascular disease in lupus-prone
MRL/lpr mice. Ann Rheum Dis. 2015;74(12):2199-2206.

Pieterse E, Hofstra J, Berden J, Herrmann M, Dieker J, van
der Vlag J. Acetylated histones contribute to the immunostim-
ulatory potential of neutrophil extracellular traps in systemic
lupus erythematosus. Clin Exp Immunol. 2015;179(1):68-74.
Gestermann N, Di Domizio J, Lande R, et al. Netting neu-
trophils activate autoreactive B cells in lupus. J Immunol.
2018;200(10):3364-3371.

Carmona-Rivera C, Carlucci PM, Moore E, et al. Syn-
ovial fibroblast-neutrophil interactions promote pathogenic
adaptive immunity in rheumatoid arthritis. Sci Immunol.
2017;2(10):eaag3358.

Hidalgo AI, Carretta MD, Alarcén P, et al. Pro-inflammatory
mediators and neutrophils are increased in synovial fluid
from heifers with acute ruminal acidosis. BMC Vet Res.
2019;15(1):225.

Birkelund S, Bennike TB, Kastaniegaard K, et al. Proteomic
analysis of synovial fluid from rheumatic arthritis and spondy-
loarthritis patients. Clin Proteomics. 2020;17:29.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Chapman EA, Lyon M, Simpson D, et al. Caught in a trap? Pro-
teomic analysis of neutrophil extracellular traps in rheumatoid
arthritis and systemic lupus erythematosus. Front Immunol.
2019;10:423.

Carmona-Rivera C, Carlucci PM, Goel RR, et al. Neutrophil
extracellular traps mediate articular cartilage damage and
enhance cartilage component immunogenicity in rheumatoid
arthritis. JCI Insight. 2020;5(13):€139388.

Alexiou I, Germenis A, Ziogas A, Theodoridou K, Sakkas
LI. Diagnostic value of anti-cyclic citrullinated peptide anti-
bodies in Greek patients with rheumatoid arthritis. BMC
Musculoskelet Disord. 2007;8:37.

Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, et al.
NETs are a source of citrullinated autoantigens and stimu-
late inflammatory responses in rheumatoid arthritis. Sci Transl
Med. 2013;5(178):178ra40.

Yuan K, Zhu Q, Lu Q, et al. Quercetin alleviates rheuma-
toid arthritis by inhibiting neutrophil inflammatory activities.
J Nutr Biochem. 2020;84:108454.

Navratilovd A, Be¢vat V, Baloun J, et al. SI00A1l (calgiz-
zarin) is released via NETosis in rheumatoid arthritis (RA)
and stimulates IL-6 and TNF secretion by neutrophils. Sci Rep.
2021;11(1):6063.

Grayson PC, Carmona-Rivera C, Xu L, et al. Neutrophil-related
gene expression and low-density granulocytes associated with
disease activity and response to treatment in antineutrophil
cytoplasmic antibody-associated vasculitis. Arthritis Rheuma-
tol. 2015;67(7):1922-1932.

Kessenbrock K, Krumbholz M, Schénermarck U, et al. Netting
neutrophils in autoimmune small-vessel vasculitis. Nat Med.
2009;15(6):623-625.

Jiménez-Alcdzar M, Rangaswamy C, Panda R, et al. Host
DNases prevent vascular occlusion by neutrophil extracellular
traps. Science. 2017;358(6367):1202-1206.

Wang H, Wang C, Zhao MH, Chen M. Neutrophil extracellular
traps can activate alternative complement pathways. Clin Exp
Immunol. 2015;181(3):518-527.

Kraaij T, Kamerling SWA, van Dam LS, et al. Excessive
neutrophil extracellular trap formation in ANCA-associated
vasculitis is independent of ANCA. Kidney Int. 2018;94(1):139-
149.

Wang H, Sha LL, Ma TT, Zhang LX, Chen M, Zhao MH.
Circulating level of neutrophil extracellular traps is not a
useful biomarker for assessing disease activity in antineu-
trophil cytoplasmic antibody-associated vasculitis. PLoS One.
2016;11(2):0148197.

Randhawa PK, Singh K, Singh N, Jaggi AS. A review on
chemical-induced inflammatory bowel disease models in
rodents. Korean J Physiol Pharmacol. 2014;18(4):279-288.
Wallace KL, Zheng LB, Kanazawa Y, Shih DQ. Immunopathol-
ogy of inflammatory bowel disease. World J Gastroenterol.
2014;20(1):6-21.

de Souza HS, Fiocchi C. Immunopathogenesis of IBD: current
state of the art. Nat Rev Gastroenterol Hepatol. 2016;13(1):13-27.
Butin-Israeli V, Bui TM, Wiesolek HL, et al. Neutrophil-
induced genomic instability impedes resolution of inflamma-
tion and wound healing. J Clin Invest. 2019;129(2):712-726.
Sangaletti S, Tripodo C, Chiodoni C, et al. Neutrophil extracel-
lular traps mediate transfer of cytoplasmic neutrophil antigens



HUANG ET AL.

MedComm

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

to myeloid dendritic cells toward ANCA induction and associ-
ated autoimmunity. Blood. 2012;120(15):3007-3018.

Gottlieb Y, Elhasid R, Berger-Achituv S, Brazowski E,
Yerushalmy-Feler A, Cohen S. Neutrophil extracellular
traps in pediatric inflammatory bowel disease. Pathol Int.
2018;68(9):517-523.

Bennike TB, Carlsen TG, Ellingsen T, et al. Neutrophil extracel-
lular traps in ulcerative colitis: a proteome analysis of intestinal
biopsies. Inflamm Bowel Dis. 2015;21(9):2052-2067.

Dinallo V, Marafini I, Di Fusco D, et al. Neutrophil extracel-
lular traps sustain inflammatory signals in ulcerative colitis. J
Crohns Colitis. 2019;13(6):772-784.

Neurath MF. Cytokines in inflammatory bowel disease. Nat
Rev Immunol. 2014;14(5):329-342.

Zhang T, Mei Y, Dong W, Wang J, Huang F, Wu J. Eval-
uation of protein arginine deiminase-4 inhibitor in TNBS-
induced colitis in mice. Int Immunopharmacol. 2020;84:
106583.

Tohme S, Yazdani HO, Al-Khafaji AB, et al. Neutrophil extra-
cellular traps promote the development and progression of liver
metastases after surgical stress. Cancer Res. 2016;76(6):1367-
1380.

Xiao Y, Cong M, Li J, et al. Cathepsin C promotes breast
cancer lung metastasis by modulating neutrophil infiltra-
tion and neutrophil extracellular trap formation. Cancer Cell.
2021;39(3):423-437. e7.

Leal AC, Mizurini DM, Gomes T, et al. Tumor-derived exo-
somes induce the formation of neutrophil extracellular traps:
implications for the establishment of cancer-associated throm-
bosis. Sci Rep. 2017;7(1):6438.

Demers M, Krause DS, Schatzberg D, et al. Cancers pre-
dispose neutrophils to release extracellular DNA traps that
contribute to cancer-associated thrombosis. Proc Nat Acad Sci
USA. 2012;109(32):13076-13081.

Yazdani HO, Roy E, Comerci AJ, et al. neutrophil extracellular
traps drive mitochondrial homeostasis in tumors to augment
growth. Cancer Res. 2019;79(21):5626-5639.

Houghton AM, Rzymkiewicz DM, Ji H, et al. Neutrophil
elastase-mediated degradation of IRS-1 accelerates lung tumor
growth. Nat Med. 2010;16(2):219-223.

Bergers G, Brekken R, McMahon G, Matrix
metalloproteinase-9 triggers the angiogenic switch during
carcinogenesis. Nat Cell Biol. 2000;2(10):737-744.

Albrengues J, Shields MA, Ng D, et al. Neutrophil extracellular
traps produced during inflammation awaken dormant cancer
cells in mice. Science. 2018;361(6409):eaa04227.

Chen Q, Zhang L, Li X, Zhuo W. Neutrophil extracellular
traps in tumor metastasis: pathological functions and clinical
applications. Cancers. 2021;13(11):2832.

Ortiz-Espinosa S, Morales X, Senent Y, et al. Complement
C5a induces the formation of neutrophil extracellular traps
by myeloid-derived suppressor cells to promote metastasis.
Cancer Lett. 2022;529:70-84.

Gupta GP, Massagué J. Cancer metastasis: building a frame-
work. Cell. 2006;127(4):679-695.

Demers M, Wagner DD. Neutrophil extracellular traps:
a new link to cancer-associated thrombosis and poten-
tial implications for tumor progression. Oncoimmunology.
2013;2(2):€22946.

et al

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Open Access,

Ren J, He J, Zhang H, et al. Platelet TLR4-ERKS5 axis facilitates
NET-mediated capturing of circulating tumor cells and distant
metastasis after surgical stress. Cancer Res. 2021;81(9):2373-
2385.

Najmeh S, Cools-Lartigue J, Rayes RF, et al. Neutrophil extra-
cellular traps sequester circulating tumor cells via Sl-integrin
mediated interactions. Int J Cancer. 2017;140(10):2321-2330.
Pedersen SF, Ho YC. SARS-CoV-2: a storm is raging. J Clin
Invest. 2020;130(5):2202-2205.

Middleton EA, He XY, Denorme F, et al. Neutrophil extracellu-
lar traps contribute to immunothrombosis in COVID-19 acute
respiratory distress syndrome. Blood. 2020;136(10):1169-1179.
Gremese E, Ferraccioli G. The pathogenesis of microthrombi
in COVID-19 cannot be controlled by DOAC: NETosis should
be the target. J Intern Med. 2021;289(3):420-421.

Zuo 'Y, Yalavarthi S, Shi H, et al. Neutrophil extracellular traps
in COVID-19. JCI Insight. 2020;5(11):€138999.

Veras FP, Pontelli MC, Silva CM, et al. SARS-CoV-2-triggered
neutrophil extracellular traps mediate COVID-19 pathology. J
Exp Med. 2020;217(12):€20201129.

Hong W, Yang J, Zou J, et al. Histones released by NETo-
sis enhance the infectivity of SARS-CoV-2 by bridging the
spike protein subunit 2 and sialic acid on host cells. Cell Mol
Immunol. 2022;19:577-587.

Zuo Y, Zuo M, Yalavarthi S, et al. Neutrophil extracellular
traps and thrombosis in COVID-19. J Thromb Thrombolysis.
2021;51(2):446-453.

Nicolai L, Leunig A, Brambs S, et al. Immunothrombotic
dysregulation in COVID-19 pneumonia is associated with respi-
ratory failure and coagulopathy. Circulation. 2020;142(12):1176-
1189.

Nakazawa D, Kumar SV, Marschner J, et al. Histones and
neutrophil extracellular traps enhance tubular necrosis and
remote organ injury in ischemic AKI. J Am Soc Nephrol.
2017;28(6):1753-1768.

Henry BM, de Oliveira MHS, Cheruiyot I, et al. Cell-free DNA,
neutrophil extracellular traps (NETs), and endothelial injury in
coronavirus disease 2019- (COVID-19-) associated acute kidney
injury. Mediators Inflamm. 2022;2022:9339411.

Leppkes M, Mauerdder C, Hirth S, et al. Externalized decon-
densed neutrophil chromatin occludes pancreatic ducts and
drives pancreatitis. Nat Commun. 2016;7:10973.

Chatfield SM, Grebe K, Whitehead LW, et al. Monosodium
urate crystals generate nuclease-resistant neutrophil extra-
cellular traps via a distinct molecular pathway. J Immunol.
2018;200(5):1802-1816.

Liu C, Zhou M, Jiang W, et al. GPR105-targeted therapy
promotes gout resolution as a switch between NETosis and
apoptosis of neutrophils. Front Immunol. 2022;13:870183.
Mutua V, Gershwin LJ. A review of neutrophil extracellular
traps (NETs) in disease: potential anti-NETs therapeutics. Clin
Rev Allergy Immunol. 2021;61(2):194-211.

Knight JS, Luo W, O’Dell AA, et al. Peptidylarginine deimi-
nase inhibition reduces vascular damage and modulates innate
immune responses in murine models of atherosclerosis. Circ
Res. 2014;114(6):947-956.

Gordon RA, Herter JM, Rosetti F, et al. Lupus and proliferative
nephritis are PAD4 independent in murine models. JCI Insight.
2017;2(10):€92926.



o0 | IMedComm

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

HUANG ET AL.

Open Access,

Sinha N, Balayla G. Hydroxychloroquine and COVID-19. Post-
grad Med J. 2020;96(1139):550-555.

Ponticelli C, Moroni G. Hydroxychloroquine in systemic lupus
erythematosus (SLE). Expert Opin Drug Saf. 2017;16(3):411-419.
Kyburz D, Brentano F, Gay S. Mode of action of hydroxy-
chloroquine in RA-evidence of an inhibitory effect on toll-like
receptor signaling. Nat Clin Pract Rheumatol. 2006;2(9):458-
459.

Zhang S, Zhang Q, Wang F, et al. Hydroxychloroquine inhibit-
ing neutrophil extracellular trap formation alleviates hepatic
ischemia/reperfusion injury by blocking TLR9 in mice. Clin
Immunol. 2020;216:108461.

Hahn S, Giaglis S, Chowdhury CS, Hésli I, Hasler P. Mod-
ulation of neutrophil NETosis: interplay between infectious
agents and underlying host physiology. Semin Immunopathol.
2013;35(4):439-453.

Schrezenmeier E, Dérner T. Mechanisms of action of hydrox-
ychloroquine and chloroquine: implications for rheumatology.
Nat Rev Rheumatol. 2020;16(3):155-166.

Jang CH, Choi JH, Byun MS, Jue DM. Chloroquine
inhibits production of TNF-alpha, IL-lbeta and IL-6
from  lipopolysaccharide-stimulated human
cytes/macrophages by different Rheumatology.
2006;45(6):703-710.

Skendros P, Mitroulis I, Ritis K. Autophagy in neutrophils:
from granulopoiesis to neutrophil extracellular traps. Front Cell
Dev Biol. 2018;6:109.

Skendros P, Mitsios A, Chrysanthopoulou A, et al. Comple-
ment and tissue factor-enriched neutrophil extracellular traps
are key drivers in COVID-19 immunothrombosis. J Clin Invest.
2020;130(11):6151-6157.

Jung H, Bobba R, Su J, et al. The protective effect of anti-
malarial drugs on thrombovascular events in systemic lupus
erythematosus. Arthritis Rheum. 2010;62(3):863-868.

Qiao F, Pan P, Yan J, et al. Role of tumor-derived extracellu-
lar vesicles in cancer progression and their clinical applications
(review). Int J Oncol. 2019;54(5):1525-1533.

Snoderly HT, Boone BA, Bennewitz MF. Neutrophil extracel-
lular traps in breast cancer and beyond: current perspectives on
NET stimuli, thrombosis and metastasis, and clinical utility for
diagnosis and treatment. Breast Cancer Res. 2019;21(1):145.
Mazetto BM, Hounkpe BW, Saraiva S, Bizzacchi JMA, De Paula
EV, Orsi FA. Hydroxychloroquine therapy and netosis regu-
lators expression in patients with primary antiphospholipid
syndrome. Blood. 2018;132(suppl 1):5049.

Riganti C, Gazzano E, Polimeni M, Costamagna C, Bosia
A, Ghigo D. Diphenyleneiodonium inhibits the cell redox
metabolism and induces oxidative stress. J Biol Chem.
2004;279(46):47726-47731.

Massart C, Giusti N, Beauwens R, Dumont JE, Miot F,
Sande JV. Diphenyleneiodonium, an inhibitor of NOXes and
DUOXes, is also an iodide-specific transporter. FEBS Open Bio.
2013;4:55-59.

Hasan RN, Schafer AI. Hemin upregulates Egr-1 expression in
vascular smooth muscle cells via reactive oxygen species ERK-
1/2-Elk-1 and NF-kappaB. Circ Res. 2008;102(1):42-50.

Ostafin M, Pruchniak MP, Ciepiela O, Reznick AZ, Demkow
U. Different procedures of diphenyleneiodonium chloride

mono-
modes.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

addition affect neutrophil extracellular trap formation. Anal
Biochem. 2016;509:60-66.

Hodgman MJ, Garrard AR. A review of acetaminophen poison-
ing. Crit Care Clin. 2012;28(4):499-516.

Dekhuijzen PN, van Beurden W1J. The role for N-acetylcysteine
in the management of COPD. Int J Chron Obstruct Pulmon Dis.
2006;1(2):99-106.

Aruoma OI, Halliwell B, Hoey BM, Butler J. The antioxidant
action of N-acetylcysteine: its reaction with hydrogen perox-
ide, hydroxyl radical, superoxide, and hypochlorous acid. Free
Radical Biol Med. 1989;6(6):593-597.

Aldini G, Altomare A, Baron G, et al. N-acetylcysteine as an
antioxidant and disulphide breaking agent: the reasons why.
Free Radical Res. 2018;52(7):751-762.

Zawrotniak M, Kozik A, Rapala-Kozik M. Selected mucolytic,
anti-inflammatory and cardiovascular drugs change the ability
of neutrophils to form extracellular traps (NETSs). Acta Biochim
Pol. 2015;62(3):465-473.

Craver BM, Ramanathan G, Hoang S, et al. N-acetylcysteine
inhibits thrombosis in a murine model of myeloproliferative
neoplasm. Blood Adv. 2020;4(2):312-321.

Sharma P, Garg N, Sharma A, Capalash N, Singh R. Nucle-
ases of bacterial pathogens as virulence factors, therapeu-
tic targets and diagnostic markers. Int J Med Microbiol.
2019;309(8):151354.

Nishino T, Morikawa K. Structure and function of nucleases
in DNA repair: shape, grip and blade of the DNA scissors.
Oncogene. 2002;21(58):9022-9032.

Ul Ain Q, Chung JY, Kim YH. Current and future delivery
systems for engineered nucleases: ZFN, TALEN and RGEN. J
Control Release. 2015;205:120-127.

Macanovic M, Sinicropi D, Shak S, Baughman S, Thiru S,
Lachmann PJ. The treatment of systemic lupus erythemato-
sus (SLE) in NZB/W F1 hybrid mice; studies with recombinant
murine DNase and with dexamethasone. Clin Exp Immunol.
1996;106(2):243-252.

Meng W, Paunel-Gorgiilii A, Flohé S, et al. Deoxyribonuclease
is a potential counter regulator of aberrant neutrophil extracel-
lular traps formation after major trauma. Mediators Inflamm.
2012;2012:149560.

Gray RD, McCullagh BN, McCray PB. NETs and CF lung
disease: current status and future prospects. Antibiotics.
2015;4(1):62-75.

Mohanty T, Fisher J, Bakochi A, et al. Neutrophil extracel-
lular traps in the central nervous system hinder bacterial
clearance during pneumococcal meningitis. Nat Commun.
2019;10(1):1667.

Albadawi H, Oklu R, Raacke Malley RE, et al. Effect of DNase
I treatment and neutrophil depletion on acute limb ischemia—
reperfusion injury in mice. J Vasc Surg. 2016;64(2):484-493.
Trejo-Becerril C, Pérez-Cardenas E, Gutiérrez-Diaz B, et al.
Antitumor effects of systemic DNAse I and proteases in an in
vivo model. Integr Cancer Ther. 2016;15(4):Np35-Np43.
Papayannopoulos V, Staab D, Zychlinsky A. Neutrophil elas-
tase enhances sputum solubilization in cystic fibrosis patients
receiving DNase therapy. PLoS One. 2011;6(12):e28526.

Khan MA, Ali ZS, Sweezey N, Grasemann H, Palaniyar N.
Progression of cystic fibrosis lung disease from childhood to



HUANG ET AL.

MedComm

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

adulthood: neutrophils, neutrophil extracellular trap (NET)
formation, and NET degradation. Genes. 2019;10(3):183.

Liu PT, Stenger S, Li H, et al. Toll-like receptor triggering of
a vitamin D-mediated human antimicrobial response. Science.
2006;311(5768):1770-1773.

Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol
Metab. 2009;94(1):26-34.

Hewison M. An update on vitamin D and human immunity.
Clin Endocrinol. 2012;76(3):315-325.

Harvey NC, Cantorna MT. 9—Vitamin D and the immune
system. In: Calder PC, Yaqoob P, eds. Diet, Immunity and
Inflammation. Woodhead Publishing; 2013:244-263.

Handono K, Sidarta YO, Pradana BA, et al. Vitamin D pre-
vents endothelial damage induced by increased neutrophil
extracellular traps formation in patients with systemic lupus
erythematosus. Acta Med Indones. 2014;46(3):189-198.

Tauber SC, Nau R. Immunomodulatory properties of antibi-
otics. Curr Mol Pharmacol. 2008;1(1):68-79.

Manda-Handzlik A, Bystrzycka W, Sieczkowska S, Demkow
U, Ciepiela O. Antibiotics modulate the ability of neutrophils
to release neutrophil extracellular traps. Adv Exp Med Biol.
2017;944:47-52.

Bystrzycka W, Manda-Handzlik A, Sieczkowska S, Moskalik
A, Demkow U, Ciepiela O. Azithromycin and chlorampheni-
col diminish neutrophil extracellular traps (NETSs) release. Int
J Mol Sci. 2017;18(12):2666.

Wan T, Zhao Y, Fan F, Hu R, Jin X. Dexamethasone inhibits
S. aureus-induced neutrophil extracellular pathogen-killing
mechanism, possibly through toll-like receptor regulation.
Front Immunol. 2017;8:60.

Gremese E, Ferraccioli GF. Benefit/risk of cyclosporine in
rheumatoid arthritis. Clin Exp Rheumatol. 2004;22(5 suppl
35):5101-S107.

Chiang N, Sakuma M, Rodriguez AR, Spur BW, Irimia D,
Serhan CN. Resolvin T-series reduce neutrophil extracellular
traps. Blood. 2022;139(8):1222-1233.

198.

199.

200.

201.

202.

203.

204.

205.

Open Access,

Haute GV, Luft C, Pedrazza L, Donadio MVF, de Oliveira
JR. Octyl gallate decrease lymphocyte activation and reg-
ulates neutrophil extracellular traps release. Mol Biol Rep.
2022;49(2):1593-1599.

Martinez NE, Zimmermann TJ, Goosmann C, et al. Tetrahy-
droisoquinolines: new inhibitors of neutrophil extracellular
trap (NET) formation. Chembiochem. 2017;18(10):888-893.
Yipp BG, Petri B, Salina D, et al. Infection-induced NETosis is
a dynamic process involving neutrophil multitasking in vivo.
Nat Med. 2012;18(9):1386-1393.

Fadini GP, Menegazzo L, Rigato M, et al. NETosis delays
diabetic wound healing in mice and humans. Diabetes.
2016;65(4):1061-1071.

Gupta AK, Giaglis S, Hasler P, Hahn S. Efficient neutrophil
extracellular trap induction requires mobilization of both intra-
cellular and extracellular calcium pools and is modulated by
cyclosporine A. PLoS One. 2014;9(5):e97088.

Fric J, Zelante T, Wong AY, Mertes A, Yu HB, Ricciardi-
Castagnoli P. NFAT control of innate immunity. Blood.
2012;120(7):1380-1389.

Witalison EE, Cui X, Causey CP, Thompson PR, Hofseth LJ.
Molecular targeting of protein arginine deiminases to suppress
colitis and prevent colon cancer. Oncotarget. 2015;6(34):36053-
36062.

Subramanian N, Torabi-Parizi P, Gottschalk RA, Germain
RN, Dutta B. Network representations of immune system
complexity. Wiley Interdiscip Rev Syst Biol Med. 2015;7(1):13-38.

How to cite this article: Huang J, Hong W, Wan
M, Zheng L. Molecular mechanisms and
therapeutic target of NETosis in diseases.
MedComm. 2022;3:€162.
https://doi.org/10.1002/mc02.162


https://doi.org/10.1002/mco2.162

	Molecular mechanisms and therapeutic target of NETosis in diseases
	Abstract
	1 | INTRODUCTION
	2 | THE TWO KEY MECHANISMS OF NETosis
	3 | THE RECEPTORS THAT MEDIATE NETosis
	3.1 | Pattern recognition receptors
	3.1.1 | Toll-like receptors
	3.1.2 | NOD-like receptors
	3.1.3 | C-type lectin receptors

	3.2 | Complement receptors
	3.3 | Fc receptors
	3.4 | Chemokine receptors

	4 | THE DISEASES ASSOCIATED WITH NETosis
	4.1 | Sepsis
	4.2 | Systemic lupus erythematosus
	4.3 | Rheumatoid arthritis
	4.4 | Small-vessel vasculitis
	4.5 | Inflammatory bowel disease
	4.6 | Cancer
	4.7 | COVID-19 and acute respiratory distress syndrome
	4.8 | Other diseases

	5 | THERAPEUTIC STRATEGIES FOR TARGETING NETosis
	5.1 | Chlor-amidine
	5.2 | Hydroxychloroquine
	5.3 | Diphenyleneiodonium chloride
	5.4 | N-acetylcysteine
	5.5 | Recombinant human DNase
	5.6 | Vitamin D
	5.7 | Antibiotic (azithromycin, chloramphenicol, gentamicin) and other drugs

	6 | CONCLUSION AND PERSPECTIVE
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	ETHICS STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


