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Abstract

Asthma is a common, chronic inflammatory disease of the airways that affects millions of people worldwide

and is associated with significant healthcare costs. Eosinophils, a type of immune cell, play a critical role in the
development and progression of asthma. Eosinophil extracellular traps (EETs) are reticular structures composed of
DNA, histones, and granulins that eosinophils form and release into the extracellular space as part of the innate
immune response. EETs have a protective effect by limiting the migration of pathogens and antimicrobial activity
to a controlled range. However, chronic inflammation can lead to the overproduction of EETs, which can trigger
and exacerbate allergic asthma. In this review, we examine the role of EETs in asthma.
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Background

Asthma is a chronic inflammatory airway disease in
which neutrophils and eosinophils play an important role
[1, 2]. Activated neutrophils can release granules through
degranulation, internalize and degrade pathogens
through phagocytosis, and release neutrophil extracel-
lular traps (NETs) to defend against external pathogens
[3]. Studies have shown that excessive levels of NETs can
damage the airway epithelium and trigger an inflamma-
tory response, increasing the severity of asthma [4].
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Eosinophils are known for their role in asthma as
end-effector cells in allergic diseases [5]. Upon receiv-
ing stimulatory signals, they undergo tissue migration
and perform immunomodulatory and pro-inflammatory
functions by releasing immunomodulatory factors (cyto-
kines, chemokines, growth factors), and cytotoxic pro-
teins that are pre-formed and stored intracellularly [1, 6].

In addition, recent studies have observed that eosino-
phils can form extracellular traps similarly to neutrophils.
By releasing nuclear DNA into an extracellular backbone
and embedding granule proteins in this backbone, a new
cell death pathway distinct from necrosis and apoptosis
is formed, called eosinophil extracellular trap cell death
(EETosis; Fig. 1) [7]. A variety of microorganisms and
their products, as well as non-infectious stimuli, can
activate this pathway, which is regulated by multiple
activation mechanisms, including toll-like receptors,
chemokines, cytokines, and adhesion receptors. These
mechanisms can initiate transmembrane signaling lead-
ing to the formation of eosinophil extracellular traps
(EETs) [6, 8].
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Fig. 1 Time course of EETosis. Many ex vivo and in vivo stimuli can lead to human eosinophil activation, increased intracellular Ca2 +and reactive
oxygen species production, PAD4-mediated citrullination of nucleosomal histones, resulting in chromatin decondensation with nuclear rounding. Addi-
tionally, there is galectin-10 redistribution and occasional formation of intracellular CLCs prior to plasma membrane lysis. Finally, both nuclear and plasma
membranes are disassembled, and reticulated chromatin structures are released. EETosis: Eosinophil extracellular trap cell death; PAD4: Peptidyl arginine
deaminase 4; CLCs: Charcot-Leyden crystals; EETs: Eosinophil extracellular traps

Like NETs, EETs are important for host defense against
extracellular pathogens by providing scaffolding struc-
tures that offer attachment points for agents such as
cytotoxic proteins, limiting the immune response to an
effective and safe area [1]. However, unlike NETs, the
chromatin structure on EETs is more stable and concen-
trated, and EETs are less susceptible to proteolytic degra-
dation, allowing them to remain in the body for a longer
period of time [9]. In chronic and uncontrolled asthma,
overproduction of EETs can interact with other immune
cells and exacerbate the inflammatory response [6, 9].
Studies have shown that EETs are elevated in asthmatic
patients and correlate with the severity of the disease
[10]. In ovalbumin (OVA)-challenged mice, increased
EETs secretion has been associated with greater cellular
infiltration, airway inflammation, and mucus secretion
[11]. Additionally, it has been shown that EETs may be
associated with a failure to respond to steroid hormone
therapy for asthma [12].

Although the exact mechanisms by which EETs con-
tribute to chronic inflammatory airway disease remain
unknown, the importance of studying EETs should not
be underestimated. A deeper understanding of EETs may
provide new insights for the development of biomarkers
to aid in the diagnosis of asthma type and severity, as well
as potential new targets for treatment. This review pro-
vides a summary of the general characteristics of EETs,
their relevance to asthma, and potential mechanisms
of action and therapeutic targets in the development of
asthma.

Eosinophils and degranulation

Degranulation is a critical function of eosinophils associ-
ated with many allergic and inflammatory diseases [13]. It
refers to the process by which living or dead cells release
intact or ruptured specific granules [6]. These gran-
ules, also known as secondary or secretory granules, are
membrane-surrounded structures that contain a dense
crystalline core and a matrix containing various media-
tors that can induce inflammation and/or tissue dam-
age. These mediators include basic proteins, cytokines,
chemokines, growth factors, and enzymes, with proteins
being the most important [14, 15].

Eosinophils contain both enzymatic and non-enzy-
matic cationic proteins in specific granules that are selec-
tively secreted in response to stimulation [16]. These
eosinophil-derived granule proteins (EDGPs) include
eosinophil peroxidase (EPO), major basic protein (MBP),
eosinophil cationic protein (ECP), and eosinophil-
derived neurotoxin (EDN) [17]. These proteins have
potent cytotoxic effects and may act by disrupting lipid
bilayer integrity [18], exhibiting neurotoxicity and RNase
activity, and/or participating in the generation of reac-
tive oxidants and free radicals [19]. In addition to their
cytotoxicity, EDGPs also play a critical role in eosinophil
development [20]. Studies have shown that the simul-
taneous absence of MBP-1 and EPO can result in a loss
of eosinophil precursors in the bone marrow as well as
eosinophils in the peripheral blood [21].

In addition, activated eosinophils are capable of releas-
ing galectin-10 (Gall0) and undergoing a phase tran-
sition to form Charcot-Leyden crystals (CLCs). These
crystals persist in the tissues for several months and con-
tribute further to the progression of asthma [22]. A study
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conducted by Persson et al. discovered that biomimetic
crystals of Gall0 elicited an innate immune response rich
in neutrophils and monocytes upon injection into the
airways of young rats. Furthermore, when combined with
OVA, it not only induced dendritic cell uptake and initi-
ated type 2 helper T cell response but also resulted in an
increase in airway eosinophils and an immunoglobulins
(Ig) G1 response [23].

Eosinophils have multiple degranulation mechanisms,
and the classical modes of degranulation include cyto-
solic spitting and progressive degranulation (also known
as lamellar degranulation or segmental degranulation).
Cytosolic degranulation refers to the fusion of the entire
granule content with the plasma membrane as a sepa-
rate granule, resulting in the release of the entire gran-
ule content, whereas progressive degranulation refers to
the gradual and selective release of the granule content
by small vesicles without fusion with other granules or
the plasma membrane [13, 24, 25]. In addition, a unique
degranulation pattern has been observed in eosinophils
that were previously thought to be a form of “necrosis”
[9, 26]. However, subsequent research has shown that
this degranulation pattern does not exhibit the usual
features of necrosis or apoptosis, such as phosphatidyl-
serine expression (as shown by weak Annexin V stain-
ing) or necrotic spots, and represents a distinct mode of
cell death called extracellular trap cell death (ETosis) [6,
27-29]. None of the known types of necrosis or extrusion
artifacts could explain the mechanism of this degranula-
tion pattern [6, 9].

The discovery of extracellular traps (ETs) dates back to
1975 when Anker et al. demonstrated in vitro that lym-
phocytes can release DNA into the extracellular space
without compromising their activity [30]. In 2004, Brink-
mann et al. observed that in addition to phagocytosis and
degranulation mechanisms, neutrophils can kill bacteria
in the extracellular space by releasing nuclear compo-
nents that form extracellular fibers with granules, a phe-
nomenon known as NETs [31]. Subsequently, in 2008,
Yousefi et al. discovered that eosinophils can also exert
their effects by releasing granule proteins and DNA to
form extracellular structures later identified as EETs [32].

Eosinophil extracellular trap death
ETosis is considered a potential type of cell death that
promotes inflammation [33]. Eosinophils can be further
classified into vital EETosis and suicidal EETosis depend-
ing on whether they undergo cell death [34]. It has been
observed that eosinophils can release DNA from mito-
chondria by jetting, and after forming EETs, eosinophils
remain viable without evidence of apoptosis or other
types of cell death, a process known as vital EETosis [32].
For suicidal EETosis, the process is more complex and
involves a series of morphological changes: disassembly
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of nuclear chromatin followed by rupture of the cyto-
plasmic membrane, which in turn leads to the release
of EDGPs and nuclear material (e.g. histones and DNA)
from the ruptured eosinophils into the surrounding envi-
ronment and the production of EETs [35-37]. Although
the above appears to be a continuous process, it has been
observed to occur rapidly in vitro experiments (~0.5-
3 h), which may lead to a rapid release of nuclear chroma-
tin and EDGPs after plasma membrane rupture without
sufficient mixing, resulting in a detectable extracellular
network of DNA fibers with or without intact EDGPs [9,
38]. In the case of suicidal EETosis, it somehow becomes
a continuation of the eosinophil function and extends the
function of eosinophils[39].

It has been suggested that the decision of whether
EETosis is released in a viable or dead form may depend
on the source of stimulation in vivo and in vitro [37], but
there is still academic debate as to whether mitochon-
drial-derived DNA alone is sufficient to form such a large
number of EETs upon stimulation [39]. The prevailing
view is that the DNA for EETosis is nuclear in origin and
that the cell must eventually release it through cell death
formation [8]. There are three main reasons for this.
First, the release of DNA from the mitochondria into the
cytoplasm and then into the extracellular compartment
requires very high energy; second, a single eosinophil
contains a small number of mitochondria with insuffi-
cient copies of DNA and is susceptible to structural dam-
age caused by reactive oxygen species (ROS); and finally,
mitochondrial DNA is stickier and smaller than nuclear
DNA, making it easier to detect, which may partially
explain the previous findings [6].

In allergic tissues, cytolysis is the second most com-
mon mode of degranulation after lamellar degranulation,
accounting for 10-33% of all degranulation patterns [40—
42]. Some studies suggest that this percentage may be as
high as 80% in patients with eosinophilic esophagitis [43].
ETosis may also be present at high levels in severe and
fatal asthma [26].

In isolated eosinophils, the induction of stimulated
production of EETs occurs in a variety of ways, such
that transmembrane signaling may be initiated first by
cytokines (e.g., interleukin 5 [IL-5], interferon-y), che-
mokines, or adhesion molecules, followed by lipopoly-
saccharide (LPS), eosinophil chemokine, or complement
component 5a (Cb5a), thymic stromal lymphopoietin
(TSLP), or staphylococcus aureus stimulation [8, 32, 44,
45]. In addition, it can also be induced by direct stimula-
tion with sorbitol acetate, calcium ion carriers, immobi-
lized IgA or IgG, phorbol 12-myristate 13-acetate (PMA),
respiratory syncytial virus, and the calcium ionophore
A23187 [38, 46, 47].
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Mechanism of action of EETs in asthma

Airway epithelial cells and EETs

Airway epithelial cells are critical components of the
innate immune system, contributing to the maintenance
of airway structural integrity, barrier function, and cili-
ary clearance. However, in asthmatics, airway epithelial
dysfunction increases susceptibility to viral infections
[48, 49]. In addition, epithelial cells can perpetuate type
2 inflammation by releasing various cytokines, chemo-
kines, and alarmins (such as IL-33, TSLP, and Granulo-
cyte-macrophage colony-stimulating factor [GM-CSF])
and interacting with other immune cells, ultimately lead-
ing to airway wall remodeling in asthma [12, 50]. EETs
have been shown to induce epithelial cell desquamation
and increased permeability in a dose-dependent manner
and to significantly enhance the release of IL-6 and IL-8
from epithelial cells [51]. When EETs were exogenously
injected into a mouse model of asthma, epithelium-
derived cytokine levels (including IL-1a, IL-1f3, Chemo-
kine ligand 1 [CXCL-1], CCL24, IL-33, and TSLP) were
found to be significantly increased in mouse bronchoal-
veolar lavage fluid (BALF) [11]. A recent study suggests
that TSLP may play a greater role than other allergen-
induced cytokines in the induction of EETs formation
[10].

Epithelial cell-derived autoantibodies and EETs

Epithelial cell-derived autoantibodies, such as serum
cytokeratin 18 (CK18), can also interact with EETs. CK18
are elevated in patients with severe asthma and are posi-
tively associated with total eosinophils and negatively
correlated with forced expiratory volume in one second
percentage (FEV1%). The presence of CK18-specific IgG
induces degranulation of peripheral blood eosinophils in
asthmatic patients, promoting the release of EETs, which
could further stimulate the release of CK18 from airway
epithelial cells, creating a vicious cycle. This phenomenon
was also observed in asthmatic mice, and dexamethasone
treatment did not effectively prevent it. Therefore, the
immune response involving EETs and epithelial autoanti-
gens may contribute to steroid-naive severe asthma, and
targeting EETs may be a potential therapeutic strategy for
severe asthma[52, 53].

Pulmonary neuroendocrine cells and EETs

EETs have been identified as playing a critical role in the
crosstalk between immune and neural signals that con-
tribute to the development of severe asthma. Pulmonary
neuroendocrine cells are rare multifunctional epithelial
cells that account for approximately 0.4% of the total air-
way epithelium and are mainly located at the junction of
airway branches [54]. Recent research has revealed that
EETs activate pulmonary neuroendocrine cells through
the CCDC25-ILK-PKCa-CRTC1 pathway, resulting in
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the secretion of neuropeptides and neurotransmitters
(such as calcitonin gene-related peptide and gamma-
aminobutyric acid). This, in turn, leads to the recruit-
ment and activation of inflammatory immune cells and
promotes mucus secretion from cupped cells, ultimately
amplifying the immune response in asthma [10].

Group 2 innate lymphoid cells (ILC2) and EETs

ILC2 are involved in not only mediating the activation of
eosinophils in the asthmatic airways but also the devel-
opment of steroid resistance. Recent studies have dem-
onstrated that EETs can interact with ILC2 to further
activate the innate immune response, exacerbating type 2
inflammation [11].

Autocrine function of EETs

In addition to interacting with other immune cells, EETs
have been shown to significantly increase the level of
eosinophil degranulation and ROS production, suggest-
ing that EETs have autocrine and immune response-
inducing functions. This creates a vicious cycle that plays
a key role in eosinophilic airway inflammation [51].

Charcot-Leyden crystals and EETs

The formation of EETs is closely related to the produc-
tion of CLCs. Both EETs and CLCs significantly affect
the rheology of mucus, making it more difficult to clear
from the airways [1, 23]. During EETosis, Gall0 is redis-
tributed within the eosinophil cytoplasm, leading to the
formation of intracellular CLCs, which are then released
extracellularly. CLCs activate macrophages and epithelial
cells, promoting the release of inflammatory cytokines
and enhancing innate and adaptive immunity. Addition-
ally, CLCs can promote type 2 immunity by increasing
the production of the IgG1 and IgE [22, 23].

Double-stranded DNA (dsDNA) and EETs

Respiratory viral infections are a major cause of acute
exacerbations of asthma and are associated with the
exacerbation of type 2 immune responses. Previous
research has demonstrated that dsDNA functions as an
endogenous danger signal or damage-associated molecu-
lar pattern, activating various pattern recognition recep-
tor signaling pathways to alert the innate immune system
[55]. Toussaint et al. showed that NETs and dsDNA play
a key role in virus-induced asthma exacerbation [56].
Respiratory viral infection significantly contributes to
dsDNA accumulation and enhances type 2 cytokine
release, leading to the exacerbation of asthma-like symp-
toms in mice. Furthermore, by using eosinophil-deficient
AdblGATA mice, the researchers confirmed that dsDNA
was primarily derived from the release of neutrophil
NETs and not from eosinophils [57]. In contrast, a study
by Silveira et al. found that in vitro respiratory syncytial
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virus induced the formation of EETs in eosinophils from
asthmatic mice [47]. The role of EETs in the acute exac-
erbation of virus-induced asthma is not fully understood,
and further studies are needed to explore this.

EETs Associated with severe asthma
Neutrophil-released NETs have been extensively studied
for their role in infectious diseases. Eosinophils are con-
sidered to be one of the most important central effector
cells in the development of asthma. In contrast to neu-
trophil phagocytosis, eosinophils promote airway inflam-
mation and remodeling primarily through the selective
release of various molecules such as cytokines and granu-
lins [58, 59].

In non-infectious asthma, the production of EETs is
significantly increased, contributing to the exacerba-
tion of type 2 immunity. In OVA-challenged mice, both
eosinophil and neutrophil extracellular traps were gen-
erated and released after allergen stimulation, with sig-
nificantly higher levels of EETs production than NETs
(57.09£10.23% vs. 5.27+3.32%) [10]. Intranasal admin-
istration of EETs for five days increased the number of
eosinophils and neutrophils in the BALF of wild-type
BALB/c mice, along with elevated levels of epithelial-
derived cytokines (such as IL-1a, IL-1f3, CXCL-1, CCL24,
IL-33, and TSLP) and an increased proportion of IL-5 or
IL-13-producing ILC2 cells in the lungs [11].

Moreover, several studies have shown that EETs may
serve as potential biomarkers of severe asthma and are
associated with acute exacerbations of asthma [59, 60]. In
humans, levels of EETs in BALF were significantly higher
in adult asthmatics than in healthy controls and were
positively correlated with levels of type 2 cytokines (i.e.,
IL-4, IL-5, and IL-13) and asthma severity, while nega-
tively correlated with FEV1% [10]. The study by Choi and
colleagues demonstrated that severe asthmatics have a
higher release of EETs compared to non-severe asthmat-
ics when peripheral blood eosinophils are stimulated
by IL-5 and LPS [51]. The study also showed a negative
correlation between EETs and FEV1, and a positive cor-
relation between EETs and serum eosinophil-derived
neurotoxin levels. Follow-up studies by Lee et al. and
Choi et al. confirmed these findings and further sug-
gested that EETs production is associated with the degree
of airway inflammation and obstruction in patients with
severe asthma [11, 53]. However, a study by Granger et
al. found no association between serum EETs and asthma
severity, and EETs expression was not detectable in BALF
[61]. Instead, this study showed that only serum NETs
levels correlated with asthma severity, control level, age
at onset and duration of asthma exacerbation.

Several factors contribute to the variability in the
results of studies investigating ETs in asthma. First, the
heterogeneity of the populations included in the studies
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may partially explain the observed differences. In mouse
models of asthma following viral infection, an increase
in neutrophil generation with NETs has been observed,
peaking within 2 days [56, 62]. Respiratory infections
are important triggers of asthma exacerbations, which
tend to be more severe and have different pathological
manifestations compared to non-infected asthma. Sec-
ondly, unlike in vitro experiments, the formation of ETs
in vivo is influenced by various factors such as the type
of stimulus, dose, exposure time, and drug treatment.
Moreover, the rapid formation of ETs themselves may
pose challenges in their in vivo detection [59, 63]. As
noted by Granger et al., the expression of EETs in BALF
was not effectively detected, even though 53% of patients
with available BALF samples had alveolar eosinophil
counts>1.2% [61]. Therefore, future studies are needed
to determine the impact of EETs expression levels on dif-
ferent asthma severities and sample sources.

EETs as biomarkers

EETs can be monitored by a variety of means, but like
NETs, they serve as screening tools to help clinicians bet-
ter individualize treatment. This requires readily available
test samples and tests that demonstrate good specificity,
sensitivity, and reproducibility. Such tests should provide
value for the diagnosis, treatment and prognostic moni-
toring of clinical disease.

As mentioned above, EETs are composed of several
components. The DNA and citrullinated histone H3
(citH3), which form the “backbone’, and the granular
proteins such as ECP and EPO, which are attached to
the “backbone’, can be used as indicators of their levels.
However, it should be noted that some markers are not
only found in eosinophils with EETosis but can also be
released by apoptotic or necrotic eosinophils and other
cells, so it is worth considering how to combine and
detect these markers. Visualization of EETs production
by cellular immunofluorescence or immunohistochem-
istry is the most accurate method [64—66], but this is
relatively inaccessible in asthmatic patients because it
requires obtaining BALF and lung tissue samples in an
invasive manner, such as bronchoscopy.

This led us to look at the more non-invasive and read-
ily available blood samples. The detection of circulating
free DNA (cfDNA) is one of the indicators of response
to EETs that was first described in a study by Yousefi et
al. [32]. In patients with eosinophilia with polyangiitis
(EGPA), it was observed that cfDNA levels were signifi-
cantly higher in EGPA patients than in healthy subjects
and correlated significantly with disease activity and
blood eosinophil count, and that the presence of EETs
increased cfDNA levels in EGPA [67]. Circulating citH3
is another indicator that can be used as a response to
EETSs and shows better specificity than cfDNA [10], which
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can be used as a potential assessment indicator for loss of
asthma control [68]. However, it is important to note that
for in vivo detection of EETs, other innate immune cells
besides eosinophils can also release ETs [69], a process
that may also involve citrullination of histones, a point
that has been well-documented for NETs [3, 70]. Com-
pared to circulating cfDNA and citH3, a modified ELISA
targeting the ECP-DNA complexes characteristic of EETs
may be more specific [10, 69, 70].

In addition, several novel biomarkers have been pro-
posed that may reflect the levels of EETs. In patients with
chronic rhinosinusitis (CRS), calmodulin was found to
be expressed in eosinophils and involved in the innate
immune response via EETSs, which could be used as a bio-
marker in response to the severity of CRS [71], but it is
unclear whether it could be used as one of the indicators
of EETs levels in asthma. Gall0 is an eosinophil-specific
marker released by EETosis, and elevated levels of Gal10
in serum and tissues may indicate an increase in the
number of eosinophils that undergo EETosis in vivo. Fur-
ther future studies are needed to clarify the scenario and
value of these biomarkers in asthma patients.
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Therapeutic targets for EETs

The advent of biological agents has opened new avenues
for the treatment of patients with severe asthma. How-
ever, there remains a subset of patients with a limited
response to corticosteroids or biologic agents, highlight-
ing the need for the identification of new therapeutic
targets and biomarkers. The therapeutic targets for EETs
can be approached from two perspectives: a pre-EET for-
mation block, in which eosinophils receive various sig-
naling stimuli in vivo to initiate the EETosis process, and
a post-EET release block, which includes targeting the
chromatin backbone structure that constitutes EETs and
substances attached to chromatin.

These two phases of treatment should be considered
complementary rather than independent. It is important
to note that just as the formation and release of NETs is a
double-edged sword [45], this feature also exists in EETs
(Fig. 2). For example, the released granulocytes restrict
this action to specific regions by wrapping granulocyte
proteases in the DNA network, which may lead to a
strong immune response causing organ dysfunction and
even organ failure [8].

AMPLIFCATION OF IMMUNE RESPONSE

Exacerbations

Eosinophilia I

Complex T2 high asthma

Refractory to CS

EETs AND HOST DEFENSE

Anti-parasitic activity
Anti-bacterial activity
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EETS
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Histones EETs AND ASTHMA PATHOLOGY
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EPO Epithelial damage
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Enh type 2 i r

P
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Fig. 2 The double-edged sword effect of EETs. EETs are reticular structures composed of DNA, histones, and granulins that are formed by eosinophils
and released into the extracellular compartment, forming one of the components of the innate immune response. Components of EETs play an active
role in the control of infections by trapping and destroying microorganisms, including viruses, fungi, bacteria, and protozoan pathogens. Although EETs
can protect the host from microorganisms, excessive EETs can be harmful to the host. While the early stages of asthma are characterized by an increase
in eosinophils, in the severe stage of asthma, activated eosinophils can release excessive amounts of EETs, causing airway epithelial damage and CLC
production, making sputum more difficult to cough up, in addition to exacerbating the type 2 inflammatory response by interacting with other immune
cells. T2: Type 2; CS: Corticosteroids; EETs: Eosinophil extracellular traps; ECP: Eosinophil cationic protein; MBP: Major basic protein; EDN: Eosinophil-derived

neurotoxin; EPO: Eosinophil peroxidase; CLCs: Charcot-Leyden crystals
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Therefore, the feasibility of targeting systemic EETs for
degradation therapy remains uncertain, and further stud-
ies are needed to evaluate the timing, monitoring met-
rics, and potential side effects of such therapy. Although
several studies have explored the therapeutic targets of
ETs, the structural characteristics of ETs currently make
it difficult to find an ideal therapeutic strategy [72]. In the
following section, we provide a brief overview of poten-
tial future drugs that could be used to treat EETs based
on the available studies in the literature and their rele-
vance to directly targeting EETs (Table 1; Fig. 3).

Targeting the degradation of the chromatin structure of
EETs: deoxyribonuclease | (DNase )

DNase I is an enzyme that can cleave single-stranded
DNA, double-stranded DNA, and chromatin. Its recom-
binant form has been shown to hydrolyze extracellular
DNA in sputum and reduce its viscosity, thereby enhanc-
ing the clearance of respiratory secretions [73, 74]. Clini-
cally, recombinant human DNase I has been used to treat
patients with cystic fibrosis (CF) lung disease, and several
studies have evaluated its potential use in asthma.

In the area of ETs, DNase I is widely used as a thera-
peutic intervention in animal models of allergic and
non-allergic diseases. It effectively degrades extracellu-
lar DNA traps released by neutrophils and eosinophils,
leading to a reduction in associated pathological changes.
In mouse models, DNase I treatment has been shown
to significantly reduce the production of EETs, thereby
attenuating lung inflammatory cell infiltration, and goblet
cell proliferation, and mucus production [10, 75]. It also
improves airway resistance and lung injury while signifi-
cantly reversing EET-mediated neuroimmune pathways,
thereby slowing the progression of asthma[10]. However,
these beneficial effects have shown greater inconsistency
in clinical trials in asthma.

Several case reports have suggested that nebulized
or direct endotracheal infusion of recombinant human
deoxyribonuclease (rhDNase) can significantly improve
ventilation and gas exchange in adult or pediatric patients
with severe asthma who do not respond to conventional
treatment regimens [76-78]. However, the efficacy of
DNase has been questioned in two cohort studies: In a
previously published multicenter, randomized, double-
blind, controlled clinical trial of 121 children admitted
to the emergency department with moderate to severe
asthma exacerbations, nebulized 5 mg rhDNase failed to
significantly improve asthma outcomes in terms of dura-
tion of oxygen and bronchodilator treatment during the
first 24 h compared to the placebo group [79]. In another
prospective study, a total of 50 non-intubated adult ED
asthmatics were enrolled to evaluate whether nebuliza-
tion of various doses of rhDNase improved lung function
and disease severity in acute severe asthma in patients

Page 7 of 17

who did not respond to conventional nebulized therapy.
Results showed that overall, rhDNase treatment did not
show a significant benefit [80].

There are several explanations for the inconsistency of
rhDNAse in clinical trials and basic research. First, we
note that both clinical trials included patients with mod-
erate or severe asthma exacerbations requiring emer-
gency department visits as inclusion criteria. This may be
based on early case reports showing a potential benefit
of rhDNase in such patients. As one of the therapeutic
agents for cystic fibrosis, rhDNase reduces mucus vis-
cosity and adhesion by cleaving extracellular DNA [81].
Mucus obstruction is one of the pathophysiological fea-
tures of acute asthma [82, 83]. Thus, the use of mucolyt-
ics may reverse airway obstruction in asthma and provide
clinical benefit.

However, both Silverman and Boogaard expressed
doubts in their studies about whether the degradation of
DNA content in asthmatic mucus is sufficient to reverse
mucus plugging [79, 80]. Unlike the mucus of patients
with chronic cystic fibrosis, the level of DNA content in
mucus, even in patients with worsening asthma, is only
3-16% of the levels in chronic cystic fibrosis [84, 85]. This
may imply that the use of rhDNase alone may not com-
pletely reverse the degree of mucus obstruction in asth-
matic patients.

Second, the timing of rhDNase intervention may influ-
ence the prognosis of asthma. In most studies of OVA
mouse models of asthma, the timing of intervention for
DNase I was chosen to be during the OVA challenge
phase, thus showing that DNase I treatment improves the
asthma inflammatory response[10]. However, there were
apparent differences with the disease state of patients
with moderately severe acute asthma in clinical trials.

Finally, the duration of rhDNase treatment may also
influence the asthma treatment effect. Compared to the
study by Cunha et al., which showed no effect of rhDN-
ase treatment on inflammatory cells in mouse BALE, the
study by Lu et al. observed a similar number of eosino-
phils in the BALF of DNase I-treated and untreated mice
on day 15. However, on day 17, the number of eosinophils
in the BALF of DNase I-treated mice was significantly
reduced, and the changes in the number of dendritic cells
also exhibited similar characteristics [10, 86]. Interest-
ingly, Cunha et al. also demonstrated that rhDNase, in
addition to acting as a mucolytic agent, reduced oxidative
stress in the lungs of asthmatic mice and exhibited poten-
tial antioxidant effects, suggesting a novel mechanism of
action for rhDNase.

A promising treatment for asthma is a novel DNA
enzyme, SB010 [87]. Phase II clinical trials have dem-
onstrated the efficacy of SB010 in attenuating late and
early asthma responses after allergen exposure and in
reducing TH2 inflammatory responses in patients with
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Table 1 Drugs that target a phase of the process of eosinophil extracellular traps (EETs) release

Therapy First author Study description Related Findings
[ref.]
DNase Lu[10] Mouse model DNase | treatment ameliorates asthma in mice
treatments Cunha [75] Mouse model rhDNase decreased significantly airway resistance, EETs formation, and globet
cells hyperplasia
Chia [76] Case report Successful weaning from mechanical ventilation and ongoing recovery
Hull [77]

Harrison [78]

Boogaard [79] 121 children with moderate to Compared to the placebo group, rhDNase did not significantly improve
severe worsening asthma were  patients’asthma scores, duration of oxygenation, or number of bronchodilator
randomly assigned to receivea  treatments within 24 h
single 5 mg dose of nebulized
rhDNase or a second dose of
bronchodilator followed by
placebo
Silverman [80] 50 patients aged 18-55 years Compared to the placebo group, rhDNase failed to significantly improve FEV1%
with FEV1 <60% and symp-
tomatic asthma were randomly
assigned to the 2.5 mg, 5.0 mg,
7.5 mg, or placebo treatment
groups
Krug [87] 40 patients aged 18-64 years Treatment with SB0O10 significantly attenuated both late and early asthmatic
with mild asthma were randomly responses after allergen provocation in patients with allergic asthma
assigned to either the 10 mg
SBO10 or placebo treatment

group

Anti-TSLP Choi [11] Mouse model EET-mediated airway inflammation in OVA-challenged mice resulted in signifi-

antibody cantly increased airway hyperresponsiveness and levels of type 2 cytokines in
BALF. Treatment with anti-IL33 and anti-TSLP antibodies significantly reduced
AHR

NCT05280418  Thirty patients>18 years of age ~ On-going
with moderate or severe asthma
were randomly assigned to the
tespilizumab 210 mg subcutane-
ous injection every 4 weeks or
placebo treatment group.

Anti-IL-5 Sasaki [95] Case report Benralizumab reduces the expression levels of EETs
antibody Masaki [96]
PAD4 Sim [46] Purified eosinophils isolated from  EETs formation induced by PMA, A23187 and its activated platelets can be
inhibitors human peripheral blood significantly inhibited by the PAD4 inhibitor GSK484
Kim [102] Purified eosinophils isolated from  LysoPS-mediated EETs formation is partially blocked by the PAD4 inhibitor
human peripheral blood (GSK484
Barroso [103] Purified eosinophils isolated from  Aspergillus fumigatus-induced EETs release occurs in a mechanism indepen-
human peripheral blood dent of PAD4 histone guanylation, and the PAD4 inhibitor GSK484 fails to inhibit
Aspergillus fumigatus-mediated release of EETs
NADPH/ROS  Yousefi [32] Purified eosinophils isolated from DNA release can be detected within 5 min of stimulation of eosinophils with
inhibitors human peripheral blood C5a or LPS, reaching maximum levels after 20 min, and the effect can be
blocked by inhibitors of reactive oxygen species production
Ueki [38] Purified eosinophils isolated from 1gG, IgA, PAF containing IL-5 or GM-CSF, and non-physiological stimulants, cal-
human peripheral blood cium carrier A23187 and PMA can cause EETosis, and this effect can be inhibited
by DPI
Sim [46] Purified eosinophils isolated from PMA-induced EETs formation was completely inhibited by DPI, and A23187-
human peripheral blood induced EETs formation was partially inhibited by DPI. In contrast, conditioned

medium and pellet-formed EETs from A23187-activated platelet cultures were
completely insensitive to DPI
Silveira [117] Mouse model DPI'and NAC treatment reduced EPO, goblet cell proliferation, pro-inflammatory
cytokines, NFkB p65 immune content, and lung oxidative stress, and decreased
the release of EETs in the airways
Kim [102] Purified eosinophils isolated from  LysoPS-induced EETs are not affected by DPI
human peripheral blood
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Table 1 (continued)

Therapy First author Study description Related Findings

[ref.]
SP-D Yousefi [143] Purified eosinophils isolated from  SP-D binds directly to membranes and inhibits human and murine eosinophil-
treatment human and mouse peripheral forming EETs in a concentration- and carbohydrate-dependent manner

blood

cysLT syn- Cunha [137] Mouse model MK-886 or/and MK-571 treatment reduced cysLT production or inhibited cysLT1
thase/recep- receptors and reduced EETs formation in BALF, respectively
tor inhibitor
Autophagy Silveira [145] Mouse model 3-Methyladenine treatment reduced the number of eosinophils, EPO activity,
Inhibitors goblet cell proliferation, pro-inflammatory cytokines and NFkB p65 immune

content in the lung, improved oxidative stress, mitochondrial energy metabo-
lism and Na+and K+-ATPase activity, and reduced EETs formation in the airways

Anti-TIMP-1  Cao [149] Cellular model TIMP-1 directly activates eosinophils and induces EET release. Anti-TIMP-1
antibody antibody inhibits EET release.

miR-155 Kim [151] Mouse model miR-155 contributes to the extracellular release of dsDNA and exacerbates aller-
Inhibitor gic lung inflammation. Mixed neutrophil/eosinophil asthma lung inflammation

and severe airway hyperresponsiveness can be reduced with miR-155 inhibitors.

DNase |: Deoxyribonuclease I; rhDNase: recombinant human deoxyribonuclease; EETs: Eosinophil extracellular traps; FEV1%: Forced Expiratory Volume in one second
percentage; BALF: Bronchoalveolar Lavage Fluid; IL: interleukin; TSLP: Thymic Stromal Lymphopoietin; AHR: Airway Hyperresponsiveness; PMA: Phorbol 12-Myristate
13-Acetate; PAD4: Peptidyl arginine deaminase 4; LysoPS: Lysophosphatidylserine; C5a: Complement factor 5a; LPS: Lipopolysaccharide; 1gG: Immunoglobulin
G; IgA: Immunoglobulin A; PAF: Platelet-activating factor; GM-CSF: Granulocyte-Macrophage Colony-Stimulating Factor; DPI : Diphenyliodonium chloride; NAC:
N-acetylcysteine; EPO: Eosinophil Peroxidase; SP: Surfactant-specific proteins; cysLT: Cysteinyl leukotriene. TIMP-1: Tissue inhibitor of metalloproteinase-1; miR-155:
microRNA-155; dsDNA: double-stranded deoxyribonucleic acid

Other treatments

C5a, Eotaxin

PMA, A23187 P

LPS /

CHROMATIN
Bacteria: E.coli DECONDENSATIQO
Virus: RSV
Fungus: Aspergillus

Fig. 3 Therapeutic potential drugs targeting a step in the release and formation of EETs. Many stimuli can induce eosinophil activation and
the release of EETs, so therapeutic strategies for EETs need to be evaluated and selected on an individual basis. E.coli: Escherichia coli; RSV: Respiratory
Syncytial Virus; PMA: Phorbol 12-myristate 13-acetate; LPS: lipopolysaccharide; C5a: Complement factor 5a; Ig: Immunoglobulin; TSLP: Thymic stromal
lymphopoietin; IL-5: Interleukin 5; NADPH: Nicotinamide adenine dinucleotide phosphate; PAD4: Peptidyl arginine deaminase 4; ROS: Reactive oxygen
species; DNasel: Deoxyribonuclease I; CLCs: Charcot-Leyden crystals

allergic asthma. SB010 can act by cleaving and inacti- Inhibiting epithelial-derived Cytokines: Anti-TSLP therapy

vating GATA3 messenger RNA. However, further stud- TSLP is an epithelial cell-derived cytokine that plays an

ies are needed to determine the potential contribution important role in allergic inflammation by promoting and

of rhDNase in the treatment of asthma patients and to  activating the expression and secretion of Th2 cells, air-

assess its efficacy in different asthma populations. way dendritic cells, eosinophils, and ILC2 to participate
in the innate and acquired immune cascade response [88,
89].
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Table 2 The effect of the eosinophil extracellular traps (EETs) on
other types of cells

Interacting Study description
cells

Related Findings Ref

Airway epithelial ~ A549, BEAS-2B, EETs caused dose- nt,
cell human primary dependent changesin 93]
small airway epithe- the morphology and
lial cells and mouse  density of A549 cells,
model leading to more than
10% cell detachment
and increased epithelial
permeability. Moreover,
EETs significantly
increased the release of
epithelium-derived cyto-
kines, inducing a type 2
immune response

PNECs PAD4 7~ mouse EET induces PNEC to [10]
model and H146 secrete neuropeptides
cells and neurotransmitters,
exacerbating asthma
inflammation.
ILC2s EETs-stimulated Altered activation status  [11]
mouse model | of ILC2 in lung tissue of
EET-treated mice and
increased proportion of
IL-5 or IL-13 producing
ILC2 in the lung.
Eosinophils Purified eosino- Consistent with PMA [93]
phils isolated from  stimulation, the
human peripheral  induction of EETs led to
blood morphological changes
in eosinophils and
significantly increased
eosinophil degranula-
tion and ROS produc-
tion. However, both
effects were found to
be weaker compared
to the effects of PMA
stimulation.
Macrophages primary human CLCs, a component [22]

monocyte-derived  of EETs, can release

macrophages the pro-inflammatory
differentiated from  cytokine IL-1f upon
CD14+monocytes  induction of phagocy-

tosis by primary human
macrophages in vitro
EETs: Eosinophil extracellular traps; PNECs: Pulmonary neuroendocrine cells;
PAD4: Peptidyl arginine deaminase 4; ILC2s: Group 2 innate lymphoid cells;
IL:iinterleukin; PMA: Phorbol 12-myristate 13-acetate; ROS: Reactive oxygen
species; CLCs: Charcot-Leyden crystals

Simon et al. analyzed tissue samples from 18 patients
with active eosinophilic esophagitis and found that TSLP
was expressed mainly in the apical portion of epithe-
lial cells and correlated significantly with the number of
EET-positive eosinophils. This suggests that TSLP may
directly activate the production and release of EETs by
infiltrating eosinophils [90]. Morshed et al. performed in
vitro cellular assays demonstrating that TSLP can induce
the release of eosinophil EETs in a concentration- and
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time-dependent manner and is involved in activating the
antimicrobial activity of EETs [44]. In a mouse model of
asthma, anti-TSLP antibodies were found to effectively
inhibit airway hyperresponsiveness in mice treated with
EETs [11].

Therefore, TSLP may play a critical role in mediating
the crosstalk between airway epithelial cells and the aller-
gic inflammatory cascade response [88, 91]. A 16-week
randomized controlled trial (NCT05280418) is currently
underway to evaluate the effects of tezepelumab on air-
way structure and function in patients with uncontrolled
moderate-to-severe asthma, including EETs as one of the
outcome measures. Further real-world studies are eagerly
awaited to shed more light on the potential clinical utility
of targeting TSLP in asthma therapy.

Targeting T2 Cytokines: Anti-IL-5 therapy

IL-5 plays a critical role in the regulation of eosinophil
proliferation and maturation. It promotes eosinophil
survival in tissues by delaying apoptosis and inducing
degranulation [92]. In vitro studies have shown that IL-5
can stimulate eosinophils to release EETs in a ROS-
dependent manner [32]. Furthermore, in patients with
severe eosinophilic asthma, peripheral blood eosinophils
exhibit enhanced release of EETs when co-stimulated
with IL-5 and LPS [93], suggesting that elevated levels of
IL-5 in vivo may play an important role in the pathogen-
esis of severe eosinophilic asthma [94].

Targeting IL-5 as a therapeutic strategy to reduce
asthma exacerbations is well established, and three
classes of antibodies targeting IL-5 or IL-5R, includ-
ing mepolizumab, reslizumab, and benralizumab, have
shown promising results in reducing asthma exacerba-
tions and improving disease control in phase 3 clinical
trials. However, there are only scattered case reports sug-
gesting that benralizumab may be an effective biologic
agent to attenuate eosinophilic disease in EETosis [95,
96], lacking support from stronger levels of evidence
studies. Further future studies are needed to assess the
promise of IL-5 antagonists in EETs with asthma.

Peptidyl Arginine Deaminase (PAD) 4 inhibitor therapy
PAD4 is a calcium-dependent nuclease that plays a criti-
cal role in the formation and release of NETs [97]. PAD4
alters DNA binding to histone by mediating the conver-
sion of specific arginine to citrulline in the histone tails of
nucleosomes, which in turn promotes chromatin decon-
densation and ultimately the release of NETs [98]. Inhi-
bition of PAD4 reduces the number of neutrophils that
undergo histone citrullination, and PAD4-deficient mice
have been shown to be unable to form citrullinated his-
tone H3 and NETs [99, 100]. EETs formation, like neu-
trophil extracellular trap cell death (NETosis), is also
dependent on PAD4 activation [24, 39, 101].
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Studies have shown that a PAD4 inhibitor blocks the
formation of EETs mediated by lysophosphatidylserine
(LysoPS), PMA, A23187 and its stimulated platelets [46,
102]. However, the necessity of PAD4 for EETs formation
remains controversial. Barroso et al. reported that Asper-
gillus can induce EETs release independently of PAD4
and histone citrullination mechanisms, and a PAD4
inhibitor was unable to inhibit Aspergillus fumigatus-
mediated EETs formation [103]. This suggests that the
requirement of PAD4 for EETosis may vary depending on
the stimulus for EETosis.

Most of the current PAD inhibitors are biologically
inefficient, which makes their clinical application rela-
tively slow [104]. F- and Cl-amidine are currently the
most effective irreversible pan-PAD inhibitors, which
have been shown to be active against PAD4 in vitro
and in vivo and to significantly reduce the production
of NETs [105-109]. GSK199 and GSK484 are the most
widely used reversible PAD4 inhibitors. Compared to
Cl-amidine, specific PAD4 inhibitors have less off-tar-
get effects and drug toxicity [104], and also significantly
reduce the level of NETs [110-112].

Although PAD inhibitors have shown significant effi-
cacy in animal models of human disease [104], there
are a limited number of studies on PAD4 inhibitors in
asthma. Chen and colleagues observed that treatment
with simvastatin significantly reduced the expression
levels of PAD4 and NETosis in both asthmatic mice and
LPS-induced HL-60-differentiated neutrophil-like cells
[113]. They found that simvastatin significantly reduced
the expression levels of PAD4 and NETosis in these mice.
This suggests that simvastatin may be a promising new
strategy for targeting PAD4 to improve extracellular
trap release in asthma, but the efficacy of its targeting of
EETosis is not known, and further studies are needed to
clarify.

Nicotinamide Adenine Dinucleotide phosphate (NADPH)/
ROS inhibitor therapy
Excessive eosinophil and neutrophil infiltration in
asthma result in elevated ROS levels with impaired anti-
oxidant response, leading to oxidative stress and promot-
ing airway inflammation and hyperresponsiveness [114].
Studies have shown that activation of NADPH oxidase
mediated the production of ROS and is one of the key
mechanisms of EETosis in eosinophils [8, 38]. Yousefi and
colleagues reported that stimulation of human peripheral
blood eosinophils with IL-5 or interferon-gamma (IFN-y)
combined with LPS, C5a, or eosinophil chemokines leads
to a rapid release of extracellular DNA from eosinophils.
This effect is dependent on the generation of ROS and
can be blocked by ROS inhibitors [32].
Diphenylammonium chloride (DPI) and N-acetylcys-
teine (NAC) are NADPH oxidase inhibitors and ROS
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scavengers, respectively, both of which reduce intracel-
lular ROS levels [115, 116].Silveira et al. found that DPI
and NAC treatment reduced the number of inflamma-
tory cells and ROS levels in the lungs of OVA-challenged
mice, in addition to reducing airway levels of released
EETs [117]. However, as mentioned above, not all stimuli
are dependent on the PAD4 mechanism, and the neces-
sity of NADPH enzymes for EETs formation is controver-
sial. Studies have shown that while DPI can completely
or partially inhibit A23187-mediated EETs release [38,
46, 102], it cannot inhibit EETs release mediated by
A23187-stimulated platelets and lysoPS [46, 102]. These
findings suggest that there are multiple pathways to initi-
ate the formation of EETSs and that therapeutic strategies
for EETs need to be evaluated and selected on an indi-
vidual basis.

Despite the importance of ROS in asthma pathogene-
sis, antioxidant-based therapeutic strategies have yielded
limited success in asthma management. While NAC has
demonstrated efficacy in animal models of asthma and
small clinical trials, its use outside of standard therapy
has not demonstrated significant impact. Antioxidant
compounds including superoxide dismutase mimetics,
polyphenols, and small molecule nuclear factor erythroid
2-related factor 2 (Nrf2) activators also lack extensive
clinical validation. NADPH oxidase inhibitors and mito-
chondria-targeted antioxidants represent novel targeting
approaches currently under clinical investigation for cer-
tain diseases, but have not been fully explored in asthma
and require further investigation in future studies [114].

Mono-n-butyl phthalate (MnBP) is a common endo-
crine disrupting chemical, mainly derived from external
environmental intake, which has been shown to be asso-
ciated with a high risk of asthma [118-120]. Quoc et al.
found that MnBP induces ROS production and promotes
the release of EETs in human eosinophils and mouse
lung tissue and BALF. They also found that vitamin E
treatment can control the Nrf2-ROS-EET pathway by
inhibiting ROS, which may be a potential treatment for
MnBP-induced eosinophilic airway inflammation [121].

Studies suggest that vitamin E may influence the
development of allergy and reactivity to allergens early
in life, and several prospective, observational, and ran-
domized prevention studies have been conducted to
assess the relationship between vitamin E intake and
asthma risk, but the results of these studies are incon-
sistent [122—124]. Allen et al. examined the association
between vitamins (measured by dietary intake or serum
levels) and asthma in participants from 24 prospective
cohort and case-control studies and reported that vita-
min E intake did not appear to be associated with asthma
status [125]. This may be related to the composition of
vitamin E, an oxidant consisting of eight fat-soluble com-
pounds, including four tocopherols (d-a-, d-p-, d-y-,
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and d-0-tocopherols) and four tocotrienols (d-a-, d-B-,
d-y-, and d-8-tocotrienols) [126]. Among them, a- and
y-tocopherols have opposite functions in the regula-
tion of allergic inflammation and disease progression,
with a-tocopherol subtype being anti-inflammatory and
y-tocopherol subtype being pro-inflammatory, and dif-
ferences in the doses of these two subtypes in dietary
supplements may partially explain the differences in the
results of different clinical trials, and further studies are
needed to evaluate them in the future [122-124].

Exogenous complementary therapy: pulmonary surfactant
Pulmonary surfactant, a vital lipoprotein complex located
in the lung wall, is synthesized primarily by alveolar type
2 cells. It was originally thought to be a physical factor
that coordinates various biological processes in the body.
However, recent studies have shown that it also plays a
critical role in pulmonary innate and adaptive immu-
nity [127-129]. There are currently six lung surfactant-
specific proteins (SP), including SP-A, SP-B, SP-C, SP-D,
SP-G, and SP-H [130, 131].

SP-A and SP-D play important roles in asthma [128,
129]. Studies have shown that SP-A and SP-D levels are
lower in asthmatics than in healthy subjects and are
inversely correlated with asthma severity [132, 133],
possibly due to their role as scavengers in a chronically
inflammatory environment that constantly depletes
them. In addition, chronic inflammation can cause dam-
age to alveolar type 2 cells, resulting in reduced secre-
tion [127], and a study by Yousefi et al. found that SP-D
inhibited eosinophil activation and blocked the forma-
tion of EETs. This effect is completely lost when SP-D
is S-nitrosylated [134]. Furthermore, the integrity of the
SP-D structure is more severely compromised in BALF
and serum samples from patients with severe asthma, as
observed in a study by Mackay et al. [132]. This may par-
tially explain the decreased levels of SP-D and increased
levels of EETs in patients with severe asthma.

Exogenous pulmonary surfactant was tried in the
1960s and found to be effective in premature infants with
respiratory distress syndrome. It has since been used in
children with pneumonia, acute lung injury, or acute
respiratory distress syndrome. However, it has been
observed that pulmonary surfactant administration is not
beneficial in adults with acute lung injury or acute respi-
ratory distress syndrome [128].

Despite the potential benefits of pulmonary surfac-
tants in the treatment of respiratory diseases, their clini-
cal applications still face significant challenges. One of
these challenges is the difficulty in developing formula-
tions that combine stability and solubility, particularly
in the case of SP-D due to its complex structural proper-
ties. In addition, immune response and large-scale mass
production pose further challenges to widespread use
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of pulmonary surfactants [128, 135]. To address these
issues, smaller human recombinant trimeric fragments of
SP-A and SP-D have been successfully developed [136].
However, the efficacy of SP-D supplementation in the
treatment of asthma and other respiratory diseases is still
not fully understood. Nevertheless, the use of exogenous
supplementation with recombinant SP-A and SP-D may
represent a promising new direction in the treatment of
inflammatory respiratory diseases [127].

Other treatments

Cysteinyl leukotriene (cysLT) induces eosinophil inflam-
mation, where activation of the cysLT1 receptor induces
bronchoconstriction, airway edema, and mucus secre-
tion in asthmatic patients. Cunha et al. found that the
cysLT synthase inhibitor MK-886 and the cysLT1 recep-
tor antagonist MK-571 reduced airway EETs formation in
OVA-challenged mice [137]. Both MK-886 and MK-571
have been tested in asthma patients, and studies have
shown that they reduce asthma symptoms, 2 agonist
dose, and bronchoconstriction induced by exposure to
allergens, exercise, aspirin, and cold air [138—143]. These
studies offer the possibility of developing appropriate tar-
geted therapies for EETs, but further studies are needed
to confirm this.

Autophagy plays a crucial role in inflammatory dis-
eases, and its role is closely related to the severity of
asthma through eosinophil inflammation [144]. Silveira
et al. found that treatment with the autophagy inhibitor
3-methyladenine reduced the formation of airway EETs
in OVA-challenged mice, thereby reducing the airway
immunopathological manifestations of asthma[145].
There are no clinical trials of autophagy inhibitors in
asthma patients, and further studies are needed to assess
their future therapeutic potential.

Matrix metalloproteinase (MMP)/tissue inhibitor of
metalloproteinase (TIMP) interactions play a key role
in the production, degradation, and structural alteration
of extracellular matrix as an important part of airway
remodeling in chronic asthma [146]. TIMP-1 is a major
inhibitor of MMP-9, and it possesses fibrotic properties,
promoting the growth of fibroblasts and myofibroblasts
[147]. The level of TIMP-1 was found to be significantly
higher in asthmatics than in normal subjects and nega-
tively correlated with FEV1% and FVC [148]. The CD63
receptor, a key receptor for TIMP-1, is highly expressed
on eosinophils in patients with severe asthma. Cao et
al. found that TIMP-1 induces eosinophil activation and
EETs release through the CD63/PI3K signaling axis.
Interestingly, only anti-CD63 treatment showed the
ability to reduce the level of EETs compared to dexa-
methasone treatment, which may suggest the value of
anti-TIMP-1 treatment in addressing steroid resistance
[149].
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Table 3 Future issues

1. How is EETosis initiated?

2. What is the mechanism of vital EETosis?

3. Improvement in various types of asthma with rhDNase
treatment

4, The role of EETs in viral-induced asthma exacerbations

5. It is unclear whether the formation of EETs in asthma is

regulated by other cells or molecules. Understanding these
regulatory mechanisms could help us better understand
the process of asthma exacerbations and provide targets
for the development of new therapeutic approaches.

6. The distribution of EETs in patients with asthma is not fully
understood. Further studies may reveal how it varies by
type and severity of asthma and how it relates to asthma
symptoms and response to treatment.

7. The potential role of EETs in the treatment of asthma
requires further investigation. Some studies suggest
that inhibition of EETs formation and function may be
beneficial in reducing asthma symptoms and ameliorating
inflammation. However, no specific therapeutic strategy
targeting EETs has been widely adopted.

In mixed granulocytic asthma, there is a lack of more
effective, specific therapeutic options. MicroRNAs are
responsible for the post-transcriptional regulation of
genes, of which miR-55 is thought to play a key role in
TH2-mediated eosinophil inflammation [150]. miR-155
was found by Kim et al. to be an early regulator of host
dsDNA and ETosis release in severe asthma, which may
contribute to airway damage and mixed granulocyte
inflammation by promoting dsDNA release. The use of
miR-155 inhibitors may reduce lung inflammation and
severe airway hyperresponsiveness in mixed neutro-
philic/eosinophilic asthma, but it is worth noting that
the timing of dosing may significantly affect the outcome
[151].

Conclusion and perspectives

EETs not only participate in the pathogenesis of asthma
but also in many other autoimmune and inflamma-
tory diseases, including chronic obstructive pulmonary
disease, sepsis, and vascular disease. Despite numer-
ous studies investigating the formation and function
of EETs, the specific mechanisms of EETs regulation
remain unknown. EETosis proceeds through a specific
sequence of events (Fig. 1). Most of the current literature
have investigated the sources of stimulation and effective
inhibitors of EETosis. Further investigation of how they
affect the cellular events of EETosis may help us under-
stand the underlying mechanisms and identify new thera-
peutic targets. EETosis, being a ‘double-edged sword; has
primarily been focused on its negative effects in the field
of asthma, while the value of its positive effects has been
less explored. Furthermore, as one of the physiologically
released substances, there is a lack of large-scale studies
to define the range of normal levels. Objective reference

Page 13 of 17

values would be valuable for clinicians to assess guide-
lines for therapeutic intervention. Of all the issues raised
in this review, several may deserve special attention as
they can significantly contribute to our understanding of
the cell biology of EETosis, its biophysics, and its role in
the field of asthma (Table 3).

Abbreviations

NETs Neutrophil extracellular traps

EETosis Eosinophil extracellular trap cell death
EETs Eosinophil extracellular traps

OVA ovalbumin

EDGPs Eosinophil-derived granule proteins
EPO Eosinophil peroxidase

MBP Major basic protein

ECP Eosinophil cationic protein

EDN Eosinophil-derived neurotoxin

Gal10 Galectin-10

CLCs Charcot-Leyden crystals

Ig Immunoglobulin

ETosis Extracellular trap cell death

ETs Extracellular traps

ROS Reactive oxygen species

IL interleukin

LPS lipopolysaccharide

C5a Complement factor 5a

TSLP Thymic stromal lymphopoietin

Ig Immunoglobulin

PMA Phorbol 12-myristate 13-acetate
GM-CSF Granulocyte-macrophage colony-stimulating factor
CXCL-1 Chemokine ligand 1

BALF Bronchoalveolar lavage fluid

CK18 Cytokeratin 18

FEV1 Forced expiratory volume in one second
ILC2 Group 2 innate lymphoid cells

dsDNA Double-stranded DNA

CitH3 Citrullinated histone H3

cfDNA Circulating free DNA

EGPA Eosinophilic granulomatosis with polyangiitis

CRS Chronic rhinosinusitis

DNase | Deoxyribonuclease |

rhDNase  recombinant human deoxyribonuclease
CF Cystic Fibrosis

PAD Peptidyl arginine deaminase

NETosis Neutrophil extracellular trap cell death
lysoPS Lysophosphatidylserine

NADPH Nicotinamide adenine dinucleotide phosphate
DPI Diphenyliodonium chloride

IFN-y Interferon-gamma

NAC N-acetylcysteine

Nrf2 nuclear factor erythroid 2-related factor 2
MnBP Mono-n-butyl phthalate

SP Surfactant-specific proteins

cysLT Cysteinyl leukotriene

Acknowledgements
We would like to thank Xinsheng Ge for helping us with the cartographic
aspects of this study.

Author contributions

JLin had full access to all of the data in the study and take responsibility
for the integrity of the data and the accuracy of the data analysis. K Shen
contributed to the study conception and design. Material preparation was
performed by K Shen, M Zhang, R Zhao, Y Li, C Xiao, X hou, B Sun, B Liu, M
Xiang. The first draft of the manuscript was written by K Shen, and J Lin
commented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding
Not applicable.



Shen et al. Respiratory Research

(2023) 24:231

Data Availability
Not applicable.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Received: 27 April 2023 / Accepted: 4 August 2023
Published online: 26 September 2023

References

1.

Hammad H, Lambrecht BN. The basic immunology of asthma. Cell.
2021,184(9):2521-2.

Ray A, Kolls JK. Neutrophilic inflammation in Asthma and Association with
Disease Severity. Trends Immunol. 2017;38(12):942-54.

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

DIP, Gy B, ShK,Ys S, YmY,Yj C et al. Neutrophil autophagy and extracellular
DNA traps contribute to airway inflammation in severe asthma. Clinical and
experimental allergy: journal of the British Society for Allergy and Clinical
Immunology [Internet]. 2017 Jan [cited 2022 Jan 5];47(1). Available from:
https://pubmed.ncbi.nim.nih.gov/27883241/.

King-Biggs MB, Asthma. Ann Intern Med. 2019;171(7):TC49-64.

Mukherjee M, Lacy P, Ueki S. Eosinophil Extracellular Traps and Inflammatory
Pathologies-Untangling the web! Front Immunol. 2018;9:2763.

Ueki S, Konno 'Y, Takeda M, Moritoki Y, Hirokawa M, Matsuwaki Y et al.
Eosinophil extracellular trap cell death—derived DNA traps: Their presence in
secretions and functional attributes. Journal of Allergy and Clinical Immunol-
ogy [Internet]. 2016 Jan 1 [cited 2023 Mar 6];137(1):258-67. Available from:
https://www.sciencedirect.com/science/article/pii/S009167491500648X.
Yousefi S, Simon D, Simon HU. Eosinophil extracellular DNA traps:

molecular mechanisms and potential roles in disease. Curr Opin Immunol.
2012,24(6):736-9.

Ueki S, Tokunaga T, Fujieda S, Honda K, Hirokawa M, Spencer LA, et al. Eosino-
phil ETosis and DNA Traps: a New look at eosinophilic inflammation. Curr
Allergy Asthma Rep. 2016;16(8):54.

LuY,Huang Y, Li J, Huang J, Zhang L, Feng J, et al. Eosinophil extracellular
traps drive asthma progression through neuro-immune signals. Nat Cell Biol.
2021,23(10):1060-72.

ChoiY, Kim YM, Lee HR, Mun J, Sim S, Lee DH, et al. Eosinophil extracellular
traps activate type 2 innate lymphoid cells through stimulating airway
epithelium in severe asthma. Allergy. 2020;75(1):95-103.

Itakura K, Fujino N, Kamide Y, Saito I, Yamada M, Okutomo K; et al. Decreased
expression of airway epithelial axl is associated with eosinophilic inflamma-
tion in severe asthma. Allergol Int. 2022;71(3):383-94.

Fettrelet T, Gigon L, Karaulov A, Yousefi S, Simon HU. The Enigma of Eosino-
phil Degranulation. Int J Mol Sci. 2021,22(13):7091.

McBrien CN, Menzies-Gow A. The Biology of Eosinophils and Their Role in
Asthma. Frontiers in Medicine [Internet]. 2017 [cited 2022 Sep 2J;4. Avail-
able from: https://www.frontiersin.org/articles/https://doi.org/10.3389/
fmed.2017.00093.

Shamri R, Xenakis JJ, Spencer LA. Eosinophils in innate immunity: an evolving
story. Cell Tissue Res [Internet]. 2011 Jan [cited 2022 Sep 4];343(1):57-83.
Available from: http://link.springer.com/https://doi.org/10.1007/
500441-010-1049-6.

Acharya KR, Ackerman SJ. Eosinophil granule proteins: form and function. J
Biol Chem. 2014,289(25):17406-15.

Rosenberg HF, Dyer KD, Foster PS. Eosinophils: changing perspectives in
health and disease. Nat Rev Immunol. 2013;13(1):9-22.

Lee JJ, Lee NA. Eosinophil degranulation: an evolutionary vestige or a univer-
sally destructive effector function? Clinical & Experimental Allergy [Internet].

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 17

2005 [cited 2022 Sep 2];35(8):986-94. Available from: https://onlinelibrary.
wiley.com/doi/abs/https://doi.org/10.1111/j.1365-2222.2005.02302 .
Eosinophils. : multifunctional and distinctive properties - PubMed [Inter-
net]. [cited 2022 Aug 29]. Available from: https://pubmed.ncbi.nlm.nih.
gov/23711847/.

Aoki A, Hirahara K, Kiuchi M, Nakayama T, Eosinophils. Cells known for over
140 years with broad and new functions. Allergol Int. 2021,70(1):3-8.

Doyle AD, Jacobsen EA, Ochkur SI, McGarry MP, Shim KG, Nguyen DTC, et al.
Expression of the secondary granule proteins major basic protein 1 (MBP-1)
and eosinophil peroxidase (EPX) is required for eosinophilopoiesis in mice.
Blood. 2013;122(5):781-90.

Rodriguez-Alcézar JF, Ataide MA, Engels G, Schmitt-Mabmunyo C, Garbi N,
Kastenmiller W, et al. Charcot-Leyden crystals activate the NLRP3 inflam-
masome and cause IL-1@ inflammation in human macrophages. J Immunol.
2019;202(2):550-8.

Persson EK, Verstraete K, Heyndrickx |, Gevaert E, Aegerter H, Percier JM et

al. Protein crystallization promotes type 2 immunity and is reversible by
antibody treatment. Science. 2019;364(6442).

Fukuchi M, Kamide Y, Ueki S, Miyabe Y, Konno Y, Oka N, et al. Eosinophil
ETosis-Mediated release of Galectin-10 in Eosinophilic Granulomatosis with
Polyangiitis. Arthritis Rheumatol. 2021;73(9):1683-93.

Spencer LA, Bonjour K, Melo RCN, Weller PF. Eosinophil secretion of granule-
derived cytokines. Front Immunol. 2014;5:496.

Persson C, Uller L. Theirs but to die and do: primary lysis of eosinophils

and free eosinophil granules in asthma. Am J Respir Crit Care Med.
2014;189(6):628-33.

Lee J, Rosenberg H. Eosinophils in Health and Disease [Internet]. Elsevier Inc,;
2013 [cited 2022 Aug 31]. Available from: http://www.scopus.com/inward/
record.url?scp=85013819088&partnerlD=8YFLogxK

Wartha F, Henrigues-Normark B. ETosis: a novel cell death pathway. Sci Signal.
2008;1(21):pe25.

Ueki S, Tokunaga T, Melo RCN, Saito H, Honda K, Fukuchi M, et al. Charcot-
Leyden crystal formation is closely associated with eosinophil extracellular
trap cell death. Blood. 2018;132(20):2183-7.

Anker P, Stroun M, Maurice PA. Spontaneous release of DNA by human blood
lymphocytes as shown in an in vitro system. Cancer Res. 1975;35(9):2375-82.
Brinkmann 'V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Science. 2004;303(5663):1532-5.
Yousefi S, Gold JA, Andina N, Lee JJ, Kelly AM, Kozlowski E, et al. Catapult-like
release of mitochondrial DNA by eosinophils contributes to antibacterial
defense. Nat Med. 2008;14(9):949-53.

Nagase H, Ueki S, Fujieda S. The roles of IL-5 and anti-IL-5 treatment in eosino-
philic diseases: Asthma, eosinophilic granulomatosis with polyangiitis, and
eosinophilic chronic rhinosinusitis. Allergol Int. 2020,69(2):178-86.
Appelgren D, O'Sullivan KM, Editorial. The role of leukocyte extracellular traps
in inflammation and autoimmunity. Front Immunol. 2022;13:1075026.
Gevaert E, Yousefi S, Bachert C, Simon HU, Reply. J Allergy Clin Immunol.
2018;141(3):1164-5.

Persson C, Uller L. Primary lysis of eosinophils as a major mode of activation
of eosinophils in human diseased tissues. Nat Rev Immunol. 2013;13(12):902.
Reply to eosinophil cytolysis. and release of cell-free granules - PubMed
[Internet]. [cited 2022 Aug 31]. Available from: https://pubmed.ncbi.nlm.nih.
gov/24270783/.

Ueki S, Melo RCN, Ghiran |, 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):2074-83.
Fukuchi M, Miyabe Y, Furutani C, Saga T, Moritoki Y, Yamada T, et al. How

to detect eosinophil ETosis (EETosis) and extracellular traps. Allergol Int.
2021;70(1):19-29.

Cytolysis and piecemeal degranulation. as distinct modes of activation of air-
way mucosal eosinophils - PubMed [Internet]. [cited 2022 Aug 31]. Available
from: https://pubmed.ncbi.nlm.nih.gov/9723674/.

Erjefalt JS, Greiff L, Andersson M, Matsson E, Petersen H, Linden M, et al.
Allergen-induced eosinophil cytolysis is a primary mechanism for granule
protein release in human upper airways. Am J Respir Crit Care Med.
1999;160(1):304-12.

Erjefalt JS, Greiff L, Andersson M, Adelroth E, Jeffery PK, Persson CG. Degranu-
lation patterns of eosinophil granulocytes as determinants of eosinophil
driven disease. Thorax. 2001;56(5):341-4.

Saffari H, Hoffman LH, Peterson KA, Fang JC, Leiferman KM, Pease LF, et

al. Electron microscopy elucidates eosinophil degranulation patterns


https://pubmed.ncbi.nlm.nih.gov/27883241/
https://www.sciencedirect.com/science/article/pii/S009167491500648X
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fmed.2017.00093
https://doi.org/10.3389/fmed.2017.00093
http://link.springer.com/
https://doi.org/10.1007/s00441-010-1049-6
https://doi.org/10.1007/s00441-010-1049-6
https://onlinelibrary.wiley.com/doi/abs/
https://onlinelibrary.wiley.com/doi/abs/
https://doi.org/10.1111/j.1365-2222.2005.02302.x
https://pubmed.ncbi.nlm.nih.gov/23711847/
https://pubmed.ncbi.nlm.nih.gov/23711847/
http://www.scopus.com/inward/record.url?scp=85013819088&partnerID=8YFLogxK
http://www.scopus.com/inward/record.url?scp=85013819088&partnerID=8YFLogxK
https://pubmed.ncbi.nlm.nih.gov/24270783/
https://pubmed.ncbi.nlm.nih.gov/24270783/
https://pubmed.ncbi.nlm.nih.gov/9723674/

Shen et al. Respiratory Research

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

(2023) 24:231

in patients with eosinophilic esophagitis. J Allergy Clin Immunol.
2014;133(6):1728-1734e1.

Morshed M, Yousefi S, Stockle C, Simon HU, Simon D. Thymic stromal lym-
phopoietin stimulates the formation of eosinophil extracellular traps. Allergy.
2012,67(9):1127-37.

Simon D, Simon HU, Yousefi S. Extracellular DNA traps in allergic, infectious,
and autoimmune diseases. Allergy. 2013,68(4):409-16.

Sim MS, Kim HJ, Bae |, Kim C, Chang HS, Choi Y, et al. Calcium ionophore-
activated platelets induce eosinophil extracellular trap formation. Allergol Int.
2022,51323-8930(22):00138-1.

Silveira JS, Antunes GL, Gassen RB, Breda RV, Stein RT, Pitrez PM, et al. Respira-
tory syncytial virus increases eosinophil extracellular traps in a murine model
of asthma. Asia Pac Allergy. 2019;9(4):e32.

Viral Induced Effects on a Vulnerable Epithelium. ; Lessons Learned From
Paediatric Asthma and Eosinophilic Oesophagitis - PubMed [Internet]. [cited
2022 Dec 6]. Available from: https://pubmed.ncbi.nlm.nih.gov/34912343/.
Viral Infection and Airway Epithelial Immunity in. Asthma - PubMed
[Internet]. [cited 2022 Dec 5]. Available from: https://pubmed.ncbi.nlm.nih.
gov/36077310/.

Varricchi G, Ferri S, Pepys J, Poto R, Spadaro G, Nappi E, et al. Biologics and
airway remodeling in severe asthma. Allergy. 2022;77(12):3538-52.

Biological function of eosinophil extracellular traps in patients with. severe
eosinophilic asthma - PubMed [Internet]. [cited 2022 Nov 16]. Available from:
https://pubmed.ncbi.nim.nih.gov/30115903/.

Mukherjee M, Bulir DC, Radford K, Kjarsgaard M, Huang CM, Jacobsen EA,

et al. Sputum autoantibodies in patients with severe eosinophilic asthma. J
Allergy Clin Immunol. 2018;141(4):1269-79.

Lee DH, Jang JH, Sim S, Choi Y, Park HS. Epithelial autoantigen-specific IgG
antibody enhances Eosinophil Extracellular trap formation in severe asthma.
Allergy Asthma Immunol Res. 2022;14(5):479-93.

Noguchi M, Furukawa KT, Morimoto M. Pulmonary neuroendocrine

cells: physiology, tissue homeostasis and disease. Dis Model Mech.
2020;13(12):dmm046920.

Marichal T, Ohata K, Bedoret D, Mesnil C, Sabatel C, Kobiyama K et al. DNA
released from dying host cells mediates aluminum adjuvant activity. Nat Med
[Internet]. 2011 Aug [cited 2023 Jul 4];17(8):996-1002. Available from: https://
www.nature.com/articles/nm.2403.

Toussaint M, Jackson DJ, Swieboda D, Guedan A, Tsourouktsoglou TD, Ching
YM, et al. Host DNA released by NETosis promotes rhinovirus-induced type-2
allergic asthma exacerbation. Nat Med. 2017;23(6):681-91.

Busse WW. A role for neutrophils in asthma exacerbations. Nat Med.
2017,23(6):658-9.

Choi, Lee Y, Park HS. Which factors Associated with activated Eosinophils
Contribute to the pathogenesis of aspirin-exacerbated respiratory disease?
Allergy Asthma Immunol Res. 2019;11(3):320-9.

Conceigao-Silva F, Reis CS, De Luca PM, Leite-Silva J, Santiago MA, Morrot A,
et al. The immune system throws its traps: cells and their extracellular traps in
disease and protection. Cells. 2021;10(8):1891.

Lee Y, Quoc QL, Park HS. Biomarkers for severe asthma: Lessons from Longitu-
dinal Cohort Studies. Allergy Asthma Immunol Res. 2021;13(3):375-89.
Granger V, Taillé C, Roach D, Letuvé S, Dupin C, Hamidi F, et al. Circulating
neutrophil and eosinophil extracellular traps are markers of severe asthma.
Allergy. 2020;75(3):699-702.

Akk A, Springer LE, Pham CTN. Neutrophil Extracellular Traps enhance early
inflammatory response in Sendai Virus-Induced Asthma phenotype. Front
Immunol. 2016;7:325.

Yousefi S, Simon D, Stojkov D, Karsonova A, Karaulov A, Simon HU. In vivo
evidence for extracellular DNA trap formation. Cell Death Dis. 2020;11(4):300.
Cha H, Lim HS, Park JA, Jo A, Ryu HT, Kim DW, et al. Effects of Neutrophil and
Eosinophil Extracellular trap formation on Refractoriness in Chronic Rhinosi-
nusitis with nasal polyps. Allergy Asthma Immunol Res. 2023;15(1):94-108.
Kawakami T, Yokoyama K, lkeda T, Tomizawa H, Ueki S. Presence of eosinophil
extracellular trap cell death in the affected skin of eosinophilic granulomato-
sis with polyangiitis. J Dermatol. 2022.

Hagiwara SI, Ueki S, Watanabe K, Hizuka K, Etani Y. Case of hypereosinophilic
syndrome with gastrointestinal involvement showing tissue eosinophil
cytolysis. Asia Pac Allergy. 2022;12(4).€37.

Hashimoto T, Ueki S, Kamide Y, Miyabe Y, Fukuchi M, Yokoyama Y, et al.
Increased circulating cell-free DNA in Eosinophilic Granulomatosis with Poly-
angiitis: implications for Eosinophil Extracellular Traps and Immunothrombo-
sis. Front Immunol. 2021;12:801897.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 15 of 17

de Groot LES, van de Pol MA, Fens N, Dierdorp BS, Dekker T, Kulik W, et al. Cor-
ticosteroid Withdrawal-Induced loss of control in mild to Moderate Asthma is
Independent of Classic Granulocyte activation. Chest. 2020;157(1):16-25.
Tong M, Abrahams VMM, Visualization, and Quantification of Neutrophil
Extracellular Traps. Methods Mol Biol [Internet]. 2021 [cited 2022 Dec
28];2255:87-95. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PM(C8221071/.

Mutua V, Gershwin LJ. A Review of Neutrophil Extracellular Traps (NETs) in Dis-
ease: Potential Anti-NETs Therapeutics. Clinic Rev Allerg Immunol [Internet].
2021 Oct 1 [cited 2023 Mar 21];61(2):194-211. Available from: https://link.
springer.com/article/https://doi.org/10.1007/512016-020-08804-7.

Ahn SH, Shin KH, Oh JT, Park SC, Rha M, Kim BSSI et al. Calprotectin in
Chronic Rhinosinusitis Eosinophil Extracellular Traps. Int Forum Allergy Rhinol
[Internet]. 2023 Mar 17 [cited 2023 Mar 29]:alr.23157. Available from: https://
onlinelibrary.wiley.com/doi/https://doi.org/10.1002/alr.23157.

Block H, Zarbock AA, Fragile Balance. Does Neutrophil Extracellular Trap
Formation Drive Pulmonary Disease Progression? Cells. 2021;10(8):1932.
Samejima K, Earnshaw WC. Trashing the genome: the role of nucleases dur-
ing apoptosis. Nat Rev Mol Cell Biol. 2005;6(9):677-88.

Recombinant human DNase | reduces the viscosity of cystic fibrosis sputum.
| PNAS [Internet]. [cited 2022 Dec 11]. Available from: https://www.pnas.org/
doi/abs/https://doi.org/10.1073/pnas.87.23.9188.

da Cunha AA, Nufez NK, de Souza RG, Moraes Vargas MH, Silveira JS, Antunes
GL, et al. Recombinant human deoxyribonuclease therapy improves airway
resistance and reduces DNA extracellular traps in a murine acute asthma
model. Exp Lung Res. 2016;42(2):66-74.

Chia ACL, Menzies D, McKeon DJ. Nebulised DNase post-therapeutic
bronchoalveolar lavage in near fatal asthma exacerbation in an

adult patient refractory to conventional treatment. BMJ Case Rep.
2013;2013:bcr2013009661.

Nebulised DNase in. the treatment of life threatening asthma - PubMed
[Internet]. [cited 2022 Dec 11]. Available from: https://pubmed.ncbi.nim.nih.
gov/17298862/.

Intratracheal recombinant human deoxyribonuclease in acute. life-threaten-
ing asthma refractory to conventional treatment - PubMed [Internet]. [cited
2022 Dec 12]. Available from: https://pubmed.ncbi.nim.nih.gov/10823105/.
Boogaard R, Smit F, Schornagel R, Vaessen-Verberne A, Kouwenberg PH,
Hekkelaan JM. M, Recombinant human deoxyribonuclease for the treatment
of acute asthma in children. Thorax [Internet]. 2008 Feb 1 [cited 2022 Dec
111:63(2):141-6. Available from: https://thorax.bmj.com/content/63/2/141.
Silverman RA, Foley F, Dalipi R, Kline M, Lesser M. The use of rhDNAse in
severely ill, non-intubated adult asthmatics refractory to bronchodilators:

A pilot study. Respiratory Medicine [Internet]. 2012 Aug [cited 2022 Dec
113,106(8):1096-102. Available from: https://linkinghub.elsevier.com/retrieve/
pii/S0954611112001540.

Picot R, Das |, Reid L. Pus, deoxyribonucleic acid, and sputum viscosity. Tho-
rax. 1978;33(2):235-42.

Characterization of airway plugging in. fatal asthma - PubMed [Inter-

net]. [cited 2023 Jul 4]. Available from: https://pubmed.ncbinim.nih.
gov/12867228/.

Wark PB, Gibson PG. Asthma exacerbations. 3: Pathogenesis Thorax.
2006;61(10):909-15.

Fahy JV, Kim KW, Liu J, Boushey HA. Prominent neutrophilic inflammation

in sputum from subjects with asthma exacerbation. J Allergy Clin Immunol.
1995;95(4):843-52.

Potter JL, Spector S, Matthews LW, Lemm J. Studies on pulmonary secre-
tions. 3. The nucleic acids in whole pulmonary secretions from patients

with cystic fibrosis, bronchiectasis, and laryngectomy. Am Rev Respir Dis.
1969;99(6):909-16.

Recombinant human deoxyribonuclease. attenuates oxidative stress in a
model of eosinophilic pulmonary response in mice | SpringerLink [Internet].
[cited 2023 Jul 4]. Available from: https://link.springer.com/article/10.1007/
$11010-015-2638-1.

Krug N, Hohlfeld JM, Kirsten AM, Kornmann O, Beeh KM, Kappeler D et

al. Allergen-Induced Asthmatic Responses Modified by a GATA3-Specific
DNAzyme. New England Journal of Medicine [Internet]. 2015 May 21 [cited
2022 Dec 111;372(21):1987-95. Available from: https://doi.org/10.1056/
NEJMoa1411776.

GmG,Pm O, LpBetal. YW, DC, JB, Effects of an anti-TSLP antibody on
allergen-induced asthmatic responses. The New England journal of medicine
[Internet]. 2014 May 29 [cited 2023 Feb 8];370(22). Available from: https://
pubmed.ncbi.nlm.nih.gov/24846652/.


https://pubmed.ncbi.nlm.nih.gov/34912343/
https://pubmed.ncbi.nlm.nih.gov/36077310/
https://pubmed.ncbi.nlm.nih.gov/36077310/
https://pubmed.ncbi.nlm.nih.gov/30115903/
https://www.nature.com/articles/nm.2403
https://www.nature.com/articles/nm.2403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8221071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8221071/
https://link.springer.com/article/
https://link.springer.com/article/
https://doi.org/10.1007/s12016-020-08804-7
https://onlinelibrary.wiley.com/doi/
https://onlinelibrary.wiley.com/doi/
https://doi.org/10.1002/alr.23157
https://www.pnas.org/doi/abs/
https://www.pnas.org/doi/abs/
https://doi.org/10.1073/pnas.87.23.9188
https://pubmed.ncbi.nlm.nih.gov/17298862/
https://pubmed.ncbi.nlm.nih.gov/17298862/
https://pubmed.ncbi.nlm.nih.gov/10823105/
https://thorax.bmj.com/content/63/2/141
https://linkinghub.elsevier.com/retrieve/pii/S0954611112001540
https://linkinghub.elsevier.com/retrieve/pii/S0954611112001540
https://pubmed.ncbi.nlm.nih.gov/12867228/
https://pubmed.ncbi.nlm.nih.gov/12867228/
https://link.springer.com/article/10.1007/s
https://link.springer.com/article/10.1007/s
https://doi.org/10.1056/NEJMoa1411776
https://doi.org/10.1056/NEJMoa1411776
https://pubmed.ncbi.nlm.nih.gov/24846652/
https://pubmed.ncbi.nlm.nih.gov/24846652/

Shen et al. Respiratory Research

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

(2023) 24:231

Kurihara M, Kabata H, Irie M, Fukunaga K. Current summary of clinical studies

on anti-TSLP antibody, Tezepelumab, in asthma. Allergol Int. 2023;72(1):24-30.

Simon D, Radonjic-Hosli S, Straumann A, Yousefi S, Simon HU. Active eosino-
philic esophagitis is characterized by epithelial barrier defects and eosinophil
extracellular trap formation. Allergy. 2015;70(4):443-52.

Dahlén SE. TSLP in asthma-a new kid on the block? N Engl J Med.
2014;370(22):2144-5.

Farne HA, Wilson A, Milan S, Banchoff E, Yang F, Powell CV. Anti-IL-5 therapies
for asthma. Cochrane Database Syst Rev. 2022;7(7).CD010834.

ChoiY, Le Pham D, Lee DH, Lee SH, Kim SH, Park HS. Biological function of
eosinophil extracellular traps in patients with severe eosinophilic asthma. Exp
Mol Med. 2018;50(8):1-8.

ChoiY, Luu QQ, Park HS. Extracellular traps: a novel therapeutic target for
severe asthma. J Asthma Allergy. 2022;15:803-10.

Sasaki H, Miyata J, Irie A, Kuwata A, Kouzaki Y, Ueki S, et al. Case Report:
Eosinophilic Bronchiolitis with Eosinophil ETosis in mucus plugs successfully
treated with Benralizumab. Front Pharmacol. 2021;12:826790.

Masaki K, Ueki S, Tanese K, Nagao G, Kanzaki S, Matsuki E, et al. Eosinophilic
annular erythema showing eosinophil cytolytic ETosis successfully treated
with benralizumab. Asia Pac Allergy. 2021;11(3):e28.

Rohrbach AS, Slade DJ, Thompson PR, Mowen KA. Activation of PAD4 in NET
formation. Front Immunol. 2012;3:360.

Ansari J, Vital SA, Yadav S, Gavins FNE. Regulating Neutrophil PAD4/
NOX-Dependent Cerebrovasular Thromboinflammation. Int J Biol Sci.
2023;19(3):852-64.

Li P Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential for
antibacterial innate immunity mediated by neutrophil extracellular traps. J
Exp Med. 2010,207(9):1853-62.

Lewis HD, Liddle J, Coote JE, Atkinson SJ, Barker MD, Bax BD, et al. Inhibition
of PAD4 activity is sufficient to disrupt mouse and human NET formation. Nat
Chem Biol. 2015;11(3):189-91.

Ehrens A, Lenz B, Neumann AL, Giarrizzo S, Reichwald JJ, Frohberger SJ

et al. Microfilariae Trigger Eosinophil Extracellular DNA Traps in a Dectin-
1-Dependent Manner. Cell Reports [Internet]. 2021 Jan 12 [cited 2023 Feb
14];34(2):108621. Available from: https://www.sciencedirect.com/science/
article/pii/S2211124720316107.

Kim HJ, Sim MS, Lee DH, Kim C, Choi Y, Park HS, et al. Lysophosphatidylserine
induces eosinophil extracellular trap formation and degranulation: implica-
tions in severe asthma. Allergy. 2020,75(12):3159-70.

Barroso MV, Gropillo |, Detoni MAA, Thompson-Souza GA, Muniz VS, Vascon-
celos CRI, et al. Structural and signaling events driving aspergillus fumigatus-
Induced Human Eosinophil Extracellular Trap Release. Front Microbiol.
2021;12:633696.

Martin Monreal MT, Rebak AS, Massarenti L, Mondal S, Senolt L, @dum N, et
al. Applicability of small-molecule inhibitors in the study of Peptidyl Arginine
Deiminase 2 (PAD2) and PAD4. Front Immunol. 2021;12:716250.

ShenY, You Q, Wu 'Y, Wu J. Inhibition of PAD4-mediated NET formation by
cl-amidine prevents diabetes development in nonobese diabetic mice. Eur J
Pharmacol. 2022,916:174623.

Shen W, Oladejo AO, Ma X, Jiang W, Zheng J, Imam BH, et al. Inhibition of
Neutrophil Extracellular Traps formation by Cl-Amidine alleviates Lipopoly-
saccharide-Induced Endometritis and Uterine tissue damage. Anim (Basel).
2022,12(9):1151.

Sodré FMC, Bissenova S, Bruggeman Y, Tilvawala R, Cook DP, Berthault C, et
al. Peptidylarginine Deiminase Inhibition prevents Diabetes Development in
NOD mice. Diabetes. 2021;70(2):516-28.

Biron BM, Chung CS, O'Brien XM, Chen Y, Reichner JS, Ayala A. Cl-Amidine
prevents histone 3 citrullination and neutrophil extracellular trap forma-
tion, and improves survival in a murine Sepsis model. J Innate Immun.
2017,9(1):22-32.

Kusunoki Y, Nakazawa D, Shida H, Hattanda F, Miyoshi A, Masuda S, et al.
Peptidylarginine deiminase inhibitor suppresses Neutrophil Extracellular trap
formation and MPO-ANCA production. Front Immunol. 2016;7:227.

Du M, Yang W, Schmull S, Gu J, Xue S. Inhibition of peptidyl arginine deimi-
nase-4 protects against myocardial infarction induced cardiac dysfunction.
Int Immunopharmacol. 2020;78:106055.

. Estlia-Acosta GA, Buentello-Volante B, Magana-Guerrero FS, Flores JEA,

Vivanco-Rojas O, Castro-Salas |, et al. Human amniotic membrane mesen-
chymal stem cell-synthesized PGE2 exerts an Immunomodulatory Effect on
Neutrophil Extracellular trap in a PAD-4-Dependent pathway through EP2
and EP4. Cells. 2022;11(18):2831.

113.

115.

116.

118.

119.

121

122.

123.

124.

125.

128.

129.

130.

132.

134.

135.

Page 16 of 17

. Molinaro R, Yu M, Sausen G, Bichsel CA, Corbo C, Folco EJ, et al. Targeted deliv-

ery of protein arginine deiminase-4 inhibitors to limit arterial intimal NETosis
and preserve endothelial integrity. Cardiovasc Res. 2021;117(13):2652-63.
Chen YR, Xiang XD, Sun F, Xiao BW, Yan MY, Peng B, et al. Simvastatin reduces
NETosis to attenuate severe asthma by inhibiting PAD4 expression. Oxid Med
Cell Longev. 2023;2023:1493684.

. Michaeloudes C, Abubakar-Waziri H, Lakhdar R, Raby K, Dixey P, Adcock IM,

et al. Molecular mechanisms of oxidative stress in asthma. Mol Aspects Med.
2022;85:101026.

Halasi M, Wang M, Chavan TS, Gaponenko V, Hay N, Gartel AL. ROS inhibitor
N-acetyl-l-cysteine antagonizes the activity of proteasome inhibitors. Bio-
chem J [Internet]. 2013 Sep 1 [cited 2023 Apr 71;454(2):201-8. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4322432/.

Zavadskis S, Weidinger A, Hanetseder D, Banerjee A, Schneider C, Wolbank
S, et al. Effect of Diphenyleneiodonium Chloride on Intracellular reactive
oxygen species metabolism with emphasis on NADPH oxidase and Mito-
chondria in two therapeutically relevant Human cell types. Pharmaceutics.
2020;13(1):10.

. Silveira JS, Antunes GL, Kaiber DB, da Costa MS, Marques EP, Ferreira FS, et al.

Reactive oxygen species are involved in eosinophil extracellular traps release
and in airway inflammation in asthma. J Cell Physiol. 2019;234(12):23633-46.
Wang Y, Zhu H, Kannan K. A review of Biomonitoring of Phthalate Exposures.
Toxics. 2019;7(2):21.

Choi YJ, Ha KH, Kim DJ. Exposure to bisphenol A is directly associated

with inflammation in healthy korean adults. Environ Sci Pollut Res Int.
2017,24(1):284-90.

. Xie MY, Ni H, Zhao DS, Wen LY, Li KS, Yang HH, et al. Exposure to bisphenol

A and the development of asthma: a systematic review of cohort studies.
Reprod Toxicol. 2016;65:224-9.

Quoc QL, Thi Bich TC, Kim SH, Ryu MS, Park HS, Shin YS. Mono-n-butyl phthal-
ate regulates nuclear factor erythroid 2-related factor 2 and nuclear factor
kappa B pathway in an ovalbumin-induced asthma mouse model. Food
Chem Toxicol. 2022;166:113171.

Cook-Mills JM, Averill SH, Lajiness JD. Asthma, allergy and vitamin E: current
and future perspectives. Free Radic Biol Med. 2022;179:388-402.

Cook-Mills JM, Abdala-Valencia H, Hartert T. Two Faces of Vitamin E in the
Lung. Am J Respir Crit Care Med [Internet]. 2013 Aug 1 [cited 2023 Apr
51,188(3):279-84. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3778733/.

Abdala-Valencia H, Berdnikovs S, Cook-Mills JM. Vitamin E isoforms as modu-
lators of lung inflammation. Nutrients. 2013;5(11):4347-63.

Allen S, Britton JR, Leonardi-Bee JA. Association between antioxidant vitamins
and asthma outcome measures: systematic review and meta-analysis. Thorax.
2009,64(7):610-9.

. Linus Pauling Institute [Internet]. 2014 [cited 2023 Apr 5]. Vitamin E. Available

from: https://Ipi.oregonstate.edu/mic/vitamins/vitamin-E.

. Watson A, Madsen J, Clark HW. SP-A and SP-D: dual functioning Immune

Molecules with Antiviral and Immunomodulatory Properties. Front Immunol.
2020;11:622598.

ChoiY, Jang J, Park HS. Pulmonary Surfactants: a New Therapeutic Target in
Asthma. Curr Allergy Asthma Rep. 2020,20(11):70.

Cheng OZ, Palaniyar N. NET balancing: a problem in inflammatory lung
diseases. Front Immunol. 2013;4:1.

Schicht M, Rausch F, Finotto S, Mathews M, Mattil A, Schubert M, et al. SFTA3,
a novel protein of the lung: three-dimensional structure, characterisation and
immune activation. Eur Respir J. 2014;44(2):447-56.

. Haagsman HP, Diemel RV. Surfactant-associated proteins: functions

and structural variation. Comp Biochem Physiol A Mol Integr Physiol.
2001;129(1):91-108.

Mackay RMA, Grainge CL, Lau LC, Barber C, Clark HW, Howarth PH. Airway
surfactant protein D Deficiency in adults with severe asthma. Chest.
2016;149(5):1165-72.

. Erpenbeck VJ, Schmidt R, Guinther A, Krug N, Hohlfeld JM. Surfactant protein

levels in bronchoalveolar lavage after segmental allergen challenge in
patients with asthma. Allergy. 2006,61(5):598-604.

Sk SY, N SDS, Mq GSA et al. G,. Oxidative damage of SP-D abolishes control
of eosinophil extracellular DNA trap formation. Journal of leukocyte biol-
ogy [Internet]. 2018 Jul [cited 2022 Dec 17];104(1). Available from: https://
pubmed.ncbi.nim.nih.gov/29733456/.

Salgado D, Fischer R, Schillberg S, Twyman RM, Rasche S. Comparative
evaluation of heterologous production systems for recombinant pulmonary
surfactant protein D. Front Immunol. 2014;5:623.


https://www.sciencedirect.com/science/article/pii/S2211124720316107
https://www.sciencedirect.com/science/article/pii/S2211124720316107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4322432/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3778733/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3778733/
https://lpi.oregonstate.edu/mic/vitamins/vitamin-E
https://pubmed.ncbi.nlm.nih.gov/29733456/
https://pubmed.ncbi.nlm.nih.gov/29733456/

Shen et al. Respiratory Research

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

(2023) 24:231

Watson A, Serensen GL, Holmskov U, Whitwell HJ, Madsen J, Clark H. Genera-
tion of novel trimeric fragments of human SP-A and SP-D after recombinant
soluble expression in E. coli. Immunobiology. 2020,225(4):151953.

da Cunha AA, Silveira JS, Antunes GL, Abreu da Silveira K, Benedetti Gassen R,
Vaz Breda R, et al. Cysteinyl leukotriene induces eosinophil extracellular trap
formation via cysteinyl leukotriene 1 receptor in a murine model of asthma.
Exp Lung Res. 2021,47(8):355-67.

O'Byrne PM. Leukotrienes in the pathogenesis of asthma. Chest. 1997,111(2
Suppl):275-34S.

Larsen JS, Jackson SK. Antileukotriene therapy for asthma. Am J Health Syst
Pharm. 1996;53(23):2821-30. quiz 2877-8.

Chung KF. Leukotriene receptor antagonists and biosynthesis inhibitors:
potential breakthrough in asthma therapy. Eur Respir J. 1995;8(7):1203-13.
Ishida K, Thomson RJ, Schellenberg RR. Role of leukotrienes in airway hyper-
responsiveness in guinea-pigs. Br J Pharmacol. 1993;108(3):700-4.

Amirav |, Pawlowski N. Inhibition of exercise-induced bronchoconstriction
by MK-571, a potent leukotriene D4-receptor antagonist. N Engl J Med.
1991,324(18):1288.

Young RN. Development of novel leukotriene-based anti-asthma drugs:
MK-886 and MK-571. Agents Actions Suppl. 1991,34:179-87.

Liu JN, Suh DH, Trinh HKT, Chwae YJ, Park HS, Shin YS. The role of autophagy
in allergic inflammation: a new target for severe asthma. Exp Mol Med.
2016/48(7).e243.

Silveira JS, Antunes GL, Kaiber DB, da Costa MS, Ferreira FS, Marques EP,

et al. Autophagy induces eosinophil extracellular traps formation and
allergic airway inflammation in a murine asthma model. J Cell Physiol.
2020;235(1):267-80.

Lose F, Thompson PJ, Duffy D, Stewart GA, Kedda MA. A novel tissue inhibitor
of metalloproteinase-1 (TIMP-1) polymorphism associated with asthma in
australian women. Thorax. 2005;60(8):623-8.

149.

Page 17 of 17

. Park CS, Kim TB, Moon KA, Bae YJ, Lee HR, Jang MK, et al. Chlamydophila

pneumoniae enhances secretion of VEGF, TGF-beta and TIMP-1 from human
bronchial epithelial cells under Th2 dominant microenvironment. Allergy
Asthma Immunol Res. 2010;2(1):41-7.

. Sivakoti K, Chaya SK; Jayaraj BS, Lokesh KS, Veerapaneni VW, Madhunapantula

S et al. Evaluation of inflammatory markers MMP-2 and TIMP-1 in Asthma.
European Respiratory Journal [Internet]. 2018 Sep 15 [cited 2023 Jun
26];52(suppl 62). Available from: https://erj.ersjournals.com/content/52/
suppl_62/PA5044.

Cao TBT, Quoc QL, Yang EM, Moon JY, Shin YS, Ryu MS et al. Tissue inhibitor
of Metalloproteinase-1 enhances eosinophilic airway inflammation in severe
asthma. Allergy Asthma Immunol Res. 2023.

. Malmhall C, Alawieh S, Lu Y, Sjostrand M, Bossios A, Eldh M, et al.

MicroRNA-155 is essential for T(H)2-mediated allergen-induced eosinophilic
inflammation in the lung. J Allergy Clin Immunol. 2014;133(5):1429-38. 1438.
el-7.

. Kim JY, Stevens P, Karpurapu M, Lee H, Englert JA, Yan P, et al. Targeting ETosis

by miR-155 inhibition mitigates mixed granulocytic asthmatic lung inflam-
mation. Front Immunol. 2022;13:943554.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://erj.ersjournals.com/content/52/suppl_62/PA5044
https://erj.ersjournals.com/content/52/suppl_62/PA5044

	﻿Eosinophil extracellular traps in asthma: implications for pathogenesis and therapy
	﻿Abstract
	﻿Background
	﻿Eosinophils and degranulation
	﻿Eosinophil extracellular trap death
	﻿Mechanism of action of EETs in asthma
	﻿Airway epithelial cells and EETs
	﻿Epithelial cell-derived autoantibodies and EETs
	﻿Pulmonary neuroendocrine cells and EETs
	﻿Group 2 innate lymphoid cells (ILC2) and EETs
	﻿Autocrine function of EETs
	﻿Charcot-Leyden crystals and EETs
	﻿Double-stranded DNA (dsDNA) and EETs

	﻿EETs Associated with severe asthma
	﻿EETs as biomarkers
	﻿Therapeutic targets for EETs
	﻿Targeting the degradation of the chromatin structure of EETs: deoxyribonuclease I (DNase I)
	﻿Inhibiting epithelial-derived Cytokines: Anti-TSLP therapy
	﻿Targeting T2 Cytokines: Anti-IL-5 therapy
	﻿Peptidyl Arginine Deaminase (PAD) 4 inhibitor therapy
	﻿Nicotinamide Adenine Dinucleotide phosphate (NADPH)/ROS inhibitor therapy
	﻿Exogenous complementary therapy: pulmonary surfactant
	﻿Other treatments

	﻿Conclusion and perspectives
	﻿References


