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Abstract The traditional paradigm of eosinophils as end-
stage damaging cells has mainly relied on their release of
cytotoxic proteins. Cytokine-induced cell survival and secre-
tion of granular contents from tissue-dwelling eosinophil are
thought to be important mechanisms for eosinophilic inflam-
matory disorders, although the occurrence of cytolysis and its
products (i.e., free extracellular granules) has been observed in
affected lesions. Recent evidence indicates that activated eo-
sinophils can exhibit a non-apoptotic cell death pathway,
namely extracellular trap cell death (ETosis) that mediates
the eosinophil cytolytic degranulation. Here, we discuss the
current concept of eosinophil ETosis which provides a new
look at eosinophilic inflammation. Lessons from eosinophilic
chronic rhinosinusitis revealed that ETosis-derived DNA
traps, composed of stable web-like chromatin, contribute to
the properties of highly viscous eosinophilic mucin and
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impairments in its clearance. Intact granules entrapped in
DNA traps are causing long-lasting inflammation but also
might have immunoregulatory roles. Eosinophils possess a
way to have post-postmortem impacts on innate immunity,
local immune response, sterile inflammation, and tissue
damage.
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Abbreviations
CRS Chronic rhinosinusitis

CRSwWNP  CRS with nasal polyps

CRSsNP  CRS without nasal polyps

DAMP Damage-associated molecular pattern

ECP Eosinophil cationic protein

ECRS Eosinophilic chronic rhinosinusitis

EETs Eosinophil extracellular traps

EPO Eosinophil peroxidase

ETosis Extracellular trap cell death

EETosis  Eosinophil extracellular trap cell death

FEG Free eosinophil granule

GM-CSF  Granulocyte-macrophage colony-stimulating
factor

MBP Major basic protein

NETosis  Neutrophil extracellular trap cell death

PMA Phorbol myristate acetate

TSLP Thymic stromal lymphopoietin

Introduction

Human eosinophils, bone marrow-derived leukocytes notably
associated with allergic, anthelminthic parasite and other
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immune responses, contain approximately 200 cytoplasmic
crystalloid granules per cell [1]. These phospholipid bilayer-
enveloped granules are central to the functional responses of
eosinophils in that granules house preformed stores of four
major granule proteins, including eosinophil cationic protein
(ECP), major basic protein (MBP), and eosinophil peroxidase
(EPO) [2¢+], which are highly cationic proteins directly toxic
to extracellular microorganisms and parasites as well as host
tissue. Eosinophil-derived cationic granule proteins can func-
tion by disrupting the integrity of lipid bilayers, exhibit neu-
rotoxic properties and RNase activities, and/or participate in
generating reactive oxidants and radical species [3].

In addition to the known mechanisms of extracellular se-
cretion of granule proteins (i.e., exocytosis and piecemeal de-
granulation) [4e, 5], a distinct mode of eosinophil degranula-
tion has been observed arising from “cytolysis” or “lytic
degranulation” of eosinophils that deposits intact membrane-
bound granules extracellularly (free eosinophil granules
(FEGs), reviewed by Persson and Uller) [6¢¢]. By their unique
ultrastructure, FEGs have been recognized in the airways and
tissues in association with diverse disorders, including allergic
asthma, rhinitis, chronic rhinosinusitis, dermatitis, helminth
infections, hypereosinophilic syndrome, and urticaria [2ee,
7]. None of the understood types of necrosis (e.g., comple-
ment attack, severe hypoxia, and viral lysis) or crush artifacts
have not been able to explain the mechanisms [8]. Moreover,
Saffari et al. reported that approximately 80 % of eosinophils
recognized by electron microscopy in biopsy specimens from
patients with eosinophilic esophagitis exhibit evidence of cy-
tolysis [7]. In contrast, in vivo studies showed only limited
signs of apoptosis or of necrosis secondary to apoptosis in
tissue eosinophils, even upon resolution of eosinophilia [6ee,
9]. Eosinophil lysis in the inflamed locus is paradoxical, be-
cause eosinophilic disorders are driven by eosinophil-poietic,
survival-promoting cytokines including IL-3, IL-5, and GM-
CSF.

Although the mechanism is unknown, lysis of eosinophils
has been suggested to represent a state of “ultimate activation”
[10] or “full activation” [11] of eosinophils. Our recent study
revealed that activated eosinophils undergo a distinct pathway
of suicidal cell death, extracellular trap cell death (ETosis).
ETosis involves the cytolytic release of intact granules also
in conjunction with filamentous chromatin structures [2e¢].
This article discusses the role(s) and significance of eosinophil
ETosis (EETosis) of the eosinophilic inflammation.

Lessons from Chronic Rhinosinusitis: Pathogenesis
of Eosinophilic Mucin

Chronic rhinosinusitis (CRS) is a heterogeneous disease char-
acterized by local inflammation of the upper airways and si-
nuses which persists for at least 12 weeks [12]. CRS is a
complex disease that presents as several variants caused by
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different cellular and molecular mechanisms [13, 14]. CRS
can be classified into CRS with nasal polyps (CRSwNP) and
CRS without nasal polyps (CRSsNP). In Western countries,
CRSwNP displays intense eosinophilic infiltration. In con-
trast, in Asia, CRSwNP has been primarily associated with
neutrophil infiltration, although the numbers of cases of
CRSwNP with eosinophil infiltration have increased in recent
years [12, 15]. The presence of mucosal eosinophilia is corre-
lated with disease severity and clinically distinct subsets of
CRS [15-17]. The pathophysiology of tissue eosinophilia is
incompletely known, but Th2 cytokines including IL-5 and
eotaxins play an indispensable role in eosinophil-selective ac-
cumulation, similar to other allergic diseases [12, 18]. Of note,
approximately 30 % of tissue eosinophils in CRSWNP exhibit
ultrastructural evidence of cytolysis [19].

The Japan Epidemiological Survey of Refractory
Eosinophilic Chronic Rhinosinusitis Study (JESREC Study),
a multi-center retrospective study, showed that nasal polyps
frequently recur after surgery in cases of CRSwNP accompa-
nied by eosinophil infiltration [20e¢]. In order to differentiate
this refractory phenotype, the JESREC Study identified
CRSwNP with eosinophil infiltration as eosinophilic CRS
(ECRS). The diagnostic criterion of ECRS is shown in
Table 1. Indeed, mucosal eosinophilia of 70 eosinophils per
high-power field or higher was significantly correlated with
recurrence of polyps after surgery. The recurrence of ECRS
was significantly associated with the following clinical fea-
tures: (1) comorbidity of asthma, (2) aspirin or non-steroidal
anti-inflammatory drugs (NSAIDs) intolerance, (3) eosino-
philia in peripheral blood, and (4) ethmoid-dominant shadow
in CT. CRS was classified into four groups (i.e., non-ECRS,
mild ECRS, moderate ECRS, and severe ECRS), which were
significantly correlated with the rate of recurrence.

The clinical differences between ECRS and non-ECRS are
summarized in Table 2. Particularly, thick, glue-like secretion
is a noteworthy hallmark of ECRS. Massive infiltration of
eosinophils and FEGs in the viscous secretion is also observed
in other persistent eosinophilic sinusitis including allergic fun-
gal sinusitis, eosinophilic otitis media, and most cases of
CSwNP in Western countries [21, 22]. The secretions, often
collected at the time of surgery, are called “eosinophilic
mucin” or “allergic mucin” [23]. The consistency has been
described as being similar to peanut butter, cottage cheese, or
axle grease [22, 24]. The appearance of eosinophilic mucin
clearly differs from secretions associated with neutrophil-
dominant sinusitis [25]. With their unique characteristics, sev-
eral researchers described “cosinophilic mucin rhinosinusitis”
for an entity with histologic features similar to allergic fungal
sinusitis but without detection of fungus [26].

The presence of eosinophilic mucin is associated with en-
hanced disease severity [27]. The difficult-to-remove secre-
tion could be pathogenic, because local concentrations of
MBP in the secretions far exceed those levels necessary to
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Table 1  Diagnostic criterion of ECRS

Factor JESREC score

Disease side: bilateral

Nasal polyp
CT shadow: ethmoid > maxillary 2
Eosinophils of peripheral blood
2<<5% 4
5<<10%
10 % < 10
Factor Refractory score

All of two factors are applied 1
Eosinophils of peripheral blood >5 %

*CT shadow: ethmoid = maxillary

At least one factor is applied 1
*Comorbid of asthma
*Aspirin intolerance
*NSAIDs intolerance
Final diagnosis

JESREC score Refractory score

Non-ECRS <10 -
Mild ECRS >11 0
Moderate ECRS >11 1
Severe ECRS >11 2

CT computed tomography, £CRS eosinophilic chronic rhinosinusitis,
NSAIDs non-steroidal anti-inflammatory drugs

mediate epithelial damage [28]. Immunohistologic analyses of
CRS specimens showed an association between the presence
of extracellular deposition of MBP and damage to sinus mu-
cosa [29]. Ponikau et al. reported that lytic eosinophil degran-
ulation was observed much more readily in the mucin than in
tissue; therefore, tissue eosinophils and also eosinophils with-
in the luminal side mucin may contribute to epithelial damage
[28]. Resulting epithelial damage may then inhibit the effec-
tiveness of ciliary beat, thereby decreasing mucus transport
and perpetuating a cycle of thickening secretions [30].

Although eosinophils induce mucin glycoprotein produc-
tion in airway epithelial cells [31], the viscosity of secretions is
not simply the result of overproduction of mucin. Unlike nor-
mal conditions, chronic inflammatory airway disorders exhib-
it an increased content of immune cells and large polymers
including DNA in the airway secretions [32]. Histologic anal-
yses suggested that eosinophils migrate from tissue into the
mucus to form distinct and characteristic clusters [28, 33, 34].
In a detailed histologic study, Granville et al. described the
hematoxylin and eosin staining of eosinophilic mucin in aller-
gic fungal sinusitis as “the tightly clustered eosinophils often
showed degenerative changes, such that their nuclei appeared
smudged, elongated, and, in some cases, formed collections of
strongly basophilic nuclear debris” [35]. Schubert et al. de-
scribed the morphology as “large concretions of strongly
staining pyknotic eosinophils” [36].

Because it is difficult to demonstrate the nuclear structure
using thin slice sections from paraffin-embedded materials,
fixed eosinophilic mucin was directly stained with the DNA-
specific dye SYTOX; and 3D reconstruction images were ob-
tained from the confocal Z-stacks. Supplementary material 1:
Video 1 shows an example of DNA staining of eosinophilic
mucin from an ECRS patient. The spreading of filamentous
DNA indicated that DNA fragmentation characteristic of ap-
optosis is absent in luminal eosinophils. Abundant DNA that
has spread and aggregated is present in the eosinophilic mu-
cin, forming a sticky scaffold for clustered eosinophils and
their debris including FEGs [37¢]. Immunostaining of eosin-
ophilic mucin revealed that they are nuclear-derived chroma-
tin structures: DNA traps [37¢].

Eosinophil ETosis

Nuclear-derived DNA traps were not produced by apoptotic
or necrotic eosinophils but from ETosis [2¢e, 38]. ETosis is a

Table 2 The feature of ECRS

and non-ECRS ECRS Non-ECRS
Susceptible age Adult All age
Nasal polyps Site: middle nasal meatus, olfactory cleft ~ Site: middle nasal meatus
Bilateral and multiple Unilateral and monostotic
Eosinophilic infiltration Neutrophilic infiltration
Main symptom Hyposmia and anosmia Nasal congestion, rhinorrhea, headache
Rhinorrhea Glue-like, very viscous Mucous, purulent

Lesion location
Treatment
Recurrence after surgery ~ Often

Others

Ethmoid sinus

Systemic steroid

Maxillary sinus
Antibiotics
Rare

Comorbid of asthma

Comorbid of aspirin intolerance

Eosinophilia

CT computed tomography, ECRS eosinophilic chronic rhinosinusitis, NS4/Ds non-steroidal anti-inflammatory

drugs
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NADPH-oxidase-mediated active form of rapid non-apoptotic
cell death first recognized in neutrophils (neutrophil ETosis
(NETosis)) [38]. Stimuli-activated blood-derived human neu-
trophils and eosinophils can undergo a similar sequence of
ETosis [2¢+, 38]. In contrast to apoptosis, caspase activation,
nuclear condensation, and DNA fragmentation do not occur in
ETosis. Rather, the nucleus shows dynamic changes, includ-
ing the loss of nuclear lobulation and chromatin
decondensation. Finally, the nuclear membrane disintegrates
followed by plasma membrane rupture, releasing whole cel-
lular contents including fibrous chromatin structures.
Importantly, ETotic eosinophils and released granules do not
expose phosphatidylserine on the external leaflet of the mem-
brane [2¢¢], suggesting escape from swift clearance by phago-
cytic macrophages if they are produced in the tissue [39, 40].

In vitro, activated human eosinophils rapidly (30—120 min)
undergo EETosis in response to various stimuli, including
immmobilized IgG and IgA [2ee, 37¢, 41], which have been
used to investigate the mechanisms of eosinophil degranula-
tion as defined models for parasites [11]. Since the majority of
eosinophils normally reside within mucosal tissues interfacing
with the environment [42, 43], it is conceivable that
crosslinking of IgA receptors induces EETosis and contributes
to mucosal immunity. High concentration of monosodium
urate induces rapid eosinophil death [44] and DNA traps
[45], suggesting that endogenous danger signals also elicit
EETosis. Platelet-activating factor is a less potent EETosis
inducer, although it paradoxically induces EETosis in combi-
nation with well-known survival factors for eosinophils, IL-5
or GM-CSF [2e¢]. Calcium ionophore and phorbol myristate
acetate (PMA), known to induce NETosis [38, 46], are also
potent inducer of EETosis [2¢¢, 47]. Closer examination of
eosinophil death induced by immobilized plasma proteins
[48°], glass adhesion and coagulation [49], crosslinking
Siglec-8 [50], or exposure to Staphylococcus aureus superna-
tant [51] might implicate these as eosinophil cytolytic stimuli
as well [4e, 6+¢]. Of interest, neutrophils exhibit size-sensing
properties to selectively undergo NETosis [52], although it is
not known whether such mechanisms are present in eosino-
phils. Much remains to be clarified regarding the induction of
EETosis.

Stimuli-induced extracellular calcium flux is required for
EETosis to proceed [2ee, 37+¢]. Of note, ETosis is not only
inhibited by a NADPH oxidase inhibitor, but also by catalase
that extracellularly converts hydrogen peroxide into water and
dioxygen [2ee, 38]. Presence of serum, albumin, and red blood
cells that can scavenge reactive oxygen species is also inhib-
itor of ionophore-induced EETosis [2¢¢]. These experimental
observations suggest that cellular activation is well regulated
in eosinophils transiting the blood stream and EETosis is
mainly occurring within inflamed tissue or after luminal entry
[53]. Simultaneously, the oxidant-antioxidant imbalance in
allergic diseases [54, 55] might favor the development of
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EETosis. Tight regulation of ETosis appears to be critical for
minimizing unnecessary autoimmunity and sterile inflamma-
tion [56].

Eosinophil DNA Traps

DNA traps consisting of filamentous chromatin structures
have been shown to trap and kill extracellular microbes in-
cluding Gram-positive and negative bacteria, fungi, and virus-
es [37+e, 57-59]. To date, DNA trap formation is considered to
be a common mechanism of the innate immune system in
vertebrates [39]. Recently, Robb et al. reported that even in-
vertebrate cells are capable of ETosis, suggesting an ancient
and evolutionarily conserved mechanism [60].

Eosinophil DNA traps were first described by Simon and
colleagues, as eosinophil extracellular traps (EETs) [61].
Cytokine-primed eosinophils, subsequently stimulated with
lipopolysaccharide, eotaxin, complement factor S5a (C5a), or
thymic stromal lymphopoietin (TSLP) [62], eject net-like
structures composed of mitochondrial DNA and granule-
derived proteins that exhibit anti-microbial properties within
the extracellular space. The mitochondrial DNA release was
reported to take place in viable eosinophils in a catapult-like
manner in seconds. However, the mechanism by which the
small mitochondrial genome is launched against the resistance
of fluid or expulsed in solid tissue is unknown [63, 64].

In contrast to active projection of mitochondrial DNA from
live eosinophils in EETs, ETosis-mediated DNA release was
accompanied by cell death, and DNA traps spread by a pas-
sive process [37+¢]. In the solid tissue section, eosinophil
DNA traps with disintegrated nuclear membrane can be de-
tected by electron microscopy [2¢e, 4¢]; however, the detailed
structure to be demonstrated might be challenging because
extracellular spaces severely restricts the distribution of
DNA traps [39]. It is possible that tissue EETosis has been
overlooked as chromatolytic cytolysis by limited resolution of
microscope.

Nevertheless, in highly inflamed, elastic tissue, this might
not be the case. An eosinophilic abscess, flame figure in Wells
syndrome (eosinophilic cellulitis), is histologically described
as “secondary to disintegration of eosinophils and consists of
aggregates of eosinophilic granules and nuclear fragments”
[65]. Wouters et al. recently found that the mesh-like struc-
tures observed in flame figures stain positively with
propidium iodide, indicating the presence of DNA [66]. The
origin of the DNA is likely nuclear since they are co-localized
with immunostaining for histone H2A. In addition, the protein
content assessed by mass spectrometry displayed that histone
H2 was the third most abundant protein within flame figures.
Extracellular histones, concentrated in DNA traps, have po-
tent antimicrobial effects but are also toxic to host cells [63,
67, 68]. In addition, extracellular host DNA has been recently
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recognized as a damage-associated molecular pattern
(DAMP) and involved in various immune processes [69].

In fluid phase such as culture media, the blood stream,
exudates, or secretions, expanding filamentous DNA traps
are easily visualized [39, 70]. Eosinophil DNA traps extend-
ing from the originating cells were often entangled, stacking
onto the adjacent cells, culture plates, or cell debris [2¢¢, 37¢¢].
Cohesion of eosinophil DNA traps and extracellular particles
is contact-dependent manner, extremely enhanced by passive
forces generated by shear flow [37¢°, 70]. A hypothesis for
adhesiveness of DNA traps readily seen was charge-
dependent interaction [39, 71, 72], although hydrophobic in-
teraction is shown to play a major role in eosinophil DNA
traps [37e¢]. It is noteworthy that a large number of bacterial
and fungal pathogens depend on hydrophobic interactions for
the initial adhesion of pathogens to tissues, leading to coloni-
zation, invasion, or tissue destruction [73]. The adhesiveness
of DNA traps in fluid phase is mainly regulated by the hydro-
phobicities of the targets and the surrounding surface-active
agents [37¢°]. However, host/pathogen-derived nucleases [74]
and proteases (discussed later) also affect the structure and
stability of DNA traps; therefore, trapping capacity might be
more complex in in vivo settings.

Attributes of Eosinophil ETosis and DNA Traps:
Comparison to Neutrophil ETosis

In NETosis, the granule membranes disappear followed by
translocation of neutrophil elastase (NE) and myeloperoxidase
(MPO) to the nucleus, where they bind to chromatin and pro-
mote nuclear decondensation [38, 75, 76]. This intracellular
degranulation process requires the necessary time for these
proteins to bind to chromatin prior to neutrophil rupture and
is considered essential for formation of DNA traps loaded
with antibacterial granule proteins. Immunostaining images
have shown that neutrophil DNA traps were uniformly stained
with anti-NE or anti-MPO antibodies [38, 75].

A main difference observed in eosinophil DNA traps is
their association with intact granules (either individually or
in clusters), as opposed to the free granule-derived proteins
observed in neutrophil DNA traps. The release of intact gran-
ules is a common feature of EETosis regardless of the stimulus
[2+]. Rapid plasma membrane disintegration and limited prior
degranulation during the process of EETosis appear to cause
the lack of mixing of nuclear chromatin and the contents of
granules. As a result, both intact granules and granule protein-
free DNA traps are generated.

DNA traps containing intact crystalloid granules and lack-
ing liberated granule proteins are consistent with clinical ob-
servations and are potentially an important feature of EETosis
because cell-free eosinophil granules remain secretion-
competent organelles [77]. Remarkably, eosinophil granules
themselves express ligand-binding competent cytokine,

chemokine, and eicosanoid receptors on the exterior surface
of the phospholipid bilayer membrane [48+, 78]. Stimulation
of granules activates intragranular signaling mechanisms that
elicits secretion of selected granule-derived proteins, includ-
ing ECP, EPO, IL-4, and IL-6 [48¢]. A portion of the ETosis-
derived free granules responded to eotaxin to secrete ECP
[2¢]. Therefore, the release of FEGs in tissue, secondary to
EETosis, is more than simply granule protein deposition caus-
ing chronic inflammation but may also have immunoregula-
tory roles.

The excess production of DNA traps, from either eosino-
phil or neutrophil origin, contributes to the increased viscosity
of' the secretions [37¢+¢]. What then is the cause of the different
viscosities of secretions observed in ECRS and non-ECRS?
Characteristics of DNA traps and proteases from different cell
types are one potential explanation; eosinophil DNA traps are
composed by less-pliable, more stable, and more condensed
chromatin. Neutrophil DNA traps consist of 5-10 nm-stacked
cylindrical nucleosome and 25-50-nm globular domains [57,
79]; in contrast, eosinophil DNA traps consist mostly of 25—
35-nm chromatin fibers [2¢¢]. Core histones, the most abun-
dant proteins in DNA traps [79], are packaging nearly 2 m of
DNA into a small nucleus and are targets for abundant en-
zymes [80]. NETosis releases their own proteases including
NE, which degrade histones and promote relaxation of chro-
matin, resulting in increased susceptibility to nuclease [37e,
81]. Interestingly, the viscosity of eosinophilic mucin from a
patient with eosinophilic otitis media is reduced by bacterial
infection [21], suggesting that the presence of neutrophils de-
creases the viscosity. Thus, proteases appear to play an impor-
tant role in the structure and stability of neutrophil DNA traps.
Eosinophils exhibit far lower protease activities compared to
neutrophils; therefore, eosinophil DNA traps may escape from
proteolytic clearance and remain intact over time [37¢].

Conclusions

Eosinophils have been considered end-stage effector cells in-
volved in host protection against parasite infection and Th2-
type inflammation. Eosinophil cytolysis is an activated phe-
notype that has been observed in biological specimens from
patients with disease, and deposition of FEGs is readily ob-
served in the affected tissues or secretions from these patients
[3]. However, the clinical importance of eosinophil lysis has
been underappreciated, in part because of a lack of under-
standing of the causative mechanism and etiology. The current
concept of EETosis provides a new perspective on eosinophil-
ic inflammation. Figure 1 shows a CT image of an ECRS
patient and a schematic diagram of tissue infiltrating eosino-
phils and their fate. Blood-derived eosinophils accumulate in
inflamed tissue where some of them undergo EETosis to form
FEGs, others further transmigrate into the sinus cavity and
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ETosis
(Cytolysis)

Fig. 1 CT image of an ECRS patient represented ethmoid-dominant
shadow and polyps in bilateral nasal cavity. The characteristic symptoms
of ECRS are hyposmia or anosmia, glue-like viscous rhinorrhea, and
nasal congestion [20ee, 37+¢]. The fate of eosinophils is pathologically
important in chronic sinusitis with tissue eosinophilia. EETosis-derived
FEGs are causing long-lasting inflammation but also might have
immunoregulatory roles. In mucosal tissue, extracellular spaces restrict
the distribution of sticky DNA traps, although the expanding DNA traps
contribute to the toxic eosinophilic mucin in the sinus cavity

release DNA traps as their fate, forming a sticky framework of
eosinophilic mucin. Unlike apoptosis, EETosis releases intact
cellular contents, with long-lasting effects. Dysregulation or
excessive EETosis and DNA traps might be novel therapeutic
targets for eosinophilic diseases. For instance, disruption of
DNA traps with DNase effectively decreases the viscosity of
secretions [37¢¢, 82]. Further studies are warranted to clarify
the precise pathophysiological roles in vivo, but it is notewor-
thy that mouse models might have several limitations for
studying eosinophil cytolysis [8, 11].

EETosis provides short-lived, non-dividing eosinophils a
mechanism whereby they might continue to maintain
stimulus-dependent secretory functions within eosinophil-
enriched organs and tissues even after eosinophil death [77,
83]. DNA traps, providing a larger adhesive surface than the
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cell itself, are central to encapsulation reactions mounted
against non-self agents together with intact granules. It would
be reasonable for the innate role of eosinophil DNA traps to
function as a cordon in the airway and/or intestinal lumen or
abscess around the non-phagocytosable parasites or fungal
hypae [34, 52, 77]. Moreover, cytolytic ETosis results in the
release of granule proteins, cytokines, sticky chromatins,
DAMPs, and lipid mediators [84] and contributes to the rhe-
ological properties of secretions, the local immune response,
sterile inflammation, and tissue damage.
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