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Eosinophil extracellular traps (EETs) are part of the innate
immune response and are seen in multiple infectious, allergic,
and autoimmune eosinophilic diseases. EETs are composed of
a meshwork of DNA fibers and eosinophil granule proteins,
such as major basic protein (MBP) and eosinophil cationic
protein (ECP). Interestingly, the DNA within the EETs appears to
have its origin in the mitochondria of eosinophils, which had
released most their mitochondrial DNA, but were still viable,
exhibiting no evidence of a reduced life span. Multiple
eosinophil activation mechanisms are represented, whereby
toll-like, cytokine, chemokine, and adhesion receptors can all
initiate transmembrane signal transduction processes leading
to the formation of EETs. One of the key signaling events
required for DNA release is the activation of the NADPH
oxidase. Here, we review recent progress made in the
understanding the molecular mechanisms involved in DNA and
granule protein release, discuss the presence of EETs in
disease, speculate on their potential role(s) in pathogenesis,
and compare available data on other DNA-releasing cells,
particularly neutrophils.
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Introduction

As is true for all hematopoietic cells, eosinophils differ-
entiate from hematopoietic stem cells into a common
precursor with the shared properties of both basophils and
eosinophils, then entering the eosinophil lineage if in the
presence of interleukin 5 (IL-5) [1°]. Other growth factors
for eosinophils are granulocyte-macrophage colony-sti-
mulating factor (GM-CSF) and IL-3. These growth reg-
ulators are produced and secreted by stromal cells, but
also by T cells, mast cells, and cosinophils. Cell surface
receptors for I1L.-3, IL-5, and GM-CSF are detectable on

immature multipotent eosinophil progenitor cells, eosi-
nophil-committed precursors, as well as mature eosino-
phils. Among these three cytokines, IL-5 is the most
uniquely relevant to the eosinophil lineage and is respon-
sible for selective differentiation to eosinophils.

Eosinophils are typically characterized by a bi-lobed
nucleus with highly condensed chromatin. The cyto-
plasm contains two major types of granules, primary
and secondary granules, as well as lipid bodies. Primary
granules contain Charcot-Leyden crystal protein and
eosinophil peroxidase (EPO). Secondary granules are
bi-compartmental (matrix with a crystalline core), con-
taining a number of cationic proteins, including eosino-
phil major protein (MBP), EPO, eosinophil cationic
protein (ECP), and eosinophil-derived neurotoxin
(EDN) that give the eosinophils their characteristic stain-
ing properties. MBP is confined to the central crystalline
core, whereas the other cationic proteins are present in
the matrix compartment.

The normal eosinophil count in the peripheral blood
ranges between 50 and 500 x 10%/L, [2°]. Besides being
in blood and bone marrow, eosinophils are present in the
gastrointestinal tract from the stomach through the large
intestine as well as in thymus, spleen, and lymph nodes
under physiological conditions. In other tissue and organs,
however, cosinophil infiltration is observed only under
pathological conditions.

Role of eosinophils in the defense against
microorganisms

Eosinophils are associated with a number of infectious
diseases, including parasitic helminthes, bacterial, fungal,
and viral infections. Numerous studies have documented
the presence of Toll-like receptors (TLLRs) on the sur-
faces of eosinophils, suggesting that they can participate
in the recognition and killing of pathogens [3].

The beneficial function of cosinophils has been primarily
attributed to their ability to defend the host against
parasitic helminths. This is based on several lines of
evidence, including the ability of eosinophils to mediate
antibody- (or complement-) dependent cellular toxicity
against helminths 7z vitro. The observation that eosino-
phil levels increase during helminthic infections and that
they aggregate and degranulate in the local vicinity of
damaged parasites 7z vivo makes it likely that eosinophils
participate in the protective immunity against selected
helminths [1°]. Eosinophils may also exhibit a protective
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role against RNA viruses, such as respiratory syncytial
virus (RSV). Viral infections enhance mediator release
from eosinophils and increase recruitment of eosinophils
to the lung after antigen challenge [4].

It is well known that eosinophil granules such as MBP,
ECP have potent anti-microbial activity [5]. In addition, it
was shown that isolated mouse eosinophils possess anti-
bacterial properties both 7z vitro and in vive. Interleukin-5
overexpressing transgenic mice, which had profound
eosinophilia, demonstrated improved clearance of Pseu-
domonas aeruginosa introduced into the peritoneal cavity.
Moreover, the findings of improved bacterial clearance
following adoptive transfer of cosinophils, and, on the
contrary, impaired bacterial clearance in mice with a
congenital eosinophil deficiency established that the
anti-bacterial effect was eosinophil-specific [6]. However,
the phagocytic activity of eosinophils is largely limited
compared with other phagocytic cells [7], suggesting that
eosinophil-mediated bacterial killing might occur extra-
cellularly. This assumption is supported by the obser-
vation that isolated eosinophil granules exhibit anti-
bacterial properties iz vitro and that administration of
eosinophil granule extracts significantly improved bac-
terial clearance 7 vivo [6].

However, direct application of toxic eosinophil proteins
likely causes immunopathology with major risks for organ
dysfunction or even organ failure. Therefore, under nor-
mal physiological conditions, there should be a scaffold to
ensnare the released eosinophil toxic granules, targeting
only the infectious agents and not the host tissue. Such a
clever defense mechanism by eosinophils should kill
infectious agents like a professional killer, efficiently,
quickly and quietly. Indeed, such an extracellular mech-
anism has recently been described whereby eosinophils
eject DNA of mitochondrial origin, producing a sticky
network that can capture both the granule proteins and
bacteria, which are then killed in such extracellular DNA
traps [8°°]. (Figure 1).

Mechanisms of extracellular DNA trap
formation and its importance for anti-bacterial
activity

Purified blood cosinophils generate extracellular EET's
following cytokine priming (IL-5 or IFN-gamma) and
subsequent stimulation with lipopolysaccharide (LPS),
complement factor 5a (C5a) or eotaxin [8°°]. Thymic
stromal lymphopoietin (T'SLP) stimulation of adherent
eosinophils also results in the formation of EETs [9].
Upon formation of EETs, eosinophils remain viable and
show no evidence for apoptosis or other types of cell death
[8°%,9]. A key intracellular signaling event appears to be
the activation of the NADPH oxidase, since pharmaco-
logical inhibition as well as genetic defects of this enzyme
arc associated with impaired production of reactive ox-
ygen species (ROS), completely abolishing the ability of
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Shows a schematic representation of the formation of eosinophil
extracellular traps (EETs) in eosinophil-infiltrated tissues. Eosinophils
might be directly activated by invading bacteria and/or cytokines
generated by epithelial cells and/or T cells. Adhesion molecules also
play a role (not indicated here). Autocrine stimulation of eosinophils
might also occur (not indicated). Mitochondria (blue) and granules (red)
somehow release DNA and cationic proteins that co-localize in the
extracellular space, forming the net-like structure called an EET. EETs
are able to bind and kill bacteria, but also occur in non-infectious
diseases, such as allergies. However, not all infiltrating eosinophils
necessarily participate in EET formation.

eosinophils to form EET's [8°°]. EE'T's contain mitochon-
drial DNA and granule proteins, but no cytosolic, mito-
chondrial, nuclear or membrane proteins [8°°]. The
mitochondrial origin of the released DNA was established
by a combination of microscopic and molecular biological
techniques [8°°]. Enzymatic digestion of extracellular
DNA results in the inability of eosinophils to kill bacteria
in the extracellular space [8°°]. Thus, although DNA is
unlikely to be toxic for bacteria, it is essential for the anti-
bacterial effects mediated by eosinophils.

Similar extracellular DNA traps are formed by neutro-
phils [10°%,11°], monocytes [12], and mast cells [13].
However, the views regarding the source of DNA and
its mechanism of release differ. The current opinion held
by most investigators is that the DNA is of nuclear origin
and requires cell death. In neutrophils, the type of cell
death leading to neutrophil extracellular traps (NE'T's)
has been termed netosis [14]. However, for several
reasons, a note of caution should be raised here: First,
it has been shown that NET's can be generated by viable
neutrophils both 7z vitro [11°,15] and iz vive [16]. Live
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microscopy movies of single cells convincingly demon-
strated the ejection of DNA [11°,16]. Second, NET for-
mation occurs much more quickly than apoptosis or any
other programmed cell death using stimuli known to delay
apoptosis [17]. Third, unfortunately, in most reports, the
authors had stimulated neutrophils with PMA, which is
known to induce a rapid necrosis-like cell death [18]. The
DNA leaking out in the extracellular space of PMA-stimu-
lated neutrophils does not show the typical DNA-contain-
ing fibers of extracellular DNA traps [14]. When typical
NE'Ts were demonstrated, it could not be excluded that the
structures were formed before cell death actually occurred.
Fourth, cell death in association with NE'T formation does
not necessarily represent a different and novel type of cell
death. Fifth, it is hard to imagine how a dead cell can eject
DNA, since energy would seem to be required.

In spite of this controversy regarding the origin and
mechanism of DNA release in neutrophils, the anti-
bacterial activity of the extracellular DNA structures
has been characterized mainly using NET's, composed
of DNA, histones, and multiple antimicrobial com-
ponents, such as neutrophil elastase (NE), cathepsin G,
proteinase 3, as well as defensins, myeloperoxidase
(MPO), and Bacterial Permeability-Increasing (BPI)
protein [10°°,19]. The origin of the histones is not clear,
but it may indeed originate from cells undergoing cell
death in close proximity. Alternatively, histones might be
released by an unknown active mechanism [10°°]. NET's,
like EETs, immobilize at high concentrations granule
proteins able to kill invading pathogens [19]. On the other
hand, NETs or EETs may serve to avoid diffusion that
might lead to unwanted tissue damage and subsequent
organ dysfunction. Evidence for the further pathophysio-
logical relevance of extracellular DNA traps is implicit in
the observation that extracellular nucleases are present in
several pathogenic bacteria, including S. aureus, Clostri-
dium perfringens, and S. pyogenes [20]. Moreover, a strepto-
coccal DNase has previously been implicated in disease
progression [20]. Also, it should be noted that NET's have
been implicated in autoimmunity [21].

Eosinophil extracellular traps in eosinophilic
diseases

After the original description of EET's [8°°], their invol-
vement has been demonstrated in multiple infectious
diseases. For instance, EET's were present in spirochetosis,
in which the binding of the bacteria by extracellular DNA
has been demonstrated 7z vivo [8°°]. EETSs were also
evident in tissues infected with sckistosoma [8°°]. In
addition, EE'Ts were present in infectious skin diseases,
such as creeping disease and scabies [22]. In an exper-
imental sepsis model, eosinophils contributed a protec-
tive effect associated with EET's [8°°].

Allergic diseases are often associated with blood and
tissue cosinophilia, since EETs can be formed upon

stimulation of eosinophils with IL-5, TSLP, eotaxin,
and C5a-all of which are present at allergic inflammatory
sites (Figure 1). Therefore, it is not too surprising that
EETSs were found in bronchial asthma [23] as well as
atopic dermatitis, contact dermatitis, and allergic drug
reactions [22]. In all these diseases, the three-dimensional
structure of EE'T's was demonstrated by confocal micro-
scopy. In addition, in asthma, it was shown that the DNA
is of mitochondrial origin [23]. EE'T's have so far not been
reported in eosinophilic esophagitis, an allergic disease of
the esophagus [24].

Interestingly, in bullous pemphigoid, an autoimmune dis-
ease with subepidermal blister formation, EETs have also
been described, where they lined up along the dermal-
epidermal junction in pre-bullous stages [22]. Moreover, in
the epidermis covering these areas, the basal layer of
keratinocytes showed signs of apoptosis [22]. These find-
ings suggest that EET's might regulate, either positively or
negatively, blister formation. This assumption is supported
by the observation that large numbers of EET's are present
in bullous delayed pressure urticaria [25].

Although EET's have not been reported in hypereosino-
philic syndromes (HESs) [26], it is likely that they are
formed under such pathological conditions. Whether
EETs contribute to immunopathology remains to be
shown, but it is likely that they contribute to thrombosis
often associated with HESs [27], since NE'T's have been
demonstrated to participate in thrombus formation [28].

Concluding remarks and future prospects
EETSs represent a common /7 vivo phenomenon associ-
ated with eosinophilic diseases. It has been demonstrated
that they exhibit strong antibacterial activities. Their
effects on fungi, helminthes, and viruses have not been
tested so far. EET's are formed by viable eosinophils and
contain mitochondrial DNA and granule proteins.
Histones, although not demonstrated so far, may also
associate with EET's, most likely due to cell death in
close proximity. Whether EET's represent structures that
limit immunopathology in the absence of infectious
agents remains to be investigated. With the exception
of the NADPH oxidase, the intracellular requirements for
mitochondrial DNA release and subsequent EET for-
mation are largely unknown. Future research on the
subject promises to yield novel biomarkers and thera-
peutic targets in eosinophilic diseases.
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