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Abstract

BACKGROUND: Extracellular trap formation (ETosis) by various blood cells has been reported. This trap contains DNA,
histones and granular proteins which can elicit an innate immune response by entrapping microorganisms. The trap thus
formed has been reported to have an involvement in various pathogenic conditions as well. This review focusses on the trap
formation by different blood cells, the immune response associated with trap formation and also its role in various clinical
conditions.

METHOD: An extensive literature survey on ETosis by blood cells from 2003 to 2019 has been done. After going through
the literature throughly, in this review we focuses on the trap formation by different blood cell types such as neutrophils,
macrophages, eosinophils, basophils, mast cells, plasmacytoid dentritic cells, and monocytes. The mechanism with which it
releases trap, the immune response it elicits and ultimately its involvement in various pathogenic conditions are described
here. This article extensively covered all the above aspects and finally comprehends in nutshell the various stimuli that are
currently known in trigerring the ETosis, its effect and ultimately its role in disease process.

RESULTS: A clarity about the extracellular trap formation by various blood cells, mechanism of ETosis, role of Etosis in
microbial invasion and in various pathogenic situations by various blood cells have been described here.
CONCLUSION: The current understanding about the process of ETosis and its effects has been extensively described
here. Along with lot of favourable outcomes, the process of ETosis will lead to lot of pathogenic situations including
thrombosis, tumour metastasis and sepsis. Current understanding about ETosis is limited. Indepth understanding of ETosis
may have great therapeutic potential in the diagnosis, guiding of therapy and prognostication in various pathogenic
situations including infectious conditions, autoimmune disorders and tumors.
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inside it [2]. ETosis have major involvement in pathogenic
conditions like autoimmune diseases, skin diseases,
thrombosis, etc. Role of cytoplasmic and granular proteins
in disease scenario varies in each cell type. Also, the
involvement of extracellular histones in pathogenic envi-
ronment affects the disease outcome. This mechanism has
been reported in blood cells such as neutrophils, macro-
phages, eosinophils, basophils, mast cells, plasmacytoid
dentritic cells and monocytes. Here in this review we are
focussing on the ETosis in these cell types and its clinical
implications.

2 Neutrophil extracellular traps (NETs)

The formation of Neutrophil Extracellular Traps (NETs),
known as NETosis, is a novel mechanism of neutrophil-
mediated host defence experimentally identified in 2004
[3], which is different from both apoptotic and necrotic
mechanisms [1]. Neutrophils release a three-dimensional
web like structure composed of DNA and histones together
with granular proteins, known as NETs [1]. The major
proteins embedded in the trap include histones, neutrophil
elastase and myeloperoxidase. There are also other pep-
tides and enzymes, namely lactoferrin, lysozyme C, neu-
trophil defensins, cathepsin G, gelatinase, cathelicidins,
leukocyte proteinase 3 and calprotectin [4]. Most of these
biomolecules can cause irreversible damage to organelles
of the host cell and because they are restricted by the web-
like structure, it can cause damage only to those microbes
getting trapped inside the 3D network.

Several stimuli triggers NET formation. A team of
Japanese scientists reported for the first time that by the
addition of phorbol esters like phorbolmyristate acetate
(PMA) in culture media can induce NETosis, even though
the process behind it was not known. In a physiological
system an infection, activation of platelets, cytokines and
auto-antibodies can triger NET formation. During an
infection when neutrophils are exposed to bacterial prod-
ucts such as endotoxins and formyl-methionyl-leucyl-
phenylalanine (fMLP), NETosis occurs. Also, the physical
interaction of neutrophils with activated platelets (in a
pathologic condition) or certain cytokines (in tumour
environment), is reported to induce NETosis [5].

It has been reported that an expression of Peptidyl
Arginine Diminase 4 (PAD4) enzyme is a primary
requirement for NETosis, to mediate the post-translational
modification of histones and for the conversion of arginine
residues to the amino acid citrulline in a process termed
‘citrullination’. Decondensation of DNA results due to the
charge neutrality of citrulline, which replace the positively
charged arginine and subsequently DNA starts unfolding
and unwinding [6]. The dissolution of nuclear membrane

@ Springer

exposes the unfolded DNA to the cytoplasmic granules and
this mixing creates a fibrous structure studded with gran-
ular and cytoplasmic proteins, which is then expelled by
rupturing the cell membrane, as illustrated in Fig. 1.

NETs create a high local concentration of anti-microbial
substances and therefore amplify the effectiveness of these
toxic enzymes. This can kill the micro-organism, inactivate
the bacterial virulence factors and enhance the efficacy of
phagocytosis by recruiting more leukocytes towards the
trap site. NET is effective against all types of bacteria,
fungi, protozoa and viruses. It is also reported to have pro-
thrombotic properties [7].

2.1 Mechanism of NETosis

There are two mechanisms of NET formation reported so
far. (a) Vital NETosis and (b) Suicidal or Classical
NETosis. But how far these biological processes are dis-
similar is still questioned. Since the neutrophils have rel-
atively very small life span, in order to perform their
intended duties (i.e., anti-microbial activities) even beyond
their life span, the neutrophils undergo ‘Suicidal’ or
‘Classical’ NETosis. In suicidal or classical NETosis there
will be a release of nuclear DNA from the neutrophils to
the extracellular space leading to the death of the cell.
Where as in vital NETosis only partial release of DNA to
extracellular space occurs without rupturing the cell
membrane, after which the neutrophils will survive and
continue to carry out phagocytosis and chemotaxis even
without a distinct nucleus. It is reported that in in vitro
condition, vital NETosis was observed when neutrophils
were incubated with Staphylococcus aureus for just 10 min
[8]. In this process, the double-layer structure of nuclear
membrane of neutrophils undergo morphological changes
resulting in (a) nucleus become spherical in shape by the
disappearance of polymorphonuclear structure (b) blebbing
of the nuclear membrane followed by the formation of
small vesicles with DNA getting trapped inside (c) vesicles
getting transported efficiently, independent of conventional
exocytosis mechanism. These vesicles are then released to
the extracellular mileu from discrete portions of the cell
membrane [8]. The released vesicles are seen intact in the
extracellular space and they release the DNA content
directly rather than fusing with the plasma membrane as in
conventional vesicular exocytosis. The released DNA form
extracellular traps, will capture the bacteria and kill it. This
mode of NETosis is activated through microbial antigen or
toxin detection by pattern recognition receptors like TLRs,
complement proteins and/or protein components during
platelet activation [2, 9, 10].

Neutrophil cell death in the classical or suicidal NETosis
is quite different from apoptosis or necrosis. This mecha-
nism occurs after a long time exposure (3—4 h) to
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Fungi, Bacteria,
Viruses (In-vivo)

(In-vivo)

NEUTROPHIL ACTIVATION

Fig. 1 Cartoon showing extracellular trap formation by neutrophils.
Neutrophils are primed for NETosis by different stimuli which
initially leads to decondensation of chromatin fibres. The dissolution
of nuclear membrane permits proper blending of cytoplasmic and

stimulants including microbes, IL-8, LPS and PMA leading
to the production of ROS by NADPH oxidase in neu-
trophils [1]. During the exposure to stimulants the fol-
lowing events occur (a) nuclear membrane layers separate
from each other and DNA decondensation starts, (b) nu-
clear membrane disintegrates and release the chromatin
into the cytoplasm, (c) mixing of nuclear material with the
cytoplasmic contents, (d) disappearance of cytoplasmic
granular membranes and mixing of cytoplasmic, granular
and nuclear material within the cell membrane, (e) pore
formation on plasma membrane and release of cellular
contents to extracellular space. In this process, the entire
contents of the granules of the cell are studded in the
fibrous network, which can trigger intense proteolytic
activity against microbes and its toxic products. The role of
ROS in NETosis is understood to be important in mem-
brane disruptions and formation of superoxide anions and
hydrogen peroxide [1, 11, 12] which further results in
enzymatic activity leading to DNA decondensation and
release of extracellular traps. Suicidal NETosis can be
considered as a different strategy executed by neutrophils
against severe and lasting infections by sacrificing itself to
defend the host, extending the battle against microbes
beyond its life span. Another mechanism involving ROS-
mediated NETosis is the release of mitochondrial DNA to
the extracellular space to form the traps rather than nuclear
DNA [13]. This also relieves the cell from death and per-
mits it to continue the other cellular functions.

A close observation of these mechanisms will reveal the
fact that all the three mechanisms are different strategies of
neutrophil defence, based on the type and extend of stimuli
or infection. If the stimuli are from severely virulent
pathogens like S. aureus, the Vital NETosis will be initi-
ated, which can clear the pathogen before it develops
adaptive mechanism to evade host defence. This has to

Rupture of Plasma
Membrane
Platelets, Cytokines, CHROMATIN
SN NUCLEOSOME BREAKAGE
Al
utoantibodies DECONDENSATION OF ULAR PROTEINS NETs

nuclear content, which results in studding the chromatin fibres with
cytoplasmic granular proteins within the intact plasma membrane,
which finally disrupts to release the 3D web-like fibrous structure
called extracellular trap

happen rapidly. If the infection exists further, ROS-medi-
ated release of mitochondrial DNA can cause further
damage to the pathogen and save the neutrophil from
undergoing a lytic process. If the infection is severe and
long-lasting, the neutrophils will resort to the suicidal
mission to protect the host.

It should also be kept in mind that many pathogens have
inherent physiological and molecular mechanisms which
can interfere with the NETosis mechanisms described
above and evade this host defence strategy. Also, extra-
cellular traps shall be removed effectively from circulation
as it can stimulate an inflammatory response and thus can
inflict damage to the host itself. It is observed in all
experiments done with neutrophils that only a small per-
centage and not all neutrophils produce NETs. A justifi-
cation for this finding is suggested in recent literature
describing existence of neutrophil sub-populations based
on functional characteristics and cellular machinery [14].
More detailed understanding of neutrophil subsets is war-
ranted to provide any conclusive remarks.

2.2 Role of NETSs in various pathogenic conditions

NET is an efficient anti-microbial mechanism which pro-
tects the host from several infectious diseases. At the same
time this is a double-edged sword of innate immune system
in the sense that, if produced in excess or if not removed
from the system in a timely manner, can instigate a ple-
thora of diseases including autoimmune disorders, coagu-
lation chaos and even cancer metastases. A brief
description of the involvement of NETs in various patho-
genic conditions is described here:
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2.2.1 NETs in microbial invasions

Neutrophils are evolutionarily adapted for chemotaxis and
rapid crawling across the tissues to reach a site of injury
and evoke the first line of host immune defence mecha-
nism. The formation of NETs at the site of injury is
therefore an effective mechanism which controls the
infection at the entry point and preventing its further spread
inside the host. The three-dimensional structure set the
boundary for pathogens to access internal tissues as well as
it limits the spread of powerful biomolecules embedded in
it from damaging host tissues. It directly kills both gram-
positive and gram-negative bacteria and a broad spectrum
of other microorganisms through proteolytic action of
embedded enzymes and other peptides in the trap [1].
Some organisms escape the trapping by NETs. Certain
species of bacteria, especially S. aureus is capable of
escaping from these traps. DNA is the backbone of NET
and its degradation caused by DNases secreted by certain
species of bacteria will affect its structural integrity. S.
aureus is capable of deriving deoxyadenosine from NET
structure and thereby escapes the trapping by NETs. The
response of neutrophils to fungi is also interesting. The
formation of NETs is more pronounced with hyphae
forming Candida albicans, whereas yeast-locked fungi are
cleared mainly by phagocytic mechanism. IL-1 signalling
is found to be crucial for this size-dependant anti-fungal
response by neutrophils [15]. NETs are also effective
against viruses and parasites but the stimuli for activation
and signalling mechanisms are not clearly understood [16].
Microorganisms have also developed other sophisticated
mechanisms to evade entrapment by NETs. Creation of a
polysaccharide capsule or manipulating the electric charge
on cell wall are similar such mechanisms. Even though
there are suggestions on the role of NETs in immune
dysfunction associated with sepsis and septic shock, there
is so far no experimental validation of the same.

2.2.2 NETs in thrombosis

NETs concatenate innate immunity and blood coagulation.
The presence of NETs in circulation is a stimulus for
platelet adhesion and subsequent activation of the coagu-
lation cascade. The interaction of NETs with coagulation
factors affect thrombolysis [17]. In Deep Vein Thrombotic
(DVT) animal models, this association is observed where
colocalizations of NETs occur with Von Willibrant Factor
(VWF). When DNases are applied, it prevents the forma-
tion of DVT.

Endothelial cell dysfunction induces NETosis, which in
turn becomes toxic to the neighbouring endothelial cells
and the catastrophic loop checks in. This injury in the
endothelial lining of arteries causes atherosclerosis. The
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impact of the injury induces changes in the sub endothelial
layer where lipoproteins start accumulating. Sensing tissue
damage, the migrated macrophages start feeding on these
lipoproteins and cholesterol, creating a small plaque to
protrude towards the lumen of the artery. This plaque will
obstruct the blood flow and if at all the plaque ruptures, it
will cause immediate clotting and thereby complete
obstruction of the blood vessel. This causes hypoxia to the
end organs served by the vessels and thus results in organ
dysfunction. The NETotic potential of cholesterol crystals
and the potential of plaque formation has been reported in
mouse models where it was observed that NETosis is
spontaneous when neutrophils interact with cholesterol
[18]. This association also influence the macrophages to
secrete proinflammatory cytokines and further elicit a
systemic inflammatory response in addition to progression
of plaques in blood vessels. In acute situations like sepsis,
the haematopoietic machinery increases the number of
circulating neutrophils thereby increasing the probability of
immense production of NETs, which is not degraded
rapidly. This can lead to the formation of intravascular
clots which results in multiple organ dysfunction and septic
shock leading to death [10].

The association of platelets with neutrophils will trigger
the production of ROS. ROS productions by endothelial
cells also stimulate NETosis [10]. The formed NETs con-
centrate coagulation factors and blood cells and thus pro-
vide a scaffold for thrombus formation. The presence of
VWEF and fibrin in this scaffold further provide stability to
the thrombus formed. This can lead to the formation of
DVT [19]. Since NETs can be degraded by DNases, the
thrombolytic capability of DNase-based drugs against DVT
needs to be experimented. The relationship between the
commencement of flow restriction in vessels and the onset
and mechanism of NETosis is not determined in venous
thrombogenesis. If a flow restriction is identified by the
immune system as an inflammatory stimulus, NETosis will
be rapid and thrombogenesis may proceed very fast. The
presence of NETSs as an interconnection between the lining
of lumen and the thrombus body is indicative of the fact
that NETs help adherence of thrombus to the blood vessels.
Also as the thrombus gets aged, NETs facilitate reshaping
of the thrombus with newly recruited progenitor cells.
Thrombolysis is an inherent mechanism of human body to
disintegrate inappropriate thrombus formation. The colo-
calization of chromatin, VWF and fibrin in NETs adversely
affect the action of many thrombolytic enzymes and each
of the above components are inactivated by different
enzymes, which makes the presence of NETs a tough target
for thrombolytic activity. Also other phagocytic cells like
monocytes are recruited for the degradation of thrombus at
the site of its formation. So far it is not proven whether this
polarization of monocytes is affected by the presence of
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components of NETS in the thrombus, even though they are
able to degrade DNA and other coagulation mediators.
Tissue Factor (TF) -containing microparticles are another
important DVT component. The interactions of NETs with
these particles need to be studied further.

2.2.3 NETs in malignancy

Cancer, a group of diseases showcasing uncontrolled cell
division and invasion of malignant cells, shows an
increasing trend globally [20]. Metastasis is a distinct
characteristic of cancer where many host immune barri-
cades are breached by the invading cells and thus forms the
major cause of death in patients with malignancy. Cancer-
associated thrombosis is another complication which
increases the mortality. At the cellular level, neutrophils
are the prominent first line of host defence against any
disease, but their role in cancer is not clearly understood. A
few recent studies have revealed the role of neutrophils as a
mediator between immune system and cancer. Infiltration
of neutrophils to the tumour at the primary site as well as
metastatic lesions is observed. They tend to modify the
tumour microenvironment which in turn facilitates metas-
tasis [21]. This can be correlated with the poor prognosis in
cancer patients having neutrophilia. It has been suggested
that tumour-infiltrating neutrophils produce NETSs in the
tumour microenvironment, which helps tumour progression
whereas NETs formed at the metastatic sites will persuade
circulating tumour cells to get attached to remote sites
leading to formation of micrometastasis and thus promot-
ing metastasis [22]. Tumour cells are also reported to prime
neutrophils towards NETosis.

Cancer-associated thrombosis is a major factor for
mortality in metastatic cancer patients and NETs favour
systemic thrombus formation. The detrimental effect of
NETs in tumour progression is attributed to the inherent
capability of neutrophils to express Tissue Factor. This
biomolecule via signalling mediated by thrombin will
cause thrombosis as well as facilitate neoangiogenesis,
both resulting in poor prognosis. Recent studies report the
presence of NETs in metastatic lymphadenopathy and
primary tumour both studded with Tissue Factor [23]. In
another experiment, an elevated level of H3Cit, typical of
NET formation is observed in serum, which correlated with
poor clinical outcome [5]. In contrast, there are also
experimental results demonstrating the tumour suppressor
capabilities of NETs, where it is observed that NETs are
able to induce apoptosis in cancer cells in vitro [23].

In vitro studies reported the role of NETSs in promoting
metastasis in several carcinoma cells and the degradation
of NETs by DNase-I, attenuated metastatic ability of the
circulating tumour cells [22]. The interaction of platelets
with NETs also promotes metastasis as platelets are known

to facilitate early metastatic events and tumour progression
in many malignancies. It is important to understand
through further research, the role of NETs and the pro-
teomic profile of traps in metastasis, hypothesizing that the
involvement is much beyond providing a mechanical sup-
port for metastasis. This is because NETSs are able to sup-
port a pre-metastatic niche and facilitate interaction of
cancer cells with immune complexes and coagulation
cascade. Whether this process facilitates or disrupts
metastasis, which is a highly complex multi-step process, is
not clearly understood so far. It also needs to be identified
whether cancer progression from benign tumour towards a
metastatic malignancy is initiated following a systemic or
local inflammatory response, where NETosis which helped
in eradicating a microbial infection is unfavourably
launching a metastatic disease progression. A clear
understanding demands detailed experimental studies, the
implications of which may prevent metastasis by inhibiting
or promoting NETosis.

2.2.4 NETs in metabolic diseases

Metabolic diseases occur due to impairment of normal
biochemical processes typically due to enzymatic defi-
ciencies at the molecular level. Diabetes mellitus, cardio-
vascular disorders, renal and liver diseases are some of the
most common metabolic disorders. These diseases are
associated with low grade inflammation and activation of
the innate immune system [24]. Neutrophils are the pri-
mary participants in these chronic inflammatory events.
The exposure of neutrophils to hyperglycaemic condition
triggers NETosis through various biochemical pathways
[25, 26]. The constituents of the traps, particularly double-
stranded DNAs, circulating in blood will further worsen the
inflammation and fuel further trap formation. NETs cause
endothelial cell damage and activated endothelial cells
further induce NETosis [27, 28]. The endothelial dys-
function stimulate thrombosis and artherosclerotic lesions
and thus causes cardiovascular diseases and renal diseases
[24, 29-31]. Human and animal studies reported increased
NETosis due to hypofibrinolysis and hypercoagulation
associated with diabetes [29]. Recent studies showed that
neutrophils are primed for NETosis in non-alcoholic
steatohepatitis (NASH) mouse models, which forms the
instigating event in the accelerated progression of the
metabolic syndrome towards hepatocellular carcinoma
[32]. The role of NETs in gallstone formation is also
identified recently [33].

In patients with impaired wound healing, there are
reports of aberrant signaling pathways mediated by PAD4
protein [34] and gonadotropin releasing hormone (GnRH)
[35]. DNase treatment, inhibition of NETosis by hydrogen
sulphide [34, 36] and inhibition of PAD4 [34] showed

@ Springer



146

Tissue Eng Regen Med (2020) 17(2):141-153

improvement in diabetic wound healing, suggesting a role
of NETosis. NETosis is also linked to pancreatic B cell
destruction [37] and forms a vicious circle with hyper-
glycemia [25] and ROS production [26]. Patients with
Diabetic Foot Ulcers (DFU) showed elevated levels of
NET components such as H;Cit, neutrophil gelatinase-as-
sociated lipocalin, neutrophil elastase and proteinase-3 in
their wound microenvironment. Those patients with
increased H3Cit in circulation, reported a higher risk for
amputation [38, 39]. These findings open up potential
strategies of managing several metabolic diseases and
complications associated with such diseases.

3 Macrophage extracellular traps (METSs)

Macrophages include group of cells which is present in all
tissues and is responsible for diverse functions. These tis-
sue macrophages are derived either from bone marrow via
dispersing blood monocytes or embryonic precursor pre-
sent within the tissues [40]. The macrophages clear all
undesirable particles like dead cells and cellular debris by
engulfing them. These cells have key role in chronic
inflammation by adequately clearing the threat made by
neutrophils and dendritic cells [41]. In addition to the
known functions of macrophages, recent studies have
reported that macrophages are also capable of forming
extracellular traps. MET is a peculiar mechanism of mac-
rophage-mediated host defence involving the release of
nuclear components and citrullinated histones with granu-
lar proteins. It can elicit innate immune response by
entrapping the bacteria, fungi and viruses. Recent preclin-
ical observations suggested that all macrophages are not
capable of producing ETs, but are able to eliminate ETs
and also control the ET-involved tissue damage and
inflammation [41]. ETosis by macrophages is confirmed by
the release of extracellular DNA with the combination of
other elements such as citrullinated histones, peptidyl
arginase deiminase (PAD) and granular proteases. METs
were visualized using confocal microscopy, by identifying
the released components that burst out after trap formation
[42, 43]. Recently METs were detected and quantified
using flowcytometry by utilizing the molecular expressions
such as histones H2 and H3, elastase, myeloperoxidase and
lactoferrin [44].

3.1 Role of METs in pathogenic conditions

METosis is a cell death mechanism identical to classic
pathways in neutrophils and which triggers macrophages to
form ETs. Macrophages can be triggered by several stimuli
such as microbes, fungi, etc. and get involved in different
pathogenic conditions due to MET formation. The
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involvement of METSs in various pathogenic conditions are
discussed here.

3.1.1 METs in obesity

In mature macrophages the presence of PAD4 and PAD2
facilitates ET formation through PAD-mediated hyper-
citrullination. Primary functions of macrophages in adipose
tissues are believed to be cleaning of cytoplasmic debris,
dead/dying adipocytes by lipid phagocytosis. It is also
identified that in obese women, these cells release proin-
flammatory substances in circulation, which might lead to
breast cancer lesions. The dead adipocytes are surrounded
by macrophages which form the characteristic “crown-like
structures” (CLS) and these lesions are formed due to the
increased level of inflammatory mediators including TNF-
o, COX-2 and IL-1. It is shown that TNF-o can promote
NETs and METs in CLS lesions. Recent study reported that
PADs which are expressed in CLS-macrophages stimulate
the formation of METs. In these CLS-macrophages, PAD2
shows higher expression compared to PAD4. Extracellular
histones are detected within CLS lesions and these histones
modulate the H4Cit3 modification. The obesity mediated
adipose tissue inflammation induces ET formation in
macrophages within CLS lesions through histone hyper-
citrullination controlled by PADs in the mammary gland
[43].

3.1.2 METs in infections

METosis in human macrophages is regulated by elastase
activity and Interferon-y (IFN-y), and these factors can
promote trap formation as observed during severe M.
tuberculosis infection [45]. E. coli and C. albicans also
stimulate MET formation. Microbes are restricted at the
site of infection by ET formation, preventing the occur-
rence of systemic transmission and limiting invasive
infections, particularly by fungal pathogens. Macrophages
cannot engulf C. albicans hyphae effectively due to linear
structure. Therefore phagocytocis is not favoured. A longer
exposure of hyphae triggers METosis. PMA, LPS and
hydrogen peroxide are more powerful inducers of trap
formation from macrophages. Unlike in neutrophils,
mitochondrial DNA release is the most prominent trap
formation mechanism in macrophages, which is not
mediated by ROS production [46]. This permits the mac-
rophages to survive longer at the site of infection and carry
out other immunomodulatory and tissue regenerative
functions. Tissue macrophages are capable of modifying
the innate and adaptive immune responses through chem-
ical mediators. Since their number is also limited, they are
not that expendable at occasions.
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4 Eosinophil extracellular traps (EETSs)

Eosinophils are those granulocytes in circulation, respon-
sible for fighting against specific infections, particularly
due to multicellular parasites. These cells are known to be
involved in the pathophysiology of asthma and allergy as
well. Current evidences re-define their role in defensive
mechanisms against HIV infection, bacterial and fungal
infections. Some biomolecules produced by eosinophils
can cause toxicity to host tissues and can lead to the
improper regulation of haemostasis [47].

The release of granular proteins and DNA to extracel-
lular space through cytolytic degranulation followed by
exocytosis is called as EETs. EETosis is stimulated by
activators like cytokines, PMA, calcium ionophore, adhe-
sion receptors, platelet activating factors and
immunoglobulins like IgG, IgA. In in vitro, the stimulation
occurs in 3—4 h in a reduced NADPH oxidase dependent
activity [47, 48]. EETs also comprised of network of DNA
fibres and granule proteases including ECP (Eosinophil
Cationic Protein) and MBP (Major Basic Protein). Mito-
chondrial DNA is released through the bursting of mito-
chondria, that permits eosinophil survival after EETosis
[48].

4.1 Role of EETs in pathogenic conditions

Eosinophils attain an extra property of killing bacteria
through the formation of extracellular traps. TSLP (Thymic
stromal lymphopoietin) can trigger the production of EETs
consisting of mitochondrial DNA and granule proteins.
Sinus exudative secretions from patients with Eosinophilic
Otitis Media (EOM) shows the presence of nuclear debris
and cytolytic eosinophil extracellular granules. The EETs
are comparatively more in secretions of ear and sinus and
produce functional mesh to entrap bacteria [48]. EETs are
reported in various pathological conditions such as skin
disease, asthma and also in both bacterial and fungal
infections.

4.1.1 EETs in skin diseases

Eosinophils play an important role in a wide range of skin
diseases. EETs have huge involvement in infectious skin
diseases like ectoparasitoses and larva migrans, in addition
to autoimmune diseases and allergic conditions. Due to the
elevated expression of IFN-y, IL-5 and eotaxins, EET
formation is stimulated in skin tissues. But EETs are not
observed with skin tissue infiltrating eosinophils present in
some skin diseases like skin neoplasms. Acute dermatoses
(AD) and acute exacerbation diseases like Drug Hyper-
sensitivity (DHS), Allergic Contact Dermatitis (ACD),

infectious diseases, Hyper Eosinophilic Syndrome (HES),
Wells Syndrome (WS) and also lesional AD skin were
found to have extracellular trap formation by eosinophils.
Except acute diseases like HES and WS, many of the EETs
related diseases are activated by endogenous and exoge-
nous pathogens like allergen, drug, autoantigen and para-
site. Eosinophils forming EETs are morphologically
identical to tissue eosinophils. Involvement of eosinophils
and EETs are suspected in the apoptotic keratinocytes of
patients with Bullous pemphigoid (BP), which comprises
of keratinocyte damage and blister formation [49].

4.1.2 EETs in asthma

Eosinophils cause the symptoms of asthma and it often
damage tissues. Airway inflammation occurring due to
eosinophilia is directly linked with the asthma exacerbation
in Severe Eosinophilic Asthma (SEA). EETs which release
DNA complex and granule proteins in turn cause asthma.
Higher expression of granule proteins like eosinophil
cationic protein (ECP), eosinophil-derived neurotoxin
(EDN) and major basic protein illustrate degranulation and
activation of eosinophils related with SEA. The involve-
ment of EETs in SEA and non-severe asthma (NSA) is
entirely different. EET formation through stimulation of
IL-5 and LPS is comparatively high in SEA patients than
those in NSA patients, suggesting phenotype differences in
the two eosinophils.

The airway epithelial cells act as the first line of defense
and barrier in the lungs, responding to pollutants, viruses
and allergens which can cause asthma. Patients with
asthma, chronic pulmonary diseases and viral respiratory
infection produce large amount of IL-8 in the inflammatory
sites. EET production is enhanced with IL-8 secretion from
airway epithelial cells causing airway inflammation and
obstruction in SEA patients. Immune responses in airway
epithelium are obstructed by cytotoxic granules released by
eosinophils. EETs have a vital role in the pathogenesis of
airway inflammation due to the favourable stimulation
occurring in the airway epithelial cells, which hints that
control of EET formation and its activity can give inno-
vative treatment methodologies for asthma patients [50].

4.1.3 EETs in infection

Bacterial products like LPS trigger eosinophils to produce
extracellular traps with DNA and granule proteins. Also,
eosinophils get primed by IL-5, eotaxin and IFN-y, forming
EETs upon bacterial infection by E. coli and S. aureus.
Eosinophils release its mitochondrial DNA and granule
proteins which forms its antibacterial defense machinery in
GI tract inflammatory diseases. Fungal associated asthma
and allergic bronchopulmonary mycosis leads to the
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formation of extracellular traps by eosinophils in infectious
condition, but the mode of interaction, pathological role
and inflammatory conditions of fungal infected EETs are
still unknown completely. It is recently reported that
allergic bronchopulmonary aspergillosis (ABPA) patients
show the presence of chromatolytic nuclei, histone and
granule proteins in the bronchial secretions, which con-
firms the presence of EETs. Candida albicans are also
capable of stimulating the eosinophils and produce traps.
Aspergillus fumigatus activates eosinophils and form EETs
by ROS production via fungal antigen receptors. The
presence of large amount of extracellular histones is seen in
the nasal lavage from patients having pulmonary
microvascular thrombosis and lung infections caused by
influenza virus, even though the role of EETs is not elu-
cidated in viral infections. It is interesting to note that the
infiltration to lungs caused under the influence of A.
fumigatus leads to the degranulation of eosinophils, which
provides a protective cover from lethal respiratory virus
infections [51].

5 Basophil extracellular traps (BETs)

Basophils have a major role in inflammation and microbial
infection. The factors that supervise the survival and
lifespan of cells will control the compliances that occur due
to the inflammatory responses. The improper functioning
of death pathway in basophils which is associated with
inflammation, affects the lifespan of basophils and also
leads to the pathological dysfunctioning [52]. Basophils are
also able to form extracellular traps upon cytokine release
and pathogen associated cell damage known as Basophil
Extracellular Traps [BETs]. Basophils form an extracellu-
lar cluster containing externalized DNA upon 2 h contact
with Monosodium urate crystals (MSU). In the basophils,
instead of uptaking the crystals, they deregulate CD203c
activation marker after the stimulation with MSU crystals
[53]. In BET formation, mitochondrial DNA and granule
proteins are released to form a network structure, and not
the nuclear DNA. Basophil releases it DNA to its extra-
cellular space due to the activation with chemokines, lipid
mediator receptors, IgE, Toll-Like Receptors and cytokines
within minutes. Basophils get primed with IL-3, forming
extracellular trap via mitochondrial reactive oxygen spe-
cies. Basophils contain large number of mitochondria,
which generate more ROS needed for extracellular trap
formation. BET is a means by which basophils might be
able to exert direct innate immune effector function against
pathogens [54]. BETs are reported to show antimicrobial
activity.

@ Springer

5.1 BETs and its anti-microbial functions

Basophils are mainly involved with immune-mediated
responses in parasitic infections and allergic diseases.
Functional NADPH oxidase is absent in basophils and
these cells are not able to kill intracellular bacteria. Baso-
phils usually act as immunomodulatory cells and do not
show any phagocytic activity. Activated basophils release
BETs which is associated with antibacterial killing pro-
cesses. Because BETSs are able to entrap and kill bacteria,
basophils are also effector cells against pathogens. BET
mediated antibacterial property is demonstrated against
E. coli and S. aureus by activation with inflammatory
mediators [55].

6 Mast cell extracellular traps (MCETSs)

Mast cells (MCs) are commonly found in tissues which
have regular contact with the external environment like
skin, gastrointestinal mucosa and respiratory tract. MCs are
capable of producing cytokines, chemokines, proteases and
inflammatory mediators that in turn stimulate neutrophils
to act in the area of infection. Recent reports suggest the
antimicrobial activity of MCs. The killing of bacteria can
be done by non-oxidative and oxidative mechanisms in
these cells, and therefore can eliminate even intracellular
bacteria. MCs are also able to form extracellular traps
under certain circumstances similar to NETs. Upon stim-
ulation with H,O,, PMA and bacterial pathogens, MCs get
activated to release 3D web like structure which entraps
pathogen. The formations of extracellular trap by MCs are
called MCETs, which contains histones, DNA and granular
proteins like tryptase. MCs kill bacteria by entrapping them
in the extracellular mesh like structure similar to NETs.
Antimicrobial peptides present in MC granules are B-de-
fensins, piscidins and cathelicidin LL-37 which get
released upon stimulation with different pathogens. High
expressions of MCETs are mediated by ROS-dependent
mechanism which results in the degradation of nuclear
envelope and plasma membrane [56]. These MCETs have
major involvement in pathogenic conditions and microbial
environment, but are not fully understood till date.

6.1 MCETs in infection

MCs play an important role in immune responses, mainly
in parasitic infections and allergic conditions. They are one
among the first immune cell that respond to fungal and
bacterial infections. MCs have major role in recruiting the
effector cells to the site of infection mainly neutrophils and
macrophages, releasing TNF-o. MCET formation results in
the disintegration of nuclear membrane, followed by the
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mixing of granular and nuclear components which leads to
the death of cells. The trap formation is an immune effector
function against pathogens [57]. Visceral Leishmaniasis
and Cutaneous Leishmaniasis, caused by Leishmania
donovani and Leishmania tropica, can stimulate the gen-
eration of extracellular traps by MCs. MCs which generate
ROS due to the presence of Leishmania will eventually
release the DNA and granular proteins forming the extra-
cellular trap. Thus MCs which are involved in host defence
to Leishmania can actively entrap and also surround
pathogen by effector mediators to clear them extracellu-
larly [58]. Upon stimulation with C.albicans, extracellular
trap get released from MCs, as an anti-fungal response
[59].

Mast Cells play a major role in controlling Group A
Streptococcus (GAS) infections in the skin. MC granule
proteases are highly cytotoxic to GAS but are not released
in response to GAS infection. One of the major MC granule
protease, LL-37 is found embedded in MCETs and thus
controls the GAS infection [60]. MCETs have major
involvement in Tuberculosis, which is resistant to immune
responses for years. Mycobacterium tuberculosis (Mtb)
stimulates mast cells by activating degranulation, releasing
inflammatory cytokines and internalizing the bacteria. It is
experimentally verified that heat-killed Mtb (HK-Mtb) can
promote the release of MCETs, whereas live Mtb prevents
the release of MCETs. Thus it is confirmed that live Mtb
produces virulence factors, which can prevent MCET
production particularly by interfering the production of
hydrogen peroxide in mast cells [61]. MCs get accumulated
in the clump at bacterial infection sites and release large
amount of enzymes through extracellular traps. The clumps
are thus effectively controlled at the site and prevented
from further internal infections, since clumps are too huge

to be removed by other phagocytic cells [56]. On another
note, involvement of MCETSs in coronary thrombosis is
detected at various stages of thrombus progression and
maturation as well [62].

7 Plasmacytoid dendritic cell extracellular traps
(pETs)

Plasmacytoid Dendritic cells (pDCs) are immune cells that
play an important role in protection from viruses and
tumors. pDCs produce Type I interferons (IFN1), mainly
IFN-fB and IFN-a, when activated by Toll-Like Receptors,
TLR9 and TLR7. Interferons inhibit viral replication [63].
This production of IFN1 by pDCs is found to be triggered
with the presence of NETs. pDCs have major involvement
in autoimmune and autoinflammatory diseases like sys-
temic lupus erythematosus (SLE) and psoriasis. SLE is a
human incurable autoimmune disease which is common
and influenced by the chronic activation of pDCs finally
releasing autoantibodies. In this disease, large excess of
NET is observed in patient samples, which in turn stimu-
lates pDCs by TLRY and thereby activating the adaptive
immune system to release auto antibodies [64]. pDCs are
also capable of releasing DNA and citrullinated histone H3
to the extracellular space upon stimulation and forms a
mesh like structure similar to NETs called pDC Extracel-
lular Traps (pETs). The antifungal activity of pETs is
observed in inhibiting the production of Aspergillus fumi-
gatus hyphae. Hyphae which stimulates the pDCs via
Dectin-2, will prime the pDCs to release its DNA and
H;Cit in a suicidal ETosis pathway [65].

Fig. 2 Various stimuli
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Fig. 3 Cartoon showing the
mechanism of extracellular trap
formation in blood cells. Lytic I
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8 Monocyte extracellular traps

Monocytes are a group of multi-faceted blood cells which
are circulating in peripheral blood and are able to differ-
entiate into multiple cell-types depending on the require-
ments of the host. These cells can differentiate into
macrophages, myeloid-derived dendritic cells and poly-
morpho nuclear neutrophils under specific stimuli. This
progenitor capability makes these cells different from other
leukocytes and thus shows involvement in diverse physi-
ological and diseases processes [66]. Similar to neutrophils,
monocytes also form ETs [67] through oxidative burst and
independent of MPO activity. These traps are also degra-
ded by DNase I activity and through inhibition of NADPH
oxidase [68]. The understanding behind the mechanism,
inflammatory properties and pro-coagulant role of the
monocyte extracellular traps are still in its infancy. But the
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participation of monocytes in inflammatory disorders,
infection and thrombosis is well-known and how far these
are affected by the METosis, still need to be investigated.
METosis and its activation will be able to launch a rapid,
discrete and targeted response in the host which will be
much more complex than NETosis in the sense that
monocytes and its terminal differentiation cells have
additional capability of antigen presentation to T cells
which can trigger an acute adaptive immune response
within the host. Whether such responses are beneficial or
detrimental to the host is a much bigger question to be
answered, necessitating rigorous research in this
perspective.
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9 Etosis in nutshell

Extracellular trap formation is observed with all leukocytes
of myeloid origin. The various agents inducing ETosis and
its consequences are listed in Fig. 2. Each cell type show
varying degree of stimulation with the same inducer. Many
of the cell types follow a common mechanism of ETosis, as
shown in Fig. 3, whereas exclusive activation pathways
exist in diverse cell types under different conditions and
different agents of stimulation.

10 Conclusion

ETosis is a known mechanism by which anti-microbial
effector functions are performed by many blood cells. The
understanding behind the stimulation, activation, inflam-
matory properties and pathogenic responses due to extra-
cellular trap formation is still not understood fully. But its
effect and involvement in disease patho-physiology is
unquestionable. The release of chromatin to the extracel-
lular matrix acts as a double-edged sword. Along with
favourable outcome, this process can also fuel thrombosis,
sepsis, tumor metastasis, etc. It is also observed that ETosis
is a highly regulated multi-step process and is a crucial
cell-death mechanism. The genetic predisposition of
derailment of this highly conserved process is not experi-
mentally identified. Exploration into ETosis mechanism
and its cellular machinery stemmed the identification of
many phenotypic subsets of cell types, which were not
known before. Further understanding of this process is
essential, as it may have great therapeutic potential espe-
cially in the diagnosis, guiding of therapy and prognosti-
cation and thus may inturn help to tackle many infectious
conditions, autoimmune disorders and tumors.
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