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NETosis, a form of cell death that manifests by the release of decondensed chromatin to the
extracellular space, provides valuable insights into mechanisms and consequences of cellular
demise. Because extracellular chromatin can immobilize microbes, the extended nucleohistone
network was called a neutrophil extracellular trap (NET), and the process of chromatin release
was proposed to serve an innate immune defense function. Extracellular chromatin NETs
were initially observed in studies of neutrophils and are most prominent in these types of
granulocytes. Subsequent studies showed that other granulocytes and, in a limited way, other
cells of the innate immune response may also release nuclear chromatin following certain kinds
of stimulation. Variations of NETosis were noted with cells that remain temporarily motile after
the release of chromatin. Numerous stimuli for NETosis were discovered, including bacterial
breakdown products, inflammatory stimuli, particulate matter, certain crystals, immune
complexes and activated thrombocytes. Fundamental explorations into the mechanisms of
NETosis observed that neutrophil enzyme activity (PAD4, neutrophil elastase, proteinase 3 and
myeloperoxidase) and signal transduction pathways contribute to the regulation of NETosis.
Histones in NET chromatin become modified by peptidylarginine deiminase 4 (PAD4)
and cleaved at specific sites by proteases, leading to extensive chromatin externalization. In
addition, NETs serve for attachment of bactericidal enzymes including myeloperoxidase,
leukocyte proteases, and the cathelicidin LL-37. NETs are decorated with proteases and may
thus contribute to tissue destruction. However, the attachment of these enzymes to NET-
associated supramolecular structures restricts systemic spread of the proteolytic activity.

While the benefit of NETs in an infection appears obvious, NETs also participate as key
protagonists in various pathologic states. Therefore, it is essential for NETs to be efficiently
cleared; otherwise digestive enzymes may gain access to tissues where inflammation takes place.
Persistent NET exposure at sites of inflammation may lead to a further complication: NET
antigens may provoke acquired immune responses and, over time, could initiate autoimmune
reactions, serve as antigen for nuclear autoantibodies and foster DNA immune complex-related
inflammation. Neutrophil products and deiminated proteins comprise an important group of
autoantigens in musculoskeletal disorders. Aberrant NET synthesis and/or clearance are often
associated with inflammatory and autoimmune conditions. Recent evidence also implicates
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Complement factor P deposits on
PMA-induced NETs. Spinning-disk
immunofluorescence microscopy images

show that properdin and myeloperoxidase
associate with cell bodies and PMA-induced

NETs. For details see the article by Yuen et al.
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N and Licht C (2016) NETosing Neutrophils
Activate Complement Both on Their Own
NETs and Bacteria via Alternative and Non-
alternative Pathways. Front. Immunol. 7:137.
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aberrant NET formation in the development
of endothelial damage, atherosclerosis and
thrombosis. Intravital microscopy provides
evidence for conditions that induce NETosis in
vivo. Furthermore, NETs can easily be detected in
synovial fluid and tissue sections of patients with
arthritis and gout. NETosis is thus of interest
to researchers who investigate innate immune
responses, host-pathogen interactions, chronic
inflammatory disorders, cell and vascular
biology, biochemistry, and autoimmunity. As we
enter the second decade of research on NETosis,
it is useful and timely to review the mechanisms
and pathways of NET formation, their role in
bacterial and fungal defense and their importance
as inducers of autoimmune responses.
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Editorial on the Research Topic

NETosis 2: The Excitement Continues

INTRODUCTION

Chromatin externalization to form extracellular traps has first been described in neutrophils
(1) but can also be observed in mast cells (Mollerherm et al.) as well as in other myeloid cells
like eosinophils and basophils (2). DNA externalization-based defense emerged more than 1
billion years ago. Sentinel cells of the social ameba Dictyostelium discoideum release redundant
mitochondrial DNA and in an altruistic manner chromatin that sequester colony invading
bacteria (Zhang and Soldati). Leukotoxic hypercitrullination and deficient mitophagy can initi-
ate mitochondrial DNA expulsion (Konig and Andrade). These processes can be discriminated
from canonical NET formation (1). However, since they cause DNA externalization they could be
considered non-canonical forms of NET formation. Although the generation of reactive oxygen
species is reportedly involved in several pathways of NET formation it is not strictly required for
others (3). Furthermore, under hypoxic conditions, the PMA-induced NET formation is reported
to be reduced, though not abrogated (Branitzki-Heinemann et al.). This editorial summarizes
the collection of articles of the research topic “NETosis 2, the excitement continues.”

TO DIE OR NOT TO DIE

There is ongoing discussion whether the neutrophils are still viable when they release their chro-
matin and if they release chromatin at all. There are reports that claim the cells mainly external-
ize mitochondrial DNA (Yousefi and Simon). Some investigators question the notion that NETs
form by cytolysis. They argue that it seems inconsistent with neutrophil “containment” processes
(Malachowa et al.). Furthermore, the term “NETosis” has been criticized by some researchers who
prefer the term “NET formation”

Surveying the published data, including those published in this special issue, we want to sum-
marize the current knowledge (I) Depending on the stimulus, NET formation can be a lytic death
process eventually leading to disintegration of the neutrophil or a process where neutrophils
remain migratory and impermeable to ionic dyes; (II) these processes have been observed in vitro
as well as in vivo; (III) the inducer and its concentration determine, at least in part, these processes
as well as the content of the NETs. For purposes of this review, we will use the term NET formation
rather than NETosis to include the various forms of this cellular processes as described by various
research groups.

Frontiers in Immunology | www.frontiersin.org 8

October 2017 | Volume 8 | Article 1318


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01318&domain=pdf&date_stamp=2017-10-20
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01318
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:martin.herrmann@uk-erlangen.de
https://doi.org/10.3389/fimmu.2017.01318
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01318/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01318/abstract
http://loop.frontiersin.org/people/43788
http://loop.frontiersin.org/people/49551
http://loop.frontiersin.org/people/49237
http://loop.frontiersin.org/people/29817
http://journal.frontiersin.org/researchtopic/4431
https://doi.org/10.3389/fimmu.2016.00265
https://doi.org/10.3389/fimmu.2016.00269
https://doi.org/10.3389/fimmu.2016.00461
https://doi.org/10.3389/fimmu.2016.00518
https://doi.org/10.3389/fimmu.2016.00328
https://doi.org/10.3389/fimmu.2016.00259

Mufioz et al.

NETs at the Immunological Frontlines

INDUCERS OF NET FORMATION

NET formation is favored by the higher pH at the borders of
inflamed areas (Maueroder et al.). The neutrophil granule-
derived enzyme peptidylarginine deiminase type 4 has been
proposed to be involved in the formation of NETs and its
pharmacological inhibition suppresses chromatin deconden-
sation and NET formation following certain types of stimuli
(Kusunoki et al.). In response to hyphae of Candida albicans
or immobilized p-glucan neutrophils that are associated with
the extracellular matrix rapidly form NETs independent of their
ability to perform an oxidative burst (O'Brien and Reichner).
The pathway of immune complexes to induce NET formation
involves cross-linking of the receptor for IgG Fc fragments
FcyRIIIb, the TGEF-f-activated kinase 1, and activation of
MEK/ERK signaling (Aleman et al.). NET formation is also
triggered by interaction of neutrophils with platelets (Carestia
et al.) and by a complex interplay between neutrophils and
bacterial lipopolysaccharides (LPS). Both “suicidal” and “vital”
NET formation depend on the bacterial origin of the LPS and
are modulated by the presence or absence of platelets (Pieterse
et al.). NETs generated in the presence of propylthiouracil
display a disordered phenotype which renders them resistant
to treatment with DNasel, and have been proposed to favor
the generation of ANCAs (Soderberg and Segelmark). During
gestation, the capacity to form NETs increases and involves
chorionic gonadotropin, G-CSF, and estrogen (Giaglis et al.).

INHIBITORS OF NET FORMATION

The increased capacity to form NETs during gestation is
controlled by the inhibitory activity of progesterone. This
hormone reduces the nuclear translocation of the neutrophil
elastase leading to decreased NET formation (Giaglis et al.).
Furthermore, Raloxifene, a selective modulator of the recep-
tor for estrogen prevents NET formation induced by PMA
(Flores et al.).

NET COMPONENTS

The NET backbones mainly consist of chromatin with modi-
fied, often citrullinated, histones and is overall similar in most
NETs reported. However, there are considerable differences in
their protein cargo (Mitsios et al.). These proteins may either
be derived from the neutrophils’ granules, from the vicinity
of the NETs or from bystander cells. Neutrophils are endowed
with a “tool kit” for alternative complement activation. They
secrete properdin and deposit C3-derived complement frag-
ments on NETs and on NET-bound bacteria (Yuen et al.).
Since NETs are endowed with a potent toxic and proteolytic
armament they need regulatory components to limit tissue
injury. Hence, the secretory leukocyte protease inhibitor SLPI
is bound to NETs. However, SLPI-NETs carry a certain risk;
interacting with plasmacytoid dendritic cells, they induce type
1 interferon in vitro, cytokines that have been associated with
the development of various autoimmune conditions (Majewski
et al.). Extracellular histones are cytotoxic to endothelial cells

and thus may contribute to septic pathology and death. The
NET component long pentraxin PTX3 protects against histone-
mediated cytotoxicity (Daigo et al.).

THE ROLES OF HISTONES

Histones are endowed with bactericidal and fungicidal activi-
ties. This comes at the prize of bystander cytotoxicity toward
endothelial cells. Thus, extracellular histones are partially
responsible for tissue damage and septic death. To dampen
overwhelming histone toxicity, NETs can be decorated with
the long pentraxin PTX3 that limits histone-mediated tissue
damage (Daigo et al.). Antibodies against posttranslational
modified, citrullinated histones are pathognomonic for patients
with rheumatoid arthritis (Neeli and Radic). In contrast to
humans, some autoimmune mice are tolerant to citrullinated
histones (Dwivedi et al.), a finding that highlights differ-
ences in PAD4 expression in human versus mouse antigen-
presenting cells.

ANTIBODIES BINDING NETs AND
THEIR COMPONENTS

Deimination is a physiological process that is amplified at
sites of inflammation. However, only individuals with genetic
predispositions for rheumatoid arthritis develop antibod-
ies against deiminated proteins (ACPAs) (Corsiero et al.).
Patients with malaria show circulating NET-binding P-ANCA
(anti-MPQO) and to a lesser extend C-ANCA (anti-PR3) which
does not react with NETs. This supports the notion that
NETs are involved in the etiopathogenesis of this, often fatal,
disease (Boeltz et al.). Excessive NET formation in Balb/c
wild type mice leads to generation of MPO-ANCA produc-
tion in vivo (Kusunoki et al.). Importantly, the autoantibody
binding to NETs may not only contribute to immune pathol-
ogy but may aid in the clearance of NETs (Soderberg and
Segelmark).

METHODS FOR THE ANALYSIS OF NETs

In general, NETs can be detected by staining of DNA and its
co-localization with granular and modified nuclear proteins
in web-like, spiky or cloudy structures, exceeding the size of
a neutrophil. In neutrophil-rich areas like inflamed synovium
or densely infiltrated tissues, these NETs tend to aggregate
(4, 5) and form extended chromatin clumps decorated with an
effective pathogenocidal armament (Brinkmann et al.). When
exploring intravascular NET formation in disease, the triad
neutrophils, platelets, and endothelium should be analyzed
(Kazzaz et al.). For in vitro and ex vivo assays, the medium
composition has to be precisely reported and strictly controlled
during the entire assay and not just at its beginning (Maueroder
et al.). Detection of deiminated histones is often used as an
indication of NETosis but it should be stressed that the current
methods for detection of citrullinated proteins require further
optimization (Daigo et al.).
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BARRIER FUNCTION OF AGGREGATED
NETs

NETs generated at high neutrophil densities often aggregate
and form extended matted structures (4, 5) decorated with a
plethora of bactericidal and fungicidal molecules. Though these
structures are based on a DNA meshwork, they only display a
limited sensitivity against DNA degrading enzymes. Indeed,
gouty tophi, an aggregate of NETs and MSU crystals, can persist
in human tissues for several years where DNA is still detectable.
In the periphery of necrotic areas, necrotic cells may recruit
neutrophils and initiate and/or facilitate the formation of NET-
based surrogate barriers [Bilyy et al.; Biermann et al.].

INTRAVASCULAR NET FORMATION
AND VASCULAR DISEASES

Intravascular NETs have pro-coagulant activities associated
to several pathologies (Kimball et al.). As in SLE, in ANCA
associated vasculitis, the degradation pathways of NETs are
perturbed. Due to low DNasel activity, the degradation of
intravascular NETs is slow leading to an increased amount of
circulating NETs (Soderberg and Segelmark). This phenom-
enon may also contribute to the pathogenesis of severe malaria
(Boeltz et al.). Similarly, NETs are discussed to contribute to
the thrombotic pathologies observed in patients with cancer
(Olsson and Cedervall).

After bone marrow transplantation, the capacity to form
NETs is reportedly reduced for up to 200 days (Glenn et al.).
In an animal model of paw edema by injection of nanodiamonds
into wild-type mice and in those with deficient capacity for
oxidative burst and NET formation (NcfI** mice), the inflam-
matory response resolves in the former and becomes chronic
in the latter as a result of the failure to dampen the neutrophil-
driven inflammation (Biermann et al.). Importantly, ANCA
in general are reported to drive immune complex-mediated
pathologies but they may also aid in the clearance of circulating
NETs or NET remnants (Soderberg and Segelmark).

NET FORMATION AND EXTRAVASCULAR
DISEASE

Though NETs have initially been described as mechanism of
bacterial defense, they must be considered as double-edged
swords of innate immunity (Yang et al.). NETs are involved in
a plethora of pathological conditions including autoimmunity,
atherosclerosis, cancer, etc. (Mitsios et al.). Excess neutrophil
recruitment to the alveolar space and NET formation in lungs
reportedly cause inflammation and asthma (Akk et al.). NETs
can easily expand in the pulmonary alveoli and cause lung injury.
DNA disintegration by DNase, neutralization of NET proteins,
anti-histone antibodies, and protease inhibition may alleviate
NET-associated pathologies (Porto and Stein). Raloxifene,
a selective modulator of the estrogen receptor inhibits the NET-
based killing of the leading human bacterial pathogen MRSA
(Flores et al.). Furthermore, it was recognized that viruses induce

NETs and target these for immune evasion (Schonrich and
Raftery). Harming of the blood-brain barrier and of neural cells
by NETs was observed in humans with Alzheimer’s disease and
in a murine model of this disabling disease (Pietronigro et al.).

THERAPEUTIC INTERVENTIONS

NETs are discussed as a source of the citrullinated autoanti-
gens pathognomonic for patients with rheumatoid arthritis
and for the DNA observed in tissues and in the circulation
of patients with SLE. Consequently, PAD4 is proposed to be
a potential therapeutic target for these chronic inflamma-
tory rheumatic diseases (Konig and Andrade). The synthetic
peptide P140/Lupuzor™ selectively modulates chaperone-
mediated autophagy but not NET formation in sensu stricto
(Ramirez et al.). As high fat diet reportedly increases the
formation of NETs dietary intervention and reduction of
fat intake may be beneficial in NET-associated disorders
(Moorthy et al.).

Targeting NET formation as well as NET-associated
chromatin decondensation may delay the pathogenesis of
Alzheimer’s disease (Pietronigro et al.), the early inflammatory
responses to Sendai virus infection (Akk et al.), and the dis-
seminated intravascular coagulation observed in severe forms
of malaria (Boeltz et al.). As already established for patients
with cystic fibrosis, the clearance with recombinant human
DNasel of the NET-associated DNA, the neutralization of NET-
borne proteins using anti-histone antibodies, as well as
inhibitors for NET-bound proteases are discussed as therapeu-
tic options for pulmonary diseases involving alveolar NETs in
Porto and Stein.

From the papers included in this Research Topic, it is evi-
dent that the field of NET research is now more mature and
sophisticated than even just a few years ago. Physiological
and disease conditions that induce abundant NET formation
are now firmly established and experimental methods for
detection of NETs in vivo and in vitro have been carefully
defined. It is the hope of the authors that the combined efforts
presented here will contribute to further shape the consensus
in the field, energize efforts to understand NET biology,
and lead to novel therapies for major human disorders that
present with abnormal NET release or impairments in NET
degradation.
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Recent data suggest that NETosis plays a crucial role in the innate immune response and
disturbs the homeostasis of the immune system. NETosis is a form of neutrophil-specific
cell death characterized by the release of large web-like structures referred to as neu-
trophil extracellular traps (NETs). NETs are composed of DNA strands associated with
histones and decorated with about 20 different proteins, including neutrophil elastase,
myeloperoxidase, cathepsin G, proteinase 3, high mobility group protein B1, and LL37.
Reportedly, NETosis can be induced by several microbes, and particulate matter includ-
ing sterile stimuli, via distinct cellular mechanisms. Meanwhile, suicidal NETosis and vital
NETosis are controversial. As we enter the second decade of research on NETosis, we
have partly understood NETs as double-edged swords of innate immunity. In this review,
we will discuss the mechanisms of NETosis, its antimicrobial action, and role in autoim-
mune diseases, as well as the relatively new field of NET-associated mitochondrial DNA.

Keywords: NETosis, NETs, antimicrobial activity, autoimmune diseases, mitochondrial DNA

INTRODUCTION

Neutrophil granulocytes are the most abundant type of white blood cells in humans and play a vital
role in innate immunity by defending the host against invading pathogens. The immune regula-
tory functions of neutrophils include phagocytosis, generation of reactive oxygen species (ROS),
degranulation, and the formation of neutrophil extracellular traps (NETs), a process referred to as
NETosis. NETosis is accepted as a specific form of cell death subroutine performed by granulocytes,
differing from apoptosis and necrosis (1, 2). When neutrophils undergo NETosis, nuclear and
granular membranes disintegrate, the chromatin decondenses, and it diffuses into the cytoplasm,
mixing with cytoplasmic proteins. This is followed by plasma membrane rupture and the release
of chromatin, decorated with granular proteins, into the extracellular space (2, 3). NETs consist of
chromatin fibers with diameters of 15-17 nm that contain DNA and the histones H1, H2A, H2B,
H3, and H4. Moreover, the DNA fibers are decorated with several proteins like neutrophil elastase
(NE), myeloperoxidase (MPO), cathepsin G, proteinase 3 (PR3), high mobility group protein Bl
(HMGBL1), and LL37, thus displaying proinflammatory characteristics (1). In the past decade, new
aspects of neutrophil functions have emerged unveiling their significance not only in defending
the host against microbes but also in contributing to many autoimmune pathological conditions.
Therefore, the purpose of this review is to present and discuss the current knowledge about the
mechanisms of NETosis and its role in the pathogenesis of autoimmune diseases.
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MECHANISMS OF NETosis

Neutrophil suicide, distinct from either necrosis or apoptosis,
was first described following chemical stimulation with phorbol
12-myristate 13-acetate (PMA) in 1996 (4). This form of cell death
was characterized by the disintegration of nuclear and granular
membranes and by the release of decondensed chromatin into
the cytoplasm. In 2004, Zychlinsky and colleagues reported
that neutrophil suicide resulted in the release of large web-like
structures composed of decondensed chromatin and neutrophil
antimicrobial factors, and coined the name neutrophil extracel-
lular traps (1). In their studies, they used PMA and interleukin-8
(IL-8) to elicit NETSs in vitro. In 2007, it was reported that, going
along with chromatin decondensation, neutrophils undergo
an NADPH oxidase-dependent death process that includes
nuclear envelope disintegration and the mixing of nucleic
acids and granule proteins within a large intracellular vacuole
(3). After the association of nucleic acids and granule proteins,
NETs are released via plasma membrane perforation and cell
lysis. This process is completed1-4 h after the inciting stimulus.
The released chromatin structures are prone to bind particular
matter, e.g., bacteria. The authors concluded that PMA-induced
NETosis is a form of a beneficial suicide (3). Apart from PMA
and IL-8, bacteria, fungi, protozoa, antibody-antigen complexes
(5), autoantibodies (6), tumor necrosis factor (TNF), interferon
(IEN) (7), and further stimuli also trigger NETosis.

PATHWAYS

Conventional suicidal NETosis has long been recognized as a
distinct form of active cell death. In addition, some researchers
have described a different mechanism by which NETs are formed,
termed vital NETosis. This non-suicidal pathway allows NET
release from neutrophils staying viable (8-12).

CONVENTIONAL SUICIDAL NETosis

Conventional suicidal NETosis is frequently initiated by ligand
binding to neutrophil toll-like receptors and receptors for IgG-Fc,

complement, or cytokines (1, 5, 13). Upon activation of these
receptors, calcium storages of the endoplasmic reticulum release
calcium ions into the cytoplasm. Elevated cytoplasmic calcium
levels increase protein kinase C (PKC) activity and phosphoryla-
tion of gp91phox (14). This induces the assembly of the cytosolic
and membrane-bound subunits of NADPH oxidase into func-
tional complexes at cytoplasmic or phagosomal membranes (also
called phagocytic oxidase, PHOX) and the subsequent generation
of ROS (15). Under the influence of ROS, granules and the nuclear
envelope rupture. Subsequently, the released nuclear, granular,
and cytoplasmic contents blend. NE and MPO, usually stored in
azurophilic granules, migrate to the nucleus. Here, NE degrades
the linker histone H1 and processes the core histones, and MPO
enhances chromatin decondensation (15). Histone deimination
by peptidyl arginine deiminase 4 (PAD4) and proteolytic cleav-
age of histones initiated before nuclear breakdown additionally
contribute to chromatin decondensation (16, 17). The rupture of
the plasma membrane allows the release of NETs and leads to cell
death and the loss of viable cell functions of like migration and
phagocytosis (Figure 1) (15).

REACTIVE OXYGEN SPECIES

The generally accepted notion that ROS play a crucial role in
the classical suicidal NETosis pathway is based on two impor-
tant observations: (1) Neutrophils from patients with chronic
granulomatous disease (CGD), not capable of performing the
oxidative burst, show strongly reduced abilities to form NETs.
This is independent of the type of mutation leading to a defec-
tive PHOX complex. CGD patients suffer from severe and often
chronic infections (3, 18). Moreover, treatment with H,O, res-
cued the production of NETs in neutrophils from CGD patients,
downstream of the PHOX complex (3). (2) ROS scavengers, such
as N-acetylcysteine, or trolox reportedly inhibit NETosis (3, 19).
In fact, it remains unclear how ROS participate in the dismantling
of the nuclear envelope or the mixing of the NET components.
Some studies suggest that ROS directly promote the morphologic
changes observed during NETosis (14). ROS may alternatively
inactivate caspases, thereby inhibiting apoptosis and favoring

Tl

Granule

FIGURE 1 | (I) Several stimuli (e.g., bacteria, viruses, fungi) initiate NETosis by binding to neutrophil receptors (e.g., Fc receptors, TLRs), which activate
the endoplasmic reticulum to release stored calcium ions. (ll) Elevated cytoplasmic calcium levels increase PKC activity, which induces NADPH oxidase to
assemble into a functional complex (PHOX). (lll) Subsequently, PHOX (or alternatively the mitochondrial respiratory chain) generate ROS. (IV) ROS generation leads to
the rupture of granules and the nuclear envelope. (V) Meanwhile, NE and MPO translocate to the nucleus. (VI) As a result, histone deimination and chromatin
decondensation contribute to the formation of NETs. (VII) Finally, the rupture of the plasma membrane causes neutrophil lysis and allows the release of NETs.
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autophagy. This leads to dissolution of cellular membranes (20).
These two alternatives are not mutually exclusive: under certain
experimental conditions, each of them can also act independently.
There is now growing evidence that some stimuli induce NETosis
independent of NADPH oxidase. Oxidant-independent release of
NETs was studied in detail by Winterbourn and colleagues (21).

PEPTIDYL ARGININE DEIMINASE 4

Peptidyl arginine deiminase 4 catalyzes the conversion of argi-
nine residues to citrullinein polypeptides, thereby eliminating
a positive charge of the protein. Thus, citrullination of histones
weakens the stability of nucleosomes (22, 23). Loss of positive
charges causes the opening of the compact structure of chroma-
tin and allows decondensation and dispersion of chromatin in
the form of NETs. Consistently, neutrophils from mice with a
PAD4 deficiency display impaired capacities to form NETs and
are highly susceptible to severe skin infections in vivo (16, 17).
However, PAD4 deficiency does not contribute to lung infections
caused by influenza virus (16).

VITAL NETosis

Contrary to previous studies describing the canonical pathways
of NETosis as a process requiring several hours, Clark et al.
reported in 2007 that lipopolysaccharide (LPS)-stimulated
NETosis occurred within just 30 min involving TLR4 on platelets
(8). It was demonstrated that neutrophils that released NETs
remained impermeable for SYTOX Green, indicating that they
remained structurally intact. Therefore, the authors later coined
the term vital NETosis (12). Electron microscopy revealed that
NET release induced by Staphylococcus aureus occurs via bleb-
bing of the nuclear envelope and vesicular exportation in vitro
and in vivo (9). As a result, this pathway preserved the integrity
of the neutrophils’ plasma membranes (Figure 2). NETting
neutrophils became anuclear cytoplasts capable of chasing

and imprisoning live Staphylococci (10). Candida albicans was
reported a further stimulus of vital NETosis (11). It still remains
controversial whether and how suicidal and vital NETosis coexist.
Furthermore, it is not clear if a neutrophil that has ejected (parts
of) its DNA should be termed “viable.”

MITOCHONDRIAL DNA

As mentioned above, ROS are indispensable for several kinds
of NETosis (24). In mammals, both the mitochondrial respira-
tion chain and the NADPH oxidase independently contribute
to the production of ROS (25). Recently, it has been observed
that in vivo inhibition of mitochondrial ROS production reduced
intracellular ROS levels and NETosis (26). Ribonucleoprotein
immune complexes (RNP ICs) were used to stimulate neutro-
phils and mitochondrial ROS generation. Mitochondria became
hypopolarized, translocated to the cell surface, and were observed
within the expelled NETs. Concomitantly, mitochondrial ROS
oxidized mitochondrial DNA (mtDNA), which is proinflam-
matory in vitro. When injected into mice, oxidized mtDNA
triggered inflammation and type I IFN production via a pathway
dependent on the DNA sensor STING (7, 26). Mitochondria have
evolved from bacteria and contain unmethylated CpG motifs
(27) as well as N-formylated peptides (28). Similar to bacteria,
extracellular mitochondria are stimulators of proinflammatory
signaling. Several reports attribute this effect to the unmethylated
CpG DNA repeats within the mtDNA (29), others highlight the
effect of DNA oxidation (28).

In patients with systemic lupus erythematosus (SLE), abnor-
mal NETosis and defects in the clearance of NETs were found
to promote the production and release of type I IFN (30). In
contrast, patients with CGD carry an increased risk to suffer
from SLE, despite lacking functional NADPH oxidase activity
(18), the major source of ROS in activated healthy neutrophils.
Based on this observation, one might question whether increased
NETosis is a factor contributing to the etiopathogenesis of SLE.

S.aureu E.coli

platelets

FIGURE 2 | Some NETosis-inducing stimuli involve TLR4 on platelets. Under these conditions, neutrophils release NETs via blebbing of the nuclear
envelope and vesicular exportation. As a result, neutrophils become nuclear cytoplasts, which are still able to migrate and retain several conventional functions

of viable neutrophil.

S.aureus
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Instead, deficiency of the clearance of NETs is likely to foster the
antinuclear autoimmunity in patients with SLE (30, 31). However,
Kaplan and colleagues reexamined the importance of ROS in
low-density granulocytes from patients with CGD and observed
that this granulocyte subpopulation undergoes spontaneous
NETosis and that their mitochondrial respiration produces suf-
ficient amounts of ROS to execute NETosis. The levels of ROS
derived from low-density granulocytes correlated with the levels
of type I IFN in the corresponding patients. Accordingly, the
authors not only confirmed that mitochondria drove NETosis
but also concluded that NETosis is a pathological factor able to
foster SLE (26, 32). Consistently, anti-mtDNA antibodies were
elevated in the sera of patients with SLE, and antibody levels cor-
related with IFN scores and disease activity. Immune complexes
containing mtDNA induced more IFN-a than those with nuclear
dsDNA. Thus, anti-mtDNA antibodies can be considered as
typical for driving both SLE and lupus nephritis (33). As a drug
that selectivity inhibits mitochondrial respiratory chain complex
I'and decreases NADPH oxidase activity (34), metformin may be
a new option to treat SLE (33).

ANTIMICROBIALS

Numerous microbes reportedly induce formation of NETs
(Table 1). NET-inducing molecules include the bacterial cell
surface components LPS, lipoteichoic acid, and their breakdown
products. Several bacteria and fungi were reported to potently
induce NET formation, such as Staphylococcus aureus (9, 35),
Streptococcus sp. (36), Haemophilus influenzae (37), Klebsiella
pneumonia (15), Listeria monocytogenes (38), Mycobacterium
tuberculosis (39), Shigella flexneri (1), Aspergillus nidulans,
Aspergillus fumigatus, and Candida albicans (40-42). Further
examples are pathogens, such as Yersinia (1) and members of the
oral microbiome, including Porphyromonas gingivalis (43). NETs
can immobilize and kill a broad range of microbes, including
bacteria, fungi, and protozoa (1, 9, 15, 35-42), and thus prevent
the dissemination of microbial pathogens (37). Some studies
have questioned the killing capabilities of NETs since viable
Staphylococcus aureus and Candida albicans blastospores were
released from NETs by incubation with DNases (44). Branzk

TABLE 1 | Pathogens that induce NETs.

Species Reference
Staphylococcus aureus (9, 35)
Streptococcus sp. (36)
Haemophilus influenzae 387)
Klebsiella pneumoniae (15)
Listeria monocytogenes (38)
Mycobacterium tuberculosis (39)
Shigella flexneri (1)
Aspergillus nidulans (40)
Aspergillus fumigatus 41)
Candida albicans (42)
Yersinia (1)
Porphyromonas gingivalis (43)
V. cholera (561)
Aeromonas hydrophila (58)

et al. found that in response to large pathogens, like filamentous
Candida albicans, neutrophils selectively released NETs (45).
Intriguingly, NETosis did not occur in response to the yeast form
of Candida albicans or single bacteria. Phagocytosis via dectin-1
acted as a sensor of microbial size and prevented NET release by
downregulating translocation of NE to the nucleus. Apart from
directly killing microbes, NETs inactivate microbial “virulence
factors” that alter the function of host cells. NET-associated
NE specifically cleaved virulence factors of Shigella flexneri,
Salmonella typhimurium, and Yersinia enterocolitica (1). The
serine proteases cathepsin G and PR3 may also destroy virulence
factors of further classes of microbes (46). NETs contain several
proteins that inhibit microbes, including enzymes, antimicrobial
peptides, calgranulin, and histones. The microbicidal activity of
NETs results from the combined action of several components
being enhanced by the high local concentrations of mediators on
the NETS surfaces (15).

Various components of NETs contribute to different aspects
of microbicidal activity. It was shown that the activity of MPO
on NETs is essential to eliminate S. aureus (47). The antifungal
activity of NETs has been assigned to calgranulin (48), which
chelates zinc, a cation required for fungal growth (15). Also,
histones restrict microbial growth very efficiently, and antibodies
against histones prevent NET-mediated microbicidal activity (1).
Microbes are suggested to be entrapped due to electrostatic inter-
actions between the positively charged bacterial surface and the
negatively charged chromatin fibers based on electrostatic inter-
actions (49). Encapsulated pathogens or those that can change
their surface charge may escape entrapment (50). Importantly,
several bacteria are able to degrade NETs by nucleases and thus
escape NET-mediated entrapment (Table 2). These include the
Gram-negative pathogen Vibrium cholera (51) and the Gram-
positive bacteria Streptococcus pneumoniae (52), Streptococcus
pyogenes (53), Yersinia ssp. (54), Streptococcus agalactiae (55),
Streptococcus suis (56), Staphylococcus aureus (57), and Aeromonas
hydrophila (58). This emphasizes the importance of nucleases as
pathogenic factors.

THE ROLE OF NETosis IN AUTOIMMUNE
DISEASES

Vasculitis

Vasculitis manifests in vessel wall inflammation and can affect any
organ system of the body. ANCA-associated vasculitis (AAV), a
subgroup of the vasculitides, is characterized by involvement of

TABLE 2 | Pathogens which evade entrapments via degrading NETs.

Species Reference
V. cholera (61)
Streptococcus pneumoniae (52)
Streptococcus pyogenes (53)
Yersinia (54)
Streptococcus agalactiae (55)
Streptococcus suis (56)
Staphylococcus aureus (57)
Aeromonas hydrophila (58)
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the small vessels, a neutrophil-rich necrotizing inflammation,
and the presence of anti-neutrophil cytoplasmic antibodies
(ANCAs) (59). AAV comprises granulomatosis with polyangiitis
(formerly Wegener’s granulomatosis), microscopic polyangiitis,
and eosinophilic granulomatosis with polyangiitis (formerly
Churg-Strauss syndrome). Many ANCAs are directed against
PR3 or MPO, enzymes typically found in the azurophilic gran-
ules of neutrophils and on the surfaces of NETs (60). NETs are
reportedly released by ANCA-stimulated neutrophils and in turn
contain the autoantigens PR3 and MPO (39). This suggests that
NET formation triggers vasculitis and promotes the autoimmune
response against neutrophil components in individuals with
small-vessel vasculitis (61). Consistently, increased levels of NET
remnants containing complexes of nucleosomes and MPO have
been detected in the circulation of patients with active vasculitis
(39) and in patients with active AAV (60). Neutrophils of patients
with AAV exhibited an increased tendency for spontaneous cell
death. The levels of NET remnants were positively correlated with
disease activity and neutrophil count, but inversely with ANCA
at least during remission.

Systemic Lupus Erythematosus

Systemic lupus erythematosus is a complex multifactorial auto-
immune disease associated with severe organ damage. NETs are
considered a potential source of autoantigens. Polymorphonuclear
leukocytes (PMNs) of patients with SLE display an increased
propensity to execute NETosis in conjunction with impaired
degradation of NETs by circulating DNasel. The aberrant NETs
induce type I IFN, which is associated with vascular complica-
tions and tissue damage (30, 62).

High numbers of low-density granulocytes have been
identified as a particular subset of neutrophils in SLE patients.
Low-density granulocytes persistently produced TNF and type 1
IEN, and spontaneously underwent NETosis (24). Furthermore,
increased IFN-a in SLE patients is an important driving force that
primes neutrophils for the execution of NETosis (63).

Not only production but also degradation of NETs is altered
in SLE patients. Sera of a subgroup of SLE patients degrade NETs
less efficiently than those of healthy controls (30). The deficient
clearance of NETSs in patients with SLE correlates with high titers
of anti-NET antibodies and renal involvement (30). In healthy
individuals, mononuclear phagocytes clear NETs in cooperation
with DNasel and C1q both synergizing in predigesting the chro-
matin part (64). The activities of serum DNasel in patients with
SLE are lower than that of healthy controls (65). Increased serum
levels of DNasel inhibitors, rare mutations in the gene of DNasel,
and anti-DNase 1 antibodies may explain the decreased activity of
DNase 1 (66, 67). Circulating chromatin in the form of immune
complexes in individuals with SLE contains LL37, which triggers
TLRY in plasmacytoid dendritic cells, induces IFN-a synthesis,
and protects nucleic acids from degradation by nucleases (68, 69).
A study found that the individual NET degradation activity in the
circulation of a given patient changed with disease activity. Sera of
patients with SLE, which were not able to degrade NETs, showed
increased complement consumption, since NETs activate the
classical complement pathway due to their interaction with Clq
(70). Thus, strategies that eliminate NETSs and their components

from the circulation pose a promising therapeutic approach for
the treatment of patients with SLE (70).

Thrombosis

Neutrophil extracellular traps promote thrombosis by providing
a scaffold and stimulus for platelet and red blood cell adhe-
sion and aggregation (71), thus enhancing coagulation (72).
Neutrophils in thrombi are required for propagation of deep
venous thromboses by binding factor XII and supporting its
activation through NETosis (73). The major components of
NETs (DNA, histones, and proteases) all display procoagulant
properties. DNA induces thrombin generation in plasma and
increases the protease activity of coagulation factors (74, 75).
Histones may directly induce epithelial and endothelial cell
death (76), and can mediate thrombosis in vivo (77). Histones
were found to inhibit anticoagulation of plasma by promoting
thrombin generation and hamper thrombomodulin function
(78, 79). Elastase inactivated the tissue factor pathway inhibitor;
thus, further increasing coagulation and fibrin deposition in vivo
(72). Release of NETs in the vascular compartment triggered a
procoagulant state and promoted binding and activation of
platelets leading to thrombosis (80).

Rheumatoid Arthritis

In the autoimmune disease, rheumatoid arthritis (RA), the forma-
tion of autoantibodies to citrullinated proteins (ACPA) is thought
to be a key pathogenic factor. Given that histone citrullination is
implicated in NET formation, NETosis may play a critical role in
RA (81). In 2013, Kaplan and colleagues found that neutrophils
from patients with RA had a greater tendency to release NETs
than neutrophils from healthy controls. RA serum and synovial
fluid was a strong inducer of NETosis (82). Furthermore, NETosis
resulted in the externalization of citrullinated protein antigens
and immune-stimulatory molecules that may promote aberrant
adaptive and innate immune responses in the joint.

Diabetes

Diabetes mellitus (or diabetes) is a chronic, lifelong condition,
in which impaired insulin secretion and variable degrees of
peripheral insulin resistance lead to hyperglycemia and affect
the body’s ability to use food energy. Under conditions of hyper-
glycemia, neutrophils reportedly produce more superoxide and
cytokines, like TNF-a, which triggers NETosis (83, 84). Based
on these studies, we speculated that hyperglycemia may facilitate
NETosis. Recently, Wong et al. (85) isolated neutrophils from type
1 and type 2 diabetic humans and mice. Nearly twice as many
neutrophils derived from patients released NETs in comparison
to cells from healthy controls. The authors attributed this to PAD4
and revealed a fourfold upregulation of PAD4 protein expression
in the neutrophils from individuals with diabetes as compared to
healthy controls. It is well established that delayed wound healing
is a hallmark of patients with diabetes. The authors reported that
large quantities of NETs were found in excisional skin wounds of
diabetic mice and that DNasel, which dismantled NETs, acceler-
ated wound healing. Despite the triggers of NETosis in wounds
remaining elusive, it has been confirmed that inhibiting NETosis
or degrading NETs improved wound healing and reduced

Frontiers in Immunology | www.frontiersin.org

August 2016 | Volume 7 | Article 302


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Yang et al.

New Insight into Neutrophil Extracellular Traps

NET-driven chronic inflammation in diabetes (85). However, the
exact role of NETosis in wound healing remains to be revealed.

Cancer

NETosis may influence tumor development during many stages,
including growth, angiogenesis, and metastasis. It has been
observed that there is a large necrotic area of dead neutrophils
and NET-like structures in Lewis lung carcinoma and Ewing
sarcoma (86, 87). It remains to be clarified whether these NETs are
responsible for the generation of the necrotic areas. Alternatively,
NETs may serve to shield healthy tissues from necrotic areas.
A study observed NET deposition on the microvasculature and
subsequent local trapping of circulating cancer cells. The tumor
cells,immobilized by NETS, survived and proliferated to form nod-
ules. This suggests a role for NETs in enhancing tumor metastasis
(88). However, whether NETS just protect or anchor cancer cells
physically or whether they promote tumor growth is still elusive.

Sepsis

The pathology of sepsis results from infection, hyperinflamma-
tory host response, and immune paralysis. During sepsis, NETs
are released in the vascular system, where they trap bacteria
(8, 12). Trapped bacteria can be killed, protecting patients from
bacterial overflow (1, 44). In contrast, NET deposition in organs
and their pro-thrombotic activities may also contribute to organ
failure (89, 90). When researchers subjected mice to polymicro-
bial sepsis following cecal ligation and puncture, PAD4-deficient
mice showed a similar survival rate when compared to wild-type
controls (91). However, PAD4-deficient mice were partially
protected from LPS-induced shock, indicating that NETs may
contribute to the toxic inflammatory and procoagulant host
response to bacteria in sepsis. The authors proposed that pre-
venting NET formation by PAD4 inhibition in inflammatory or
thrombotic diseases is not likely to increase host vulnerability to
bacterial infections (91).
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Since the discovery of the formation of DNA-based extracellular traps (ETs) by neu-
trophils as an innate immune defense mechanism (1), hundreds of articles describe
the involvement of ETs in physiological and pathological human and animal conditions
[reviewed in Ref. (2), and the previous Frontiers Research Topic on NETosis: http://www.
frontiersin.org/books/NETosis_At_the_Intersection_of_Cell_Biology_Microbiology_and_
Immunology/195]. Interestingly, a few reports reveal that ETs can be formed by immune
cells of more ancient organisms, as far back as the common ancestor of vertebrates
and invertebrates (3). Recently, we reported that the Sentinel cells of the multicellular
slug of the social amoeba Dictyostelium discoideum also produce ETs to trap and Kill
slug-invading bacteria [see Box 1; and Figure 1 Ref. (4)]. This is a strong evidence
that DNA-based cell-intrinsic defense mechanisms emerged much earlier than thought,
about 1.3 billion years ago. Amazingly, using extrusion of DNA as a weapon to capture
and Kill uningestable microbes has its rationale. During the emergence of multicellu-
larity, a primitive innate immune system developed in the form of a dedicated set of
specialized phagocytic cells. This professionalization of immunity allowed the evolution
of sophisticated defense mechanisms including the sacrifice of a small set of cells by a
mechanism related to NETosis. This altruistic behavior likely emerged in steps, starting
from the release of “dispensable” mitochondrial DNA by D. discoideum Sentinel cells.
Grounded in this realization, one can anticipate that in the near future, many more exam-
ples of the invention and fine-tuning of ETs by early metazoan ancestors will be identified.
Consequently, it can be expected that this more complete picture of the evolution of ETs
will impact our views of the involvement and pathologies linked to ETs in human and
animals.

Keywords: amoebozoa, Dictyostelium, NOX, neutrophil extracellular traps, evolution, unicellular eukaryotes,
multicellularity, innate immunity

During early evolution of multicellularity, when autonomous eukaryotic single-cell hosts were
encountering prokaryotes, they either phagocytosed them as food or moved away to avoid being
infected. However, when multicellular organisms evolved, they had to face more directly a serious
problem, namely, infection of only parts or tissues of the organism. One solution is what happens
in slugs of D. discoideum, in which invading bacteria are trapped by patrolling S cells that are subse-
quently shed behind during slug migration, keeping the multicellular structure free from infection
(4, 8). The phagocytes in higher animals and men follow similar strategies to circumscribe the
infection. For example, patrolling neutrophils catch the invaders and commit suicide, being finally
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discarded by the intervention of macrophages (9). However, in  of multicellularity and the early evolution of cell autonomous
plants, which are immobile and do not have circulating (innate defenses (8). Our recent study revealed that extracellular trap
immune) cells, and whose cells have a rigid wall, another strat- (ET) generation evolved much earlier than the emergence of
egy had to be co-opted to isolate infected parts from healthy = metazoan and that reactive oxygen species (ROS) generated
tissues. One such solution is the formation of a callus or tumor by NADPH oxidases (NOX) are essential in this conserved
induced by wounding and pathogen infections (10). Naturally,a  process (4). Therefore, in this perspective article, we would like
logical question is whether extracellular DNA is also involvedin ~ to present the provocative hypothesis that, within some limits,
plant callus and tumor formation, a topic unaddressed yet, but  the evolutionary history of ROS-generating NOX enzymes may
that might reveal interesting aspects of the evolution of innate  serve as a general signature, a guiding principle that will be use-
immune defenses in the broadest way. ful for the future discovery and study of ETs in other ancient

Dictyostelium discoideum is a remarkable model organism to ~ organisms. At this point and before we develop further our
study the functions of specific genes involved in the emergence  arguments in favor of this causal relationship, we would like the
reader to note that NADPH- or ROS-independent pathways may
also contribute to ET formation under specific stimulations and

BOX 1| Dictyostelium discoideum as a unique model to study conditions (11-14), an emerging field that was comprehensively
evolution of innate immunity. reviewed by Stoiber et al. (15). Although different groups of
The social amoeba Dictyostelium discoideum belongs to the Amoebozoa, a organisms may employ different molecular machineries to fine-
sister group to the animals and fungi that branched after the divergence of tune the production of ETs, and the sources of DNA may also

plants (5, 6). The life cycle of D. discoideum comprises two major stages,
a single-celled amoeboid stage and a “social” facultative multicellular stage.
During the former, amoebae feed on bacteria and yeasts by phagocytosis,

vary depending on the process involved (1, 2, 4, 16, 17), but from
a conceptual point of view, the strategies are similar, using DNA

a biological process extremely well conserved in evolution and essentially as a weapon for host defense.
shared between protozoan phagocytes and phagocytes of the animal innate Nevertheless, based on our previous phylogenetic investi-
immune system (7). These features make this genetically tractable organism gations, ROS-generating NOX enzymes evolved from metal

a unigue model to study the function of specific genes involved in the early

. ; . ) , , reducing ferric reductases (FRE) through a functional shift (18).
evolution of innate immunity and the emergence of multicellularity.

As shown in Table 1, one could speculate that the organisms

7 Starvation Induced A
4 Aggregation

Multicellular Migrating slug
Unicellular Phagocytes

. -/,
Y Development Cycle of
V Dictyostelium discoideum

asegenee

\ : / -
N 4 )
T ¥ ’
Spore Germination N ’I, %_— k o
Fruiting Body L7
-

- _ - - ET prgducmg

=== Sentinel cell

FIGURE 1 | Amoeba phagocytes and Sentinel cells capture and kill bacteria. In the soil, solitary D. discoideum cells feed on bacteria, and starvation induces
a developmental program, in which around 100,000 amoebae aggregate to form a migrating multicellular slug, followed by terminal differentiation and generation of
fruiting bodies (28). During the migrating slug stage, only a few specialized cells, namely Sentinel (S) cells, keep their original phagocytic capacity and circulate
through the slug to capture and kill invading microbes, functioning as a primitive innate immune system at the emergence of multicellular organism (8). In addition,
the phagocytic S cells are constantly generated and sloughed off as the slug migrates. Our recent discovery showed that the S cells in the migrating slug of D.
discoideum can produce extracellular DNA traps in a process that depends on production of reactive oxygen species (ROS) by NOX enzymes. Interestingly, S cells
appear to mainly use their mitochondrial DNA to build up ETs, dissociating trap formation from immediate cells death by NETosis. Our study revealed that ET
formation is a widespread DNA-based host defense strategy that may have been present in the ancestor of metazoa and amoebozoa.
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TABLE 1 | The co-emergence of NOX enzymes and multicellularity might also correlate with the origin of DNA-based defense strategies.

UniProt Classification Species Number of NOX | Multicellularity

Mnemonic homologs

HUMAN

TG

oRYLA

MONBE Transition
Eukaryotes

NEUCR Neurospora crassa 2

PODAN Podospora anserina 2

ASPTN Fungi Aspergillus terreus 2

YEAST Saccharomyces cerevisiae 0 NO

SCHPO Schizosaccharomyces pombe 0 NO

DICDI 3 Transition

POLPA

ARATH

CHLRE 0 NO

MICPS 0 NO

OSTLU 0 NO

CYAME 0 NO

PHATC Phaeodactylum tricornutum 0 NO

PHYIT Phytophthora infestans 2 _

TETTH Other eukaryotes Te?rahym?na th'ermophila 0 NO

LEIMA Leishmania major 0 NO

TRYCC Trypanosoma cruzi 0 NO

NAEGR Naegleria gruberi 2

AMYMU 0 NO

ACTMD 0 NO

TRURR 0 NO

THASP Prokaryotes 0 NO

ECOLI 0 NO

VIBF1 0 NO

BACSU 0 NO

Representative organisms from both eukaryotes and prokaryotes [see Ref. (18) for detailed presentation] were collected and organized by major branches in taxonomy. The number
of NOX enzymes in each organism is indicated and color coded. Unicellular and multicellular organisms are indicated by a “NO” and “YES,” respectively. Two organisms that are at
the transition between the two life forms or have both life forms are indicated as “Transition.” One exception is Naegleria gruberi, a single-celled organism well known for its capacity
to transition from an amoeboid to a flagellated form. It is a free-living organism, but closely related to pathogenic, parasitic species. Therefore, it is plausible that the NOX gene of
Naegleria might have been acquired from its host via horizontal gene transfer or that it derives from an organism that was at the transition to multicellularity, but lost this characteristic
of multicellular organisms as it specialized to its environment. The discovery of NOX-dependent ET generation in the multicellular form of the amoeba D. discoideum, an organism
that is at the transition to multicellularity, combined to the recognition of the apparent coemergence of multicellularity and NOX enzymes indicate that the origin of ET formation

might be traced back to the emergence of multicellular organisms. It also suggests that variants and diverse evolutions of DNA-based defense strategies might be identified in other
organisms with functional NOX enzymes, both in primitive metazoans and organisms close to the transition to multicellularity.
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that express NOX homologs can generate ROS as signaling
molecules to trigger ET formation for host defense. Interestingly,
the evolutionary time of emergence of experimentally confirmed
ET formation, NOX function, and multicellularity coincide
well, possibly indicating that ROS-dependent DNA-based host
defenses played a critical role in the early evolution of multicel-
lular organisms guarded by an innate immune system.

In the near future, DNA-based host defense strategies will
certainly be identified in a growing number of organisms.
We propose that their study will reveal the fundamental sig-
nificance in the relationship between host organisms and their
coexisting commensals and pathogens and bring conceptual
changes in the way we approach many relevant human diseases.
For example, in higher plants, the roots have direct contact
with various microbes in the soil, and among the various host
defense mechanisms, the root border cells are able to secrete
extracellular DNA to trap and kill bacteria and fungi (19, 20).
In analogy, the human gut is colonized by large numbers of
microbes, collectively referred to as the microbiota (21). While
maintaining intimate contact with the normal microbiota,
the intestinal epithelial cells are at the front of host-microbe
interactions (22). Enteric pathogenic bacterial infection and
antibiotic treatment are able to dramatically change the meta-
bolic profile of the human microbiota and the gut ecosystem,
sometimes leading to systemic inflammation and autoimmune
responses. Importantly, unregulated ET formation is a major
inducing factor of systemic inflammation and autoimmune
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Neutrophil extracellular traps (NETs) were initially described as an antimicrobial mech-
anism of neutrophils. Over the last decade, several lines of evidence support the
involvement of NETs in a plethora of pathological conditions. Clinical and experimental
data indicate that NET release constitutes a shared mechanism, which is involved in a
different degree in various manifestations of non-infectious diseases. Even though the
backbone of NETs is similar, there are differences in their protein load in different diseases,
which represent alterations in neutrophil protein expression in distinct disorder-specific
microenvironments. The characterization of NET protein load in different NET-driven
disorders could be of significant diagnostic and/or therapeutic value. Additionally, it will
provide further evidence for the role of NETs in disease pathogenesis, and it will enable
the characterization of disorders in which neutrophils and NET-dependent inflammation
are of critical importance.

Keywords: neutrophil extracellular traps, neutrophil, thromboinflammation, autoimmunity, autoinflammation

INTRODUCTION

Neutrophils constitute an essential part of the innate immune system in host defense against patho-
gens, as shown more than 100 years ago (1, 2). Circulating neutrophils are recruited in vast numbers
at the sites of infection or sterile inflammation, in response to a variety of pathogen and host-derived
inflammatory mediators (3). There, via adhesive interactions with endothelial cells, neutrophils
rapidly infiltrate the site of inflammation (4). Uncontrolled inflammation in turn results in the
release of newly produced neutrophils from the bone marrow, in a process termed as emergency
granulopoiesis (5).

In addition to phagocytosis and degranulation, it has been recently proposed that neutrophils
employ an additional strategy, in order to restrain infection: the release of NETs (1, 2, 6, 7).

Neutrophil extracellular traps are extracellular chromatin structures, formed upon certain inflam-
matory stimuli and composed of cytoplasmic, granular, and nuclear components of neutrophils
(1, 2, 6, 7). To date, it is known that they can entrap and possibly kill pathogens. It has been shown
that NETs bind bacteria (6, 8, 9) as well as fungi (10). The antimicrobial activity of NETs relies on both
cytoplasmic and granular proteins as well as histones. This suggests that the intact NET structure is
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crucial for their antimicrobial function, enabling the increased
local concentration of antimicrobial factors (1, 2, 6, 7, 11).

Besides their role in infectious disorders, studies carried out
after 2008 support the role of NETs in the pathophysiology of
non-infectious diseases, such as thrombosis (12-16), autoim-
mune diseases (14, 17-22), genetically driven autoinflammatory
(23), and other inflammation-related diseases (24-26), metabolic
disorders (27, 28), lung diseases (29-32), fibrosis (33), and cancer
(34-36).

Herein, we seek to review current data regarding the proposed
role of NETs in non-infectious human diseases. We also discuss
the existing evidence supporting that these structures constitute a
common mechanism of the pathophysiology of distinct diseases.

MECHANISM OF NET FORMATION

Despite the morphological similarities of NETs released by
neutrophils in response to different stimuli and under diverse
conditions, it is nowadays widely accepted that there is more
than one mechanism involved in NET release (37). Additionally,
mitochondrial DNA also contributes in NET formation (38, 39),
whereas, even though in vitro NET formation leads to cell death

(40), it is reported that neutrophils that undergo NET release
in vivo may remain active and functional, suggesting that NET
formation may not necessarily be a terminal event (41, 42).
Activated neutrophils undergo dramatic morphological
changes in order to release NETs (43-47). The nuclear and granu-
lar membranes disintegrate and elastase enters into the nucleus,
followed by hypercitrullination of histones, chromatin deconden-
sation into the cytoplasm, rupture of the plasma membrane, and
extrusion of nuclear material from the cell into the extracellular
space (43-47). The enzymes peptidyl arginine deiminase type IV
(PAD4), neutrophil elastase (NE), and myeloperoxidase (MPO)
have been implicated in the initial chromatin decondensation and
in the degradation of the nuclear envelope (43-47). As a final
step, extracellular DNA, histones, and granular enzymes form
a network of NETs that entrap endogenous (e.g., platelets) and
extrinsic (e.g., bacteria) particles and molecules (Figure 1A)
(43-47). The negatively charged DNA acts as the backbone of the
NET, interacting with other NET components through positive
electrostatic charge (43-47). As it has been recently described,
this scaffold is crucial for NET proteins to maintain their function
(6, 43, 47), since dismantling of NET structures by DNase abol-
ishes their antimicrobial activity (6). However, in the majority of
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FIGURE 1 | Neutrophil extracellular trap (NET) formation and protein decoration. Representative images taken using confocal microscopy, demonstrating
(A) NET formation mechanism and (B,C) the two-step process through which the disease-related protein is externalized.
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these studies, PMA was used as a NET inducer (48, 49). Based on
the criticism directed against the use of PMA as a NET inducer,
the exact intracellular pathway that leads to NET release is still
unclear (50).

At the molecular level, NET formation is still poorly under-
stood and it is not defined whether neutrophils employ a similar
mechanism to release NETs under different circumstances.
However, there is strong evidence that the production of reactive
oxygen species (ROS), the relocation of NE and MPO into the
nucleus, histone citrullination, and eventually the rupture of the
plasma membrane are, sequentially, involved in NETosis (43-47).

Cell metabolism has major contribution in immune cell
function (51), including neutrophil activation. Neutrophils rely
mainly on glycolysis for their metabolic needs, enabling their
adaptation to the highly hypoxic inflammatory sites (52, 53).

Moreover, there is evidence that the metabolic shift to the
pentose phosphate pathway is important for NET release, due
to the involvement of glucose-6-phosphate dehydrogenase in
fueling NADPH oxidase-2 with NADPH, to produce an effective
amount of ROS and thus induce NETs. In contrast, mitochondrial
ROS release, which is NADPH-independent, is not effective in
signaling for NET production (54, 55).

Additionally, NET formation has been shown to require, at
least in certain circumstances, the activation of autophagy (56).
Autophagy is an anti-apoptotic mechanism activated in response
to cell stress, in order to regulate protein and organelle turnover,
ensuring cell survival (57). The protein kinase mammalian target
of rapamycin (mTOR) negatively regulates autophagy, involved
also in NET formation (58, 59). We and others (23, 24, 33, 56,
60-62) have shown that blocking autophagy through PI3K sign-
aling, either at the initial levels by using 3-methyladenine (24,
60-62) or at the level of autophagosomal acidification by using
wortmannin or bafilomycin (23, 33, 56, 62), inhibits the induction
of NET release. However, more mechanistic studies are needed to
identify how autophagy is involved in NET release, even though
mTOR signaling and ROS production have been linked to both
processes (7, 56, 59).

It is suggested that autophagy is crucial for NET release in both
infectious and non-infectious diseases, including sepsis, familiar
Mediterranean fever (FMF), gout, and inflammatory-driven
fibrosis (12, 23, 56).

CAN NET CARGO DEFINE NEUTROPHIL
ROLE IN DISEASE?

Independently of the stimulus, NETs are composed of DNA,
citrullinated histone 3 (cit-H3), NE, and MPO, the three main
proteins commonly used for their detection (43-45, 47). Even
though a proteomic analysis of infiltrating neutrophils in diverse
tissues and in different disorders could be the proof of concept,
there is evidence proposing that neutrophils express and release in
the form of NETSs a variety of proteins, depending on the specific
inflammatory environment (63). For example, tissue factor (TF)
was detected on NETs in vein and arterial thrombosis (16, 64, 65),
interleukin 1 beta (IL-1p) in gouty arthritis (24) and FMF (23),
interleukin 17 (IL-17) in psoriasis (66) and pulmonary fibrosis

(33), antimicrobial peptide LL-37 in systemic lupus erythema-
tosus (SLE) (19), and PAD4 in rheumatoid arthritis (RA) (67).

Even though NETs constitute a common event in distinct
pathophysiologic conditions, the expression of distinct bioactive
proteins on NETs in different disorders might be the one that
determines their specific function in disease pathogenesis.

A two-“hit” process has been proposed to explain the dif-
ferential protein cargo of NETs in distinct disorders. The first
“hit” in this process is the disease-specific environment that
primes neutrophils to express disease-associated protein. A
second “hit” is then required for the induction of NET forma-
tion (Figures 1B,C). However, this is a simplified model, and we
cannot exclude the possibility that the same stimulus can drive
both events. A typical paradigm of this two-“hit” model has been
described in ST-segment elevation acute myocardial infarction
(16). It has been shown in acute coronary syndromes that a
variety of inflammatory stimuli trigger the cytoplasmic expres-
sion of TF in circulating neutrophils. At sites of atherosclerotic
plaque rupture, locally activated platelets interact with TF-loaded
neutrophils leading to the release of TF-bearing NETs inside the
affected artery. The release of functional TF on NETs is able to
further induce thrombin generation and platelet activation, creat-
ing a possible vicious cycle, that leads to thrombus propagation
and stability (16).

The expression of these “disease-related” proteins on NETs
could increase their local bioactivity (12, 14, 16, 23, 66, 68). On
the other hand, it has been shown that, at high densities, NETs
limit inflammation by degrading cytokines and chemokines (69).
This balance between the pro-inflammatory and prothrombotic
role of NETs, though the expression of cytokines like IL-1p and
IL-17, and their anti-inflammatory role, could be exploited for
the development of new therapeutic approaches.

In the following section, we review the clinical and experimen-
tal data that link NETs with pathogenesis of several disorders.
Even though the list of diseases in which NETs have been identi-
fied is extensive, we believe that the further characterization of
the degree of NET involvement in such disorders could enable
the classification of diseases in which NETs have a definite and
strong involvement under the term of “NET-driven disorders”
or “NETopathies” The term NETopathy(ies) is derived from the
abbreviation NET and the Greek word n&0og = pathos, which
means disorder.

NETs in Thromboinflammation

The widely accepted cross talk between inflammation and throm-
bosishasled to theintroduction of the term thromboinflammation
(68). Cells of the hematopoietic system, including neutrophils,
platelets, and monocytes, have a major role in this process (64).
There is increasing evidence implicating NET release with the
development of both vein and arterial thrombosis (12, 14, 16, 26,
65, 70-77). Extracellular deposition of DNA co-localized with
neutrophil granule proteins has been shown in thrombi from
patients with deep vein thrombosis (DVT) (78), especially at the
phase of organization of the thrombus (70). Additionally, circu-
lating extracellular DNA in the form of nucleosomes and DNA
associated with neutrophil granule proteins, supporting the induc-
tion of NET release, has been identified in blood samples from
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patients with DVT (79, 80). Similarly, NETs have been identified
in thrombus specimens from patients undergoing thrombectomy
in the context of myocardial infarction (15, 16, 62, 71). In a recent
multicenter study in patients presenting with stent thrombosis,
neutrophils were the more abundant leukocyte population in
thrombus specimens, whereas NETs were identified in 23%
of thrombi (71). Regarding specific disorders associated with
thrombotic manifestations, NETs in thrombus specimens and/
or increased levels of nucleosomes have been identified in dis-
seminated intravascular coagulation in sepsis (73), in paroxysmal
nocturnal hemoglobinuria (81), thrombotic microangiopathies
(82), antiphospholipid syndrome (APS) (74), antineutrophil
cytoplasmic antibody (ANCA)-associated vasculitis (AAV) (14),
or hemodialysis-related thrombogenicity (83). These clinical data
support a role for NETs in the development of both arterial and
venous thrombosis.

The prothrombotic role of NETs was further confirmed in
several experimental animal models. NETs were observed in
thrombi, in a baboon model (75) and in several mouse models
of DVT (64, 76, 84). In a mouse model of DVT, infusion of
DNase I resulted in protection from thrombosis (76), whereas
PAD4~"~ mice were protected from thrombosis (85), supporting
the pathogenetic role of NETs in venous thrombosis, at least in
this animal model. The in vivo role of NETs in the development
of thrombosis was further shown in a mouse model of APS
(86). Additionally, NETs contribute in cancer-induced venous
thrombosis, as shown in a mouse model of chronic myelogenous
leukemia (34) and in the RIP1-Tag2 model of insulinoma and
MMTV-PyMT model of breast cancer (77). Brill et al. linked
histones with the prothrombotic effect of NETSs, since histone
infusion also resulted in thrombosis. However, there is evi-
dence that NETs participate in DVT via interaction with von
Willebrand factor, a factor that potentially activates platelets (76).
Furthermore, it has been reported that in a mouse model of DVT
TF triggers intraluminal fibrin formation, while the release of
NETs activates factor XII, consolidating DVT (64). The involve-
ment of NET-bound TF, which is the main in vivo initiator of
coagulation (87), in NET-dependent thromboinflammation has
been shown in several studies, since TF has been identified in
NETs released in neutrophils from patients with sepsis, APS,
AAV, or myocardial infarction (12, 14, 16, 74) or in a mouse
model of DVT (64).

The interplay between neutrophils and platelets has been
shown to have a major contribution in NET release (16, 62, 72,
84, 88). Clark et al. have shown that upon toll-like receptor 4
(TLR4) activation platelets induce the formation of NETs in a
mouse model of sepsis (72). This leads not only to bacterial but
also to platelet entrapment in NETs, resulting in tissue damage
(72). Several studies have further identified platelet derived high
mobility group box 1 (HMGB1) as the factor that mediates plate-
let-neutrophil interaction and NET release (62, 84). HMGBI1
released by platelets has been shown to promote thrombosis in a
mouse model of DVT (84), whereas it mediates neutrophil activa-
tion in the context of myocardial infarction (62). The importance
of platelet-neutrophil interaction is prominent in coronary artery
thrombosis, since it was proved that coronary thrombi are mainly
composed of interacting neutrophils and platelets (16, 62). The

rupture of the atherosclerotic plaque primes a cascade of events,
which results in platelet activation and NET release, leading to
thrombus formation and blood vessel occlusion. The expression
of TF on NETs may propagate the further activation of the coagu-
lation system, leading to thrombus expansion (16).

Taken together, there is strong evidence, derived by clinical
and experimental observation, that neutrophils and NETs are
major players in both venous and arterial thrombosis. The devel-
opment and clinical use of factors that target NETs could provide,
however, the definite proof for the role of NETs in thrombotic
disorders.

NETs in Autoimmune Diseases

A growing number of studies demonstrate that NETs play a driv-
ing role in the pathogenesis of a variety of autoimmune disorders,
such as SLE, AAV, RA, and psoriasis. In the aforementioned
disorders, NETs are a main source of autoantigens, are present
in excess amount, or are decorated with disease-specific proteins.

Systemic Lupus Erythematosus

Systemic lupus erythematosus is a systemic autoimmune disease
and a well-studied model. SLE is characterized by systemic
production of autoantibodies against a plethora of intracellular
and extracellular targets. These autoantibodies are able to cause
extensive tissue damage (89, 90).

There is evidence supporting the involvement of NETs in
the pathophysiology of SLE. It has been shown that NETs are
directly associated with the severity and the progression of the
disease (91-95). Neutrophils from SLE patients are primed to
undergo NET release (17, 96). Autoantibodies and more spe-
cifically antibodies against LL-37 have been shown to activate
neutrophils for NET release (18, 19). On the other hand, NETs
are composed of DNA, histones, and proteins-like LL-37, pro-
viding a possible source of autoantigens for the development
of lupus-specific autoantibodies (Figure 2B) (17-19, 97-99).
Interestingly, Villanueva et al. reported a neutrophil subpopula-
tion in SLE, termed as low-density granulocytes (LDG), prone
to release NETSs, which promote vascular damage (18, 91, 100).
It was further demonstrated that LL-37-bearing NETs fuel the
immune response in SLE by activating plasmacytoid dendritic
cells (pDCs) in an Immunoglobulin-Fc region receptor II-a
(FcRIIa) and TLR9-dependent manner. This leads to interferon
alpha (IFNa) production, which is a critical player in the patho-
genesis of SLE. Furthermore, IFNa triggers NET generation and
activates T and B cells leading to the production of antibodies
against NETS, creating a vicious cycle (19, 97, 101, 102).

Interestingly, there is a disease-associated defect in the clear-
ance of NETs, due to the reduced activity of DNase I and the
increased amounts of DNase I inhibitors (17, 20, 94, 103-106),
supporting the hypothesis that dysregulation of NET clearance
may be one of the initial steps that lead to lupus-specific autoan-
tibody production.

ANCA-Associated Vasculitis

Antineutrophil cytoplasmic antibody-associated vasculitis is
described as a group of autoimmune diseases, characterized by
the presence of autoantibodies against the neutrophil granule

Frontiers in Immunology | www.frontiersin.org

28

January 2017 | Volume 7 | Article 678


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Mitsios et al.

NET-Mediated Disorders

NET-mediated
bioactive IL-1p exposure
has been implicated in the
pathophysiology of FMF.

E

NET-mediated
bioactive IL-17 exposure triggers
collagen production from
myofibroblasts in pulmonary
fibrosis, while in psoriasis
it causes keratinocyte hyperplasia.

the NET-mediated exposure of bioactive disease-related proteins.

neutrophil loaded with a bioactive
disease-specific protein

FIGURE 2 | NETopathies are ruled by the bioactive disease-related neutrophil extracellular trap (NET) proteins. The clinical manifestations of (A)
thrombosis, (B) systemic lupus erythematosus, (C) rheumatoid athritis (RA), (D) pulmonary fibrosis and psoriasis, (E) familiar Mediterranean fever are determined by

NET-mediated
bioactive TF exposure
triggers coagulation process
and thrombus formation.

NET-mediated

bioactive LL-37 exposure provides

a source of autoantigens and fuels
the immune response in SLE.

NET-mediated
bioactive PAD4 exposure
citrullinates proteins that
act as autoantigens in RA.

proteins, such as proteinase 3 (PR3) and MPO. The study by
Kessenbrock et al. provided the initial evidence for the link
between NETs and AAV. In this study, the intraglomerular
deposition of NETs in biopsies from patients with small-vessel
vasculitis was shown. Additionally, it was shown that neutrophils
release NETs when activated with ANCA (107). Further studies
confirmed the deposition of NETs in affected tissues from patients
with AAV (14, 61, 108-110), whereas increased levels of circulat-
ing NET remnants were observed in patients with AAV (14, 22).
Additionally, a recent study correlated AAV disease activity with
the presence of NET-prone LDGs in peripheral blood (110).
NETs were further associated with the AAV hypercoagulability,
since NETs released during active disease are loaded with TF
[Figure 2A (14, 111)].

Since PR3 and MPO are abundantly present in NETs, it has
been proposed that NETs mediate the extracellular exposure of
these potential autoantigens, having an important role in the
initiation of the disease (17, 20, 21, 107). Sangaletti et al. have
shown that myeloid DCs can acquire neutrophil proteins released
in the form of NETs. Furthermore, immunization of mice with
DCs co-cultured with NET remnants resulted in the development
of MPO-ANCA and renal vasculitis (112). A common charac-
teristic between SLE and AAV is the decreased degradation of
NETs, attributed to the reduced activity and inhibition of DNase
I, as well as to the protection over NETs by autoantibodies and
components of the complement (17, 20, 107).

RA and Psoriasis

Rheumatoid arthritis is a chronic autoimmune disease that affects
synovial joints. It is known that neutrophils are the most abundant
cell type of synovial fluid in RA patients (113).

Recent studies identified the presence of NETs in the cir-
culation and the release of NETs by synovial neutrophils (114,
115). Khandpur et al. have shown that TNEF, IL-17, and anti-
citrullinated protein antibodies (ACPA) promote NET release by
neutrophils from patients with RA, whereas therapeutic blockade
of TNF function has been shown to decrease the extensive NET
generation that characterizes RA patients. Of interest, IL-17 was
able to promote NET release only in neutrophils from patients
with RA, which implies that the disease-specific inflammatory
microenvironment primes neutrophils for NET formation (115).

Recent studies highlight that citrullinated histones in NETs
consist autoantigens that stimulate and participate in the outset
of the excessive inflammation, and more specifically in ACPA
immune response, in RA (18, 115). It has been further demon-
strated that RA-driven NETs are decorated with enzymatically
active PAD4, which possibly further citrullinates targets, render-
ing them autoantigens (Figure 2C) (49, 67, 116). Finally, NETs in
RA indirectly participate in the stimulation of distinct cell types,
such as fibroblast-like synoviocytes, which invade and damage
cartilage in RA (115, 117).

The possible involvement of NETs in the pathogenesis of
psoriasis has been also proposed. Psoriasis is an autoimmune
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skin disorder characterized by epidermal hyperplasia and neu-
trophil infiltration in the epidermis. Neutrophils are involved
in the pathophysiology of psoriasis, linking innate and adap-
tive immune system, and acting as a main source of IL-17 (66,
118, 119).

Interleukin 17 has a significant role in the pathophysiology
of psoriasis causing keratinocyte hyperplasia (119, 120), whereas
therapeutic administration of antibodies against IL-17 is effica-
cious in the treatment for psoriasis (121-123). The externalization
of IL-17 in a bioactive form is feasible through NET formation
(Figure 2D) (66, 124), which has been also observed in models of
RA (115) and pancreatitis (125). The fact that the active form of
IL-17 lies on NETs renders it an easily accessible target.

Taken together, a significant amount of evidence suggests
that NETs contribute in the pathogenesis of several autoim-
mune disorders, acting either at the initiation of disease,
providing a source of autoantigens, or promoting tissue injury
(66, 90, 93, 107, 109, 115). There are reports suggesting that
NETs can activate other inflammatory cell populations and
promote the activation of the adaptive immune system (97, 102,
115). However, whether the specific structure of NETs and the
possible modification in proteins loaded on NETs have a major
impact in the break of tolerance and induction of autoimmunity
still remains elusive.

NETs in Autoinflammatory Diseases

Recent studies revealed a possible role for NETs in the inflam-
matory response that governs autoinflammatory syndromes,
including gout and FME

Gout is an autoinflammatory type of arthritis caused by the
intra-articular deposition of monosodium urate crystals (MSU
crystals). The deposition causes inflammatory attacks due to
innate immunity activation (126-129). Additionally, the chronic
form of the disease is characterized by tophus formation, caus-
ing mechanical destruction of the joint (130). It has been shown
that MSU crystals cause a strong induction of NETs (24, 131)
which, in high neutrophil concentrations, ameliorates MSU
crystal-induced inflammation by promoting the degradation of
inflammatory cytokines and chemokines in a mouse model of
MSU-induced inflammation (69, 132). Despite their protective
role, NETs indirectly engender the destruction of the joint by
easing the packing of MSU crystals and the formation of tophi
(69, 132). However, whether NETs support the initiation of gouty
inflammation in humans remains unanswered.

Familiar Mediterranean fever is a hereditary autoinflam-
matory disorder, characterized by inflammatory attacks and
neutrophil infiltration into the affected sites (23). Moreover, it is
an IL-1p-mediated disease, and this is clear due to the fact that
IL-1pP blockade constitutes an emerging treatment in FMF (23,
133, 134). During FMF attacks, neutrophils undergo excessive
NET formation, which decreases after the inflammation dissolu-
tion (23).

During FMF attacks increased levels of circulating MPO-
DNA complexes are detected, suggesting the release of NETs in
the systemic circulation, whereas their levels normalize during
the resolution phase of the disease (23). The detection of bioac-
tive IL-1p in NETs released ex vivo by patient neutrophils or

control neutrophils treated with FMF attack serum implies that
neutrophils serve as critical effector cells in the amplification of
inflammation in FMF (Figure 2E) (23).

NETs in Metabolic Disorders

In type II diabetes (T2D), immunological changes lead to altered
levels of cytokines and changes in both number and activation
status of various leukocytes, including neutrophils (135). Until
recently, it was thought that inflammatory responses may have
a dual role in T2D, as they seem to have a causal relationship
leading to resistance to insulin, while on the other hand they
seem to be intensified by the hyperglycemic state, resulting in
T2D complications (135).

Bearing in mind that diabetes affects neutrophil count and
activity, that hyperglycemia-driven oxidative stress facilitates
diabetic complications, and that neutrophils generate oxidative
stress in diabetes, it was assumed that a dysregulation in NETosis
may represent the link among hyperglycemia, oxidative stress,
inflammation, and diabetic complications (27). In this direction,
arecent study demonstrated that high glucose in vitro and hyper-
glycemia in vivo induce release of NETs and their products (27).
Another study provided evidence that hyperglycemic conditions
lead to the formation of short-lived and unstable NETs, while also
prime neutrophils and constitutively activate NET formation,
leading to reduced response to subsequent external stimuli (136).
Thus, it was hypothesized that neutrophils primed due to hyper-
glycemia may not respond to further external stimulus in T2D
patients, making them susceptible to infections (136). Finally, a
third study demonstrates that, in T2D patients, dysregulated NET
release caused by hyperglycemia is responsible for impairment of
wound healing as well as for diabetic complications (137). Even
though these studies supporta role for NETs in T2D, it is not clear
to what extent manipulation of neutrophils could ameliorate or
prevent diabetic complications.

Moreover, there is evidence that neutrophils and NETs have a
potential role in the pathogenesis of type I diabetes (28, 138, 139);
however, their implication in the onset and/or the development of
this disease has not been investigated so far.

NETs in Lung Diseases and Fibrosis
Neutrophil extracellular traps have been implicated in inflam-
matory lung diseases and inflammatory-derived fibrosis (33).
Several inflammatory lung diseases are characterized by the
migration and detection of neutrophils and monocytes in
the airway lumen and the bronchoalveolar lavage fluid (140).
NETs have been associated with inflammatory diseases, such as
chronic obstructive pulmonary disease (COPD), cystic fibrosis
(CF), acute lung injury, acute respiratory distress syndrome, and
asthma (29, 30).

Cystic fibrosis is characterized by abundant free DNA struc-
tures in airway fluids that increase the viscosity of the sputum
and lead to airflow obstruction and tissue damage. Free DNA
originates mainly from NETs released from neutrophils that
are recruited to the area in an effort to kill the bacterial burden,
but they finally contribute to the damage of lung tissue (31, 32).
Additionally, it has been proved that NE plays an equally impor-
tant role in CE leading to tissue damage, especially in patients
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under treatment that are characterized by increased DNA cleav-
age (141). Recombinant human deoxyribonuclease (rhDNase)
is an adjunctive to antibiotics treatment for patients with CF
over the last two decades, showing a beneficial effect at least in
a subpopulation of patients with CF (142, 143). Moreover, it has
been reported that DNase I and histone-blocking antibodies have
been used in mice against transfusion-related acute lung injury,
in which NETs play a crucial role (144). Inhibition of either NE
or NET release in general could be a novel future therapeutic
strategy in patients with CF (141, 145).

There is evidence that the inflammatory microenvironment
developed in chronic lung diseases including COPD and intersti-
tial lung disease contributes either to localized or to generalized
fibrosis, respectively. Specific fibrosis-related agents, such as
cigarette smoke, magnesium silicate, and bleomycin, stimulate
neutrophils to undergo NETosis. NETs indirectly regulate
fibrosis by activating lung fibroblasts and differentiating them
into myofibroblasts, through autophagy and histone hypercitrul-
lination. Subsequently, NET remnants, such as IL-17, regulate
connective tissue growth factor (CCN2) expression and collagen
production by the differentiated fibroblasts and not their differ-
entiation (Figure 2D). However, NET degradation significantly
restricts these effects, indicating that it could be possibly used as
a restraining mechanism against fibrosis (33).

NETs in Cancer

In the last few years, NETs have redefined the role of neutrophils
in tumor biology (34-36, 146-150). It is suggested that NETs
may act within the primary tumor promoting tumor progression
(146-148), while at remote sites they might sequester circulat-
ing cancer cells favoring metastasis (35, 36, 149). Additionally,
NETs have been implicated in cancer-associated thrombosis
(34, 147).

There is increasing evidence supporting that, in both experi-
mental models and cancer patients, NET deposition in the tumor
mass is associated with tumor progression (35, 146, 150-153). A
finding that supports the implication of NETs in tumor biology is
that tumor cells predispose neutrophils to undergo NETosis (34,
146). Moreover, in the tumor microenvironment, NETs interact
with tumor cells and expose them to bioactive proteins, possibly
favoring their survival through induction of proliferation and
inhibition of apoptosis, as well as supporting their escape from
the primary tumor (148).

Excessive NET deposition leads to a persistent inflammatory
state (154-156), which in cancer probably promotes the expres-
sion of adhesion molecules (157-159). Under inflammatory con-
ditions, when NET formation is induced, circulating tumor cells
are more prone to adhere to end organ vasculature (158-160).
Thus, given that the entrapment of bacteria is one of the primary
roles attributed to NETSs, they probably act accordingly to capture
circulating tumor cells. By entrapping tumor cells and exposing
them to various neutrophil-derived factors, NETs may generate
a microenvironment rich in proteins and enzymes that promote
tumor cell survival and progression (35, 36, 149, 153). Taken
together, these data support a potential pro-metastatic role for
NETs, involved in early adhesion, proliferation, invasion, and
angiogenesis.

Neutrophil extracellular traps have also been implicated in
cancer-associated thrombosis, the second most common cause
of death in cancer patients (34). Recently, it was demonstrated
that, through the generation of NETs, neutrophils provide a scaf-
fold and a stimulus for platelet adhesion and thrombus formation
(75). NETs were shown to promote coagulation as well (68, 75).
Moreover, a recent study based on murine models reported that
both leukemia and solid tumors produce a factor, G-CSE, that
primes neutrophils to undergo NETosis and predisposes the host
to thrombosis (34). In conclusion, NETs have been identified as a
key player in cancer-associated thrombosis.

The biological significance of NETs in cancer remains unclear.
It is hypothesized that initially they represent a reaction of the
tumor environment against the growing cancer. However, NETs
seem to play an adverse role in tumor growth, offering a scaf-
fold with an array of biologically active molecules attached on it,
which may promote malignant cell survival, growth, and local
tumor expansion.

THERAPEUTIC AND DIAGNOSTIC/
PROGNOSTIC POTENTIAL OF NETs

To date, clinical and experimental evidence highlight the signifi-
cant role of NETs in the pathophysiology of the aforementioned
diseases. Even though studies in animal models have shown the
beneficial role of NET inhibition, especially in thrombosis, it is
yet unknown whether NET-targeting therapies could be effective
in clinic (161). NET induction or inhibition could be beneficial
for patients with diseases that have been associated with restricted
or excessive NET formation, respectively (Table 1). To this end,
drug repositioning offers the opportunity for the immediate use
of therapeutic agents that induce or inhibit NETs, which are
already used in clinic (11).

Several drugs already used in clinical practice might affect
either NET formation or integrity, or the expression of NET
proteins. For instance, it is known that hydroxychloroquine
(HCQ), a drug that has been used for decades in the treatment
of SLE, has anti-autophagic effect (162). Since the autophagic
machinery is an essential step for NETosis, the effectiveness
of HCQ may be mediated through the indirect inhibition of
NET formation (Table 1; Figure 3A). In addition, rhDNase
administration, a therapy used in patients with CF aiming to
the liquefaction of mucus (142), may possibly target NET struc-
tures. DNase promotes thrombolysis via degradation of NETs
in murine models (Table 1; Figure 3B) (64, 76). Moreover,
monoclonal antibodies are widely used against bioactive NET
proteins, externalized through NET formation. In psoriasis,
treatment with anti-IL-17 antibodies (121), probably targets
the IL-17-decorated NETs, the main origin of bioactive IL-17
in psoriasis (66). Finally, NET-bound IL-1p may be one of the
targets of anti-IL-1P therapies, such as canakinumab which
targets bioactive IL-1p in FMF or gout patients (Table 1;
Figure 3C) (134).

There are a few recent studies demonstrating that NETs could
also have prognostic and/or diagnostic potential, as they could
represent a disease activity marker for some of the aforementioned
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TABLE 1 | Potential and applied therapeutic strategies targeting neutrophil extracellular traps (NETs).

NET formation blockade NET integrity dismantling NET components antagonism
Drug (activity) Disorder (species) Drug (activity) Disorder (species) Drug (activity) Disorder
(species)
Hydroxychloroquine (autophagy SLE (h) (162) DNases (DNA Thrombosis, cystic Secukinumab (IL-17 Psoriasis (h)
inhibition) dismantling) fibrosis (h) (64, 76, 142) inhibition) (121)
N-acetylcysteine (ROS SLE (h) (163) Heparin Thrombosis (h) (75) Anakinra & FMF, gout (h)
reduction) (chromatin Canakinumab (IL-14 (23, 24, 134)
dismantling) inhibition)

Sifalimumab ([FIN-a inhibition) SLE (h) (164)
Cl-Amidine (PAD family RA, SLE (m) (165, 166)
inhibition)
GSK199 (PAD4 inhibition) (m) (167)
Adalimumab (TNF inhibition) RA, psoriasis (h) (115, 168)
Roflumilast (neutrophil-platelet Thrombosis (h) (169)
interaction inhibition)
Eculizumab (C5a inhibition) PNH (h) (170)

FMF, familial Mediterranean fever; h, human model; IFN-a, interferon alpha; IL-17, interleukin 17, IL-1, interleukin 1 beta; m, murine model; PAD4, peptidy! arginine deiminase type
IV; PNH, paroxysmal nocturnal hemoglobinuria; RA, rheumatoid arthritis; ROS, reactive oxygen species; SLE, systemic lupus erythematosus, TNF, tumor necrosis factor.

A
Autophagy Improvement of
inhibition SLE symptoms
B
Amelioration of
cystic fibrosis symptoms
and thrombolysis
promotion
anti-IL-17 or IL-1f
antibodies
C

Improvement of
psoriasis and FMF
symptoms

FIGURE 3 | Targeting neutrophil extracellular trap (NET) formation or integrity, or specific NET proteins, promises novel therapeutic strategies.
(A) Hydroxychloroquine inhibits NET formation through its anti-autophagic activity. (B) rhDNase and DNase | dismantle NET structures. (C) Anti-interleukin 17 (IL-17)
and anti-interleukin 1 beta (IL-1p) antibodies blockade bioactive IL-17 and IL-1p on NETs, respectively.

diseases (161). Furthermore, the measurement of NET release or CONCLUSION

specific NET protein expression in blood samples and biopsies

could be a useful diagnostic tool (150, 171). Nevertheless, further The identification of NETs and the characterization of their role
experimental data are needed to evaluate the therapeutic, prog- in disease have revived the overlooked role of neutrophils in
nostic, and/or diagnostic potential of NETs. disease pathogenesis. Phagocytosis of pathogens and limitation
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of infection was considered the exclusive role of neutrophils.
However, mechanistic studies in animal models and clinical
observation dramatically altered our perception of the involve-
ment of neutrophils in disease during the last decade. From a
patrolling police force, neutrophils are considered nowadays
an important player in autoimmune diseases or thrombotic
disorders, which were previously thought to be exclusively
mediated by adaptive immune system and platelet or endothelial
cells, respectively. The characterization of the differential protein
load and function of neutrophils, and subsequently of NETSs, in
distinct disorders can provide novel diagnostic targets and targets
for therapeutic intervention. Additionally, the study on the role of
NETs in modulation of tissue homeostasis, including the initia-
tion and resolution of inflammation and the elucidation of the
effect of NETs on different cell population involved in inflam-
matory, autoimmune, or thrombotic disorders, will increase our
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Neutrophil extracellular traps (NETs) comprise neutrophil DNA, citrullinated (deiminated)
histones, and proteases (1, 2). NET formation in vivo mostly occurs at the sites of inflammation.
Neutrophils, adhering to the endothelium or after extravasation, generate NETs upon interaction
with microbes, activated platelets, cytokines, alarmins, such as high-mobility group box 1 (HMGBL1),
or uric acid. Environmental cues, such as hyperosmolarity or hyperglycemia, neurotransmitters, and
some autoantibodies also trigger NET generation (3-7). In vitro, two main pathways are activated:
suicidal and vital NETosis (8). In the former, membrane integrity is disrupted and neutrophils die.
In contrast, after “vital” NETosis neutrophils still migrate, chase bacteria, and extrude residual
nuclear material through exocytosis (9). Generation of reactive oxygen species (ROS) and fusion of
neutrophil primary granules with the nuclear membrane that promote interactions between elastase,
myeloperoxidase (MPO), and DNA are features of suicidal NETosis. Their role in vital NETosis is
debated (8, 10-12). Activation of the autophagic pathway is intermingled with NET generation.
Autophagy sustains the metabolic requirements of the extensive intracellular vesicular formation,
transport, and fusion associated with NET generation. It also sustains neutrophil survival (5).

Neutrophils undergo extensive ex vivo manipulations and methodological approaches vary
among research groups, possibly explaining some discrepancies and nurturing some healthy skepti-
cism (13). Some reports indicate a role of the mitochondrial DNA, which is devoid of histones, in
NET generation. The relative contribution of nuclear vs. mitochondrial DNA to extracellular traps
generation remains a controversial issue (14).

Under physiological conditions, NETs enhance the host response to microbes by (i) providing
a template concentrating humoral innate immune molecules, such as pentraxin 3 (PTX3) and
complement, together with microbicidal molecules, such as histones, MPO, proteinase 3 (PR3), or
cathelicidin, and (ii) contrasting the hematogenic spread of pathogens through immunothrombosis
(i.e., activation of platelets and of the coagulation cascade through NET components) (15). The
actions of NET-embedded von Willebrand factor, of citrullinated histones, and of negative charges
on platelet recruitment/activation and on the progression of the coagulation cascade contribute to
thrombosis. Excellent reviews on this issue have been published (16, 17). The bioactive molecules
integrated within the chromatin threads may vary according to the inciting stimuli or the environ-
ment. The characterization of the NETs proteome is a fascinating challenge for the near future.

Neutrophils are abundant in the blood, and their concentration and activation state increase
following surges of systemic cytokines during acute phase responses. Thus, NETs are readily available
and easily renewable tools for the first-line response to infectious agents. However, there is a price
to pay. During acute infections (e.g., during sepsis), NETs favor progression toward septic shock,
disseminated intravascular coagulation, and acute respiratory distress syndrome (ARDS), as well as
tissue damage and organ failure, possibly because of the deleterious effects of immunothrombosis.
On the other hand, the imbalance between the rate formation and degradation of NETs might favor
the persistence and the presentation of autoantigens and facilitate autoimmunity (1).
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Systemic lupus erythematosus (SLE) is a paradigm of the
pathogenic continuum that links nuclear antigens exposure
to autoimmunity. Neutrophil from patients with SLE show
prolonged survival (possibly through enhanced autophagy) and
are thus endowed with additional chances to generate NETs. In
addition, the clearance of extracellular DNA in SLE is impaired
either as a genetically determined trait influencing waste dis-
posal or due to antibodies toward regulatory molecules, such as
DNases (18, 19).

Antineutrophil cytoplasmic antibodies (ANCA) represent
a variant on the theme of autoantibodies elicited following
enhanced generation and/or persistence of NETs. The formation
of NETs at sites of vascular inflammation in ANCA-associated
vasculitides (AAV) and the ability of ANCA to perpetuate the
generation of NETs were described in 2009 (3). Later on, dendritic
cells have been found to capture ANCA targets (i.e., MPO and
PR3) from NETs and to present them to T lymphocytes, while the
susceptibility to ANCA generation was found to be deeply rooted
in genetics. Neutrophil priming with HMGBI, a well-established
inducer of NETs and of autophagy, contributes to the action of
ANCA (20).

In rheumatoid arthritis, NETting neutrophils infiltrate the
synovium and rheumatoid nodules, while anti-citrullinated
peptides antibodies apparently boost the generation of NETs
(21). B cells that expand and differentiate within ectopic synovial
germinal centers frequently target deiminated antigens generated
during NETosis (22, 23) and/or as a consequence of the release of
bioactive peptidylarginine deiminases in the synovial fluid.

Anti-phospholipid antibodies in combination with ROS and
platelet-assisted TLR4 stimulation induce neutrophils to form
NETs, which in turn precipitate intravascular thrombosis (15).
Conversely, NET degradation appears to be impaired in a fraction
of patients with anti-phospholipid syndrome (19). Neutrophils
infiltrate the pancreas of patients with type 1 diabetes mellitus
(T1DM) (24) and, according to experimental models and indirect
clinical evidence (systemic levels of NETs by-products in serum),
cause an IFNa response, autoantibody generation, and p-cells
destruction through in situ NETosis (25, 26).

INDICATORS AND MARKERS OF NETosis

The notion that NETs contribute to a wide range of autoimmune
diseases so far has had little impact on the clinical practice.
Reasons include

(i) the low threshold of activation of neutrophils, which limits
the development of robust, easy-to-perform, and cheap
diagnostic assays;

(ii) high costs of clinical trials; and
(iii) the lack of insight on appropriate targets to safely target
NETosis.

Three main approaches are currently used in research
laboratories:

o analytical assays based on fluorimetry for cell-free DNA or on
ELISAs for soluble NET by-products (DNA-MPO or DNA-
neutrophil elastase complexes, citrullinated histones) (3, 5);

o confocal microscopy for neutrophil enzymes along extracellu-
lar DNA Ilattices (3, 5); and

o flow cytometry, based on nuclear morphology and variations
in MPO distribution (11) or staining of citrullinated histones
or DNA (27).

Fluorimetry is not time-consuming and generate semi-
quantitative information that can be associated with clinical
variables. However, it does not unambiguously identify the
source of DNA (neutrophils or other cells) or the process by
which DNA was released (NETosis, necrosis, necroptosis, etc.).
The association of DNA fragments to neutrophil enzymes and
the citrullination of histones are relatively specific for NETosis.
Thus, determination of MPO-DNA complexes and/or of
citrullinated histones selectively reveals the amount of NET
by-products in biological fluids. Human studies monitoring
in vivo NETs formation (3, 5) also revealed a concordant rise
in NETs by-products in plasma, suggesting that ELISA is suf-
ficient per se to assess the degree of NET formation in human
inflammatory diseases (Figures 1A-F). Furthermore, parallel
quantitation of in vitro-generated NETs by confocal micros-
copy and concomitant measurement of DNA, DNA-MPO
complexes, and citrullinated histones in cell-free supernatants
drives to concordant results (Figures 1G-I). Thus, we believe
that, at present, only ELISA assays on plasma samples meet the
requirements of robustness, reproducibility, and easiness for
widespread clinical use.

However, it does not discriminate between vital or suicidal
NETosis nor assess the relative contribution of NET generation
and catabolism. Standardized protocols will be necessary for
transfer these assays to the clinics (28). For example, DNases for
sample enrichment influence the sensitivity of MPO/DNA-based
analytical assays (Figures 1G,H).

Microscopy allows a direct visualization of NETs. In expert
hands, it remains a powerful and informative tool, even more
when combined with the determination of NET by-products
(Figures 1A-F) (3, 5) and with high-throughput proteomic
assays. However, due to the high inter-observer variability, it
is not routinely used in clinical practice. Novel semi-automated
image analysis techniques might circumvent this limit. Flow
cytometry yields accurate and reproducible data. Large trials
are needed to pave the way to their widespread use (11, 28).
Besides improvements in NET detection, caution in the pre-
analytical sample handling is mandatory, since neutrophils and
platelets respond to physical and chemical stimuli during blood
sampling and transportation. Activated platelets, in particular,
release various signals - both soluble and associated with
microparticles - that impact on neutrophil functions, including
NET generation (12, 29).

NETs, DRUG DEVELOPMENT,
AND REPOSITIONING

Citrullination of histone residues is a key step in NETosis.
Pharmacological or genetic tools to inhibit deiminating enzymes
reduce the formation of NETs and their detrimental consequences
in preclinical models (30-32). The actual selectivity and potential
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1 NETing Released Total DNA-MPO citrullinated
neutrophils DNA DNA complexes  histone H4
(%) (ng/mL) (%) (AU) (AU)
Resting platelets na 6.1£0.9 na 0.05£0.01 nd
(100,000/uL)
Activated platelets na 6.9£0.6 na 0.06£0.02 nd
(100,000/uL)
Untreated neutrophils 0 175+20.9 9.1£1.0 0.19£0.01 0.18+0.06
Neutrophils + E. coli 95.244.0 1,027161.8 61.7£7.0 0.4810.08 0.71£0.05
Neutrophils + PMA 96.0£3.4 949.0£25.7 55.846.8 0.4410.07 0.67+0.02
(100ng/mL)
Neutrophils + IL8
25ng/mL 15£2 254.1£33.3 15.6x.1 nd nd
50ng/mL 437 519.1£52.3 31.7¢7.6 nd nd
100ng/mL 57.8£2.7 869.8£75.0 53.524.7 nd 0.49:0.04
Neutrophils + resting platelets 7.5¢2.8 182.5¢7.1 8.7£1.6 0.2710.03 0.2310.07
(100,000 /L)
F Neutrophils + activated
HMGB1 platelets
25,000 /pL 57.243.4 365.2+24.1 25.621.7 nd nd
50,000 /pL 78.9+1.9 568.3+36.5 39.842.6 nd nd
100,000 /pL 95.6+1.2 898.1£54.6 52.1£2.3 0.41£0.06 0.65+0.03
Neutrophils + HMGB1
0.1 pg/mL 44.01£6.0 257.1£21.5 15.7¢1.3 nd nd
1 pg/mL 77.2+3.9 652.0£55.0 40.0£3.3 nd nd
10 pg/mL 93.8+1.0 1,067.0£¢92.  62.0£1.5 0.4310.05 0.6710.05
5
Apoptotic neutrophils nd 279.3£32.9 14.5+¢3.2  0.04+0.003 0.11£0.01
Necrotic neutrophils nd 494.0£81.5 25.743.7  0.04+0.005 0.08£0.01

FIGURE 1 | NETs by-products are easily detected in the plasma of patients ongoing acute myocardial infarction and reflect the NETs that
characterized coronary thrombi. (A-F) Coronary thrombi and plasma samples were obtained from 26 consecutive patients with STEMI underwent percutaneous
intervention within 1-6 h from the onset of chest pain. NETs by-products were determined in plasma samples (anticoagulated with EDTA, venipuncture through a
19-gage butterfly needle) and processed within 15 min of sampling. Whole blood was centrifuged 15 min (320 g; 4°C), and retrieved plasma was further centrifuged
(5 min at 100,000 g, 4°C) to eliminate any cellular debris. Obtained plasma was then aliquoted and frozen until de-determination of NETs by-products. All steps of
samples preparation were performed in sterile conditions. (A,B) The amount of DNA-MPO complexes and the quantification of histone H4 citrullinated were
assessed in the plasma samples of the same AMI patients in which were analyzed the composition of coronary thrombi, patients with chronic stable angina (CSA)
candidates for coronary revascularization, and sex- and age-matched healthy donors. (C-F) Representative confocal analysis of coronary thrombi of AMI patients
obtained during revascularization procedure. NETs were identified as DNA lattices with evident citrullination of histones (C,D) and by the presence of specific
neutrophil proteins such as PTX3 (E). We consistently detected the presence of NETs in close proximity of platelets (D-F) that frequently express HMGB1 (F)
[adapted from Maugeri et al. (5)]. (G,H) The use of DNAs impaired the sensitivity on NET determination: addition of DNase seems useful when low numbers of
neutrophils are used. Freshly purified human neutrophils (0.5-5 x 10°) of healthy donors were placed on poly-L-lysine-coated slides for 20 min at 37°C, then were
challenged with PMA (100 ng/mL) for 20 min at 37°C. Then, treated or not with DNase |, after incubation plates were centrifuged 5 min (320 g; 4°C), supernatants
were retrieved and further cleared (5 min at 100,000 g) and frozen until determination of NETs by-products and cell-free DNA as we previously described [adapted
from Maugeri et al. (5)]. (I) Quantitative assays for NET formation. The results of a series of independent experiments carried out with cells of different donors are
presented in this back-to-back comparison of different quantitative assays to estimate the degree of NET generation. Neutrophils were stimulated with a large panel
of agonists to reproduce the environmental variability that occurs under physiological conditions. Quantitation of cell-free DNA is consistent with the degree of NET
generation as estimated by direct microscopy visualization and MPO/DNA- or citrullinated histone-based techniques in this set of experiments, where purified
neutrophils were employed [adapted from Maugeri et al. (5)].

safety risks of the available pharmacological inhibitors are not yet
established.

Mitochondrial generation of ROS triggers NET formation.
In addition, oxidized mitochondrial DNA within NETs could
contribute to itsimmunogenic potential. Interference with the res-
piratory chain and/or ROS scavenging exerts anti-inflammatory
effects and clinical benefit in mice models of sepsis and SLE (33).

Targeting platelet/neutrophil reciprocal activation and
platelet microparticle-associated moieties, HMGBL in particular
(5, 12, 34), and finding strategies aimed at restoring the phago-
cytosis of apoptotic substrates by neutrophils can exert a calming
influence over NET generation (35) and thus appear promising.
Other anti-NET treatments could aim at restoring and/or poten-
tiating the NET clearance. NET-mediated lung injury in cystic
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fibrosis abates in response to nebulized DNase supplementation.
Studies improving the drug delivery could pave the way for the
application of this anti-NETs treatment to inflamed joints, kidney,
lung, or skin in the setting of autoimmune diseases.

The repositioning of known drugs and agents has advantages
over the development of new drugs, since toxicity/safety profiles
are usually known and cost and time to bring agents to market
abate. A proof-of-concept trial links reduced SLE flares to the
metformin inhibition of mtDNA-enriched NETs. An action of
metformin on HMGBI release (5, 33) could also be involved.
Heparins are being used in a wide range of diseases for effects
independent of their anticoagulant properties (36), including
conditions, in which NETs generation possibly plays a role.
Heparins might interfere with the metabolic needs for NET
generation since they restrict the activation of the autophagic flux
(29). Prophylactic doses of low-molecular weight heparins, which
are routinely used for thromboprophylaxis and for the prevention
of pregnancy complications, indeed interfere with autophagy
induction of neutrophils of healthy subjects and virtually abrogate
the ability to generate NETs in response to various stimuli (29).
Thus, interference with NETosis might be involved in the benefit
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Intercellular Interactions as
Regulators of NETosis

Nayef M. Kazzaz, Gautam Sule and Jason S. Knight*

Department of Internal Medicine, Division of Rheumatology, University of Michigan, Ann Arbor, MI, USA

Neutrophil extracellular traps (NETs) are chromatin-derived webs extruded from neu-
trophils in response to either infection or sterile stimulation with chemicals, cytokines,
or microbial products. The vast majority of studies have characterized NET release
(also called NETosis) in pure neutrophil cultures in vitro. The situation is surely more
complex in vivo as neutrophils constantly sample not only pathogens and soluble
mediators but also signals from cellular partners, including platelets and endothelial
cells. This complexity is beginning to be explored by studies utilizing in vitro co-culture,
as well as animal models of sepsis, infective endocarditis, lung injury, and thrombosis.
Indeed, various selectins, integrins, and surface glycoproteins have been implicated
in platelet-neutrophil interactions that promote NETosis, albeit with disparate results
across studies. NETosis can also clearly be regulated by soluble mediators derived from
platelets, such as eicosanoids, chemokines, and alarmins. Beyond platelets, the role
of the endothelium in modulating NETosis is being increasingly revealed, with adhesive
interactions likely priming neutrophils toward NETosis. The fact that the same selectins
and surface glycoproteins may be expressed by both platelets and endothelial cells
complicates the interpretation of in vivo data. In summary, we suggest in this review that
the engagement of neutrophils with activated cellular partners provides an important
in vivo signal or “hit” toward NETosis. Studies should, therefore, increasingly consider
the triumvirate of neutrophils, platelets, and the endothelium when exploring NETosis,
especially in disease states.

Keywords: neutrophil extracellular traps, platelets, endothelium, selectins, integrins

INTRODUCTION

Neutrophil extracellular traps (NETs), first described in 2004, are released by neutrophils via an
active process coined NETosis (1, 2). While first characterized for their role in combatting infectious
organisms (1), these tangles of chromatin and antimicrobial proteins are now known to play a role
in pathogenic autoimmunity and other sterile inflammatory states (3, 4). NETs may place organ
systems at risk, including the vasculature (5-7), central nervous system (8), lungs (5), and kidneys
(9, 10). Organ failure and thrombotic vessel occlusions are even possible (11-13). Neutrophils, as one
of the first responders to inflammatory insults have long been known to interact with other cell types
(especially platelets and endothelial cells) with implications for neutrophil recruitment, generation
of reactive oxygen species (ROS), and phagocytosis. This cell-to-cell crosstalk may be mediated by
either direct cell contact or soluble mediators. In this review, we will focus on the implications of
crosstalk for NETosis. Relevant studies have characterized not only in vitro systems (typically with
human cells) but also more complex murine models of disease. There is significant heterogeneity
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between studies, especially in terms of how NETosis is scored
and the neutrophil pathways that are considered (which is prob-
ably not surprising as a canonical model of NETosis is still not
established). Our goal is to highlight the similarities between
studies and to point out the discrepancies that necessitate further
research. Also, whenever possible, we will try to focus on the
implications of these interactions for controlling infection and
for regulating inflammation and end-organ damage.

PLATELET FUNCTION

Platelets are megakaryocyte-derived cell bodies that lack nuclei.
They circulate in the bloodstream as well-established regula-
tors of the hemostatic system (14). Platelets may be activated
by the exposure of subendothelial matrix proteins, such as von
Willebrand factor (WF) and collagen, as might happen with
mechanical vessel injury (15). Platelets recognize vVWF via a glyco-
protein receptor complex, glycoprotein Ib (GPIb)/IX/V (16), with
the GPIb subunit playing a particularly key role (17). In parallel,
collagen engages a different glycoprotein receptor, GPVI (18).
Soluble plasma factors also activate platelets, including fibrinogen
(via GPIIb/IIIa) (19) and thrombin (through protease-activated
receptors or PARs) (20). When considering research studies, it is
important to note that some studies may activate platelets with
synthesized activators. An example is thrombin receptor activator
peptide (TRAP), which acts as an agonist for all PARs (21), and
the more specific TRAP-6, which binds specifically to PAR-1 (22).

These various activating signals lead to platelet aggregation
and the release of copious amounts of preformed mediators from
platelet granules, such as adenosine diphosphate (ADP) and
thromboxane A, (TXA,) — with the potential for potent local
effects and feedforward into further platelet activation (14, 17).
Platelet factor 4 (PF4, also known as C-X-C motif ligand 4) is
another mediator released by platelets. In addition to function-
ing as a chemokine for cells, such as neutrophils, PF4 binds and
neutralizes negatively charged cell surface glycosaminoglycans,
such as heparan sulfate, dermatan sulfate, and chondroitin
sulfate, thereby mediating several downstream effects, including
platelet aggregation (23). Another soluble mediator that will be
discussed in this article is high-mobility group box 1 (HMGB1),
a protein “alarmin”/cytokine released by activated platelets
(24). Finally, proteins such as P-selectin may be either released
locally, or expressed on the platelet surface, thereby regulating
the local environment (25, 26). For example, P-selectin has been
implicated in platelet aggregation under pulsatile shear stress
conditions (27).

While platelets clearly play a key role in stemming blood
loss in the event of vessel injury, they also have well-established
immunomodulatory properties, potentially acting as sentinels of
infectious and inflammatory events (28, 29). In particular, the
innate immune receptors toll-like receptor 2 (TLR2) and TLR4
(for Gram-positive and Gram-negative organisms, respectively)
are expressed on the platelet surface (30, 31). Activation of
these receptors may lead to release of platelet granules (32), PF4
upregulation (33), GPIIb/IIla conformational changes (34), and
ultimately feed forward to thrombin generation (30). Having said
that, some studies have found less potent responses. For example,

exposure of platelets to triacylated lipoproteins (like Pam3CSK4,
a TLR2 agonist) and lipopolysaccharide (LPS, a TLR4 agonist)
does not always lead to significant P-selectin release (35).

PLATELET-NEUTROPHIL INTERPLAY

Platelets interact directly with neutrophils and thereby alter
neutrophil function (17). Examples of ligand/receptor pairs that
mediate direct platelet/neutrophil interactions include P-selectin/
P-selectin glycoprotein ligand 1 (PSGL-1) (36, 37), intercellular
adhesion molecule 2 (ICAM-2)/lymphocyte function-associated
antigen (LFA-1) (38), and GPIb/macrophage-1 antigen (Mac-1)
(17, 39). These interactions clearly support platelet adhesion to
leukocytes (40, 41) and, in some cases, have been shown to be of
fundamental importance for recruitment of neutrophils to sites
of inflammatory insult (40). Furthermore, beyond traditional
direct interaction, some molecules (such as GPIIb/IIla) may be
transferred from platelets to neutrophils via microparticles (MP),
thereby regulating neutrophil function (an example being nuclear
factor kappa B activation) (42).

There is also a key role for platelet-released soluble media-
tors (ADP, TXA,, etc.) in both perpetuating platelet-neutrophil
interplay and activating neutrophils. As an example, ADP
(which would presumably be platelet-derived in vivo) induces
platelet-neutrophil complexes through a mechanism that may be
dependent upon P-selectin, but not PSGL-1 (41). TX A, augments
multiple neutrophil functions, including neutrophil adhesiveness
(43), oxidative burst (44), and diapedesis (45). Platelet-derived
HMGBI1 can engage/activate neutrophil TLRs (46). Beyond
TLRs, another well-recognized receptor for HMGBI1 is the
receptor for advanced glycation end products (RAGE), with
engagement by HMGBI leading to neutrophil recruitment
and neutrophil-mediated tissue injury (47). PF4 interacts with
neutrophil chondroitin sulfate (48) and (in the presence of
co-stimulatory tumor necrosis factor alpha) mediates neutrophil
granule release and surface adherence (49). PF4 has also been
implicated in neutrophil chemotaxis (50). Neutrophil-activating
peptide 2 (NAP-2) released from platelets can regulate neutrophil
polarization and motility through CXCR1/2 (51). CCL5 (another
chemokine released by platelets) may also play a role in neutro-
phil infiltration (52).

PLATELETS AND NETosis

Platelets are far-and-away the most studied cellular regulators
of NETosis. Most model systems have pointed to platelet activa-
tion as the first step. This is followed by platelet-neutrophil
crosstalk, and ultimately regulation of neutrophil effector
function. Studies have employed numerous platelet activa-
tors, including LPS, Pam3CSK4, thrombin, collagen, ADP,
and TRAP-6 (53-55). These different strategies for activation,
beyond anything else, make it challenging to compare studies
side-by-side (Table 1).

Regarding in vitro studies, platelet-neutrophil interactions
have been assessed under static conditions (53, 57), and also with
the introduction of shear stress (53-56). It is worth noting that the
methodology for quantifying NETosis has varied markedly across
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TABLE 1 | Selected in vitro studies of platelet-stimulated NETosis.

Species Platelet activator Required mediator(s) Not required Reference
Human LPS P-selectin, Mac-1, Gpllb/llla (54)
Mouse LPS (54)
Human LPS LFA-1 (56)
Human S. aureus alpha toxin hBD1 (57)
Human TRAP TXA, 5)
Mouse HMGBH1 (via TLR4) HMGB1 (via RAGE) (58)
Human Collagen, ADP, thrombin, TRAP-6 HMGB1 P-selectin, Mac-1, Gpllb/llla (55)
Mouse Collagen, ADP, thrombin, TRAP-6 HMGB1 (via RAGE) (55)
Mouse LPS HMGB1 (55)
Human TRAP, Pam3CSK4 TXA,, leukotriene B4, GPIb, vVWF, LFA-1 P-selectin, Gpllb/llla (53)
Mouse Thrombin P-selectin (59)

ADR, adenosine diphosphate; GPIb, glycoprotein Ib; Gpllb/llla, glycoprotein llb/llla; hBD1, human beta-defensin-1; HMGB1, high-mobility group box 1; LFA-1 lymphocyte function-
associated antigen 1; LPS, lipopolysaccharide; Mac-1, macrophage 1 antigen receptor; RAGE, receptor for advanced glycation end products; S. aureus, Staphylococcus aureus;
TLR4, toll-like receptor 4; TRAR, thrombin receptor-activating peptide; TXAz, thromboxane A2; vWF, Von Willebrand factor.

studies. Examples include cell-free DNA quantification (53, 55),
myeloperoxidase-deoxyribonucleic acid (MPO-DNA) ELISA
(5, 55, 60, 61), neutrophil elastase-DNA ELISA (53), neutrophil
elastase concentration (57), or direct visualization of NETs by
fluorescence microscopy (54). Microscopy samples have been
scored by quantifying percent surface area of Sytox green staining
(detects extracellular DNA) (54, 58), histone H2Ax percentage
surface area (56), or citrullinated histone H3-positive cells per
field (62).

We will first describe some notable in vivo studies in the field,
which have focused on disease models (Table 2). We will then
step through the various stages of platelet-neutrophil interplay,
beginning with platelet activation and ending with NETosis
(Figure 1).

Notable /n Vivo Models

One of the first studies to consider the impact of activated plate-
lets on NETosis in vivo utilized a mouse model of endotoxemia
(sepsis) induced by intravenous LPS (54, 56). The authors found
that LPS triggers the recruitment of neutrophils to liver sinusoids,
which then facilitate recruitment of platelets (54) — with platelet
recruitment dependent upon neutrophil LFA-1 (56). Importantly,
NETosis is only triggered after engagement by the activated
platelets (which seem to have been primed by LPS acting
through platelet TLR4). This functionality presumably plays a
key role in bacterial sequester, but also places the host at risk for
significant endothelial damage (54). The authors further mimic
these data in vitro, demonstrating that stimulation of platelets
through TLR4 enhances both platelet-neutrophil adhesion and
NETosis, but without upregulating P-selectin expression or
platelet aggregation (54).

Another notable study investigated platelet-neutrophil
interplay in the context of transfusion-related acute lung injury
(TRALI). TRALI was modeled by treating BALB/c wild-type
mice with the combination of LPS and an anti-MHC I monoclo-
nal antibody (5, 64). NETosis was quantified in the lungs by either
intravital microscopy or postmortem histological examination
(5). Lung NETosis was dependent upon platelet-neutrophil inter-
play as NETosis was significantly mitigated by inhibiting platelet
activation with aspirin (an irreversible inhibitor of platelet TXA,

TABLE 2 | Selected in vivo models of platelet-stimulated NETosis.

Species Model Required mediator(s) Reference
Mouse Endotoxemia LFA-1 (56)
Mouse TRALI GPlIb/llla 5)
Mouse ALl HMGB1 (58)
Mouse ALl Mac-1, CXCL4/CCL5 61)
Mouse P-selectin overexpression  P-selectin (59)
Rat Endocarditis P-selectin/PSGL-1 (63)
Mouse IVC ligation TXA: (62)

ALI, acute lung injury; CCL5, chemokine (C-C motif) ligand 5; CXCL4, (C-X-C motif)
ligand 4; Gpllb/llla, glycoprotein IIb/llla; HMGB1, high-mobility group box 1; IVC, inferior
vena cava; LFA-1, lymphocyte function-associated antigen 1; Mac-1, macrophage 1
antigen; PMA, phorbol 12-myristate 13-acetate; PSGL-1, P-selectin glycoprotein ligand 1;
TRALLI, transfusion-related acute lung injury; TXA., thromboxane A2.

generation) or a GPIIb/IIIa inhibitor, tirofiban (5). In vitro,
TRAP-activated platelets enhanced NETosis (5).

In a murine model of acute lung injury achieved with positive-
pressure ventilation, platelet depletion led to depressed NETosis
as measured in blood by MPO-DNA ELISA and in the lungs by
microscopy (61). A critical role for Mac-1 was demonstrated with
blocking antibodies and genetic knockout. By contrast, blocking
LFA-1 did not suppress NETosis (61). Beyond integrin signaling,
the authors argued that a second hit was also necessary for full
neutrophil activation. Indeed, blocking platelet-derived CXCL4/
CCL5 chemokine heterodimers reduced lung injury, while also
explicitly mitigating NETosis in response to TRAP-activated
platelets in vitro (61).

In a model of endocarditis, cultured bacteria from endo-
carditis patients were infused through carotid catheters into
rats (63). By confocal microscopy, a platelet/bacteria layer
was demonstrated inside the vegetation film, which was also
intermixed with NETs (63). Furthermore, deoxyribonuclease
(DNase, an enzyme that degrades DNA) proved to be an
effective treatment (63). Platelets were deemed necessary for
NETosis in this model, shown by inhibition with aspirin (63).
Furthermore, NETosis was inhibited by P-selectin and PSGL-1
blocking antibodies (63).

In a final noteworthy study, the authors were interested in
probing mechanisms by which aspirin might mitigate venous
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FIGURE 1 | Mechanisms of platelet activation and heterotypic intercellular interactions that may regulate NETosis. Some are more speculative than
others, as described in the text. Abbreviations: GPIb, glycoprotein 1b; GPIIb/llla, glycoprotein llb/llla; HMGB1, high-mobility group box 1; LFA-1, lymphocyte
function-associated antigen 1; LPS, lipopolysaccharide; Mac-1, macrophage-1 antigen; PAR, protease-activated receptor; PSGL-1, P-selectin glycoprotein ligand 1;
RAGE, receptor for advanced glycation end products; TLR2, toll-like receptor 2; TLR4, toll-like receptor 4; TXA., thromboxane Az; VWF, Von Willebrand factor.

thrombosis (62). In a murine model of deep vein thrombosis
(achieved by complete inferior vena cava ligation), both aspirin
(which reduces the synthesis of TXA, by platelets) and a selective
thromboxane receptor antagonist reduced thrombus size. This
was accompanied by a reduction in neutrophil infiltration, as
well as deposition of both fibrin and NETs.

Mediators of Direct Platelet-Neutrophil

Interaction

P-Selectin/PSGL-1

If one considers in vitro studies with human neutrophils, then
P-selectin has largely been judged dispensable for the ability
of stimulated platelets to promote NETosis (53-55). In other
species, the story may be different. For example, P-selectin has
been implicated as required for thrombin-activated platelets to
induce NETosis, as well as histone citrullination (a prerequisite
for NETosis); this was demonstrated with cells isolated from
knockout mice, and also by antibody-based inhibition (59).
In the same study, mice overexpressing soluble P-selectin
demonstrated higher neutrophil histone citrullination in vivo.
Interestingly, P-selectin overexpression did not seem to regu-
late baseline NETosis, although accelerated NETosis could be
unmasked in these mice with ex vivo stimulation (suggesting
the neutrophils had been somehow primed by the overexpres-
sion) (59). Additionally, in the aforementioned rat model of
infective endocarditis, platelet-induced NETosis was found to be

dependent upon P-selectin/PSGL-1 as demonstrated by blocking
antibodies (63).

What explains these discrepancies? One simple possibility is
species difference (human versus mouse/rat). Another consid-
eration is that P-selectin/PSGL-1 interactions may already be
established when neutrophils are purified for in vitro studies, and
so blocking antibodies may be less effective in this context (5, 65).
As hinted above, the method of platelet stimulation must also be
kept in mind, as there was no apparent role for platelet P-selectin
in studies in which platelets were stimulated with LPS (54) or
TRAP-6 (56), as compared to a positive role in a study using
thrombin as the stimulus (59). As P-selectin may serve a priming
role in vivo more so than as the primary stimulus (59), and as
P-selectin is also well-known to be expressed on endothelial cells
(66, 67), intravital studies that can probe these interactions in real
time will be important in sorting this out going forward.

Neutrophil Mac-1

There is a suggestion that the {3, integrin Mac-1 is dispensable for
platelet-induced NETosis based on in vitro studies with human
neutrophils [with either TLR4 agonist (54) or TRAP-6 (5, 55) as
the platelet stimulator]. By contrast, a study of acute lung injury
demonstrated the requirement of Mac-1 for neutrophil-platelet
aggregation as well as NETosis (61). Another interesting study
recently revealed that neutrophil Mac-1 is required for crawl-
ing on the inflamed endothelium, a process that also requires
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PSGL-1, albeit without direct PSGL-1/endothelium contact (39).
The authors discovered that PSGL-1 instead concentrates in a
uropod, which projects into the bloodstream where it receives
activating signals from platelets. These PSGL-1-mediated signals
then regulate Mac-1 distribution and ultimately crawling (39).
This study nicely highlights the potential complexity of platelet-
neutrophil interplay in vivo, and how a comprehensive model
of neutrophil effector functions (such as NETosis) may not be
possible without considering both platelets and the endothelium.

Neutrophil LFA-1

The B, integrin lymphocyte function-associated antigen 1 (LFA-
1) is known to be the key receptor by which neutrophils interact
with fibrinogen, an interaction that has been linked to an effec-
tive neutrophil oxidative burst (68). Beyond fibrinogen, platelet
ICAM-2 may also interact with LFA-1 (38). In vitro studies with
human platelets (activated with LPS, TRAP, or Pam3CSK4)
have demonstrated that platelet-neutrophil interaction and
resulting NETosis can be reversed with blockade of LFA-1 (53,
56), including under conditions of shear stress (56). Similarly,
a mouse model of sepsis has supported a key role for LFA-1 in
platelet-mediated NETosis, with either genetic deletion or block-
ade reducing NETosis in liver sinusoids (54, 56). However, in a
different study focusing on murine neutrophils, TRAP-activated
platelets signaled through neutrophil Mac-1, but not LFA-1, to
induce NETosis (61). Differences in species, model, or culture
conditions may have contributed to the discrepancies across
studies.

Platelet GPlb

An in vitro study has suggested that GPIb (the classic receptor
for vVWEF) is required for platelet-induced NETosis (53), although
without a clear understanding of its counterpart on neutrophils.
Interestingly, the authors also found that LPS-stimulated platelets
increase expression and release of vVWE, with blockade of vVWF
preventing platelet-induced NETosis (53). As GPIb can interact
directly with neutrophils through Mac-1 (69, 70), and since vVWF
is also presented on the surface of endothelial cells, this pathway
will need to be further dissected (including in vivo) before defini-
tive conclusions can be drawn (71).

Platelet GPIIb/llla

In a mouse model of TRALI, blockade of GPIIb/IIla (with
tirofiban) reduced NETosis in lung tissue (5). This stands in
contrast to in vitro human studies, which have not found a role
for GPIIb/IIIa in platelet-induced NETosis (53-55). Interestingly,
GPIIb/IIIa can be transferred from platelets to neutrophils
through platelet-derived MP (42), an observation that could have
implications for in vitro and in vivo discrepancies. It may also be
that the key role of GPIIb/IIIa is to facilitate platelet-platelet or
platelet-endothelial interactions (72-74), which would stand out
in in vivo models, more so than the in vitro work.

Soluble Mediators Released by Platelets
Eicosanoids

Platelets stimulated with Pam3CSK4 and TRAP (5, 53) may
utilize TXA, as a means of signaling to promote release of

NETs (53). Given that there is no well-characterized receptor
for TXA, on neutrophils, mechanistic details remain to be
determined.

Chemokines

PF4 (CXCL4) can play a role in regulating in vitro human NETosis,
based on blocking experiments (53), and also direct stimulation
of neutrophils with recombinant PF4 (53). In vivo, MKEY (a pep-
tide inhibitor of CXCL4/CCL5 heterodimer formation) reduces
NETosis in a model of acute lung injury (61).

Alarmins

Recombinant HMGBI1 activates neutrophils to release NETs,
dependent upon either neutrophil TLR4 (58) or neutrophil RAGE
(55). Human beta defensin-1 (a microbicidal protein found in
both neutrophils and platelets) is released by platelets exposed to
Staphylococcus aureus alpha toxin, in a manner that then triggers
NETosis (57).

Neutrophil Signaling in Response

to Platelets

It should be noted that neutrophil signaling has not been char-
acterized in most models of platelet-induced NETosis. When
Pam3CSK4, LPS, or TRAP were used to stimulate platelets, the
resulting NETosis was found to be ROS independent (5, 53, 55).
This is in contrast to S. aureus alpha toxin-activated platelets,
which promote NETosis in a ROS-dependent manner (57).
Platelet HMGB1 seems to leverage neutrophil autophagy to
induce NETosis (55). Another study has demonstrated that
ERK and PI3K are required for platelet-induced NETosis, when
platelets were activated with Pam3CSK4, LPS, or arachidonic acid
(53). At this point, the data are too limited to predict whether
a consensus signaling pathway will emerge, although there are
hints that ROS may not be a critically important factor in a criti-
cally important factor in platelet-induced NETosis.

ENDOTHELIUM-NEUTROPHIL INTERPLAY

Neutrophils develop in the bone marrow from myeloid
precursors, reaching sites of infection or inflammation via
the vasculature. This migration of neutrophils from the
bloodstream to inflamed tissues is mediated by the interac-
tion of adhesion molecules on the neutrophil surface with
their respective ligands on the vascular endothelium. Details
regarding this well-coordinated series of events arise from
intravital microscopy studies in animals, as well as observations
of patients with leukocyte adhesion deficiency (75). As an initial
step, neutrophils leverage specific surface ligands in order to
tether to P- and E-selectin molecules expressed on activated
endothelial cells (selectin ligands potentially expressed on
neutrophils include PSGL-1, E-selectin ligand 1, and CD44).
Tethering of neutrophils is followed by their rolling along the
endothelium (76-80). Rolling neutrophils develop membrane
extensions at their rear end (tethers) and front (slings), which
stabilize neutrophil rolling and allow the process to proceed
despite the high shear stress of flowing blood (81). Subsequently,
neutrophils firmly adhere to endothelial cells, mediated by
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the binding of neutrophil B, integrins (LFA-1 and Mac-1) to
endothelial ligands such as intracellular adhesion molecule
1 (ICAM-1) and ICAM-2 (76, 78, 79, 82). B, integrins have
two main states of activation: the first is an extended (but
not open) form with low to intermediate affinity, and the
second an extended and open form with high affinity (the
form required for firm adhesion). Mechanisms and signaling
pathways involved in these transitions have been delineated
in great detail, and are reviewed elsewhere (82-84).

Rolling and adhesion may be followed by transmigration,
when neutrophils pass between endothelial cells (paracellu-
lar) or through endothelial cells (transcellular). While many
details remain to be determined, the paracellular process is
more prevalent, occurring perhaps 90% of the time (76, 83,
85) and favored by neutrophils expressing Mac-1 (86, 87). By
contrast, the transcellular route may be favored by increased
endothelial expression of ICAM-1 (88) or by activation of
endothelial cells by neutrophils through annexin Al secre-
tion (89). Beyond the above, adhesion molecules involved in
the transmigration process include platelet endothelial cell
adhesion molecule 1 (PECAM-1), CD99, ICAM-2, junctional
adhesion molecules (JAMs), and cadherins (90). The roles of
these adhesion molecules have primarily been demonstrated
in mouse models wherein their deletion results in inhibition
of transmigration and reduced accumulation of neutrophils
in tissues (83, 85, 91).

Within inflamed tissues, neutrophils home via chemokine
gradients. Interestingly, recent studies have demonstrated that
neutrophils are able to undergo a “reverse transmigration” pro-
cess such that tissue neutrophils may migrate back to the vascular
lumen. Studies in mice have demonstrated that downregulation of
JAM-C by neutrophil elastase plays a key role in the process (92).
At present, the functional significance of reverse transmigration
is not entirely clear. One idea is that the reverse transmigration
has a significant downside, as it may contribute to dissemina-
tion of a local immune response into a systemic inflammatory
phenomenon (93). Alternatively, it may play a role in dampening
immune response as observed in zebrafish (94) and, we speculate
patients with systemic inflammation (95).

Circulating neutrophils tend to be quiescent in nature, with
their activation tightly linked to migration from circulation to
tissue. Neutrophil activation can be thought of as a two-step
process whereby exposure to one stimulus (priming) ensures
a maximum response to a second. So, rolling and adhesion of
neutrophils on the endothelium may initiate their activation,
but full effector functions only become available to neutrophils
once they encounter certain pro-inflammatory chemokines/
cytokines or pathogen-derived ligands that can activate other
receptors (G protein-coupled receptors and innate pattern-
recognition receptors as classic examples). Neutrophils can
then rapidly undergo degranulation, activation of their NADPH
oxidase pathway for free radical generation, phagocytosis, and
even NETosis (96-98). An example comes from studies of
P-selectin overexpressing mice in which neutrophils seem to
be sensitized to NETosis by excess P-selectin exposure, but
do not actually release NETs unless confronted with a second
stimulus (59).

THE ENDOTHELIUM AND NETosis

Netting neutrophils externalize not just chromatin but also
a variety of antimicrobial peptides and proteases that target
pathogens. Recent work has demonstrated that these mediators of
host defense may also promote tissue damage (12). NETs induce
endothelial cell death in a dose-dependent and partially DNA-
independent manner (99). Rather than DNA, associated histones
and to some extent myeloperoxidase may be most responsible
for NET-mediated endothelial cytotoxicity (99). Another study
demonstrated the externalization of matrix metalloproteinase-9
(MMP-9) and MMP-25 along with NETs. This externalized
MMP-9 activates pro-MMP-2 produced by the endothelium,
resulting in cytotoxicity and vessel dysfunction (100).

An interesting in vitro study investigated the implications of
co-culture of activated endothelial cells with neutrophils (101).
The result was not just increased NETosis by neutrophils, but also
increased endothelial cell death (101). The death was attributable
to increased IL-8 production by the endothelial cells themselves
(101). One can imagine a scenario in vivo in which activated
endothelial cells induce NETosis, followed by endothelial cyto-
toxicity and potentially the release of mediators that feed forward
into more NETosis.

It should also be noted that although endothelial cells have not
been the explicit focus of most NETSs studies, they almost surely
play a prominent role in vivo, either through direct regulation
of neutrophil activity, or through modulation of other cellular
elements, such as platelets (Figure 1). As an example, in the
aforementioned sepsis model, liver sinusoids support neutrophil
adhesion even in the absence of platelets, perhaps providing
certain activating signals to the neutrophils that prime them for
subsequent platelet capture (56). One might also point to the
TRALI model (5). There, GPIIb/IIIa plays a key role in NETosis
beyond anything that has been seen in vitro (53-55) - raising the
question of whether additional synergistic signals may emanate
from the endothelium in vivo (5). Finally, although studies focus-
ing on platelet-neutrophil interactions in vitro have suggested
contradictory roles for P-selectin (53-55), it is worth noting that
P-selectin is also present on endothelial cells, which may help
explain its more clear-cut role in vivo (59). We expect to see much
more on this front in the coming years.

DENDRITIC CELLS

Dendritic cells (DCs) are best known for their role as profes-
sional antigen-presenting cells, bridging the gap between innate
and adaptive immunity. In recent years, the intersection of
neutrophils/NETosis and DCs has been increasingly considered.
First, neutrophils are well established to play a role in the recruit-
ment of DCs to sites of inflammation, and promote maturation
of DCs via secretion of a variety of soluble mediators, such as
CCL3, CCL4, CCL5 (RANTES), CCL20, tumor necrosis factor
o, o-defensins, and cathelicidins (102-106). At the same time,
in vivo immunization studies have demonstrated that neutrophils
can dampen immune responses by competing for antigen with
DCs and limiting contact between T cells and DCs (107). So, at
least in some contexts, vaccination responses may improve with
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temporary depletion of neutrophils. In other contexts, NETs
seem to do the opposite, quite specifically transferring antigens to
DCs, and thereby initiating autoimmune disorders, such as small
vessel vasculitis (108).

With further implications for autoimmunity and sterile
inflammation, NETs activate plasmacytoid DCs in lupus and
atherosclerosis via TLRY. Activated plasmacytoid DCs produce
interferons, which in turn prime neutrophils for more NETosis
(thereby setting up a positive feedback loop) (109, 110).

Again pointing to different roles in different contexts, DCs
may sometimes downregulate NETosis. This has been described
in the specific context of human immunodeficiency virus (HIV),
which acts through CD209 on DCs to produce interleukin 10
(IL-10). IL-10 then inhibits HIV/TLR7-mediated NETosis (111).
Demonstrating at least some specificity, PMA-induced NETosis
is not suppressed by IL-10 (111).

MICROPARTICLES

MP are small, cell membrane-derived vesicles (112). MP from
endothelial cells (113, 114), platelets (115), and red blood
cells (116) have all been implicated in activating neutrophils.
Furthermore, both platelet-derived (115) and red blood cell-
derived (116) MP induce Mac-1 expression on neutrophils and
stimulate neutrophil phagocyticactivity (115, 116). The role of MP
in promoting NETosis was also demonstrated in a paper focusing
on preeclampsia, in which placenta syncytiotrophoblast-derived
MP seem to promote NETosis (117). In inflammatory bowel
disease, MP also appear to activate NETosis (118).

CLEARANCE OF NETs

While NETs play a critical role in host defense, excessive forma-
tion or persistence of NETs may lead to adverse effects. Thus,
clearance of NETs is an important physiological process that
helps minimize excessive presentation of both toxic products and
potential self-antigens. Degradation of NETs by serum DNase is
one mechanism by which NETs are cleared, with impairment
of this process leading to a lupus-like syndrome in mice (119).
Interestingly, inadequate DNase activity has also been detected in
the blood of patients with both lupus (119-121) and autoimmune
vasculitis (122). Beyond the enzymatic activity of DNase, mac-
rophages also play a role in the clearance of NETs. DNase pro-
cessing of NETs prepares them for engulfment by macrophages,
with the process further facilitated by the opsonization of NETs
by complement Clq (123). Though this process was initially
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Platelets: New Bricks in the Building
of Neutrophil Extracellular Traps

Agostina Carestia, Tomas Kaufman and Mirta Schattner*

Laboratory of Experimental Thrombosis, Institute of Experimental Medicine-CONICET, National Academy of Medicine,
Buenos Aires, Argentina

In addition to being key elements in hemostasis and thrombosis, platelets have an import-
ant role in the inflammatory and innate immune response. This activity is associated with
their capability to recognize pathogens through the expression of toll-like receptors, the
secretion of various cytokines, chemokines, and growth factors stored within their gran-
ules, and the expression of cell adhesion molecules that allows interaction with other
immune cells, mainly neutrophils and monocytes. As part of the first line of defense,
neutrophils control invading pathogens by phagocytosis, the release of antimicrobial
proteins during degranulation, or through the formation of web-like structures named
neutrophil extracellular traps (NETs). NETs are formed by chromatin, proteases, and
antimicrobial proteins, and their main function is to trap and kill bacteria, virus, and fungi,
avoiding their dissemination. Besides microorganisms, NET formation is also triggered
by proinflammatory molecules and platelets. The uncontrolled formation of NETs might
exert tissue damage and has been involved in a pathogenic mechanism of autoimmune
and prothrombotic clinical conditions. In this review, we discuss the role of platelets in
NET generation highlighting the mediators, stimuli, and molecular mechanisms involved
in this phenomenon, both in human and murine models.

Keywords: platelets, neutrophils, neutrophil extracellular traps, inflammation, platelet-neutrophil interaction

INTRODUCTION

Platelets are known to be central mediators of hemostasis and thrombosis; however, this role and
the spatiotemporal relationship of the events that occur after tissue injury also link them directly
to the host inflammatory and immune responses. The contribution of platelets to processes beyond
hemostasis and thrombosis is associated with several properties, including the ability to store within
intracellular granules — a broad array of biologically active molecules, which can be released into the
circulation or translocated to the platelet surface during activation; and the recognition of pathogens
through toll-like receptors (TLRs), and by the interaction of platelets directly with pathogens and
other vascular cells, mainly endothelial cells and leukocytes (1).

Abbreviations: ADP, adenosine diphosphate; ALI acute lung injury; ASA, acetylsalicylic acid; DNAse, deoxyribonuclease;
DVT, deep vein thrombosis; GP, glycoprotein; GPCR, G-protein-coupled receptor; HMGBI1, high mobility group box 1;
LPS, lipopolysaccharide; MI, myocardial infarction; MPO, myeloperoxidase; NADPH, nicotinamide adenine dinucleotide
phosphate; NETs, neutrophil extracellular traps; PAD4, peptidylarginine deiminase 4; PF4, platelet factor 4; PMA, phorbol-
12-myristate 13-acetate; PSGL-1, P-selectin glycoprotein ligand-1; ROS, reactive oxygen species; TLR, toll-like receptor; TRALIL,
transfusion-related acute lung injury; TXA,, thromboxane A2; VTE, venous thromboembolism; vVWE von Willebrand factor.
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The release of DNA extracellular traps is a newly discov-
ered defense mechanism of neutrophils in their fight against
pathogen invasion. Neutrophil extracellular traps (NETs) occur
as a result of a special cell death program named NETosis that
involves the release of DNA webs decorated with all five types
of histones and with neutrophil-derived granular proteins
with antimicrobial activity, such as elastase, myeloperoxidase
(MPO), and the bactericidal/permeability-increasing protein,
among others (2). Even though these traps are important as
anti-infection agents in the innate immune response, they can
be a double-edged sword since, in excess, they are cytotoxic
and induce tissue damage (3).

Increasing in vitro and in vivo evidence indicates that the abil-
ity of platelets to operate as innate immune cells is critical to the
process of NET formation. In this review, we aim to discuss the
role of platelets in the formation of NETS, identifying the stimuli,
mediators, and molecular mechanisms involved as well as their
physiopathologic relevance, both in mice and humans.

PLATELETS

Platelets are anucleated cells derived from megakaryocytes,
which play a crucial role in hemostasis and thrombosis. Under
normal conditions, circulating platelets do not adhere to the
wall of blood vessels, leukocytes, or between them due to the
anti-thrombotic properties of vascular endothelium. However,
during vascular injury or after endothelium activation under
inflammatory conditions, platelets adhere to subendothelial
molecules such as collagen or von Willebrand factor (VWEF),
triggering initial platelet activation characterized by the release
of soluble mediators stored in their granules, such as adeno-
sine diphosphate (ADP) and thromboxane A, (TXA,). These
molecules act as platelet activators amplifying cell activation
in an autocrine manner and allowing the activation of other
circulating platelets, favoring the formation of platelet—platelet
aggregates. The interaction between platelets is called aggrega-
tion and occurs due to the principal integrin of these cells, oumfs.
Upon platelet activation, this integrin changes from a closed to
an open conformation, enabling fibrinogen binding, which acts
as a bridge between platelets. The amplification of platelet stimu-
lation leads to procoagulant activity, thrombin generation, and
formation of a thrombus that will repair the damaged vessel (4).

NEUTROPHIL EXTRACELLULAR TRAPS

The main function of NETs is to eliminate pathogens. Once
attached to these webs, histones and microbicide proteins degrade
virulence factors and kill pathogens. The NET is not only a trap,
which prevents the propagation of pathogens from the initial site
of infection, but also, by being attached to injurious stimuli, con-
centrates microbicide proteins to the site of infection (2). While
NET formation was initially associated with pathogens such as
bacteria, fungi, viruses, and parasites (5-9), it is now known that
cytokines, chemokines, platelet agonists, and antibodies (10-14)
are also capable of triggering this phenomenon. Depending on
the location of the neutrophils when stimulated (extravasated
versus vascular), these NETs can be either spread throughout

the interstitium of specific organs or released into the lumen of
blood vessels, where they may attach to the vessel walls of narrow
capillaries.

NETosis is initiated by the activation of peptidylarginine
deiminase 4 (PAD4), which induces citrulination of histones
3 and 4 dismantling the nucleosome (15, 16). In addition,
the activation of protein kinase C and nuclear factor kappa B
(NFxB) pathways (12) and RAF/MEK/ERK signaling (17) leads
to phosphorylation of several kinases resulting in assembly of
the functional nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase complex for reactive oxygen species (ROS)
generation (18). ROS trigger the dissociation of neutrophil
elastase from a membrane-associated complex (azurosome)
into the cytosol and activate its proteolytic activity in an MPO-
dependent manner. Once in the cytoplasm, elastase binds actin
and is translocated to the nucleus where it promotes chromatin
decondensation by cleavage of histones. After disintegration of
the nuclear envelope and rupture of the cytoplasmic membrane,
NETs are released (19, 20).

In addition to ROS generation, autophagy is also required
for NET generation (21). Furthermore, recent evidence has also
shown that activation of SK3 potassium channels, mediated by
calcium influx, may lead to an alternative NADPH oxidase-
independent mechanism of NETosis (22).

The above description is of what is called “suicidal” NETosis
(6). However, it has been reported that a fraction of neutrophils
can release NETs without dying, leaving behind cytoplasts that
continue to ingest microbes. This highly efficient process is called
“vital” NETosis (23, 24).

NETs form an important arm of antimicrobial innate immu-
nity, which is exemplified by the fact that defects in NET genera-
tion, or experimental NET depletion, increase susceptibility to
various kinds of infections in mice and humans (25-28).

ROLE OF PLATELETS IN NET FORMATION

Platelet involvement in DNA extracellular trap formation was first
described in 2007, when Clark et al. showed in a mouse model of
sepsis that lipopolysaccharide (LPS) binds to TLR4 present in the
platelet membrane, allowing the binding of platelets to neutrophils
and leading to rapid neutrophil activation and NET formation.
These structures maintain their integrity under flow conditions
and ensnare bacteria in the circulation (29). The finding that
activation of TLR4 on platelets activates the release of NETs was
a significant shift in understanding the inflammatory response to
sepsis. The ability of platelets to promote NET formation was also
observed in human cells, not only with Gram-negative bacterial
components but also with Gram-positive bacteria (14).
Platelet-mediated NET formation is not restricted to activa-
tion by bacteria; it has been shown that platelets are also required
for NETosis-mediated virus clearance. After systemic poxvirus
challenge, mice exhibit thrombocytopenia and the recruitment of
both neutrophils and platelets to the liver vasculature. Circulating
platelets interact with, roll along, and adhere to the surface of
adherent neutrophils, forming large aggregates that facilitate the
release of NETs within the liver vasculature. Inhibition of this
aggregation does not form NETs (30). The platelets’ participation
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in the formation of NETs and virus clearance could represent
another mechanism for the thrombocytopenia that is frequently
observed in virus-infected patients (31). Although the central
role of platelets in NETosis was initially identified in infectious
processes, it also happens during sterile inflammation conditions.
In fact, activation of platelets, not only by pathogens but also by
classical platelet agonists such as thrombin, arachidonic acid,
collagen, or ADP, results in NET induction (11, 13, 14, 32). These
findings, together with the fact that besides exerting antimicro-
bial activity, NETs can also trigger procoagulant, prothrombotic,
and proinflammatory responses and explain why NETs are
increasingly being recognized as novel mediators of several non-
infectious clinical conditions, such as thrombosis, pre-eclampsia,
and autoimmune diseases (3).

CELL ADHESION MOLECULES INVOLVED
IN PLATELET-MEDIATED NETosis

Platelet-neutrophil interaction takes place mainly due to the
binding of P-selectin to its receptor P-selectin glycoprotein
ligand-1 (PSGL-1) on the leukocyte surface (33). Consistent with
this observation, recent studies in mice have shown that NET
formation during sepsis or acute lung injury (ALI) experimental
models is also dependent on cell to cell interaction via PSGL-1
and P-selectin (34, 35). However, other studies, including those
from our group, haveindicated that,in humans, platelet-mediated
NET formation is a P-selectin-independent mechanism since its
blockade does not modify DNA release and the incubation of
neutrophils with recombinant P-selectin was not able to induce
NETosis (13, 14). Platelet TLR4 appears to be a major target
involved in platelet-mediated NETosis. As mentioned before,
platelet TLR4 is involved in inducing NETs in mice and humans
(14, 29). However, it is not yet known whether the LPS bound
to platelet TLRs interacts with the neutrophils’ TLR4 counter
receptor, or if it is just necessary to trigger platelet activation
and the release of mediators that, in turn, induce NETosis. Of
note, the blockade of platelet TLR4 markedly impairs NETosis
and this has been suggested as a new therapeutic approach for
sepsis (29).

Cooperation between neutrophil p2 integrin (CD18) and
platelet glycoprotein (GP) Ib has been considered as another
major event involved in platelet-neutrophil adhesion (36, 37).
Studies using murine cells of wild type and mice deficient
in CD18, as well as a murine model of sepsis, demonstrated
that B2 integrin is also involved in platelet-mediated NETosis.
Furthermore, blocking Mac-1 (CD18/CD11b), but not LFA-1
(CD18/CD11a), in wild-type mice significantly reduced NET
formation (38, 39). These data were corroborated in studies of
mice and human cells where blocking CD18 markedly decreased
the release of NETs mediated by activated platelets (14, 39). With
regard to platelet GP Ib, its specific inhibition by gene deletion
(40), or using blocking antibodies in human platelets (14), also
affected the formation of NETs, demonstrating its participation
in this process.

In a mouse model of ALI and using mice platelets and neu-
trophils, it has been shown that platelet-stimulated NETs require
simultaneous activation of integrin-mediated outside-in and

G-protein-coupled receptor (GPCR) signaling. Blocking one of
these pathways reduced NET formation in vivo, diminishing the
severity of ALI (39).

Platelet integrin oufs is the most abundant molecule in the
platelet’s surface that mediates interaction between platelets,
and platelets with other cells. In a mouse model of lung injury,
blocking the platelet integrin inhibited the formation of NETs and
tissue damage (11), whereas a study of human platelets showed
that ouPs seems not to participate in this process (13, 14).

Together, these observations suggest that the bridging between
platelets and neutrophils in NET formation differs either between
species or due to in vivo cofactors not involved in the in vitro
models. In fact, while platelet-mediated NETosis in mice appears
to be dependent on P-selectin, GPIb, TLR4, and integrin otmfs
expression on the platelet surface; human NET formation by
platelets seems to only require GPIb and TLR4. In contrast,
integrin P2 on the neutrophil’s surface appears to be a major
protein involved in platelet-mediated NETosis, either in mice or
humans.

SOLUBLE MEDIATORS OF PLATELET-
MEDIATED NETosis

Neutrophils and platelets activate each other. The crosstalk between
these cells depends on cell-to-cell contact and secreted substances.
Upon activation, platelets express or secrete various molecules
capable of modulating the activation of neutrophils (41).

High mobility group box 1 (HMGBI) is a damage-associated
molecular pattern molecule, which is released as a result of cell
death and represents a crucial sign in the inflammatory response
to tissue injury (42). Platelets contain HMGB1, which is released
after activation (43). Recently, it has been shown that platelet-
derived HMGBI is a mediator of NET formation. Of interest,
HMGBI, either soluble or presented from activated platelets,
induces autophagy in neutrophils promoting NETosis and inhib-
iting apoptosis (13), supporting the notion that autophagy is a
critical signal for the NETosis process. Of note, NETs induction
by HMGBI is independent of TLR4; thus, the axis HMGB1-
receptor for advanced glycation endproducts (RAGE) represents
a potential target to control NET formation in sterile inflamma-
tory conditions.

Platelet-derived chemokines such as RANTES (CCL5) and
platelet factor 4 (CXCL4, PF4) are well-known molecules respon-
sible for neutrophil recruitment to sites of inflammation/infec-
tion (44). In a mouse model of lung injury, it has been shown that
blocking these cytokines or their heterodimerization inhibited
NETosis (39). We have confirmed the participation of PF4 in
NETosis using human cells, while inhibition of PF4 abrogated
the release of DNA, recombinant PF4 promoted the formation
of these DNA traps (14). These observations suggest that, besides
chemotaxis, RANTES and PF4 are involved in the inflammatory
response, not only recruiting leukocytes to the site of injury but
also being strong NETs inducers.

Venous thromboembolism is a GP stored in o granules
of megakaryocytes and platelet and Weibel Palade bodies of
endothelial cells. After vessel injury, vVWF mediates platelet
adhesion to the exposed subendothelium (45). Several studies
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have suggested that vVWF is a critical component of NETs. In a
murine model of deep vein thrombosis (DVT), it was observed
that citrullinated histone H3 (citH3) colocalized with this factor,
suggesting that this molecule and NETs form a network that con-
tributes to thrombus growth and stabilization (46). Furthermore,
the ultralarge vVWF fibers adhered to the endothelium that are
observed during inflammation, bind and immobilize the DNA
released by neutrophils acting as a linker between leukocyte adhe-
sion to the endothelium and supporting leukocyte extravasation
and inflammation (47). In addition, we found that incubation of
human platelets with an antibody against vVWF suppressed NET
formation induced by activated platelets, indicating that not only
vWEF is a NET inducer but also revealing a functional role for this
molecule is released by platelets (14). Together, these observa-
tions indicate that, besides its function as an adhesive molecule,
VWE secreted either by platelets or endothelial cells has a central
role in the inflammatory and thrombotic features of NETS.
Thromboxane A2 is a potent platelet agonist, and its role
in the formation of platelet-mediated NETs has been recently
studied. In this context, it was reported that pharmacological

inhibition of TXA,-mediated platelet activation by acetylsalicylic
acid (ASA) suppressed the formation of platelet-mediated NET
generation (11, 14). Furthermore, pretreatment of neutrophils
with a selective thromboxane receptor antagonist (SQ29548)
prior to the addition of thrombin receptor activating peptide
(TRAP)-activated platelets reduced the production of NETs (11).
The in vivo relevance of TXA; in platelet-mediated NET forma-
tion was first pointed out by Caudrillier et al. who showed in
experimental transfusion-related acute lung injury (TRALI) that
NETs are detectable in the lung microcirculation and they were
prevented by inhibition of platelet aggregation using ASA (11).
In addition, dipetalodipin and triplatin are triatomine salivary
proteins that exhibit high affinity binding to prostanoids, such
as TXA,, inhibited platelet-mediated NET formation (32). Given
that neutrophils do not express the TXA, receptor, the effect
of TXA, is intriguing. However, as TXA, is a strong autocrine
and paracrine activator, we have shown that this molecule, once
released, acts on platelets triggering the release of platelet gran-
ules content, which in turn promote the formation of NETs (14)
(Figure 1).
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SIGNALING INVOLVED IN PLATELET-
MEDIATED NET FORMATION

Although the molecular basis governing the formation of NETs
are not yet fully elucidated, the activation of the RAF/MEK/
ERK, the generation of ROS by the enzyme NADPH oxidase,
and activation of PAD4 seems to be of great importance in the
NETosis induced by phorbol-12-myristate 13-acetate (PMA)
(15-18). Phosphorylation of ERK both in platelets and neu-
trophils is also necessary for the formation of NETs mediated
by activated platelets (11, 14, 48). Blocking ROS production,
in both cell types, did not influence the release of DNA traps
in human cells (14); however, in a murine model, NETosis was
significantly decreased using diphenyleneiodonium (DPI) both
in vitro and in vivo (39). Nevertheless, while platelet activation
of Src is required for induction of platelet-mediated NETosis, in
neutrophils both Src and PI3K activation are triggered during
NET formation mediated by platelets (14, 48) (Figure 2). Further
studies are required to elucidate the signaling pathways involved
in platelet-mediated NETosis.

PLATELETS AND NETs IN DISEASE

Infectious Inflammation

Sepsis

It is increasingly recognized that platelets play an important role
in the host defense to pathogens. Several mechanisms appear to
be responsible for this response, including the ability of platelets
to directly recognize, sequester, and kill pathogens, to recruit
leukocytes to the site of infection and to activate neutrophils,
enhancing their ability to phagocytose and kill pathogens (49).
In addition, a seminal study by Clark et al. (29) demonstrated
that platelets induce neutrophil unique effector responses, such as
the generation of NETS. In response to endotoxemia, neutrophils
adhere to endothelium mainly in the sinusoids of the lungs and
liver and then LPS-activated platelets anchor to the surface of
neutrophils, promoting NETosis. Because these interactions
were observed during severe sepsis, it was suggested that platelets,
through the expression of TLR4, act as a barometer for systemic
infection and, under high levels of LPS, the interplay between
platelets and neutrophils constitutes an efficient mechanism
in the fight against pathogens. Remarkably, the formation of
NETs, if uncontrolled, is also responsible for tissue damage and
organ dysfunction. The biological relevance of platelets in NET
formation during sepsis was underscored by the observation that
plasma from severely septic patients also triggered the formation
of neutrophil DNA traps in the presence of platelets (29). In
addition, in a Streptococcus mutans endocarditis rat model, it has
been demonstrated that infective endocarditis-inducing patho-
gens activate platelets through specific IgG, which contributes to
bacteria-platelet aggregate formation on the damaged valve; the
bacteria also activate the infiltrated neutrophils and produce ROS,
which triggers chromatin decondensation. The resulting NETs
entrap the bacteria—platelets aggregates to promote vegetation
formation (48). These observations lead the authors to suggest
that a similar process could take place in human endocarditis,
because NETs have been identified in human specimens.

Human Mouse

Thrombin

Platelet

Elastase

FIGURE 2 | Signaling pathways involved in platelet-mediated NET
formation. NETosis mediated by platelets requires activation of both human
platelet and neutrophils ERK and Src kinases. In addition, PI3K signaling
pathway in neutrophils is also required for NET formation. While NADPH
oxidase in neutrophils is necessary to induce NET formation in mice, the
signaling pathways in platelets are still not identified.

Interestingly, it was recently proposed that the link between
coagulation and the innate immune response might constitute an
innate effector mechanism, named immunothrombosis, which
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mediates the recognition of pathogens and damaged cells and
inhibits pathogen dissemination and survival. Immunothrombosis
is therefore considered to be a physiological process crucial for
intravascular immunity, whereas its dysregulation may be one of
the underlying events that trigger thrombotic disorders, such as
VTE and disseminated intravascular coagulation. Neutrophils are
major players in the development of immunothrombosis through
the release of NETs. Moreover, NETs may also provide a scaffold
to activate platelets and stimulate thrombus formation (50).
Several studies have indicated the relationship between infection
and thrombosis; however, the pathogenic mechanism was not
clear. The discovery of NETs and the bidirectional interaction
with platelets represents a link between these phenomena.

Sterile Inflammation

Acute Lung Injury

In a murine model of TRALI, NETs were found in the micro-
circulation of the lungs and components of these networks in
plasma (11). When platelet function was inhibited, DNA content
significantly decreased indicating that platelets are necessary
for the generation of NETs. Similar results were demonstrated
in a mouse model of ventilation-induced lung injury (39). In
this study, platelet depletion resulted in a decreased neutrophil
accumulation in alveolar compartments and release of these
DNA traps. Furthermore, a similar result was obtained by
specifically inhibiting the heterodimerization of RANTES and
PF4, reaffirming the role of platelets in this mechanism, and
increasing the severity of the disease. However, Thomas et al.
reported that platelet depletion with neuraminidase in a murine
model of TRALI did not prevent NET formation in the lungs
(51). This observation was only qualitative, thus, it is conceivable
that platelets potentiate the release of NETs induced by other
agonists. Taking into account these discrepancies, more studies
are needed to understand the relevance of platelets in the forma-
tion of NETs in TRALI and whether therapeutic inhibition of
platelet-neutrophil aggregates and/or NET formation provide a
useful therapeutic strategy.

Thrombosis

Venous Thrombosis

Traditionally, the pathogenic mechanism of venous thromboem-
bolism (VTE) that includes DVT or pulmonary embolism was
considered the result of reduction in blood flow, injury to the vas-
cular endothelium and a hypercoagulable state (Virchow’s Triad)
(52). The discovery of NETs offered a very exciting explanation
for the cellular events that trigger VTE. Initial studies showed that
DNA traps promote platelet adhesion, activation, and aggrega-
tion and exert procoagulant activity, thus providing a scaffold for
thrombus formation and growth (53). These effects are mainly
caused by histones present in the NETs (54-56). Moreover, his-
tones induce the release of platelet mediators that, in turn, induce
NETosis, thus creating a positive feedback mechanism that
favors thrombus formation. NETs also recruit red blood cells and
promote VWE, fibrinogen, and fibrin deposition inducing a red
thrombus, such as that found in veins. Remarkably, clot formation
in the presence of activated neutrophils can be prevented only by
simultaneous treatment with tissue plasminogen activator and

deoxyribonuclease (DNAse), indicating that NETs may provide
a scaffold independent from fibrin (53).

Using a mouse model of flow restriction-induced DVT, von
Bruhl et al. and Brill et al. demonstrated that flow restriction
triggers the rapid accumulation of leukocytes, mainly neu-
trophils (85%) and monocytes (15%), that initiate local fibrin
formation through the expression of tissue factor. In addition,
neutrophils form NETs that bind factor XII and initiate coagula-
tion. Platelets were critical to foster neutrophil recruitment and
NET formation through the GPIb-p, integrin axis and supported
fibrin formation by enhancing neutrophil-dependent coagula-
tion. While DNAse I and enoxaparin protected mice from DVT,
infusion of an unfractionated mixture of calf thymus histones
increased plasma vWF and promoted DVT early after stenosis
application, indicating the relevant role of NETs in DVT (40,
46). In fact, these experimental models provided the first in vivo
evidence that NETs can act as a platform for thrombogenesis
in large veins in response to perturbations of flow and also that
these DNA traps are a unique link between inflammation and
DVT. Furthermore, these studies highlighted that platelets, com-
monly recognized as central mediators of arterial thrombosis,
also contribute to inflammation and the propagation of DVT
in the absence of endothelial disruption, mainly fostering NET
formation.

The critical role of NETs in developing DVT was also demon-
strated by Martinod et al., who showed that PAD4-deficient mice
(PAD47/7) were protected from producing venous thrombi (57).
However, in contrast to these observations, El-Sayed et al. found
no differences in the stasis thrombus size either in WT animals
that were treated with DNAse I or in PAD4~~ mice compared
with controls (58). The differences between these studies are
still not clear and require further investigation. Furthermore,
unexpectedly, it was recently reported that neutrophils from
elastase-deficient mice only showed a mild reduction in non-
infectious stimuli-mediated NET formation in vitro and accord-
ingly, elastase deficiency had no significant effect on thrombosis
in the inferior vena cava stenosis model (59). These data revealed
not only that neutrophil elastase is not essential for NETosis
but also that even partial NET release seems sufficient to attract
platelets, red blood cells, promote coagulation, and drive venous
thrombus formation. Since all these findings were obtained in
mice, the question arises whether similar molecular mechanisms
are effective in humans.

The first clinical study of 150 patients showed that increased
levels of circulating nucleosomes and neutrophil activation, as
evidenced by the presence of elastase—antitripsin complexes,
were associated with a threefold risk of DVT (60). In another
study, immunohistochemical analysis of thrombi obtained from
patients at different stages of VTE demonstrated the presence of
NETs during the organizing stage of thrombus maturation. In
contrast, NETosis was absent in the mature regions of organized
thrombi. CitH3-positive cells surrounded vWF-positive platelet
islands in human DVT samples, and diffuse vVWF-positive stain-
ing was associated with diffuse citH3 patterns in the organizing
regions of thrombi (61). These findings support the notion that
NETs, together with vWE, could enhance thrombus formation/
stability in DVT.
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Arterial Thrombosis

Increased levels of nucleosomes and cell-free DNA have frequently
been shown to be associated with infarcted tissue in patients with
ischemic stroke and myocardial infarction (MI) (62). However,
because these biomarkers are not specific to tissue injury, it was not
clear from these studies whether the DNA material was released
from necrotic tissues or from NETs. Furthermore, the relationship
was not established between the nucleosome of cell-free DNA
and thrombi. The presence of citH3 neutrophils in heart sections
and increased plasma nucleosomes levels in mice subjected to
myocardial reperfusion injury was recently demonstrated. Also
of note, monotherapy with DNAse I significantly decreased the
number of infiltrating neutrophils and plasma nucleosomes levels
as well as reducing the infarcted area and improving cardiac func-
tion, indicating not only that NETs are components of the inflam-
matory milieu of the infarcted myocardium but also their direct
involvementin cardiacinjury (63). Ina prospective, observational,
cross-sectional cohort of 282 individuals with suspected coronary
artery disease, Borissoff et al. found that markers of NETSs, such as
MPO-DNA complexes, predicted the number of atherosclerotic
coronary vessels, the presence of a hypercoagulable state, and
the occurrence of major adverse cardiac events (64). Moreover,
they also identified high nucleosome levels as an independent
risk factor of severe coronary stenosis. Of note, this study only
found a weak correlation of platelet activation markers (measured
by PF4 plasmatic levels) and citH4 levels. However, in another
study, Maugeri et al. demonstrated that in patients with acute MI,
coronary artery thrombi obtained during percutaneous coronary
intervention were made up mainly of platelets and neutrophils
and contained large amounts of DNA strands that were decorated
with citrullinated histones and granule proteins such as MPO and
pentraxin; platelets were identified close to DNA webs (13). In
support of these observations, citH3 was detected in the cerebral
microthromboses of ischemic stroke patients. Interestingly,
the patients also had an unexpectedly higher prevalence of
cancer; half of the cancers were diagnosed post-mortem (65).
Furthermore, cancer patients had increased plasmatic markers of
NETosis that correlated positively with thrombin-antithrombin
levels and soluble P-selectin. These data not only further support
the link between NETosis and thrombosis but also highlight the
relevance of NET formation as biomarkers detecting cancer in
arterial microthrombosis, or vice versa.

The role of NETs and platelets was also confirmed in patients
with MI in selective samplings of thrombotic material and sur-
rounding blood from the infarct-related coronary artery during
primary percutaneous revascularization. The study showed that
interaction of thrombin-activated platelets with neutrophils at
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Neutrophils are motile and responsive to tissue injury and infection. As neutrophils
emigrate from the bloodstream and migrate toward a site of affliction, they encoun-
ter the tissue extracellular matrix (ECM) and thereby engage integrins. Our laboratory
studies the neutrophilic response to the fungal pathogen Candida albicans either in the
filamentous state of the microbe or to the purified pathogen-associated molecular pat-
tern, B-glucan. We have gained an appreciation for the role of integrins in regulating the
neutrophil anti-Candida response and how the presence or absence of ECM can drive
experimental outcome. The B2 integrin CR3 (complement receptor 3; aMB2; Mac-1;
CD11b/CD18) plays an important role in fungal recognition by its ability to bind p-glucan
at a unique lectin-like domain. The presence of ECM differentially regulates essential
neutrophil anti-fungal functions, including chemotaxis, respiratory burst, homotypic
aggregation, and the release of neutrophil extracellular traps (NETs). We have shown that
NET release to C. albicans hyphae or immobilized B-glucan occurs rapidly and without
the requirement for respiratory burst on ECM. This is in contrast to the more frequently
reported mechanisms of NETosis to other pathogens without the context of ECM, which
occur after a prolonged lag period and require respiratory burst. As expected for an
ECM-dependent phenotype, NETosis and other neutrophil functions are dependent
on specific integrins. The focus of this review is the role of ECM ligation by neutrophil
integrins as it pertains to host defense functions with an emphasis on lessons we have
learned studying the anti-Candida response of human neutrophils.

Keywords: NETs, extracellular matrix, neutrophils, integrins, Candida

PREVALENCE AND RISK FACTORS FOR CANDIDIASIS

Candida albicans exists as normal flora of the skin and GI tract but can become a serious and life-
threatening infection. Candidiasis can present either locally as mucocutaneous infection or as the
more severe invasive form of the disease. Predisposing factors lending to loss of host control of the
colonized organism are likely to be a combination of host as well as microbial factors (1). Invasive
candidiasis continues to be a significant medical problem and Candida ranks as the fourth leading
pathogen in causing nosocomial infection with mortality up to 40% in spite of available anti-fungal

Abbreviations: CARDY, caspase recruitment domain-containing protein 9; CR3, complement receptor 3; ECM, extracellular
matrix; LAD, leukocyte adhesion deficiency; NETs, neutrophil extracellular traps; PAD4, peptidyl arginine deiminase type IV;
PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; ROS, reactive oxygen species.
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therapy (2). Infection can take place in any bodily organ and
systemic infection can involve coincident infection of multiple
organs, as well as the blood.

Clinical risk factors for acquisition of Candida infection
include neutropenia or a neutrophil defect whether heritable or
epigenetic, systemic antibiotic usage, central venous catheter,
mucosal damage, and prolonged stay in the ICU even in the pres-
ence of surfeit neutrophils (3, 4). Candida infection is remarkably
high in non-trauma emergency surgical patients with a prolonged
ICU stay, reaching a rate of 21.7/100 discharges, higher than other
established high-risk populations (5, 6).

FUNGAL RECOGNITION

Candida albicans is a polymorphic fungal pathogen that can
grow as yeast, pseudohyphae, and true hyphae and the ability to
switch between phenotypic states is an essential virulence factor
complicating immune detection (7-9). Neutrophils respond to
infectious fungi in a variety of ways, including phagocytosis,
production of reactive oxygen species (ROS), degranulation,
recruitment of other leukocytes, and the more recently rec-
ognized release of neutrophil extracellular traps (NETs). In its
budding yeast form, C. albicans is small enough for neutrophils
to phagocytose. This response involves uptake of microbes into
the phagosome, where fusion of cytotoxic granules and oxidative
products facilitate microbial killing (10). The invasive filamen-
tous forms of C. albicans are too large to be engulfed, necessitating
other cellular strategies for anti-fungal response and clearance
(11-16). The recently described process of NETosis, where NETs
consisting primarily of DNA studded with histones and compo-
nents of cytotoxic granules are extruded into the extracellular
space, accomplishes the dual functions of both immobilizing and
killing harmful microbes where phagocytosis is not feasible (17).

Innate immune cells recognize C. albicans by binding to
molecules present in the fungal cell wall. B-glucans are a class of
long-chain polymers of glucose in B-(1,3) (1,6)-linkages that are
conserved in microbial structures but not found in mammalian
cells and, thus, are considered a pathogen-associated molecular
pattern (PAMP) (11, 18, 19). Pattern recognition receptors (PRRs)
on cells of the innate immune system discern PAMPs as being
non-self and initiate antimicrobial host defense mechanisms
through activation of intracellular signaling pathways. With
regard to recognition of B-glucan, two receptors have received the
most attention; the integrin CR3 and the C-type lectin Dectin-1
that may exert non-overlapping roles in clinical and experimental
host defense. To parse the relative roles of these receptors, one
must take into account the species of the host and immune cell
type being studied as the anti-fungal role of these receptors
can differ between monocyte/macrophages and neutrophils.
Differences may also lie in the specific immune function being
assayed and the morphological form of the Candida.

Dectin-1 plays a key role in C. albicans control in mice such
that mice defective in Dectin-1 are susceptible to fungal infec-
tions while CR3 knockout mice are more resistant to challenge
with disseminated C. albicans, suggesting that CR3 has a non-
protective, or suppressive effect on murine host defense (20). In
humans, Dectin-1 has been shown to be important in control

of mucocutaneous but not systemic infection (21, 22). This was
supported by a study of a family with a mutation of caspase
recruitment domain-containing protein 9 (CARDY), a signal-
ing molecule downstream of Dectin-1 (23). In this family, the
CARDO defect presented as a predisposition to mucocutaneous
candidiasis similar to the absence of Dectin-1, mediated by a
cytokine production defect of monocytes and macrophages (21,
23). Neutrophils from leukocyte adhesion deficiency (LAD) type
1 patients that are devoid of CD11b/CD18 but which express
Dectin-1 failed to internalize Saccharomyces cerevisiae or unopso-
nized zymosan demonstrating the primacy of CR3 in phagocyto-
sis of unicellular yeast and p-glucan-containing particles (24). In
short, phagocytosis of unopsonized yeast or f-glucan-containing
particles is primarily mediated by CR3 in human phagocytes and
by Dectin-1 in murine cells (25). It is not clear why the genetic
absence of CR3 has such different implications for anti-fungal
immunity in mice and humans. This is often correlated with the
notion that CR3 ligation by p-glucan particles fails to induce
respiratory burst thereby limiting this host defense mechanism
(26). However, we and others have shown that human neutrophils
induce a CR3-dependent respiratory burst to fungal hyphae or
immobilized purified f-glucan as a model of the response to non-
phagocytosable filaments (11, 12, 15). Given the multifaceted role
of CR3 in immune response to a pathogen, it is difficult to ascribe
a mechanism to the increased resistance in CR3 knockout mice.
With regard to recognition of non-phagocytosable fungal
hyphae, our laboratory showed that antibody blockade of either
fungal cell wall p-glucan or neutrophil CR3 was sufficient to obvi-
ate the respiratory burst of human neutrophils; antibody blockage
of Dectin-1 had no effect (11, 13). In addition to the host defense
mechanisms affected by CR3 and Dectin-1 individually, there is
solid evidence for a crosstalk pathway connecting these PRRs.
Li et al. showed a mechanism dependent on the RhoGTPase
exchange factor, Vav, through which binding of p-glucan to
Dectin-1 resulted in CR3 activation in both murine and human
cells (27). This highlights the potential complexity of working
toward a more complete understanding of the differential nature
of immune recognition of C. albicans hyphae and yeast forms.
A significant step forward in this regard is found in a report by
Lowman et al. (22) in which a novel cyclical, or “closed chain”
structure of B-glucan was found in C. albicans hyphae but not in
yeast. These authors purified p-glucan from C. albicans yeast and
hyphae into water-insoluble microparticulate form and showed
that the p-glucan extracted from hyphae, but not yeast, produced
a potent IL-1 response by human monocytes and macrophages,
which was Dectin-1-dependent. Whether monocyte Dectin-1
can recognize cyclical hyphal p-glucan within the cell wall
of the organism remains to be seen. Findings to date suggest
that Dectin-1 recognition of Candida hyphae is limited to bud
scars where p-glucan is particularly exposed, it does not appear
to recognize P-glucan along hyphal filaments (28). Whether
neutrophils exhibit differential responsiveness to these f-glucan
isoforms has not yet been determined. Therefore, the differential
responsiveness of innate immune cells to the yeast and hyphal
forms of C. albicans may well be due to variance in the structure of
the prominent fungal PAMP f-glucan. Work from our laboratory
and others show that CR3 is most likely the prominent immune
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receptor on human neutrophils and is able to detect B-glucan
within fungal filaments (11, 13, 15, 29). As CR3 serves as both a
PRR and an extracellular matrix (ECM)-binding integrin, it plays
a critical role in integrating tissue environment and microbial
recognition, driving neutrophil anti-fungal immunity.

ROLE OF INTEGRINS IN ANTI-FUNGAL
IMMUNITY

All cell-cell and cell-ECM adhesive events occur extracellularly
but are translated into cellular responses by communication
across the plasma membrane through the action of integrins
(30). Integrins are essential for proper regulation of a number of
fundamental physiological processes, including tissue morpho-
genesis, inflammation, immune responsiveness, wound healing,
and regulation of cell growth and differentiation. All cells express
a contingent of integrins and respond to integrin activation by
cytoskeletal-dependent processes, such as shape change, adhe-
sion, spreading, migration, and/or phagocytosis (31). Among 24
af} heterodimers that have been reported in vertebrates, the 2
family (aLp2, aMp2, aXp2, and aDp2) are specifically expressed
on leukocytes (31). Leukocyte B2 integrins regulate many aspects
of immune or inflammatory responses because, unlike cells that
reside within solid tissues, circulating leukocytes by necessity
relocate during the course of immune reactions. In so doing, they
dynamically adhere and de-adhere to cells of the vasculature, to
other immune cells, and to components of the ECM, in order
to ultimately contact the foreign body or pathogen at the site of
infection or injury. Evidence for the physiological significance
of leukocyte integrins is highlighted by the recurrent, life-
threatening infectious episodes observed in LAD patients that
are genetically deficient for expression of p2 integrins (32). In
stark contrast to impaired host defense found in the absence of
{2 integrins, sustained and improper activation of these integrins
contributes to the pathogenesis of autoimmune diseases, chronic
inflammatory disorders, and ischemic stroke (33).

Complement receptor 3 (CR3; aMp2; CD11b/CD18; Mac-1)
is a member of the B2 integrin family, yet it functions like no
other integrin and, in some ways, like no other receptor yet
described in nature. In general, receptors can be defined as having
a canonical ligand that binds with characteristic affinity to a single
binding site which, in turn, leads to a characteristic intracellular
response. In stark contrast, CR3 has two spatially distinct bind-
ing sites, the so-called I-domain and the lectin-like domain,
that bind completely different ligands and results in differing
cellular responses. The I-domain itself is a highly promiscuous
binding site with over 30 structurally unrelated ligands shown
to be capable of binding at that domain alone, including iC3b,
fibrinogen, ICAM-1, fibronectin, heparan sulfate, and factor X
(34, 35). I-domain ligands are both host- and microbial-derived
such that a multitude of immune effector functions executed by
inflammatory neutrophils are entirely mediated, or regulated, by
CR3. As with other integrins, ligand binding is regulated by the
structural state of activation such that when in a bent conforma-
tion the integrin is in a low-affinity state that is modulated upon
activating signals that can originate internally (inside-out) or

externally (outside-in). In either case, the receptor assumes an
upright conformation consistent with high-affinity ligand bind-
ing that can be further regulated by receptor clustering resulting
in avidity modulation (36). The lectin-like domain is spatially
distinct from the I-domain, and is noted for its ability to bind the
glucose polymer B-glucan (11, 18, 37-39). Ligation of purified
fungal -glucan to CR3 is sufficient to induce a signaling response
(39). The ability of CR3 to mediate neutrophil recognition of
fungi and initiate signaling identifies it as the only integrin that
also serves as a PRR.

A novel aspect of CR3 bioactivity is that the manner in which
it is ligated at its two binding domains has a profound effect on
cellular responsiveness. This concept was first posited where
Vetvicka et al. reported that murine and human natural killer
cells could acquire cytotoxic capability for resistant tumor cells if
targets were opsonized with iC3b, a well-described CR3 I-domain
ligand, and effector cells were exposed to $-glucan, but not by
either ligand alone (40-42). This increased cytotoxic activity
could be inhibited with CR3-specific antibodies. Administration
of P-glucan enhanced the activity of complement-fixing,
anti-tumor antibodies in vivo, causing tumor regression and
increased survival as compared to mice receiving either antibody
or B-glucan alone (43-45). Surprisingly, this adjuvant activity of
B-glucan in reducing tumor burden was shown to be mediated
by neutrophils and did not occur in mice lacking either CR3 or
complement or in mice depleted of neutrophils.

ROLE OF EXTRACELLULAR MATRIX IN
ANTI-FUNGAL IMMUNITY

In a seminal paper by Carl Nathan in 1989, the respiratory burst
of human neutrophils to soluble proinflammatory mediators
was shown to be adhesion dependent and require attachment to
either ECM components or human umbilical vein endothelial
cells (46, 47). This adhesion dependence of neutrophil effector
function provided an early the basis for suggesting the coordina-
tion of integrin and non-integrin stimuli to drive host defense
in tissues. As CR3 mediates cellular interactions with ECM, and
since all neutrophilic responses to tissue infections necessitate
ECM contact, we focused our attention on investigating the role
of CR3 as a fungal PRR via the lectin-like domain in the presence
of fibronectin, a ubiquitous ECM molecule and I-domain ligand.
We showed that the effect of CR3 on the anti-fungal response of
human neutrophils to Candida is not a straightforward conse-
quence of receptor ligation, but is directed by how it is ligated
(11-13, 39, 48-52). We have found that upon dual ligation of
CR3 by fibronectin and B-glucan, neutrophils demonstrated
enhanced chemotaxis, swarming and aggregation, NETosis, and
an actively suppressed respiratory burst (Figure 1). Antibody-
blocking studies were used to show coincident ligation of CR3 at
both the I-domain with the ECM component fibronectin and the
lectin-like domain control neutrophil effector functions differ-
ently than ligation of either site alone (11-13, 39, 49-52). These
studies additionally identified a CR3-mediated regulation of p1
integrins, driving a shift in fibronectin binding from a5p1 to a3p1
(12, 50, 52).
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Poly-L-Lysine

Degranulation

Extracellular Matrix

FIGURE 1 | Schematized neutrophil response to C. albicans hyphae in the absence and presence of extracellular matrix. In the absence of ECM
(poly-L-lysine, left panel), neutrophils respond to hyphae by chemotaxis, by degranulation and respiratory burst, and by wrapping around fungal filaments in a form of
frustrated phagocytosis. In the presence of ECM (Extracellular Matrix, right panel), neutrophils chemotaxis to fungal filaments is faster and more directed, with
degranulation and respiratory burst being actively suppressed until the multifocal contact of frustrated phagocytosis. Additionally, in a subset of cells contacting the
fungal hyphae, a rapid, respiratory burst independent NETotic response is induced and followed by neutrophil swarming.

In order to be virulent, C. albicans must be capable of transi-
tioning between yeast and hyphal forms (53). The yeast form is
readily cleared by neutrophil phagocytosis, the mechanisms of
which have been studied extensively. Less work has focused on
the neutrophilic response to this filamentous form of the microbe.
As Candida destruction necessitates a full-blown response to
both forms of the organism, work in our lab has focused on this
gap in our understanding of anti-fungal host defense. We found
that C. albicans hyphae growing in the kidney of an infected rat
induced massive clustering of inflammatory neutrophils that
entirely surrounded the hyphae (11). This clustering of human
neutrophils could be replicated in vitro with C. albicans hyphae
plated on fibronectin but not on hyphae plated in the absence
of fibronectin (13). Pretreating hyphae with an anti-p-glucan
antibody prevented clustering of neutrophils suggesting that the
B-glucan component of the fungal cell wall is important for neu-
trophil responsiveness (13). Immobilization of purified f-glucan
in the presence of fibronectin was a biomimic for Candida hyphae
within tissue ECM suggesting that fungal f-glucan is necessary
and sufficient for homotypic aggregation (13). Furthermore, this
swarming and aggregation took place rapidly, being evident in
less than 30 min in vitro (13).

ADDING NETosis TO THE REPERTOIRE
OF NEUTROPHIL-MEDIATED IMMUNITY

NETosis was initially described as a pathway of chromatin decon-
densation and release with requisite NADPH oxidase, elastase,
and myeloperoxidase activity in response to activating stimuli
(54-56). The initial reports showed relatively slow kinetics, occur-
ring hours following exposure to stimuli, including bacteria,
fungi, or PMA (14, 17, 54, 55, 57, 58), though evidence suggests
that no de novo gene synthesis is required (59). As additional
investigators explored conditions necessary and sufficient to

NET release within their experimental systems, some variance in
the original paradigm emerged. The “classical” pathway involves
entry of the neutrophil into a cell death program that requires
ROS and manifests in plasma membrane disruption and NET
release 1-4 h after stimulation. This pathway utilized peptidyl
arginine deiminase type IV (PAD4) for histone citrullination
that leads to chromatin decondensation due to neutralization of
histone electrostatic charge normally imparted by arginine but
lost upon conversion to citrulline (60). Elastase and myeloper-
oxidase serve to digest nuclear histones after translocation such
that absence of these enzymes impairs NET release (61). A more
recently identified early/rapid, or “vital,” NET release was identi-
fied that can result in extrusion in minutes, independently of
ROS and without compromising cell viability, in response to
Staphylococcus aureus, C. albicans, and Leishmania promastigotes
(13, 62, 63). The “classical” and “vital” NETosis pathways need
not be mutually exclusive, as the context of NETotic stimuli
presentation, such as timing, viability, size, or morphotype, can
drive differential response patterns and kinetics (13, 14, 54, 57,
62-64). ECM ligands in the context of tissue infection can also
drive differential neutrophil responses.

ROLE OF INTEGRINS AND
EXTRACELLULAR MATRIX IN THE
REGULATION OF NETosis

Our laboratory has demonstrated an integrin-dependent ECM
response that both actively suppresses the respiratory burst to
Candida hyphae, or immobilized fungal $-glucan, while driving
arobust, rapid NETotic response (12, 13). Additionally, work with
neonatal neutrophils show that this NETotic anti-fungal pathway
is active even though neonatal neutrophils have been shown
to be deficient in NETotic responses to other initiating agents,
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underscoring the importance of stimuli context in evaluating
effector function (65, 66).

In addition to our work, evidence to date describes the role
of B2 integrins in NET release as it occurs along liver sinusoids
or vascular endothelium. Platelet-neutrophil interactions have
been shown to occur under conditions of severe sepsis (67) or
endotoxemia in which activation of platelet TLR4 promotes
platelet binding to neutrophils with ensuing NET release (68).
Two recent studies differ with regard to which p2 integrin medi-
ates platelet-neutrophil binding. McDonald et al. (69) show a
role for LFA1, although the ligand on the platelet remains to be
defined. Rossaint et al. (70) showed that incubation of stimulated
platelets with neutrophils ex vivo induced NETosis that could be
blocked with anti-CR3 antibodies but not with antibodies against
LFA1l. Mohanty et al. (71) recently identified that neutrophils
form NETs from saliva exposure in a p2 integrin-independent
fashion, as LAD1 patients form NETs to saliva and PMA but not
to unopsonized S. aureus.

Complement receptor-3 has been shown to regulate apoptosis
of neutrophils such that the genetic absence of CR3 delayed the
onset of apoptosis of neutrophils after thioglycollate injection
(72). Given that CR3 determines a NETotic pathway for Candida,
it is of interest to consider whether or not NETotic and apop-
totic pathways have common points of regulation. Evidence to
date suggests that NETosis and apoptosis both require calcium
for initiation but then show divergence in the sense that PAD4
activation does not depend on downstream components of the
apoptotic pathway, such as activated caspase, and apoptosis
does not depend on PAD4 (73). Indeed, histone citrullination
in neutrophils is induced by inflammatory stimuli and not by
treatments that induce apoptosis (73). Moreover, treatment of
neutrophil-differentiated HL60 cells with calcium ionophore
showed that histone citrullination preceded PARP cleavage, such
that the decision-making events may be temporal.

The occupancy of one integrin by ligand has been shown to be
capable of suppressing the function of other integrins in a phe-
nomenon referred to as trans-dominant inhibition, or integrin
crosstalk. For example, activating antibodies specific for the avp3
integrin suppress a5p1-dependent phagocytosis and ligation of
a4pP1 inhibits a5p1-dependent expression of metalloproteinases
(74, 75). Ligation of alIbp3 induces trans-dominant suppression
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Neutrophil extracellular traps (NETs), DNA webs released into the extracellular environ-
ment by activated neutrophils, are thought to play a key role in the entrapment and
eradication of microbes. However, NETs are highly cytotoxic and a likely source of
autoantigens, suggesting that NET release is tightly regulated. NET formation involves
the activity of neutrophil elastase (NE), which cleaves histones, leading to chromatin
decondensation. We and others have recently demonstrated that inhibitors of NE, such
as secretory leukocyte protease inhibitor (SLPI) and SerpinB1, restrict NET production
in vitro and in vivo. SLPI was also identified as a NET component in the lesional skin
of patients suffering from the autoinflammatory skin disease psoriasis. SLPI-competent
NET-like structures (a mixture of SLPI with neutrophil DNA and NE) stimulated the syn-
thesis of interferon type | (IFNI) in plasmacytoid dendritic cells (pDCs) in vitro. pDCs
uniquely respond to viral or microbial DNA/RNA but also to nucleic acids of “self” origin
with the production of IFNI. Although IFNIs are critical in activating the antiviral/antimi-
crobial functions of many cells, IFNIs also play a role in inducing autoimmunity. Thus,
NETs decorated by SLPI may regulate skin immunity through enhancing IFNI production
in pDCs. Here, we review key aspects of how SLPI and SerpinB1 can control NET
production and immunogenic function.

Keywords: neutrophil extracellular traps, neutrophil elastase, SLPI, serpin B1, plasmacytoid dendritic cells,
psoriasis

NEUTROPHIL SERINE PROTEASES IN NEUTROPHIL BIOLOGY

Neutrophils, key immune cells for protection against microbial infection, are also associated with a
range of pathologies, including autoinflammatory diseases, such as systemic lupus erythematosus
(SLE) and psoriasis (1-3). Neutrophils are a rich source of proteolytic enzymes, including serine
proteases. The enzymatic activity of serine proteases depends on a catalytic triad that contains a
serine residue. Four active serine proteases, neutrophil elastase (NE), cathepsin G (CatG), proteinase
3 (PR3), and neutrophil serine protease 4 (NSP4), as well as azurocidin, an enzymatically inactive

Abbreviations: CatG, cathepsin G; DPPI, dipeptydyl peptidase I; IFNI, interferon type I; NE, neutrophil elastase; MPO,
myeloperoxidase; MSU, monosodium urate; PAD4, peptidylarginine deiminase 4; pDCs, plasmacytoid dendritic cells;
PMA, phorbol ester; PR3, proteinase 3; SLPI, secretory leukocyte protease inhibitor; TFPI, tissue factor pathway
inhibitor.

Frontiers in Immunology | www.frontiersin.org 70

June 2016 | Volume 7 | Article 261


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00261&domain=pdf&date_stamp=2016-06-30
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2016.00261
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:joanna.cichy@uj.edu.pl
http://dx.doi.org/10.3389/fimmu.2016.00261
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00261/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00261/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00261/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00261/abstract
http://loop.frontiersin.org/people/357590/overview
http://loop.frontiersin.org/people/356832/overview
http://loop.frontiersin.org/people/356843/overview
http://loop.frontiersin.org/people/306841/overview

Majewski et al.

SLPI and SerpinB vs. NETs

serine protease homolog, were characterized in neutrophils (4, 5).
Serine proteases are synthesized early in granulocyte develop-
ment, during the promyelocytic stage of granulopoiesis in the
bone marrow, and require N-terminal trimming by dipeptydyl
peptidase I (DPPI) for activation (6-8). Under homeostatic condi-
tions, the proteases are stored in a catalytically active form in the
azurophilic granules of circulating granulocytes (4). Neutrophils
are equipped with heterogeneous granules, which are classified
into four subsets: primary or azurophilic granules, formed first
during granulopoiesis and containing myeloperoxidase (MPO)
and the serine proteases as their hallmark proteins; secondary or
specific granules, containing lactoferrin and cathelicidin; tertiary
or gelatinase granules, with gelatinase and lysozyme; and finally,
secretory granules, with complement and chemotaxis receptors
(4, 9). As pre-stored agents, neutrophil serine proteases can be
quickly engaged to provide protection against microbial chal-
lenge, either by degrading internalized microbes or upon release
from activated neutrophils. The serine proteases are important
contributors to the physiological response to infection, both as
antimicrobial agents and as immunomodulators. Although serine
proteases, such as NE and CatG, can kill microbes by virtue of
their antimicrobial activity unrelated to their digestive potential
(10), these enzymes can also restrain microbial growth through
the processing of microbial and host proteins. For example, they
cleave virulence factors of enterobacteria (11) or liberate host anti-
microbial peptides from their inert precursor proteins. The latter
mechanism was reported for human cathelicidin hCAP-18, which
is cleaved into the potent antimicrobial peptide LL37 by PR3 (12).
Serine proteases also participate in a defense against microbes
through limiting microbial spreading. The underlying mechanism
involves degradation of an inhibitor of coagulation, tissue factor
pathway inhibitor (TFPI) by NE, thereby fostering production of
intravascular fibrin barriers that sequester bacteria (13).

The immunomodulatory function of neutrophil serine
proteases depends to a large extent on the regulation of the bio-
availability of adhesion molecules, cell surface receptors, growth
factors, cytokines, and chemoattractants (4). For example, several
cytokines belonging to the IL1 superfamily, such as IL1p, IL18,
and IL33, have been reported to be processed into biologically
active forms by NE, CatG, and/or PR3 (14-16). Given the crucial
role of these cytokines in inflammatory responses to infection
or sterile tissue damage, processing of these cytokines alone by
neutrophil serine proteases may have far-reaching consequences
for a number of the host defensive strategies. Likewise, by trigger-
ing the chemotactic activity of the inert chemoattractant proteins,
such as chemerin (17, 18), or increasing the chemotactic potential
of chemokines, such as CXCL8 (19), neutrophil serine proteases
may mobilize specific immune cells to sites of inflammation. On
the other hand, the NE-mediated proteolytic degradation of the
chemokine CXCL12 and its receptor CXCR4, which disrupts
the CXCL12/CXCR4 chemotactic pathway in the bone marrow,
facilitates the mobilization of hematopoietic stem cell precur-
sors from the bone marrow into the circulation in response to
mobilizing agents, such as G-CSF (20). Together, these findings
indicate that by activating or deactivating cell-guiding molecules,
the serine proteases provide an important layer of control over
cell recruitment.

The enzymes also influence neutrophil development and the
functional state of the cell, including apoptosis and the formation
of neutrophil extracellular traps (NETs). Mutations in the gene
encoding NE-ELANE are a leading cause of severe congenital
neutropenia (SCN), a disorder leading to a lack of mature neu-
trophils (21, 22). However, pathogenic ELANE mutations are
distributed throughout NE, and at least some ELANE mutants
retain NE activity (23), indicating that neutropenia is not a result
of impaired NE proteolytic function. Indeed, recent advances
suggest that the pathogenesis of ELANE mutations is associated
with NE mislocalization, the accumulation of NE in the ER and
other cytosolic regions outside of the azurophilic granules, and
the activation of the unfolded protein response/ER stress. These
alterations in turn lead to the death and differentiation arrest of
granulocytic precursors (promyelocytes). Notably, the sequestra-
tion of mutated NE in azurophilic granules of myeloid precursor
cells, as well as neutrophil maturation, can be rescued by a small,
cell-permeable NE inhibitor, sivelestat, given in combination
with low-dose G-CSF (23). Although sivelestat may also affect
cellular responses in a manner independent of NE inhibition (24),
these findings suggest that a NE inhibitor protects differentiating
granulocytes against the activity of the mislocalized NE and that
the impaired intracellular trafficking of NE can be corrected in
the presence of a NE inhibitor.

Neutrophils have a short life span relative to other cells and
are subjected to caspase-3-mediated spontaneous death, which
phenotypically fits the profile of apoptotic cell death (25).
Apoptosis is triggered and executed via intracellular cysteine
proteases-caspases. The main effector protease that drives the
terminal stages of cell death is caspase-3. This protein requires
proteolytic cleavage for apoptotic activity. Among the key activa-
tory enzymes are caspase-9 and caspase-8. It was recently reported
that although cleavage of caspase-3 was integral to the death of
aging neutrophils, it was independent of the proteolytic activity
of caspase-8 or caspase-9. Instead, PR3 leaking from azurophilic
granules into the cytosol was found to regulate caspase-3 activa-
tion and cell death in aging neutrophils (25).

Similar to apoptosis, neutrophil serine proteases have been
shown to contribute to the formation of NETs. This process,
called NETosis, is associated with irreversible cell state changes,
but in a manner distinct from apoptotic death (26).

ROLE OF SERINE PROTEASES
IN NET FORMATION

Neutrophil extracellular traps are web-like DNA structures
extruded into the extracellular environment by activated neutro-
phils. A wide range of stimuli triggers NETosis, including Gram-
positive and Gram-negative bacteria, such as Staphylococcus
aureus (26, 27) and Shigella flexneri (28); the fungus Candida
albicans (29); parasites, such as Leishmania amazonensis (30);
and viruses, such as HIV-1 (31). NET formation is also induced
by host-derived inflammatory mediators, such as hydrogen
peroxide (H,O,) (26), the cytokines, such as IL17 and TNFa
(32), chemokines, such as CXCL8 (28), monosodium urate
(MSU) (33), cholesterol (34) or calcium carbonate crystals (35),
antibodies (36), or antibody-antigen complexes (2). Synthetic
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chemicals, such as phorbol ester (PMA) or ionophores, are the
most potent inducers of NETosis commonly used in experimen-
tal systems.

Neutrophil extracellular traps are thought to represent
a unique defense strategy against microbial infection. NET
microbicidal function is aided by antibacterial proteins and
peptides that are complexed with decondensed chromatin and
mitochondria-derived DNA. These proteins include histones,
which account for ~70% of all detected proteins in PMA-
stimulated neutrophils, as well as serine proteases. Notably, NE
is the most abundant non-histone NET-protein, accounting
for ~5% of the total protein (29). In agreement with the high
levels of NE in NETs revealed by proteomic analysis, a dominant
role was also found for the NE-mediated proteolytic signature
in NETs based on a functional activity assay (37). Whereas the
major proteolytic activity associated with NETs derived from
PMA-stimulated neutrophils was attributed to NE (~70%), all
remaining neutrophil serine proteases (CatG, PR3, and NSP4),
most notably CatG, contributed to the cleavage sites that were
profiled in NET samples (37). These data suggest the proteolytic
involvement of all neutrophil serine proteases in NET formation
and/or function.

The mechanisms that underlie NET release are not yet fully
characterized but are proposed to involve at least two strategies.
One pathway can be triggered by specific microbes or PMA, takes
2-4 h to culminate in NET release, and is associated with plasma
membrane perforation and neutrophil cell death (26). After acti-
vation, neutrophils undergo step-wise morphological changes,
including chromatin decondensation, nuclear expansion, and
nuclear envelope disintegration, which is followed by the intracel-
lular assembly of nuclear and cytoplasmic components. Finally,
DNA coated with nuclear and cytoplasmic proteins is deposited
into the environment following plasma cell rupture and cell
lysis (26). In the other pathway, neutrophils undergoing NET
formation can extrude a fraction or their entire nuclear DNA
mainly through nuclear budding and vesicular release. During
this process, neutrophils can maintain their integrity and live
cell function, such as migration and phagocytosis, at least for a
couple of minutes when tested in vivo (38). This form of non-
lytic NET extrusion, also known as vital NETosis, is triggered by
complement-opsonized targets and occurs much more rapidly
(<30 min). Since NET release that involves cell lysis is a slow
process, potentially allowing microbes to exploit the open time
window for infection, the rapid NETosis might prove particularly
beneficial against infection (38).

However, rapid NET release by neutrophils was also reported
in response to collagen-activated platelets as well as danger
signals, such as MSU crystals (13, 33, 39), suggesting that rapid
NETosis is not limited to microbes. Platelet and neutrophil
dialog through NETs supports blood clotting (13, 40). NETs that
are formed within the vasculature capture anticoagulants, such
as TFPI, enabling proteolytic inactivation of TFPI on NETs by
NE. As a consequence of TFPI degradation, fibrin formation is
rapidly enhanced (13). NETs are not only induced by activated
platelets but can also serve as a scaffold to platelets aggregation
and red blood cells adhesion, thereby accelerating coagulation
(40). On the other hand, MSU crystal deposits in joints can

induce gouty arthritis. These MSU crystals required 10 min to
trigger NETosis and NET aggregation in human neutrophils
(33). Aggregated NET structures were formed when neutrophils
at high densities were stimulated with the crystals, mimicking
dense neutrophil infiltrates in the synovial fluid of individuals
with gouty arthritis. The aggregation of NETs was found to be
beneficial in the setting of inflammatory arthritis, since it pro-
moted degradation of chemokines and cytokines, such as IL1p,
that were entrapped in NETs, providing a potential mechanism
for resolution of inflammation (33). Thus, rapid NETosis may
potentially serve multiple functions.

One of the best characterized models of NET formation is
based on the activation of neutrophils purified from human
blood by PMA. The model depends on the production of reac-
tive oxygen species (ROS) by the NADPH oxidase complex
and involves NE as one of the major contributors to chromatin
decondensation (41, 42).

Several lines of evidence support the critical involvement
of NE in NET generation. First, inhibitors of NE proteolytic
activity, such as small P-lactam-based, cell-permeable NE
inhibitors, blocked chromatin decondensation and NET release
in neutrophils derived from healthy volunteers (41). Moreover,
neutrophils isolated from patients suffering from Papillon-
Lefevre syndrome (PLS) failed to release NETs or were severely
impaired in NET formation (43, 44). PLS is a disorder caused by
loss-of-function mutations in the gene encoding DPPI, resulting
in marked defects in the activities of serine proteases, including
NE (43). Finally, NETs were not detected in the lungs of mice
deficient in NE in a pulmonary model of Klebsiella pneumoniae
infection (41) or in mice double-deficient in NE and PR3 in an
experimental model of atherosclerosis (34). Although mouse
neutrophils are much less prone to NET formation than human
granulocytes, together, these data indicate that the genetic or
functional deficiency of NE severely inhibits NETosis. However,
the lack of NE did not prevent NET generation in an experi-
mental model of deep vein thrombosis (24). These data suggest
that NE, although linked to NETosis, is not a causative agent
in this process, or that neutrophils do not exclusively rely on
NE for NET formation. Indeed, chromatin decondensation, a
critical step in NETosis, was reported to also be mediated by
peptidylarginine deiminase 4 (PAD4). Whereas NE destabilizes
chromatin structure via the processing of specific histones (41),
PAD4 mediates chromatin decondensation through converting
histone tail arginine residues to citrullines (45). PAD4 is the
main PAD isozyme expressed in neutrophils out of five PADs
present in human cells. Moreover, histone citrullination is
catalyzed primarily by PAD4, whereas other PADs citrullinate
multiple substrates out of the nucleus (46). These data suggest
that chromatin decondensation and subsequent NETosis relies
mainly on PAD4.

Although the relative contribution of NE and PAD4 to
histone modification and the alteration of chromatin structure
in NETosis remain to be determined, it is likely that both
enzymes act as co-regulators or separate regulators of chromatin
decondensation, depending on the type of NET stimulus. For
example, PAD4 requires calcium for its enzymatic activity (47),
and NETosis triggered by calcium influx is associated with the
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presence of citrullinated histones, such as citrullinated histone
H3, in the activated neutrophils (48, 49). However, in contrast
to the calcium ionophore-stimulated granulocytes, citrullinated
histone H3 was hardly observed in neutrophils triggered to form
NETs by PMA, suggesting that PAD4 is less required for the
PMA-regulated NETosis pathway (24, 42).

As mentioned earlier, NE is confined to azurophilic granules
in resting neutrophils. However, upon neutrophil activation,
NE can translocate to the nucleus and aid in chromatin decon-
densation via core histone cleavage (41). NE translocation from
the primary granules to the nucleus is dependent on ROS gener-
ated by NADPH oxidase and MPO, which assists in releasing
active NE from the granules into the cytosol (50). According
to the recently proposed model of NE translocation, NE in
azurophilic granules is associated with several other granule
proteins, including MPO, PR3, CatG, azurocidin, eosinophil
cationic protein, defensin-1, lysozyme, and lactoferrin. This
association is supported by the immunoprecipitation of these
proteins with anti-NE antibodies from isolated and detergent-
solubilized azurophilic granules. H,O,, the secondary product
of NADPH oxidase, triggers the dissociation of the NE protein
complex from intact azurophilic granules, releasing NE when
the enzyme is still assembled with CatG and azurocidin. In
the cytoplasm, NE binds to the actin cytoskeleton and pos-
sibly degrades F-actin to reach the nucleus (50). Notably, the
accumulation of NE in the insoluble cytoskeleton fraction
isolated from the activated neutrophils is facilitated in the
presence of a small molecule inhibitor of NE. Because block-
ing of NE activity markedly reduces NE entry into the nucleus
(41), together, these findings are consistent with the model in
which active NE interacts with the cytoskeleton en route to
the nucleus and the inhibition of NE activity arrests NE on the
cytoskeleton, preventing NE from translocating to the nucleus
(50). Defining F-actin as a potential cytoplasmic substrate for
NE also indicates that this protease may regulate neutrophil
migration via the disassembly of the actin cytoskeleton during
NETosis. NE interference with actin dynamics is likely to disable
cell movement and confine NETting neutrophils to the NET
trigger site. This strategy, embraced by neutrophils undergo-
ing PMA- or C. albicans-induced NETosis, differs considerably
from the rapid, vital NETosis that coexists with the ability of
neutrophils to crawl (38, 50). Although these differences imply
that NE might not be involved in rapid NETosis, early NET
release that occurred 10 min after neutrophil stimulation with
L. amazonensis was reduced by a NE inhibitor but was not
significantly affected by diphenyleneiodonium (DPI), which
mainly inhibits NADPH oxidase-mediated ROS production
(30). These data suggest that NE might also be involved in rapid,
ROS-independent NETosis.

INHIBITORS OF SERINE PROTEASES
IN NET GENERATION

Small molecule, exogenous NE inhibitors suppressed NET for-
mation, suggesting that endogenous inhibitors of serine proteases
might regulate NETosis in similar fashion. Notably, neutrophils
contain multiple serine protease inhibitors (51, 52), but the roles

of SerpinB1 and secretory leukocyte protease inhibitor (SLPI) are
the best known in the context of neutrophil function (52, 53).

SERPINB1

SerpinBl, also known as leukocyte elastase inhibitor (LEI) or
monocyte/NE inhibitor (MNEI), is a member of the serpin
family of serine protease inhibitors. Serpins are proteins char-
acterized by a unique tertiary structure that employs a suicide-
substrate-like mechanism to deactivate their target proteases
(54). The inhibitors expose their reactive site loop as a substrate
for a cognate protease. The protease cleaves the loop, which leads
to extensive conformational changes of the serpin, resulting in
protease entrapment in a tight covalent complex (55). Human
serpins are divided into nine clades, named from A to I (56).
SerpinBl is a 42-kDa protein and is a member of the clade B
serpins. Among the neutrophil serine proteases, SerpinBl
inhibits NE, PR3, and CatG. Notably, SerpinB1 is one of the most
efficient inhibitors of NE (57, 58). SerpinB1 is mainly expressed
in macrophages and neutrophils and accumulates at high levels
in the cytoplasm and granules of neutrophils (59). It lacks a signal
peptide and is not secreted to the extracellular environment via
the classic secretory pathway. However, the detection of SerpinB1
in extracellular localizations, possibly as a result of cell necrosis,
was also reported (60, 61).

This multifunctional cytoplasmic protein acts as a protease
inhibitor in its native form, but the cleavage of SerpinB1 by its
cognate proteases can lead to the loss of antiprotease properties
and gaining other functions, such as DNAse activity. A SerpinB1
derivative equipped with nuclease activity, called L-DNAse II,
was isolated from porcine spleen (62). NE-mediated SerpinB1
conversion from an antiprotease to an endonuclease resulted
from conformational alteration that exposed the endonuclease
active site and a nuclear localization signal. The SerpinBl
derivative L-DNAse II was reported to have pro-apoptotic
effects (63). The main features of SerpinB1 are summarized in
Table 1.

By contrast, data have been accumulating that SerpinB1 plays
a pro-survival role in neutrophils. This role is exemplified by the
recently reported regulation of the spontaneous death of aging
neutrophils by SerpinB1, via counterbalancing the activity of PR3
during leakage of the protease from azurophilic granules (25).
Whereas cytosolic SerpinB1 was found to form a complex with
PR3 in neutrophils undergoing spontaneous death but not in
freshly isolated neutrophils, the rate of spontaneous death was
increased in neutrophils isolated from SerpinB1-deficient mice

TABLE 1 | The main characteristics of SerpinB1 and SLPI.

Main Main Main Proteolytic
expression localization functions targets in
neutrophils
SerpinB1 Macrophages, Intracellular  Inhibitor of serine NE, CatG,
neutrophils proteases, DNAse PR3
SLPI Epithelial cells,  Secreted Inhibitor of serine NE, CatG
neutrophils proteases,
Antimicrobial protein,
Inhibitor of NFkB
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(25). These findings are consistent with the protective role of
SerpinB1 against apoptosis.

An intrinsic defect in survival observed in neutrophils
derived from SerpinB1 knock-out mice may also be caused
by a higher propensity of these cells to die by NETosis. In a
model of Pseudomonas aeruginosa lung infection, neutrophils
infiltrating the lungs of SerpinBl-deficient mice exhibited
excessive death. The cell death was accompanied by the pres-
ence of free NE, MPO, and DNA in the bronchoalveolar lavage
fluid (BALF) (52). In ex vivo experiments, neutrophils devoid
of SerpinB1 that were isolated from the BALF of the infected
mice also generated more NETs than those from control mice.
These findings demonstrated that NETosis was increased in
SerpinBl-deficient mice in the setting of infection. Higher
susceptibility of SerpinB1-deficient neutrophils to form NETs
was also found when neutrophils isolated from the bone mar-
row of uninfected mice were subjected to treatment with native
proinflammatory mediators, such as the chemokine CXCL2,
or PMA, suggesting that SerpinB1 controls NETosis (52). The
addition of recombinant SerpinB1, but not related serpins, to
these in vitro activated neutrophils abrogated NET production
(52). These findings indicated that SerpinBl is a negative
regulator of NETosis.

In response to PMA, SerpinB1-deficient mouse neutrophils
demonstrated a higher tendency to expand their nuclei, indica-
tive of chromatin decondensation. Moreover, in PMA-treated
human neutrophils, SerpinB1, similar to NE, migrated to the
nucleus and co-stained with NE and DNA on NETs formed
by the stimulated cells. These results raised the possibility
that SerpinBl blocks NET formation via interfering with
NE-mediated chromatin decondensation. However, SerpinBl
localization to the nucleus did not seem to involve forming a
complex with NE. When NE was confined to the cytoplasmic
region by neutrophil pretreatment with a chemical protease
inhibitor, SerpinB1 could still translocate to the nucleus (52).
Moreover, the enhanced NET formation observed in SerpinB1-
deficient mice was not reversed by NE deletion (24). Therefore,
NE might not be an exclusive SerpinBl target in restricting
NETosis. Given the multiplicity of its cognate proteases, it is also
possible that, in the absence of NE, SerpinB1 might select other
proteolytic targets to limit NET generation. As an alternative
mechanism, nuclear SerpinBl was proposed to interfere with
PAD4 by blocking PAD4 access to histone tails (52). This role for
SerpinB1 in regulating chromatin decondensation is supported
by the ability of the inhibitor to tightly associate with condensed
chromatin (64).

Secretory Leukocyte Protease Inhibitor

Secretory leukocyte protease inhibitor, a single polypeptide cati-
onic protein of 107 amino acids, is also known as antileukopro-
tease (ALP), bronchial secretory inhibitor (BI), human seminal
inhibitor I (HUSI-I), cervix uterine secretion inhibitor (CUSI),
mucous proteinase inhibitor (MPI), or secretory leukoprotease
inhibitor (SLI) (65). The most well-documented role of SLPI
is the inhibition of serine proteases, including human NE and
CatG but not PR3 (66), Table 1. Beyond a role in neutralizing
proteases, SLPI is also microbicidal and suppresses the activity

of the transcription factor NFkB (67). SLPI is a canonical type
of serine protease inhibitor, binding to proteases through the
exposed binding loop, which in conformation is complementary
to the enzyme’s active site (66). The inhibitor is composed of
two four-disulfide core domains, also called whey acidic protein
(WAP) domains. The N-terminal WAP I and C-terminal WAP II
domains share 35% homology (68), but their biological function
is distinct. The WAP II domain is primarily responsible for the
antiprotease activity of the SLPIL. The biological function of the
N-terminal WAP I domain is less well understood, although the
antimicrobial potential of SLPI is thought to mainly reside in this
domain (67).

In contrast to SerpinB1, SLPI is predominantly secreted and
found primarily at mucosal surfaces as a product of epithelial
cells. The inhibitor is also expressed in leukocytes, including
neutrophils, macrophages, and dendritic cells (67). Despite the
presence of a signal peptide, indicative of cell secretion, SLPI
has intracellular targets, suggesting that it might be retained in
cells. However, the inhibitor can penetrate cellular membranes
and potentially be acquired from adjacent cells. Such loading
with SLPI, mimicked in experimental systems by cell treat-
ment with the exogenous inhibitor, appears to be functionally
relevant. For example, SLPI produced by epithelial cells lining
tonsillar crypts restrains the production of antibodies in adja-
cent B cells (69).

Although SLPI was shown to inhibit a wide spectrum of
proteases, one of its main actions is likely to be the inhibition of
NE because the complex of SLPI with NE is the strongest among
complexes of SLPI with any other proteases (66, 70). Notably,
SLPI is thought to be the major inhibitor of NE present in the
neutrophil cytosol (51). According to another report, SLPI is
primarily stored in secondary granules in neutrophils (71). As
SLPI, similar to NE, is likely to migrate between different cell
compartments in response to neutrophil stimulation, the pres-
ence of SLPI in the cytosol or in specific granules might reflect
different activation statuses of neutrophils. The main features of
SLPI are summarized in Table 1.

Secretory leukocyte protease inhibitor plays a regulatory
role in granulopoiesis (72) and, similar to SerpinB1, inhibits
apoptosis in circulating neutrophils (73). The mechanism
underlying its antiapoptotic activity remains to be determined.
However, the protective role of SLPI in apoptosis might be
reminiscent of SerpinB1 counteracting PR3, although its activ-
ity must be directed against other proteases because SLPI does
not inhibit PR3.

Secretoryleukocyte protease inhibitor may also serve to protect
cells from the harmful effects of NETosis. This conclusion stems
from the observation that stimulation of human neutrophils with
PMA, TNFa, or S. aureus in the presence of exogenous SLPI, but
not another native NE inhibitor, al-proteinase inhibitor, substan-
tially decreased NET release. Exogenous SLPI mainly localized to
the cytoplasm of resting neutrophils, but upon stimulation it relo-
cated to the nucleus and inhibited histone cleavage. Endogenous
SLPI was also found to co-localize with NE in the nuclei of
in vitro activated human neutrophils, or in neutrophils infiltrat-
ing the skin of patients with the autoinflammatory skin disease
psoriasis (53). Together, these data suggested that the protective
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effect of SLPI in NET formation might result from constraining
NE-mediated histone processing. Notably, although histone
cleavage was efficiently blocked by added SLPI independently of
the NET-triggering stimulus, in response to PMA, neutrophils
appeared to degrade more histones than neutrophils stimulated
with S. aureus (53). This observation further points to divergent
mechanisms underlying NETosis, with S. aureus possibly relying
more on other pathways. Moreover, the inhibition of NE activity
was unlikely to be solely responsible for the SLPI tailoring effect
on NETosis because SLPI mutants devoid of inhibitory activity
against NE were still capable of restraining NET formation in
stimulated neutrophils, albeit to a lower degree than the fully
active SLPI (53). Given the inhibitory effects of SLPI against
multiple proteolytic enzymes, one possible mechanism whereby
SLPI may interfere with NETosis is to counteract other proteases.
In another scenario, the independent antiprotease activity of SLPI
might be involved in blocking NET release. In agreement with
the anti-NET effect of SLPI, the inhibitor deficiency led to exces-
sive NETosis in in vitro activated bone marrow neutrophils. The
negative regulation of NET formation by SLPI was further sup-
ported by an in vivo psoriasis model. This model demonstrated
that SLPI~'~ neutrophils infiltrating psoriatic skin formed twice as
many NETs as WT neutrophils (53).

Because neutrophil treatment with exogenous SLPI resulted
in a partial decrease in NET generation, other inhibitory parallel
pathways must exist. The overlapping but distinct activities of
SLPI and SerpinBl1 against neutrophil proteases (Table 1), as
well as the structural and functional heterogeneity between the
inhibitors, suggest that SLPI and SerpinB1 may act in synergy to
control NETosis.

INHIBITORS OF SERINE PROTEASES
IN NET FUNCTION

Uncontrolled NET production in chronic inflammatory states
has serious consequences. For example, NET formation may
contribute to the pathogenesis of autoimmune diseases, as
NETs are cytolytic and are a potential source of autoantigens
(32, 74, 75). Multiple NET components, including DNA,
histones, MPO, PR3, LL37, CatG, and NE, are recognized by
autoantibodies (76-78). The clinical measures of disease sever-
ity are often positively correlated with the titers of antibodies
directed against NET components (79). As discussed earlier,
SerpinB1 and SLPI may be a part of the defense system to
cope with challenges imposed on the host by NET deposition.
However, as regulators of NETosis, they may be externalized
together with other NET components and impact immunity
after extrusion from neutrophils. Although SLP]I, as a secretory
protein, is unlikely to be intrinsically immunogenic, intracellular
SerpinB1, normally hidden in the cell, might be revealed as a
consequence of NETosis and potentially provoke or enhance
immune responses. Immunohistochemistry data indicated that
in vitro activated human neutrophils release NETs with SerpinB1
and SLPI attached to DNA (52, 80). Likewise, SLPI was also
found to decorate NETs in the affected skin of patients suffering
from psoriasis (80, 81), suggesting that the presence of SLPI on
NETs might be functionally relevant.

Psoriasis is a skin condition affecting on average 2-3% of
the population all over the world (82). Most often, it manifests
as erythematous cutaneous lesions covered with silvery scales.
The disease is incurable and although it is not life threatening
on its own, patients suffering from psoriasis exhibit a higher risk
of developing comorbidities, such as other autoimmune disor-
ders, metabolic syndrome, and cardiovascular disease (83, 84).
On a cellular level, psoriasis is characterized by dysfunctional
keratinocyte proliferation and differentiation, as well as inflam-
mation elicited by abundant immune cells that are rare or absent
in healthy skin (85). Among them are plasmacytoid dendritic
cells (pDCs) and neutrophils. Although emerging data indicate
that chronic inflammation in this disease is mediated primarily by
Th17 cells and their signature product, IL17 (86), the pathologi-
cal events underlying the initiation of the disease are much less
understood (87). pDCs accumulate early in psoriatic skin lesions
or pre-lesional skin adjacent to affected skin (85, 88), suggesting
that pDCs are well-placed to contribute to early skin alterations.
These cells are considered key producers of interferon type I
(IENTI) (89). pDCs and IFNI were implicated in the pathogenesis
of psoriasis and other autoimmune diseases, such as SLE (90,
91). The diseases exhibit broad activation of IFENI pathways (1).
Direct evidence for a pathogenic role for pDC-derived IFNI in
psoriasis is provided by a human/mouse skin xenograft model.
In this model, the spontaneous conversion of the transplanted
human uninvolved (normal appearing) skin of psoriasis donors
into psoriatic skin lesions is prevented by blocking IFNI signaling
or inhibiting pDC production of IFNI (92). As one of the key cell
types involved in antiviral immunity, pDCs are well equipped with
intracellular sensors of nucleic acids, such as TLR7 and TLRY,
which recognize single-stranded RNA and DNA, respectively
(89). However, pDCs can be activated in a TLR-dependent man-
ner, not only by foreign but also by self RNA and DNA. In each
case, pDC stimulation can lead to the production of IFNI and
IFNI-driven immunity (93, 94). To be functional ligands for TLRs,
host nucleic acids need to be of mitochondrial origin and/or form
complexes with specific proteins, such as antimicrobial LL37 (93,
94) or NE together with SLPI (80). Notably, activated neutrophils
are a likely source of these IFNI-triggering factors because they
extrude both oxidized mitochondrial nucleoids (95, 96) and
nuclear DNA decorated with the proteins (3). Mitochondria,
along with the phagosome-localized NADPH oxidase complex,
are major sites of ROS production, and mitochondrial DNA is
highly susceptible to oxidation (97). This modification is required
for the potent interferogenic potential of mitochondrial DNA
(95). Although mitochondrial DNA can be extruded from cells
without subsequent cell death and release of nuclear DNA (98), it
islikely that neutrophils triggered by a suitable stimulus co-release
oxidized mitochondrial and chromosomal DNA. This possibility
is supported by recent findings that demonstrate that NETs are
enriched in oxidized mitochondrial DNA when stimulated with
ribonucleoprotein immune complexes (96). Therefore, unique
structural or functional assets of host DNA, such as levels of
oxidized mitochondrial DNA in the NET structure, and/or other
NET DNA modifications, possibly resulting from the specific
assembly of DNA with neutrophil proteins, may allow pDCs to
recognize self DNA.
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In psoriatic skin, induction of IFNI synthesis by
neutrophil-derived self DNA in skin-infiltrating pDCs may
depend on SLPI. Some insights into this came from the observa-
tion that NET-like structures, consisting of DNA, NE, or CatG,
and SLPI were present in the affected skin of patients with
psoriasis (80, 81). Moreover, pDCs were found to locate in close
proximity to neutrophils and NETs (80), indicating that pDCs
and SLPI-decorated NETs might be linked in controlling skin
pathophysiology. Although not effective on its own, SLPI in com-
plex with neutrophil DNA and its cognate enzymes, NE or CatG,
induced a marked increase in the production of IFNI by pDCs
(80, 81). This response was mediated by TLRY, suggesting that
recognition of self DNA by intracellular TLR9 and/or activation
of the receptor is facilitated by SLPI. Other inhibitors exposed on
NETs can potentially also be involved in the stimulation of IFNI
production in pDCs. Although the role of SerpinB1 in this process
remains unknown, SLPI appears to have the selective capacity
to induce the expression of IFNI in pDCs. In contrast to SLPI,
neither the main plasma inhibitor of NE, a1-proteinase inhibitor,
nor the main plasma inhibitor of CatG, al-antichymotrypsin
(99, 100), were effective at stimulating IFNT production by pDCs
(80, 81). Therefore, regulation of the catalytic activity of serine
proteases may not be a uniting or adequate property for an inhibi-
tor to enable pDCs to produce IFNI. This possibility was further
supported by the finding that SLPI lacking potent anti-NE activity
was still equipped with pDC-stimulating functions. By contrast,
the proimmunogenic ability of SLPI together with DNA and NE
required enzymatically active NE because NE inhibited by a small
synthetic inhibitor, or another inactive protein closely related to
NE and embedded in NETs, azurocidin, did not stimulate pDCs
to produce IFNI (80). The proimmunogenic properties of SLPI
may primarily be related to its cationic nature because cationic
peptides, such as LL37, display strong capacity to activate pDCs
(101). However, cationicity alone does not appear to be sufficient
for the stimulation of IFNI production in pDCs because the com-
plex of SLPI and neutrophil DNA was unable to potently trigger
IENI production by pDCs (80).

A role for SLPI in psoriasis was initially suggested by the
observation that SLPI is markedly upregulated in the epidermis
of psoriasis patients, particularly in keratinocytes (102). As
described previously, neutrophils are a potential but not neces-
sarily unique source of SLPI on NETs in psoriatic skin. Given
the ability of SLPI to bind to DNA (103), it can be envisaged that
SLPI produced by keratinocytes might dock to NETs deposited
in psoriatic skin via skin-infiltrating neutrophils (Figure 1). In
principle, NETs enriched in SLPI might be particularly suitable to
prime pDC responses. NETs different in composition or protein
levels were described earlier. Although the protein constitution
in NETs might be influenced directly by the triggering stimulus
(32), it is also likely that the stimulatory power of NETs may
depend on the tissue context, by recruiting additional tissue-
specific components to the externalized nuclear/mitochondrial
nucleic acids.

The functional significance of SLPI on NETs in psoriasis
remains to be determined. However, SLPI might be involved
in several levels of NET regulation in inflamed skin, each
potentially leading to different outcomes. As a NET component,

Keratinocytes

e NE
A SerpinB1
® SLPI

Neutrophil

FIGURE 1 | Proposed involvement of SerpinB1 and SLPI in NET
formation and immunogenic function. (1) In resting neutrophils, NE
localizes to primary granules, whereas SerpinB1 and SLPI localize to the
cytoplasm and/or secondary granules. (2) In activated neutrophils that infiltrate
psoriatic skin, NE translocates to the nucleus, where it contributes to
chromatin decondensation. SLPI and SerpinB1 translocate independently to
the nucleus, where they regulate NET formation at the level of chromatin
decondensation. Once in the nucleus, SLPI restricts the NE-mediated cleavage
of histones, whereas SerpinB1 limits chromatin decondensation through other,
yet-to-be-identified mechanisms. (3) The inhibition of NET formation is partial,
and the decondensed chromatin containing NE, as well as SerpinB1 and SLPI,
is deposited into the extracellular milieu. (4) SLPI produced by keratinocytes in
lesional psoriatic skin is sequestered on NETs. (5) SLPI-competent NETs
stimulate the pro-inflammatory and/or skin healing function that results from
skin damage through the production of IFNI by pDCs.

SLPI is likely to have an impact on the production of IFNI by
pDCs, facilitating IFNI-mediated immune and skin healing
responses (67). The flipside is the generation of a potentially
harmful stimulus (SLPI-decorated NETs) that can increase the
risk of autoimmune inflammation. On the other hand, the ability
of SLPI to inhibit NETosis in neutrophils makes it ideally suited
for serving as a safeguard against the harmful effects of NETs.
Either way, SLPI emerges as an important participant in innate
immunity via the regulation of NET generation and immuno-
genic function (Figure 1).
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by Long-Pentraxin PTX3 as
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Pentraxin 3 (PTX3) is a soluble pattern recognition molecule that plays critical roles in
innate immunity. Its fundamental functions include recognition of microbes, activation of
complement cascades, and opsonization. The findings that PTX3 is one of the compo-
nent proteins in neutrophil extracellular traps (NETs) and binds with other NET proteins
imply the importance of PTX3 in the NET-mediated trapping and killing of bacteria. As
NETs play certain critically important host-protective roles, aberrant NET production
results in tissue damage. Extracellular histones, the main source of which is considered
to be NETs, are mediators of septic death due to their cytotoxicity toward endothelial
cells. PTX3 protects against extracellular histones-mediated cytotoxicity through coag-
gregation. In addition to the anti-bacterial roles performed in coordination with other
NET proteins, PTX3 appears to mitigate the detrimental effect of over-activated NETs. A
better understanding of the role of the PTX3 complexes in NETs would be expected to
lead to new strategies for maintaining a healthy balance between the helpful bactericidal
and undesirable detrimental activities of NETs.

Keywords: pentraxins, extracellular histones, cytotoxicity, coaggregation, sepsis

INTRODUCTION

The innate immune system serves as the first line of defense against pathogen invasion and
consists of cellular and humoral arm. The innate immune response is triggered by pattern
recognition molecules (PRMs) upon the recognition of pathogen-associated molecular patterns
(PAMPs), which are structural patterns conserved across a broad spectrum of microbes (1, 2).
In addition to PAMPs, PRMs recognize damage-associated molecular patterns (DAMPs) that are
secreted from damaged cells as a “warning signal from the host” (2). Like the innate immune
system, PRMs are classified into cellular and humoral components. The cellular arm of PRMs
includes toll-like receptors (TLRs), C-type lectin receptors (CLRs), scavenger receptors, retinoic
acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs) with diverse
patterns of localization, ligand recognition, and signal transduction. The humoral arm of PRMs
includes complements, collectines, ficolins, and pentraxins that share a number of fundamental
mechanisms against infection, such as complement activation, agglutination, neutralization, and
opsonization (3, 4).

Frontiers in Immunology | www.frontiersin.org 80

September 2016 | Volume 7 | Article 344


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00344&domain=pdf&date_stamp=2016-09-07
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2016.00344
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:hamakubo@qbm.rcast.u-tokyo.ac.jp
http://dx.doi.org/10.3389/fimmu.2016.00344
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00344/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00344/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00344/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00344/abstract
http://loop.frontiersin.org/people/53038/overview
http://loop.frontiersin.org/people/371237/overview
http://loop.frontiersin.org/people/75006/overview

Daigo et al.

PTX3 against Extracellular Histones

Pentraxin 3 (PTX3) was the first long pentraxin to be identi-
fied (5). The PTX3 gene is highly conserved across species (6).
It is a circular multimeric glycoprotein that recognizes certain
microbes and eliminates them through complement activa-
tion and opsonization. In addition to its activity in the innate
immune system, PTX3 exerts effects in inflammation and
matrix regulation (6). PTX3 expression includes hematopoietic
and stromal cells by means of pro-inflammatory signals, while
the characteristic expression mode of PTX3 production is that
neutrophils store PTX3 in granules and release them in a “ready-
to-release” manner (7). It is, thus, not surprising that PTX3 is
one of the components of neutrophil extracellular traps (NETs)
in which PTX3 serves as an anti-fungal activity. In addition
to their host-protective activity, NETs also exert detrimental
effects against the host. Extracellular histones, the major NET
components and one of the DAMPs, afford a good example of
the double-edged sword effect of NET components. They have
bactericidal activity, but have also been shown to exert a cyto-
toxic effect on endothelial cells in sepsis. PTX3 has an ability to
attenuate extracellular histone-mediated cytotoxicity through
coaggregation (8). This implies that the role of PTX3 in NETs is
not only to combat bacteria but also to mitigate the detrimental
effects of NETs. Here, we describe our recent findings on the role
of PTX3 as a regulator of NETs in relation to histone cytotoxicity.

PENTRAXIN 3: GENERAL DESCRIPTION
AND ROLE IN NETs

Pentraxins

The pentraxins comprise an evolutionarily conserved multim-
eric protein family in which its members share the pentraxin
domain [~200 amino acids (a.a.) long] in its C-terminal domain
with a characteristic pentraxin signature (His-x-Cys-x-Ser/
Thr-Trp-x-Ser, where x is any amino acid residue) (6, 9). The
pentraxins are classified into two subfamilies based upon the
N-terminal length, i.e., the short pentraxin and long pentraxin.
C-reactive protein (CRP) and serum amyloid P component (SAP)
are the prototypical short pentraxins, which are broadly known
as acute phase proteins (10, 11). Neuronal pentraxin 1 (NPTX1)
(12), neuronal pentraxin 2 (NPTX2) (13), neuronal pentraxin
receptor (NPTXR) (14), and PTX4 (15) are the long pentraxins
that have been reported in addition to PTX3.

General Background of PTX3 (Genome,

Expression, Structure, and Function)
Genome and Expression Pattern

The human PTX3 gene locates on chromosome 3q band 25, and
consists of three exons and two introns. It consists of 1861 base
pairs and is translated into 381 amino acids. The first and second
exons encode the signal peptide (1-17 a.a.) and N-terminal
domain (18-178 a.a.), and the last and third exon encodes the
C-terminal pentraxin domain (179-381 a.a.), respectively. The
promoter region of PTX3 contains PU-1, AP1, NF-«xB, SP1,
and NF-IL6, and the expression of PTX3 is triggered by certain
primary inflammatory signals, such as TLR agonists, IL-1f, and
TNFa.PTX3 is expressed several types of cells, including myeloid

dendritic cells, peripheral blood leukocytes, macrophages, mono-
nuclear phagocytes, vascular endothelial cells, smooth muscle
cells, fibroblasts, adipocytes, glial cells, cumulus oophorus cells,
mesangial cells, synovial cells, epithelial cells, and uroepithelial
cells. Please refer to the cited reviews for the gene structure (3, 9)
and expression pattern of PTX3 (3, 6) in more detail. In addition
to the cells described above, lymphatic endothelial cells (16)
and polymorphonuclear neutrophils (7) have distinct expression
patterns. The former cells constitutively express PTX3, while the
latter cells store the PTX3 protein in a “ready-to-release” manner,
the details of which will be discussed below.

Protein Structure and Ligand Binding

After the processing of its signal sequence, PTX3 protein has an
N-linked glycosylation of its Asn220 site (17, 18). The glycosidic
moiety is important for the fine-tuning of the interaction with
Clqand complement activation (17), the stabilization of Factor H
binding (19), the interaction with M-ficolin (20), the interaction
with P-selectin for attenuating neutrophil recruitment at sites of
inflammation (21), and the blocking of the binding site of the
influenza virus hemagglutinin (22).

It is considered that, like the case of the short pentraxins, the
PTX3 C-terminal pentraxin domain forms two antiparallel
sheets with a “jellyroll” topology (18, 23). As opposed to the PTX3
C-terminal domain, which is homologous among the pentraxins,
the PTX3 N-terminal domain is unrelated to other known pro-
teins. Presta et al. predicted four a-helix regions connected by
short loops in the N-terminal domain using the PredictProtein
server (24). They pointed out a heptad repeat motif (abcdefg)
spanning a.a. residues 85-91, where a and d are non-polar resi-
dues and e and g are charged residues, together with hydrophobic
residues repeated with a period of one every three to six a.a. in their
helical regions (23) (Figure 1A). These motifs confer on PTX3
N-terminal domain a propensity for forming a coiled-coil struc-
ture. The signal of the a-helix was detected by circular dichroic
(CD) spectroscopy (8). Inforzato et al. attributed the multimer
formation of PTX3 to the inter- and intra-molecular disulfide
bonds in the organization of the matrix (25) and proposed an
asymmetric octamer structure for PTX3 based on biophysical
analysis (26). PTX3 forms a circular-tetramer in the N-terminal
domain, while the C-terminal domain forms octameric structure
by stacking the two-tetramers. The N-terminal domain of one
tetramer forms three intra-molecular helical coiled-coils, while
the other, extended form of the tetramer consists of the inter-
molecular interaction of the o-helixes (Figure 1B). These two
types of tetramer consist of an octamer structure, thus rendering
an asymmetry on PTX3. This multimerization is considered to be
important for the interaction of a variety of PTX3 ligands (27) and
the recognition of pathogens (28). The anti-PTX3 monoclonal
antibody MNB4 that recognizes 87-99 a.a. of PTX3 inhibits
PTX3-inter-alpha-trypsin inhibitor (IaI) interaction (29) and/
or PTX3-FGF2 interaction. The minimal PTX3 N-terminal
peptide required for interaction with FGF2 is 97-110 a.a. (24)
(Figure 1B). Tetramer formation is required for FGF2 binding,
and both types of tetramer can bind to FGF2 (26). We eluci-
dated the tertiary structure of PTX3 by secondary structure
prediction re-calculated with PSIPRED (30) and SPIDER2
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PTX3 N-terminal domain

PSIPRED
SPIDER2
61
PSIPRED
SPIDER2
121
PSIPRED
SPIDER2

1 MHLLAILFCALWSAVLAENSDDYDLMYVNLDNEIDNGLHPTEDPTPCDCGQEHSEWDKLF 60
CCCCHHHHHHCCCCCCCCCCCccccccccccccCcCCCHHARAAH
CCCCCHCHHEEECCCCCCCCCCCCCCCCCCCCCCCCHHHHAAAA

IMLENSQMRERMLLQATDDVLRGELQRLREELGRLAESLARPCAPGAPAEARLTSALDEL 120

HHHHCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCHHHHHHHHHHH

HHHCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCHHHHHHHHHHHH

LQATRDAGRRLARMEGAEAQRPEEAGRALAAVLEELRQTRADLHAVQGWAARSWLPAG 178

HHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCC

HHHHHHHHHHHHHHCCCCcCcCcCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCC

Glycosylated
N220

Pentraxin domain
(179-381 a.a)

FIGURE 1 | Predicted molecular structure of PTX3. (A) Amino acid sequence in the PTX3 N-terminus (1-178 a.a.) with the result of secondary structure
predictions for each residue. H, alpha-helix; E, beta-sheet; C, random coil, respectively. The predictions were carried out using PSIPRED (30) and SPIDER2 (31).

(B) A molecular modeling of PTX3 based on the result of the secondary structure predictions above as well as earlier studies (23-25, 28, 29). A half of the octamer
consisting of asymmetric tetramer is shown. SWISS-MODEL (32) built of the pentraxin domain by homology modeling. Red, alpha-helix; light blue, beta-strand;
yellow, cysteine residue contributes to multimer structure of PTX3; purple, glycosylated asparagine N220 in pentraxin domain; green, Inter-alpha-trypsin inhibitor (lel)
binding site, including heptad repeat motif; blue, FGF2 binding site, respectively. The drawing was obtained by USCF Chimera visualization software (33).

l-alpha-I binding site
o (87-99 a.a)
FGF2 binding site  heptad repeat motif

(97-110 a.a)

Pentraxin signature
(269-276 a.a)

N terminal domain
(18-178 a.a)

(31) on the basis of the report by Presta et al. (23) (Figure 1A)
with reference to the quaternary structure analysis reported by
Inforzato et al. (26) (Figure 1B).

PTX3 in Innate Immunity, Inflammation, and Matrix
Regulation

Pentraxin 3 exerts effects in the resistance against microbial,
fungal, and bacterial infections through opsonization via the
Fcy receptor, complement regulation, and neutralization by
direct recognition (3, 34, 35). PTX3 also regulates inflammation
through complement [the classical complement component
Clq (36), the alternative complement component Factor H
(19), Factor H-related protein 5 (37) and C4BP (38), the lectin
pathway ficolins (20, 39), and mannose-binding lectins (40)] and
P-selectin interaction (21). Several studies have reported that
PTX3 participates in the dynamic regulation of matrix formation.
PTX3 knockout mice display female infertility due to cumulus

matrix instability (41). The molecular mechanism underlying the
phenotype is the interaction between PTX3 and the heavy chains
(HGCs) of Ial (29) as well as tumor necrosis factor a-induced
protein 6 (TNFAIP6, also known as TSG6) (41). Ial and TSG6
are matrix component proteins that bind to hyaluronan. The
direct interaction between PTX3 and these proteins builds up the
super-molecular formation that contributes to proper cumulus
matrix assembly. The PTX3 N-terminal binding site determined
for Il (29) is shown in Figure 1A. In tissue injury models, PTX3
knockout mice showed excessive fibrin deposition, clotting,
and increasing collagen deposition (42). Further investigation
revealed that fibrinogen/fibrin and plasminogen interaction with
PTX3 promotes fibrinolysis (42). These findings on matrix com-
ponent recognition imply the importance of PTX3 in the regula-
tion of matrix formation as a hub molecule critical for appropriate
higher-order structure. Interestingly, both the cumulus matrix
formation and tissue remodeling defects induced by the lack of
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PTX3 were fond to be recapitulated by N-terminal domain PTX3
(41,42), and the interaction of fibrinogen/fibrin and plasminogen
with PTX3 was limited under an acidic condition (42). In con-
trast to the inhibitory activity of SAP in fibrosis, PTX3 promotes
fibrocyte differentiation through FcyRI in fibrotic lesions (43).
A detailed at the molecular level of these observations will result
in a better understanding of matrix formation and the process of
tissue remodeling supported by PTX3.

Expression and Role of PTX3 in Neutrophils

PTX3 expression is observed in neutrophil precursors but not
matured neutrophils, while the PTX3 protein can be detected
in both (7). No PTX3 expression is observed in eosinophils and
basophils. PTX3 is stored mainly in specific granules, and par-
tially in azurophilic and gelatinase granules (7, 44). In response
to stimuli, such as microorganisms and TLR agonists, PTX3 is
released into the extracellular space and localized in NETs. NETs
comprise a mesh-like structure that consists mainly of DNA and
histones (45). Some of the proteins derived from neutrophils are
localized in NETs and are active in the trapping and killing of
bacteria (46, 47). The PTX3 in NETSs co-localizes with microor-
ganisms and other NET component proteins (7, 44, 48). As it is
expected that the complex formation of PTX3 with other proteins
in NETs exerts synergistic antimicrobial effects, further investiga-
tion will be needed to fully understand the activities of the NET
component proteins.

CYTOTOXIC EFFECT OF
EXTRACELLULAR HISTONES ON THE
ENDOTHELIUM IN SEPSIS

The Extracellular Histones: A Double-Edged
Sword in NETs

Histones are highly basic proteins that bind to DNA in the
nucleus. Nuclear DNA becomes tightly condensed with the help
of histones and ultimately forms chromosomes. Histones consist
of five classes; H2A, H2B, H3, and H4 are the core histones,
while H1 and H5 are linker histones (49). As well as the crucial
functions of histones in the intracellular space, the extracellular
histones also play certain roles, especially of the toxic sort. The
first extracellular role of histones to be reported was that they are
toxic to microbes (50). The toxic activity of purified calf thymus
histones against various types of microorganisms was reported,
including Escherichia coli K-12, Klebsiella pneumoniae and strains
of Shigdlae, Salmonella typhimurium, and Pseudomonas. The
microbicidal effect of each member of the histones was reported
by subsequently. Histone H4 was identified from human sebocyte
extract as an antimicrobial protein candidate and was shown to
exert antimicrobial activity against Staphylococcus aureus and
Propionibacterium acnes (51). The histones H2A and H2B exert
a lethal effect on Leishmania amazonensis, but histone H1 does
not exert any leishmanicidal effect (52). However, in contrast
to the report by Wang et al., histone H1 has been identified as
a potential antimicrobial agent (53). Although as yet not fully
described, these reports imply that histone members have differ-
ent types of toxic activities against a variety of microorganisms.

In contrast to the host-defense role of the extracellular
histones, only detrimental effects have been reported to date.
Extracellular histones are also toxic to host cells (54). The cyto-
toxicity of extracellular histones toward a variety of cell types
and organs has been reported (55). Similar to the toxic effect
against microbes, different histone members-dependent toxic-
ity to each cell type has been reported. In the case of histone-
mediated cytotoxicity to endothelial cells, histone H3 and H4 are
the major components involved (56). As opposed to endothelial
cells, histone H1 exerts cytotoxic effect against leukemia cells
by causing severe plasma membrane damage while it does not
affect normal peripheral blood mononuclear cells and bone mar-
row cells (57), suggesting that histone H1 exerts its cytotoxicity
through leukemia cell-specific membrane components. In line
with the report by Class et al., only histone H1, not core histones,
is toxic to cortical neurons (58). In accordance with the reports
above, the contribution of extracellular histones to certain dis-
ease models [reviewed by Allam and colleagues (55)] is mostly
related to tissue injury.

In addition to the toxic effect of extracellular histones, signaling
pathway activation and platelet aggregation have been reported.
In sterile inflammation and cellular injury models, extracellular
histones are released, and these are protected by an anti-histone
antibody or as observed in TLR2- and TLR4-knockout mice (59),
suggesting that TLR2 and TLR4 act as extracellular histone recep-
tors. Similarly, the extracellular histone-TLR9-MyD88 pathway
has been also reported in a hepatic ischemia/reperfusion injury
model (60), as shown by the inhibitory effect of an anti-histone
antibody and as observed in TLR9- and MyD88-knockout mice.
Additionally, histone-mediated NLRP3 inflammasome activation
has been confirmed both in vitro and in vivo (61). Extracellular
histonesbind to platelets and induce platelet aggregation. Histones
activate platelets, and the TLR2 and TLR4 pathways are involved
(62). Histone induces platelet aggregation, some part of which
is mediated through fibrinogen and alIp3-integlin. Interestingly,
similar to the cytotoxic effect, histone H3 and H4 display higher
levels of platelet activation and aggregation. Consistent with the
reports above, an in vivo analysis revealed that histone infusion
resulted in thrombocytopenia (63).

Considering the fact that histones are the most abundant
NET components (46), the histones in NETs would be expected
to exert a lethal effect on the microbes captured. In sepsis, NETs
prevent the dissemination of microbes in order to be able to
capture them (64). However, growing evidence suggests that
NETs also inflict tissue damage. Indeed, NETs contribute to the
pathogenesis of a number of diseases (65, 66), including sepsis
(65, 67). Histone blockade has been shown to be effective in pro-
tecting against histone-delivered/histone-mediated cytotoxic
effect (68) and in an acute lung injury model in which NETs
contribute (69).

Relevance of the Extracellular Histones

to Sepsis

Sepsis is a life-threatening organ dysfunction caused by a dys-
regulated host response to infection (70-72). The innate immune
response participates in the pathogenesis of sepsis. In the
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initiation of sepsis, PRMs recognize the PAMPs that are derived
from invading microorganisms. Upon PAMP recognition, PRM
signal transduction triggers the secretion of pro-inflammatory
mediators from innate immune cells (73-75). On the progression
of sepsis, the innate immune system becomes over-reactive. This
leads to hypercytokinemia and the recruitment of neutrophils
into infectious regions, eventually resulting in multi-organ failure
(75). In addition to PAMPs, DAMPs contribute to the pathogen-
esis of sepsis (73). DAMPs also trigger PRM-mediated signaling
in systemic inflammatory response syndrome (SIRS), including
trauma, burns, ischemia, and hemorrhage (73, 74, 76). As one
of the DAMPs, the extracellular histone-mediated cytotoxicity
toward endothelial cells has emerged as one of the features of the
pathogenesis of sepsis (55, 56). Extracellular histones are present
in the plasma of patients with sepsis (77). Histone administration
in vivo results in neutrophil margination, vacuolated endothe-
lium, intra-alveolar hemorrhage, and macro- and micro-vascular
thrombosis, all of which are similar to the events that take place
in the pathogenesis of sepsis (56).

PROTECTIVE ROLE OF PTX3 AGAINST
EXTRACELLULAR HISTONES:
IMPLICATIONS FOR THE MAINTENANCE
OF A GOOD BALANCE OF NETs

Extracellular histones are considered as a major factor in the
severity of sepsis that results in organ failure and, thus, are
targets in the treatment of sepsis. Certain inhibitors of the
extracellular histone-mediated detrimental effects have been
reported, such as activated protein C (APC), heparin, albumin,
CRP, recombinant thrombomodullin (rTM), and Ial. The inhibi-
tory effect against extracellular histones differs for each factor
(Table 1). Extracellular histones were identified in a proteomic
analysis of circulating PTX3 complexes in patients with sepsis
(48). Considering the report that PTX3-transgenic mice are
resistant to death from sepsis (78), the complex formation of
PTX3 and histones is considered to have a host-protective in
sepsis by attenuating extracellular histone-mediated detrimental
effects. In the effort to understand the molecular mechanisms of
PTX3-histone complex formation, both direct and high-affinity
binding between PTX3 and histones has been reported. Of note,
it was found that the binding induced coaggregation of PTX3

with histones due to a disorder of the PTX3 secondary structure
(Figures 2A,B) (8). A cell-based assay revealed that PTX3 blocks
histone-mediated cytotoxic activity toward endothelial cells.
This blockade induced by PTX3 has been confirmed in all of the
histone members. An in vivo analysis performed to investigate the
function of PTX3-histone complex formation showed that PTX3
protects against histone-mediated endothelial cell cytotoxicity.
The N-terminal domain of PTX3 was shown to be sufficient for
both aggregate formation with histones and protection against
histone cytotoxicity. This suggests the possibility of using the
N-terminal PTX3 domain protein in sepsis treatment; indeed,
in vivo administration resulted in resistance to septic lethality.
Interestingly, however, the in vivo administration of PTX3 attenu-
ated extracellular histones-mediated cytotoxicity, but did not sup-
press histone-mediated thrombocytopenia (Figures 2C,D). This
result suggests that PTX3 has a distinct protective mechanism
against histone-mediated detrimental effects because, among the
factors reported, PTX3 is the only molecule that does not also
protect against thrombocytopenia (Table 1). As it is considered
that NETs are the source of extracellular histones, the protec-
tive activity of PTX3 against histone-mediated endothelial cell
cytotoxicity implies that PTX3 participates in the regulation of
NETs by attenuating the detrimental effects of NETs exerted by
extracellular histones (Figure 3).

PERSPECTIVES AND CONCLUDING
REMARKS

Pentraxin 3 in NETs plays a variety of antimicrobial roles through
pathogen recognition, complement regulation, and complex for-
mation with other NET component proteins, including histones.
Growing evidence supports the notion that PTX3 has a role in
the regulation of extracellular histones, which are considered
to be both diagnostic and therapeutic targets in certain severe
diseases, including sepsis, due to their cytotoxicity and DAMP
activity. PTX3 exerts a host-protective role against the histone-
mediated detrimental effects that occur in sepsis. It is also
expected that an elucidation of the detail of PTX3-histone aggre-
gate formation will lead to new strategies for sepsis treatment.
It is noteworthy that the matrix formation, tissue remodeling
and aggregate formation induced by PTX3 are mainly associated
with the N-terminal domain of PTX3. The N-terminal domain

TABLE 1 | Inhibitors of extracellular histones.

Inhibitors Inhibitory effects on the pathogenic effects of extracellular histones Reference
Endothelium cytotoxicity Platelet aggregation Thrombocytopenia Lung injury Acute death

APC Inhibit - - Inhibit Inhibit (56)
Heparin Inhibit Inhibit Inhibit Inhibit Inhibit (63, 79)
Albumin Inhibit Inhibit - - - (80, 81)
CRP Inhibit Inhibit Inhibit Inhibit Inhibit (82)
rm™M - Inhibit Inhibit Inhibit Inhibit (83)

lal Inhibit Inhibit Inhibit Inhibit - (84)
PTX3 Inhibit - No inhibitory effect Inhibit Inhibit (8, 81)

APC, activated protein C; CRR, c-reactive protein; rTM, recombinant thrombomodullin; o, inter-alpha-trypsin inhibitor; PTX3, pentraxin.3.
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FIGURE 2 | Roles of PTX3 against extracellular histones. (A) Electron microscopic image of PTX3-histones coaggregation. Scale bar: 0.2 pm. (B) CD spectra
of PTX3-histone mixture. (C) /n vivo protective effect of PTX3 administration against histone infusion-mediated hemorrhage in the murine lung. (D) Histone
infusion-mediated thrombocytopenia was not rescued by PTX3 administration. All of the results were obtained from the paper by Daigo et al. (8).
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FIGURE 3 | Schematic illustration of the roles of PTX3 in NETs. The PTX3 present in NETs forms a complex with other NET component proteins, including
bactericidal proteins. This might enhance microbial clearance via synergistic effects. NET histones exert cytotoxicity toward endothelial cells, but PTX3 attenuates
this cytotoxicity through aggregation. Thus, PTX3 function to maintain the balance of the beneficial and detrimental effects of neutrophils.

of PTX3 has the capacity to form a coiled-coil structure through
heptad repeat motif with repeated hydrophobic residues. As a
result of its activity of inter-molecular disulfide bond formation,
PTX3 forms large complexes that interact with many different
proteins. Such super-molecular formation with the assistance of
PTX3 might be the ancestor of host-protective reactions. Further
investigations are needed to elucidate the molecular mechanism
of PTX3 complex interactions with proteins in NETs, especially
histones.
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In neutrophils (but also in eosinophils and in mast cells), different inflammatory stimuli
induce histone deimination, chromatin decondensation, and NET formation. These
web-like structures that trap and kill microbes contain DNA, cationic granule proteins,
and antimicrobial peptides, but the most abundant proteins are core histones. Histones
contained in NETs have been deiminated, and arginines are converted in citrullines.
While deimination is a physiological process amplified in inflammatory conditions, only
individuals carrying genetic predisposition to develop rheumatoid arthritis (RA) make
antibodies to deiminated proteins. These antibodies, collectively identified as anti-
citrullinated proteins/peptides antibodies (ACPA), react with different deiminated proteins
and display partially overlapping specificities. In this paper, we will summarize current
evidence supporting the role of NETosis as critical mechanism in the breach of tolerance
to self-antigens and in supporting expansion and differentiation of autoreactive cells.
In fact, several lines of evidence connect NETosis with RA: RA unstimulated synovial fluid
neutrophils display enhanced NETosis; sera from RA patients with Felty’s syndrome bind
deiminated H3 and NETs; a high number of RA sera bind deiminated H4 contained in
NETs; human monoclonal antibodies generated from RA synovial B cells decorate NETs
and bind deiminated histones. In RA, NETs represent on one side an important source
of autoantigens bearing posttranslational modifications and fueling the production of
ACPA. On the other side, NETs deliver signals that maintain an inflammatory milieu and
contribute to the expansion and differentiation of ACPA-producing B cells.

Keywords: rheumatoid arthritis, neutrophils extracellular traps, histones, ectopic lymphoid structures,
autoantigens, autoantibodies

INTRODUCTION

NETosis was discovered as a new function of neutrophils and thoroughly investigated as an
important mechanism in the protection against bacterial, fungal, and parasitic infections (1). When
the size of microorganisms is excessive for phagocytosis (2), neutrophils activate an alternative
pathway leading to the extrusion of decondensed chromatin fibers containing histones as well as
antimicrobial granular and cytoplasmic proteins (3). NETSs are released during a form of cell death,
distinct from necrosis and apoptosis, which requires reactive oxygen species (ROS) produced by
NADPH oxidase.

Recent data however challenge the prevalent view of NETosis as a cellular suicide. An early
NETosis has been described, which occurs rapidly after exposure to microbial specific molecular
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patterns (e.g., within 60 min following Staphylococcus aureus
stimulus), acts by a NADPH oxidase-independent pathway, and
leads to the release of NET after nuclear envelope blebbing and
vesicle formation, thereby preserving plasma membrane integ-
rity. During this vital NETosis, cells are still able of some typical
functions, such as chemotaxis and phagocytosis.

Slowly released from dying neutrophils or budding from live
cells, NET fibers entrap microorganisms and represent a scaffold
for enzymes, antimicrobial peptides, and ion chelators. These
substances reach locally high concentrations and are thus able to
cleave virulence factors and kill microorganisms (4).

Since the original description, it soon became apparent that
both a defective and an excessive NET formation could have
important consequences in human diseases, suggesting that a
tight regulation of NETosis is critical to control pathogens while
minimizing host damage.

When NET formation is impaired, as a result of NADPH
oxidase or myeloperoxidase (MPO) deficiency (5), an immu-
nodeficiency condition ensues, i.e., in chronic granulomatous
disease, due to defective NADPH oxidase, restoration of NET
formation by gene therapy allowed the control of severe fungal
infection (6).

Conversely, a subset of neutrophils, identified for their lower
density on gradients, is more abundantly represented in systemic
lupus erythematosus (SLE) patients and is more prone to NETosis.

Netting neutrophils have not only been identified in nephritic
kidneys in systemic lupus but also in ANCA-associated vascu-
litides (AAV), suggesting that NET constituents may be involved
in the induction of severe manifestations of these systemic
inflammatory disorders.

NET may also contribute to the pathogenesis of human
diseases in a more subtle way, making potential autoantigens
accessible to the immune system and creating the milieu where
an autoimmune response may be triggered and fueled.

In this review, we shall summarize the current knowledge
accumulated in recent years that point toward an important
contribution of NET to the breach of immunological tolerance
and the maintenance of autoimmunity and chronic inflammation
in rheumatoid arthritis (RA).

NEUTROPHILS, CITRULLINATION,
AND NETosis IN RA

Neutrophils are the most abundant cells in the synovial
fluid of RA patients although they appear a less important
component of the chronic synovial inflammatory infiltrate
where neutrophils are believed to only transiently populate
the synovial tissue. In RA, circulating but especially tissue-
infiltrating and synovial fluid neutrophils have all the features
of activated cells, characterized by a prolonged survival
and by the ability to secrete a wide range of inflammatory
mediators including chemokines and cytokines (7). Neutrophil
contribution to arthritis has been directly addressed in animal
models such as antibody-induced arthritis (i.e., anti-collagen
antibody-induced arthritis) or the transgenic KBxN mouse
model. In these models, neutrophil depletion or interference
with key signaling receptors (leukotriene B4 receptors, C5aR,

CXCRI1, and CXCR2) renders the mice resistant to disease
induction. In RA, immune complexes engaging FcyRs activate
neutrophils and trigger the release of ROS and proteases and
the production of chemokines and cytokines. By means of
these mediators, neutrophils recruit and modulate the func-
tion of other cell types, such as monocytes, dendritic cells,
natural killer (NK), and lymphocytes, thus bridging innate
and adaptive immunity (7).

A number of autoantibodies have so far been described in
RA, but only anti-citrullinated proteins/peptides antibodies
(ACPA) can be considered specific disease markers with suffi-
cient specificity and sensitivity to be used as diagnostic tests (8).
ACPA are a partially overlapping family of antibodies specific
for protein sequences containing the aminoacid citrulline, the
deiminated form of arginine residues (9, 10). ACPA display
extensive genetic diversity and are characterized by somatic
hypermutation in their variable Ig domains, suggestive of an
antigen-driven response (11).

Indeed, it appears that the immune response to citrullinated
epitopes is initially restricted but expands with time from the
preclinical, immune phase of the disease to the clinical onset
(12). Specifically, in the pre-disease stage of RA, the breach of
immune tolerance to citrullinated antigens appear to be triggered
in genetically predisposed individuals by protein citrullination
at putative extra-articular sites, such as the periodontal tissue
during Porhyromonas gingivalis-induced periodontitis or in the
lung of smokers (13-15), which gives rise to a restricted ACPA
repertoire. However, with the progression to clinical disease
onset, epitope spreading and further affinity maturation of ACPA
occurs (16).

In established RA patients, the targets of ACPA include
autoantigens (i.e., filaggrin, fibrinogen, vimentin, collagen II,
and histones) as well as exogenous antigens (i.e., alpha-enolase,
EBNA-1, and EBNA-2 proteins). All these proteins become
target of ACPA after deimination (or citrullination), a post-
translational modification (PTM) catalyzed by the calcium-
dependent enzyme peptidyl arginine deiminase (PAD). PADs
are inactive at intracellular calcium concentrations but can be
activated by Ca2+ influx due to different stimuli: ionophore-
induced macrophage apoptosis (extracellular calcium influx)
(17) or lipopolysaccharide treatment of neutrophils (intracel-
lular calcium mobilization). In neutrophils, PAD activation due
to calcium influx takes place in the absence of caspase activation
and triggering of apoptosis (18).

Furthermore, PADs can be released from the cell and become
activated, as a result of the extracellular Ca2+ concentration (19).

Citrullination is a physiological process that regulates the
homeostasis of several organs but is strongly amplified during
inflammation. InRA, multiple proteins are citrullinated, especially
in target organs of the disease, primarily the synovium but also
in the lungs (20) and in myocardial tissue (21). In the RA joints,
citrullinated fibrin is not only particularly abundant (22) but
also several other citrullinated proteins including vimentin and
aggrecan (23) are detectable. Citrullination is not an RA-specific
process, and citrullinated proteins are present in several other
inflammatory processes including the inflamed skeletal muscle
tissue in myositis (24) and the synovium of spondyloarthritis
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patients (25). Currently, the existence of a citrullination profile ~ can be detected in synovial tissue and rheumatoid nodules from
typical of RA is still an unsettled issue. RA patients (27).

Neutrophils contribute to protein citrullination in RA in sev- In synovial fluid, netting neutrophils release enzymatically
eral ways. Cells contained in synovial fluid (mainly neutrophils ~ active PAD2 and PAD4 that under the local conditions of
and monocytes) are characterized by the citrullination of a wide  inflamed joints may citrullinate extracellular proteins. Both
variety of proteins. Neutrophil exposed to a variety of stimuli ~ soluble and NET-associated PAD can be detected, thus sug-
(cytokines, TLR ligands) contain deiminated histones (18).  gesting that NET may act as a molecular scaffold for protein
Moreover, both perforin and complement membranolytic path-  citrullination (19).
ways lead to pore formation in the membranes, augmenting the Several recent works have evaluated the mechanisms behind
intracellular calcium concentration and favoring the activity of =~ NET regulation by PAD4. A single nucleotide polymorphism
PAD enzymes (26). Thus, granzyme B/perforin and complement (SNP) at position 1858 (C1858T) in the DNA encoding a
activation with membrane attack complex (MAC) formation are ~ protein tyrosine phospatase (PTPN22), which results in the
able to induce in synovial fluid neutrophils an extensive protein ~ conversion of an arginine (R620) to a tryptophan (W620),
citrullination. has risen interest due to its strong connection with RA (30).

Although alarge spectrum of citrullinated proteinsis produced  Interestingly, Chang et al. (31) have investigated the correlation
by neutrophils in RA joints, the immune response detected in RA  between C1858T and PAD4 to test the hypothesis that PTPN22
sera is relatively restricted (Figure 1). might negatively regulate protein citrullination independently

A major contribution to the generation of citrullinated  from its phosphatase activity. They observed that PTPN22 is
proteins comes from the propensity of RA neutrophils from  a strong inhibitor of PAD4 and that the presence of R620 is
peripheral blood or synovial fluid to form NET, either spontane-  required for this inhibitory mechanism, which is lost in the
ously or after LPS stimulation (27). Indirect evidence for the = presence of C1858T modification, thus resulting in an expan-
higher spontaneous NETosis of RA neutrophils comes from the  sion of the pool of citrullinated antigens and possibly in an
observation of Dwivedi et al. who detected higher deiminated  increase in NET formation. Despite their results, Chang et al.
H3 content in RA as compared with controls (28). Moreover,  also highlighted that this SNP is not disease specific. Indeed,
exposure to RA immunoglobulins or purified ACPA induces  C1858T modification is present in other autoimmune diseases
NET formation, as already observed with autoantibodies of other ~ such as SLE or type 1 diabetes. Furthermore, only a subset of
specificities (see ANCA in AAV) (29), and netting neutrophils =~ RA patients appears to carry this SNP.

NS S NS S NS S NS S NS S NS S
Mw
100 KDa -
75 KDa -
50 KDa -
' 1 i 5 4 -
25 KDa - ' ; i i ' &
||
20 KDa - L . 1
b - - -
15 KDa - : Y . Ll
Anti-MC NHS RA1 RA2 Anti-H3Cit Anti-H4Cit
FIGURE 1 | A high number of citrullinated proteins is produced in neutrophils upon stimulation. Total proteins from A23187-stimulated (S) or unstimulated
(NS) neutrophils were subjected to SDS-PAGE and western blotting and probed with an anti-modified citrulline human monoclonal antibody (anti-MC), NHS or RA
sera, anti-citrullinated H3 (anti-H3cit), or anti-citrullinated H4 (anti-H4cit) polyclonal antibodies. Anti-MC h-mAb decorates a high number of proteins in stimulated
neutrophils, part of which are recognized by RA sera. Proteins of 10-15 KDa are bound by anti-MC h-mAb, by RA sera, and by anti-H4cit or anti-H3cit antisera,
thus suggesting that in stimulated neutrophils, H3 and H4 are citrullinated and become target of RA immune response, as previously showed (57, with the
permission of BMJ Publishing Group, N° 3976570562524).
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NET from RA patients is also able to activate synoviocytes,
upregulating the production of pro-inflammatory cytokines and
amplifying joint inflammation.

Thus, neutrophils have an active role in the inflammatory
process of RA not only regulating the function of other immune
or structural cells (32) but also being the source of and posttrans-
lationally modified autoantigens (33, 34).

An increased NETosis has also been observed in SLE.
A peculiar subset of neutrophils, identified by density gradi-
ents as low density granulocytes (LDGs) and more frequently
detectable in active SLE, has a pro-inflammatory phenotype
(35) and forms spontaneously NET (36). On the other hand,
it has been demonstrated that SLE patients have a decreased
ability to degrade NET (37). Upon exposure to NET or NET
components, activated caspase-1 is produced in macrophages,
leading to the production of active IL-1p and IL-18 (38), while
plasmocytoid dendritic cells are activated and release IFNalpha
(39). Antimicrobial peptides like LL37 (40) and acetylated his-
tones (41) are important mediators in these processes. Thus,
NET represent on one side an important source of autoantigens
fueling the production of anti-chromatin antibodies, on the other,
a critical mechanism of disease induction, affecting several cell
types and influencing the disease phenotype.

Increased NETosis has not only been described in type 1
diabetes, correlated with autoantibody titers and beta cell damage
(42), but also in type 2 patients, and a direct role of hyperglycemia
in increased NETosis has been shown (43).

More recently, an increased number of netting neutrophils has
been reported in type 1 and type 2 diabetes, and their direct role
in retarding wound healing has been demonstrated (44, 45).

HISTONE DEIMINATION IN NEUTROPHILS

The core nucleosome, comprising an H3-H4 tetramer and two
H2A/H2B dimers is not a static DNA packaging structure, but
on the contrary is a dynamic complex, and the modulation of
its structure is an important component of transcriptional
regulation.

Modifications in the conformation of histones, highly con-
served in eukaryotic cells, from yeast to humans, are widely used
in the dynamic modulation of chromatin structure and function.
Indeed, evolutionary PTMs are more useful than amino acid
substitutions.

So far, 20 types of histone PTMs have been described, which
are able to modulate chromatin function by either altering the
amino acid charge and consequently the inter-nucleosomal
interactions or by enabling/inhibiting interactions with specific
binding proteins external to nucleosomes but nonetheless essen-
tial for DNA regulation. Among all, one of the latest described is
the deimination of arginine.

The first description of histone deimination was reported by
the Yamada’s group (46). They observed that when HL60-derived
granulocytes and peripheral blood granulocytes are stimulated
with A23187 (a mobile ion-carrier known as calcium ionophore),
their cytoplasmic PAD V deiminates histone H2A, H3, and H4
(other than nucleophosmin/B23). The percentage of deiminated

histones detected in these studies was 10% of the total histone
content.

In 2004, Cuthbert et al. (47) and Wang et al. (48) reported that
PAD4 (correspondent to PAD V described by Yamada) deimi-
nates histone H3 and H4 and has an impact on gene transcription
by fine tuning the chromatin structure.

In particular, the group of Koutzarides (47) showed that PAD
is activated when it is bound intracellularly by estrogen receptor.
PAD deiminates histone H3 and H4 in different arginine located
preferably in the N-terminal tail and increases the affinity of
estrogen receptor for its target genes, thus resulting in a decrease
of gene expression under the control of estrogen and thyroid
hormones.

When PAD4 activity is inhibited by Cl-amidine, an increase
in the expression of p53 and p53-related genes is observed as
described by the group of Coonrod (48).

PAD4 is not the only PAD isoform involved in chromatin
regulation. Indeed, Zhang et al. (49) suggested that stimula-
tion of ERa-positive cells with 17f-estradiol (E2) promotes
global citrullination of histone H3 arginine 26 (H3R26) on
chromatin, catalyzed by PAD2 and not by PAD4, which instead
deiminates H4R3.

Importantly, deimination may involve arginine but also
methylarginine on H4 and H3 induced by PRMT1 and CARMI,
respectively, thus dubbing PAD4 as a demethylating enzyme,
thereby reverting the epigenetic modification of arginine
methylation.

Moreover, deimination of the H2A/H2B dimer, probably
involving three arginines (given the mass increase of 2.7 Da)
stabilizes the dimer, making it less susceptible to harsh condi-
tions than the native complex, as demonstrated by mass spec-
trometry analysis with increasing concentration of ammonium
acetate (50).

Like core histones, extranucleosomal linker histones can also
be the target of PAD activity. Christophorou et al. (51) recently
demonstrated that H1 can also be citrullinated. In pluripotent
stem cells, the presence of citrullinated H1 is highly correlated
with the adoption of a more open state of chromatin and with
a high level of transcription of pluripotency genes. Conversely,
inhibition of PAD4 activity and consequently of H1 citrullination
leads to a more compact state of chromatin and to higher tran-
scription of differentiation genes. Dwivedi et al. demonstrated
that H1 is an additional substrate for PAD4, providing evidence
that during NETosis a variety of linker H1 can be deiminated
on multiple arginines. Notably, H1.2 is deiminated on arginine
53, and the neo-formed epitope is thus recognized by specific
anti-citrulline antibodies present in a small percentage of SLE
and SS patients but not in RA (28).

Nevertheless the topic of histone deimination is still a tangled
issue, given the high number of PTM co-expressed on histones
and the limitations of the chemical and biological methods
presently available for citrulline detection, which are not fully
citrulline specific (52).

For instance, the antibody-detecting citrulline after chemical
modification with antipyrine and 2,3-butanedione, the so called
“Senshuo reagent,” also recognizes carbamylated proteins (53).
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This lack of citrulline complete specificity is also a character-
istic of some anti-unmodified citrulline antibodies commercially
available.

To overcome this problem, recently Bicker et al. (54) suggested
a rhodamine tagged phenylglyoxal derivative that can be used to
directly visualize protein citrullination in a simple and highly
sensitive quantitative method.

Besides technologies like mass spectrometry that allow deter-
mination of site-specific citrulline on proteins with high sensitiv-
ity but at high costs, the development of simple but nonetheless
reliable and specific chemical or biological tools is a field still
open to innovation.

Taken together, these results show that histone citrullination
is a key regulatory mechanism for cell life, but in particular cells
(neutrophils, eosinophils, mast cells, monocytes) histone deimi-
nation may lead to decondensation of the entire cell chromatin,
thus affecting in an irreversible way the cell life and leading to
ETosis (extracellular traps formation).

DEIMINATED HISTONES AND
AUTOANTIBODIES IN RA

Core histones are the most abundant proteins in NET (55), and
several reports indicate that deiminated histones are a target of
antibodies in RA. Specifically, sera from RA patients decorate
NET, co-localizing on chromatin with anti-deiminated histone
H3 antibodies. Moreover, sera from patients with Felty’s syn-
drome (characterized by RA, splenomegaly, and neutropenia)
display a preferential binding to deiminated histones by ELISA,
which was further identified to be directed against deiminated H3
using SDS-PAGE fractionated histones (56).

We have recently shown that RA sera, tested by immu-
noblot on acid-extracted proteins from calcium ionophore-
stimulated neutrophils, frequently react with a band of
11 kDa. Its identity with deiminated H4 has been suggested by
specific antibody recognition and demonstrated by MALDI/
TOF analysis. The recognition of deiminated H4 has been
confirmed by ELISA using either the entire molecule or citrul-
linated peptides corresponding to H4 sequences. When RA
sera are tested with proteins contained in NET, the reactivity
with a band identified as H4 is again detected. Moreover,
by derivatization of citrulline residues, it has been shown
that H4 contained in NET and recognized by RA sera is
deiminated on arginine 23.

Antibodies specific for H4-derived citrullinated peptides
(HCP1 - H414-3,and HCP2 - H4;,_5) are present in 67 and 63% of
established RA (57). Their frequency is lower in early RA (37.3 and
48.5%, respectively), but they can be detected years before disease
onset. As reported for other ACPA subtypes, anti-citrullinated
histone antibodies precede symptom onset and predict disease
development (58).

Similarly, antibodies against citrullinated sequences of H2A
and H2B have been detected in healthy subjects that later develop
RA. Anincrease in antibody frequency, together with the produc-
tion of inflammatory cytokines, predicts the imminent develop-
ment of clinically active RA (16).

Recently, citrullinated H2B has been detected as a target of
autoantibodies in a high number of patients with established
RA (59). RA synovial fluids contain high levels of citH2B and
its immune complex, which have pro-inflammatory and immu-
nostimulatory capacity.

Most importantly, Sohn et al. (59) demonstrated the arthri-
togenic potential of citH2B by immunization in a mouse model,
although it was necessary to generate a low-grade articular
inflammation to observe this peculiar effect.

On the whole, the definition of “true ACPA” and their patho-
genic role in the initiation of arthritis is still a matter of debate.
Production of citrulline-specific autoantibodies was non-detected
in MRL-Ipr/lpr and (NZB X B6)F1-hbcl-2-transgenic mice (60),
and any arthritogenic role in Lewis and Brown-Norway rats was
excluded (61). It has been later shown that immunization with
citrullinated antigens like collagen II can enhance tissue injury
and stimulate ACPA production in experimental arthritis (62,
63), and that administration of anti-citrullinated fibrinogen in
collagen-induced arthritis enhances tissue injury (62). Genuine
ACPA, which is ACPA non-reactive with the correspondent
non-deiminated antigen, are actually detectable in mice, but the
production of these antibodies is highly dependent on the mouse
strain, the antigen used for immunization and ACPA detection,
and the immunization protocol (64). Further support for a
pathogenic role of the immune response to citrullinated antigens
derives from a recent report on the immunomodulatory potential
of synthetic citrullinated antigens. In rats, a tolerogenic injection
protocol using synthetic multiepitopes derived from common
citrullinated proteins ameliorates adjuvant-induced arthritis,
inducing an expansion of regulatory T cells and a reduction of
Th17 cells (65).

ECTOPIC LYMPHOID STRUCTURES AS A
SOURCE OF ANTI-NET ANTIBODIES IN RA

Approximately 50% of patients with RA are characterized by
the presence of clusters of infiltrating lymphomononuclear cells
in the RA joint synovium forming ectopic lymphoid structures
(ELS). Synovial ELS not only resemble secondary lymphoid
organs (SLO) but they can also support a germinal center (GC)
response. In particular, ELS are characterized by segregation of
T and B lymphocytes, differentiation of high endothelial venules
(HEVs), and networks of stromal follicular dendritic cells (FDC)
(66, 67). Moreover, ELS are functional structures supporting
the affinity maturation and clonal selection of autoreactive B
cells bringing to the differentiation of plasma cells producing
antibodies toward citrullinated antigens (68). Thus, ELS in the
RA synovium can directly sustain autoimmunity by not exclud-
ing self-reactive B cells to affinity mature into the ectopic GC.
This process is also antigen and disease specific. In RA, ectopic
GC support the production of antibodies against citrullinated
proteins (68-70), in other autoimmune diseases, they can sup-
port the production of antibodies targeting other autoantigens,
i.e., in Sjogren’s syndrome ribonucleoprotein Ro/La (71, 72), in
Hashimoto’s thyroiditis thyroglobulin and thyroperoxidase (73),
and in myasthenia gravis acetylcholine receptor (74).
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FIGURE 2 | Neutrophil NETosis and anti-NET antibodies in synovial ELS: a new model suggesting linking inflammation and autoimmunity to
citrullinated proteins in RA. The figure illustrates the hypothetical evolution of ACPA from a pre-disease phase outside the joint to a disease phase associated
with chronic synovial inflammation. In particular, it has been proposed that environmental factors such as bacterial infection in periodontal disease and smoking can
lead to the formation of citrullinated antigens outside the joint which, in the context of HLA-DRB1 shared epitope, can lead to the production of ACPA prior to the
clinical onset. However, the second inflammatory hit that occurs in the synovium is not clear yet. Here, we proposed that migration of neutrophils from the periphery
followed by aberrant neutrophil NETosis during chronic inflammation within the RA compartment (synovial tissue and fluid) provide a continuous source of
externalized citrullinated antigens, such as citH2A, citH2B, and citH4 histones that can be presented by antigen-presenting cells following engulfment of neutrophils
nuclear fragments. Such process would sustain an antigen-driven autoimmune response toward citrullinated antigens within ELS in the RA joint resulting in the
production of anti-NET autoantibodies, which may contribute to the perpetuation of chronic inflammation and autoimmunity (75).

Of relevance, we have recently demonstrated that up to 40% of
recombinant monoclonal antibodies derived from single CD19+
synovial tissue cells (RA-syn-rmAbs) obtained from ACPA+ RA
patients with functional ectopic GC display reactivity toward
citrullinated histones (75). In particular, in this work we not only
showed a strong reactivity of the RA-syn-rmAbs toward citrul-
linated histone H2A and H2B but also citrullinated vimentin
and fibrinogen. Importantly, the reactivity against histones was
confirmed in a cell-based NETs co-localization assay using either
RA synovial fluid or circulating neutrophils as cell substrate.
These antibodies were thus defined as anti-NETs antibodies.
Moreover, the anti-NETs immunoreactivity was shown to be

acquired within the synovial microenvironment in the ectopic
GC through affinity maturation and intra-synovial diversification
and was lost when the Ig H and L variable regions were reverted
to their germline sequences (75).

As discussed above, NETs formation is critically dependent
on histone citrullination, and citrullinated histones comprise
around 70% of all NETs proteins. A proteomic analysis of NETs
derived from healthy control neutrophils has identified at least
25 different proteins that decorate these chromatin structures,
such as citrullinated vimentin and a-enolase, which are also
targets of ACPA, as discussed above (27). Therefore, a delay in
the clearance of NET could form a reservoir of citrullinated and
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non-citrullinated antigens in the extracellular space of the RA
joint and may contribute to the autoimmune response in RA.
Indeed, defects in NET clearance have been already associated
with other autoimmune diseases like lupus nephritis. In particu-
lar, defects in DNasel, which is responsible to degrade NET, have
been observed in SLE patients (37).

As discussed in the Section “Introduction,” although the
local release of NET in the RA joint represents an important
source of citrullinated autoantigens, additional sources of
NET-related autoantigens should also be considered during
the generation of ACPA, particularly in the preclinical immune
phase of RA. Environmental factors such as bacterial infection
during periodontal disease (i.e., P. gingivalis) (76, 77) and smok-
ing (78) can bring to the formation of citrullinated antigens
outside the joint and can lead to ACPA production before the
clinical onset of the disease. Of interest, P. gingivalis is the
only known pathogen expressing PAD, which can citrullinate
both the endogenous and host proteins, thus supporting ACPA
formation (79, 80).

However, periodontitis is also characterized by an increased
production of antibodies toward the non-citrullinated form
of RA-associated antigens, suggesting that in some patients
periodontal disease could break the tolerance to non-modified
autoantigens in the preclinical phase of RA (81).

In periodontal disease (82, 83), NETosis is increased, and NETs
are also involved in acute and chronic lung inflammation (84). In
the subset of ACPA-positive RA patients, lung abnormalities are
detectable by HCRT early in the disease course, associated with
the presence of citrullinated proteins in the lungs and ACPA in
the bronchoalveolar lavage fluid (85). The level of ACPA and the
production of ACPA of different specificity are both predictive
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NETosis in Alzheimer’s Disease

Enrica Caterina Pietronigro, Vittorina Della Bianca, Elena Zenaro and Gabriela Constantin*

Department of Medicine, Section of General Pathology, University of Vlerona, Verona, Italy

Alzheimer’s disease (AD)is aneurodegenerative disorder characterized by the progressive
deterioration of cognitive functions. Its neuropathological features include amyloid-p
(Ap) accumulation, the formation of neurofibrillary tangles, and the loss of neurons
and synapses. Neuroinflammation is a well-established feature of AD pathogenesis,
and a better understanding of its mechanisms could facilitate the development of
new therapeutic approaches. Recent studies in transgenic mouse models of AD have
shown that neutrophils adhere to blood vessels and migrate inside the parenchyma.
Moreover, studies in human AD subjects have also shown that neutrophils adhere
and spread inside brain vessels and invade the parenchyma, suggesting these cells
play a role in AD pathogenesis. Indeed, neutrophil depletion and the therapeutic
inhibition of neutrophil trafficking, achieved by blocking LFA-1 integrin in AD mouse
models, significantly reduced memory loss and the neuropathological features of
AD. We observed that neutrophils release neutrophil extracellular traps (NETs) inside
blood vessels and in the parenchyma of AD mice, potentially harming the blood—brain
barrier and neural cells. Furthermore, confocal microscopy confirmed the presence of
NETs inside the cortical vessels and parenchyma of subjects with AD, providing more
evidence that neutrophils and NETs play a role in AD-related tissue destruction. The
discovery of NETs inside the AD brain suggests that these formations may exacerbate
neuro-inflammatory processes, promoting vascular and parenchymal damage during
AD. The inhibition of NET formation has achieved therapeutic benefits in several models
of chronic inflammatory diseases, including autoimmune diseases affecting the brain.
Therefore, the targeting of NETs may delay AD pathogenesis and offer a novel approach
for the treatment of this increasingly prevalent disease.

Keywords: Alzheimer’s disease, neutrophils, neutrophil extracellular traps, blood-brain barrier, neuroinflammation

INTRODUCTION

The formation of neutrophil extracellular traps (NETs) is a defense mechanism used by neutro-
phils to trap and efficiently limit the damage caused by a wide range of microbial targets (1). NET
production is associated with dramatic changes in cellular morphology, including the extrusion
of decondensed chromatin into the extracellular space to form web-like structures decorated with
histones and granular antimicrobial proteins, such as neutrophil elastase (NE), myeloperoxidase
(MPO), proteinase 3, cathepsin G, lactoferrin, matrix metalloproteinase 9 (MMP-9), peptidoglycan-
recognition proteins, pentraxin, and LL-37 (1-4). The sequential molecular events that generate
NETs are the production of reactive oxygen species (ROS), the migration of NE protease and later
MPO from granules to the nucleus, the processing of histones, and the rupture of the cell (5). NETs
provide a key defense mechanism against pathogens to prevent their systemic dissemination dur-
ing infection (1, 6). However, NETs are also major effectors involved during sterile inflammation,
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NETs in Alzheimer’s Disease

autoimmune diseases, such as systemic lupus erythematosus
(SLE), and atherosclerosis, and they may also promote metastasis
(1, 7). In addition, we have recently shown the release of NETs in
Alzheimer’s disease (AD), suggesting that NETs may also play a
role in AD pathology (8).

Alzheimer’s disease, one of the most devastating neurode-
generative disorders, is characterized by progressive memory
decline and cognitive deficits. The main neuropathological
features of AD include neuritic plaques formed by deposits of
amyloid-p (Ap), the abnormal accumulation of hyper-phos-
phorylated tau protein in the neuronal soma, which manifests
as neurofibrillary tangles (NFTs), synaptic dysfunction, and
neuronal loss (9). AD is also characterized by cerebral amyloid
angiopathy due to AP deposits in the cerebral vasculature,
which lead to luminal stenosis, endothelial damage, basement
membrane thickening, thrombosis, loss of autoregulation, and
vasospasm (10). Chronic neuroinflammation is thought to
play a role in AD pathology, and recent studies have identified
several inflammation pathway genes associated with the risk
of AD (11, 12). Microglial activation precedes neuronal loss
in AD patients, and microglia-mediated neuro-inflammatory
responses may promote the neurodegeneration observed in AD
(9, 13). Moreover, in response to Ap or NFTs, microglial cells
produce pro-inflammatory cytokines, chemokines, and comple-
ment peptides, which can amplify the neuroinflammation in
AD (13). AP and tau deposits cause detrimental effects in the
neuronal milieu, due to the excessive release of cytotoxic factors,
including the interleukins IL-1f and IL-6, tumor necrosis factor
a (TNFa), and free radicals, enhancing neuroinflammation and
neuronal damage (8, 11-14). Epidemiological studies indicate
that non-steroidal anti-inflammatory drugs (NSAIDs) reduce
the risk of AD, providing further evidence that inflammation
mechanisms play a role in this disease (15, 16). However, the lack
of efficacy of NSAIDs against AD in clinical trials suggests that
more specific inflammation mechanisms must be identified to
inhibit AD-related neuroinflammation (11, 16, 17).

Compelling evidence indicates that AD-related inflammation
develops in two different but interconnected compartments: the
blood and the brain. In this context, systemic inflammation can
lead to “brain activation,” whereas cerebral inflammation may
in turn influence the peripheral system through the release of
danger signals and other inflammatory mediators (12, 18-21).
The blood-brain barrier (BBB) is a connection point between
blood and circulating leukocytes on one side and the brain
parenchyma on the other. It is a highly specialized endothelial
cell membrane that regulates the passage of essential nutrients
and leukocytes into the central nervous system (CNS) and
facilitates the clearance of potentially neurotoxic molecules
from the brain to the blood (18-21). The BBB together with
vascular cells (pericytes and vascular smooth muscle cells), glial
cells, and neurons, constitutes the neurovascular unit (NVU)
(20, 21). AD is characterized by the loss of BBB integrity, which
disrupts the clearance of AP and thus promotes Ap accumulation
in the brain, leading to neuronal injury and cognitive decline
(20). The accumulation of A in the brain and in the vessel walls
also induces the expression of adhesion molecules on brain
endothelial cells and the release of inflammatory mediators, such

as cytokines, chemokines, and complement system peptides,
potentially facilitating the adhesion and subsequent transmigra-
tion of leukocytes. Previous studies have shown that tau may also
contribute to BBB deterioration in vitro, and BBB dysfunction
correlates with the appearance of perivascular tau around major
hippocampal blood vessels in vivo (22-24). Both tau and AP
may, therefore, induce BBB dysfunction, contributing to brain
inflammation and neurodegeneration.

The role of circulating immune system cells in AD has not
been investigated in detail, but the migration of cells related to
both innate and adaptive immunity has been observed in the
AD brain (21, 25, 26). For example, monocytes migrate through
the brain endothelium into the AD brain in a CCR2-dependent
manner, and previous studies suggest they may promote Af
clearance (27). However, the replacement of brain-resident
myeloid cells with circulating peripheral monocytes in AD
mouse models showed that monocyte repopulation does not
modify the amyloid load, challenging the idea that peripheral
monocytes play a role in AP clearance (28, 29). Lymphocytes can
also enter the AD brain, and both CD4" and CD8* T cells in AD
patients were shown to adhere inside the cerebral blood vessels
or to migrate into the parenchyma (21, 26). Nevertheless, the role
of these cells remains unclear because recent studies indicate they
may play either a positive or negative role in AD models, prob-
ably depending on the specific cell subset and disease phase (21,
26). Unexpectedly, neutrophils were also found inside the brain
vessels and parenchyma of AD subjects, and the capacity of neu-
trophils to invade the AD brain has recently been confirmed (8,
30-32). Moreover, our recent data reveal that neutrophils adhere
to blood vessels and infiltrate inside the brain parenchyma in two
transgenic animal models of AD, inducing cognitive deficit and
neuropathological changes (8). Neutrophil depletion reduced
the neuropathological hallmarks of AD and improved memory
functions in these models, suggesting that neutrophils play a key
role in AD pathogenesis (8).

Recently, we have observed NETs within the cerebral vascu-
lature and parenchyma of animal AD models and individuals
with AD, suggesting that NETs can potentially harm the BBB
and neural cells (8). In this review, we discuss the involvement
of NETs in AD as a novel mechanism for neutrophil-mediated
neurotoxicity and neurodegeneration and suggest that the inhibi-
tion of NETs may offer a new pharmacological approach to slow
down the progression of this disease.

NEUTROPHILS IN AD

Circulating neutrophils are the most abundant leukocytes in
the peripheral blood and they provide the first line of defense
in the innate immune system. Neutrophils are short-lived cells
with circulating half-lives of approximately 1.5 h in mice and
8 h in humans, although this was recently challenged and longer
survival times of up to several days were reported in humans
(1). Nevertheless, neutrophils are activated during inflammation
and their longevity increases, allowing them to carry out more
complex activities, potentially causing bystander cell injury.
Neutrophils are thought to be the main protagonists in the first
line of defense during acute inflammation, when many of these
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cells migrate into tissues and can easily be identified using conven-
tional histology techniques. However, neutrophils have attracted
more attention recently in the context of chronic inflammation,
e.g., atherosclerosis, rheumatoid arthritis, SLE, anti-neutrophil
cytoplasmic antibody-related vasculitis, deep vein thrombosis,
chronic obstructive pulmonary disease, cystic fibrosis, and ani-
mal models of multiple sclerosis (33-35). Neutrophils are now
thought to be key players that directly affect the pathogenesis of
chronic inflammatory diseases. For example, they were recently
shown to play a prominent role in chronic low-grade adipose
tissue inflammation and insulin resistance mediated by the secre-
tion of elastase (36, 37).

Neutrophil recruitment in the CNS is a central process dur-
ing the pathogenesis of several neuro-inflammatory disorders,
ranging from bacterial and viral encephalitis to non-infectious
conditions, such as cerebral ischemia, trauma, and demyelinating
syndromes (25, 35, 38, 39). Previous studies have shown that neu-
trophils transmigrated in the CNS acquire a toxic phenotype and
approach neuronal cells, where they release harmful molecules
and can compromise neuronal functions (40). Therefore, limiting
neutrophil migration and/or functions can positively influence
the outcome of neuronal injuries (8, 21, 35, 39).

The first evidence that neutrophils accumulate in the CNS of
AD patients was the detection of cells expressing the neutrophil-
specific protease cathepsin G within the AD brain parenchyma
and cerebral blood vessels, often associated with AP deposits
(30). This was followed by the detection of CAP37, an inflam-
matory mediator constitutively expressed in neutrophils, in the
cerebral microvasculature of AD patients but not in age-matched
controls or patients with other neuropathological conditions,
such as Pick’s disease, Parkinson’s disease, Binswanger’s disease,
or supranuclear palsy (31, 41). Initially, the expression of CAP37
in the AD brain was not linked with the presence of neutro-
phils, but was instead associated with endothelial activation
and neuronal cells, and was thought to be induced by Ap (31,
41, 42). More recently, we identified MPO™" cells in areas with
AP deposits, further supporting the presence of neutrophils in
the AD brain (8). We found that intraparenchymal MPO* cells
were mainly localized to within 50 pm of AP plaques, and their
distribution was non-random, suggesting that AB may act as
a chemoattractant by creating a favorable microenvironment
for the accumulation of neutrophils inside the brain, thus
promoting their pro-inflammatory activities (8). We also used
(i) hematoxylin and eosin staining to confirm the presence of
polysegmented nuclei in cells that have migrated perivascularly
or within the parenchyma (8), (ii) napthol AS-D chloroacetate
esterase staining in brain sections to confirm the presence of
cells of the granulocytic lineage specifically in AD brains (43,
44), and (iii) staining for the neutrophil-specific marker, CD66b,
which likewise confirmed that neutrophils were present specifi-
cally in the brains of AD subjects but not age-matched controls
(8). These neuropathological studies are supported by recent
clinical data revealing increased numbers of neutrophils or a
higher neutrophil/lymphocyte ratio associated with AD, sug-
gesting that changes in the neutrophil population could be used
as markers of AD-related peripheral inflammation (45-47).
The amyloid protein precursor (APP) is also expressed more

strongly in the granulocytes of AD patients compared to con-
trols, whereas there was no statistically significant difference in
the lymphocyte and mononuclear cell populations, suggesting
that the strong expression of APP in peripheral mononuclear
cells could be used for the early diagnosis of AD (48). Other
studies have also revealed differences in neutrophil functions
and changes in granulocyte density in AD patients, further sug-
gesting that the analysis of blood neutrophils may offer new AD
biomarkers (49, 50).

In agreement with the data from AD subjects, we have recently
shown the presence of Gr-17 cells in 3xTg-AD mice during the
early phases of AD, and more recent data obtained in the 5xFAD
transgenic AD model revealed Grl1* cells infiltrating the brain
parenchyma and migrating toward Ap plaques (32, 51). Our data
in 5xFAD and 3xTg-AD mice confirmed these results, showing
infiltrating neutrophils within the brain parenchyma at the onset
of memory deficit, especially in the cortex and hippocampus,
highlighting the role of these cells in AD pathogenesis (8). In
addition, our two-photon laser-scanning microscopy (TPLSM)
studies revealed neutrophil extravasation inside the cerebral
parenchyma during the early phases of AD, preferentially in
zones adjacent to vascular and intraparenchymal Ap deposits,
suggesting that AP may play an important role in neutrophil
recruitment and movement inside the brain parenchyma (8). As
stated above, AP may act as a chemoattractant for neutrophils
and may represent an FPR1-binding “end-target” chemoat-
tractant prevailing over “intermediate” chemokines, potentially
contributing to the directional bias observed for a significant
proportion of extravasated neutrophils in the brains of AD
mouse models (8, 52, 53). FPR1 and LFA-1 may, therefore,
promote neutrophil deep tissue penetration and thus contribute
to widespread tissue damage.

In our studies, LFA-1 integrin controlled not only the
intraparenchymal motility of extravasated neutrophils but
also their intravascular adhesion in the cerebral microcircula-
tion of transgenic AD mice (8). By blocking LFA-1 integrin in
AD mice during the early phases of AD, neutrophil adhesion
and extravasation were prevented and the neuropathological
hallmarks of AD were clearly reduced, thus restoring cogni-
tive functions. Notably, a transient therapeutic blockade of
LFA-1 integrin during the early stages of disease also provided
a long-term beneficial effect on cognition in older mice, sug-
gesting that the therapeutic reduction of neutrophil trafficking
during the early phases of AD may have prolonged beneficial
effects in AD patients. Moreover, 3xTg-AD mice lacking LFA-1
integrin showed improved memory functions in behavioral
tests compared to wild-type control mice, and the severity of
microgliosis was reduced (8). The role of neutrophils in AD
has been defined only recently, so the mechanisms controlling
neutrophil trafficking and interactions with CNS-resident cells
must be investigated in more detail.

In vivo experiments have shown that fluorescence-labeled
neutrophils start to infiltrate the brain parenchyma of 5xFAD
mice 12-18 h after cell injection, continue to migrate and reach
a peak at 24 h post-injection, and then become undetectable at
48 h post-injection, suggesting that the half-life of the migrat-
ing neutrophils in the brain is approximately 12 h. Neutrophils
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are highly reactive cells, releasing ROS, enzymes, NETs, and
cytokines, and can thus cause chronic collateral tissue damage
even in the absence of substantial accumulation within tissues
during low-grade chronic sterile inflammation. Furthermore,
previous results from our group and others have shown that neu-
trophils do not necessarily need to accumulate in high numbers
in order to induce tissue damage: intravascular adhesion per se
without transmigration is sufficient to induce endothelial injury
and the resulting tissue damage (54, 55). This is supported by our
data showing that blocking LFA-1 integrin, which controls the
intravascular adhesion of neutrophils, reduces cognitive damage
and neuropathological lesions in AD models. Our recent results
also demonstrate that transgenic AD mouse models treated
with a neutrophil-depleting antibody show a reduction in both
microglial cell density and their activation state, suggesting
that neutrophils promote the activation of glial cells, fueling
an inflammatory loop that may promote neuronal injury and
memory decline (8).

INTRAVASCULAR NETs IN AD

The release of intravascular NETs by adherent neutrophils has
been observed in several diseases, including sepsis, atherosclero-
sis, autoimmune pathologies, such as autoimmune small-vessel
vasculitis, experimental deep vein thrombosis, transfusion-related
acute lung injury, and cancer (1, 4, 56-59). Intravascular NETosis
can be triggered by different stimuli including microbes, pro-
inflammatory cytokines, activated platelets, and antibody-anti-
gen complexes (1, 2, 56, 60, 61).

The intravascular neutrophil adhesion cascade that causes
neutrophils to leave the blood circulation begins with the
capture of these cells on the endothelium followed by their
rolling and firm arrest on activated endothelial cells (1, 25).
Adhesion receptors specialized for the arrest of intravascular
neutrophils are heterodimeric transmembrane proteins known
as integrins. In order to mediate firm adhesion, integrins
undergo an activation process induced by chemoattractants via
G-protein-coupled receptors. The activation of the intracellular
pathways leading to increased ligand binding affinity (“integrin
activation”) and the clustering of integrins in the membrane,
which together allow cell attachment, is defined as “inside-out
signaling” (62). Furthermore, the signaling steps that occur
following the ligand-induced clustering of leukocyte integrins
are described as the “outside-in pathway” (62). Indeed, p2
integrin engagement stabilizes neutrophil adhesion to the
inflamed endothelium and induces neutrophils to release ROS,
cytotoxic enzymes, arachidonic acid derivatives, cytokines, and
chemoattractants, which may have a detrimental effect on the
vessel wall (53, 55). Previous studies including our own have
also shown that neutrophil adhesion on the vessel wall without
transmigration is sufficient to induce endothelial injury, sug-
gesting that intravascular adhesion per se may trigger NET
formation and consequent endothelial injury, compromising
BBB integrity (54, 55, 63). The adhesion-dependent production
of ROS may also trigger the machinery involved in the final
extrusion of fibers containing DNA and granule proteins (5).
The adhesion of neutrophils to the endothelium induced by the

engagement of aMp2 integrin (Mac-1) promotes the release of
NETs by neutrophils in the presence of lipopolysaccharide (64).
In addition, the activation of aMp2 integrin induces changes
in the neutrophil cytoskeleton that facilitate the breakdown of
nuclear and plasma membranes, favoring the release of NETs
(64). The engagement of LFA-1, another P2 integrin (aLp2
heterodimer) expressed by neutrophils, triggers NET formation
by activated platelets in vitro and in vivo (Figure 1) (59). During
inflammation, Mac-1 and LFA-1 mediate interactions with
vascular ICAM-1, and microvascular endothelial cells produce
higher levels of ICAM-1 in both transgenic AD mouse models
and human AD patients (8, 25). Interestingly, we have recently
reported the expression of adhesion molecules in areas bur-
dened by AP plaques and rich in migrated leukocytes in animal
models of AD (8). Accordingly, in vitro studies have demon-
strated that AP peptides induce the expression of endothelial
adhesion molecules, including ICAM-1 in mouse and human
brain endothelial cells, suggesting that Ap may play a role in
endothelial activation and intravascular neutrophil adhesion
in AD (8, 65). Our recent data indicate that both oligomeric
and fibrillary AP1-42 trigger the rapid, integrin-dependent
adhesion of human and mouse neutrophils on fibrinogen and
ICAM-1, a ligand for LFA-1 integrin (8). Moreover, we have
shown that AB1-42 induces both the intermediate-affinity
and high-affinity states of LFA-1, potentially providing stop
signals for neutrophils. In addition, our recent data indicate
that neutrophils migrate into the brains of AD mouse models
by engaging LFA-1 integrin and that blocking this f2 integrin
prevents neutrophil adhesion in cortical venules and subsequent
extravasation, suggesting intravascular neutrophil adhesion
through B2 integrins may trigger the formation of NETs in
AD (8). We also have recently confirmed the formation of intra-
vascular NETs in 5xFAD and 3xTg-AD mice and proposed as a
mechanism for neutrophil-dependent damage in AD (Figure 1)
(8). Furthermore, we have documented intravascular neutrophil
adhesion and the release of NETs in the brains of human AD
subjects, suggesting that intravascular NETs may also contribute
to CNS damage in humans.

Previous studies have shown that pro-inflammatory
cytokines, such TNFa, IL-1f, and IL-8, can be released by acti-
vated endothelial cells and may, therefore, trigger intravascular
NETs (60, 66-68). The cerebral vasculature in human AD sub-
jects is strongly activated and produces cytokines, suggesting
that intravascular cytokines may favor the formation of NETs in
this context. AD brain microvessels release significantly higher
levels of thrombin, TNFa, IL-1p, and IL-8 than age-matched
controls, indicating that such endothelial molecules may pro-
mote the formation of NETs by adherent neutrophils (69-71).
Thrombin in particular becomes more abundant in the cerebral
capillaries of AD brains, and induces the release of IL-1p and
IL-8, which may in turn contribute to intravascular NETosis (60,
70-73). Interestingly, subjects with mild cognitive impairment
have higher serum IL-1p levels than controls, suggesting this
cytokine may trigger the release of NETs and contribute to the
onset of AD (74). Previous studies have also shown elevated
levels of IL-1f and TNFa in the serum of AD patients (74-76).
In vitro studies of brain endothelial cells indicate that exposure
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FIGURE 1 | Potential deleterious effects of neutrophil extracellular traps (NETs) in Alzheimer’s disease (AD). Ap and other DAMPs and pro-inflammatory
factors lead to the activation of cerebral endothelial cells, inducing the upregulation of adhesion molecules and chemoattractants on these cells. This allows
circulating neutrophils to adhere intravascularly via LFA-1 p2 integrin-ICAM-1 binding and then extravasate into the brain. Chemoattractants on the surface of the
endothelium may activate p2 integrins via inside—out signaling triggered by G-protein-coupled seven-pass transmembrane receptors (GPCRs), allowing neutrophil
arrest. Neutrophils that adhere to the vessel wall produce intravascular NETs, potentially with the contribution of activated platelets, probably through the binding of
neutrophil LFA-1 with platelet ICAM-2 (?). DNA, histones, IL-17, active proteases, such as MPO, neutrophil elastase, and cathepsin G, released during NET
formation, induce the production of pro-inflammatory cytokines and thrombin, contributing to the loss of blood-brain barrier integrity. Neutrophils inside the cerebral
parenchyma are activated by inflammatory mediators potentially released by glial cells and produce NETs, which may further activate glial cells and harm
surrounding neurons. NETs could, therefore, represent a mechanism of neutrophil-mediated intravascular and intraparenchymal tissue damage in AD.
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to AP peptides increases the expression of cytokine genes,
including the gene encoding IL-1P, which induces NETosis
(77). AP may further contribute to intravascular NETosis
through its interaction with the receptor for advanced glycation
end-products (RAGE) on brain endothelial cells, promoting
the generation of ROS and the secretion of pro-inflammatory
cytokines (19, 65, 78).

Several studies have shown that platelets exist in a pre-
activated state in the blood of an AD mouse model (APP23) and
in human AD patients, showing strongly enhanced responses
upon stimulation and potentially offering biomarkers for the
early diagnosis of AD (79, 80). The exposure of platelets to
AP induces platelet activation with the further production of
Ap and ROS, initiating a vicious circle that enhances vascular
inflammation (81, 82). Activated platelets can also trigger the
production of NETs, and in vitro studies have demonstrated
that adding platelets stimulated with agonists, such as ADP,
collagen, thrombin, LTB4, or arachidonic acid to neutrophils
causes NET formation (58, 83, 84). Intravascular NETs may
be induced by activated platelets interacting with neutrophils
via Toll-like receptor 4 (TLR4) or LFA-1 integrin, and we
speculate that the release of intravascular NETs found in AD
mouse models and human AD subjects could be promoted by
activated platelets interacting with adherent neutrophils (56, 59,
85). Interestingly, blocking LFA-1 integrin inhibits neutrophil
adhesion in the brain microvasculature of AD mice, and LFA-1
deficiency reduces the cognitive deficit and neuropathological
changes in animal models of AD (8). However, it is unclear
whether intravascular NETosis is less severe in AD mice lack-
ing LFA-1 integrin, and further studies are required to address
this issue. Following activation, platelets present the high
mobility group box 1 (HMGB1) protein to neutrophils, causing
them to produce NETs (83). HMGBI is a damage-associated
molecular pattern (DAMP) released during apoptosis and is
involved in leukocyte recruitment and local activation (86). It
migrates from the cytoplasm to the surface following platelet
activation and interacts with several receptors on the neutrophil
surface including RAGE (87). RAGE has been shown to play an
essential role in the production of NETs and the treatment of
neutrophils with anti-RAGE antibodies prevents NET forma-
tion induced either by activated platelets or by recombinant
HMGBI, suggesting that AB or HMGBI inside vessels may
interact with neutrophil RAGE leading to NET formation in AD
(83). HMGBI activates neutrophils, induces the production of
pro-inflammatory cytokines and upregulates the expression of
VCAM-1 and selectins on endothelial cells, potentially amplify-
ing the inflammatory responses in AD (87-90). HMGBI also
potentiates further NET formation by interacting with TLR4
in a ROS-independent manner, contributing to tissue damage
during sterile inflammation (91). We, therefore, hypothesize
that the release of HMGB1 during the formation of NETs may
exacerbate neuroinflammation and that HMGBI-targeted
therapy may, therefore, be beneficial in neutrophil-associated
inflammatory conditions, such that blocking the activity of this
protein may also offer a new therapeutic approach to AD.

Intravascular NETosis promotes blood clotting, and NET
release by activated neutrophils triggers both thrombin

formation through the induction of prothrombinase activity and
the aggregation of platelets (57, 92, 93). Indeed, during severe
sepsis in liver sinusoids, intravascular NETs induce thrombus
formation and the partial or total occlusion of capillaries (59).
Thrombin expressed by endothelial cells enhances platelet
activation, amplifying chronic inflammation and thrombus
formation (94). Thrombin levels are elevated in the vessel walls
and senile plaques of AD patients, and thrombin inhibitors can
reduce vascular inflammation by limiting the cerebrovascular
expression of inflammatory proteins and ameliorating cognitive
functions in transgenic animal models of AD (71, 95). Thrombin
formation triggered by NETosis may, therefore, exacerbate vas-
cular inflammation and neuronal injury in AD. Furthermore,
NETs and IL-17 are important constituents of the fresh and lytic
thrombus after acute myocardial infarction, and their specific co-
localization suggests that they may play a role during thrombus
stabilization and growth (96). Platelets express the receptor for
IL-17A and IL17-F (IL-17RA), and the incubation of platelets
with IL-17A promotes their aggregation (97). Notably, elevated
IL-17 serum levels have been reported in a cohort of Chinese
AD patients, suggesting it may contribute to platelet activation
during AD (98). Altogether, these findings suggest that the for-
mation of NETs together with IL-17 release by neutrophils may
activate platelets and exacerbate brain microvessel pathology,
contributing to the reduced brain perfusion and NVU alterations
observed in AD (99).

Intravascular NETs can also damage the endothelial wall
by releasing a mixture of nuclear proteins and proteases, NE,
cathepsin G, and metalloproteinases (MMPs). Indeed, NE and
MMPs may destroy tight junction components to promote
endothelial cell injury (100). As recently reported in patients with
SLE, the MMPs normally contained within neutrophil granules
are externalized in NETs and can damage the integrity of the
vascular wall, and MMP-9 in particular can activate endothelial
MMP-2 and trigger apoptosis (101). In addition, NE increases
endothelial permeability and the expression of ICAM-1 on
endothelial cells and thus can damage the BBB (102). The most
abundant proteins in NETs are MPO and histones, and these can
also induce endothelial cell death (103, 104). These vasculopathic
effects of NETs have been demonstrated in vivo by using protein
arginine deiminase (PAD) inhibitors to prevent the formation of
NETs, which protects against vascular damage and ameliorates
the phenotype of SLE (105, 106). In AD mouse models, the
expression of MMPs is induced whereas the expression of tight
junction proteins is suppressed in microvessels near Ap plaques
in the brain (107). Furthermore, the treatment of the BBB with
oligomeric AB1-42 in vitro increased its permeability and reduced
the availability of tight junction scaffold proteins (108). MMP-2
and MMP-9 released by endothelial cells stimulated with Ap1-42
contribute to Ap-induced BBB leakage, so the MMPs externalized
during NET formation may exacerbate tight junction damage
and changes in BBB permeability induced by Ap (108).

INTRAPARENCHYMAL NETosis IN AD

Neutrophils invade the brain parenchyma of AD mouse models
at the early stage of AD and contribute to the induction of
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memory deficit (8, 32). We have recently shown that intraparen-
chymal migrating neutrophils produce NETs, showing the pres-
ence of cells releasing MPO, NE, and citrullinated histone H3
in the parenchyma of mouse models of AD (8). Furthermore,
we have also confirmed the formation of NETs in human AD
subjects by the co-localization of MPO and citrullinated his-
tones, and of MPO and NE (8). These data suggest that NETs
may represent a neutrophil-dependent disease mechanism in
patients with AD (Figure 1).

Our recent TPLSM data indicate that a significant proportion
of the intraparenchymal neutrophils are fully arrested, suggest-
ing the presence of activating stop signals for neutrophils inside
the brains of mouse AD models. Neutrophils migrate inside the
parenchyma in areas with A plaques and less neuronal fluores-
cence, suggesting a role for AP in neutrophil migration inside
the parenchyma and in providing stop signals for neutrophils.
AP is included in the class of DAMP that are released following
non-microbial tissue injury, alerting the innate immune system
and activating a wide array of receptors and pro-inflammatory
pathways (109).

AP promotes the generation of ROS by activating NADPH
oxidase in both human and mouse neutrophils in vitro, and
several reports, including our own, have demonstrated that ROS
production is a necessary step in the formation of NETs (5, 8,
110). These data provide further support for the role of Af in
intraparenchymal NET formation and neutrophil-dependent
CNS damage during AD. Interestingly, a recent study demon-
strated that NET formation in human neutrophils in vitro is also
driven by the fibrillary form of amyloids from other sources, such
as a-synuclein, Sup35, and transthyretin (111). In the same study,
the presence of NETs was observed near amyloid deposits in
patients with systemic amyloidosis, and NET-associated elastase
was able to degrade amyloid fibrils into short toxic oligomeric
species, suggesting that amyloid fibrils act as a reservoir of toxic
peptides that may promote amyloid disease pathogenesis. We,
therefore, hypothesize that Ap may trigger NET formation in the
AD brain by binding to FPR1 or FPR-like-1 receptors on neu-
trophils, and the NETs may in turn promote the release of toxic
AP species from amyloid plaques, amplifying the inflammatory
network in AD.

Intraparenchymal cytokines, such as TNFa, IL-1p, and IL-8,
produced by neural cells may also promote NET formation in
extravasated neutrophils during AD (60). Indeed, our recent
data suggest that interconnectivity between neutrophils and
glial cells may create several feedback loops, amplifying and
sustaining their reciprocal activation (Figure 1). Accordingly,
activated astrocytes and microglia in AD patients secrete pro-
inflammatory cytokines, such IL-1f, TNFa, and IL-8, as well as
ROS into the surrounding brain tissue rich in AP deposits, thus
potentially contributing to intraparenchymal NET formation
and generating crosstalk with intraparenchymal neutrophils
(Figure 1) (12, 13, 17). Both TNFa and IL-1f have recently been
implicated in NETosis in rheumatoid arthritis and gout, suggest-
ing they may contribute to NET formation also in AD (112, 113).
Moreover, treatment with anakinra (a recombinant IL-1 receptor
antagonist) or a monoclonal antibody that blocks IL-1p caused
the partial inhibition of NET formation by neutrophils treated

with synovial fluid from patients with gout, further supporting
a role for IL-1p in the formation of NETs (112). Higher levels of
IL-1p and TNFa are found in the brain and cerebrospinal fluid
(CSF) of AD patients, suggesting these molecules may contribute
to neutrophil activation and NET formation in AD (114, 115).
IL-8 is abundant in the CSF of patients in the prodromal stage of
AD and in the brains of AD subjects, suggesting this cytokine may
attract neutrophils and contribute to NET formation in the AD
brain (116). Our recent data showed that migrating neutrophils
produce IL-17 in the cortex and hippocampus of 3xTg-AD mice
(8).IL-17 is a cytotoxic cytokine for neurons and may contribute
to the loss of BBB integrity and the recruitment of neutrophils
in other inflammatory CNS diseases (117, 118). Furthermore,
recent studies show that IL-17 contributes to NETosis in rheu-
matoid arthritis and in a model of acute myocardial infarction,
suggesting this cytokine may favor NET formation also in AD
(96, 113). These combined data suggest that pro-inflammatory
cytokines may act in concert with Ap and ROS to promote intra-
parenchymal NETosis in AD.

Intraparenchymal NETosis may be harmful to neural cells
in AD through several mechanisms (Figure 1). Indeed, during
the generation of NETS, the azurophilic granules of neutrophils
release MMPs, in particular MMP-9, and serine proteases such
as NE, cathepsin G, and MPO, which can induce tissue dam-
age and aggravate the inflammatory process. Neutrophils are
equipped with high levels of MMP-9, stored as the inactive form
pro-MMP-9. Recent data indicate that that AB25-35 induces
the degranulation process following neutrophil activation and
the massive secretion of the inactive pro-MMP-9 stored in
cytoplasmic granules (119). After neutrophil stimulation, pro-
MMP-9 can be converted into active MMP-9 by several of the
proteases released by activated neutrophils (including NE), or
by ApB-stimulated brain cells (119). MMPs are involved in the
proteolysis of the extracellular matrix and can thus damage the
brain parenchyma (120). NE can also induce the degradation
of tissues not only by cleaving extracellular matrix proteins,
such as elastin, collagen, and proteoglycan but also by activating
MMPs and inactivating the endogenous tissue inhibitors of
MMPs (TIMPs) (121). MPO localized within NETs also inacti-
vates TIMPs and thus indirectly enhances the local pathogenic
activity of MMPs (122). TIMPs have been localized in neuritic
senile plaques and NFTs in the hippocampus and cerebral cortex
of human AD brains (123). Furthermore, MMP-9 is expressed in
senile plaques, NFTs, and the vascular walls of human AD brains
as well as in AP-stimulated astrocytes and activated microglia,
and its inhibition is therapeutically beneficial in a transgenic
mouse model of AD (124-127). The main constituents of NETs
are histones (2). Each histone protein has an N-terminal tail
with lysine and arginine residues that extend from the core.
These residues can be modified by acetylation, methylation, and
citrullination among others, and the latter is associated with
PAD4, which plays a central role in the formation of NETs.
In PAD4-knockout mice, the absence of histone citrullination
prevents the decondensation of chromatin (64, 128). When
translocated into the extracellular space, histones function as
DAMP, amplifying the sterile inflammation state and show-
ing toxicity to the surrounding cells by activating TLRs and
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inflammasome pathways (129, 130). During neurodegeneration
in particular, extracellular histones can stimulate the innate
immune response and induce apoptosis in neuronal cells.
Indeed, a recent study has shown that extracellular histone
H1 induces a pro-inflammatory response in microglia and
causes neuronal death by activating the mitochondrial apoptosis
pathway (131). In AD brains, extracellular histone H1 has been
found within amyloid plaques due to its capacity to bind APP
and B-amyloid with high affinity (132, 133). The accumulation
of extracellular histones may, therefore, accelerate neurode-
generation and perpetuate the inflammatory process in AD.

FUTURE DIRECTIONS

NETosis aggravates several inflammatory and autoimmune
disorders. The unexpected recent discovery that neutrophils
promote AD pathogenesis in mouse models opened a new area
of investigation highlighting the prominent role of circulating
immune system cells in AD. The mechanisms of neutrophil-
dependent damage in AD are unclear, and the discovery of
NETs in mouse models of AD and human AD patients indicates
a potential mechanism that neutrophils may use to induce and
exacerbate neuroinflammation, by promoting cerebral vascu-
lature dysfunction and parenchymal damage. However, the
role of NET components in the induction and perpetuation of
neuroinflammation in AD needs to be determined in more detail
in further studies.

Neutrophils are key regulators of the immune system because
these cells communicate and interact with adaptive immune
system cells during infections and chronic inflammatory and
autoimmune diseases (33, 134). NETs activate plasmacytoid
dendritic cells through TLR9 during viral infections and autoim-
mune diseases and can mediate the priming of T cells, which
requires NET-T cell contacts and T-cell receptor signaling
(7, 134, 135). Adaptive immune system cells are encountered in
the AD brain, and they may play a role in AD pathogenesis, but
it is unclear whether NETs link the innate and adaptive immune
responses in AD (21). NET components provide a source of
autoantigens, which promote the production of autoantibodies
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It has become increasingly clear that circulating immune cells in the body have a major
impact on cancer development, progression, and outcome. The role of both platelets and
neutrophils as independent regulators of various processes in cancer has been known
for long, but it has quite recently emerged that the platelet-neutrophil interplay is yet a
critical component to take into account during malignant disease. It was reported a few
years ago that neutrophils in mice with cancer have increased propensity to form neutro-
phil extracellular traps (NETs) — web-like structures formed by externalized chromatin and
secreted proteases. The initial finding describing this as a cell death-associated process
has been followed by reports of additional mechanisms for NET formation (NETosis), and
it has been shown that similar structures can be formed also without lysis and neutrophil
cell death as a consequence. Furthermore, presence of NETs in humans with cancer has
been verified in a few recent studies, indicating that tumor-induced NETosis is clinically
relevant. Several reports have also described that NETs contribute to cancer-associ-
ated pathology, by promoting processes responsible for cancer-related death such as
thrombosis, systemic inflammation, and relapse of the disease. This review summarizes
current knowledge about NETosis in cancer, including the role of platelets as regulators
of tumor-induced NETosis. It has been shown that platelets can serve as inducers of
NETosis, and the platelet-neutrophil interface can therefore be an important issue to
consider when designing therapies targeting cancer-associated pathology in the future.
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TUMOR-INDUCED MANIPULATION OF THE IMMUNE SYSTEM

Cancer development and progression is driven by complex interactions between neoplastic cells and
non-malignant host cells. The tumor-promoting effects of the host cells often represent normal, or
even essential, physiological functions that have been “hi-jacked” by the tumor microenvironment.
A prominent example is platelet activation, which is required for wound healing and to prevent
bleeding due to injury, while the same mechanism contributes to disease progression and mor-
tality in individuals with cancer (1). Similarly, cells of the innate immune system that normally
serve as an essential defense against infections can be modulated during malignancy to become
promoters of disease. This phenomenon has been extensively studied especially for macrophages,
where tumor progression is paralleled with a phenotypic switch from a tumor-suppressing classical
M1-like subtype to a tumor-promoting M2-like macrophage. These M2 macrophages often represent
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the majority of immune cells in a solid tumor and contribute to
tumor progression by immunosuppressive and pro-angiogenic
mechanisms (2). Novel data indicate that neutrophil function is
altered in a similar way during malignant disease. Neutrophils
have an indispensible role as a first-line defense to combat
infectious disease, a function mediated by phagocytosis and
secretion of antimicrobial peptides (3). However, in individuals
with cancer, neutrophils may instead become prominent disease
promoters, contributing to important steps during tumor pro-
gression such as angiogenesis and metastasis (4). In addition to
the classical antimicrobial roles of neutrophils mentioned above,
formation of neutrophil extracellular traps (NETs) was described
approximately a decade ago as a novel defense mechanism during
severe bacterial infections (5). NETs are formed when activated
neutrophils externalize their chromatin and granular content
and form a meshwork of DNA strands that function as a trap
for microbes. In fact, a cell death process in neutrophils different
from apoptosis and necrosis, and similar to what we today refer to
as NETosis, was described already 1996 (6). The initial description
of NET formation (NETosis) as a response to bacterial infections
has now been followed by reports of NETs in infections caused by
viruses and fungi (7-20) but also in sterile inflammation during
conditions such as atherosclerosis, diabetes, and systemic lupus
erythematosus (SLE) (21-24). Interestingly, NETosis was also
detected in individuals with cancer for the first time a few years
ago (25, 26), and the consequences are only beginning to emerge.
Platelets have been found to play an essential role as inducers
of intravascular NETosis in response to lipopolysaccharide (LPS)
(27, 28). Conversely, NETs provide a strong activation signal for
platelets due to the externalized DNA and associated histones,
promoting platelet aggregation and thrombosis (29). This review
describes mechanisms behind tumor-induced NETosis with a
special focus on neutrophil-platelet interactions in an individual
with cancer. Furthermore, consequences of tumor-induced
NETosis and possible therapeutic approaches to target NETs in
cancer patients will be discussed.

MECHANISMS OF NETosis

During NETosis, activated neutrophils release their chromatin
and granular content and form a web-like structure from
strands of DNA that functions as a trap for infectious agents in
the circulation (30). Secretion of neutrophil-derived proteases,
such as neutrophil elastase (NE) and myeloperoxidase (MPO),
contributes to a locally elevated concentration of antimicrobial
substances and hence enables efficient destruction of pathogens.
Both nucleic acids and the associated histones are potent induc-
ers of platelet activation and therefore exert a prothrombotic
effect with platelet aggregation and fibrin deposition as a result.
So how can neutrophils form these extracellular traps? Current
knowledge suggests that NETosis can occur either as a cell
death-associated mechanism or in a vesicular-dependent man-
ner where the neutrophil survives and continues to function
after NET formation (referred to as “vital NETosis”). In the case
where NETosis results in neutrophil death, the suggested process
is dependent on chromatin decondensation, degradation of the
nuclear membrane, and cellular lysis with associated release of

chromatin and granular contents into the extracellular space.
Nuclear decondensation is initiated by epigenetic modifications
of histones, citrullination (i.e., arginine converted into citrulline),
mediated by the enzyme peptidyl arginine deiminase 4 (PAD4).
PAD4 has proven to be required for NETosis to be initiated and
neutrophils in PAD4-deficient mice lack ability to form NETSs
(31, 32). Degradation of the nuclear membrane is driven by NE,
which has to be translocated to the nucleus for this purpose (33).
Furthermore, isolated neutrophils deficient in MPO fail to form
NETs, suggesting that MPO is required for NETosis (34). In
contrast to vital NETosis, which has been described as a quick
event, the process of Iytic NETosis takes several hours to complete
(30). In addition, a recently identified process of programmed
cell death, necroptosis, was earlier this year implicated as an
additional mechanism for NETosis (35). Necroptosis is associ-
ated with inflammation and has been suggested to be involved
in inflammatory conditions such as Crohn’s disease (36). The
mechanism for necroptosis-associated NETosis was shown to
depend on activation of the mixed lineage kinase domain-like
protein (MLKL) for membrane degradation and subsequent cell
death (35). The process of vital NETosis was first described a few
years ago (30, 37). During infectious conditions, vital NETosis
occurs upon stimulation of TLRs by both gram-negative and
gram-positive bacteria, and involves nuclear envelope blebbing
and vesicular trafficking of DNA to the extracellular space (37).
The process leaves the cell membrane intact and allows the neu-
trophil to continuously exert its classical function via protease
release and phagocytosis. Whether both cell death-associated and
vital NETosis occur in individuals with cancer is still not clear.

It has been reported that only a fraction of all neutrophils are
capable of forming NETs (30). How to distinguish these specific
neutrophils with capacity for NETosis is still not clear. It has been
suggested that the ability to form NETs is related to aging of the
neutrophil, a process paralleled with upregulation of CXCR4 on
the cell surface (38). Interestingly, the same study demonstrates
that the aged neutrophil population is expanded under patho-
logical conditions. It was recently suggested that the lifespan of a
neutrophil may be significantly longer than previously reported
and that the average human neutrophil remains in the circulation
for more than 5 days (39). Therefore, the population of neutro-
phils that form NETs may be larger than previously expected.
However, the finding of an extended lifespan of neutrophils
beyond 1 or 2 days has been questioned (40). A vast amount
of studies further support that neutrophils indeed are more
heterogeneous than earlier presumed. For example, migration of
neutrophils has previously been described as a one-way transfer
from the circulation into the tissue. However, several publications
now report observations of reversed migration of tissue-resident
neutrophils back into the vasculature (41-43). Furthermore, a
polarization similar to that of macrophages has been suggested
for neutrophils with a division into antitumorigenic neutrophils
(N1) and protumorigenic neutrophils (N2) (44). Sagiv and col-
leagues recently demonstrated that cancer is associated with a
switch in neutrophil phenotype towards a low-density neutrophil
type with more immature appearance and less lobulated nuclei
(45). This subpopulation of neutrophils was suggested to be
protumorigenic, as compared to high-density neutrophils with
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an antitumorigenic function. How this relates to NETosis was
not discussed in the paper. However, low-density neutrophils
have previously been isolated from patient with SLE, an autoim-
mune disease characterized by NETosis (46, 47). These cells were
further verified to be highly prone to undergo NET formation
(48), suggesting that the protumorigenic neutrophils identified
by Sagiv and colleagues are indeed a potential source of NETs.
Studies of NETosis in autoimmune disease have suggested a role
for proteinase 3 (PR3) in NET induction (49). In small-vessel
vasculitis, antineutrophil cytosplasmic antibodies (ANCA), and
specifically those directed against PR3, were demonstrated to
induce NETosis (50). Whether PR3 stimulation mediates NETosis
also in malignant disease is not yet known.

THE ROLE OF PLATELETS IN NETosis

LPS, a component of the cell wall in bacteria, is an inducer of
NETosis during infectious disease (27). However, bacteria-
derived LPS is not a general cause of NETosis in individuals
with cancer, unless the patient suffers from bacterial infection.

So how can a tumor induce NETosis? While some mechanisms
for tumor-induced NETosis have been described, there are pos-
sibly others that remain to be identified. A summary of identi-
fied mechanisms can be found in Figure 1. The first report of
NETs in cancer appeared a few years ago and demonstrated that
presence of a tumor primed neutrophils to undergo NETosis
(25). The authors suggested that G-CSF was a critical factor for
tumor-induced NETosis in mice with cancer. The importance
of G-CSF was recently confirmed in another study, where
tumors expressing high levels of G-CSF were demonstrated as
more powerful inducers of NETosis than tumors expressing
low levels of G-CSF (51). Furthermore, inhibition of G-CSF by
injection of anti-G-CSF antibodies efficiently suppressed NET-
induced vascular dysfunction in distant organs of mice with
mammary carcinoma. It is however likely that additional factors
are involved in induction of tumor-associated NETosis. The
cytokine IL-8, frequently expressed by various tumor cells, has,
for example, been described as a NET-inducing factor and was
recently demonstrated to be crucial for tumor-induced NETosis
(5,52).

Activated platelets induce NET formation. This
requires interaction between P-selecting (P-sel) on
platelets and PSGL-1 on neutrophils.

Bacterial infection

LPS
LPS binding to TLR4 on platelets ’ >
promotes NETosis during infection. /’
Other factors binding TLR4, such as /
tumor-derived fibronectin ED-A, may /
act in a similar way, but this has not Vi
been demonstrated. I
1 Fibronectin ED-A?
I | Other factors?
|
1
\
\
\
\
\

Tumor-derived Tissue Factor (TF)
promote platelet activation.

Activated platelet
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FIGURE 1 | Platelet-neutrophil crosstalk in tumor-induced NETosis. Tumor cells can directly induce NETosis in an individual with cancer by secretion of
factors such as G-CSF and IL-8. Tumors furthermore promote platelet activation, for example, by production of tissue factor (TF). Activated platelets function as
inducers of NETosis. This effect is mediated via direct binding of P-selectin on activated platelets and PSGL-1 on neutrophils. Stimulation of platelets via toll-like
receptor 4 (TLR4), by LPS during infectious disease or tumor-derived factors, possibly fibronectin ED-A, may further contribute to platelet-induced NETosis. NETs
further stimulate platelet activation and thrombosis due to externalized chromatin and localization of TF and factor XII.

NETs promote platelet activation and
thrombosis. DNA and histones in NETs
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TF and Factor XII.
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As mentioned, activated platelets can regulate NET induc-
tion, although NETosis can also occur independent of platelet
interaction, as exemplified by PMA stimulation. An important
interaction for this effect seems to be the binding of P-selectin
on activated platelets to PSGL-1 on neutrophils. It was recently
demonstrated that platelets from P-selectin-deficient mice failed
to induce NETosis, while platelets from mice with increased
P-selectin levels were more prone to induce NETs upon co-culture
with neutrophils (53). Platelets have previously been described as
sensors during infectious disease for the severity of an infection,
where LPS binding to TLR4 on the platelet surface is essential to
determine whether NETosis should be initiated (27). Although
LPS-induced TLR4 activation does not take place as a result of a
tumor, it is possible that other tumor-derived factors can activate
platelets via TLR4. For example, it has been shown that a tumor-
associated splice variant of fibronectin, extradomain A (ED-A),
can bind to TLR4 (54). Interestingly, studies in mice recently
demonstrated that signaling via TLR4 on platelets by fibronectin
ED-A promotes platelet aggregation and arterial thrombosis (55).
Whether this effect is mediated via NETosis was not addressed,
but the possibility is briefly discussed in the paper. Furthermore,
these studies were not performed in a cancer setting, and the
relevance of fibronectin ED-A for cancer-associated thrombosis
still remains to be determined.

The importance of platelets for NET induction is obviously
not a tumor-specific phenomenon. However, it has been known
for more than a century that individuals with cancer suffer from
increased risk for thrombotic disease — a fatal consequence of
enhanced platelet activation (56, 57). The hyperactive state of
platelets in malignant disease has been attributed to the fact
that many tumors express Tissue Factor (TF), which leads to
thrombin formation, coagulation, and platelet activation (58).
Enhanced platelet activation in cancer patients does not only
contribute to thrombosis but also to malignant progression by
promoting processes such as tumor angiogenesis and metastasis
(59). The increased platelet activation in cancer patients could
therefore be a contributing factor to enhanced NETosis during
malignant disease.

OTHER TYPES OF PLATELET-
NEUTROPHIL INTERACTIONS

While the specific interplay between platelets and neutrophils in
formation of NETs was quite recently discovered, interactions
between platelets and neutrophils were described much earlier.
Already 50 years ago, the phenomenon of platelets adhering to
neutrophils was described and referred to as platelet satellitism
(60-64). These platelet-neutrophil complexes were observed in a
number of pathological conditions, but their contribution to dis-
ease was not clear. Interestingly, a case study from 1975 described
platelet-neutrophil aggregation in a patient with invasive prostate
cancer, but the cause or significance of the finding was not further
explored (65). Today, complex formation between platelets and
neutrophils are known to occur and contribute to a wide variety of
pathological conditions, such as asthma, ulcerative colitis, sepsis,
rheumatoid arthritis, and acute coronary syndrome (66-75). By

which mechanism do platelet-neutrophil complexes form? Initial
platelet-neutrophil aggregation is mediated mainly by binding of
the surface receptor P-selectin on activated platelets to neutro-
phil PSGL-1 and results in activation of the neutrophil (76-79).
Thereafter, integrin receptors are important for continuous
platelet-neutrophil interactions. For example, Gplb-IX-V and
alpha-IIb-beta-3 (GplIb/IIla), via fibrinogen, mediate binding to
integrin alpha-M-beta-2 (Mac-1) on the neutrophil, while integ-
rin alpha-L-beta-2 (LFA-1) on neutrophils can adhere to platelets
via ICAM-2 (80-83). Platelets also facilitate leukocyte adherence
to the endothelium via the same interactions, for example, upon
damage to the vessel wall when direct adherence of leukocytes
to endothelial cells is compromised and platelets function as a
bridging factor (81). The ability of platelets to regulate neutrophil
function is not limited to NETosis. It has been demonstrated
that platelets promote initiation of inflammation by regulating
neutrophil crawling, an effect dependent on signaling via PSGL-1
(84). Activated platelets can also promote neutrophil degranula-
tion and phagocytosis (27, 85). Moreover, platelet-derived soluble
CD40L promotes formation of reactive oxygen species (ROS) in
neutrophils, which contributes further to the antimicrobial effect
(86). There are also evidence showing that interaction between
platelets and neutrophils promote metastasis by formation of an
early metastatic niche (87). This study by Labelle et al. demon-
strated that granulocyte recruitment to the metastatic site is medi-
ated by platelet-derived CXCL5 induced by contact with tumor
cells and signaling via the CXCR2 receptor on granulocytes. If the
interaction between platelets and granulocytes is blocked with
a CXCR?2 antibody, metastatic seeding is significantly impaired.
This study further highlights the importance of platelets as critical
regulators of neutrophil function.

CONSEQUENCES OF TUMOR-INDUCED
NETosis

What are the consequences of NETosis in individuals with
cancer? The data presented so far suggest that tumor-induced
NETosis may be a promoter of cancer-associated pathology.
A couple of studies show that NETs may directly contribute
to malignant progression. For example, Cools-Lartigue and
colleagues showed that infection-induced NETs contribute to
metastasis by sequestration of tumor cells in the circulation of
mice with cancer (88). This suggests an increased risk for metas-
tasis if cancer patients are affected by infectious disease. Recently,
direct cancer-promoting effects were further demonstrated in a
study where NETs were suggested to contribute to tumor relapse
after surgery in patients with metastatic colorectal cancer. While
this study did not address tumor-induced NETosis directly but
rather NETosis induced by surgical stress, it still highlights the
possibility that NETs could contribute to tumor progression and
relapse (89). This finding is in line with an earlier study, sug-
gesting that presence of NETs in tumor biopsies correlated with
relapse in patients with Ewing sarcoma (26). Besides direct effects
on malignant progression, tumor-induced NETosis further con-
tributes to systemic pathological effects of cancer. For example,
NETs have been suggested to promote cancer-associated deep
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vein thrombosis (25). Hence, the interaction between neutrophils
and platelets in NETosis is not limited to platelet-induced of NET
formation, but NETs can also stimulate platelet activation — add-
ing yet an important aspect to the complex interplay between
platelets and neutrophils. The procoagulant effect of NETs is
primarily mediated via the negatively charged DNA inducing the
intrinsic pathway of coagulation (90) and by histones contribut-
ing to thrombin formation (91). Moreover, both TF and factor
XII, inducers of the extrinsic and intrinsic coagulation pathways,
respectively, can be found in NETs (92-94). Furthermore, it was
recently demonstrated that NETosis contributes to impaired vas-
cular function and systemic inflammation in organs that are not
sites for tumor growth, such as heart and kidneys, in mice with
mammary carcinoma and insulinoma (51). When mice were
treated with DNase I to dissolve NETs, vascular function was
restored and inflammation abolished. Hypoperfusion of the renal
vasculature and associated inflammation are indicators of renal
insufficiency - a frequent issue in cancer patients with mortal
consequences (95-97). Whether suppression of NETosis could
prevent renal insufficiency in individuals with cancer remains
to be explored. NETosis was connected to both thrombosis and
vascular dysfunction in a study published earlier this year (98).
Analysis of blood and post-mortem tissues from ischemic stroke
patients revealed that a high number was affected by known or
occult cancer and that this could be associated with formation of
arterial microthrombi with presence of NETs in various organs.
Altogether, these studies suggest that tumor-induced NETosis
is connected to poor prognosis in cancer patients. It is however
likely that the consequences of tumor-induced NETosis are not
limited to those described today, but more reports on this phe-
nomenon should be expected.

THERAPEUTIC TARGETING OF NETosis IN
INDIVIDUALS WITH CANCER - WHAT ARE
THE OPTIONS?

The role of tumor-induced NETs as potential promoters of
malignancy and associated complications, such as thrombosis
and systemic inflammation, suggests that therapeutic approaches
to suppress NETosis might be beneficial for cancer patients.
Several potential strategies could be considered for this purpose.
Treatment with DNase I, a strategy to degrade extracellular DNA
strands, would be an option to dissolve already formed NETs.
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Neutrophil extracellular traps (NETs) arise from the release of granular and nuclear con-
tents of neutrophils in the extracellular space in response to different classes of micro-
organisms, soluble factors, and host molecules. NETs are composed by decondensed
chromatin fibers coated with antimicrobial granular and cytoplasmic proteins, such as
myeloperoxidase, neutrophil elastase (NE), and a-defensins. Besides being expressed
on NET fibers, NE and MPO also regulate NET formation. Furthermore, histone deimi-
nation by peptidylarginine deiminase 4 (PAD4) is a central step to NET formation. NET
formation has been widely demonstrated to be an effective mechanism to fight against
invading microorganisms, as deficiency in NET release or dismantling NET backbone
by bacterial DNases renders the host susceptible to infections. Therefore, the primary
role of NETs is to prevent microbial dissemination, avoiding overwhelming infections.
However, an excess of NET formation has a dark side. The pathogenic role of NETs has
been described for many human diseases, infectious and non-infectious. The detrimental
effect of excessive NET release is particularly important to lung diseases, because NETs
can expand more easily in the pulmonary alveoli, causing lung injury. Moreover, NETs and
its associated molecules are able to directly induce epithelial and endothelial cell death.
In this regard, massive NET formation has been reported in several pulmonary diseases,
including asthma, chronic obstructive pulmonary disease, cystic fibrosis, respiratory
syncytial virus bronchiolitis, influenza, bacterial pneumonia, and tuberculosis, among
others. Thus, NET formation must be tightly regulated in order to avoid NET-mediated
tissue damage. Recent development of therapies targeting NETs in pulmonary diseases
includes DNA disintegration with recombinant human DNase, neutralization of NET pro-
teins, with anti-histone antibodies and protease inhibitors. In this review, we summarize
the recent knowledge on the pathophysiological role of NETs in pulmonary diseases as
well as some experimental and clinical approaches to modulate their detrimental effects.

Keywords: neutrophil, neutrophil extracellular traps, NETs, pulmonary diseases, lung infection, respiratory
infection, bacteria, viruses

INTRODUCTION

Neutrophils are key players in microbial killing, being the first immune cells to achieve the site of
injury or infection (1). Therefore, neutrophils act as the first line of defense against microorgan-
isms through phagocytosis, release of reactive oxygen species (ROS), and degranulation (2).
Aside from these traditional mechanisms, neutrophils are also able to extrude DNA lattices,
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called neutrophil extracellular traps (NETs), which entrap
and facilitate the killing of bacteria, fungi, protozoa, and even
viruses (3-8). NETs are composed of decondensed chromatin
fibers coated with antimicrobial proteins, such as histones, neu-
trophil elastase (NE), myeloperoxidase (MPO), and a-defensins
(3, 7). Besides being expressed on NET fibers, NE and MPO
also regulate NET formation (9). Differently, the participation
of NADPH oxidase-derived ROS in NET release seems to be a
matter of time of stimulation. While ROS are required to NET
generation in time points beyond 1 h after stimulation (10, 11),
a very rapid process (5-30 min) of NET extrusion has been
reported to be ROS-independent in response to Staphylococcus
aureus and Candida albicans (12, 13). Furthermore, histone
deimination by peptidylarginine deiminase 4 (PAD4) is a
central step to NET formation (14). Additionally, the release
of these DNA threads requires autophagy and activation of p38
MAPK and the Raf-MEK-ERK signaling pathways (15-17).
However, it is important to keep in mind that the specific cell
components and signaling cascades may vary depending on
the stimulus (18).

The primary role of NETs is to prevent microbial dissemina-
tion because of its stringy structure, and to kill pathogens due
to the high local concentrations of antimicrobial molecules (19).
However, these attributes make NETs potentially detrimental to
the host. The pathogenic role of NETs has been described for
many human diseases, infectious and non-infectious (20), being
particularly important to lung diseases. Netting neutrophils in
the lung tissue are able to disturb microcirculation and NETs
produced in the pulmonary alveoli can expand easily, filling the
lungs, as is the case for cystic fibrosis (CF) (19, 21). Therefore,
NET formation must be tightly regulated. In this review, we sum-
marize the recent knowledge on the pathophysiological role of
NETs in pulmonary diseases as well as some experimental and
clinical approaches to modulate their detrimental effects.

CYSTIC FIBROSIS

Cystic fibrosis is a fatal hereditary disorder resulting from
mutations in the CF transmembrane conductance regulator
(CFTR) anion channel (22). This anion channel is responsible
for the transport of chloride ions across the epithelial layer of
the airways, which is necessary for the production of thin, freely
flowing mucus. Therefore, the lungs of CF patients produce large
amounts of thick mucus, leading to an obstruction of the airways
and colonization by bacteria (23). Typically, CF infants are rapidly
colonized by Haemophilus influenzae or S. aureus, or both. Over
time, Pseudomonas aeruginosa represents the main bacterial
pathogen infecting CF lungs (23, 24). Due to these frequent infec-
tions, there is a massive neutrophil infiltration to the lungs and
development of chronic inflammation (25, 26). The chronic and
progressive lung disease accounts for morbidity and mortality of
CF patients (25).

Cystic fibrosis sputum constituents include DNA, NE, MPO,
and other neutrophil proteins (27), as it has been shown that
bronchoalveolar lavage fluid (BAL) from CF infants presented
high concentrations of DNA, which correlated with neutrophil
numbers in BAL (28). However, the great amounts of extracellular

DNA in CF sputum were considered to be from necrotic neu-
trophils and lung tissues (29). More recently, several studies
have demonstrated that NETs and NET-associated proteins are
present in CF sputum (30-35). Marcos and coworkers quantified
free DNA levels in airway fluid from CF patients and found that
those patients with poor pulmonary function presented higher
levels of extracellular DNA compared to patients with mild lung
disease (36), indicating that the accumulation of NET-DNA in
the airways contributes to airflow obstruction in CE. Moreover,
analysis of CF sputum samples revealed that elevated levels of
macrophage migration inhibitory factor (MIF), a potent pro-
inflammatory cytokine, correlated with poor pulmonary func-
tion, and MIF was able to induce NET formation (33). Although
many of the microorganisms that colonize CF airways have
been shown to induce NET formation directly (4, 6, 12, 37, 38),
pro-inflammatory cytokines and neutrophil chemokines present
in CF lungs are also able to stimulate NET release (30, 33), thus
perpetuating the inflammation.

Neutrophil recruitment and NET production in the lungs
would be key events to fight against invading microorganisms,
but their mission accomplishment is profoundly compromised
in CF airways as patients often suffer chronic infections. Together
with the failure in killing the bacteria, the excessive release of
extracellular DNA accounts for biofilm formation by P. aerugi-
nosa, and NETSs act as a proinflammatory component of biofilms
(39). Furthermore, over the time of infection in CF airways,
P. aeruginosa is able to acquire resistance to NET-mediated kill-
ing (38), probably due to its hypermutability, a well-described
mechanism for P. aeruginosa adaptation within CF lungs (40-42).
In addition, it has been recently demonstrated that sub-inhibitory
concentrations of LL-37,a NET component, triggers P. aeruginosa
mutagenesis in chronic infections (43). Interestingly, P. aerugi-
nosa triggers the release of the eicosanoid hepoxilin A3 by lung
epithelial cells, which induces neutrophil transepithelial migra-
tion and is a natural inducer of NET formation (44, 45). Thus, the
excessive release of NETs coated with proteases, together with the
colonizing bacteria may worsen pulmonary inflammation and
dysfunction. Besides NETs being able to directly induce endothe-
lial and epithelial cell death in vitro through histones (46), MPO
and NE expressed on NET fibers could exacerbate lung pathology
through the destruction of connective tissue and degradation of
endothelial cell matrix heparan sulfate proteoglycan (47, 48).
Moreover, it has been shown that NE cleaves host proteins at
the site of inflammation (49). Additionally, histones are highly
cytotoxic to endothelial cells in vitro and are lethal in mice (50).
Altogether, these findings highlight the need to target the massive
NET release in CF.

The current therapy to improve CF symptoms is the admin-
istration of recombinant human DNase I (pulmozyme/dornase
alpha) (51). DNase inhalation is one of the successful treatments
for CF, as it improves lung function and reduces infectious exac-
erbations (52); however, it is not effective for all CF patients.
Therefore, alternative therapeutic options are desired. Dubois
and colleagues have demonstrated that DNase administration
to CF sputum dramatically increased its elastase activity (53).
Thus, the combined administration of DNase and an elastase
inhibitor could be useful to avoid the devastating effects of
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excessive proteases in CF lungs. There are also candidate drugs
to inhibit NET release, such as chloroquine and PAD4 inhibi-
tors, however neither of these molecules has been evaluated in
animal models of CE.

ASTHMA

Asthma is a chronic heterogeneous inflammatory disorder of
the airways characterized by airway inflammation and reversible
airflow obstruction (54-56). Asthmatic subjects present periods
of stable condition that alternate with severe episodes of exacer-
bations, leading to the impairment of lung function (57). Asthma
symptoms include recurrent wheezing, coughing, and shortness
of breath (55). This very complex disease is caused by multiple
environmental factors that act in combination with hundreds of
susceptibility genes (55). Asthma has been seen for a long time
as an eosinophilic disease (56); however, in recent years, it has
become evident that some asthmatics have a prominent neutro-
philic inflammation in the lungs (58). Patients with neutrophilic
asthma usually present a severe form of the disease that does not
respond to the classical treatment with glucocorticoids (59, 60).
In addition, glucocorticoid administration to neutrophilic asth-
matics could aggravate lung inflammation, since glucocorticoids
can prolong neutrophil survival (61). It has been described that
neutrophils recruited to the lungs of atopic asthmatic patients
generated NETSs colocalized with elastase (62). In some patients,
the number of neutrophils and NET-releasing neutrophils
exceeded the number of eosinophils in the lungs. In this study,
Dworski and colleagues also demonstrated that eosinophils
infiltrating the airways of atopic asthmatics were able to release
eosinophil extracellular traps (EETs), which colocalized with
eosinophil granule proteins, such as major basic protein (MBP)
and eosinophil cationic protein (ECP). Similar to the first study
reporting the release of EETs from viable eosinophils (63), the
DNA actively released by eosinophils in asthmatic lungs was
from mitochondrial origin, and not nuclear (62). Interestingly,
allergen challenge did not increase EET or NET formation in
the airways of asthmatic subjects (62). Thus, what would be
the role of EETs and/or NETs in the pathogenesis of asthma?
And what would be the cause of EET/NET release in asthma?
Taking into consideration the high concentrations of proteases
anchored in extracellular DNA traps, one can assume that these
enzymes could contribute to epithelial and endothelial cell dam-
age, a hallmark of asthma. On the other hand, the formation of
DNA lattices could protect the host against possible infections
secondary to cell damage. Currently, these and many other
questions regarding DNA traps formation in allergic diseases are
still open for debate. More recently, it has been demonstrated
that eosinophils from asthmatic mice release EETs decorated
with eosinophil peroxidase (EPO) with no signs of cell death
(64), indicating that DNA release is an active process. In addi-
tion, recombinant human DNase treatment of asthmatic mice
improves lung resistance and decreases oxidative stress in the
lungs, providing a potential antioxidant effect on asthma (65, 66).
Accordingly, the combined use of recombinant human DNase
therapy together with the current treatments (such as inhaled
glucocorticoids) for severe acute asthma may prove effective in

decreasing sputum viscosity, as it has been shown in specific case
reports (67, 68).

CHRONIC OBSTRUCTIVE
PULMONARY DISEASE

Chronic obstructive pulmonary disease (COPD) is a progressive
disorder of the airways characterized by persistent neutrophilic
inflammation (69, 70). The disease develops following long-term
exposure to external stresses, such as inhaled tobacco smoke
(71-73). COPD patients are affected by recurrent bacterial and
respiratory viral infections, which represent the main causes of
exacerbations in these subjects. Exacerbations are associated
with increased upper and lower airway and systemic inflam-
mation (74). Patients with severe COPD present large amounts
of airway neutrophils when stable, and these numbers further
increase during exacerbations, which may be due to the high
expression of neutrophil chemokines and chemokine receptors in
airway mucosa (75). Furthermore, NE is expressed in the airway
mucosa of COPD patients during severe exacerbations (75) and
has a proinflammatory role by inducing the secretion of IL-8 in
COPD (76). It is noteworthy that IL-8 is a potent NET inducer
(3, 77). These features make COPD lungs more likely to be filled
by NETs. Indeed, confocal microscopy analysis has shown that
sputum from exacerbated COPD patients presents extracellular
DNA, frequently entangled with bacteria (78), characterizing
NETs. Moreover, NETs are present not only during COPD acute
exacerbations, but also in the lungs of patients with stable disease
(79-81). There is a clear correlation between the abundance of
NETs in the sputum of COPD patients and disease severity — over
90% of exacerbated COPD subjects presented large amounts of
NETs in their sputum compared to 45% of stable COPD subjects.
In addition, the very large quantities of NETs directly correlate
with the severity of airflow limitation in these patients (79). Why
NETs are produced in excess in COPD and what would be the
trigger for NET release are unsolved issues. Under physiological
conditions, NETs would be degraded by endogenous nucleases
and cleared by alveolar macrophages (82). However, COPD
subjects present lower numbers of alveolar macrophages (81)
and these macrophages are defective in phagocytosis (83), which
may explain the persistence of NETs in the airways. Nonetheless,
a recent interesting study has shown that the outcome of the
interaction of macrophages and netting neutrophils depend on
macrophage phenotype. M2 macrophages in contact with netting
neutrophils helped to perpetuate an inflammatory response, while
M1 macrophages initially released extracellular DNA and there-
after degraded DNA in a caspase-activated DNase-dependent
manner (84). These findings highlight a phenotype-dependent
mechanism of macrophage regulation of NET release, which
reinforce the argument that a prolonged exposure to NETs may
favor the development of autoimmunity. The exact role of NETs
in COPD pathogenesis is uncertain, but the need for developing
novel diagnostic and therapeutic strategies is clear. The treat-
ment for COPD is very difficult, as anti-inflammatory drugs are
ineffective. The most successful current treatment for COPD is
long-acting bronchodilators, but no therapy reduces the progres-
sion or inhibits the inflammation (85). As NETs were implicated

Frontiers in Immunology | www.frontiersin.org

August 2016 | Volume 7 | Article 311


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Porto and Stein

NETs in Puimonary Diseases

in disease worsening, selective inhibitors of NET formation or
NET-associated proteins (such as NE, MPO, histones) may prove
valuable in improving the clinical picture of the disease.

TUBERCULOSIS

Tuberculosis (TB) remains a major health problem for human-
kind. Annually, there are approximately nine million new cases
and 1.5 million deaths caused by the disease (86). This chronic
bacterial infection is caused by Mycobacterium tuberculosis and
affects the lungs, promoting huge morbidity and mortality rates
(86, 87). M. tuberculosis is usually transmitted by tiny droplets
from cough or sneeze of an infected subject. Once in the lungs,
the bacilli is phagocytosed and killed by alveolar macrophages.
However, M. tuberculosis developed strategies to survive inside
the macrophages. Therefore, the infection develops as a latent
infection, inducing granuloma formation in the lung paren-
chyma. Consequently, the subject remains healthy while harbor-
ing dormant bacteria (87, 88). The key factor for the maintenance
of latent TB infection is the equilibrium between the bacteria
and the host immune response. TB reactivation is achieved when
the immune response decreases and cannot restraint bacteria
growth, inducing cell death and an increase in granulomatous
lesions, as a result of inflammatory cell recruitment (88). Clinical
symptoms of TB are caused by a severe impairment of lung
function and by substantial morphological alterations in the lung
parenchyma (87).

Although macrophages are generally viewed as the main cells
involved in harboring M. tuberculosis, a growing body of evidence
shows that neutrophils are rapidly recruited to infected lungs
and can serve as bacterial reservoirs. Additionally, neutrophils
were identified as the main immune cell type in sputum and BAL
from active TB patients (89). Furthermore, human neutrophils
are able to phagocytose M. tuberculosis in vitro, but fail to kill the
bacilli (90). Neutrophils have been assigned to play both protec-
tive and pathological roles during active TB (91-93). As a part
of their role in TB pathogenesis, neutrophils have been shown
to release NETs coated with NE and histones when stimulated
by two genotypes of M. tuberculosis (H37Rv and M. canetti).
NETs were able to trap mycobacteria but not to kill them (94).
This lack of killing ability of NETs may favor lung destruction in
active TB. Another study has found matrix metalloproteinase-8
(MMP-8) expressed on NET fibers induced by M. tuberculosis
in vitro. In addition, induced sputum from TB patients had
increased amounts of NETs compared to healthy subjects and
MMP-8 secretion correlated to lung tissue destruction in these
patients (95). The effect of M. tuberculosis on NET induction
might be mediated by the early secretory antigen-6 (ESAT-6),
a protein secreted by M. tuberculosis, responsible for the escape
of mycobacteria from phagosome to cytoplasm of cells (96), as
ESAT-6 induces the production of NETs colocalized with MPO
(97). ESAT-6 is also secreted in large quantities in the extracellular
space and therefore can interact with immune cells to stimulate
them and facilitate the maintenance of chronic inflammation in
the lungs of TB patients (98). Importantly, neutrophils release
high levels of calprotectin (S100A8/A9) within lung granulomas
of patients with active TB (99), which are constituents of NETs

(100). The release of calprotectin in TB could be related to NET
formation, as neutrophil cytoplasmic proteins can attach to DNA
fibers before being released. Urban and coworkers have shown
that calprotectin can be released from neutrophils in two ways:
bound to NETs and unbound (100). This could be the case for
calprotectin release in the lungs of TB subjects; however whether
M. tuberculosis induces the formation of NETs expressing calpro-
tectin remains to be determined.

Tuberculosis is a curable disease, although the treatment is
difficult, since it can take several months (6-9 months) and has
different drug regimens. Currently, the first line anti-TB drugs
include isoniazid, rifampin, ethambutol, and pyrazinamide,
among others when necessary, according to CDC (Centers for
Disease Control and Prevention - http://www.cdc.gov/tb/topic/
treatment/). Moreover, new therapies aiming to improve the
treatment outcomes, shorten the duration of treatment, and
reduce lung pathology in TB patients were described (101).
However, no therapeutic approach aimed to specifically regulate
the deleterious effects of NETs in TB lungs was reported.

BACTERIAL PNEUMONIA

The most common type of bacterial pneumonia is community-
acquired pneumonia (CAP). CAP remains a burden worldwide,
being responsible for approximately 3.5 million deaths annually
(102). A total of 20-60% of CAP patients require hospitalization
due to disease severity, including children under age 5 years
(102, 103). The etiology of CAP is variable, depending partly on
the diagnostic tools used in the population studied. Among all
bacteria, Streptococcus pneumoniae (S. pneumoniae) is the most
frequently identified cause of CAP, with high morbidity and
mortality rates, but H. influenzae is also an important etiologic
agent of CAP (102, 104).

Once bacterial infection is established in the lungs, neutrophils
are massively recruited to the infection site, inducing a prominent
inflammatory response. The clinical outcome in CAP depends on
the balance between the inflammatory response and pathogen
clearance (102). In this sense, neutrophils actively producing
NETs during CAP might lead to potential collateral damage to the
lungs. Indeed, three different strains of S. pneumoniae (serotypes
3, 4, and 19F) were able to induce pulmonary NET formation
in mice, which correlated with the histopathologic severity. In
addition, the pneumococcal capsule directly contributes to
excessive NET release that paralleled with pneumonia severity in
mice (105). The mechanism of NET induction by S. pneumoniae
seems to be mediated by the pneumococcal protein a-enolase,
which binds to myoblast antigen 24.1D5 on neutrophil surface
and stimulates NET generation (106). However, S. pneumoniae
appears to have evolved strategies to counteract NET-mediated
killing. In an elegant study, Beiter and colleagues have demon-
strated that S. pneumoniae expresses EndA, a membrane-local-
ized endonuclease able to degrade NETs in vitro and to promote
spreading of bacteria from the upper airways to the lungs and
from the lungs to the bloodstream of mice. Additionally, mutant
bacteria lacking EndA infect the upper airways but fail to dis-
seminate to the lungs and bloodstream (107). Moreover, EndA
is secreted into the culture medium during pneumococcal cell
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growth and rapidly dismantle DNA in NETs, being required
for full virulence of S. pneumoniae during lung infection (108).
Corroborating with these studies, streptococcal endonuclease has
been previously implicated in disease progression (109). Besides
EndA, streptococcal cells hold other important mechanisms to
protect them from NET trapping and killing, such as a positive
charge on their surfaces as a result of capsule expression and
lipoteichoic acid p-alanylation (110). Thus, it seems that NETs
released during S. pneumoniae infection function only to damage
lung tissue, instead of having a bactericidal activity. The evidence
that NETs released in response to bacterial infections can trap and
inactivate viruses (8, 111) points out the utmost importance of
NETs during co-infections in vivo. On the other hand, secondary
pneumococcal infection following primary influenza intensified
NET formation, but NETs did not show any bactericidal activity,
only worsening lung pathogenesis (112). Altogether, these find-
ings suggest that the nature of NET trigger is fundamental to the
clearance of subsequent infections.

Non-typeable H. influenzae (which lacks a capsule) is
an important cause of pneumonia, mainly in subjects with
chronic bronchitis and COPD (113), and the persistence of
NETs could worsen lung inflammation in these subjects. Viable
and heat-killed H. influenzae induces NET release in vitro, in
a mechanism possibly mediated by lipooligosaccharide bind-
ing to TLR-4 and Myeloid Differentiation Primary Response
(MyD)-88, an adaptor protein necessary to TLR-4 signaling.
Interestingly, bacteria are not killed by NET proteins and
survive within NETs (114). Accordingly, it has been recently
demonstrated that these bacteria evolved to express specific
molecules, peroxiredoxin-glutaredoxin and catalase, which
allow them to resist to host oxidants and to survive within
NETs in vivo (115). In addition, non-typeable H. influenzae
populations survive in biofilm communities in the airway
surface, and NETs constitute an integral part of these biofilms
(116). Astoundingly, it has been reported a fatal case of non-
typeable H. influenzae infection with severe pneumonia and
bacteremia in an adult found to have large amounts of NETs
expressing NE and histone H3 in his sputum (117). This case
highlights the association between excessive NET generation
and severe respiratory infection and sepsis. More recently, it
has been shown that besides NETs, non-typeable H. influenzae
is also able to induce macrophage extracellular traps (METs)
expressing MMP-12 (118). MMP-12 has been implicated as a
key factor for protease imbalance and emphysema. Therefore,
the release of METs together with NETs may have a detrimental
role during emphysema, pneumonia, and COPD. Importantly,
DNase was effective to dismantle non-typeable H. influenzae-
induced MET and NET formation (118), which could be used
as a short-term adjunctive therapy to avoid the injurious effects
of these extracellular traps and associated proteases during
pneumonia and other lung diseases.

RESPIRATORY SYNCYTIAL
VIRUS BRONCHIOLITIS

Respiratory Syncytial Virus (RSV) is the leading cause of acute
bronchiolitis in children under age 2 years (119). Throughout

the winter, RSV causes a significant number of hospitalizations,
resulting in a huge burden to communities worldwide (119, 120).
Due to the high infectivity of RSV, almost 70% of all children
are infected with the virus during the first year of life, and by
age 3, practically all children will have experienced at least one
infection with this virus (121, 122). The clinical symptoms of RSV
bronchiolitis include labored breathing, coughing, and wheezing
(123). Microscopically, there is a massive neutrophil recruitment
to the airways of infected children - these cells comprise for
approximately 80% of infiltrated cells (124-127). Once in the air-
ways, RSV is able to activate neutrophils, inducing degranulation
and IL-8 secretion (128), and also to inhibit neutrophil apoptosis,
through phosphoinositide 3-kinase (PI3K) and nuclear factor-xB
(NF-kB)-dependent mechanisms (129). This body of evidence
suggests that neutrophils may play a significant role in disease
pathogenesis.

Aside from the mechanisms mentioned above, we have
recently demonstrated that RSV particles and one of its
membrane-bound glycoproteins are capable of inducing NET
formation by human neutrophils (130). RSV Fusion protein
mediates the fusion of virus with the host cell and it is essen-
tial for viral replication both in vivo and in vitro (131), being
considered the primary target for vaccine and antiviral drug
development. RSV F protein induces the release of NETs coated
with MPO and NE through Toll-like receptor (TLR)-4 activa-
tion. Moreover, F protein stimulates ROS generation and MAPK
phosphorylation, and these signaling pathways are necessary to
F protein-induced NET formation (130). Data in the literature
regarding the role of NETs in viral diseases are conflicting (132).
We hypothesized that the excessive production of NETs could
fill the lungs and impair lung function, worsening inflammation
in young children and babies affected by RSV infection. Indeed,
analysis of bronchoalveolar fluid cytology samples from children
with severe RSV lower respiratory tract infection revealed the
presence of NETs expressing NE and citrullinated histone
3 (citH3) (133). Furthermore, the infection of calves with bovine
RSV induced an extensive release of NETs colocalized with
dense cellular plugs containing shed epithelial cells and large
amounts of neutrophils, which obstructed the airways (133).
These recent studies indicate that NETs contribute to the airway
obstruction and immunopathology observed in children and
animals infected with RSV.

Despite extensive research efforts, there is no RSV vaccine cur-
rently available. Nevertheless, monoclonal antibodies targeting
the RSV fusion protein have been developed and they passively
protect against RSV challenge in an animal model and reduce
the severity of infection in premature and newborn babies (134,
135). However, the humanized monoclonal antibody against RSV
F protein is only used in high-risk groups, such as preterm infants
and those suffering from cardiovascular diseases or immunosup-
pression (134). In addition, ribavirin is an antiviral drug used to
treat severe RSV bronchiolitis due to its anti-replicative activity,
but it presents a high cost and is administered only to high-risk
infants (136). Moreover, the use of recombinant human DNase in
the management of severe RSV bronchiolitis has been previously
reported. The administration of nebulized DNase to young babies
with complicated bronchiolitis was able to immediately improve
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the clinical signs and chest radiograph, and even led to the reso-
lution of atelectasis (137, 138). In contrast, in infants with mild
RSV bronchiolitis, recombinant DNase therapy did not reduce
the length of hospital stay or the duration of supplemental oxygen
(139). Thus, DNase seems to be a useful therapeutic option in the
treatment of infants who develop atelectasis due to severe RSV
bronchiolitis.

INFLUENZA VIRUS INFECTION

Influenza A virus is responsible for regular outbreaks, whose
severity may vary among the population. While the influenza
pandemic that started with the Spanish flu in 1918 killed approxi-
mately 50 million people worldwide, the pandemic influenza
A HIN1 2009 virus has affected more than 214 countries and
caused nearly 18,449 deaths (140, 141). The clinical features of
influenza infection include fever and upper respiratory symp-
toms, such as cough, runny nose, and sore throat (141). To
date, there is little information about clinical complications of
influenza A infection, but they appear to be similar to those of
seasonal influenza, including sinusitis, otitis media, pneumonia,
bronchiolitis, seizures, toxic shock syndrome, and secondary
bacterial pneumonia with or without sepsis. Among subjects with
high risk for complications are those at extremes of age and those
with pre-existing medical conditions (141).

The characteristic feature of acute lung inflammation fol-
lowing influenza virus infection is the excessive infiltration of
neutrophils in the lungs (142, 143), and CXCR2 seems to be the
major receptor mediating neutrophil recruitment during this
infection (144). Neutrophils have been demonstrated to play
both protective and detrimental roles during influenza virus
infection (143, 145, 146). Among the harmful roles played by
neutrophils is the excessive production of NETs in the lungs of
animals infected with influenza A HIN1 virus. NETs express-
ing histones and MMP-9 were found entangled with alveoli,
causing increased alveolar capillary damage and obstruction
of the small airways, thus confirming the link of these DNA
lattices with lung damage (146). Furthermore, NET formation
stimulated by influenza A infection is dependent on histone
deimination by PAD4 (147). In addition, NET release induced
by influenza virus is potentiated by the cathelicidin LL-37
(148), which has been shown to facilitate the formation of
NETs (149). Paradoxically, the antimicrobial protein expressed
on NETs, a-defensin-1, is able to directly inhibit influenza
replication through the inhibition of protein kinase C (PKC)
in infected cells (150); however the expression of a-defensins
on NETs induced by this virus has yet to be demonstrated.
The expression of a-defensins on NETs could inactivate the
virions sequestered in NET fibers and consequently prevent
them from reaching the target cells in the lungs. Thus, although
antimicrobial proteins expressed on NETs have the ability to
inactivate the virus and to prevent spreading, they are also
able to inflict damage to host cells and tissues due to their
cytotoxic properties.

Currently, influenza treatment relies on the administration of
two groups of antiviral drugs, the adamantanes and neuramini-
dase inhibitors. Zanamivir and oseltamivir are neuraminidase

inhibitors active against both influenza A and B, and are approved
for the prevention and treatment of influenza in the United States.
Supportive care of uncomplicated cases of influenza includes
administration of fluids and rest (141). To date, there is no study
describing the effect of DNase treatment on the outcome of
influenza infection in animal models.

TRANSFUSION-RELATED
ACUTE LUNG INJURY

Transfusion-related acute lung injury (TRALI) is a serious
complication of blood transfusion (whole blood or blood compo-
nents) that develops within 6 h of transfusion and is characterized
by hypoxemia, respiratory distress, and pulmonary infiltrates
(151, 152). Currently, TRALI is the most important cause of
transfusion-related morbidity and mortality (152). Histological
analysis revealed lung edema, capillary leucostasis, and massive
neutrophil infiltration (153). TRALI development requires the
presence of antileukocyte antibodies in the transfused product,
and antineutrophil antibodies have been linked to the most
severe cases of TRALI (154). These antibodies activate recipient’s
neutrophils, inducing their sequestration in the pulmonary capil-
laries and consequently tissue injury (155).

In an elegant study, Thomas and coworkers have found
NET biomarkers (DNA, nucleosomes and MPO) in the serum
of patients with documented TRALI (156). In addition, in a
fatal case of TRALI neutrophils with decondensed nuclei were
detected in lung vessels together with abundant extracellular
histones and MPO (157). In a mouse model of TRALI, DNA
streaks colocalizing with citrullinated histone H3 were found
in alveoli outside blood vessels (156). Moreover, platelets also
accumulate in the lungs of mice with TRALI, being required for
injury development (158). In this model, platelets were shown to
induce NET formation during TRALI (157). As a vicious cycle,
histones expressed on NETs may activate platelets (159), which
in turn induce further NET release, promoting coagulation and
thrombi formation in the lungs. Accordingly, the pretreatment
of mice with a histone-blocking antibody decreased lung edema,
lung vascular permeability, and even mortality. This treatment
also reduced NET generation detected in plasma, indicating
that extracellular histones may help to spread NETs in the
body (157). Furthermore, intranasal administration of DNase
provided several benefits to mice undergoing TRALIL, such as
improvement of blood oxygenation, reduction in lung edema
and vascular permeability, impairment of NET formation, and
platelet sequestration in the lungs (156, 157). These studies sup-
port the argument that NETs are formed and play a critical role
in the pathogenesis of TRALI and may be a promising target for
therapeutic approaches.

MECHANICAL VENTILATION

Mechanical ventilation is a supportive intervention and a key
feature of intensive care for patients with acute respiratory fail-
ure, including those with severe RSV bronchiolitis, pneumonia,
or influenza infection (160, 161). However, it can be potentially
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injurious to the ventilated lung, inducing the so-called ventilator-
associated lung injury (VALI), which contributes to morbidity
and mortality in those patients (162). Furthermore, animal mod-
els of acute lung injury have been developed and characterize an
experimental insult to a normal lung and therefore were named
ventilator-induced lung injury (VILI) (162).

Neutrophils have been implicated as central cells in the
pathogenesis of both VALI and VILI It has been described
that the early phase of VILI involves the release of several pro-
inflammatory cytokines and chemokines, whereas the late phase
is characterized by the infiltration of a lung-marginated neutro-
phil pool (163, 164). However, more recently Choudhury and
coworkers demonstrated that injurious mechanical ventilation
induced a prominent neutrophil recruitment to the lung at the
very early stage of VILI, before the development of physiological
signs of lung injury. The infiltration of neutrophils in the course
of VILI was dependent on L-selectin engagement but independ-
ent of CD18 (165), indicating that immune mechanisms medi-
ate neutrophil recruitment and activation during mechanical
ventilation. Moreover, lung-derived soluble mediators appear
to have a pathogenic role in an isolated perfused lung model of
VILI (166). In line with this evidence, the chemokine receptor
CXCR2 and its ligands, CXCL1 (KC) and CXCL2/3 (MIP-2),
were shown to play a significant role in mediating neutrophil
recruitment and promoting lung inflammation in VILI (167).
Accordingly, short periods of mechanical ventilation in preterm
infants induce an overproduction of the pro-inflammatory
cytokines TNF and IL-1f, neutrophil chemokines IL-8 and
MCP-1, and MMP-9 (168, 169). These inflammatory mediators
may work together to induce a massive neutrophil infiltration
to ventilated lungs and to stimulate NET release in response to
mechanical ventilation in those patients. So far, IL-8, TNFE, and
IL-1p were shown to promote NET release in different experi-
mental settings (10, 170, 171). In fact, excessive NET forma-
tion has been recently implicated in the pathogenesis of VILI.
A double-hit model of intratracheal LPS challenge followed by
high tidal mechanical ventilation induced a prominent lung
injury in mice, with high amounts of NETs, decreased lung
compliance and release of pro-inflammatory cytokines (172).
The mechanism of NET formation during VILI seems to rely on
the simultaneous engagement of G protein-coupled receptors
(GPCR) and Mac-1 (CD11b), by the platelet-derived CCL5/
CXCL4 heterodimer and a P2-integrin ligand, respectively
(173). Surprisingly, these two studies showed opposing results
regarding the role of NETs during VILI. Rossaint and coworkers
found that DNase treatment of mice after induction of VILI was
protective, as treated mice showed an improved gas exchange
and reduced NET markers in the blood; whereas Yildiz and
colleagues did not find a significant impact of DNase treatment
on lung injury induced by VILI. There is at least one possible
explanation for these differences: in the study of Yildiz and col-
leagues, the lungs of mice were already filled with neutrophils at
the early stage of VILI due to LPS instillation, which could not
be counteracted by DNase. Whereas in the study of Rossaint
and coworkers, neutrophils infiltrated the lungs in the course of
VILL, in this case a sterile inflammation. Although the outcome
of DNase treatment in VILI is an issue for debate, there is no

doubt that excessive NET formation accounts for the pathogen-
esis of acute lung injury.

OTHER PULMONARY DISEASES
AND NETs

Besides the pulmonary diseases aforementioned, there are other
disorders or syndromes affecting the lungs, in which NETs may
play harmful roles as well.

Acute lung injury following severe sepsis is a common clinical
consequence with significant morbidity and mortality rates (174),
as the lung is the most sensitive target organ during systemic
inflammation (175). Czaikoski and collaborators have recently
shown that NETs are produced systemically in mice with cecal
ligation and puncture (CLP) model of sepsis. The excessive release
of NETs was directly correlated to heart, liver, and lung injury,
as rhDNase plus antibiotics treatment of septic mice drastically
decreased organ damage (176). Additionally to extracellular
DNA measurement, NETs were observed in alveolar spaces and
pulmonary capillaries of septic mice (177). Furthermore, higher
concentrations of cell-free NETs were present in the serum of
septic patients who developed severe acute respiratory distress
syndrome (ARDS) compared to healthy controls (176), extend-
ing the experimental observations in mice to the clinical setting.
Mechanistically, platelet TLR-4 is essential for NET induction
within hepatic sinusoids and pulmonary capillaries of septic
mice (178). Interestingly, NETs retained their integrity under
flow conditions and were able to trap bacteria in septic blood.
Therefore, platelets may serve as a platform for neutrophil activa-
tion and NET production, which can trap and kill pathogens but
also induce disseminated organ injury during severe sepsis (178).

Another lung disorder featuring neutrophil-induced injury is
interstitial lung disease (ILD). Actually, ILD are a group of diffuse
parenchymal lung disorders characterized by pulmonary fibrosis.
ILD can be frequently associated with a specific environmental
exposure or an underlying connective tissue disease (179).
Activated neutrophils were found increased in BAL from patients
with idiopathic pulmonary fibrosis and were associated with early
mortality (180). Interestingly, patients with ILD complications
due to autoimmunity showed elevated levels of circulating cell-
free NETs and plasma LL-37 (a NET component), together with
a decreased DNase activity (181), suggesting that the prolonged
exposure to NETs is involved in the pathogenesis of ILD. In
vitro, NETs have been demonstrated to promote the activation of
lung fibroblasts and differentiation into myofibroblast phenotype.
Moreover, these fibrotic effects were significantly decreased after
degradation of NETs with DNase (182). Consistently, these find-
ings were supported by the detection of NETs in close proximity
to alpha-smooth muscle actin-expressing fibroblasts in biopsies
from patients with fibrotic ILD (182). This effect is very likely
to be mediated by NE, since NE directed both lung fibroblast
proliferation and myofibroblast differentiation in vitro (183). In
addition, a NE inhibitor attenuated pulmonary fibrosis induced
by bleomycin in mice via inhibition of TGF-p1 and inflammatory
cell recruitment to the lungs (184). Altogether, these studies point
to a key role of NETs in the development of ILD of different
etiologies.
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FIGURE 1 | Overview of the beneficial and detrimental roles of NETs in pulmonary diseases. Infectious and non-infectious pulmonary diseases cause the
massive infiltration of neutrophils into the lungs. Activated neutrophils release an excess of NETs in the airways. The production of NETs requires the activation of
specific signaling pathways described so far, such as raf-MEK-ERK and p38 MAPK, PAD-4, autophagy and NADPH oxidase-induced ROS generation. Additionally,
NE and MPO also regulate NET formation. Accordingly, selective inhibitors of these signaling pathways are able to abolish or decrease NET release. The primary
goal of NETs is to protect the host from invading microorganisms through their sticky nature and the high concentrations of antimicrobial proteins. However, these
characteristics make NETs potentially detrimental to host cells and tissues. Excessive NET formation enhances mucus viscosity, filling the lungs, and impairing lung
function. NET proteins are highly cytotoxic and can induce endothelial and epithelial cell death and cause the disruption of host proteins and cellular matrix.

CONCLUSION

Neutrophil extracellular traps formation by activated neutrophils
has a crucial role in host defense against microorganisms, as
deficiency in NET release or dismantling NET backbone by
bacterial DNases render the host susceptible to disseminated
and lethal infections (107, 185). Moreover, aggregated NETs
have been shown to limit sterile inflammation by degrading
cytokines and chemokines via serine proteases (186). However,
an excess or persistence of NET release is potentially injurious
to host organs and cells, leading to worsening or perpetuation
of many diseases. The pathogenic effects of excessive NET
production is especially important in pulmonary diseases due
to lung architecture itself, which may favor the spreading of DNA
fibers, consequently enhancing tissue damage and impairing lung
function (Figure 1). The mechanisms underlying NET produc-
tion and the boundaries between the beneficial and detrimental
effects of NETs during disease state are still to be unveiled. To
date, recombinant human DNase is the only treatment targeting

NETs approved for a small number of pulmonary disorders.
Nevertheless, a long-term DNase therapy presents side effects to
patients. Hence, the quest for an ideal therapy targeting NETs and
its associated proteins continues to be a challenge for scientists
around the globe.
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Venous Thrombosis and
Immunothrombosis

Andrew S. Kimball, Andrea T. Obi, Jose A. Diaz and Peter K. Henke*

Section of Vascular Surgery, Conrad Jobst Vascular Research Laboratories, Department of Surgery, University of Michigan,
Ann Arbor, MI, USA

Venous thrombosis (VT), a leading cause of morbidity and mortality worldwide, has
recently been linked to neutrophil activation and release of neutrophil extracellular traps
(NETs) via a process called NETosis. The use of various in vivo thrombosis models and
genetically modified mice has more precisely defined the exact role of NETosis in the
pathogenesis of VT. Translational large animal VT models and human studies have con-
firmed the presence of NETs in pathologic VT. Activation of neutrophils, with subsequent
NETosis, has also been linked to acute infection. This innate immune response, while
effective for bacterial clearance from the host by formation of an intravascular bactericidal
“net,” also triggers thrombosis. Intravascular thrombosis related to such innate immune
mechanisms has been coined immunothrombosis. Dysregulated immunothrombosis has
been proposed as a mechanism of pathologic micro- and macrovascular thrombosis in
sepsis and autoimmune disease. In this focused review, we will address the dual role of
NETs in the pathogenesis of VT and immunothrombosis.

Keywords: NETs, extracellular DNA, venous thromboembolism, venous thrombosis, sepsis, immunothrombosis

INTRODUCTION

Neutrophils (PMNs) have frequently been touted as the pawns of the immune system. As our
knowledge of immune system grows and as our techniques for evaluating dynamic cell populations
improve — we are learning that this could not be further from the truth. While a PMNs principle
function remains as a key player in the front line of innate immunity and host defense against bac-
teria, they are proving to have a multifaceted role in coagulation and have also been implicated as
major contributors in the pathophysiology of many systemic illnesses.

Until the early 2000s, the associations between PMN activation and systemic disease had not
been well understood; but in March of 2004, Brinkmann et al. published a landmark study in
Science (1), where they described a fragile fibrillar material extruded from PMNs in the presence
of lipopolysaccharide (LPS) by transmission electron microscopy (TEM). In actuality, these fragile
fibers were decondensed chromatin and DNA, as they stained strongly for DNA and histones, they
were resistant to proteases, and they disappeared upon instillation of DNase. Bacteria were found to
colocalize with the extruded DNA in vivo in a rabbit model of shigellosis and in human specimens
of acute appendicitis. In summation, they demonstrated that these large webs of DNA trap bacteria
and allow adjacent or connected PMNs to drive bactericidal activity with proteases and reactive
oxygen species. Brinkmann et al. coined these nuclear extrusions “neutrophil extracellular traps”
or NETs.
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Since that time, there has been a flurry of exciting new work
in the field of NET formation (NETosis). NETosis has been
demonstrated to be a distinct form of cell death outside of
necrosis and apoptosis (2). Also, more interestingly, NETs have
been indicted in the pathophysiology of many systemic diseases,
including venous thrombosis (VT) (3), sepsis (4, 5), trauma (6),
cancer-related thrombosis (7), and autoimmune diseases (8-12).
Despite the apparent widespread influence of NETs on disease,
there remains a common theme throughout that NETs drive
micro- or macrovascular thrombosis leading to ischemia and
further injury (13, 14).

In this article, we will review the role of NETs in pathologic
thrombosis. Specifically, we will review the findings of NET
pathophysiology in murine models of VT, NETs in primate mod-
els and human studies of VT, and NETs in immunothrombosis.

NETs IN MURINE VT MODELS

Murine models have been essential to our understanding of the
role of NETosis in the pathophysiology of thrombosis. PMNs
were first shown to be essential for immune-mediated micro-
vascular thrombosis in a murine model of glomerulonephritis,
in which CD11b™~ or PMN-depleted mice were resistant to
glomeruli thrombosis and renal failure (15). At that time, it was
not widely recognized that NETs contributed to thrombosis;
however, this changed in 2010, when Fuchs et al. showed that
NETs caused platelet adhesion, activation, and aggregation (3).
Stimulation of platelets with purified histones was sufficient for
aggregation, and interestingly, DNase and heparin dismantled the
NET scaffold and prevented thrombus formation. Brill et al. later
demonstrated that NETs are principle effectors in an IVC stenosis
model (16). In mice with uninterrupted IVC side-branches, levels
of extracellular DNA increased in plasma 6 h after thrombus
initiation. Citrullinated histone H3 (CitH3), an element of NETS
structure, was present in thrombi and was frequently associated
with the Gr-1 antigen. Furthermore, immunofluorescent stain-
ing of thrombi showed proximity of extracellular CitH3 and von
Willebrand factor (vVWF), a platelet adhesion molecule crucial for
thrombus development in this particular model.

Neutrophils, monocytes, and NETs have also been found to
affect the clotting cascade in murine models of thrombosis (17-
20). For example, myeloid cells roll along the venous endothelium
in a P-selectin-dependent manner and produce thrombogenic
tissue factor (TF) in the IVC stenosis model (17). TF, then con-
tributes to thrombin generation and extensive fibrin deposition
along the vein wall. Despite this finding, TF alone was inadequate
for thrombus propagation. Neutropenia, genetic ablation of
Factor XII, and disintegration of NETs were all protective against
thrombus propagation. Later, activated PMNs within the fibrin
matrix were found to produce NETs that associate with secreted
Factor XII, activate the intrinsic pathway, and lead to thrombus
extension (17, 21). However, these conclusions were questioned,
as during the same year, TF was also found to be secreted by
PMNs in an inflammatory signaling and autophagy-dependent
manner, with adherence to extruded NETs, activation of the
extrinsic pathway, and eventual propagation of the thrombus

(18, 22). Regardless, the presence of PMNs and/or monocytes at
the endothelial interface has long been assumed to have a major
role in VT and now appears unquestionable (17, 18, 23, 24).

Many proteins have been implicated in contributing to
NETosis and thrombosis. In 2013, Martinod et al. demonstrated
that the enzyme peptidyl arginine deiminase 4 (PAD4) - an
enzyme essential for the citrullination and decondensation of
chromatin was — not only essential for NET formation but also
important for thrombus formation in the IVC stenosis model
of murine VT (25). PAD4~~ mice formed IVC thrombus in
less than 10% of cases of IVC stenosis at 48 h compared to 90%
in C57BL/6 controls (25). This antithrombotic tendency was
rescued in the PAD47~ mice with adoptive transfer of wild-
type PMNs. Conversely, in a stasis IVC ligation model of VT,
either preemptive administration of DNase to wild-type mice or
PAD47~ mice did not have an effect on thrombogenesis, suggest-
ing a model-dependent effect (19).

Other proteins that have been implicated in NET formation
and NET-associated thrombosis include cathepsin G, serine
proteases, PMN elastase, P-selectin, high-mobility group box
protein 1 (HMGB-1), platelet glycoprotein Ib, integrin beta-2,
vWE, and platelet factor 4. Pharmacological inhibition or genetic
deletion of cathepsin G increases mouse bleeding time, decreases
platelet activation, and decreases circulating neutrophil-platelet
conjugates (26). While the serine proteases and PMN elastase
have been implicated in pathologic thrombosis and have been
found to colocalize with NETs (27), it was recently demonstrated
that PMN elastase is neither necessary for NET formation in
mice nor essential for IVC thrombosis in murine IVC stenosis
model (28). Indeed, it is likely that the prothrombotic effect of
the serine proteases is better explained by their inhibition of
tissue factor pathway inhibitor (TFPI) (29). Signaling through
P-selectin by P-selectin glycoprotein ligand 1 (PSGL-1) is known
to assist in PMN migration to sites of injury or inflammation
(30), but beyond that, the P-selectin axis has now been postu-
lated to promote NETosis in the setting of activated platelets
(24). However, this conclusion was recently challenged in a study
that demonstrated that HMGB-1 expressed by activated platelets
was individually capable of activating PMNs via the receptor for
advanced glycosylation end-products (RAGE) to induce NETosis
(31). Similarly, in 2016, an in vitro study demonstrated activated
platelets binding to vVWF through glycoprotein Ib, in turn, linked
to PMNs via integrin beta-2 and stimulated by platelet factor 4 led
to NETosis independent of P-selectin (32). While our knowledge
of NET formation continues to grow, the specific proteomic
cascade that leads to NETosis remains contested. These findings
also underline the heterogeneity and limitations of model systems
as well.

Given that thrombi consist of significant quantities of DNA
combined with proteins, thrombosis resolution and associated
inflammation becomes less straight forward. We have explored
this topic in our laboratory by examining toll-like receptor 9
(TLRY) function in VT resolution. TLR9 is a conserved pathogen-
associated molecular pattern (PAMP) and damage-associated
molecular pattern (DAMP) receptor that recognizes CpG DNA
repeats and alerts the immune system to invading pathogens or
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local damage. In an IVC ligation model of VT (complete stasis),
TLR9™~ mice had significantly increased thrombus size at 2
and 8 days despite increased numbers of PMNs and monocyte/
macrophages (33). Further, TLR9™~ mice had increased apop-
tosis, citrullinated histones, PAD4, and neutrophil elastase; and
reduced TFPI (19), suggesting that TLR9 is important for normal
thrombogenesis and thrombosis resolution. Lastly, M1-like
(CCR2+) monocyte/macrophages were decreased in TLR9™~
thrombi, consistent with impaired inflammatory cell influx, and
this divergence was corrected with adoptive transfer of TLRO**
bone marrow-derived monocytes with normalization of throm-
bus size (20). The new found composition of DNA-rich thrombi
will likely have long-standing implications for future research in
VT resolution.

NETs IN PRIMATE AND
HUMAN VT STUDIES

Although first thought to only occur in pathologic states, NETosis
with release of extracellular DNA has been shown to occur in
healthy individuals (34). Following exhaustive treadmill or cycling
exercise, circulating levels of cell-free DNA (cfDNA) and myelop-
eroxidase (MPO) rise, and isolated PMNs from the circulation
develop swollen nuclei and emanating DNA. A concomitant rise
in circulating DNase occurs, suggesting that similar to the ongo-
ing processes of fibrin formation and fibrinolysis, NETosis may be
a tightly regulated and constantly ongoing homeostatic process.
Dysregulation of NETosis and its relationship to thrombosis
has been recognized in a variety of clinical scenarios: NETs are
present in fresh thrombi from individuals with acute myocardial
infarction (31, 35), they are found in high circulating levels in
patients with severe trauma and microvascular thrombosis with
acute lung injury (6); and in patients with thrombotic microan-
giopathies (TMAs) (8). Circulating cfDNA rises 24 h following
chemotherapy in breast cancer patients, corresponding to peak
in thrombin-antithrombin levels (36). This has been proposed as
a potential causative mechanism for the high rate of thrombotic
events experienced by individuals undergoing chemotherapy.

Ex vivo platelet activation studies with recombinant human
histones demonstrate that not all histones are created equal in
NETosis: only histone 3 (H3) and histone 4 (H4) induce func-
tional platelet response (37). Recent advances in techniques of
PMN isolation (38) and recognition of NETs in human pathologic
thrombus specimens have improved the ability to study NETosis
in humans (39).

The link between human venous thromboembolism (VTE)
events and NETosis has been established in a handful of studies
to date. Analysis of balloon occlusion-induced iliac thrombosis
in a baboon model of VT demonstrated increased circulating
NETs at 48 h post-thrombosis and persisting through 6 days
(3). Consistently, extracellular DNA markers were present in
the experimental thrombus. In 2013, a human study composed
of healthy controls and symptomatic patients (swelling and leg
pain) with and without VT examined circulating NET markers
(40). Extracellular DNA and MPO were significantly elevated
in symptomatic patients with VT compared to both groups of
non-thrombosed patients. A direct correlation was also seen

between common predictors of thrombosis including D-dimer,
Wells score, and plasma DNA, suggesting that NETs may be
useful in diagnostic evaluation. Development of more accurate
methods to diagnose VT is of particular interest as the current
“gold standard,” duplex ultrasound, is often limited in availabil-
ity and in evaluation of central veins (41). In the same year, a
similar case—control study of 195 individuals with and without
VT examined nucleosomes and a-1 antitrypsin elastase (as a
PMN activation marker) in relation to thrombosis. Levels of
nucleosomes and PMN activation above the 80th percentile were
associated with a threefold risk of VT (42).

The precise role of NETs in VT initiation, formation, and
propagation, as well as optimal area to intervene in human VT
remains relatively unknown. In a study evaluating unorganized,
organizing, and organized thrombi from patients with either VT
or PE, CD11b, and MPO positive cells were seen in organizing
thrombi along with intra- and extracellular CitH3 and PAD4 (43).
Unorganized and organized thrombi failed to demonstrate the
similar histopathology, suggesting the predominant role of NETs
during the inflammatory response and thrombus organization
(43). Another study of 29 VT patients and controls demonstrated
increased neutrophil adhesion and inflammatory cytokine pro-
file among patients with residual vein obstruction and elevated
D-dimer (44). Ex vivo studies of NETs related hypercoagulability
in inflammatory bowel disease (IBD), and TMA patients have
demonstrated efficacy of DNAse I in decreasing the thrombotic
response, although this has yet to be shown in human VT
(11, 12). To date, no clinical trial has targeted NETs in humans as
a mechanism to prevent or treat VT.

NETs IN IMMUNOTHROMBOSIS

While the ability to form thrombus in the face of vessel injury
has long been known to be essential for the maintenance of
hemostasis, until recently, it had not been recognized as an
intravascular mechanism of immune defense. Engelmann and
Massberg recently reviewed the mechanism of NET-mediated
microvascular thrombosis and proposed it as a potential bio-
logical adjunct for containing uncontrolled infection, coining this
process “Immunothrombosis” (45). In their review of the topic,
they proposed four mechanisms by which immunothrombosis
prevents the spread of infection (1) it captures and ensnares
pathogens in the microvasculature and prevents dissemination,
(2) it prevents distant tissue invasion by forming microthrombi
in microvessels, (3) it concentrates pathogens in one area for
bactericidal killing by innate immune cells, and (4) it recruits
other immune cells to the site of inflammation for further bacte-
rial killing. Indeed, coagulation has been previously postulated
to play a role in host defense against bacteria (46, 47), but if left
unchecked, immunothrombosis may contribute to significant
systemic pathology.

Severe sepsis accounts for 10-40% of ICU admissions in
the United States and carries a mortality rate of 20-50% (48,
49). NET-related immunothrombosis, cfDNA, and histones
have been implicated in the morbidity and mortality of sepsis.
In in vitro and in vivo models of sepsis, LPS has been shown to
activate platelets and PMNs via toll-like receptor 4 (TLR4) to
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induce NETosis (31, 50, 51). Intravascular NETs can be digested
by DNase to release ¢fDNA and histones, and further, cfDNA
obtained from human specimens has been shown to be at
~150-300 bp sizes consistent with nucleosome units (52). In the
same study, cfDNA levels in peripheral blood of patients with
severe sepsis were found to be highly predictive of ICU mortality.
In 2009, Xu et al. demonstrated that extracellular histones led
to endothelial dysfunction, organ failure, and death in animal
models of sepsis (4). Specifically, histone administration to mice
resulted in neutrophil activation, endothelial toxicity, acute lung
injury, and microvascular thrombosis. Interestingly, antihistone
antibodies and activated protein C (APC) improved mortality
rates in sepsis models in these mice. In addition, NETosis has also
been linked to prothrombotic activity because NET-associated
enzymes break down TFPI (29), while also enhancing antifi-
brinolytic activity because cfDNA inhibits plasmin-mediated
fibrin degradation (13, 14, 28). Further, H3 levels were found to
correlate with ICU mortality and were inversely correlated with
antithrombin and platelet levels (53). Structurally, NET-induced
immunothrombosis leads to more sturdy thrombi with less
permeability and decreased susceptibility to lysis, although this
may be overcome with DNase (54). In a murine cecal ligation and
puncture model of sepsis (CLP), DNase given at 6 h after injury
reduced organ damage and mortality (55). Lastly, bacterial resist-
ance to NET trapping has been demonstrated in vitro and has
been postulated to contribute to widespread immunothrombosis
in the septic host leading to disseminated intravascular coagula-
tion (DIC) (56, 57).

In addition to its inflammatory role in sepsis, NETs and
immunothrombosis have also been implicated in autoimmune
disease. Phosphatidylserine (PS) and TF-bearing microparti-
cles (MP) were found to be markedly increased in the sera of
IBD patients (11). Increased TF-bearing MPs correlated with
increased NETosis, markedly shortened coagulation times, and
increased levels of fibrin, thrombin, and factor Xa. Similarly, in an
in vitro study of antineutrophil cytoplasmic antibody-associated
vasculitis (ANCA-AV or AAV), C5a-primed PMNss treated with
ANCA IgG-released NETs and TF-bearing MPs contributing to
a prothrombotic state, and interestingly, this was remedied par-
tially by DNase treatment (58). TMAs, more commonly known as
thrombotic thrombocytopenic purpura (TTP), hemolytic uremic
syndrome (HUS), and DIC, are characterized by microvascular
thrombosis and coagulopathy. In vitro studies of TMAs demon-
strate that the sera of TMA patients are incapable of degrading
NETs due to a deficiency of DNase I and this may contribute to
widespread microvascular thrombosis and organ dysfunction
(12). Intriguingly, supplementation of TMA sera with recombi-
nant human DNase I reestablished NET degradation capability.
Lastly, PMNs from patients with antiphospholipid antibody
syndrome (APS) were inclined for spontaneous NETosis and
thrombin generation, and further, APS sera and APS-isolated
IgG stimulated NETosis in control PMNs (59). These findings
highlight the prothrombotic role of NETs in autoimmune-related
immunothrombosis.

Finally, NETs have also been implicated in multiple organ
failure related to severe trauma. In 2013, Abrams et al. examined

a cohort of 52 patients with severe non-thoracic blunt trauma
and correlated circulating histone levels with acute lung injury
and sequential organ failure assessment scores (SOFA) (6).
Circulating histone levels increased dramatically immediately
following trauma and high levels correlated with acute lung injury,
SOFA scores, endothelial injury, and coagulation activation. In
the same study, with translational animal models of blunt trauma,
circulating histone levels corresponded with organ edema, hem-
orrhage, microvascular thrombosis, and neutrophil congestion.
Multiple organ dysfunction syndrome (MODS) is a leading
cause of delayed mortality following major trauma and has been
correlated with circulating cfDNA levels (52). Inherently, future
research should look to address NETosis and immunothrombosis
as potential therapeutic targets for preventing immune-mediated
MODS after severe injury.

SUMMARY, INTEGRATION, AND
POTENTIAL TRANSLATION

Over the past 12 years, since its discovery, NETosis has been
catapulted to the forefront of innate immunity research. Nowhere
is its effect more relevant in human disease than in its implica-
tion in immune-mediated micro- and macrovascular thrombosis
(Figure 1). In this review and others, NETs have been shown to
have a significant role in pathogenic thrombosis through platelet
and PMN recruitment to the endothelial wall, subsequent activa-
tion and NETosis, and proteomic activation of the intrinsic and
extrinsic coagulation cascades, ultimately leading to thrombosis
(3,13, 14, 16, 17, 31, 32, 45, 50, 60, 61).

This unique development in the etiology of immune-mediated
thrombosis affords novel targets for the prevention of pathologic
thrombosis in a susceptible patient (Table 1) (4, 25, 55, 62-70).
One obvious target for the prevention of NET-mediated VTE is
PAD4 inhibition (25, 60). Enzymatic inhibition of PAD4 would
prevent NETosis, and hopefully, its prothrombotic effects as well;
however, this may also leave the host susceptible to bacterial
infection (71). DAMP-mediated NETosis by HMGB-1 is also
a potential therapeutic target. HMGB-1 is released from dam-
aged cells and expressed on the surface of activated platelets and
leads to immune system activation via RAGE, TLR2, and TLR4
(5, 72, 73). HMGB-1-mediated PMN activation subsequently
contributes to microvascular thrombosis and NETosis (31, 74).
HMGB-1 is cleaved by thrombomodulin-thrombin complexes
in vivo, and recombinant thrombomodulin is presently approved
for the treatment of DIC in Japan and is in phase III trials here in
the United States (5, 70).

Other targets include the components of PMN and platelet
recruitment to the endothelium. Specifically, blockade of plate-
let alpha-granule release or endothelial Weibel-Palade body
release would decrease P-selectin and vWF-mediated platelet
and PMN recruitment to the endothelium decreasing NETosis
(24, 32, 75, 76). Similarly, blockade of P-selectin (24), vVWF Al
domain (16), glycoprotein Ib, or integrin beta-2 may reach a
similar end, however, more specifically (32). Lastly, the vWF
degradation enzyme, ADAMTS13 (a disintegrin and metallopro-
teinase with thrombospondin type 1 motif - member 13), may
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FIGURE 1 | Diagram of theoretical mechanism of NET-mediated
microvascular thrombosis in sepsis. (A) Sepsis-induced endothelial
activation leading to the release of vVWF (black lines) from endothelial cell
Weibel-Palade bodies provoking the recruitment of leukocytes and platelets
to the endothelial wall via VWF A1 domain-beta-2 integrin interaction (VWF-
PMN interaction; orange diamond) and VWF A1 domain—glycoprotein Ib
interaction (VWWF-platelet interaction; green diamond). PMNs are also
recruited to the endothelium via P-selectin-to-PSGL-1 interaction (black
diamond) inducing neutrophil rolling. (B) Neutrophil and platelet activation by
LPS (yellow triangle) via TLR4 (blue triangle). Platelet activation leading to the
release of PF4 (blue square) and expression of P-selectin (black diamond)
and HMGB-1 (pink diamond) further stimulate NETosis [purple lines of
decondensed chromatin with attached histones (yellow circles)]. NETosis also
leads to autophagy-induced release of TF, and NETs further stimulate FXII
activation, inciting both the intrinsic and extrinsic coagulation cascades.

(C) Thrombin activation by factor Xa leads to the conversion of fibrinogen to
fibrin (yellow lines) culminating in microvascular thrombosis.

be given in a recombinant form (rADAMTS13) to degrade vWF
and prevent PMN recruitment with subsequent NETosis (77).
Although, each of the above-listed countermeasures may result
in mild immunodeficiency, if given in a dose-dependent manner,

TABLE 1 | Targets for translation in the prevention of NET-mediated
thrombosis (4, 25, 55, 62-70).

Scenario Target Treatment
) ) Histones Antihistone Antibodies
Sepsis thrombotic Activated protein C
microangiopathies
cfDNA DNAse
Weibel-Palade body Inducers of inducible nitrous
release oxide synthase (INOS)

Platelet a-granule Aspirin and clopidogrel

release thromboxane A2 inhibitors
VWF rADAMTS13

Endothelial activati

hdotnelal activation VWF Al domain VWF Al domain aptamer

and thrombosis (stasis,
endothelial injury,
coagulopathy, sepsis,

Glycoprotein Ib Inhibitors of glycoprotein

Ib—vWF interaction

trauma, and transplant  |ntegrin p2 Inhibitors of integrin f2-VWF
rejection) interaction
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clopidogrel
HMGB-1 Thrombomodulin
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they may abrogate the pathologic immune-mediated thrombosis
without sacrificing immune competence.

Despite the relatively recent discovery of NETs as a con-
tributor to VTE, some long-standing traditional VTE therapies
already affect NETs. Polyanionic heparin, long considered the
gold standard therapy for prevention and treatment of VTE,
has a secondary effect of displacing histones from chromatin
(78, 79). This allows increased accessibility of nucleases to the
exposed chromatin, further permitting degradation of NETs
(78, 79). Similarly, aspirin, recently shown to decrease risk of
recurrent VTE (80), inhibits NETosis in vitro by inhibition of
thromboxane A2 synthesis (63, 81). Finally, clopidogrel has also
been shown to decrease inflammation and platelet-mediated
expression of soluble P-selectin, further decreasing PMN-
platelet interactions and hence NETosis (68). It is currently
unknown as to the effects of the new oral anticoagulants on
NETSs, although this may represent an important area for future
investigation.

Thrombolysis has become a key weapon in the arsenal against
pathologic thrombosis; however, not all thrombotic events are
susceptible to thrombolysis with tissue plasminogen activator
(tPA) (82). Indeed, the addition of DNA and histones to a fibrin
matrix has been shown to make artificial thrombus more stable,
more rigid, and more resistant to tPA, and this is partially rem-
edied by DNase (83). Preliminary data from murine models of
VT demonstrate inhibition of thrombus formation with DNase
instillation prior to and during IVC stenosis (16, 17). In another
study of limb ischemia-reperfusion injury, DNase instillation
decreased tissue NETs but did not effect end tissue damage or
inflammatory infiltrate (84). In spite of this, more recent studies
have shown decreased inflammation, increased tissue perfusion,
and improved survival with (1) late DNase treatment in cecal liga-
tion puncture (CLP) model of murine sepsis (55), (2) concurrent
DNase and tPA treatment in a rat model of myocardial ischemia
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(85), and (3) preemptive DNase treatment in a rat model of renal
ischemia-reperfusion injury (86). Combination tPA and DNase
therapy for thrombolysis of acute ischemic events has yet to be
studied in human patients but will likely constitute a major area
of research in the near future.

There are still many unanswered questions in the field of
NETosis. What are the exact proteomic mechanisms that lead to
neutrophil activation and subsequent NET formation? What is
the role or RAGE, and does this have implications for diabetics?
What is the intracellular cascade that leads to PAD4 induc-
tion? After NETosis and thrombosis, how are NETs naturally
removed from the resolving thrombus? Do NETs play a role in
the post-thrombotic syndrome? Will the addition of DNase to
tPA broaden the spectrum of patients that can be treated with
thrombolysis as opposed to surgery? These questions and more
will be answered with time and continued diligent, meticulous,
and conscientious research. We look forward to the future with
great expectations for upcoming discoveries in the field of
NETosis.
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in ANCA-Associated Vasculitis

Daniel S6derberg’ and Marten Segelmark’?

 Department of Medical and Health Sciences, Linképing University, Linképing, Sweden, 2 Department of Nephrology,
Linképing University, Linkdping, Sweden

A group of pauci-immune vasculitides, characterized by neutrophil-rich necrotizing
inflammation of small vessels and the presence of antineutrophil cytoplasmic antibodies
(ANCAs), is referred to as ANCA-associated vasculitis (AAV). ANCAs against proteinase
3 (PR3) (PR3-ANCA) or myeloperoxidase (MPO) (MPO-ANCA) are found in over 90%
of patients with active disease, and these ANCAs are implicated in the pathogenesis
of AAV. Dying neutrophils surrounding the walls of small vessels are a histological hall-
mark of AAV. Traditionally, it has been assumed that these neutrophils die by necrosis,
but neutrophil extracellular traps (NETs) have recently been visualized at the sites of
vasculitic lesions. AAV patients also possess elevated levels of NETs in the circulation.
ANCAs are capable of inducing NETosis in neutrophils, and their potential to do so has
been shown to be affinity dependent and to correlate with disease activity. Neutrophils
from AAV patients are also more prone to release NETs spontaneously than neutrophils
from healthy blood donors. NETs contain proinflammatory proteins and are thought to
contribute to vessel inflammation directly by damaging endothelial cells and by activat-
ing the complement system and indirectly by acting as a link between the innate and
adaptive immune system through the generation of PR3- and MPO-ANCA. Injection of
NET-loaded myeloid dendritic cells into mice results in circulating PR3- and MPO-ANCA
and the development of AAV-like disease. NETs have also been shown to be essential
in a rodent model of drug-induced vasculitis. NETs induced by propylthiouracil could
not be degraded by DNasel, implying that disordered NETs might be important for the
generation of ANCAs. NET degradation was also highlighted in another study showing
that AAV patients have reduced DNasel activity resulting in less NET degradation. With
this in mind, it might be that prolonged exposure to proteins in the NETs due to the
overproduction of NETs and/or reduced clearance of NETs is important in AAV. However,
not all ANCAs are pathogenic and some might possibly also aid in the clearance of NETs.
A dual role for ANCAs in relation to circulating NET levels has been proposed because
a negative correlation was observed between PR3-ANCA and NET remnants in patients
in remission.

Keywords: neutrophil extracellular traps, ANCA-associated vasculitis, ANCA, NET, small-vessel vasculitis,
NET remnants
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ANTINEUTROPHIL CYTOPLASMIC
ANTIBODY-ASSOCIATED VASCULITIS

Vasculitides are inflammations in the walls of blood vessels, and
they can affect any organ system in the body. They are divided
into broad groups based on the size of the vessels predominantly
being affected. A subgroup of small-vessel vasculitides is char-
acterized by a scarcity of immune depositions (pauci-immune)
and the presence of antineutrophil cytoplasmic antibodies
(ANCAs) and is referred to as ANCA-associated vasculitis
(AAV) (1). AAV comprise three diseases, including granulo-
matosis with polyangiitis [GPA, previously known as Wegener’s
granulomatosis (2)], microscopic polyangiitis (MPA), and
eosinophilic granulomatosis with polyangiitis (EGPA, previ-
ously known as Churg-Strauss syndrome) (3). GPA and EGPA
share the feature of necrotizing granulomatous inflammation
of the lower respiratory tract, whereas MPA is characterized
by the absence of this component. Also, GPA often affects
the upper respiratory tract and can result in rhinitis, otitis,
and cartilage destruction, while eosinophilia and asthma are
defining features of EGPA. Renal involvement is observed in as
many as 90% of the patients with MPA, compared to 80% of the
patients with GPA and 45% in EGPA. All three diseases affect
the skin, joints, eyes, and nerves to various extents (1, 4). There
is also an increased incidence of venous thromboembolism in
AAV patients, especially during active disease (5, 6). AAVs are
relapsing-remitting diseases, and 50% of the patients have a
relapse within 5 years of successful treatment. The mortality
rate is around 80% at 1 year when left untreated, but with cur-
rent treatments, the mortality rate is reduced to 25% within
5 years (7).

Autoantibodies specific for proteinase 3 (PR3) (PR3-ANCA)
or myeloperoxidase (MPO) (MPO-ANCA) are found in over
90% of patients with active disease (8), and these are important
as diagnostic tools. The association between PR3- and MPO-
ANCAs and active disease in AAV suggests a pathogenic role for
the autoantibodies, and such a role is supported by results from

animal models (9, 10) and in vitro studies showing that PR3- and
MPO-ANCAs can activate neutrophils to produce reactive oxy-
gen species (ROS) and proteolytic enzymes (11). ANCA-induced
neutrophil activation also leads to increased adhesion of the
neutrophils (12) and the activation of the alternative complement
pathway (13) with the generation of C5a. C5a in turn potentiates
the inflammatory response by priming neutrophils and acting as
a chemoattractant to recruit more neutrophils to the inflamma-
tory site (14). However, ANCA levels do not conclusively predict
relapses (15, 16), and there is an unmet need for biomarkers for
this purpose.

NEUTROPHIL EXTRACELLULAR TRAPS

Neutrophil extracellular traps (NETs) were first described in 2004
as a means for neutrophils to trap and kill bacteria (17) and are
released as a result of a programed cell death mechanism referred
to as NETosis (18, 19). NETs consist of a DNA backbone and
various proteins with proinflammatory characteristics, such as
histones, high-mobility group box 1 (HMGB1), LL37, neutrophil
elastase (NE), calprotectin (S100A8/S100A9, MRP8/14), and,
interestingly, MPO (Figure 1) and PR3 (20, 21). All described
ANCA antigens are components of NETs. NETosis depends on a
cascade of events that lead to the mixing of nuclear, cytoplasmic,
and granular components before the NETs are released into the
surrounding matrix (18). NETosis has been shown to depend on
NADPH oxidase and ROS production as well as on autophagy and
histone citrullination. Peptidyl arginine deiminase 4 (PAD4), NE,
and MPO have been shown to play important roles in this signal-
ing pathway (18, 22, 23). More recently, other forms of NETosis
have also been described, including NETosis with the release of
mitochondrial DNA (mtDNA ETs) (24) instead of nuclear DNA
and ROS-independent NETosis (25-27). Interestingly, when
releasing mtDNA ETs, the neutrophils can also remain viable
(24). In addition to their role as antimicrobial agents, NETs of
both nuclear and mitochondrial origin have also been connected
to various autoinflammatory and autoimmune diseases (28-33).

FIGURE 1 | Visualization of MPO in NETs from human neutrophils. Neutrophils isolated from human peripheral whole blood were cultured for 4 h at 37°C with
25 nM PMA. NETs were then visualized by immunofluorescence microscopy using a 40x objective. (A) DNA, the backbone of NETs, was labeled with DAPI (blug).
(B) MPO (clone 2B11), a granulae protein within the NETs (17), was labeled with a Dylight 488-conjugated antibody (green). (C) DNA and MPO (merged) co-
localized in the NETs. NETs, neutrophil extracellular traps; PMA, phorbol-12-myristate-13-acetate. Blood samples were collected after obtaining informed consent in
accordance with the declaration of Helsinki, and the study was approved by the Regional Ethical Review Board in Link&ping. This figure is not intended to be
quantitative, but only to serve as a representative image of common prior knowledge regarding the presence of MPO in NETs (17).
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NETs ARE PRESENT IN GLOMERULI, SKIN
LESIONS, AND THROMBI OF AAV
PATIENTS

Dying neutrophils surrounding the walls of small vessels are a
histological hallmark of AAV. Traditionally, it has been assumed
that these neutrophils die by necrosis, but in 2009, Kessenbrock
et al. showed that NETs were present in the glomeruli in kidney
biopsies from AAV patients (34). They reported the presence of
NETs as co-localizations of DNA, histones, and the granule pro-
teins PR3, LL37, NE, and MPO in various combinations (34). This
phenomenon was later confirmed by others (35-38). Although
the method for detecting NETS in glomeruli was rather similar in
these studies, i.e., visualization of DNA and histones (although
some looked at citrullinated histones) in combination with the
granule proteins already described - one study also reported the
presence of PAD4 in the NETS, which is necessary for histone
citrullination (35), and another study detected LAMP2, which is
also an ANCA antigen (36, 39).

Neutrophil extracellular traps have also been shown to be
present in skin lesions (40, 41) and thrombi from AAV patients
(38, 42). In the studies investigating NETs in skin lesions, the
presence of NETs was based on extracellular MPO (40, 41) or
on DNA in combination with MPO (41). The presence of NETs
in thrombi was defined not only as co-localizations of DNA and
MPO but also as citrullinated histones alone (38). Another study
also defined NETs based only on the presence of citrullinated
histones (42).

INCREASED LEVELS OF NETs AND NET-
ASSOCIATED PROTEINS IN THE
CIRCULATION OF AAV PATIENTS

In addition to the presence of NETs in various lesions from AAV
patients, it has been shown that these patients also have elevated
levels of NETs in the circulation (34, 43-46) (Table 1). In these
studies, NETs were defined as nucleosome/MPO complexes
(34, 43, 46), total DNA or DNA/MPO or citrullinated histone
3 (H3) complexes (45), DNA/histone complexes (46), or as
nuclear DNA or mtDNA (44). There are also several observa-
tions regarding circulating neutrophil components that are the
main constituents of NETs. Important examples are HMGBI,
calprotectin (S100A8/S100A9, MRP8/14), PR3, MPO, and NE
(46-55) (Table 1). The study measuring calprotectin used lon-
gitudinally collected samples from the NORAM trial and found
that calprotectin levels correlated with disease activity (47), and
the studies measuring NE observed a correlation between NE
and Birmingham Vasculitis Activity Score (i.e., disease activity)
(51). However, the presence of these proteins in the circulation
does not reveal whether they are released as a result of NETosis
or by other mechanisms, but it was recently shown that the
levels of MPO and NE correlate with the levels of DNA/MPO
complexes in the circulation (46). The capability of using NETs
as a biomarker to monitor disease activity in AAV has not been
evident in previous studies. No study has so far measured the
levels of NETs longitudinally in patients at multiple time points.

TABLE 1 | NET-associated proteins and structures present in the
circulation of AAV patients.

Protein/structure Method AAV vs. HC Correlation with
disease activity

Nucleosome + ELISA + (34, 43, 46) Yes (34, 43, 46)

MPO complexes

DNA + MPO or ELISA + (45) No (45)

citrullinated histone

3 complexes

DNA + histone ELISA + (46) No (46)

complexes

DNA PicoGreen + (45) No (45)

mMtDNA qPCR + (44) Yes (44)

Nuclear DNA qPCR + (44) No (44)

PR3 ELISA/ + (46, 49, 52, 53, 55)  No (46)
Luminex

MPO ELISA + (53) Yes (46)

HMGB1 Western + (48, 50, 54) Yes (48, 50, 54)
blot/ELISA

Calprotectin ELISA + (47) Yes (47)

NE ELISA/ + (46, 51) Yes (46, 51)
Luminex

Numbers in parenthesis indicate referenced publication.

AAV ANCA-associated vasculitis; HC, healthy blood donors; +, increased levels; nd,
not determined; PR3, proteinase 3; HMGB1, high-mobility group box 1 protein; MPO,
myeloperoxidase; mtDNA, mitochondrial DNA; nDNA, nuclear DNA; NE, neutrophil
elastase.

In some cross-sectional studies, the levels of NETs have been
measured in patients during both remission and active disease,
but with inconclusive results regarding their correlation with
disease activity (43, 45).

PROINFLAMMATORY ASPECTS
OF NETs IN AAV

Neutrophil extracellular traps have previously been described as
double-edged swords of innate immunity (56), considering that
they are involved in both fighting pathogens and in contribut-
ing to autoinflammatory and autoimmune conditions. Various
proinflammatory aspects of NETs in general might also be
important in the pathogenesis of AAV. For example, NETs can
cause endothelial damage (57-59) and can activate the alterna-
tive complement pathway (60), which, as already mentioned,
plays an important role in amplifying the inflammatory process
in AAV. Further, anti-histone antibodies have been shown to
ameliorate experimental glomerulonephritis, emphasizing the
proinflammatory aspect of histones in the NETs (61). It has also
been shown that the presence of histones in NETs can contribute
to thrombus formation (62) and that the presence of tissue factor
(63, 64) in NETs can contribute to the generation of thrombin.
In turn, it has been demonstrated that activated platelets can
stimulate neutrophils to release NETs and that platelet-induced
NETs propagate deep vein thrombosis in mice (65). Others have
shown that HMGBI expressed on platelets mediate the formation
of platelet-induced NETs and that this process is dependent on
autophagy (66), and in mice, it has been shown that platelet-
derived p-selectin can induce NETosis (67). Increased levels of
platelet-neutrophil aggregates and soluble P-selectin have been
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observed in the circulation of AAV patients during active disease
and to correlate with disease activity (46). Additionally, HMGB1
has also been shown to potentiate the effect of ANCAs on NET
formation (68). Oxidized mtDNA ETs released from neutrophils
in systemic lupus erythematosus (SLE) have been shown to pos-
sess proinflammatory characteristics (33), and the role of mtDNA
in general as a danger-associated molecular pattern has been
extensively described (69).

SPONTANEOUS NET FORMATION
IN VITRO

Earlier studies have shown that neutrophils from AAV patients
are less prone to undergo apoptosis (70), suggesting that these
neutrophils are more prone to other forms of cell death. Indeed,
in vitro studies have shown that neutrophils from AAV patients
are more prone to release NETs spontaneously than neutrophils
from healthy blood donors (36, 43, 71). A subpopulation of
neutrophils, referred to as low-density granulocytes (LDGs),
have been shown to spontaneously release NETs significantly
more than normal-density neutrophils, and these LDGs haves
been proposed to be the major source of NETs in AAV (71).
However, the same study also showed that normal-density neu-
trophils from AAV patients spontaneously released more NETs
than normal-density neutrophils from healthy blood donors (71).
More detailed studies of LDGs in SLE have revealed that LDGs
express increased levels of mRNA of various immunostimulatory
bactericidal proteins and alarmins compared to normal-density
neutrophils (59). It is important to note that during the various
isolation procedures normally used to obtain neutrophils from
peripheral whole blood, LDGs will not be included because they
will be found in the fraction of peripheral blood mononuclear
cells. This is important to consider in future in vitro studies of
neutrophils and NET formation.

ANCAs AS MEDIATORS OF NETosis

In addition to the effects already ascribed to PR3- and MPO-
ANCA in terms of neutrophil activation, they are also capable of
inducing NETosis (Figure 2) (34). Although the exact mechanism
for neutrophil activation by ANCAs is not clear, full activation
requires binding of autoantibodies to both Fc-receptors and to
PR3/MPO on the surface of neutrophils (72). Ithasbeen suggested
that neutrophil activation, in this case evaluated as ROS produc-
tion by MPO-ANCA, is epitope-specific, that epitope specificity
varies with disease activity and that ANCAs activate neutrophils
more robustly during active disease (73). Furthermore, in vitro
studies have shown that neutrophils from patients are more eas-
ily activated (they produce more ROS) by ANCAs (in this case
PR3-ANCA) than neutrophils from healthy blood donors (74).
It has previously been shown that neutrophils from AAV patients
possess increased membrane expression of PR3 (75, 76), which
could possibly be explained by disrupted epigenetic silencing
of the PR3 and MPO gene in these patients (77). However, in
the study by Ohlsson et al. the results could not be explained
by increased PR3 expression on the cell surface of neutrophils

from patients or the ANCA levels (74). Rather, epitope specific-
ity and affinity seemed to be of importance for the antibodies’
ability to activate neutrophils (74). It has also been shown that
MPO-ANCA has higher affinity for MPO during active disease
and that MPO-ANCA induces more NETs during active disease
(78), and the observation that the affinity for MPO-ANCA is
important for the ability to induce NETs was recently confirmed
by another group (79). In summary, it seems that both epitope
specificity and affinity are important for neutrophil activation by
ANCAs and that at least the affinity is important for their ability
to induce NETs.

NETs: BRIDGING INNATE AND
ADAPTIVE IMMUNITY

It has been shown using NETotic neutrophils from mice that MPO
and PR3 can be taken up from the NETs by myeloid dendritic
cells (mDCs) and that injection of NET-loaded mDCs into mice
results in circulating MPO- and PR3-ANCA and development
of AAV-like disease (41). The addition of DNasel to the in vitro
cultures prevented PR3 and MPO uptake by the mDCs from
the NETs, and when mice were injected with those mDCs, the
mice did not develop disease (41). In the same study, injection
of mDCs cocultured with apoptotic neutrophils into mice also
caused autoantibody production, but those mice did not develop
AAV-like disease. These experiments indicate that NETs show
higher immunogenicity than apoptotic cells and that the struc-
tural integrity of the NETs is important for transferring NET-
antigens to mDCs and the subsequent production of pathogenic
autoantibodies. This is in line with a previous study showing that
rats immunized with apoptotic neutrophils do develop ANCAs,
but not disease (82). In another study, rats were immunized
with NETs induced by phorbol-12-myristate-13-acetate (PMA)
and propylthiouracil (PTU) (which together induced abnormal
NETs that could not be degraded by DNasel) or were given PTU
orally in combination with PMA (intraperitoneal injection), and
these rats developed MPO-ANCA and pulmonary capillaritis
or glomerulonephritis and pulmonary capillaritis, respectively
(80). This resembles the situation in humans, where over 20% of
patients with Graves’ disease treated with PTU develop MPO-
ANCA and some also AAV-like disease (83, 84).

NET FORMATION VS. CLEARANCE: THE
IMPORTANCE OF BALANCE

The studies described earlier imply that NETs can act as a link
between the innate and adaptive immune system with the pro-
duction of pathogenic ANCAs. With this in mind, it might be
that prolonged exposure to the proteins in the NETs due to the
overproduction of NETs and/or reduced clearance of NETs is
important in AAV. In line with this, it has been shown that AAV
patients have reduced capacity to degrade NETSs in vitro (78). This
could possibly be due to the reduced DNasel activity observed
in these patients compared to healthy blood donors, although
DNasel activity did not correlate with disease activity. Thus, the
elevated levels of NETs in the circulation of AAV patients might
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from Ref. (43) with permission from Oxford University Press.

Neutrophil extracellular traps (NETs)

FIGURE 2 | The role of NETs in AAV and the complex relation between ANCAs and NETs. (A) Pathogenic ANCAs (red) reacting with PR3 and MPO on the
surface of neutrophils cause ROS production and the release of NETs through NETosis (34, 78, 79). (B) NETs contain various proinflammatory mediators, such as
histones, HMGB1, PR3, MPO, and NE (17, 20, 21), and contribute to vessel inflammation by damaging endothelial cells (57-59) and by activating the complement
system (60). (C) NETs do also promote thrombosis through the expression of histones (62) and tissue factor (63, 64). (D) NETs can also act as a link between the
innate and adaptive immune system through the generation of ANCAs (41, 80). (E) ANCAs seem to belong to repertoire of “natural” antibodies (81), indicating that
not all ANCAs are pathogenic, and it has been proposed that ANCAs can aid in clearance of circulating NET remnants (43). (F) However, under unfavorable
circumstances, pathogenic ANCAs (red) are produced, creating a vicious circle that promotes inflammation. B, B cell; Th, T helper cell; DC, dendritic cell. Modified

]

Thrombosis

Vessel inflammation

also be explained by the reduced capacity to clear the NETs from
the circulation. Interestingly, low levels of both PR3-ANCA
and MPO-ANCA can be found in the circulation of healthy
individuals (81), indicating that the presence of ANCAs does not
necessarily lead to disease development. Rather, ANCAs might
be part of the repertoire of natural antibodies that are important
for maintaining homeostasis (85). In line with this, a dual role
for ANCAs was recently suggested, where the autoantibodies in
addition to inducing NET formation can also aid in the clearance
of NETs (Figure 2) (43), possibly through opsonization and the
formation of immune complexes. This hypothesis was proposed
because a negative correlation was observed between PR3-ANCA
and circulating NET remnants in AAV patients in remission (43).
As others have shown that the pathogenicity of ANCAs seems
to vary with both epitope specificity (73) and affinity (78) and

that these parameters change with disease activity, it appears
that ANCAs might play different roles at different stages of AAV.
Together, these studies might suggest how and why all individuals
can possess ANCAs but only some develop AAV.

INFECTIONS AND ANCAs

Antineutrophil cytoplasmic antibodies are common in chronic
infections, such as Pseudomonas aeruginosa infections, in patients
with cystic fibrosis, tuberculosis, HIV, and infective endocarditis
(86-89). Infections are also implicated in the pathogenesis of
AAV and as a trigger of relapses. Molecular mimicry, either
directly (90) or indirectly through autoantigen complementarity
(91), is the traditional way to explain the relationship between
AAV and infection. However, infections lead to neutrophil
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activation, which triggers NETosis. Lipopolysaccharide-activated
platelets can also activate neutrophils to release NETs (92), and
this suggests an indirect way in which bacteria can contribute
to NETosis as well as to the coagulation cascade and thrombosis
formation discussed earlier. In sepsis, the liver sinusoids are filled
with neutrophils undergoing NETosis (93), and in infective endo-
carditis, a role for NETS has also been described (94). ANCAs are
found in up to 20% of patients with endocarditis (95), and many
of these patients have symptoms resembling vasculitis, such as
fever, increased CRP, weight loss, malaise, multiform skin lesions,
and renal involvement (1, 96-98).

CONCLUDING REMARKS/DISCUSSION

This review has outlined the role of NETs in the pathogenesis
of AAV. There is compelling evidence that NETs contribute to
vessel inflammation directly by damaging endothelial cells and
by activating the complement system and indirectly by acting as
a link between the innate and adaptive immune system through
the generation of PR3-ANCA and MPO-ANCA. This can lead
to a vicious circle because ANCAs can activate neutrophils.
However, ANCA pathogenicity is dependent on both affinity
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and epitope specificity, and there also seem to be ANCAs that
are non-pathogenic and even beneficial. NETs are most prob-
ably formed at a constant rate in healthy individuals, but NET
formation can become highly elevated by infections, certain
drugs, and possibly by epigenetic changes as one age. Increased
NET formation must be balanced by clearance mechanisms,
which seem to include DNasel and possibly autoantibodies
with ANCA specificity. We hypothesize that under unfavorable
circumstances some individuals (partly depending on genetics)
develop pathogenic autoantibodies that can activate neutrophils
thus creating a vicious circle resulting in widespread vessel wall
inflammation.

