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Abstract—Recent insights into the specific type of cell death characteristic of neutrophils, called NETosis, are summarized.
NETosis is a process of generation of Neutrophil Extracellular Traps (NETs), whose main components are DNA, granular
antimicrobial peptides, and nuclear and cytoplasmic proteins. The structure of NETs determines their bactericidal, fungi-
cidal, antiprotozoal, and antiviral properties. Therefore, NETs production by neutrophils is an essential immune response
to infection. In addition to the antimicrobial function, NETosis is involved in many inflammatory and autoimmune disor-
ders and participates in the regulation of noninfectious processes. The molecular mechanisms of NET formation, bacteri-
cidal effect, and involvement in some noninfectious, autoimmune, and inflammatory processes are discussed in detail in this

review.
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In 2004, Zychlinsky and coauthors [1] discovered
that neutrophils were able to kill pathogens outside the
cells by releasing so-called Neutrophil Extracellular Traps
(NETs). Since neutrophils lose viability in the process of
trap formation, in 2007 Steinberg and Grinstein [2]
denoted this form of neutrophil cell death as “NETosis”.
It has been shown that the bactericidal action of NETs is
associated with their unique composition: DNA, granular
components, histones, and some cytoplasmic proteins. It
should be noted that trap formation has also been shown
for eosinophils [3], mast cells [4], chicken heterophils
[5], and macrophages/monocytes [6]. In addition to
humans and mice, nucleic acid trap formation has been
described in other animals, e.g. cattle, horses, fish, cats,
rabbits, and invertebrates. The release of nucleic acids
from oenocytoid cells of the wax moth Galleria mellonella
is an important protective mechanism against pathogens
in insects [7]. The formation of extracellular DNA fila-
ments has also been shown for plants, and this mecha-
nism is supposed to play a key role in protection of root

Abbreviations: APC, antigen-presenting cell; CIC, circulating
immune complex; IFN, interferon; LPS, lipopolysaccharide;
MHC, major histocompatibility complex; pDC, plasmacytoid
dendritic cell; TNF, tumor necrosis factor.
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tips from fungal infections [8, 9]. Since chromatin is
released into extracellular space not only by neutrophils
but also by other types of cells, and due to the prevalence
of this phenomenon in vertebrates, invertebrates, and
plants, the broader term for this mechanism is ETosis
(from English: Extracellular Traps (ETs)). This review
considers the mechanism of trap formation by neu-
trophils, i.e. NETosis.

NET morphology. NETs have a unique ultrastruc-
ture. Their framework is formed by chromatin filaments
of ~15-17-nm diameter [1] consisting of modified nucle-
osomes [10]. This framework is dotted with globular
structures about 50-nm in diameter, being the proteins of
granules and other cell compartments [1]. Surprisingly,
NETs may not only have the morphology of elongated
thin filaments, but can also be cloud-like structures that
occupy 10-15-fold greater area compared to the initial
cell size. It is supposed that such NET morphology occurs
in vivo under conditions of sufficient intercellular space,
e.g. in lung alveoli.

Mechanism of NET formation. NETs are formed
because of a unique form of cell death, when the initial
loss of all intracellular membranes is followed by disinte-
gration of the cytoplasmic membrane. To date, very little
is known about the mechanisms of NETosis. This is due
primarily to the fact that neutrophils are short-lived, ter-
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minally differentiated leukocytes, which are unable to
divide, and genetic manipulations with them are difficult.
In addition, there are almost no neutrophil cell lines fully
representing the physiology of primary blood cells.
Nevertheless, neutrophils are known to undergo
major morphological modifications in the process of
NETosis (figure). Several minutes after activation, the
cells lie flat, being tightly attached to the substrate.
During the next hour the nucleus loses its lobules, chro-
matin is decondensed, and the inner and outer leaflets of
the nuclear membrane are separated from each other.
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Disintegration of the granules occurs simultaneously.
Within another hour, the nuclear membrane breaks up
into separate vesicles, while the nucleoplasm and cyto-
plasm merge into a homogenous mass. Finally, the cells
become rounded and seem to be contracted until the
cytoplasmic membrane is broken; then the cell contents
are excreted to the exterior and form bundles of thin fila-
ments, i.e. NETs.

Trap composition. Surprisingly, even after the contents
of all cell compartments have been mixed, no more than 30
different proteins are detected in NET composition (Table

NETosis induced by phorbol myristate acetate. Immunofluorescence microscopy. Neutrophils were isolated from peripheral blood of a healthy
donor. The cells were adhered to a coverglass, stimulated with low doses of PMA, fixed in 4% paraformaldehyde, and, where necessary, per-
meabilized with saponin. The preparations were stained with monoclonal FITC-labeled antibodies to the marker of azurophilic granules —
myeloperoxidase (green fluorescence (a, b, d)). Chromatin was stained with specific dyes: DAPI (a, b, d) and SYBR green (c). The photo-
graphs were made with a Leica DM LB microscope (Leica Microsystems, Germany). Magnification: 100x (a, b, d) and 40x (c). Scale: 10 um
(a, b, d) and 25 um (c). The photographs show: a) nonstimulated human neutrophils; b) neutrophils stimulated with PMA for 2 h. In the upper
left cell, the nucleus has lost its segmental structure, while chromatin has been partially decondensed. The cell on the right is at a later stage
of NETosis: the nuclear membrane is destroyed, and the contents of all compartments are mixed, while the cytoplasmic membrane is still
intact; ¢) neutrophils stimulated with PMA for 3 h. Chromatin fibrils protrude far beyond the cells; d) neutrophilic trap. Numerous chromatin
fibrils (blue fluorescence) with adhered MPO molecules (green fluorescence). The photographs were taken by N. V. Vorobjeva
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1) [10]. Most of these proteins are of granular origin; only
a few types of proteins get into NETs from the nucleus
(histones) and very few come from the cytoplasm [10]. It
has been shown in some works that NETs are formed by
living cells — eosinophils and neutrophils — by release of
mitochondrial DNA into the extracellular space [3, 11].
However, it should be noted that there are extremely few
mitochondria in neutrophils [12]; therefore, there was
100,000 times less mitochondrial DNA found in these
experiments compared to the nuclear DNA.

Recently, a unique mechanism of NET formation
was described: the cytoplasmic membrane remained
intact, and the cells preserved viability [13]. In these
experiments, neutrophils were stimulated by
Staphylococcus aureus for 5-60 min (NETosis usually
develops during 3-4 h), followed by the release of vesicles
with the included decondensed chromatin and bacterici-
dal proteins of the granules. All these components were
mixed, and they formed traps in the extracellular space.

NETosis inducers include many physiological stim-
uli, e.g. bacteria, fungi, protozoa, and viruses (Table 2).
NETosis can be induced by reactive oxygen species
(ROS) such as hydrogen peroxide [14]; antibodies [15]

Table 1. NET-associated proteins [10]
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and antigen—antibody complexes [16, 17]; microbial
components, lipopolysaccharide (LPS) [18, 19], M1 pro-
tein from Streptococcus pyogenes [20], and the lipophos-
phoglycans from Leishmania amazonensis [21]. Traps can
also be induced by TLR4-activated platelets [22].

It has been shown that cell—substrate adhesion,
when MAC-1 integrin receptors are activated, is neces-
sary for the induction of NETosis [23]. Neutrophils can
also form traps in suspension, but much less intensively. It
seems that this situation triggers a mechanism of blocking
(or the absence of stimulation) of NETosis, which pro-
tects an organism from possible formation of clots in
blood vessels by NETs.

Molecular mechanisms of NET formation. As report-
ed previously, NET formation is a gradual process with
several successive steps: 1) ROS generation; 2) transport
of neutrophil elastase (NE), and, later, myeloperoxidase
(MPO) from the granules to the nucleus; 3) histone mod-
ification, and, finally, 4) disruption of cytoplasmic mem-
brane and release of chromatin. It would be worth
dwelling on these steps in more detail, because together
they compose a unique mechanism of cell death, i.e.
NETosis.

Cellular localization Protein name Gene name
Granules neutrophil elastase (NE) ELA2
lactoferrin LTF
azurocidin AZUI
cathepsin G CTSG
myeloperoxidase (MPO) MPO
proteinase 3 PR3
lysozyme C LYz
defensins 1 and 3 DEFA-1and -3
BPI (cationic bactericidal/permeability-increasing protein) BPI
cathelicidin hCAP18/LL-37 CAMP
Nucleus histone H2A H2A
histone H2B:
a) histone H2B H2B
b) H2B-like histone H2B
histone H3 H3
histone H4 H4
myeloid nuclear differentiation antigen MNDA
Cytoplasm S100 calcium-binding protein A8 S100A8
S100 calcium-binding protein A9 S10049
S100 calcium-binding protein A12 S100A412
Cytoskeleton actin (B and/or ) ACTB, ACTG1
myosin-9 MYH-9
a-actinin (1 and/or 4) ACTNI, ACTN4
plastin-2 LCPI
cytokeratin-10 KRT-10
Peroxisomes catalase CAT
Glycolytic enzymes a-enolase ENO1
transketolase TKT
BIOCHEMISTRY (Moscow) Vol. 79 No. 12 2014
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Table 2. Microorganisms and chemical factors inducing NET formation [14]

Microorganisms

Chemical factors

Aspergillus fumigatus (conidia and hyphae)
Candida albicans (conidia and hyphae)
Cryptococcus gattii

Cryptococcus neoformans

Eimeria bovis

Enterococcus faecalis

Escherichia coli

Haemophilus influenzae

Helicobacter pylori

Klebsiella pneumoniae

Lactococcus lactis

Leishmania amazonensis

L. donovani, L. major, L. chagasi
Listeria monocytogenes

Mannheimia haemolytica and leukotoxin
Mycobacterium tuberculosis, M. canettii
Serratia marcescens

Shigella flexneri

Staphylococcus aureus

Streptococcus (group A — GAS)
Streptococcus dysgalactiae
Streptococcus pneumoniae

Toxoplasma gondii

Yersinia enterocolitica

HIV-1

autoantibodies (anti-LL-37/anti-HNP)
calcium ions

glucose oxidase

GM-CSF + Csa

GM-CSF + LPS

hydrogen peroxide

IFN-o + C5a

IFN-y + C5a

IL-8

lipopolysaccharide (LPS)

protein M1/protein M1 + fibrinogen complex
NO

phorbol-12-myristate-13-acetate (PMA)
PMA + ionomycin

platelet activation factor

TLR4

TNF

statins

d-toxin from Staphylococcus epidermidis

Thus, it has been shown that ROS are necessary for
NETosis. In neutrophils, ROS are formed during the so-
called “respiratory burst” with the involvement of the
NADPH oxidase complex [24]. This multicomponent
enzyme complex is assembled during activation in mem-
branes of specific granules and on the cytoplasmic mem-
brane of neutrophils and performs electron transfer from
NADPH localized in the cytoplasm across the membrane
to molecular oxygen. Then the oxygen undergoes one-
electron reduction leading to the formation of superoxide
anion radical (O3). This, in turn, undergoes redox trans-
formation, spontaneously or with the involvement of
superoxide dismutase, with the formation of hydrogen
peroxide. These primary ROS (O3 and H,0,) can under-
go further transformation resulting in the production of
more active metabolites, e.g. hydroxyl radical (OH") and
hypochlorous acid (HOCI). Hypochlorous acid has the
strongest microbicidal effect and is formed with the
involvement of myeloperoxidase, the enzyme of
azurophilic granules.
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The involvement of ROS in NET formation has been
proved not only pharmacologically but also when study-
ing the neutrophils of patients with chronic granuloma-
tous disecase (CGD). This pathology is determined by
mutations in NADPH oxidase subunits resulting in the
assembly of a nonfunctional or lowly functional enzyme
complex, which is unable to synthesize ROS. People with
such mutations suffer from recurrent infections life-long
[25, 26], and their neutrophils do not form neutrophil
traps [14]. However, it has been shown that the addition
of H,O, to the neutrophils of CGD patients restores the
ability to release NETs [14]. Thus, in the information
transfer pathway, ROS are between the enzyme complex
and the subsequent mediators.

The molecules involved in signal transduction from
the receptors to NADPH oxidase were revealed by rigor-
ous inhibition analysis carried out in Zychlinsky’s labora-
tory [27]. The matter is that the most effective and fre-
quently used NETosis activator is phorbol-12-myristate-
13-acetate (PMA), the immediate stimulator of protein
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kinase C. It has been shown that the activation of
NETosis by PMA is accompanied by the induction of the
Raf/MEK/ERK signaling pathway [27], as well as the
Rac2 (a small GTPase of the Rho-family)-mediated
pathway [19].

Another feature of NETosis is the loss of chromatin
segregation into eu- and heterochromatin [14]. This
process involves neutrophil elastase and myeloperoxidase,
the enzymes of azurophilic granules. Both enzymes move
from the granules into the nucleus at the earliest stages of
NETosis by a still unknown way. Neutrophil elastase is the
first to be transported into the nucleus, where it catalyzes
the cleavage of the linker histone H1 and modifies the
core histones [28]. It has been shown that elastase is
extremely important for trap formation, because mice
deficient in this enzyme were incapable of producing
NETs [28]. MPO migrates into the nucleus later, and its
function is associated with intensification of chromatin
decondensation, probably due to the synthesis of
hypochlorous acid [28]. It should be noted that patients
with mutations in the MPO gene cannot form valid NETs
[29], probably because of insufficient amount of
hypochlorous acid [30].

In addition to partial cleavage of histones by elastase
and MPO, another modification intensifies chromatin
decondensation. Peptidylarginine deiminase 4 (PAD4)
induced in the neutrophil after proper activation cat-
alyzes deimination of arginine residues to citrulline in
three out of four core histones, which results in their
weaker binding to DNA. Some works have shown that
histones as part of NETs, as well as in decondensed chro-
matin, are citrullinated [18, 23, 31]. The role of this
process in NETosis was demonstrated pharmacologically
for cell lines forming a limited number of NETs. In addi-
tion, PAD4 knockout mice were unable to citrullinate
histone H3, and, therefore, did not form NETs [32, 33].

Recently, it has been shown that autophagy is neces-
sary for NETosis, and this mechanism follows NADPH
oxidase activation in the information transfer pathway
[34]. It has been shown that the stimulation of neu-
trophils by PMA leads to the formation of giant vacuoles
similar to autophagosomes. However, the involvement of
autophagy in NETosis has still not been sufficiently stud-
ied.

Neeli et al. [18, 23] first demonstrated that the
cytoskeleton plays an important role in the regulation of
NETosis of human neutrophils. Previously, it was shown
that the tubulin cytoskeleton determined the direction of
movement of the granules during exocytosis and phago-
cytosis of neutrophils. In their work, Neeli et al. [18]
showed that depolymerization of the tubulin cytoskeleton
by Nocodazole stopped the nuclear membrane disruption
during the induction of NETosis by lipopolysaccharide
(LPS), and, therefore, suppressed NET formation. In
addition, in the same work they showed the involvement
of the actin cytoskeleton in N ETosis, since the addition of
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cytochalasin D to neutrophils also resulted in the inhibi-
tion of chromatin release [18]. The data obtained in these
works could be interpreted as follows. To date, it is still
unclear how elastase and MPO get into the nucleus for
chromatin decondensation. It is quite probable (the
authors’ hypothesis) that it is exactly the cytoskeleton
that ensures the transport of azurophilic granules toward
the nucleus, followed by enzyme transfer from one com-
partment to another by a still unknown pathway. In addi-
tion, Neeli et al. [23] assumed that MAC-1 integrins acti-
vated during NETosis could initiate the proper rearrange-
ment of the cytoskeleton.

The regulatory role of the cytoskeleton in cell con-
traction at the terminal stage of NETosis and release of
chromatin outside the cell has been hypothesized.
However, this hypothesis needs to be supported by clear
evidence.

Inhibitory pathways. At present, rather many facts
point to the negative effect of NETosis on a host organism
(this problem will be elucidated in the respective section).
It has been shown that NETs can trigger serious local
inflammatory processes and autoimmune diseases. In this
context, mechanisms capable of negative regulation of
NETosis are very relevant. It has been shown recently that
the serpin B1 protein (an inhibitor of serine proteases
such as elastase, cathepsin G, and proteinase-3) is trans-
ported from the cytoplasm to the nucleus at early stages of
NETosis, where it blocks chromatin decondensation [35].

Another factor capable of inhibiting NETosis has
been revealed: MUNCI13-4, which is a member of the
MUNCI3 protein family [36]. This previously described
protein participates in ROS generation, exocytosis of
azurophilic granules, and maturation of phagolysosomes
in neutrophils.

In addition, serum endonuclease DNase 1 is able to
catalyze the degradation of chromatin released from neu-
trophils and to restrict NETosis [37]. Thus, the regulato-
ry pathways inhibiting trap formation can limit the dam-
age caused by excessive activation of neutrophils.

Antimicrobial activity of NETs. As known, the main
function of neutrophils is the elimination of pathogens.
According to Zychlinsky, NETs have evolved for repres-
sion of infections by entrapment and focalization of
pathogens through inactivation of virulence factors and
destruction of pathogens [1].

The entrapment of microorganisms limits their dis-
semination from the initial site of infection. It is supposed
that pathogens are entrapped due to electrostatic interac-
tions between negatively charged chromatin fibrils and pos-
itively charged bacterial surface [38]. Indeed, it has been
shown that the pathogens that have capsules or can change
their surface charge are not entrapped [39]. Another way to
avoid entrapping is the synthesis of nucleases and their
attachment to the surface of the pathogen [40]. The group
A streptococcus (GAS) Streptococcus pyogenes [41],
Pneumococcus species, and Staphylococcus aureus [42] syn-

BIOCHEMISTRY (Moscow) Vol. 79 No. 12 2014
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thesize endonucleases that release them from NETs and
allow their penetration into deeper organs [43].

In addition, NETs can inactivate microbial proteins
(so-called virulence factors) that can alter the functions
of host cells. Elastase as a trap component was shown to
specifically catalyze the splitting of the virulence factors
of Shigella flexneri, Salmonella typhimurium, and Yersinia
enterocolitica |1, 44]. NETs were also shown to contain
Cathepsin G and Proteinase 3, which are similar to elas-
tase and can split virulence factors of pathogens of other
classes [45].

There is evidence that NETs contain proteins that
are able to kill or inhibit pathogens. They include
enzymes such as lysozyme and proteases, antimicrobial
peptides (the BPI protein and defensins), ion chelators
(calgranulin), and, interestingly, histones. The antimicro-
bial activity of NETs seems to be determined by the joint
action of these components, as well as by their high local
concentration on chromatin fibrils.

Some components of NETs proved to be capable of
independent action. For example, Parker et al. [46]
demonstrated that the MPO activity was sufficient to kill
Staphylococcus aureus. Another protein found in the
traps, calgranulin, was shown to have fungicidal activity
[10, 47]. This protein chelates zinc needed for fungal
growth and turned out to effectively inhibit the growth of
Candida albicans and Aspergillus species. Finally, the
important role of histones in killing pathogens has been
demonstrated. Experiments with the addition of antibod-
ies against histones showed inhibition of the killing of dif-
ferent classes of microorganisms determined by NET for-
mation [1]. These facts confirm the supposition that his-
tones have the strongest bactericidal activity.

In addition to the activities against bacteria, fungi,
and parasites, NETs have antiviral effect. Recently, Saito
et al. showed [48] that NETs are induced by the human
immunodeficiency virus 1 (HIV-1), apparently via endo-
somal TLR7- and TLR8-receptors sensitive to viral RNA.
Interestingly, the entrapped virions were completely inac-
tivated, and the process of their inhibition was blocked by
the addition of DNase leading to degradation of DNA
fibrils [48].

Thus, it has been shown in the in vitro system that
NETs inhibit Gram-positive and Gram-negative bacteria,
fungi, viruses, and parasites. However, data on the effects
of NETs in in vivo systems are not SO numerous.

It is known that newborn children are rather suscep-
tible to infections; it has been shown that NET formation
in their bodies is reduced [49-51]. It is important that the
patients with mutations in the genes coding for NADPH
oxidase, MPO, elastase, i.e. deficient in the main active
mediators of NETosis, suffer from recurrent infections.
However, since all of these components are also involved
in neutrophil effector functions such as phagocytosis and
degranulation, elucidation of their specific contributions
to each of these functions is still needed.

BIOCHEMISTRY (Moscow) Vol. 79 No. 12 2014
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A case reported by Bianchi et al. [26] is a striking
example of the role of NETs in infection repression. This
article describes a patient with CGD suffering from severe
Aspergillosis, whose neutrophils could not kill the hyphae
of some Aspergillus strains because of inability of its cells
to form NETs. However, after gene therapy, the NADPH
oxidase function and the ability to form NETs were
restored, and the patient recovered.

Involvement of NETs in inflammatory processes.
Many facts published in the past decade demonstrate a
negative effect of neutrophil traps. Several inflammatory
processes have been described with NETosis playing a key
role as a negative regulator. These processes include lung
diseases such as acute respiratory distress syndrome,
acute lung injury, and cystic fibrosis. In thrombosis,
NETosis plays a dual role: both positive and negative.
Below we consider some of the above pathologies where
NETosis is involved.

Cystic fibrosis (mucoviscidosis). Cystic fibrosis is a
severe hereditary disease caused by a mutation in the
CFTR (cystic fibrosis transmembrane conductance regu-
lator) gene and characterized by effects on exocrine
glands and severe disorders of the respiratory system and
gastrointestinal tract. These gene mutations result in dis-
turbance of normal CI~ transport across the layer of
epithelial cells, and, consequently, cause dehydration,
condensation, and impeded drainage of mucins. In the
case of pulmonary cystic fibrosis, enhanced mucous vis-
cosity facilitates colonization of the organ by bacteria
such as Staphylococcus aureus, Haemophilus influenzae,
and Pseudomonas aeruginosa.

Another factor responsible for high mucous viscosity
is the great number of DNA molecules detected in the
sputum of patients with mucoviscidosis [52], which cor-
relates with the high concentration of neutrophils and the
presence of neutrophil traps in the lungs [53]. It was
shown that the presence of NETs in this case had no
influence at all on the number of pathogens but, in fact,
even increased their titers in mucus.

It is interesting that patients with mucoviscidosis
undergo recombinant DNase therapy to reduce mucous
viscosity. However, it has been shown that recombinant
DNase is able to catalyze the cleavage of free DNA but
not DNA/protein complexes typical for NETs. The
potential positive role of elastase in this process is dis-
cussed in the context of this problem. According to
Papayannopoulos et al. [54], elastase must facilitate dis-
solution of secreted fluids by degrading histones and pro-
viding access to chromatin for DNase. Otherwise, free
elastase and other proteolytic components of NETs can
damage tissues of the lungs and thereby intensify the
immune response. It is probable that patients with muco-
viscidosis need a complex therapy including both recom-
binant DNase and protease inhibitors.

Coagulation (blood clotting). Coagulation is a process
of blood clot formation inside blood vessels that reduces
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blood loss in trauma and contributes to limitation of
microbial infection spread in an organism. It has been
shown that neutrophil traps are involved as a positive fac-
tor in clot formation during coagulation. However, their
excessive formation may result in excessive blood clot-
ting, which can cut off blood flow to vital organs and
cause severe ischemia.

Neutrophils are known to adhere to the vascular
endothelium during the formation of both arterial and
venous blood clots. In the places of tight adhesion, they
release chromatin fibrils (traps) to form stoppers that
stimulate subsequent thrombosis [55]. Elastase and
cathepsin G are adsorbed on chromatin fibrils and being
serine proteases degrade coagulation inhibitors. In sup-
port of this mechanism, it was shown that arterial throm-
bosis in mice with the deficiency of both enzymes was
decreased due to reduced blood clotting and fibrin poly-
merization. The same effect was observed in mice admin-
istered antibodies to NET components [56].

We should note another surprising fact associated
with the action of NETs. When mice were infected with
Escherichia coli, the bacteria were better isolated in
hepatic microvessels of the animals with functional
NETosis compared to those administered with the anti-
DNA antibodies blocking NETosis [56]. These experi-
ments provide direct evidence for the fact that coagula-
tion with the involvement of NETosis reduces the spread
of pathogens in a host organism.

Thus, based on the facts presented we conclude that
neutrophils and their traps effectively interact with coag-
ulation factors and vascular endothelium, while the
effects of NETs such as bactericidity and procoagulation
can be synergically involved in homeostatic maintenance
in infectious diseases, €.g. sepsis.

Periodontitis. Another pathology where NETs play a
key role is periodontitis. Periodontitis is an inflammatory
disease of periodontium caused by microorganisms colo-
nizing the gingival cavity. Periodontitis is most often asso-
ciated with Porphyromonas gingivalis [57]; this bacterium
enters the gingival cavity and attracts neutrophils, which
then release chromatin traps [58] to prevent the spread of
the pathogen.

Involvement of NETs in autoimmune diseases. Like
many other physiological processes in an organism, NET
formation plays not only positive but also negative role.
The negative effect of NETs is related to their participa-
tion in the development of autoimmune diseases based on
self-sustained adaptive immune response to self-antigens,
which results in cell and tissue damage [59]. The initial
basis for the induction of adaptive response is chronic
activation of cells of the innate immune system and syn-
thesis of antiinflammatory cytokines by these cells. One
of the main cytokines activating the innate immune cells
is type I interferons (IFNs). Their synthesis in an organ-
ism is strictly regulated. Type I IFNs deficiency leads to
enhanced susceptibility to infectious diseases and some
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types of cancer, while its excess results in the development
of autoimmune disorder [16, 17].

Type I IFNs accelerate the maturation of antigen-
presenting cells (APC), macrophages, and dendritic cells
and enhances the expression of class I and II MHC and
co-stimulatory molecules. The effects of type I IFNs on
the B-lymphocytes are particularly strong. Together with
IL-6, they induce the maturation of plasmoblasts into
mature plasma cells and stimulate the synthesis of all IgG
subclasses and the synthesis of autoantibodies by B1 cells.

Type I IFNSs are synthesized by nearly all nucleated
cells of an organism, but most intensively by plasmacytoid
dendritic cells (pDC). The main inducers of their synthe-
sis are nucleic acids (NAs). Under the conditions of nor-
mal functioning, there are always small amounts of nucle-
ic acids outside cells. They probably “leak” from apoptot-
ic cells untimely removed by macrophages through
phagocytosis. Extracellular occurrence of NAs can also
be a result of NETosis. However, the healthy organism has
mechanisms that prevent the receptors of the innate
immune cells from contacting NAs. First, the NA-recog-
nizing domains of these receptors are localized on the
inner surface of endosomes of innate immune cells, and,
therefore, are inaccessible to NAs. In addition, in the
presence of a great arsenal of endonucleases in the extra-
cellular medium, NAs are almost instantly cleaved when
released from cells.

The secondary granules of neutrophils contain the
protein cathelicidin hCAP-18, which is cleaved during
cell activation with the formation of cationic peptide LL-
37. This peptide uses electrostatic bonds to form com-
plexes with nearly all kinds of nucleic acids, including
auto-DNA and auto-RNA with marked immunostimu-
lating properties, in particular, the ability to induce the
synthesis of type I IFNs [60-66].

The LL-37 peptide causes the aggregation of NAs
and protects them from the influence of DNA/RNA
nucleases, contributes to endocytosis and penetration of
NAs into the endosomal compartment of dendritic cells
[61], and is a component of neutrophil extracellular traps
[16, 17]. It has been shown that NET fragments obtained
from neutrophils are able to induce the synthesis of IFN-
o in the culture of plasmacytoid dendritic cells (pDC)
[17]. Hence, there are grounds to believe that NETosis
plays an important role in the development of autoim-
mune diseases. In the presence of nuclease inhibitors or
with reduced functional activity of nucleases (DNase 1)
in people with the respective predisposition, NETs are a
source of autoantigens and cause the development of an
autoimmune response to DNA and its protein compo-
nents [37]. NET formation has been shown in systemic
lupus erythematosus (SLE), ANCA vasculitis, type 2 dia-
betes, atherosclerosis, rheumatoid arthritis, psoriasis, and
gout.

The role of NETs in SLE has been studied more
thoroughly. It is known that SLE is an immune compli-
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cated pathology. In the 1970s, it was shown that the cir-
culatory immune complexes (CIC) of patients with SLE
consisted of DNA/RNA/protein and IgG antibodies spe-
cific to these components. The CIC isolated recently
from the sera of patients with SLE consist of DNA and
IgG only. Such CIC always contained the LL-37 peptide.
The addition of CIC containing the LL-37 peptide, the
pDC culture was accompanied by a marked synthesis of
IFN-o. The removal of LL-37 from CIC abolished their
ability of stimulate IFN-a [17].

The source of LL-37 peptide in CIC of SLE patients
is neutrophils. In SLE patients, these cells are essentially
different from the neutrophils of healthy people. These
neutrophils are characterized by enhanced apoptosis,
necrosis, and NETosis. However, phagocytosis of apop-
totic neutrophils in such patients is substantially reduced.
The degradation of apoptotic material is reduced too.
Higher density of LL-37 molecules on the surface of neu-
trophils can be observed. Another difference of SLE
patients from healthy donors is the higher level of low-
density granulocytes (LDG) [67]. This unique subpopu-
lation of neutrophils is characterized by immature pheno-
type (CD14"CD15"CD16"CD10%), enhanced synthesis
of IFN-o and TNEF, and enhanced expression of LL-37,
myeloperoxidase, elastase, and cathepsin G. LDG differ
from usual neutrophils in their evident disposition to
NETosis [67, 68].

In addition to antibodies to various proteins and
NAs, the serum of SLE patients was shown to contain
antibodies against LL-37 peptide, a-defensins (HNP),
and antimicrobial proteins of the primary granules of
neutrophils [69]. Anti-LL-37 and anti-HNP antibodies
are strong inducers of NETosis in SLE patients [17].

Thus, partial elucidation of the mechanisms of SLE
development and involvement of NETosis in this process
make it possible to elaborate a strategy for treating such
patients. It should be mentioned that about 30% of SLE
patients are unable to degrade NETs because of low activ-
ity of serum DNase 1 (gene mutation), the expression of
DNase 1 inhibitors, or higher titers of autoantibodies that
protect NETs from degradation by DNase 1 [37, 70]. It
has been shown [70] that the above groups of SLE
patients have higher titers of autoantibodies and suffer
from severe concomitant disease — lupus nephritis. Thus,
the strategies aimed at elimination of NETs and their
components are now most promising for therapy of SLE
patients.

NETosis, or formation of neutrophil extracellular
traps, is an important strategic response of the immune
system to various pathogens. The trap component chro-
matin captures pathogens, thereby limiting their spread
within the host organism, while bactericidal proteins of
the nucleus and granules effectively reduce their virulence
or eliminate them completely.

In addition to the antimicrobial function, NETs are
involved in regulation of a number of noninfectious
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processes and are an aetiological factor of many inflam-
matory and autoimmune diseases.

In spite of the fact that exactly 10 years have passed
since the first description of NETosis by A. Zychlinsky,
there are still many blank spots in the biology of this phe-
nomenon. It is unclear, for example, what mechanisms
elastase and MPO use to enter the nucleus from
azurophilic granules at the initial stages of NETosis, what
the role of autophagy is in this process, and how the cell
chooses a particular program aimed at protecting the host
from pathogens: phagocytosis, degranulation, or NETosis.

Nevertheless, we assume that the current interest of
researchers in NETosis will lead to answers of many ques-
tions concerning this unique process in the near future.
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