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Abstract—Neutrophils are the “first line” of defense against pathogens in the locus of inflammation, where
they use effector functions such as phagocytosis, degranulation, and formation of reactive oxygen species
(ROS). In 2004, Artuto Zychlinsky characterized one more neutrophil effector function—the release of neu-
trophil extracellular traps (or NETs). NETs are a modified chromatin “decorated” by bactericidal proteins of
granules, nucleus, and cytoplasm. The release of NETs can be activated by diverse physiological and phar-
macological stimuli and depends on ROS, for which NADPH oxidase is the main source. In the process of
NET formation, the release of bactericidal components of granules into the cytoplasm, modification of his-
tones leading to chromatin decondensation, destruction of the nuclear envelope and cytoplasmic membrane
with the involvement of gasdermin D protein, and, finally, the release of chromatin outside the cell occurs.
At the same time, uncontrolled formation of NETs is a provoking factor in the development of many inflam-
matory and autoimmune diseases. NETs were found at autoimmune diseases such as systemic lupus erythe-
matosus, rheumatoid arthritis, psoriasis, and vasculitis; NETs are involved in the pathogenesis of cardiovas-
cular, pulmonary, and oncological diseases. In this review, the main ideas about the mechanisms of NET for-
mation, as well as their role in physiological processes and pathogenesis of a number of diseases (including
COVID-19), are discussed.

Keywords: neutrophil, neutrophil extracellular traps, NETosis, NADPH oxidase, reactive oxygen species,
thrombosis, sepsis
Abbreviations: ANCA-associated vasculitis (AAV)—antineutrophil cytoplasmic antibodies-associated vascu-
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myeloperoxidase, NETosis—process of NET formation accompanied by death of neutrophil, NE—neutro-
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1. INTRODUCTION
Since the decoding of the genetic code in the mid-

1960s and until 2004, it was considered that DNA
serves exclusively for the storage of genetic informa-
tion. However, it was found that chromatin is also a
part of innate immunity and performs important
effector functions against a large variety of pathogens.
This discovery belongs to a group of scientists working
under the guidance of Arturo Zychlinsky and who
published their “revolutionary” work in Science jour-
nal in 2004 [1]. The release of chromatin was for the
first time observed in human and murine neutrophils,
and it was called neutrophil extracellular traps
(NETs). NETs consist of modified chromatin “deco-
rated” with the proteins of granules, nucleus, and
cytoplasm. Since it was initially demonstrated that
NET formation is accompanied by the death of neu-
trophils, this process was called NETosis [2], and it
173



174 VOROBJEVA
differs in a number of traits from apoptosis, necrosis,
necroptosis, and autophagy.

NET formation can be activated by a large amount
of diverse physiological stimuli, such as bacteria,
fungi, protozoa, viruses, and components of bacterial
cell wall (lipopolysaccharides, LPS). The release of
NETs can be induced by antibodies and immune com-
plexes, cytokines, and chemokines (IL-8, TNF-α,
IFN-γ), cholesterol, stearylamine, and microcrystals
as well as such pharmacological stimuli as phorbol 12-
myristate 13-acetate (PMA), calcium (ionomycin,
A23187), and potassium (nigericin) ionophores [3].

The release of chromatin was also found in other
types of granulocytes, including in eosinophils [4],
basophils [5], and mast cells [6] as well as in lympho-
cytes (T lymphocytes, B lymphocytes, natural killer
cells) [7], monocytes [8], and macrophages [9]. It is
interesting that decondensed chromatin is used for
protection from pathogens not only by animals but
also by lower eukaryotes (for example, Dictyostelium
discoideum soil amoeba [10]) as well as by plants.
Thus, the release of chromatin by plant roots in
response to pathogenic fungi was found in the work of
Hawes et al. [11].

In addition to involvement in protecting the host
from pathogens, NETs play a significant role in the
pathogenesis of many inflammatory and autoimmune
diseases. NETs were found in severe pulmonary, car-
diovascular, and oncological diseases. NET compo-
nents are triggers for the formation of autoantibodies,
and NET-mediated immune complexes were found in
autoimmune pathologies such as systemic lupus ery-
thematosus (SLE), rheumatoid arthritis (RA), psoria-
sis, vasculitis, etc. In this regard, understanding the
signaling pathways underlying NET formation is
extremely important for creating drugs to fight with
the listed diseases. Currently, a lot of data on the
mechanisms of NET formation have been accumu-
lated, but their understanding is far from complete. In
this review, basic ideas about the mechanisms of for-
mation of neutrophil traps are considered, and their
role in the pathogenesis of a number of diseases is
highlighted.

2. MECHANISMS OF NET FORMATION
2.1. NETosis Involving NADPH Oxidase

NETosis involving NADPH oxidase and resulting
in the death of neutrophil was studied in the first works
of A. Zychlinsky and was conditionally named classic
or suicidal [1]. Many microorganisms and pharmaco-
logical stimuli, including PMA, are agonists of classic
NETosis. The mechanism of this type of NETosis is
currently studied in detail (Figs. 1, 2). Imitating the
effect of diacylglycerol, PMA activates protein kinase
C (PKC) isoforms involved in phosphorylation of
NADPH oxidase subunits [12]. Subsequent assembly
and activation of NADPH oxidase lead to the conver-
MOSCOW UNIVERSITY BIOLOG
sion of molecular oxygen into superoxide anion radi-
cal ( ). Pharmacological inhibition of NADPH oxi-
dase or neutralization of ROS suppress the formation
of NETs [13]. It is important to note that neutrophils
in patients with mutations in NADPH oxidase sub-
units are not able to form NETs in response to phar-
macological stimuli and microorganisms, which con-
firms the important role of ROS at the genetic level
[14]. Superoxide anion radical dismutes sponta-
neously or with the involvement of superoxide dis-
mutase with the formation of hydrogen peroxide,
which then transforms into haloid acids with the
involvement of myeloperoxidase (MPO). It was
demonstrated that MPO inhibitors also block NETo-
sis, and neutrophils of patients with mutations of this
enzyme do not form NETs [15].

MPO is a part of a protein complex called “azuro-
some” that is located in azurophilic granules. The
azurosome includes eight types of proteins, such as
MPO, neutrophil elastase (NE), azurocidin, cathep-
sin G, lactoferrin, proteinase 3, lysozyme, and eosin-
ophilic cationic protein, and three of them are highly
homologous serine proteases (NE, cathepsin G, and
azurocidin) [16]. It was demonstrated that hydrogen
peroxide causes dissociation of the azurosome, which
contributes to the release of serine proteases from
granules into the cytosol [16]. In cytosol, NE cleaves
F-actin, which leads to dissociation of cytoskeleton
and immobilization of neutrophil [16]. Serine prote-
ases then migrate from the cytosol to the nucleus,
apparently, passively diffusing through nuclear pores.
In the nucleus, NE cleaves histones, contributing to
chromatin decondensation. MPO also moves to the
nucleus, where it acts synergistically with NE,
although the exact function of this enzyme in NETosis
is unknown. Peptidyl arginine deaminase 4 (PAD4)
[17], which provides citrullination of histones (deami-
nation of positively charged arginine residues with the
formation of electrically neutral citrullines) is also
transferred from the cytoplasm to the nucleus; this
leads to a weakening of the connection of histones
with chromatin and its subsequent decondensation.
After the destruction of nuclear and granular mem-
branes with the involvement of pore-forming protein
gasdermin D (GSDMD) [18], electrostatic binding of
granule contents to decondensed chromatin occurs. At
the final stage of the process, pores also formed by gas-
dermin D [18] are generated in the cytoplasmic mem-
brane; through them, chromatin is released into the
extracellular space (NETosis occurs) [19].

It was demonstrated that kinases such as c-Raf,
MEK, Akt, and ERK (also involved in the activation
of NADPH oxidase [13]) are induced in the process of
classical signaling pathway.

It should be noted that data concerning the
involvement of PAD4 in PMA-induced NETosis are
contradictory. On the one hand, it was demonstrated
that murine neutrophils having a knockout for the
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Fig. 1. Schematic representation of classic NETosis. Phorbol 12-myristate 13-acetate (PMA), a stimulator of classical NETosis,
activates protein kinase C (PKC) isoforms involved in phosphorylation of NADPH oxidase subunits. Subsequent assembly and
activation of NADPH oxidase on the membranes of specific granules (SG) and on the cytoplasmic membrane lead to the con-
version of molecular oxygen to superoxide anion radical ( ). Then superoxide dismutes spontaneously or with the involvement
of superoxide dismutase with the formation of hydrogen peroxide (Н2О2). NADPH oxidase can also be activated by a chemoat-
tractant N-formyl-methionyl-leucyl-phenylalanine (fMLP), which, binding to a specific receptor, activates phospholipase C
(PLC) stimulating the formation of diacylglycerol (DAG) and inositol triphosphate (IP3) from phosphatidylinositol diphosphate.
For reasons still unclear, fMLP does not induce NETosis. Hydrogen peroxide stimulates dissociation of “azurosomes” located
in the membranes of azurophilic granules (AG) and consisting of eight types of proteins, including myeloperoxidase (MPO) and
serine proteases (neutrophilic elastase (NE), cathepsin G, and azurocidin). Serine proteases are released into the cytosol and
cleave F-actin, contributing to the dissociation of the actin cytoskeleton and immobilization of neutrophil. Then serine proteases
migrate from the cytosol to the nucleus, where they (mainly NE) cleave histones, contributing to chromatin decondensation.
MPO is also moving to the nucleus, where it acts synergistically with NE. Peptidyl arginine deaminase 4 (PAD4), which provides
citrullination of histones, also comes from the cytoplasm to the nucleus; this leads to a weakening of the connection of histones
with chromatin and its subsequent decondensation. Simultaneously, nuclear membrane vesiculation and destruction of granule
membranes with the involvement of pore-forming protein gasdermin D occur; this leads to subsequent electrostatic binding of the
granule content with decondensed chromatin. At the final stage of the process, pores also formed by gasdermin D are generated
in the cytoplasmic membrane; through these pores, chromatin is released into the extracellular space (NETosis occurs). NETosis
caused by calcium ionophore А23187 begins with mobilization of Ca2+ from the endoplasmic reticulum (ER). Subsequent accu-
mulation of Ca2+ in the mitochondrial matrix (M) leads to the activation of nonselective mitochondrial pore (mitochondrial per-
meability transition pore, mPTP) and formation of mitochondrial reactive oxygen species (mtROS). mtROS then leave the mito-
chondria into the cytosol, where they activate NADPH oxidase, apparently, with the involvement of protein kinase C [16, 18, 31].
Dotted arrows indicate a hypothetical way of the information transmission.
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PAD4 do not form NETs in response to PMA. In
addition, pharmacological suppression of PAD4 with
chloramidine GSK484 also led to the inhibition of
NETosis induced by phorbol ester [20]. On the other
hand, using a confocal microscopy, it was established
that PMA does not cause a significant histone deami-
nation during NETosis [21] (the main function of
PAD4).

A possible involvement of PAD4 in classical
PMA-induced NETosis raises another interesting
question. Since PAD4 is a calcium-dependent
enzyme, an increase in cytosolic Са2+ is required
during the activation of NETosis with PMA. How-
ever, as was demonstrated in early studies, PMA does
MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULL
not stimulate the release of Са2+ from endoplasmic
reticulum [22] or extracellular Са2+ inf lux into the
cytosol [23]. In this regard, the involvement of PAD4
in PMA-induced NETosis becomes unlikely. At the
same time, it was established in our work [24] that
PMA-induced NETosis is suppressed efficiently and
in a dose-dependent way by cytosolic Са2+ chelator
BAPTA-AM, which indicates a latent increase in the
content of cytosolic Са2+, sufficient for the activation
of PAD4 and induction of NETosis.

The activation of specific receptors can not only
stimulate but also suppress NETosis. For example,
prostaglandin E2 inhibited NETosis due to the stimu-
ETIN  Vol. 75  No. 4  2020
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Fig. 2. Neutrophil extracellular traps (NETs). Immunofluo-
rescent staining. Different stages of NET formation after
the stimulation of human neutrophils with PMA can be
seen in the photo (A). Solid arrows indicate NETotic neu-
trophils; dotted, activated cells with delobulated nucleus;
wavy, intact neutrophils. The chromatin is stained with
DAPI (blue color); myeloperoxidase, with FITC-
labeled antibodies to MPO (green color). Magnifica-
tion: 40×. Scale 25 μm. Neutrophil trap obtained when
stimulating neutrophils with PMA is presented in the
photo (B). DNA skeleton is stained with DAPI (blue
color); cationic antimicrobial protein cathelicidin
hCAP18, with FITC-labeled antibodies to LL-37 (green
color). Magnification 100×. Scale 5 μm. Photos were
obtained by N.V. Vorobjeva.

(a)

(b)
lation of the corresponding receptors (ER2 and ER4)
associated with the G protein, leading to an increase in
the content of intracellular cyclic AMP and, further, to
the suppression of PKC and subsequent stages of NET
formation [25]. In addition, activated C protein (ser-
ine proteinase possessing the anticoagulant and anti-
inflammatory effect) also inhibited NETosis due to
binding to specific receptor (EPCR) or cooperative
interaction with protease-activated receptor 3 (PAR3)
and integrins CD11b/CD18 (Mac-1) [26]. These facts
indicate that NETosis can be regulated by both pro-
and anti-inflammatory mediators.

Recently, it was demonstrated that NADPH oxi-
dase-dependent NETosis occurs upon activation of
MOSCOW UNIVERSITY BIOLOG
cyclin-dependent kinases (CDK) that promote the
transfer of neutrophils from the stage G0 back to the
cell cycle [27]. Since neutrophils are terminally differ-
entiated cells, the involvement of cell cycle proteins in
NETosis is an amazing fact. In neutrophils induced to
NETosis, cell cycle events such as expression of a pro-
liferation marker (Ki-67 nuclear antigen), phosphory-
lation of retinoblastoma protein and nuclear lamins,
and centrosome separation were found; however, no
DNA replication and transcription of histone genes
occurred in this case [27]. The above-described facts
indicate that neutrophils use a part of the cell cycle
apparatus to destroy the nuclear membrane in the pro-
cess of NETosis.

2.2. NETosis Involving Mitochondrial ROS

Previously, it was demonstrated that calcium iono-
phores А23187 and ionomycin, as well as potassium
ionophore nigericin, stimulate NETosis occuring
without NADPH oxidase [28, 29]. However, it was
found that ROS are still needed for this form of
NETosis, and mitochondrial ROS (mtROS) [30] or
ROS released by the pathogen itself [28] can be their
source.

In our recent work [31] using mitochondria-tar-
geted antioxidant SkQ1 and specific NADPH oxidase
inhibitors, we demonstrated that both mitochondria
and mtROS and NADPH oxidase are involved in
NETosis induced by А23187, and cross interaction
occurs between them. In addition, using inhibitory
analysis, it was demonstrated that the formation of
mtROS is caused by a reversible opening of the mito-
chondrial pore, mPTP [31] (Fig. 1).

At the same time, neutrophils isolated from the
blood of patients with chronic granulomatous disease
(CGD) and possessing nonfunctional NADPH oxi-
dase (X-linked CGD) formed NETs in response to
A23187 without the involvement of oxidase [31]. We
assume that mtROS in NADPH oxidase-deficient
neutrophils are formed with increased intensity, and
their number is enough for the activation of NETosis
[31]. Such increased formation of mtROS is probably
associated with the absence of electrogenic function of
the enzyme, which normally provides membrane
depolarization [32], and thus stops the uncontrolled
entrance of extracellular Ca2+ into the cytosol.
Recently, we demonstrated increased concentration of
cytosolic Са2+ in neutrophils isolated from the blood
of patients with CGD when activating NETosis by
А23187 [24]. Apparently, the excess inflow of Ca2+

into mitochondria causes aberrantly high production
of mtROS with the involvement of mPTP [33], which
stimulates NETosis during the activation by A23187,
but, at the same time, it can cause many inflammatory
and autoimmune diseases in such patients.

Thus, in our opinion, it would be more correct to
name NETosis induced by calcium ionophores and
ICAL SCIENCES BULLETIN  Vol. 75  No. 4  2020
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frequently named “NADPH oxidase-independent” as
“mitochondria-dependent” NETosis.

2.3. Role of Histones in NET Formation

Histones are small proteins involved in the struc-
tural organization of chromatin neutralizing nega-
tively charged phosphate groups of DNA due to posi-
tive charges of amino-acid residues, which enables a
dense packing of DNA in the nucleus. Histones have
both powerful antimicrobial and toxic effects in ani-
mal cells. At present, the cytotoxicity of histones is
well understood, and it was demonstrated that antihis-
tone antibodies prevent the pathogenesis of different
diseases in murine models [34]. In the process of NET
formation, a huge number of histones are released into
the tissues that, on the one hand, are toxic for the
pathogens and, on the other hand, cause tissue dam-
age. Apparently, the antimicrobial function of NETs
(at least partially) is caused by the effect of histones.

It was established that posttranslational modifica-
tion of histones regulates not only gene expression but
also chromatin structure [35]. Irreversible cleavage by
serine proteases is one of such modifications occur-
ring during NETosis; this contributes to chromatin
decondensation. In the process of NETosis, histones
can also be citrullinated with the involvement of pep-
tidyl arginine deaminase (PAD) [20, 36]. At the same
time, data concerning the involvement of PAD4 in
NETosis are contradictory, and this question requires
more thorough study. It was established that acetyla-
tion of histones also contributes to the formation of
NETs [37], apparently, due to neutralization of posi-
tively charged histone groups.

2.4. Vital Release of Chromatin

Lifetime (or vital) release of extracellular chroma-
tin, in which the cells maintain their viability and nat-
ural effector functions, is an alternative form of sui-
cidal NETosis. It was found that this process develops
much faster than suicidal NETosis and can occur with
the release of both nuclear and mitochondrial DNA.

In the model developed by Clark et al. [38], vital
release of chromatin induced by a cell wall component
of gram-negative bacteria (LPS) was described. This
type of NETosis was induced by the interaction of
TLR4-activated platelets with neutrophils and
occurred with the release of nuclear chromatin but
without the involvement of NADPH oxidase. Yipp et
al. [39] also demonstrated in vivo the stimulation of
vital release of chromatin by opsonized gram-positive
bacteria, which was mediated by TLR2 and a comple-
ment. It is interesting that such neutrophils were capa-
ble of chemotaxis and phagocytosis of bacteria after
the formation of neutrophil traps [39].

In 2010, Pilsczek et al. [40] described the release of
chromatin as a part of vesicles in response to Staphylo-
MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULL
coccus aureus toxin (Panton–Valentine leucotoxin)
without the activation of NADPH oxidase.

In works performed under the guidance of Simon
[4, 41], lifetime release of chromatin by neutrophils
and eosinophils, primed by proinflammatory cyto-
kines GM-CSF or IL-5/IFN-γ, respectively, and
stimulated by LPS, was described. At the same time,
both types of granulocytes released chromatin of
exclusively mitochondrial origin, while the process
itself depended on the activity of NADPH oxidase. It
is interesting that eosinophilic chromatin (as well as
neutrophilic) possessed bactericidal activity.

It is amazing that vital release of chromatin was also
found in lymphocytes. Thus, it was demonstrated for
the first time in the original work of Ingelsson et al. [7]
that B lymphocytes, T lymphocytes, and natural killer
cells isolated from the blood of healthy donors, as well
as B cells of patients with a chronic lymphocytic leu-
kemia, performed a rapid release of mitochondrial
DNA in the form of long fragments in response to C
class oligodeoxynucleotides. Filaments formed by B
lymphocytes were studied in detail, and it was found
that they are not associated with the formation of ROS
or cell death [7]. Mass spectrometric analysis of DNA
filaments demonstrated that they differ from NETs by
a protein composition and have no bactericidal prop-
erties. In addition, the filaments induced the synthesis
of type I IFN by peripheral blood mononuclear cells,
acting as signaling molecules but not bactericidal
traps.

3. ROLE OF NETS IN HOST PROTECTION 
AND PATHOLOGY

The biological role of NETs became apparent after
the diseases associated with the violation of their for-
mation were found. The significance of NETs in the
host protection was demonstrated for the first time
when studying neutrophils isolated from the blood of
patients with CGD possessing a mutant NADPH oxi-
dase and unable to form ROS. Such patients suffer
from recurrent infections, among which invasive
aspergillosis is the most common cause. Neutrophils
of such patients are also unable to form NETs; how-
ever, gene therapy leads to a complete restoration of
this function of neutrophils [14].

Initially, it was assumed that neutrophils form
NETs when faced with pathogens that they are unable
to phagocytose [42]. However, data concerning the
ability of NETs to kill pathogens are highly contradic-
tory [28]. It was found that the ability of NETs to
destroy a particular pathogen largely depends on the
pathogen itself faced by neutrophil. Thus, many
pathogens synthesize virulence factors, for example,
capsules [43] or endonucleases [44], allowing them to
avoid the effect of neutrophil traps. At present, it is
generally accepted that NETs prevent the spread of
infection from the focus of inflammation, contribut-
ETIN  Vol. 75  No. 4  2020
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ing to their subsequent destruction by antimicrobial
proteins and professional phagocytes.

After the completion of the infectious process,
NETs must be eliminated. As demonstrated by Farrera
and Fadeel [45] in vitro, NET degradation occurs first
with the involvement of DNase I, after which the
debris is endocytosed and lysed by macrophages.

However, inadequate formation of NETs or, as
they sometimes say, aberrant NETosis, can lead to
inflammatory and autoimmune pathology as well as to
blockage of blood vessels. Such states occur both in the
case of overproduction of NETs and in the case of vio-
lation of the mechanisms of their elimination (for
example, in the absence of DNase I).

3.1. NETs and Inflammatory Lung Diseases
In lung diseases, NETs can play both a positive and

a negative role. Thus, it was demonstrated that NETs
increase the viscosity of mucus protecting the organ-
ism from infection. NETs were found in sputum and
other lung secretions at bacterial, fungal, and viral
infections [14, 46, 47]. It was also established that
NETs are involved in the destruction of Aspergillus
nidulans causing severe invasive pulmonary aspergillo-
sis [14].

At the same time, the formation of NETs with
chronic obstructive pulmonary disease (COPD) wors-
ened respiratory function and led to the blockade of
the respiratory tract, and the amount of NETs in the
sputum of patients with COPD correlated with the
severity of the disease and the composition of micro-
flora [48].

Increased production of NETs was also found at
cystic fibrosis. Cystic fibrosis is a severe hereditary dis-
ease caused by a mutation in the CFTR gene, which
results in violation of the structure and function of the
protein named “cystic fibrosis transmembrane con-
ductance regulator.” The mutations of this gene lead to
the violation of normal transport of Cl– ions through
the cell epithelium and, as a consequence, cause dehy-
dration, concentration of secretions of exocrine
glands, and difficulty of their outflow. In the case of
the pulmonary form of cystic fibrosis, increased vis-
cosity of sputum contributes to colonization of the
lungs with bacterial microflora. Further, bacterial col-
onization attracts neutrophils and stimulates them to
form NETs, which further increases the viscosity of
sputum and decreases the respiration function in such
patients. It is interesting that inhalation with recombi-
nant DNase improved lung function at cystic fibrosis,
while neutrophil elastase contributed to the dissolu-
tion of sputum, making it more accessible to DNase
[49].

Acute lung injury (ALI) and more severe acute
respiratory distress syndrome (ARDS) cause the rapid
development of respiratory failure and can be caused
by various etiology. In patients with transfusion-
MOSCOW UNIVERSITY BIOLOG
related ALI, the content of NETs in the blood plasma
was higher than in individuals without ALI [50]. In
animal models, it was also demonstrated that NETs
are formed in response to stimuli-inducing ALI, while
NET inhibitors reduce the severity of the disease and
increase the survival [50]. Neutrophils of patients with
ARDS caused by pneumonia were primed to the for-
mation of NETs, while the degree of priming and the
content of NETs in the blood correlated with the
severity of the disease and mortality [51]. In patients
with ARDS, increased content of histones in broncho-
alveolar lavage and plasma was also found [52], which
is probably partly due to the formation of NETs.

Severe acute respiratory infection COVID-19
(corona virus disease-19), which was for the first time
registered in December 2019 in the Chinese city of
Wuhan and subsequently developed into a pandemic,
has affected to date more than 35 million individuals
from 250 countries. The disease was caused by a new
coronavirus SARS-CoV-2 (severe acute respiratory
syndrome coronavirus-2) and was accompanied by
influenza-like symptoms and viral pneumonia fre-
quently transforming into ARDS and multiple organ
failure [53].

Increased level of peripheral neutrophils is one of
the traits of a severe course of COVID-19 [54]. It is
assumed that the NET activation can underlie the
pathogenesis of this disease. Increased level of NET
markers (free DNA, MPO–DNA complexes, and
citrullinated H3 histone) in the sera of patients
infected with SARS-CoV-2 was for the first time
demonstrated in the original work of Zuo et al. [55].
Moreover, the concentration of free DNA correlated
with the level of acute phase protein (C-reactive pro-
tein), D-dimer (thrombosis marker), and lactate
dehydrogenase (cell death marker), as well as with the
absolute number of neutrophils. It is interesting that
sera of patients with COVID-19 induced NET forma-
tion in neutrophils of healthy donors in vitro. As sug-
gested by the authors, epithelial cells affected by the
virus, activated platelets, and endothelial cells, as well
as proinflammatory cytokines (IL-1β, IL-8, G-CSF),
could be activators of NETosis.

3.2. NETs and Thrombosis
NETs play an important role in thrombosis [56]

activating platelets and inducing coagulation [57]. It is
yet unknown whether NET-induced thrombo-
sis/coagulation play a role in innate immunity provid-
ing the organism homeostasis or are a pathological
consequence of aberrant NETosis. However, it was
demonstrated in multiple models of thrombotic dis-
eases that the addition of DNase significantly
decreases the blockage of blood vessels [58]. Recent
analysis of cardiovascular human diseases demon-
strated that the prognosis and severity of such diseases
correlates with the presence of free DNA [59]. In
humans, NETs were found at a stroke [60], throm-
ICAL SCIENCES BULLETIN  Vol. 75  No. 4  2020
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botic microangiopathies [61], atherosclerosis [62],
and antiphospholipid syndrome [63]. And although
the role of NETs in the pathogenesis of listed diseases
is not completely understood, it was established in the
model of atherosclerosis that serine protease defi-
ciency or introduction of DNase decrease the size of
atherosclerotic plaques [62].

Aggregated NETs were induced by microcrystals of
calcium carbonate and change in pH [64], which led
to the blockage of pancreatic duct and pancreatitis.
The addition of DNase in the murine pancreatitis
model alleviated the severity of the disease [65].

Gout develops as a result of accumulation of crys-
tals of sodium salts of uric acid (urates) causing tem-
porary arthritis. Urate crystals induce the formation of
aggregated NETs with a high concentration of prote-
ases capable of degrading proinflammatory cytokines
and chemokines [66]. The degradation of cytokines in
gout with the involvement of NETs prevented the
development of chronic disease [66].

3.3. NETs and Cancer
Cancer is a heterogeneous disease, and the role of

NETs in oncology depends on the type of tumor. In
breast cancer models, it was demonstrated that NETs
contribute to metastasis since this process is sup-
pressed by the introduction of DNase [67]. It is con-
sidered that NET-induced coagulation is a complica-
tion of a number of oncological diseases [68]. In an
intestinal cancer model, DNase has been shown to
reduce coagulation and carcinogenesis [69]. On the
other hand, therapeutic viral infection of tumors
induced neutrophil-induced intratumoral coagulation
and the destruction of cancer cells. However, it
remains to be seen whether this process is indeed asso-
ciated with the formation of NETs [70].

3.4. NETs and Autoimmune Diseases
NETs play an important role in autoimmunity [19,

71]. Thus, autoantibodies that recognize NET compo-
nents such as double-stranded DNA [72], citrulli-
nated proteins [73], and the components of azuro-
philic granules [74] were found in patients with SLE,
RA, and antineutrophil cytoplasmic antibodies-asso-
ciated vasculitis (ANCA-associated vasculitis, AAV),
respectively. These antibodies can appear due to the
long-term presence of NETs caused by their excessive
formation or reduced ability of their degradation by
DNase I. It was demonstrated that genetically deter-
mined deficiencies in DNase lead to the development
of juvenile form of SLE [75]. In addition, it was estab-
lished in an RA model that the uptake of NETs by
antigen-presenting cells controls the autoimmune
process, since fibroblasts loaded with NETs stimu-
lated the formation of antibodies against citrullinated
peptides [76]. It is interesting that antibodies against
NETs were also able to inhibit the degradation of
MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULL
traps, thus exacerbating the disease [77]. The immune
complexes with NET components were found at glo-
merulonephritis (glomerular nephritis), a common
complication of SLE and AAV [77, 78]. It was demon-
strated that antihistone antibodies protect mice from
the development of renal failure on the model of nec-
rotizing glomerulonephritis [79].

3.5. Sepsis
Sepsis is an acute complication of a severe infec-

tious process characterized by high mortality. The
pathology of this systemic disease is complex, but, as it
was found out, NETs can contribute to the survival in
sepsis. It was found that neutrophils of patients that
survived after sepsis produce more NETs in vitro than
neutrophils of subsequently deceased patients [80].
This can be partly caused by a bactericidal effect of
NETs at early stages of the disease. Thus, it was
demonstrated in a multimicrobial murine model that
the introduction of DNase accelerated the develop-
ment of sepsis [81]. However, as the disease pro-
gresses, NETs can damage the lungs (ALI and ARDS)
and liver [82, 83]. It is interesting that direct injections
of histones to mice simulated sepsis, while antihistone
antibodies protected mice on multiple infectious
models [84]. Thrombosis can also contribute to organ
damage in sepsis. The same as in thrombotic diseases,
the presence of free DNA correlated with the severe
course of sepsis in patients and with organ damage in
mice [85]. The introduction of DNase reduced the
severity of organ damage and increased the survival of
mice but only in combination with antibiotic therapy
[85]. These facts indicate a dual role of NETs in sepsis:
positive at early stages of the disease and negative asso-
ciated with organ pathology at later stages.

CONCLUSIONS
To date, many signaling pathways leading to the

formation of NETs were deciphered. It was demon-
strated that NETs can be induced by a large number of
both physiological (microorganisms and their compo-
nents) and pharmacological stimuli. The existence of
two mechanisms of NET formation was established:
classic (or suicidal) leading to cell death (NETosis)
and vital, in which the cells retain not only their viabil-
ity but also all natural effector functions. It was estab-
lished that the enzyme complex NADPH oxidase and
ROS formed with its help are a necessary participants
of classic NETosis. However, mitochondrial ROS
“come into play” when activating NETosis by other
stimuli (for example, Са2+ ionophores).

After the discovery of NETs, it was found that these
structures are a source of antigens and support (and
often activate) autoimmune processes [71, 72]. Thus,
NETs were found in sera of patients with almost all
autoimmune diseases, including SLE, RA, psoriasis,
etc. NETs were found in many inflammatory nonin-
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fectious diseases, for example, Alzheimer’s disease,
pancreatitis, cancer (Table 1). In this regard, the cre-
ation of medicines for the treatment of the listed dis-
eases largely depends on the decoding of signaling
pathways leading to the formation of NETs and their
targeted mediators. And although many mechanisms
and mediators were deciphered over the past 16 years
since the first description of NETs, there is still a suf-
ficient number of unresolved questions, the answers to
which are expected in the near future.
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