
INTRODUCTION

Neutrophils are the largest population of myeloid

leukocytes, which normally comprise 50�70% of all white

blood cells. Neutrophils differentiate in the bone marrow

from hematopoietic stem cells and, after full maturation,

enter the bloodstream. Neutrophils circulate in the

bloodstream for no more than 72 h, thereupon, they

either return to the bone marrow to be phagocytosed by

resident macrophages, or undergo apoptosis in peripher�

al tissues, where they are also phagocytized. When the

host organism is infected, neutrophils immediately

migrate from the bloodstream to the site of infection pro�

viding a “first line” of defense against pathogens.

Being “professional” phagocytes, neutrophils con�

tain a huge amount of antimicrobial “weaponry” in their

granules that allows them to destroy pathogens in the

process of phagocytosis. Bactericidal enzymes can be also

released from the cells during degranulation. Activation

of NADPH oxidase leads to mass generation of reactive

oxygen species (ROS), which are involved in the destruc�

tion of pathogens both inside the phagosomes and outside

the cells. Finally, there is another antimicrobial mecha�

nism representing the release of neutrophil extracellular

traps (NETs), which consist of modified chromatin “dec�

orated” with bactericidal proteins from granules and

cytoplasm. This phenomenon was first described in the

work of Takei and co�workers [1] and subsequently char�

acterized in detail in the laboratory of Arturo Zychlinsky

[2]. Since it was initially shown that NET formation is

accompanied by the cell death, this process was called

NETosis [3].

Formation of NETs can be activated by various

pathogens, such as bacteria, fungi, protozoa, viruses, as

well as bacterial cell wall components – lipopolysaccha�

rides (LPS). NETosis can be induced by antibodies and

immune complexes, cytokines and chemokines (IL�8,

TNF), microcrystals, and other physiological stimuli [4�
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8]. In order to induce NETosis in in vitro experiments,

phorbol esters (in particular, phorbol�12�myristate�13�

acetate, PMA), which mimic the action of diacylglycerol

activating protein kinase C, as well as calcium (iono�

mycin, A23187) and potassium (nigericin) ionophores

are often used.

Currently, two fundamentally different forms of

NETosis have been described: classical or suicidal

NETosis, which leads to the cell death, and vital NETosis,

in which the cell retains not only viability, but also many

of its effector functions (see below).

Classical NETosis is a special form of programmed

cell death (PCD), which is characterized by the release of

granule components into the cytosol, as well as chromatin

decondensation associated with histone modification. At

the same time, many features characteristic of other

forms of PCD (apoptosis, necroptosis, pyroptosis,

autophagy, secondary necrosis) are also inherent in

NETosis. During NETosis, like in apoptosis, coordinated

changes in the nucleus and in the cytoplasm occur,

although the nature of the changes is different, and

NETosis, unlike apoptosis, does not require activation of

caspases. Unlike apoptosis, NETosis (as the other forms

of PCD) is accompanied by disturbance of insulating

properties of the plasma membrane, and the mechanisms

of permeabilization are similar for NETosis, pyroptosis,

and necroptosis. The signaling mechanisms of NETosis

may include activation of phosphoinositide�3�kinase

(PI3K) [9], which also controls the autophagy induction,

but assembly of autophagosomes is not required for

NETosis [10]. The pathways leading to NETosis and

necroptosis can be especially closely intertwined [11�13].

For a long time, it was believed that mitochondria do not

play a significant role in the functioning of neutrophils,

since their content in these cells is low, energy supply is

supported by glycolysis, and NADPH oxidase is the main

source of ROS. Subsequently, however, it turned out that

mitochondria are involved in the transmission of signals

that determine main responses of the neutrophils to

pathogens [14]. It was found that mitochondrial ROS are

involved in the activation of NADPH oxidase and in the

induction of NETosis caused by various stimuli [15, 16].

NETs formation has also been shown in other types

of immune cells – eosinophils and mast cells [17],

basophils [18], monocytes [19], and macrophages [20].

Interestingly, decondensed chromatin is not only used by

animals for protection from pathogens, but also by uni�

cellular eukaryotes [21], as well as plants [22]. Thus, it

can be assumed that the use of chromatin to protect the

host against pathogens arose quite early in the course of

evolution of eukaryotes.

In recent years, data has accumulated on the role of

NETosis in a wide range of pathologies associated with

inflammatory processes. This led to a surge in publica�

tions about NETosis. Almost 3,000 publications on this

topic can be found in the PubMed database, of which

about a third appears in 2018�2020. Such intensive stud�

ies resulted in significant advances in understanding the

nature of NETosis, but at the same time have led to the

accumulation of data that contradict each other. In this

review, we attempted to consider basic concepts of the

mechanisms of NETosis, which determine its place

among other forms of PCD. In addition, we briefly dis�

cuss the role of NETosis in pathogenesis of certain dis�

eases.

MECHANISMS OF NETs FORMATION

Participation of ROS produced by NADPH oxidase
and mitochondria in the induction of NETosis. As was

shown in the first classical studies of A. Zychlinsky and

co�workers [23], NETosis caused by Staphilococcus

aureus or PMA depended on ROS produced by NADPH

oxidase. Interestingly, addition of exogenous ROS to the

neutrophils from patients with chronic granulomatous

disease (CGD), for which absence of NADPH oxidase

was typical, promoted NET formation [23]. The main

mechanism of NADPH oxidase activation is associated

with phosphorylation of its subunits by protein kinase C

(PKC), which leads to the assembly of the active enzyme

on the membrane [24]. Other kinases c�Raf, MEK, Akt,

and ERK, together with PKC contributed to activation of

NADPH oxidase during NETosis caused by Helicobacter

pylori [25]. NETosis induced by the parasite Entamoeba

histolytica was also dependent on activation of the c�Raf�

MEK�ERK kinase cascade, but PKC was not involved

[26]. Interestingly, the c�Raf�MEK�ERK signaling cas�

cade, as well as PKC stimulates expression of Mcl�1, the

main anti�apoptotic protein of neutrophils [25].

Apparently, induction of NETosis can be associated with

suppression of apoptosis, which enhances the overall

antimicrobial effect.

The main mechanisms of NADPH oxidase activa�

tion during NETosis are probably not so much different

from those that provide an oxidative burst of neutrophils

in response to pathogens and other stimuli. We found in

the course of investigation of activation of NADPH oxi�

dase by the peptide chemoattractant N�formylmethionyl�

leucyl�phenylalanine (fMLP), which caused oxidative

burst and degranulation but not NETosis, that mitochon�

dria played an important role in these processes.

Mitochondria�targeted antioxidant SkQ1 in submicro�

molar concentrations prevented activation of NADPH

oxidase induced by fMLP but not by PMA [15].

Mitochondrial ROS (mtROS) stimulated NADPH oxi�

dase with participation of PKC, but the primary target of

their action remained unknown. This may be the PKC

itself, which has two redox�sensitive sulfur�zinc clusters

in the diacylglycerol�binding domain. In addition, some

members of the Src kinase family (in particular, Lyn

kinase), which stimulate PKC via phosphorylation of its
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tyrosine residues, are activated by ROS [27]. Another

redox�sensitive mechanism of NADPH oxidase activation

in neutrophils is based on the ROS�dependent association

of the disulfide isomerase protein with the p47phox sub�

unit, which leads to its translocation to the membrane

with subsequent assembly of NADPH oxidase [28].

Activation of NADPH oxidase by mtROS was first

demonstrated by Dikalov and co�workers [29] in

endothelial cells. They showed that mitochondria�target�

ed antioxidant MitoTEMPO and expression of mito�

chondrial superoxide dismutase SOD2 prevented

NADPH oxidase activation caused by the hormone

angiotensin II, which stimulated hypertension.

Subsequent studies showed that mtROS in the endotheli�

um stimulated only one of the four isoforms of NADPH

oxidase – NOX2 [30], and this isoform was typical for

neutrophils. In neutrophils, the NADPH oxidase activa�

tion by myxotiazole, an inhibitor of complex III of the

respiratory chain, which stimulated production of

mtROS, was described [31]. In our study [15], an increase

in mtROS and activation of NADPH oxidase was caused

by a signal from the G�protein�coupled fMLP receptor,

which initiated the release of Ca2+ from intracellular

reticulum, as well as Ca2+�independent activation of

PI3K. Both of these signaling pathways are apparently

important for the receptor�mediated activation of

NADPH oxidase in neutrophils [27].

The Ca2+�dependent generation of mtROS could

serve as a predominant source of ROS in the case of

NETosis induction by Ca2+ ionophores (A23187 or iono�

mycin) [32] and some other stimuli [33, 34]. These obser�

vations promote the concept of two different mechanisms

of NETosis, one of which is independent of NADPH oxi�

dase (see, the review [5]). However, mtROS can con�

tribute to the initiation of NETosis due to stimulation of

NADPH oxidase. For example, as was shown in our

recent work [16], NETosis induced by A23187 was inhib�

ited both by the mitochondria�targeted antioxidant SkQ1

and specific NADPH oxidase inhibitors. At the same

time, we also showed that in neutrophils isolated from the

blood of patients with X�linked CGD formation of NETs

in response to A23187 depended on the enhanced gener�

ation of mtROS without participation of NADPH oxi�

dase [16]. We suggest that in the NADPH oxidase�defi�

cient neutrophils, mtROS are formed with increased

intensity due to excessive accumulation of Ca2+ [35] and

this is enough to trigger NETosis. The uncontrolled influx

of Ca2+ into the cytoplasm of CGD neutrophils is appar�

Fig. 1. Electron microscopy of neutrophils in the early stages of NETosis. a, b) Intact human neutrophil; c and d) neutrophil stimulated with

2 μM A23187 for 30 min. Chromatin decondensation, characteristic of NETosis, and swelling of mitochondria were observed simultaneously

indicating opening of the non�selective mitochondrial pore, mPTP. Scale bars: 2 μm (a, c) and 500 nm (b, d) [16].
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ently due to the lack of electrogenic function of NADPH

oxidase and membrane depolarization upon activa�

tion [36].

Our studies demonstrated that generation of mtROS

caused by both fMLP and A23187 depended on opening

of the non�selective mitochondrial permeability transi�

tion pore (mPTP) [16]. This phenomenon went unno�

ticed for a long time, probably due to the fact that the

most well�known mPTP inhibitor cyclosporin A (CsA)

was also an inhibitor of cytoplasmic phosphatase cal�

cineurin involved in the transmission of numerous Ca2+�

dependent signals [37]. In our study, we used the mPTP

inhibitors sangliferin A and bongkrekic acid, which did

not affect calcineurin. Interestingly, fMLP did not cause

significant decrease in the mitochondrial membrane

potential and mitochondrial swelling characteristic of the

prolonged opening of mPTP. We assume that this short�

term increase in cytoplasmic Ca2+ caused by fMLP

induced temporal reversible pore opening. This mPTP

opening mode has been described both in isolated mito�

chondria [37] and in cell models [38]. Signalling function

of the mPTP opening and associated production of

mtROS have been previously described in the endothelial

cells [30] and in neutrophils treated with mixotia�

zole [31].

NETosis caused by A23187 was also dependent on

the opening of mPTP [16]. In this case, electron

microscopy revealed a significant swelling of mitochon�

dria, which was accompanied by chromatin decondensa�

tion and destruction of the nuclear envelope (Fig. 1).

It can be assumed that the significant increase in

cytoplasmic Ca2+ induced by A23187 caused a prolonged

opening of the pore. Ca2+�dependent opening of the

mPTP stimulated formation of mtROS, while mPTP

inhibitors prevented their accumulation [16]. The direct

cause of excessive formation of mtROS was probably

related to the release of the main components of antioxi�

dant defense, such as NADPH [38] and reduced glu�

tathione [16] from mitochondria. Along with Ca2+,

oxidative stress is an effective inducer of the mPTP open�

ing [37]. It is possible that the ROS formed by NADPH

oxidase penetrate the cell, thus stimulating opening of the

mPTP and creating an amplification loop leading to

NETosis (Fig. 2).

Opening of the mitochondrial pore has long been

considered as one of the steps in the apoptosis program

[39]. Initially, it was assumed that the mPTP opening

resulted in swelling of the matrix, rupture of the outer

mitochondrial membrane, and exit of proapoptotic pro�

teins (in particular, cytochrome c) from the intermem�

brane space into the cytoplasm. Later, this hypothesis was

modified taking into account the data on the release of

cytochrome c through protein pores in the membrane. It

was assumed that opening of the mPTP promotes change

in the morphology of the inner membrane and release of

cytochrome c from the space inside the cristae [40]. The

details of this mechanism remain unclear, but there is no

doubt that specific pore inhibitors prevent apoptosis in

various models. The mPTP opening is also involved in the

induction of necrotic death. In particular, mPTP opening

contributes to the necrosis induced by ischemia/reperfu�

sion of the heart, and its critical role has been confirmed

by the protective effect of the pore inhibitors [41]. These

data allow us to place NETosis induced by calcium

ionophores into the family of mPTP�dependent PCD

mechanisms. The mtROS�dependent activation of

NADPH oxidase during NETosis, which is often referred

to as “NADPH oxidase�independent”, indicates that it

seems more accurate to call it “mitochondria�dependent

NETosis”.

MECHANISMS OF NETosis

An important event in NETosis is the release of some

proteins from granules into the cytosol. Azurophil gran�

ules contain the protein complex “azurosome”, which

includes eight types of proteins, three of them are highly

homologous serine proteases – neutrophilic elastase

(NE), cathepsin G and azurocidin, and also myeloperox�

idase (MPO), an enzyme that produces hypochlorite

anion using chlorine and hydrogen peroxide as substrates.

It was shown that ROS cause dissociation of azurosomes,

which led to the release of serine proteases and MPO

from the granules into the cytosol [42]. Serine proteases

(primarily, NE) break down cytoskeletal elements con�

tributing to realization of NETosis [43]. Subsequently,

they migrate to the nucleus, where they break down the

lamin and histones contributing to the chromatin decon�

densation and destruction of the nuclear envelope. MPO

plays an important role in dissociation of the azurosome

and release of the proteases from the granules [42, 44].

Interestingly, enzymatic activity of MPO is not required

at this stage. It is likely that this heme�containing protein

serves as an intracellular hydrogen peroxide receptor.

However, MPO activity is required for NETosis, since

hypochlorite anion stimulates activity of neutrophil elas�

tase [42]. It is worth noting that the ROS�dependent

release of proteins from the granules during NETosis is in

many ways similar to the ROS�dependent permeabiliza�

tion of lysosomes and release of cathepsins from them,

which is typical for many variants of necrosis [45].

Additionally, peptidyl�arginine deaminase 4 (PAD4)

is transferred from the cytoplasm into the nucleus to cat�

alyze citrullination of histones, which leads to chromatin

decondensation. Inhibition of PAD4 prevented chro�

matin decondensation and NETosis caused by Ca2+

ionophores or Shigella flexneri, and neutrophils isolated

from the PAD4 knockout mice did not form NETs in

response to PMA [46]. Peptidyl�arginine deaminases are

Ca2+�binding proteins and their activity is stimulated by

Ca2+. On the other hand, PAD4 is activated and causes
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histone citrullination in response to the addition of

hydrogen peroxide [46]. Moreover, LPS�related citrulli�

nation of histones and NETosis depend on the intactness

of microtubules [47]. Apparently, combination of all these

factors is necessary for activation of PAD4. Along with

citrullination, histones can also undergo acetylation dur�

ing NETosis, but its role in this process is still poorly

understood [5]. Chromatin decondensation, as well as

proteolytic damage of the nuclear lamina leads to the

destruction of the nuclear envelope, and release of chro�

matin into the cytoplasm. Recently, it has been shown

that NETosis can occur due to the activation of cyclin�

dependent kinases (CDKs), which facilitate entry into

the cell cycle [48]. It is possible that parts of the mitosis

apparatus, such as lamina phosphorylation and centro�

somes separation are used to destroy nuclear envelope

during NETosis.

At the final stage of NETosis, pores are formed in the

plasma membrane and chromatin is released into the

environment with NETs formation. Proteins released

from the granules are strongly bound to the decondensed

chromatin due to electrostatic interaction. The pores that

allow this giant complex to pass through are formed by

the gasdermin D protein (GSDMD), which also forms

pores in the macrophage membrane during pyroptosis.

Unlike pyroptosis, where GSDMD is activated through

the cleavage by caspase�1 and �4/5 (caspase�11, in mice),

during NETosis it is cleaved and activated mainly by neu�

trophil elastase [49, 50]. Activation of GSDMD probably

leads to the formation of pores not only in the plas�

Fig. 2. Scheme illustrating the mechanisms of NETosis induced by various stimuli. NETosis caused by the calcium ionophore A23187 starts

with the mobilization of Ca2+ from the endoplasmic reticulum (ER), which leads to the activation of CRAC channels located in the cyto�

plasmic membrane, and the entry of extracellular Ca2+ into the cytoplasm. In addition, A23187 catalyzes the transfer of Ca2+ through the

plasma membrane into the cytoplasm. Subsequent accumulation of Ca2+ in the mitochondrial matrix leads to the activation of non�selective

mitochondrial pores (mPTP) and the formation of mitochondrial reactive oxygen species (mtROS). Along with Ca2 + overload, oxidative

stress is also an inducer of the mPTP. mtROS released from the mitochondria into the cytosol activate NADPH oxidase apparently with the

participation of protein kinase C (PKC). PKC can be activated with the phorbol ester (PMA), which induces NADPH oxidase and NETosis

independently of mtROS and the mPTP. NADPH oxidase can be also activated by a chemoattractant N�formylmethionyl�leucyl�phenylala�

nine (fMLP), which by binding to a specific receptor activates phospholipase C (PLC) to stimulate the formation of diacylglycerol (DAG)

and inositol triphosphate (IP3) from the phosphatidylinositol 4,5�bisphosphate. The activation of NADPH oxidase in this case depends on

mtROS and on the opening of mPTP. For reasons not fully understood, fMLP does not induce NETosis [16]. (Color version of the figure is

available in online version of the article and can be accessed at: https://www.springer.com/journal/10541)
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malemma, but also in the nuclear membrane [51].

Caspase�dependent activation of GSDMD in neutrophils

can also occur as a result of noncanonical activation of

the inflammasome [51], but the role of this mechanism in

NETosis requires further investigations. Gasdermin E,

related to GSDMD, is activated by caspase�3 leading to

permeabilization of mitochondria and promotion of

apoptosis, as well as secondary necrosis [52, 53]. Another

pore�forming protein MLKL (not related to gasdermins)

is activated by RIP kinases during necroptosis. Activation

of MLKL in neutrophils can also lead to the release of

NETs [11�13].

Physiological modulation of NETosis. Under physio�

logical conditions, the ratio of CO2/HCO3
– concentra�

tions, pH, and O2 content can modulate NETosis. Under

moderately alkaline conditions and at reduced

CO2/HCO3
– ratio, the level of NETosis caused by PMA,

Ca2+ ionophore, uric acid microcrystals, or LPS was

increased [54]. An increase of pH in neutrophil cyto�

plasm caused a raise in the concentration of Ca2+ and

enhanced production of ROS by both NADPH oxidase

and mitochondria [55]. A decrease of pH in the medium

causes inhibition of NETosis, possibly due to inhibition of

glycolysis [56]. In addition, at low pH, probability of the

mPTP opening is sharply reduced [37], which could

lower production of mtROS [16]. It is assumed that pH

dependence of NETosis leads to the fact that it is maxi�

mally activated on the periphery of inflammatory lesion

protecting the tissue from pathogens, while in the center

of the lesion, which is characterized by low pH, NETosis

is weakened and does not enhance tissue damage [54].

Information on the effect of hypoxia on NETosis is con�

troversial. From the one hand, knockout of Hif�1α (the

main transcription factor regulating adaptation to hypox�

ia) suppressed NETosis, while pharmacological stabiliza�

tion of Hif�1α stimulated it [57]. On the other hand,

NETosis induced by PMA (but not S. aureus) decreased

with hypoxia, and this effect was not dependent on Hif�

1α [58]. In addition to the composition of the medium,

NETosis depends on its osmolarity, therefore, the hyper�

tonic medium suppressed ROS production and NETosis.

The ROS level in this case was critical, since the addition

of hydrogen peroxide restored NETosis [59].

Cytokines and inflammatory mediators play an

important role in the activation of NETosis, while at the

same time some anti�inflammatory substances can cause

the opposite effect. Thus, prostaglandin E2, which plays

an important role in resolving inflammation, inhibits

NETosis due to increase in the intracellular content of

cyclic AMP [60, 61]. Activated C protein (a serine pro�

teinase with anti�thrombotic and anti�inflammatory

effects) can also inhibit NETosis by binding to a specific

receptor (EPCR) or by interacting with protease�activat�

ed receptor 3 (PAR3) and CD11b/CD18 integrins (Mac�

1). Interestingly, the same activated C protein can cleave

histones that are part of NETs [62]. It has been shown

that NETosis is suppressed by the important anti�inflam�

matory cytokine IL�10 [63]. Peptides that effectively sup�

press NETs formation have been found in the cord blood.

The most common peptide is called the “neonatal NETs

inhibitory factor” (nNIF). This peptide selectively inhib�

ited NETosis without affecting phagocytosis and other

neutrophil functions. Its intravenous administration pro�

tected mice from systemic inflammation caused by LPS

and from microbial sepsis [64].

Pathogenic microorganisms have a wide range of

tools that interfere with the microbicidal action of NETs

[65]. Many microorganisms produce lytic enzymes (pri�

marily, endonucleases) that destroy NETs. Bacteria, such

as Pseudomonas aeruginosa, Mycobacterium tuberculosis,

as well as fungi of the Aspergillus genus produce protective

and masking extracellular envelops. In the case of

P. aeruginosa, coating with sialic acids induces produc�

tion of IL�10, which suppresses NETosis. The same

mechanism appears to be used by the human immunode�

ficiency virus (HIV�1). HIV�1 virions stimulate produc�

tion of IL�10 by dendritic cells, which protects the virus

from the lytic action of NETs enzymes [63]. Hepatitis B

virus (HBV) inhibits NETosis by suppressing production

of ROS in neutrophils using the HBE envelope protein

and HBC core protein [66].

VITAL NET RELEASE

Along with the suicidal NETosis described above,

there are also mechanisms of DNA release, when neu�

trophils retain their viability and natural effector func�

tions (for a review, see [6]). The term “vital NETosis” was

used to describe these processes. However, the Cell Death

Nomenclature Committee in 2018 [67] did not recom�

mend to use the term NETosis for processes not associat�

ed with cell death. The vital release of chromatin was first

described in a system where neutrophils were present

together with platelets activated by LPS via TLR4 [68].

NETosis, in this case, occurred much faster than when

induced by PMA, and the role of NADPH oxidase and

ROS was not studied. Unfortunately, this interesting

model, which has obvious physiological significance, has

not been investigated further. A similar vital release of

chromatin was observed in vivo when the skin was infect�

ed with gram�positive bacteria [69]. Induction of

NETosis in this case required opsonization of bacteria,

interaction with TLR2, and activation of the complement

system. Interestingly, after NETosis, nuclear�free neu�

trophils were capable for chemotaxis and phagocytosis of

bacteria.

Massive and very fast release of mitochondrial DNA

(mtDNA) without loss of viability was observed in

eosinophils and neutrophils primed with pro�inflamma�

tory cytokines IL�5/IFN�γ or GM�CSF, respectively, and

stimulated with LPS [70, 71]. In both types of granulo�
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cytes, this process was dependent on the activity of

NADPH oxidase. A similar phenomenon was observed in

the case of basophils [18]. Recently, the vital mtDNA

release was discovered in B and T lymphocytes, as well as

in natural killer cells (NK cells) in response to

oligodeoxynucleotides [72]. Unlike granulocytes, the

release of mtDNA from lymphocytes was not dependent

on NADPH oxidase. The question of the functional role

of extracellular mtDNA remains open. Low content of

mitochondria in neutrophils and, especially, in

eosinophils makes formation of the functional NETs

extremely unlikely. In the case of lymphocytes, extracel�

lular mtDNA did not contain lytic enzymes and most

likely performed a signaling function. In particular,

mtDNA stimulated expression and secretion of the type I

interferons by peripheral blood mononuclear cells [72]. It

should be noted that extracellular mtDNA (usually, oxi�

dized) is found in the blood at a wide range of pathologies

including systemic lupus erythematosus, an autoimmune

disease in the pathogenesis of which NETosis plays an

important role [33].

THE ROLE OF NETosis

IN HOST DEFENCE AND PATHOLOGY

In the first studies on NETosis, physiological protec�

tive role of this phenomenon was suggested. In particular,

structures similar to NETs were found in the contents of

the appendix [2]. Later, NETs were found in numerous

organs and tissues [6], however, the question of its protec�

tive effect remains open. NETosis is observed in foci of

infections and, apparently, slows down the spread of

pathogens. Thus, it has been shown that NETs in the

staphylococcal skin infections inhibits penetration of the

pathogens into the bloodstream [69]. Mice that are not

capable of NETosis due to knockout of the PAD4 gene

suffered more significantly from necrotic fasciitis caused

by the group A Streptococcus pyogenes [46]. Undoubtedly,

excessive formation of NETs associated with both

increased NETosis and defects in the mechanisms for

their elimination can lead to inflammatory and autoim�

mune pathologies, as well as to vascular or duct occlusion.

NETosis on the surface of epithelium. Microorgan�

isms constantly attack epithelial barriers inducing forma�

tion of NETs on the surface of eyes, oral mucosa, and skin.

Therefore, formation of NETs and their degradation must

be strictly regulated to avoid inflammation in these tissues.

A number of diseases have been described in which NETs

play both antimicrobial and pathogenetic role.

On the surface of the eye cornea, NETosis is involved

in the protection against both bacterial and fungal infec�

tions. In patients with severe NETosis, fungal keratitis

progressed much easier [73], while keratitis caused by

clinical isolates of P. aeruginosa was exacerbated by

NETosis in the mouse model [74]. In the case of sterile

inflammation of the cornea during dry eye syndrome,

NETs accumulation was also observed [75]. One of the

reasons for NETosis could be the increased osmolarity of

the lacrimal fluid washing the cornea in patients with dry

eye syndrome [76]. Dry eye syndrome, which often

occurs as a manifestation of the “graft versus host” reac�

tion after bone marrow transplantation [77], and

Sjogren’s autoimmune syndrome [78] are also character�

ized by accumulation of NETs in the lacrimal fluid.

Interestingly, the mitochondria�targeted antioxidant

SkQ1 (an acting component of the eye drops

“Visomitin”) was proven to be highly effective in the

treatment of dry eye syndrome of various etiologies [79].

It can be assumed that this effect of SkQ1 is partly relat�

ed to the suppression of NETosis described in our

study [16].

The role of NETosis in thrombosis. NETosis plays an

important role in the pathogenesis of thrombosis of vari�

ous origin [80, 81]. For example, in the model of stenosis

of the inferior vein cava probability of thrombosis was sig�

nificantly reduced in the PAD4 knockout mice [82]. The

role of NETs in thrombosis involves interaction with

endothelium and platelets, as well as capture of small

blood clots. NETosis apparently underlies thrombosis

associated with excessive innate immunity reactions

(“immunothrombosis”) [83]. Immunothrombosis, pre�

sumably, is a protective reaction of the body against

pathogens, facilitating their capture in a fibrin clot. In

addition, small blood vessel thrombi can create compart�

ments, where pathogens can be effectively destroyed.

However, consequences of such reaction can be tragic. A

recent large�scale clinical study revealed correlation

between the level of NETosis and the severity of ischemic

stroke and myocardial infarction [84]. NETosis can be

activated by microcrystals of cholesterol and participate

in the pathogenesis of atherosclerosis. Histones in the

NETs cause TLR4�dependent activation of macrophages

and release of cytokines that activate T�helper cells

(Th17) [85, 86]. The inflammatory process in atheroscle�

rotic plaques can be one of the causes of thrombosis [87].

Oncological diseases could be another cause of thrombo�

sis, and NETosis is believed to be involved in this case

[87]. On the other hand, therapeutic viral infection of

tumors induces neutrophil�dependent intratumoral coag�

ulation and death of cancer cells. However, it remains to

be elucidated, whether this process is really caused by

NETosis [88]. Thrombosis, which is characteristic of var�

ious viral infections, could be associated with excessive

NETosis and appears to be involved in the pathogenesis of

COVID�19 (see below).

In the pancreatic ducts, NETosis can be caused by

microcrystals of calcium carbonate, which leads to block�

age of the pancreatic duct and pancreatitis [89]. Such

crystals cause NETosis in the bile ducts and in the gall�

bladder, which can lead to the formation of gall�

stones [90].
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The role of NETosis in the development of pulmonary
diseases. In the respiratory tract, NETosis contributes to

the protection against infection by increasing viscosity of

the mucus and by destruction of pathogens. However,

many of pathogens (in particular, Streptococcus pneumo�

niae, Haemophilus influenzae) produce endonucleases

that break down NETs and protect the bacteria (see

review [91]). At the same time, NETosis contributes to

the development of complications of the lungs infectious

diseases, including acute respiratory distress syndrome

(ARDS), chronic obstructive pulmonary disease

(COPD), as well as bronchial asthma, etc. The recent

clinical trial (conducted prior to the onset of the COVID�

19 pandemic) showed correlation between the NETs con�

tent and severity of the community�acquired pneumonia

[92]. Acute lung injury (ALI) and ARDS of various eti�

ologies are accompanied by excessive NETosis (see

review [93]). NETs in these pathologies may be involved

in the damage of alveolar epithelium and endothelium.

COPD, which is usually associated with smoking and air

pollution, and severe “neutrophilic” asthma are also

characterized by accumulation of NETs in the sputum

and respiratory tract lavage [94]. Rhinovirus infection in

patients with asthma significantly increased NETs con�

tent [95]. In asthma, formation of the chromatin�con�

taining traps can also occur due to the death of

eosinophils, which is similar to NETosis [96].

The severe acute respiratory infection COVID�19

(Coronavirus Disease�19), which broke out in December

2019 in the Chinese city of Wuhan and subsequently

escalated into a pandemic, has affected up to now more

than 15 million people from 250 countries. The disease

was caused by a new coronavirus called SARS�CoV�2

(severe acute respiratory syndrome coronavirus2), and

was accompanied by viral pneumonia often progressing to

ARDS and multiple organ failure. Elevated levels of neu�

trophils in the blood indicate severity of the disease and

poor prognosis [97]. Examination of the patients infected

with SARS�CoV�2 revealed an increased level of NETosis

markers (cell�free DNA, MPO�DNA complexes, and

citrullinated histone H3) and the marker of cell death –

lactate dehydrogenase [98]. Concentration of the cell�

free DNA correlated with the content of neutrophils, C�

reactive protein (marker of the acute phase of inflamma�

tion), and the D�dimer (marker of thrombosis). Serum

from the patients with COVID�19 induced NETosis in

the healthy donor blood in the in vitro system. One of the

manifestations of COVID�19 is Kawasaki syndrome, vas�

culitis that occurs in children, which is accompanied by

excessive NETosis [99]. NETosis in COVID�19 can be

caused by epithelial and endothelial cells affected by the

virus, by activated platelets, and by inflammatory

cytokines. At the same time, excessive NETosis is

involved in the development of the “cytokine storm” and

thrombosis, which are main indicators of the severe

course of COVID�19 [100].

NETosis and autoimmune diseases. Many NET com�

ponents, in particular, double�stranded DNA, granule

proteins, and histones, can stimulate production of anti�

bodies and development of autoimmune diseases. For the

first time, involvement of NETosis in pathogenesis of

autoimmune diseases was studied in detail for systemic

lupus erythematosus (see review [101]). A special form of

granulocytes called “low density granulocytes” appears in

the blood during this disease. These cells produce more

inflammatory cytokines (including type I interferons) and

are more involved NETotsis than the normal neutrophils.

Their NETs contain more autoantigens and oxidized

mitochondrial DNA [33], which makes them stronger

immunostimulants. One of the peculiarities of low�densi�

ty granulocytes is the increased production of mitochon�

drial ROS. Recently, it was shown that the mitochondria�

targeted antioxidant MitoQ (similar in structure to SkQ1)

suppressed NETs accumulation and pathological mani�

festations in the mouse model of systemic lupus erythe�

matosus [102].

In rheumatoid arthritis (RA), the development of

pathology correlated with accumulation of the NETosis

markers, such as DNA�MPO complexes and antibodies

against citrullinated histones [103, 104]. In addition, it

was found that NETs engulfed by fibroblasts stimulated

formation of the antibodies against citrullinated histones

in the RA model [105]. Similar observations indicate

involvement of NETosis in the autoimmune diseases,

such as vasculitis associated with “anti�neutrophil anti�

bodies” (AAV), antiphospholipid syndrome, multiple

sclerosis, and psoriasis (see review [106]). Interestingly, in

some diseases, NETosis can play an anti�inflammatory

role. For example, during the gout attacks, NETosis

induced by uric acid crystals is accompanied by the

release of lytic enzymes that break down proinflammato�

ry cytokines in the foci of inflammation. It is believed that

NETosis in gout prevents development of the chronic dis�

ease [107].

THERAPY OF NETosis

Evidences for involvement of NETosis in various

pathologies has led to intensive study and testing of vari�

ous therapeutic approaches. One approach includes the

use of drugs that prevent NETosis. It comprises anticy�

tokine therapy aimed to prevent accumulation of neu�

trophils in the foci and their activation, as well as apply�

ing inhibitors of the components involved in NETosis

program: NE, PAD4, and GSDMD. Another approach is

based on the destroying of NETs or attenuating their

damaging effects. Anticytokine therapy directed against

IL�1β is widely used in various inflammatory and autoim�

mune diseases. One of its targets may be excessive

NETosis. The recombinant anakinra protein, an IL�1β
receptor antagonist, is currently undergoing clinical trials
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as a potential preparation to treat COVID�19

(https://clinicaltrials.gov: NCT04324021, NCT04330638,

NCT02735707). Among the NETosis inhibitors, the trials

of the NE inhibitors have been progressed the farthest.

The first of these, sivelestat, was approved for treating

ARDS in Japan and South Korea, but meta�analysis of

the clinical data did not confirm its effectiveness [108].

New generation of NE inhibitors is currently only at the

first stage of clinical trials. GSDMD and PAD4 inhibitors

are at the preclinical stage of testing. Of great interest is

the use of existing drugs for inhibition of NETosis. So,

disulfiram, which is used to treat alcoholism, inhibits

GSDMD activation and protects mice in the lethal LPS�

induced sepsis model [109]. It should be noted that

GSDMD is also a critical component of the pyroptosis

program and the authors of the study attribute its effect to

the prevention of macrophage pyroptosis. The in vitro

experiments have shown that NETosis can be prevented

by microtubule inhibitors [47]. This group of drugs

includes colchicine, and the clinical trials testing efficacy

of colchicine against COVID�19 are currently underway

(https://clinicaltrials.gov: NCT04326790, NCT04328480,

NCT04322565, NCT04322682).

Among the drugs aimed to destroy NETs, DNase I

and anti�histone antibodies are the most studied.

Recombinant DNase I has been successfully used in

almost all models of pathologies associated with NETosis.

In particular, introduction of DNase I significantly facil�

itates the course of ARDS [93] and COPD [94] in animal

models. In patients with cystic fibrosis, DNase inhalation

improved lung function, and neutrophil elastase facilitat�

ed sputum dissolution making it more accessible for

DNase [110]. Clinical trials of actin�resistant DNase

(PRX�110) go through the second phase and give encour�

aging results (https://clinicaltrials.gov: NCT02605590,

NCT02722122). It is possible to hope that DNase will not

only liquefy sputum, but will also interrupt the progres�

sion of ARDS, as was observed in animal experimental

models.

Our experiments with the mitochondria�targeted

antioxidant SkQ1 have shown its potential effectiveness

against NETosis [16]. In the mouse model of systemic

inflammatory syndrome, SkQ1 prevented lethal effect of

the inflammatory cytokine TNF [111]. The antioxidant

MitoQ, similar in structure to SkQ1, suppressed NETosis

in the mouse model of systemic lupus erythematosus

[102]. These results suggest, that drugs based on mito�

chondria�targeted antioxidants will be created soon in

order to treat diseases associated with the excessive

NETosis, and, in particular, to combat COVID�19.

CONCLUSION

The program for formation of neutrophil extracellu�

lar traps – NETosis – is being studied extensively, howev�

er, many questions regarding its mechanisms and physio�

logical role remain open. First of all, this refers to the sig�

naling mechanisms of the initiation of NETosis. In par�

ticular, the processes leading to chromatin modification

and decondensation remain unclear. Targets for the

mtROS action and details of the mtROS�dependent acti�

vation of NADPH oxidase have not yet been determined.

Excessive NETosis has been suggested to play an impor�

tant role in pathogenesis of many infectious, inflammato�

ry, and autoimmune diseases, but there is no sufficient

evidence to support this. A new impetus to study patho�

physiological role of NETosis may be related to its puta�

tive role in the pathogenesis of COVID�19. The develop�

ment of new drugs preventing NETosis, including mito�

chondria�targeted antioxidants, appears to be a promising

area of pharmacological research.
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