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Abstract

Numerous studies have proven a close relationship between inflammatory diseases and the state of hypercoagulability. In fact,
thromboembolic complications represent one of the main causes of disability and mortality in acute and chronic inflammatory
diseases, cancer and obstetric complications. Despite this, the processes of hemostasis and immune responses have long been
considered separately; currently, work is underway to identify the molecular basis for a relationship between such systems. It has
been identified that various pro-inflammatory stimuli are capable of triggering a coagulation cascade, which in turn modulates
inflammatory responses. Neutrophil extracellular traps (NETs) are the networks of histones of extracellular DNA generated by
neutrophils in response to inflammatory stimuli. The hemostasis is activated against infection in order to minimize the spread of
infection and, if possible, inactivate the infectious agent. Another molecular network is based on fibrin. Over the last 10 years, there
has been accumulated a whole body of evidence that NETs and fibrin are able to form a united network within a thrombus, stabilizing
each other. Similarities and molecular cross-reactions are also present in the processes of fibrinolysis and lysis of NETs. Both NETs
and von Willebrand factor (vWF) are involved in thrombosis as well as inflammation. During the development of these conditions, a
series of events occurs in the microvascular network, including endothelial activation, NETs formation, vWF secretion, adhesion,
aggregation, and activation of blood cells. The activity of vWF multimers is regulated by the specific metalloproteinase ADAMTS-13
(a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13). Studies have shown that interactions between
NETs and vWF can lead to arterial and venous thrombosis and inflammation. In addition, the contents released from activated
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Neutrophil extracellular traps: a role in inflammation and dysregulated hemostasis as well as in patients with COVID-19
and severe obstetric pathology

neutrophils or NETs result in decreased ADAMTS-13 activity, which can occur in both thrombotic microangiopathies and acute
ischemic stroke. Recently, NETs have been envisioned as a cause of endothelial damage and immunothrombosis in COVID-19. In
addition, vWF and ADAMTS-13 levels predict COVID-19 mortality. In this review, we summarize the biological characteristics and
interactions of NETs, VWF, and ADAMTS-13, the effect of NETs on hemostasis regulation and discuss their role in thrombotic
conditions, sepsis, COVID-19, and obstetric complications.

Keywords: neutrophils, neutrophil extracellular traps, NETs, thrombosis, fibrin, fibrinolysis, von Willebrand factor, vWF, ADAMTS-13,
COVvID-19
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Pestome

MHOro4ncneHHbIMM UCCNEA0BAHNAMU 10Ka3aHa TeCHAs CBA3b BOCMANUTENbHbIX 32006BaHNIA C COCTOSIHUEM TUNepKoarynsuuu.
MakTn4ecku, TPOM603MOONNYECKNE OCNIOXHEHNS ABASIOTCS OfIHOIA 13 OCHOBHbIX MPUYNH MHBANWUAHOCTY 1 CMEPTHOCTY NPY OCTPbIX
1 XPOHWUYECKMX BOCTIANNUTENbHbIX 3a60MEBAHNAX, OHKONOTMYECKIX 3a00MEBAHNSAX 1 NP aKyLLEPCKNX OCOXKHEHNAX. HeCMOTpSt Ha
3T0, NMPOLIECChI TeMOCTa3a U UMMYHHbIE peakLui [JONroe BpemMs paccMaTpuBaniiCh Mo OTAENbHOCTYU; B HACTOSLLEe BPeMS UAeT
paboTa Mo BbISBNEHNIO MONIEKYNSPHbLIX OCHOB B3aMMOCBSA3N MeXy 3TUMI cucTemMamu. Yke U3BECTHO, YTO PasninyHble NPoBoCna-
NNTENbHbIE CTUMYMbI CMOCOOHbI 3anycKaTb KOArynsLMOHHbIA Kackaj KOTOPbIA B CBOK O4epedb MOAYNMPYeT BOCMANUTESNbHbIE
peakuuu. BHeKNeTouYHbIe NOBYLLKK HeilTpodunos (aHrn. neutrophil extracellular traps, NETs) npeactaBnstot co60ii CeTh U3 rucTo-
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HOB BHekneTo4HoM [HK, reHepupyemble HeTPOdMnamu B OTBET HA BOCNANNTENbHbIE CTUMYIILI. CcTeMa remocTasa akTUBIPYeTCs
B OTBET HA MHDULMPOBAHNE C LieNbl0 MUHUMIU3MPOBATL PACcNpPOCTPaHeHNe MHAEKLIMM 11 N0 BO3MOXXHOCTY WHAKTUBUPOBATh NH(EK-
LIMOHHBIN areHT. ELe 0fiHY MONEeKYNSpHYIO0 CeTb NPeAcTaBnsfeT co6oi (mbpuH. 3a nocnegHue 10 neT NOABUAOCL MHOMO LAHHBIX O
ToM, 4T0 NETS 1 chombpuH cnocobHbl hOPpMUPOBATL eNHYI0 CETb BHYTPM TpoMba, ctabunudupys apyr apyra. Cxoactea u nepe-
KPECTHbIE MONEKYNAPHbIE peakLuy NPUCYTCTBYIOT TaKXe W B npoueccax donbpuHonusa n nuanca NETs. Kak NETS, Tak u daktop
¢hoH Bunnebpanga (VWF) aBnatTca y4acTHUKamu 1 Tpom603a 1 Bocnanesus. B npouecce passuTus 3TuX COCTOSAHWIA B MUKPOCO-
CYOMCTON CETM NPOUCXOAUT Cepusi COOLITIIA, BKNIOYAIOLLAs akTMBaLMIO aHA0TeNus, obpazosaHmne NETS, cekpeumnto VWF, agresuto,
arperaumio 1 akTMBaLMIO KNETOK KpoBW. AKTUBHOCTb MynbTumepoB VWF perynupyetcs cneuuduyeckon meTansionpoTenHasoi
ADAMTS-13 (aHrn. a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13). iccnegosanus nokasanm,
4To B3ammogeictaus mexay NETs n vVWF moryT npuBoauTh K apTepuanbHOMy W BEHO3HOMY TPOMOO3Y, a TaKXXe BOCMAIEHUIO.
Kpome TOro, copepXumoe, BbICBOOOXAAEMOE M3 aKTUBMPOBaHHbIX HENTpodmnos unu NETS, BbI3bIBAET CHIKEHWE aKTUBHOCTH
ADAMTS-13, 4T0 MOXET NPOUCXOAUTL KaK Npu TPOMOOTUYECKUX MUKPOAHTMONATUAX, TaK U NPU OCTPOM ULLIEMUYECKOM UHCYIbTE.
B nocnegHee spems NETS paccmarpusaioT Kak npuymHy NoBPeXaeHNs SHL0TeNUs U uMMyHoTpom603a npu COVID-19. Kpome Toro,
yposHu VWF 1 ADAMTS-13 no3BonsoT NPOrHo3mposatb cMepTHoCTb 0T COVID-19. B saHHoM 0630pe Mbl CyMMupyem 6uosnorunye-
CcKue xapakrepuctuki u Bzaunmogenctans NETs, VWF n ADAMTS-13, snusHue NETS Ha perynsumio cucTeMbl remMocTasa, a Takxe
06Cy>KaaeM X posib B TPOMOOTUYECKUMX COCTOSHMAX, Npn cencuce, COVID-19 n akyLLepcKux 0CNOXHEHUSX.

Kniouesbie cnoBa: HeilTpoUbl, BHEKSIETOYHbIE JIOBYLLKN HeiTpodpunos, NETS, Tpom603, donbpuH, pubpuHonua, aktop qoH
Bunne6panga, vVWF, ADAMTS-13, COVID-19

Ina umtupoBanus: Makauapus A.., CnyxaHyyk E.B., buuag3e B.0., Xuspoesa [.X., TpetbsikoBa M.B., Makauapus H.A.,
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https://doi.org/10.17749/2313-7347/0b.gyn.rep.2021.238.

What is already known about this subject?

» Various pro-inflammatory agents are known to trigger a
coagulation cascade, which in turn modulates inflammatory
responses.

» Hemostasis is activated in response to infection for restricting
spread of infection and in activating infectious agent.

What are the new findings?

» The article provides an overview of all potential mechanisms
regarding an impact of neutrophil extracellular traps (NETS) on
hemostasis, especially in case of severe COVID-19, as well as
in obstetric complications.

How might it impact on clinical practice in the foreseeable
future?

» Evaluation of neutrophil activation markers may be a promising
strategy for assessing severity of COVID-19, obstetric
complications, diagnosing neonatal sepsis and predicting their
course.

Introduction / BBegenue

While the immune system and the hemostasis system
fight against pathogen, thrombi are formed and neutrophil
extracellular traps (NETs) are released — processes
combined into a single concept of immunothrombosis
[1,2].

In lower invertebrates, such as crabs, nuclear
immunohemostatic cells — hemocytes are responsible for
combating infections, and they also prevent the loss of
blood and lymph [3]. In more highly organized organisms,
these two systems (the hemostatic and immune systems)

OCHOBHbIE MOMEHTbI

Yr0 yXe u3BectHo 06 aToin Teme?

» |13BECTHO, 4TO pa3fnnyHble MPOBOCMANUTENbHbIE areHThbl 3any-
CKAKT KOarynsuWoHHbIA Kackad, KOTOPbIA B CBOK 04epelb
MOAYNUPYET BOCMANUTENbHbIE peakLui.

» [emocTa3 akTUBMpYeTCS B OTBET HA MH(DULMPOBAHME C LieNbio
OrpaHN4NTb PacnpoCTPaHeHNe MHAEKLMM N UHAKTUBUPOBATL
VHEKLMOHHBIV areHT.

Y710 HOBOrO f1a€T CTaTbhAA?

» B cratbe npoBefeH 0630p BCEX BO3MOXHbIX MEXaHU3MOB
BNUAHUA  BHEKNETOYHbIX JOBYLUEK HEATPOUNOB  (aHTT.
neutrophil extracellular traps, NETS) Ha cucTtemy remocrasa,
0C06€EHHO B cuTyauum Tspkenbix popm COVID-19, a Takxe npu
aKYLLEPCKIMX OCMOXHEHUAX.

Kak 310 MOXET NOBNUATb HAa KIIMHNYECKYH) NPAKTHKY
B 0603pumom byayiiem?

» OueHKa MapKepoB aKTMBALMM HEWTPOUNOB MOXET ObiTb
MHOr006€LLAloLLEeN CTpaTerneit Ans OLEHKN TSXKECTW TeYyeHus
COVID-19, aKyLLepCK1X 0CNOXHEHUIA, ANArHOCTUKI HeOHaTamb-
HOr0 cencuca 1 NPOrHO3MPOBAHNA UX TEHEHUS.

are evolutionarily separated. Platelets lose their nuclei
and, accompanied by coagulation factors and fibrinogen,
form the hemostasis system, where it finally results in
formation of fibrin clot [4]. Neutrophils, having preserved
their nuclei, participate in immune reactions. They also
acquire the ability to synthesize extracellular networks,
neutralizing pathogens. Neutrophil nuclei resemble
packed NETs, decondensation of which and release
into the extracellular space occurs under the influence
of microbial and inflammatory stimuli [5]. Thus, both
platelets and neutrophils die to the formation of various
networks for protecting host from infectious threats.
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AxyuiepcTBo, I'mHekoAorusa u Pennpoaykiina PArERIYE LR

Recent studies have shown that immune cells such
as neutrophils and monocytes are actively involved in
the processes of immunothrombosis [2]. Mobilization
of pathogens and pathogen-related molecular triggers
on the surface of the endothelium induces leukocyte
adhesion to such areas. Activated monocytes release
tissue factor (TF) that activates the coagulation
cascade. The fibrin network formed further contributes
to additionally attracted leukocytes and their activation
through aMp2 (Mac-1) integrin [6].

In the 19™ century, E. Mechnikov [7] and P. Ehrlich et
al. [8] described the microscopic structure of neutrophils.
However, their ability to eject the nuclear contents into
the extracellular space was discovered only 15 years ago
[6]. Since then, NETs have been remained in the spotlight
of specialists from various fields of medical science. At
present, it is clear that the formation of NETs — NETosis —
is not a single event, but consists of multiple processes
resulting in the expulsion of the neutrophilic nuclear
contents [9]. Suicidal, vital, and mitochondrial types of
NETosis have already been described in the literature [5].

Immunothrombosis can be pathological. Studies have
shown that both arterial and venous thrombi contain
neutrophils and NETs [10]. NETs increase the overall size
of the thrombus, retaining platelets and microvesicles
[11]. In animal models of thrombosis, with submaximal
compression of the inferior vena cava, the thrombus
become enriched in NETs [12]. Neutrophils arrive first
to the site of injury after laser damage to the vascular
wall in mice [13]. NETSs are always present in blood clots,
especially at the initial organization stage [14]. The same
scenario is applied to arterial thrombi in patients with
heart attack [15], stroke [16], and peripheral arterial
disease [17].

Usually, histones are not detected in the circulating
blood. Their concentration increases in pathological
conditions such as trauma (230 pg/mL) [18]. In sepsis,
the concentration of histone H3 rises up to 60 pg/mL [19],
and total histone concentration of more than 75 pg/mL
suggest a poor prognosis [20]. Increased concentrations
of circulating histones are also coupled to a poor prognosis
in stroke, heart attack, venous thrombosis, being detected
within blood clots [21, 22].

NETs overproduction or impaired utilization leads to
pathological microthrombosis in sepsis [23]. Endogenous
and exogenous DNases lead to the degradation of NETs,
with a massive release of histones bond to DNA, which
is realized in thrombosis [24]. NETs can contribute to
thrombogenesis in the large vessels [25], and their
circulation is associated with a poor prognosis of
cardiovascular and cerebrovascular diseases [21].

Neutrophils are recruited to site of inflammation
in several stages, such as activation, adhesion, and
extravasation. Attraction to the activated endothelium and
activation of neutrophils occur by involving selectins, e. g.,
P-selectin, and P-selectin glycoprotein ligand 1 (PSGL-1).

P-selectin is expressed on the surface of activated
endothelial cells and platelets. Integrin alp2 and
intercellular adhesion molecule 1 (ICAM-1) are involved in
neutrophil adhesion. Chemokines are also necessary for
neutrophil attraction to the inflamed site, which underlie
the final neutrophil extravasation [26] (Fig. 1).

T. Yago et al. showed that chemokines and integrins
are involved in the recruitment of neutrophils to the
site of activated endothelium and thrombosis [27]. One
of the strategies being developed for antithrombotic
therapy is aimed at inhibiting P-selectin. As early as
in 1992, studies demonstrated that the P-selectin
suppression leads to lowered leukocyte accumulation
and the fibrin deposition in arteriovenous shunts in
monkeys [28]. T.W. Wakefield et al. observed other risk
factors that reduce the risk of venous thrombosis and
effects of inflammatory factors in animal models without
increasing the risk of bleeding [29]. Human monoclonal
anti-selectin  antibody crizanlizumab, which blocks
interaction between PSGL-1 and P-selectin, has been
proposed as an agent to inhibit P-selectin [30] (Fig. 1).

For the complete synthesis of NETs, NADP-oxidize
activity is required. Studies have shown that patients
with NADP-oxidize deficiency had no formation of NETs
[31], while gene correction of the enzyme deficiency can
restore the NETosis [32].

NETs affect the hemostasis system in various ways
by promoting development of procoagulant state,
fibrinolysis disruption, and anticoagulant activity [23].

NETs and coagulation disturbances / NETs
M HAPYIIEHHA KOATY/IAIHH

DNA contribution / Bknag AHK

DNA triggers a coagulation cascade along the
internal pathway because negatively charged surfaces
increase activation of factor XIl (FXIl), the initiating this
pathway [33]. Even though in the physiological state, the
internal pathway is not the solely involved in hemostasis
activation, whereas in pathological conditions coupled
to massive DNA release resulting from cell damage and
death (for example, as a result of inflammation), it comes
to the frontline as a cause of massive fibrin formation
[34]. Interestingly, polyphosphates secreted by histone-
activated platelets coincide to serve as a negatively
charged trigger for the NETs synthesis [35].

Inaddition to activating the internal coagulation pathway,
DNA acts as a cofactor for thrombin-dependent activation
of factor XI [36] and contributes to the successful course
of reactions of the tissue factor-associated external
pathway [37] (Fig. 2).

Histones contribution / Bknapg ructoHoB

A great body of publications is devoted to assess an
effect of DNA-bound positively charged histones inside

m http://www.gynecology.su
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ACTIVATING FACTORS, ACTIVATED PLATELETS
cytokines, chemokines (CXCL4, CCL5), immune complexes, polyphosphanates, amphoterin, integrins...
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Figure 1. Types and mechanisms of NETosis.
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PucyHok 1. Buapl 1 MexaHU3Mbl HETO3a.

Tpumeyanne: SMC — rnagkombitedHbie knetkn, ROS — peakTuBHbie hopMbl Kucaopoga; TF — TkaHeBoii ghaktop; G — katencuH G, CitH — unTpyiMpoBaHHbIi
ructoH; MPO — muenonepokcugasa; NE — anactasa Heiitpoghunos, PAD4 — nentugus apruHnH fenmnHasa 4, P-cenektuH — P-CenekTuH rankonpoTenH anraHg-1;

TFPI — uHrnbuTOp MyTH TKAHEBOI0 (hakTopa.

NETs on hemostasis [38]. Histones secreted within NETs
have been shown to be the links in the pathogenesis of
arterial, venous thrombosis, as well as thrombaosis in the
microvasculature.

Histones are substances released by damaged, dying,
or activated cells during infectious process, inflammation
or injury [39]. The main source of extracellular histones
is neutrophils, wherein they are a part of the neutrophil
extracellular traps being found along with strands of
extracellular decondensed chromatin [6].

Histones destroy the anticoagulant endothelial
barrier by forming holes in phospholipid membranes
with impaired ion exchange [40, 41]. In the process of
endothelial activation and even its death [42] caused
by histones, H,0, is released, which further stimulates
NETosis [9]. The Weibel-Palade bodies located in the
endothelium undergo exocytosis together with the von
Willebrand factor (vVWF), which binds to platelets and
maintains thrombosis.

The interaction of histones with platelet membranes
leads to the influx of calcium ions either through the pore
formation [43] or by opening pre-existing channels [44],
triggering the activation of a2bp3 integrin [45], which
promotes fibrin binding. Histones also activate platelets
through Toll-like receptors TLR2 and TLR4 [35] and
enhance thrombin-dependent platelet activation [46].

Erythrocytes are traditionally considered to be cells
that mechanistically [47] and chemically [48] strengthen
the thrombus structure and also contribute to increased
potential of thrombin generation in whole blood due to
exposure to phosphatidylserine [49]. Binding to histones
enhances the thrombogenicity of the erythrocyte
membrane during NETosis [50].

In addition to interacting with blood cells, histones
affect the proteins of the coagulation cascade. Histone H4
while binding to prothrombin, promotes its autoactivation
[51]. Histones disrupt antithrombin-dependent thrombin
inactivation [52]. Histones interfere with the thrombin-
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- promote the synthesis of antiphospholipid
antibodies

Figure 2. NETs and fully dysregulated hemostasis.
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thrombomodulin interaction [53]. Activated protein C
(APC) is an anticoagulant capable of inhibiting NETosis via
PAR receptors on neutrophils [54]. NET histones trigger the
pathways of its inactivation particularly neutrophil oxidase
and elastase can inactivate APC. However, speaking
about the interaction of thrombin and thrombomodulin,
it should not be forgotten that they activate APC and
thrombin-activatable fibrinolysis inhibitor (TAFI) [55]. TAFI
removes C-terminal lysine moieties in fibrin that serve as
plasminogen binding sites [56]. Thus, histones influence
to activate interaction between plaminogen and fibrin.
The TAFI exerts very short half-life, whereas numerous
other procoagulant histone-related effects make such
fibrinolysis-stimulating effect negligible (Fig. 2).

AxyuiepcTBo, I'mHekoAorusa u Pennpoaykiina PArERIYE LR

NETs and fibrinolysis disturbances / NETs
H HapyleHusa (PuOpHUHOIHN32

Numerous studies are aimed at examining a role for
histones and NETSs in the thrombosis pathophysiology as
well as their impact on coagulation and fibrinolysis, many
of which have been focused on the histone procoagulant
activity, but only afew of them describe their antifibrinolytic
activity.

Histones contribution / Bknapg ructoHoB

Both histones and DNA within NETs display an
antifibrinolytic activity [56]. Histones activate not only

j W‘ U I Loh B LTI Y L) R RS eet s
S eV,

DISTURBANCES IN THE ANTICOAGULANT SYSTEM

it

—endothelial damage;

— decreasing glycosaminoglycans synthesis by endothelium;
— violation of antithrombin-dependent thrombin inactivation;
— violation of thrombin-thrombomodulin interaction;

— inactivation of APG;

— proteolysis of tissue factor pathway inhibitors

Note: APS — antiphospholipid syndrome; t-PA — tissue plasminogen activator; PAI-1 — plasminogen activator inhibitor-1; APC — activated protein C.

lpumeyanmne: APS — aHTnghoceonunuaHbiii cuHgpom, t-PA — TkaHeBOW akTnBatop nnasmmHorexa; PAI-1 — uHrubutop aktusaropa niasmuHoreHa-1; APC —

blood clotting but also enhance thrombus stability via
structural changes in fibrin to strengthen it and confer
more resistance to fibrinolysis processes. In the 1950s,
an interest to polycationic polypeptides and their
influence on the formation and degradation of fibrin was
ignited. It was shown that polylysine (exerting effects
similar to lysine-rich histones such as H1 [57]) inhibits
streptokinase-induced fibrinolysis [58] and enhances
fibrin formation upon addition of staphylocoagulases
and prothrombin [59]. Studies demonstrated the
antifibrinolytic effects for plasma and whole blood
histones. By activating plasminogen in solution, histones
suppress plasmin, acting as competitive substrates.
The protection of fibrin from plasminogen action is
also enhanced by the covalent binding of histones
to fibrin, catalyzed by activated transglutaminase, a
clotting factor Xllla. All histone subtypes (H1, H2A, H2B,
H3, and H4) can bind to fibrin. Through non-covalent
interactions, histone-associated lateral aggregation of
fibrin protofibrils occurs, leading to thickening of fibrin
filaments and relevant increased mass-length ratio that
results in hindered fibrinolysis processes.

Histones per se would not be so dangerous in
suppressing fibrinolysis unless the activated factor
XIIl was involved. Therapeutic dose of low molecular
weight heparins (LMWH) prevent the covalent and
non-covalent interaction between fibrin and histones,
thereby neutralizing the effect of histones on fibrinolysis.
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Thus, low molecular weight heparins display another
antithrombotic  mechanism of action unrelated
anticoagulant activity.

Fibrinolysis consists of two fundamental processes:
the plasmin synthesis from inactive plasminogen,
catalyzed by a tissue type-plasminogen activator
(t-PA), and further fibrin destruction by plasmin
[60]. In the blood, fibrinogen circulates surrounded
by multiple macromolecules, non-covalently bound
to plasma proteins and polymers, which affect the
fibrin polymerization and the availability for its further
fibrinolysis. A relation between fibrin structure and
intensity of fibrinolysis processes is associated with
the protein-polymer and its electrostatic charge.
Negatively charged DNA promotes formation of densely
packed networks of thick fibrin filaments, which
are less accessible to plasmin [56]. Polyphosphate,
another anionic polymer, leads to the formation of a
heterogeneous clot structure, requiring less plasmin
for lysis [61]. It has been shown that histones carrying
negatively charged lysine and arginine interact with
fibrinogen to increase its resistance to fibrinolysis
[62]. The underlying mechanism of such effect is not
fully understood. Histones also affect the organization
of lateral protofibrils, resulting in higher resistance of
fibrinogen to t-PA-mediated fibrinolysis [63].

NETs histones increase fibrin polymerization and
strengthen thrombus structure even without direct
binding to fibrin. The antifibrinolytic potential of histones
increases when they bind to fibrin.

Another essential component of fibrin-related
mechanical and biochemical stability is the factor
XN (FXIN), which binds to fibrinogen in the circulating
blood [64]. Factor XIII is activated by thrombin in the
presence of calcium ions with the formation of active
transglutaminase (FXIlla) which further promotes
formation of covalent isopeptide bridges between
glutamine and lysine in the a- and y-chains of the inter-
fibril fibrin monomers. Altogether, it leads to formation
of y—y dimers and polymers as well as high-molecular
weight a—a and y—-a, which increase the clot density
and the number of erythrocytes retained in it [65].
Factor Xllla also covalently binds other plasma proteins
to fibrin, including antifibrinolytic molecules such as
o,-antiplasmin, plasminogen activator-2 inhibitor, and
TAFI [64]. These effects render FXIlla a fundamentally
crucial for stabilizing the fibrin clot and a target for
antithrombotic therapy [66]. Histones are enriched
in lysine and can act as a source of amino groups in
transglutamination reactions [65].

Thus, histones increase fibrin stabilization in a variety
of ways. Histones that protect fibrin from destruction
compete for plasmin as substrates. This effect is
enhanced while histone binding to fibrin coupled to
factor Xllla transglutaminase. This effect is reversible
by using factor Xllla and LMWH inhibitors. Non-

covalently bound histones increase lateral aggregation
of protofibrils, leading to their thickening and increasing
the fibrin mass-length index [67] (Fig. 2).

Suppression of plasmin by NETs histones / llogaBnenne
nna3muna ructoHamu NETs

While small concentrations of histones bind to plas-
minogen, the synthesis of plasmin t-PA is stimu-
lated, whereas high histone concentrations suppress
t-PA-mediated plasmin synthesis.

Plasmin is a broadly specific serine protease that binds
to arginine and lysine, and hence histones are considered
as a candidate for plasmin targets. Competing with fibrin
for plasmin binding sites, histones interfere with plasmin
activity and fibrinolysis triggered by t-PA.

LMWH, NETs and fibrinolysis / HMI, NETs n ¢hu6puronn3

LMWH interfere with the binding of NETs histones to
fibrin and improve the processes of fibrinolysis. Cationic
histones have a high affinity for negatively charged
heparin [68]. This effect accounts in part of how LMWH
interferes withthe suppression of fibrinolysis by disrupting
the binding of histones to fibrin. Therapeutic dose of
LMWH prevents the binding of fibrin to histones without
affecting the inter-protofibril binding [67]. Heparins have
been shown to neutralize the damaging effect of histones
in sepsis [68], thrombosis [25], thrombocytopenia [70],
and platelet activation [35] (Fig. 2).

DNA contribution / Bknag JJHK

Studies have shown that DNA increases the formation
of complexes between tissue plasminogen activator and
plasminogen activator inhibitor-1 (PAI-1) [71], reduces
the intensity of plasmin synthesis from plasminogen
under the action of t-PA on the thrombus surface [51],
binds proteins responsible for fibrin degradation and
reduces their release by fibrin thrombi [63], as well as
additionally penetrates into fibrin filaments and blocks
plasmin-mediated thrombus lysis. Blood clot samples
obtained from patients with strokes and heart attacks
showed that ex vivo thrombolysis occurs more often in
the presence of DNases combined with t-PA [51].

NETSs and anticoagulants / NETs
M AaHTHUKOAT'YJITHTBI

Thrombosis is usually controlled by antithrombin IlI
(AT-IIl), thrombomodulin, and tissue factor pathway
inhibitor (TFPI).

Anticoagulant production during infectious process
declines due to damage to the endothelium, and the
mechanisms of anticoagulation are suppressed by
neutrophil elastase [72]. Usually, intact endothelial cells
exert anticoagulant properties. Glycosaminoglycans on
the endothelial surface act as heparin-like cofactors that
facilitate binding to antithrombin followed by production of
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a potent thrombin inhibitor. Endothelial cells also express
thrombomodulin, which, by binding thrombin, leads to
decreased activation of protein C regulating coagulation
via proteolysis of cofactors Va and Vllla. Proinflammatory
cytokines lead to endothelial damage and decreased
level of surface glycosaminoglycans [73]. The third most
crucial anticoagulant is TFPI, an inhibitor of the TF-FVIla
complex [74]. Neutrophil elastase secreted by NETs is
involved in TFPI inactivation processes.

Antithrombin 1ll is a glycoprotein synthesized in the
liver and inactivating enzymes of both the external and
internal coagulation pathways, including thrombin, factor
Xa, and factor IXa [75]. Heparin enhances contacts
between thrombin and antithrombin, thereby increasing
its anticoagulant activity against AT-IIl. AT-IIl also has an
anti-inflammatory effect mediated by its interaction with
syndecan-4, the proteoglycan of heparan sulfate [76].
When AT-lll binds to heparin, its affinity for syndecan-4
increases so that the anti-inflammatory effects of AT-lII
may be of great importance in treatment of patients with
septic conditions [77].

It is known that the concentration of AT-lIl continuously
decreases during sepsis; however, inactivation and
degradation of antithrombin in thrombin-antithrombin
complexes is not the main cause for this decline [78].
Increased permeability of endothelial cells plays an
essential role in reducing antithrombin concentration
[79]. Increasing endothelial permeability subsequently
promotes neutrophil infiltration.  AT-lll  prevents
accumulation of neutrophils and reduces intensity of
related NETs formation [79]. T. Iba et al. demonstrated
that the administration of AT-lll decreases the
concentration of H3 histone and nucleosomes in animal
models of inflammation [80] (Fig. 2).

NETs, von Willebrand factor
and ADAMTS-13 / NETS, ¢paktop ¢pon
Brieopanga u ADAMTS-13

Plasma glycoprotein of von Willebrand factor accounts
for the platelet delivery to site of damaged vascular
wall and promotes their subsequent activation and
aggregation [81]. Activity of the vWF is determined by its
size. Ultra-large vWF multimers (UL-vWF) released from
endothelial cells can spontaneously activate circulating
platelets and other blood cells, promoting thrombosis
[82]. Metalloproteinase ADAMTS-13 specifically cleaves
the multimer at Tyr1605-Met1606 regions in the A2
domain, thereby regulating the size and activity of vWF
multimers and preventing thrombogenesis [83].

NETs result in decreased ADAMTS-13 activity. Both
extracellular DNA and NETs histones can bind to vVWF,
leading to even greater recruitment of new neutrophils
to the focus, enhancing the pro-inflammatory effect. In
several conditions, e. g., in sepsis, coupled to increased
vWEF concentration, a decrease in ADAMTS-13 activity

occurs. However, no definitive explanation has been
found for this effect yet, which might also develop due
to NETosis. During inflammation, activated neutrophils
in NETosis release various cytokines, proteases,
peptides, and reactive oxygen species such as H,0,,
many of which promote secretion of large amounts of
vWF multimers [84]. At the same time, proteolysis of
ADAMTS-13 by NETs proteases occur [85]. In addition,
J. Chen et al. showed that reactive oxygen species from
NETs oxidize a site on the vVWF A2 domain at Met1606
for binding to ADAMTS-13 that converts methionine to
methionine sulfoxide subsequently hampering potential
of ADAMTS-13 to break this vWF region [86]. The
same reactive oxygen species oxidize methionine in the
ADAMTS-13 by markedly reducing its activity [87]. Thus,
NETosis promotes elevated circulation of VWF multimers
and decreased ADAMTS-13 activity that enhance
stronger platelet aggregation and vascular occlusion.

Peptidyl arginine deiminase 4 (PAD4), which
converts positively charged histones arginine residues
into neutral citruline [88] being required for chromatin
decondensation is actively involved in NETosis.
Recent studies by N. Sorvillo et al. showed that PAD4
citrullinates plasma ADAMTS-13 in the arginine motifs,
thereby increasing its activity [89].

To sum up issues noted above, the components of
NETs, on the one hand, significantly reduce the activi-
ty of ADAMTS-13 by oxidation, citrullination, and pro-
teolysis. On the other hand, they competitively bind to
vWF A2 domain, ultimately leading to elevated amount
of VWF multimers with their prominent prothrombotic
effect. The interactions between NETs and vWF turn in
a vicious circle, wherein the NETs components contrib-
ute to decreased activity of ADAMTS-13, which leads
to increased concentration of VWF multimers and fur-
ther recruitment of new neutrophils, their activation, and
NETosis, thereby enhancing the processes of thrombus
inflammation. In this case, recombinant ADAMTS-13
and/or DNase 1 can be used to disrupt such pathogenic
feedback loop.

Recently, NETs have been viewed as a cause
of endothelial damage and immunothrombosis in
COVID-19. In addition, vVWF and ADAMTS-13 levels
predict COVID-19 mortality (Fig. 2).

The role of NETs in thromboinflammation
in COVID-19 patients / Mecto NETs

B IIPOIE€CCAX TPOMOOBOCIIAICHH

y manpeHToB ¢ COVID-19

Since the beginning of the global pandemic in
early 2020, the 2019 coronavirus disease (COVID-19)
has raised many questions for health service around
the globe. COVID-19 is characterized by developing
acute respiratory distress syndrome (ARDS) with
acute pulmonary insufficiency, endothelial damage,
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immunothrombosis, as well as imbalanced coagulation
and inflammation. Elucidating the pathophysiology is of
paramount importance for proposing novel therapeutic
strategies.

Hypercoagulability is always observed in severe
COVID-19 [90]. Elevated levels of D-dimer, fibrinogen,
and low concentration of antithrombin were noted in
patient blood samples [91]. It has also been shown that
patients hospitalized with COVID-19 had significantly
increased level of NETs compared to the control group
[92]. In particular, high levels of NETs were observed
in the subgroup of COVID-19 patients who have been
clinically diagnosed with at least one thrombotic case. L.
Nicolai et al. found that in patients with COVID-19, NETs
were found in microvascular blood clots in the lungs,
kidneys, and heart [93]. B.J. Barnes et al. demonstrated
prominent neutrophilic infiltration of the lung capillaries
during the autopsy of patients who died from COVID-19
[94].

SARS-CoV-2 can directly trigger the synthesis of
NETs by interacting with angiotensin converting enzyme
2 (ACE2) receptors via the ACE2-serine protease-
TMPRSS2 dependent pathway [95]. The synthesis of
NETs accompanies thrombosis in arteries, veins, and
microcirculation, leading to the development of multiple
organ failure [96]. Mechanistically, NETs DNA directly
activates the external coagulation pathway [97], whereas
NETs tissue factor initiates the internal pathway [98].
Serine proteases of NETs granules, such as elastase,
promote coagulation by proteolysis of various inhibitors
in the tissue factor pathway [99], which is accompanied
by other mechanisms that SARS-CoV-2 virus may trigger
and lead to micro- and macrovascular thrombosis.
Among them are autoantibodies and cytokine-mediated
activation of innate immune cells, including neutrophils
and platelets, vasospasm under hypoxic conditions, and
direct activation of endothelial cells by viral infection
[100]. The three-way interactions between neutrophils,
endothelial cells, and platelets may be critical for COVID-
19-related thrombosis, as shown in other thrombotic-
inflammatory disease models.

Along with NETs, ADAMTS-13 and vWF are also
involved in the development of thrombotic conditions
in COVID-19. Studies have shown a significant
increase in plasma concentrations of VWF multimers
and coagulation factor VIII secreted by activated
damaged endotheliocytes, which is associated with
hypercoagulability and a high risk of thromboembolism
in patients with COVID-19 [101]. In addition, patients
show a decreased ADAMTS-13 activity, which some
researchers have proposed for using particularly as a
marker of a high mortality risk [102].

Approaches to blocking NETs include the destruction
of NETs by deoxyribonucleases and strategies that
prevent the synthesis of NETs such as neutrophil elastase
inhibitors, PAD4 inhibitors, and adenosine receptor

agonists such as dipyridamole [103], antineutrophilic
therapy may be part of individual therapy in COVID-19
therapy.

NETs as one of the markers of the systemic
inflammatory response / NETs kak o
M3 MAPKEPOB CHCTEMHOTO
BOCITATTHTEILHOTO OTBETA

Sepsis-associated disseminated intravascular co-
agulation (DIC) results from the interaction of infec-
tion-induced inflammation and hypercoagulability in
which neutrophils, platelets, and endothelial cells are
involved [104, 105]. Activation of the coagulation sys-
tem, weakening of the anticoagulant system, and sup-
pressing the fibrinolytic system cause thrombotic com-
plications, impaired microcirculation, and multiple or-
gan failure in sepsis [106, 107]. An ideal system for
assessing the severity of DIC and sepsis should in-
clude molecular biomarkers associated with DIC from
endothelial cells, neutrophils, platelets, and tradition-
al indicators. Currently, the thrombin-antithrombin,
AT-Ill, prothrombin fragments 1+2 have already been in-
troduced into the protocol for assessing the severity of
septic complications.

The endothelial cell glycocalyx undergoes degradation
during sepsis and the concentration of serum glycocalyx
components such as syndecan-1 increases. It has been
shown that its level is significantly associated with
the mortality of septic patients [108]. In sepsis, VWF
is expressed by endothelial cells, promotes platelet
aggregation as well as adhesion and microthrombus
formation. The activity and concentration of serum
ADAMTS-13 metalloproteinase are reduced in sepsis,
associated with an increased risk of mortality [109].
In addition, some studies showed that a specific marker
of platelet activation (serum trigger receptor expressed
on myeloid cells-like transcript-1) and P-selectin in
platelets and endothelial cells are associated with sepsis-
induced DIC [110]. P-selectin in platelets is also involved
in the processes of NETosis [111]. Serum NETs lead to
hemostasis dysregulation, and their amount in patients
with sepsis-associated DIC is significantly increased [112].

NETs and pregnancy complications / NETs
H OCJIOKHEHHSA O€PEeMEHHOCTH

Preeclampsia was the first complication of pregnancy
in which NETs have been reported [113]. Pregnancy is
characterized by a pro-inflammatory state, activation
of immunetolerance, the failure of which can be one
of the causes for developing preeclampsia [114, 115].
Initially, 1. Sargent et al. suggested that the cause of the
pro-inflammatory condition is the excretory function
of the placenta, in which waste products are deposited
particularly from the syncytiotrophoblast. The latter
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builds up a continuous several-square-meter monolayer
covering a villous tree being partially released into
the maternal bloodstream and may exist in the form
of microparticles (syncytiotrophoblast microparticles,
STBM). Utilization of syncytiotrophoblast cells occurs
typically due to apoptosis, but necrotic or aponecrotic
processes may occur during preeclampsia, so that the
contents acquire pro-inflammatory properties [116].

The activation of circulating neutrophils accompanies
the pro-inflammatory state during pregnancy; in
preeclampsia, a more pronounced activation with the
formation of NETs, inflammation coupled to reactive
oxygen species, and damage to the endothelium are
noted [117]. Neutrophil activation is facilitated by the
presence of STBM and its increased concentrations in
preeclampsia. S. Giaglis et al. indicated that pregnancy is
accompanied by inflammation and neutrophil activation
[118, 119], suggesting that neutrophils synthesize
excessive NETs under the control of granulocyte-
macrophage colony-stimulating factor and/or sex
hormones during pregnancy. Hormonal imbalances lead
to increased production of NETSs, local tissue damage,
loss of pregnancy, or development of preeclampsia [118].
Studies have shown the presence of a large amount of
extracellular DNA in preeclampsia [120] as well as the
presence of NETs directly in the intervillous space in
patients with preeclampsia [121]. The results of other
studies indicate that placental interleukin-8 triggers
NETosis [113], and also proved indeed the tissue factor
from NETs initiated miscarriage, inducing a cascade
of reactions involving reactive oxygen species [113].
Numerous studies on miscarriage suggest an essential
role in balancing prooxidant factors (e. g., free radicals)
and antioxidant factors in pregnancy maintenance and
normal development [122-124]. Oxidative stress is a
disorder caused by imbalanced production of reactive
oxygen species and antioxidants. The former are
released, among the others, by neutrophils due to the
activity of NADPH-oxidase resulting in oxygen radicals
(respiratory burst), which trigger the antibacterial
defense mechanism [125, 126].

Antiphospholipid syndrome (APS) is a complex
autoimmune disorder that leads to thrombosis and fetal
loss in the presence of antiphospholipid antibodies.
Several studies have shown that the C5a component
of complement triggers tissue factor expression in
neutrophils, thereby leading to trophoblast damage and
fetal loss [127-129]. Such data indicate that neutrophils
play an essential role in the pathogenesis of APS. In
addition, antiphospholipid antibodies can stimulate
NETosis, launching a new pathological thrombus
formation pathway [130, 131]. NETs are detected in areas
of necrosis in the placental basement membrane in late
pregnancy, simultaneously with increased concentrations
of serum extracellular DNA and thrombin-antithrombin
complexes in animal model of pregnancy loss [122].

NETs and perinatal loss / NETs
U IIePUHATAIBHEIC IOTEPH

Neutrophil hyperactivity and its role in neonatal sepsis
have not been fully elucidated yet.

The interest of NETs in the context of neonatal sepsis
is accounted for by the data that sepsis is a systemic
inflammatory response to infection, and symptoms are
elicited by host defense systems rather than by invading
pathogens. The main hallmark of sepsis in newborns
is an extremely rapid course of hyper-inflammatory
immune response [132]. During endotoxemia, neonatal
myeloid-derived cells skew to inflammatory phenotype,
contributing to fatal septic course [133]. In addition,
another important feature of sepsis contributing
profoundly to its outcome is activation of coagulation
with downregulated anticoagulant system and fibrinolysis,
resulting in multisystem organ dysfunction [134, 135].

Neutrophils are the key players, providing the first
line host defense [136]. However, severe Sepsis can
dysregulate neutrophil migration. Instead, neutrophils
accumulate in vital organs, such as the lung, kidney,
intestinal wall [137], which aggravates tissue damage and
development of organ dysfunction.

Reports on the role of NETs in neonatal sepsis
pathology are sparse. However, increasing evidence has
been showing that NETs are implicated in the pathogenesis
of organ dysfunction and targeting NETs represents a
potential therapeutic option.

D.F. Colon et al. demonstrated that neonatal vs. adult
C57BL/6 mice subjected to sepsis or LPS-induced
endotoxemia produced significantly higher levels of NETSs,
and that such outcome was accompanied by increased
organ injury and production of pro-inflammatory
cytokines. The increased NETs level was associated with
elevated expression of PAD4 and histone H3 citrullination
in the neutrophils. Furthermore, treatment of infant septic
mice with PAD4 inhibitor markedly attenuated sepsis.
Importantly, the severity of neonatal sepsis was positively
correlated with the level of NETs [138].

C.U. Stiel et al. evaluated markers of NETs formation in
humanumbilical cord blood and compared their predictive
value to current early-onset sepsis (EOS) markers.
However, no differences of the NETs markers were
found between neonates that developed infection within
72 hours postpartum and control group [139]. C.C. Yost
et al. reported that neutrophils of both premature and
term born infants have very low neutrophil activity and
fail to form NETs in response to inflammatory stimulation.
This impairment of neonatal neutrophils was due to a
neonatal NET-inhibitory factor (nNIF) expressed during
the first 2-3 days of life. In fact, the authors suggest
a tight control of perinatal NETs formation to prevent
hyperinflammation, NETs-mediated vascular injury, and
thrombosis [140].

Recent studies evaluating neonatal, and not umbilical
cord blood, markers of NETs showed an association with
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sepsis [141]: elevated circulating cell-free DNA levels
in neonatal plasma have been associated with late-
onset sepsis (LOS), as well as necrotizing enterocolitis
(NEC). Neutrophils capable of releasing NETs have
been also described as potential sepsis biomarkers
in neonates. A consistent up-regulation of circulating
cell-free DNA and neutrophil-associated proteins at or
shortly before the onset of neonatal LOS and/or NEC
in three different species (human, pig and mouse) was
demonstrated. Elevated circulating cell-free DNA levels
1-6 days before NEC onset in preterm infants suggest
that sub-clinical systemic inflammation at an early

stage of NEC may stimulate neutrophils to release DNA
in the circulation, which may add further inflammatory
insults. Up-regulated fibrinogen chains and vVWF were
among circulating proteins involved in platelet activation
and blood coagulation that differed between control as
well as LOS and NEC patients. These data support the
previously described evidence about strong interaction
between NETs structures and activated platelets during
endothelial injury and sepsis in adults [142]. Taken
together, these results imply that targeting neutrophils
may be a promising strategy to diagnose neonatal sepsis
and predict prognosis in such patients.
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Neutrophil extracellular traps: a role in inflammation and dysregulated hemostasis as well as in patients with COVID-19
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