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Abstract

The results of recent studies show that tumor biology, coagulation activation, and inflammatory reactions profoundly contribute to
the thrombosis pathogenesis in cancer as well as tumor progression, metastasis, and developing chemoresistance. Cancer is an
independent predictor of thrombosis. During carcinogenesis, tumor cells express proinflammatory cytokines, proangiogenic and
procoagulant factors, and also stimulate other cells to express various components promoting emerging thromboinflammation.
The discovery of neutrophil extracellular traps (NETS) provides an opportunity to take a new look at biology and a role neutrophils
may play in thromboinflammation and tumorigenesis. The close interplay between tumor cells, tumor-associated neutrophils and
NETs as well as other players in the tumor microenvironment underlies activation of thromboinflammation in cancer patients not
only resulting in thrombus formation, but also promoting tumor growth and dissemination.
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Pe3tome

Peaynbratbl ccnenoBaHnii NoCneAHUX NeT NoKasblBaT, YTO B NaToreHe3 TpoOM603a Npu pake, a TakKe B NPOrpeccuto onyxonu,
MeTacTa3upoBaHme n OPMUPOBAHNE XMMUOPE3UCTEHTHOCTM BOMbLLOIA BKNAJ BHOCAT OMONOTAS ONYXOMW, aKTUBaLMS CBEPThIBA-
HUA 1 BOcnaneHus. Pak ABNSeTCA He3aBUCUMbIM NPeanKTOpoM Tpom603a. Onyxonesble KNETKM B MPOLECCE KaHLeporeHesa
3KCMPECCUPYIOT NMPOBOCNANMUTENbHbIE LIUTOKIUHBI, NPOAHTMOreHHbIE U NPOKOArynsHTHbIE (PAKTOPLI, a TaKXe CTUMYNNPYIOT Apyrue
KNETKI K 3KCMPeccumn pasnnyHbliX KOMMNOHEHTOB, CMOCOBCTBYS pasBuTMiO TpoMGoBocnaneHus. OTKPbITE BHEKNETOYHbIX NOBYLLIEK
HeiTpodounos (aHrn. neutrophil extracellular traps, NETS) gaet BO3MOXHOCTb M0O-HOBOMY B3IIAHYTb HA GMONOTUID HENTPOGMNOB
W WX y4acTue B TPOMOOBOCMANEHWW W OMYXONeBOM npoLecce. TeCHOe B3aWMOJENCTBAE MEXAY OMyXONeBbIMU KheTKamu,
0MyX0Mnb-accoLupoBaHHbIMI HedTpodunamin n NETS ¢ yyacTuem Apyrux UrPOKOB MUKPOOKPYXKEHNSI OMYXOMN NEXUT B OCHOBE
aKTMBaLMM TPOMOOBOCNANEHNS Y OHKONOTMYECKIX NALMEHTOB, YTO HE TONIbKO MPUBOAMT K TPOMOOOOPA30BaHII0, HO M CNOCO6-
CTBYET POCTY M AMCCEMMUHALNM OMYyXONH.

KntoyeBble cnosa: TpomboBOCNaneHne, HeT03, BHEKNETOYHbIE NOBYLIKN HeiiTpodunos, NETS, HeATpoUnbl, XMNOPE3UCTEHT-
HOCTb, TPOM603
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lpuropbeBa K.H., 3akawaHckuin K.J1., 3nanamu W., Tpu XX.-K. KoHuenuus Tpom60OBOCMNANEHNU Kak OCHOBbI TPOMOOTUYECKUX
OCJIOXHEHWIA, NPOrPeCcCcuit ONyXOMn U MeTacTa3npPOoBaHMs Yy OHKOTMHEKONOrMYECKIUX B0NbHbIX. AKyLuepcTBo, [uHekonorns v Penpo-
Aykuns. 2024;18(4):450-463. https://doi.org/10.17749/2313-7347/0b.gyn.rep.2024.542.

Introduction / BBegenue biomarkers have been extensively investigated, and
new risk assessment scales for cancer-associated

For almost 150 years, there has been known the thrombosis as well as a search for new therapeutic
close connection between cancer and thrombosis. targets is underway. Besides that thromboembolic
In the last 20 years, the international community complications the cause a direct harm to cancer
focused significant attention on the problem of cancer- patients, cancer-associated thrombosis hinders proper
associated thrombosis. The relevant mechanisms and antitumor therapy. Patients on long-term anticoagulant
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in gynecological cancer patients

therapy after a thrombosis episode often cannot
undergo surgical intervention due to high risk, nor can
they receive several effective chemotherapy agents with
prominent procoagulant effects. Moreover, prolonged
use of anticoagulants increases the risk of bleeding
in cancer patients. Although oral anticoagulants, Xa
inhibitors approved for use in patients with cancer-
associated thrombosis, demonstrated effectiveness
and the opportunity for use as an alternative means to
low molecular weight heparin, they, nevertheless, may
result in increased risk of bleeding, especially in certain
tumors, and interactions with antitumor agents.

Traditionally, cancer-associated thrombosis has been
viewed solely from the perspective of venous throm-
boembolism. However, recent studies demonstrated
that oncological patients also have an increased risk
of arterial thrombosis. Currently, cancer-related arterial
thrombosis is a promising task for development
focused on clarifying the underlying mechanisms and
risk factors.

The increased risk of thrombosis observed in
gynecological cancer patients has been traditionally
explained by cancer potential to affect all components
of Virchow's triad (hypercoagulation, stasis, and
endothelial  dysfunction).  Numerous  research
results obtained in recent years allow us to describe
thrombosis pathogenesis in cancer patients by another
triad, namely, the thromboinflammation triad (Fig. 1)
that will consist of tumor tissue-related biological
properties and hemostasis activation as well as tumor-

Blood stasis
Ctas KpoBu

Hypercoagulation
[Mnepkoarynaums

Endothelial dysfunction
JncdyHKLMA aHA0TENNUS

Virchow's triad / Tpuaga Bupxosa

Figure 1. Virchow's triad and thromboinflammation triad [drawn by authors].

triggered inflammatory reactions. It is now evident that
dysregulated hemostasis in cancer patients not only
leads to thrombosis but also promotes tumor growth
and metastasis spreading.

Thromboinflammation: definition of
concept / TpoMOOBOCIIAJICHHE:
ompeie;IeHHE MOHATHSI

The concept of thromboinflammation is generally
traced back to 2004 when V. Brinkmann and colleagues
discovered neutrophil extracellular traps (NETs) and the
process by which they are formed, known as NETosis
[1]. The concept of thromboinflammation encompasses
the mutual activation of the hemostasis system and
inflammatory responses [2].

The process of thromboinflammation results from
development and interaction between other simpler
events in living organisms. In the early stages of animal
evolution, responses to injury and infectious agents
were unified. Such responses are the prototypes of
modern thromboinflammatory reactions. For example,
coagulation accounted not only for hemostasis af-
ter a blood vessel damage but also for inflammation
and regeneration. In some invertebrates, coagulation
still occurs in the hemolymph involving hemocytes. In
more developed vertebrates, the latter represent pre-
decessors of modern platelets. The external factor’s
influence results in initiating hemocyte-mediated he-
molymph coagulation along with parallel pathogen

Hemostasis activation
AKTMBaLMA remocTasa

Tumor biology
Bronorusa onyxonu

Activated inflammation
AKTWBALMA BOChasieHns

Thromboinflammatory triad / Tpuapa Tpom6oBocnanesus

PucyHok 1. Tpuaza Bupxosa u Tpuaga Tpom60BOCNaNeHUs [pUCyHOK aBTOPOB].
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capture to limit their spread. This process is an early
fundamental response that later divided into three sys-
tems: hemostasis, immunity, and inflammation. To-
day, in humans, thromboinflammation involves plate-
lets, the hemostasis system, complement components,
cells participating in inflammatory responses, leuko-
cytes, neutrophils, the pro-inflammatory cytokines they
release, complex process as well as NETs as one of the
outcomes of multi-faceted events, and innate immune
cells. Thromboinflammatory responses were identified
in various diseases, including critical conditions such
as sepsis and stroke.

Neutrophils / Heitpodpunbi

Polymorphonuclear neutrophil is the most
common type of leukocytes. The name of this cell
type is accounted for by the lack of staining during
laboratory diagnostics and observed lobed nuclear
structure. Neutrophils are the primary cells of
antimicrobial defense due to their powerful arsenal of
antimicrobial granules. Tumor is a sort of non-healing
wound. Among the many components of tumor
microenvironment, neutrophils and their products
play a crucial role in tumor progression, immune
evasion, and metastasis [3].

Neutrophils destroy pathogens using a combination
of mechanisms such as oxidative burst, phagocytosis,
release of antimicrobial substances, and NETs. The lat-
ter is the major player in thromboinflammation leading
to dysregulation of all hemostatic components.

Neutrophils are recruited to the site of inflammation
via 3 stages: activation, adhesion, and extravasation
mediated by chemokines and selectins [4]. NETosis
is induced by various agents and pro-inflammatory
mediators, including chemokines, which are abundantly
produced in tumor tissue microenvironment. Recent
studies demonstrated that neutrophils exhibit neutrophil
adaptive (memory-like) responses. For example, the
use of BCG (Bacillus Calmette-Guérin) promotes
development of adaptive response in native neutrophils
[5], leading to the reprogramming of neutrophil
transcriptome, epigenetic modifications, and release
of pro-inflammatory mediators. Upon repeated insult,
neutrophils are rapidly attracted and activated resulting
in stronger immune response.

Platelets activate tumor cells, which in turn activate
platelets, creating a vicious cycle of cancer-associa-
ted thrombosis. Additionally, platelets stimulate neu-
trophils to release NETs, which intensifies subsequent
thromboinflammatory reactions, tumor progression
as well as developing metastases [2]. NETs are the
key players in thromboinflammation. All types of
thrombi in cancer patients contain NETSs, indicating that
thromboinflammation is an integral part of thrombosis
pathogenesis [6].

Neutrophil extracellular traps / BHeKneTo4Hble NOBYLIKKH
HeiTpothunos

Neutrophils represent the source of extracellular
traps formed via a complex cascade of reactions known
as NETosis. NETs consist of decondensed DNA strands,
proteins, and histones. DNA strands create a network
structure wherein the other components of NETs are

"trapped."” The damaging effects on tissues primarily

result from neutrophil elastase (NE), myeloperoxidase
(MPQ), and cathepsin G contained inside NETs [2, 7].
NETosis can vary in intensity, being either physiological
or excessive. The latter contributes to pathological
thrombosis, hemorrhages, acute inflammation, and
tissue destruction [8]. The involvement of NETs in the
pathogenesis of various conditions has already been
established for autoimmune diseases such as psoriasis,
systemic lupus erythematosus, and rheumatoid arthritis,
as well as atherosclerosis, vasculitis, cancer, etc. [9].

Proinflammatory cytokines / lpoBocnanutenbHbie
LMTOKMHbI

Interleukin (IL) concentrations are significantly ele-
vated in cancer patients, particularly those with venous
thrombosis. Studies demonstrated that interleukins,
especially IL-8 in the context of its overexpression in
non-small cell lung cancer, directly affect NETosis mag-
nitude [10, 11]. Tumor cells actively secrete proinflam-
matory cytokines. NETs promote cytokine production
in macrophages [12]. Cytokines, in turn, participate in
NETosis. In vitro studies demonstrated that IL-1B in-
duces NETs formation. In this case, NETosis was not
suppressed by the interleukin-1 receptor antagonist
(IL-1RA) [13].

Interleukin-8 is secreted by macrophages, endothelial
cells, and epithelial cells expressing Toll-like receptors
(TLRs) [13]. IL-8 facilitates neutrophil recruitment to the
site of inflammation and subsequent NETosis. Malignant
cells in various tumors (nasopharyngeal carcinoma,
hepatocellular carcinoma, prostate cancer, colorectal
cancer) increase IL-8 concentration [14]. The plasma
IL-8 level in patients with ovarian tumors is significantly
reduced during or after chemotherapy using paclitaxel,
suggesting that IL-8 is a promising marker in cancer
treatment. IL-8 binds to neutrophil membrane IL-8-R1/2
receptors to govern neutrophils to tumors [15, 16]. High
levels of circulating IL-8 have been described in cancer
patients [17]. IL-8 promotes tumor growth and invasion,
the formation of de novo tumor vasculature, and
metastatic spread [18]. A more malignant phenotype
with a worse prognosis is observed in tumors that
produce large amounts of IL-8 [19].

IL-1 and IL-6 activate megakaryopoiesis and incre-
ase platelet level. IL-2 reduces the secretion of platelet
alpha granules, whereas interferon gamma (IFN-y)
and IL-1 enhance the release of dense granules. The
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thrombomodulin—protein C—protein S pathway is sup-
pressed by IL-1 and tumor necrosis factor alpha
(TNF-a). Endothelial cells and monocytes release large
amounts of tissue factor (TF) in response to TNF-a and
IL-6 [20, 21]. IL-1, TNF-a, and IFN-y trigger endothelial
cells to release plasminogen activator inhibitor-1
(PAI-1) [1, 22].

Structural components of neutrophil extracellular traps /
CTPYKTYPHbIE KOMMNOHEHTbI BHEKJIETOYHbIX JIOBYLLEK
HeiiTpochunos

Thromboinflammation transits from a normal
response to a pathological process upon excessive
NETosis resulting either from enhanced NETs synthesis
or its failed clearance. During inflammation, circulating
exogenous and endogenous DNases break down NETs
followed by release of histone-proteases associated
with DNA to unveil their proteolytic properties. Such
histone-proteases degrade the extracellular matrix,
damage the endothelium, and harm other cells
[23]. After histone-caused endothelial damage, the
endothelium begins to release H,0,, which repeatedly
triggers NETosis.

NETs influence all components of the hemostatic sys-
tem [24]. Hemostasis is activated through both intrinsic
and extrinsic pathways. NETs-contained DNA, along with
TF, acts as a cofactor in thrombin-dependent activation
of factor XI, participating in activation of extrinsic path-
way [25]. NETs DNA also facilitates activation of intrin-
sic pathway on negatively charged surfaces by activating
factor XII [26]. NETs histones activate platelets in con-
junction with thrombin [27]. Histone H4, by binding to
prothrombin, triggers its activation.

NETs components hinder fibrinolysis through several
mechanisms. The stabilization of fibrin protofibrils
occurs through histone-related lateral aggregation.
Both non-covalent and covalent bonds with histones
further enhance fibrin thickening. Plasmin is unable to
fully carry out fibrinolysis due to NETs DNA integration
into the fibrin matrix. Histones act as targets that inhibit
plasmin activity by occupying plasminogen fibrin-
binding sites [6, 28]. Additionally, NETs DNA disrupts
tPA-mediated (tissue plasminogen activator, tPA)
plasminogen-to-plasmin conversion by forming PAI-1
and tPA complexes [29].

NETs via histones alter function of key anticoagulants.
Activated protein C (APC) is inactivated by neutrophil
oxidase and elastase. Histones counter interaction between
antithrombin, thrombomodulin, and thrombin [30].

Endothelial activation triggered partially by NETs
components leads to von Willebrand factor (VWF) re-
lease. Upon exocytosis, VWF attracts a great number of
platelets to the site of endothelial damage promoting
microthrombus formation. Consequently, NETs interfere
with the normal functioning of the ADAMTS-13/vWF axis.

Thus, excessive NETosis in various conditions
including cancer patients leads to complete hemostasis
dysregulation.

Antiphospholipid antibodies / AuTuchocchonunupHble
aiTuTena

Increasing number of studies demonstrate the link
between circulating antiphospholipid antibodies (aPL)
and thromboinflammatory processes. S. Yalavarthi
et al. described NETosis induced by anticardiolipin
antibodies (aCL) as a novel thrombosis mechanism in
antiphospholipid syndrome (APS) [31]. Supporting the
hypothesis that aPL activate neutrophils for subsequent
NETosis, it was demonstrated that neutrophils isolated
from APS patients enhanced spontaneous NETSs release.
Additionally, a positive correlation was found between
lupus anticoagulant (LA), anti-B,-glycoprotein 1 IgG
antibodies (ap,-GP1), 1gG aCL and circulating MPO-
DNA complexes in vivo. Using various laboratory
methods, B,-GP1 was detected on neutrophil surface
underlies that aB,-GPI binds to neutrophils to trigger
NETosis [6].

Molecules released during NETosis can be recognized
by the immune system as autoantigens. This creates
a vicious cycle of autoimmune reactions, leading to
further antigen release [32]. NETosis per se contributes
to developing thrombotic events and promotes further
aPL production. These two events, mutually reinforcing
each other, contribute to emerging prothrombotic state
in cancer patients.

Von Willebrand factor and ADAMTS-13
metalloproteinase / ®akTtop ¢hon Bunnebpanpa
U metannonpotemHaza ADAMTS-13

The regulation of microthrombus formation in
human involves the large multimeric glycoprotein
VWF released by the endothelium upon injury. The
primary function of this multimer is to recruit, activate
and aggregate platelets on the collagen matrix in the
subendothelial layer leading to thrombus formation
and bleeding cessation. Additionally, VWF is involved in
inflammatory responses, tumor growth, angiogenesis,
and metastasis; VWF level is markedly elevated in
various malignant neoplasms (Fig. 2).

The metalloproteinase ADAMTS-13 (a disintegrin
and metalloproteinase with thrombospondin type 1
motif, member 13) is the key factor regulating vVWF
multimer quantity. vVWF accumulation and decline in
ADAMTS-13 levels lead to emergence of vWF-platelet
aggregates and fibrin deposition in the microvascular
network, the phenomenon known as cancer-associa-
ted microangiopathy network. This process is known
as the phenomenon of cancer-associated microangi-
opathy [33].

According to the data, increased vVWF concentrations
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and/or decreased ADAMTS-13 levels have been
associated with poorer survival outcomes in colorectal
cancer [34], head and neck tumors [35], lung cancer
[36], and Waldenstrom's macroglobulinemia [37]. The
mechanism leading to decreased plasma ADAMTS-13
levels in cancer patients is not fully understood.
Various oncogenes regulate expression of extracellular
proteases, which may directly impair enzyme function.

Congenital and acquired ADAMTS-13 deficiency as
well as a decrease in VWF level and activity are potential
markers of microthrombosis risk. During growth and
invasion, tumor cells disrupt the integrity and activate
endothelial cells leading to release of high amounts of
vWF multimers and triggers ADAMTS-13 activation.
During massive endothelial activation, ADAMTS-13
is actively consumed followed by a decrease in both
its level and activity. A direct correlation between the
degree of endothelial activation and tumor growth
exists. While tumor tissue grows, the magnitude of
ADAMTS-13 consumption elevates. A similar scenario
occurs in other conditions accompanied by endothelial
dysfunction such as systemic inflammatory diseases,
sepsis, and disseminated intravascular coagulation
(DIC) syndrome. VWF multimers during absolute or
relative (in the presence of circulating inhibitors)
ADAMTS-13 deficiency trigger platelet activation and

« Increasing vascular permeability
MoBbILLIEHNE NPOHMLIAEMOCTH COCY0B

« Activated cytokine production
AKTUBaLMS CUHTE3a LUTOKMHOB

« Immune cell recruitment
PekpyTupoBaHne MMMYHHbIX KNeToK

Inflammation
Bocnanenue

-

« Promotes metastasis along
with endothelial cells and platelets
COBMECTHO C KNeTKamu 3HA0Tenns
11 TPOMOOLMTaMK CNOCOBCTBYET
METacTasnpoBaHNio

N\

aggregation, leading to the formation of mixed tumor-
platelet thromboemboli.

Von Willebrand factor facilitates adhesion of tumor
cells to the endothelium and their transit through blood
vessel wall, thereby promoting metastasis [36]. In in
vitro studies, melanoma cells intrinsically activated
the endothelium and stimulated vVWF multimer release
leading to subsequent platelet aggregation and throm-
bosis [38]. Studies demonstrated that in cancer, a
decrease in ADAMTS-13 concentration with excessive
VWF release leads to thrombosis. This situation
can potentially be corrected by using recombinant
ADAMTS-13 (rADAMTS-13) [38].

ADAMTS-13 activity is reduced by NETs, which bind
to VWF through electrostatic interactions between free
DNA and the A1 domain recruiting more neutrophils to
the site [6, 39, 40], that may be prevented by heparin
[41]. Apart from this, NETs DNA occupies glycoprotein
Iba (GPIba) binding sites in vVWF A1 domain [20, 42].

Positively charged NE fragments may result in bin-
ding to VWF, a key mediator in recruiting platelets and
leukocytes to the endothelium. The interaction with
vWF recruits more leukocytes to the activated endo-
thelium [20]. Experiments demonstrated that activa-
ted platelets stimulate NETosis only in the presence of
VWF [43, 44].

- Platelet attraction
[MpuBneyeHne TPOMOOLNTOB

« Increasing platelet aggregation
[ToBblILLEHNE arperavuu
TPOMOOLMTOB

« Altered ADAMTS-13/VWF axis

HapywweHue ocu ADAMTS-13/VWF

J

« Release of growth factors
into circulation followed
by activation of angiogenesis
and cell proliferation
BbicBOG0XEHNE B LNPKYNALNIO
(hakTOpOB pocTa C nocnenytoLLen
aKTWBaLMen aHrnoreHesa
1 KNETOYHOI nponudepaun /

Figure 2. Von Willebrand factor in the pattern of thromboinflammation concept in cancer [drawn by authors].

PucyHok 2. ®akTop (hoH BunnebpaHaa B CTPYKTYpe KOHUenLmn TpoMOOBOCTaneHus npu pake [pUCcyHoK aBTopos].
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A decrease in ADAMTS-13 concentration and activity
as well as elevated vWF level and activity are universal
microthrombosis mechanisms in sepsis and DIC
syndrome [45]. NETs affect the activity of ADAMTS-13
and VWF. Activated neutrophils and NETs via factors
such as proteases, peptides, cytokines, and reactive
oxygen species modify the structure and conformation
of ADAMTS-13 binding sites.

Peptidyl arginine deiminase 4 (PAD4) participates
in NETosis and protein citrullination. PAD4 is found in
leukocyte nucleus. Citrullination ensures conversion
of protein arginine residues into citrulline residues
acted upon by PAD4, which removes protein charge
[46-49]. After neutrophils become recruited and
stimulated, NADPH oxidase is phosphorylated, reac-
tive oxygen species are synthesized, and histones
undergo citrullination. PAD4 inhibition lowers NETosis
magnitude by preventing histone H3 citrullination and
subsequent NETs synthesis [50]. Mice lacking PAD4
are unable to undergo chromatin decondensation and
subsequent NETosis [49, 51].

Peptidyl arginine deiminase 4 is also an integral NETs
component that participates in NETs formation by con-
verting arginine residues in histones to citrulline [52]
and decondensing chromatin. PAD4 is able to citrulli-
nate ADAMTS-13 in plasma by modifying arginine resi-
dues and, thereby altering its structure as well as activity
[20, 53].

NETs contain alpha-defensins, also known as human
neutrophil peptides (HNPs), which participate in
immune responses in vivo. Due to their ability to activate
platelets [54] and reduce fibrinolysis, they exhibit
procoagulant properties [55]. HNPs bind to vVWF A2
domain, thereby modulating the ADAMTS-13/VWF axis.
Studies demonstrated elevated plasma HNPs levels
in patients with acute thrombotic thrombocytopenic
purpura (TTP) [20, 56].

One of NETs proteases is myeloperoxidase, which
catalyzes the synthesis of hypochlorous acid from
H,0, and CI~. Hypochlorous acid oxidizes methionine
to methionine sulfoxide. This occurs at ADAMTS-13
cleavage site within vVWF A2 domain and in ADAMTS-13
by affecting function of the ADAMTS-13/vVWF axis
[57-59]. MPO-H,0,~ClI~ system during NETosis
may result in imbalanced ADAMTS-13/vVWF axis and
microvascular thrombosis [20]. Both plasmin and
NE cleave ADAMTS-13 in plasma in vitro. Research
has demonstrated the contribution of NETosis and
thromboinflammation to extensive microthrombosis in
patients with acute forms of TTP, who exhibit elevated
plasma concentrations of NETs components, including
DNA-histone complexes and MPOQ, along with reduced
platelet counts [20, 60].

Pro-inflammatory cytokines regulate the release
of endothelial VWF multimers and their cleavage into

smaller fragments [20, 61]. IL-6 inhibits cleavage
of VWF multimers by the ADAMTS-13. The IL-6/IL-6
receptor complex, TNF-a, and IL-8 enhance release of
VWF multimers [62].

In DIC syndrome associated with sepsis, low-
molecular-weight ADAMTS-13 isoforms are detected
[56]. The decrease in ADAMTS-13 level and activity
during excessive NETosis facilitates circulation of vVWF
multimers, which recruit and activate more neutrophils
and platelets. Administering DNase | or recombinant
ADAMTS-13 may provide a potential option to break
this vicious cycle [20].

Thromboinflammation and chemotherapy resistance /
TpomboBocnaneHue u pe3UCTEHTHOCTb K XMMUOTEPaNnu

Tumor tissue has long been considered the primary
source of circulating plasma free DNA (cfDNA) in cancer
patients. During tumor progression, cfDNA resembles
DNA from NETs, suggesting that NETosis may underlie
chemoresistance [63].

Experiments with PAD4** mice bearing lung tumors
using  platinum-based  chemotherapeutic  agents
were associated with cfDNA release and thrombus
formation not observed in PAD4~~ mice, suggesting
that an increase in cfDNA and thrombin levels during
platinum-based chemotherapy is directly related to
PAD4 and NETosis confirmed by other studies (Fig. 3)
[49, 64, 65]. It is NETosis, rather than apoptosis or
necrosis that promotes blood plasma cfDNA levels [65].
In PAD4** mice undergoing chemotherapy, DNase
administration reduced the risk of thrombus formation,
an effect not observed in PAD4”~ mice [66]. Tumor-
associated neutrophils, acted upon by granulocyte colony-
stimulating factor (G-CSF) trigger NETosis [64]. Hence,
the results of such studies establish a link between tumor
progression, neutrophil count, and increased blood
plasma levels of G-CSF and ¢cfDNA in cancer patients [66].

Neutrophils have long been associated with poor
response to immune checkpoint inhibitor therapies.
Recent studies demonstrated that NETosis indeed
underlies the poor response to chemotherapy [67]. In
the case of immune checkpoint inhibitor therapy for
pancreatic adenocarcinoma, NETosis shields tumor
cells from CD8+ T-cells action [49, 68].

By enveloping the tumor cell and preventing
contact with CD8+ T-cells and natural killer cells, NETs
mechanically protect the tumor in vitro. This protective
barrier can be disrupted in experiments by administering
DNase 1. However, supraphysiological DNase 1 con-
centrations are required for NETs degradation [49, 69,
70]. Additionally, the effectiveness of thrombolysis is
enhanced when blood clots are simultaneously treated
with DNase and tPA [49, 71].

The role of NE, matrix metalloproteinase (MMP)
MMP-9, cathepsin G, programmed cell death ligand 1
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Makatsariya A.D., Slukhanchuk E.V., Bitsadze V.0., Solopova A.G., Khizroeva J.Kh., Ashrafyan L.A., Serov V.N., Voynovskiy A.E.,
Ungiadze J.Yu., Lazarchuk A.V., Tretyakova M.V., Makatsariya N.A., Salnikova P.V., Gashimova N.R., Grigorieva K.N.,

Zakashansky K.L., Elalami I., Gris J.-C.

Chemokines
XeMOKMNHbI
Selectins
CenekTuHbI
Cytokines
LInToKuHbI
——»| aPL/ADA

R

—_

Tumor microenvironment cells
KneTkin MUKpOOKpYXXeHUs onyxonu

Thromboinflammation
Tpom6oBocnanexue

Activation / AkTuBaumsi | »” iy
Adhesion / Anreaus .

Inflammation \

Bocnanenue

i Tissue trauma
Extravasation 3
dkcTpaBasaums Tpasma Taneit

Thrombosis
Tpom603
Hemorrhage

KposouanusiHue

Macrophages
Makpodparn

ADAMTS-13/VWF axis
Ocb ADAMTS-13/VWF

Interleukins / ViHTepnenkunHbl

Figure 3. Integral concept of thromboinflammation in cancer [drawn by authors].
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PucyHok 3. IHTerpanbHas KoHuenums TpoM60BOCMANeHNs NPy pake [pUCYHOK aBTOpPOB].
Tpumeyanne: AQA — aHtughocghonunugHsle aHTutena, NETS — BHeKETO4YHbIe 110ByLLKu HenTpogunos,; VIWF — paktop ¢hoH Bunnebpaxaa,; PAI-1 — uHrnbutop

aKTUBAaTopa nnasmuHoreHa-1.

(PDL-1), and carcinoembryonic antigen cell adhesion
molecule 1 (CEACAM1) in emerging chemoresistance
has now been established [49, 72]. MMP-9 is a metallo-
proteinase that degrades the extracellular matrix (ECM)
[73]. Studies demonstrated tumor chemoresistance and
ECM degradation associated with elevated MMP-9 ex-
pression in gastric cancer [74]. MMP-9 also contributes
to tumor neoangiogenesis and reduces intra-tumoral
perfusion of chemotherapeutic agents [49, 75]. One of
NETs components, NE, promotes tumor growth by in-
fluencing the epithelial-mesenchymal transition, which
transforms the tumor cell into a mesenchymal pheno-
type [72, 76]. Compared to rental cells, mesenchymal
phenotype cells have a greater capacity for migration
and apoptosis [49, 77]. The transmembrane glycopro-
tein CEACAM1 also found in NETs takes part in T-cell
pool depletion and activation of tumor cell adhesion and
migration [49, 78]. The programmed cell death protein
1 (PD-1) membrane receptor normally regulates T-cell
antitumor activity. T-cell depletion occurs through the
interaction between PD-1 and PDL-1 (NETs component)
which inevitably leads to arising resistance to immuno-
therapy [79-81]. The involvement of neutrophils and
NETs in formation of chemoresistance is multifaceted
and requires further investigation, as do the potential
pathways to overcome this resistance.

The link between neutropenia and improved survival
prognosis has long attracted attention but lacked a
logical explanation. This phenomenon can now be
accounted for by understanding the mechanisms of
thromboinflammation. In this context, neutropenia not
only appears to be a marker of effective chemotherapy
but also confirms the existence of NETs-dependent
chemoresistance mechanisms.

Conclusion / 3axirouenue

Overall, thromboinflammation per se and NETosis in
particular are specific mechanisms whose significance
in clinical oncology is only now being explored. Both
clinical and basic research data presented here confirm
aneed for further investigation of thromboinflammation.
The relevance of thromboinflammation and hemostasis
disorders in cancer patients is driven by the necessity
to improve the principles of complication prevention
and predictionof disease progression. The molecular
mechanisms  of  cancer-associated thrombosis,
tumor progression, and metastasis in gynecologic
oncology patients, taking into account new findings
on thromboinflammation in oncogynecology as well
as laboratory diagnostics and therapy remain highly
relevant issues for modern medicine.
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