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recruited to developing thrombi in different types of thrombosis.

They amplify intravascular coagulation by stimulating the tissue

factor-dependent extrinsic pathway via inactivation of endogenous anti-

coagulants, enhancing factor XII activation or decreasing plasmin gener-

ation. Neutrophil-dependent prothrombotic mechanisms are supported

by the externalization of decondensed nucleosomes and granule pro-

teins that together form neutrophil extracellular traps. These traps, either

in intact or fragmented form, are causally involved in various forms of

experimental thrombosis as first indicated by their role in the enhance-

ment of both microvascular thrombosis during bacterial infection and

carotid artery thrombosis. Neutrophil extracellular traps can be induced

by interactions of neutrophils with activated platelets; vice versa, these

traps enhance adhesion of platelets via von Willebrand factor.

Neutrophil-induced microvascular thrombus formation can restrict the

dissemination and survival of blood-borne bacteria and thereby sustain

intravascular immunity. Dysregulation of this innate immune pathway
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Neutrophil extracellular traps/extracellular nucleosomes are increased in

thrombi and in the blood of patients with different vaso-occlusive
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Activation of intravascular blood coagulation and the for-
mation of thrombi in microvessels (microvascular thrombo-
sis) under certain conditions support a distinct mechanism
of intravascular immunity named immunothrombosis.’
This biological form of “protective” thrombosis immobi-
lizes circulating bacteria, restricts tissue invasion, and limits
the survival of circulating bacteria in organs such as the liver
and spleen. NET/extracellular nucleosomes were identified
as major effectors of intravascular immunity supported by
microvascular thrombosis in mice i vivo.” In parallel, it was
shown that NET derived from neutrophils are present at
sites of pathological thrombus formation in large arteries in
experimental mouse models as well as in coronary thrombi
of patients.” Notably, a substantial fraction of neutrophil-
derived extracellular nucleosomes did not exhibit the typi-
cal morphology of NET and were present in fragmented
forms.

Apart from being causally involved in microvascular
thrombosis as part of the physiological host response to
bacterial infection, extracellular nucleosomes, the major
constituents of NET, were shown to critically promote the
development of arterial thrombosis in mouse models in
vivo.” Besides this, NET were also detected in animal mod-
els of deep vein thrombosis and were shown to enhance
thrombus formation 7 vivo.”® Thus, neutrophils and
NET/extracellular nucleosomes are crucial promoters of
thrombosis under physiological and pathological condi-
tions, in different vascular beds, and under diverse condi-
tions of vessel injury and infection. This review summa-
rizes the mechanisms supporting propagation of thrombo-
sis by neutrophils. In particular, we discuss how
NET/nucleosomes are generated/externalized at the cellu-
lar level, demonstrate the molecular events supporting
their procoagulant functions, as well as emphasize the
critical role of neutrophils in the activation of various
types of thrombosis i vivo.

Mechanisms of chromatin release from
activated/dead cells and host defense functions
of neutrophil extracellular traps

Various triggers such as cytokines, bacterial compo-
nents, the experimental agonist phorbol-12-myristate-13-
acetate, or activated platelets can stimulate the activation
of neutrophils (Table 1), which in turn leads to degranula-

Table 1. Triggers of NETosis.

Micro-organisms as trigger Sterile trigger

S. aureus”™ High mobility group box 1"
S. pyogenes" Heme®

M. tuberculosis® Tumor necrosis factor®
S. flexnert* Interleukin-8*

E coli” Interleukin-5 + C5a™
Apicomplexan species (e.g. T’ gondii)" GM-CSF + C5a™
Leishmania species™ Interferon + Cha™

C. albicans™ ANCAS®
Asperigillus species™ PMA!
Influenza” H,0;°

Human immunodeficiency virus-1*

C5a: complement component 5a; GM-CSF: granulocyte-macrophage colony-stimulat-
ing factor; ANCAS: anti-neutrophil cytoplasmic antibody; PMA: phorbol 12-myristate
13-acetate.

tion and the concomitant release of decondensed chro-
matin fibers (designated as NET) into extracellular com-
partments.” Such fibers, which can also be formed by
eosinophils and mast cells and greatly exceed the size of
the neutrophils themselves, enable trapping, and eventual-
ly, killing of micro-organisms. The process of NET forma-
tion, also called NETosis, is dependent on the enzyme
peptidylarginine deiminase-4 (PAD4)."° PAD4 catalyzes
the conversion of histone-associated arginine residues into
the non-canonical amino acid citrulline. This is mediated
by the conversion of the imino group of arginine into a
keto-group. Replacement of arginine residues by cit-
rullines in turn causes dissociation of histones from the
tightly packed DNA backbone that is wrapped around
unmodified histones, and thereby induces chromatin
decondensation.

In parallel, nuclear membranes begin to vesiculate and
neutrophil granules disintegrate. Thereby, granule pro-
teins, including myeloperoxidase, come into contact with
nuclear components such as chromatin. Myeloperoxidase
is a major trigger for NET generation in addition to PAD4.
Further molecules involved in NET formation remain to be
identified. Disintegration of the nuclei and granules allows
the fusion of different intracellular membranes. The cells
round up and in an abrupt event, the decondensed chro-
matin, together with various granule components, is
expelled to form NET. NET were found to capture Gram-
positive and Gram-negative bacteria and to be responsible
for microbicidal activities in vitro.* In line with this, neu-
trophils isolated from PAD4-deficient mice (PAD4")
showed reduced NET formation and microbicidal activi-
ties. In addition, these mice were found to be more sus-
ceptible to infection with S. pyogenes in vivo." Formation of
NET does not necessarily result in neutrophil death.
Indeed, following NET formation the generated neu-
trophil fragments have been described to be present in
abscesses i vivo."”

Apart from activated cells, also dying or dead cells, in
particular apoptotic cells, can release nucleosomes.”
Extracellular nucleosomes, especially when complexed
with high mobility group box protein 1, can activate anti-
gen-presenting cells, including dendritic cells, and thereby
disrupt tolerance against nucleosomes/double-stranded
DNA which might favor autoimmune diseases such as
systemic lupus erythematosus." Stimulation of NETosis in
lupus, which might be supported by reactive oxygen
species originating from mitochondria, could well con-
tribute to the increased risk of both arterial and venous
thrombosis in this disease.” In the case of tumor cells,
nucleosome release has been shown to occur from both
apoptotic and necrotic cells.' The molecular mechanisms
supporting release of nucleosomes from apoptotic and late
apoptotic cells are largely unknown. It has been suggested
that the serine protease factor seven activating protease
(FSAP or hyaluronic acid binding protein-2) plays a major
role in the release reaction,” whereby FSAP is found asso-
ciated with the released nucleosomes. Similarly to RNA,
the DNA components of nucleosomes could also promote
auto-activation of FSAP, which in turn might contribute to
some of the prothrombotic actions of extracellular nucleo-
somes, given that FSAP supports arterial thrombosis." "

Extracellular nucleosomes enhance blood coagulation
and platelet activation
Platelets are increasingly recognized as critical players in
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immune responses.”” Their immunoregulatory effects are
in part related to platelet interactions with innate immune
cells such as neutrophils and monocytes. In line with this,
activated platelets are substantially involved in the forma-
tion of NET by neutrophils.” This can be mediated by
high mobility group box protein 1 exposed on the surface
of activated platelets and by adhesive interactions of
platelet P-selectin with neutrophil P-selectin glycoprotein
ligand-1.** The expelled NET in turn allow the adhesion
of additional platelets and promote their activation, medi-
ated in particular by histones.”” NET likely also bind von
Willebrand factor as well as fibrinogen.

Interactions between activated platelets and activated
neutrophils can result in an activation of the extrinsic
pathway of coagulation both in human and mouse sys-
tems®” Fibrin formation via the extrinsic pathway is cen-
trally initiated by the cell membrane protein tissue factor
(TF). P2Y12-mediated platelet activation by the platelet
agonist ADP plays a critical role in induction of TF activity
by platelet-neutrophil interactions.” Such procoagulant
activity can originate in principle from neutrophil TF
platelet TF or both.”” Nonetheless, so far no consensus
has been reached regarding the functional relevance of
neutrophil and platelet TE Neutrophils and platelets
release microparticles that have been suggested to express
TF and to be trapped by NET.” In line with this, TF has
been detected in association with NET inside venous
thrombi in vivo.® Eosinophils, which expel DNA-histone
complexes upon activation as well, serve as a major
intravascular pool of TE** Thus, under certain conditions,
neutrophils and eosinophils might co-expose TF and
extracellular DNA.

To prevent pathological vessel occlusion due to intravas-
cular blood coagulation, it is essential that the potent pro-
coagulant role of TF can be silenced under physiological
conditions. Suppression of TF activation is mediated by
different mechanisms, including proteins that prevent the
translocation of phosphatidylserine to the outer leaflet of
the plasma membrane, given that phosphatidylserine
exposure activates TE® Protein disulfide isomerase serves
as another mechanism to promote the extrinsic pathway
by oxidation (internal disulfide bond formation) of TE*
Protein disulfide isomerase, which can be released from
activated platelets and from endothelial cells at sites of
vascular injury, has been shown to be associated with
NET in deep vein thrombosis.’

Activation of the extrinsic pathway of blood coagula-
tion by TF is controlled by the natural anticoagulant pro-
tein tissue factor pathway inhibitor (TFPI), which directly
inhibits coagulation factors VIla and Xa involving the
Kunitz 1 and 2 domains of TFPI. To disinhibit TF-driven
blood coagulation, neutrophil serine proteases such as NE
and cathepsin G, locally degrade and thereby inactivate
TFPIL Since these proteases and TFPI both bind to NET,
they greatly enhance inactivation of TFPI.’ Isolated nucle-
osomes (derived from insects and mammalian cells) mimic
this effect, and can thus also act as a stimulus of TF-depen-
dent fibrin formation. While the role of NET in promoting
intravascular fibrin formation and thrombosis i vivo has
been relatively well documented (see below), the question
as to whether nucleosomes released from normal apoptot-
ic cells and/or tumor cells also act as prothrombotic trig-
gers requires future investigation.

Apart from activating the extrinsic pathway of blood
coagulation, NET can also promote factor XII activation,

and thereby stimulate the contact pathway of blood coag-
ulation.® Moreover, NET might enhance fibrin formation
by inhibiting tissue plasminogen activator-mediated fibri-
nolysis.* The procoagulant mechanisms induced by NET,
in particular their ability to increase blood coagulation via
TFPI degradation, are likely mediated in part by nucleic
acids, which provide a polyanionic surface that, like other
polyanions (including, for example, RNA and polyphos-
phates), allows the proteolytic activation of coagulation
factors such as factor XI1.*** NE-dependent degradation of
endogenous anticoagulants, activation of the contact path-
way, and inhibition of fibrinolysis, support propagation of
blood coagulation, rather than triggering its initiation.
Overall, neutrophils and NET thus operate through multi-
ple pathways that propagate fibrin formation and enhance
recruitment and activation of platelets.

Immunothrombosis: intravascular fibrin formation as
part of the innate immune defense

Systemic bacterial infections can be a lethal threat to an
organism. The mechanisms of host defense against infec-
tions by circulating bacteria are still not fully understood.
Recently, it was shown that neutrophil serine proteases
(NE, cathepsin G) and NET/extracellular nucleosomes trig-
ger the formation of immunothrombosis in liver and
spleen sinusoids during systemic bacterial infection in
vivo.” The ability of NET to promote fibrin formation
enables microvascular thrombi to limit the dissemination,
tissue invasion as well as the survival of circulating E. coli.
The procoagulant role of neutrophils and their released
NET during immunothrombosis critically depends on neu-
trophil serine proteases such as NE. NET can thus serve as
a platform for NE-mediated activation of intravascular
coagulation in vivo. Consistent with the role of NE-induced
TFPI cleavage for the antimicrobial activity of intravascu-
lar blood coagulation, infusion of a TFPI mutant specifical-
ly resistant to cleavage by NE and cathepsin G
(T87F/L89A), which almost completely suppressed
microvascular fibrin formation, markedly increased tissue
invasion of E.coli and enhanced bacterial survival.’

However, apart from its beneficial role in combating cir-
culating pathogens, NET-induced microvascular thrombo-
sis under certain conditions can become detrimental to the
host.¥* This is particularly true for disseminated intravas-
cular coagulation, a serious complication of sepsis, which
is likely a direct pathological consequence of
immunothrombosis. In line with this, NET have been
shown to foster the development of sepsis.” In particular,
NET have been detected in several organs during sepsis,
including lungs, or even circulating in the systemic blood
stream.” Thus, in severe sepsis, the prothrombotic actions
of NET may have deleterious side effects on the blood
supply and functions of multiple organs. In line with a role
of NET in pathological microvascular thrombosis in
humans, patients with acute thrombotic microan-
giopathies show impaired DNase-mediated NET degrada-
tion.” Moreover, NET, predominantly via their histone
components, can directly induce endothelial (and epithe-
lial) cell death.*

In addition to their role in microbial infections, NET are
also main regulators of microvascular thrombosis in sterile
inflammatory processes and tumor cell metastasis. Indeed,
NET are involved in veno-occlusive crises of sickle cell dis-
ease and contribute significantly to the mortality associat-
ed with this disease.” Interestingly, heme released from



lysed erythrocytes was identified as a new trigger for
NETosis under these conditions. In sickle cell crises, NET
do not only cause microvascular thrombosis, but also gen-
erate excessive damage to pulmonary tissue, the main
cause of mortality in this setting, which could be reversed
by DNase I treatment. Similarly, NET have been detected
within the pulmonary microcirculation during transfu-
sion-related acute lung injury, and contribute significantly
to morbidity and mortality by increasing endothelial per-
meability.” Another pathological side-effect of NET for-
mation in the microcirculation may be promotion of
tumor metastasis, whereby NET formed in the liver sinu-
soids in response to infection have been shown to support
the adhesion and trapping of circulating tumor cells.”

NETosis can also be detected in viral infections and var-
ious viruses (such as influenza and human immunodefi-
ciency virus-1) are able to induce the formation of NET,
which may bind and thereby neutralize viruses.”®* A new
host-protective effect of NET has been described in fungal
infections: neutrophils that are exposed to a micro-organ-
ism such as C. albicans, which cannot be phagocytosed
because of its large size, initiate NETosis to capture the
pathogen. Vice versa, if the microbe can be phagocytosed
by the neutrophil, NET formation is inhibited.”
Interestingly, NET may not only stimulate, but may also
restrict inflammatory reactions. Once they have formed
densely packed aggregates, NET can degrade neutrophil-
derived inflammatory mediators by means of their own
serine proteases, thereby limiting inflammatory reactions
during gout.” However, it is still not clear whether this
mechanism is also relevant for resolution of microbial
infections and microvascular thrombosis. Hence, neu-
trophils and the procoagulant mechanisms supported by
them can be seen to be as efficient tools in fighting bacte-
rial and viral infections, but can also cause substantial col-
lateral damage to host tissues.

Detection and functional role of neutrophil
extracellular traps in arterial thrombosis

While the development of microvascular thrombosis in
general is relatively slow in nature and triggered by diverse
stimuli, arterial thrombosis is a fast process with a uni-

form trigger, especially disruption of the endothelial cell
layer and exposure of the subendothelial matrix, following
rupture at sites of atherosclerotic plaques. The sudden loss
of blood supply induced by thrombosis in coronary arter-
ies results in myocardial infarction and stroke. TF plays a
central role in inducing arterial thrombosis. TF is highly
concentrated in atherosclerotic plaques in both cellular
and acellular regions. Plaque rupture leads to the exposure
of TF to the blood and together with platelet adhesion,
activation and aggregation at sites of turbulent flow these
interactions lead to the rapid development of arterial
occlusions.”

Notably, it could be demonstrated that neutrophils and
NET/extracellular nucleosomes are also of major relevance
for the development of arterial thrombosis. Using a model
of ligation-induced thrombosis of the carotid artery,
NET/extracellular nucleosomes were detected in associa-
tion with neutrophils adhering to the damaged endotheli-
um in vivo.” The NET detected in arterial thrombi were
intact in some cases; in other cases, they were fragmented.
These fragmented NET were clearly derived from neu-
trophils, as they stained positive for myeloperoxidase.
Blocking NET with anti-H2A/H2B-DNA antibody
decreased fibrin formation at the site of injury. Moreover,
this treatment delayed the time to vessel occlusion and
strongly reduced the duration of occlusion without affect-
ing firm adhesion of platelets.” These findings established
for the first time a causal role for NET in large vessel
thrombosis in mouse models.

The procoagulant mechanisms induced by neutrophils in
arterial thrombosis partially overlapped with the mecha-
nisms supporting the development of microvascular throm-
bosis. Accordingly, fibrin formation and arterial vessel
occlusion were strongly reduced in mice deficient for neu-
trophil serine proteases.” As mentioned, TFPI inactivation
by NET-associated neutrophilic proteases participates in
arterial thrombosis since TFPI was degraded at the site of
vessel injury and thrombus formation in wild-type mice,
but not in neutrophil serine protease-deficient animals.
Moreover, the TFPI mutant T87F/L89A, which is resistant
to cleavage by neutrophil serine proteases, decreased arteri-
al thrombosis more efficiently than did native TFPL

Figure 1: Neutrophil extracellular traps (blue; arrows) and neutrophil elastase (red) in thrombi recovered from human coronary arteries. Left and right images show

thrombi from two different patients.
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The importance of these findings is underscored by the
detection of NET in association with neutrophils in speci-
mens of human coronary thrombi (Figure 1) and at lesion
sites of patients with acute myocardial infarction and stent
thrombosis.**** NET could only be detected in early stages
of coronary thrombosis, but not in organized thrombi,
which could be attributed to digestion of NET by plasma
DNases or disruption of NET by heparin treatment
applied during cardiac catheterization.” Increased NET
burden in coronary thrombi correlated with infarct size,
and DNase treatment (in particular together with tissue
plasminogen activator) promoted resolution of coronary
thrombi ex vivo, suggesting that a combination of estab-
lished antithrombotic and NET-disrupting therapy might
be beneficial in the therapy of acute coronary syndromes.*®
In addition, neutrophils are by far the most important
innate leukocyte subtype in stent thrombosis.” Apart from
neutrophils, eosinophils were present in all types of stent
thrombosis, indicating a highly sensitive determinant that
could induce thrombosis via eosinophil-associated TE®

Neutrophils propagate venous thrombosis

Deep vein thrombosis and its complication pulmonary
embolism are frequent disorders that contribute consider-
ably to the mortality associated with cardiovascular dis-
eases. One of the main triggers of venous thrombosis is
decreased or stagnant blood flow as in the setting of
immobilization. Using a mouse model of reduced blood
flow in the inferior vena cava it was demonstrated that the
processes leading to occlusion of venous vessels are remi-
niscent of microvascular thrombosis.”®” The development
of deep vein thrombosis was found to be driven by a tight
co-operation between platelets, monocytes and neu-
trophils resulting in both the initiation and propagation of
fibrin formation. In particular, neutrophil-derived extracel-
lular nucleosomes were detected in venous thrombi in
mice in vivo® Overall, NET profoundly enhanced deep
vein thrombosis by a yet to be analyzed mechanism.®
Potentially, NET might play different roles in the develop-
ment of venous thrombosis. For example, NET could dam-
age the endothelium in large veins through the cytotoxic
potential of histones.

Platelet-neutrophil interactions at the site of deep vein
thrombosis formation were found to induce NETosis and
to be of substantial relevance for thrombogenesis in the
context of deep vein thrombosis in general.® NET in turn
support propagation of blood coagulation as indicated by
the inhibition of fibrin formation following infusion of
anti-H2A/H2B-DNA antibody and DNase I. Notably, NE-
dependent TFPI degradation, which contributes to arterial
thrombosis, is not an essential element for deep vein
thrombosis, suggesting that alternate, yet unknown path-
ways support the NET-induced thrombotic process in
veins. (K. Stark, B. Engelmann, S. Massberg, unpublished
data, 2017;*°) Fibrin formation during development of deep
vein thrombosis was dependent both on the extrinsic and
on the contact pathways of blood coagulation.
Correspondingly, intravascular TF most likely expressed
by monocytes, but to a lesser extent exposed on NET, as
well as factor Xlla critically mediated venous thrombosis.
This was suggested by experiments performed with mice
lacking hematopoietic TF or myeloid TF and in FXII-defi-
cient mice.” FXII can bind to extracellular chromatin and
thus be activated, which contributes to the propagation of
intravascular clot formation. NET, apart from activating

the coagulation system during venous thrombosis also
bind platelets, a process mediated by von Willebrand fac-
tor.”® In addition, NET can bind erythrocytes, and histones
can induce a procoagulant phenotype in these anucleated
cells by inducing the exposure of phosphatidylserine; nev-
ertheless, the relevance of this observation for deep vein
thrombosis i1 vivo is unclear.””

Recently, it has been described that NET and circulating
nucleosomes are present in human thromboembolism,
suggesting that extracellular nucleosomes may be of rele-
vance to deep vein thrombosis in patients.” Apart from
immobilization, cancer is another important risk factor for
venous thrombosis and is associated with hypercoagula-
bility, which could in part be explained by an increased
activation of neutrophils and their enhanced ability to
form NET in tumor-bearing mice.”

Neutrophil extracellular traps/extracellular chromatin
as a marker and therapeutic target of thrombosis

In line with the central role of neutrophils and extracel-
lular chromatin in different types of experimental throm-
bosis, extracellular nucleosomes and distinct components
of them such as citrullinated histones have been shown to
be increased in plasma of patients with sepsis, arterial
thrombosis, atherosclerosis, and in deep vein thrombosis.™
84123589616 Since nucleosomes are not only externalized by
neutrophils but also by apoptotic and necrotic cells, and
since the plasma levels of nucleosomes have been shown
to be increased under various pathological conditions (e.g.
ischemia/reperfusion, cancer), the diagnostic evaluation of
nucleosome-driven thrombosis requires the use of addi-
tional markers.*

Additional markers might include, for example, plasma
markers of neutrophil activation such as NE as well as D-
dimer levels.*” Inhibition of the prothrombotic functions
of NET/extracellular nucleosomes by specific antibodies,
such as anti-H2A/H2B-DNA antibody, or their degrada-
tion by DNase I robustly inhibits thrombosis in different
vascular beds in animal models.*”* Inhibition of NET for-
mation in PAD4-deficient mice does not change bleeding
times.® Future studies will need to address in more detail
whether blocking/degrading NET is associated with
bleeding complications. Overall, neutralizing antibodies
targeting nucleosomes and their histone components,
DNases as well as PAD4 inhibitors, are interesting candi-
date molecules for the prevention of various types of
thrombosis in humans.”

Conclusions

During infections and inflammatory responses, neu-
trophils promote intravascular blood coagulation and
thrombosis. A major mechanism allowing neutrophils to
shape platelet activation and fibrin formation is via extru-
sion of NET/extracellular nucleosomes (Figure 2). Platelets
are critically involved in neutrophil-regulated thrombosis
since they promote NET formation and are themselves acti-
vated by extracellular chromatin. NET-induced blood coag-
ulation is probably a key mediator of intravascular immuni-
ty which, supported by microvascular thrombosis, restricts
the dissemination and survival of circulating bacteria.
However, the defense against circulating pathogens by neu-
trophil-induced prothrombotic mechanisms most likely
comes at a high cost. Indeed, NET markedly promote vessel
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occlusion in experimental models of arterial and deep vein
thrombosis. Moreover, high numbers of neutrophils and
extracellular nucleosomes have been detected in thrombi
and blood of patients with arterial and deep vein thrombo-
sis. Overall, this suggests that neutrophils and their NET
may contribute to cardiovascular diseases induced by
thrombosis, such as myocardial infarction, stroke, and
venous thromboembolism.

As illustrated in Figure 2, NETosis can be induced by
interactions of activated platelets (red) with neutrophils
(blue), which result in the formation of intact and frag-
mented NET in different vascular beds in vivo. The exter-
nalized nucleosomes promote the propagation of intravas-
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