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1. Introduction
As a response to inflammatory stimuli, polymorphonuclear (PMN, neutrophil) cells are able
to expel a mixture of their nuclear and granular elements. These web-like substances are called
neutrophil extracellular traps (NETs), structures that are able to entrap invading pathogens.
NETs are composed of DNA, histones, granular enzymes and proteins (such as cathepsin G
or elastase), and seem to be a universal tool of defense: humans, animals and even plants [1]
are capable of extracellular trap formation, indicating that these webs provide an evolutio‐
narily conserved protective mechanism.
Besides their protective function, a role for NETs is emerging in the pathogenesis of many
diseases [2,3], and may be of interest regarding the pathogenesis of thrombosis. Stimulation
of coagulation by NETs can result in unwanted thrombosis [4] and infection is a common event
in the development of deep vein thrombosis [5,6]. Targeting the release of nucleosomes,
development of NETs and the availability of circulating histones could be a strategy for
prevention or therapeutic intervention in venous thromboembolism, sepsis and other diseases
involving cell death and lysis.
This chapter describes the formation and structure of NETs and discusses the possible
connections and interrelations between this newly recognized form of innate immunity and
components of the haemostatic system.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Triggers of NET formation
NETs can be formed in response to all major types of microbes (bacteria, fungi, protozoa,
viruses) and their products, as well as inflammatory mediators, ROS, cell-cell interactions, and
certain non-infectious or non-physiological stimuli. Table 1. shows a set of examples for
various triggers.

Microbial stimuli

Chemical stimuli

Bacteria

Microbial toxins and components

Enterococcus faecalis

δ-Toxin from Staphylococcus epidermidis

Escherichia coli

fMLP (+rapamycin)

Haemophilus influenzae

Glucose oxidase

Helicobacter pylori

M1 protein-fibrinogen complex

Klebsiella pneumoniae

Lipophosphoglycan

Lactococcus lactis

Lipopolysaccharide (LPS)

Listeria monocytogenes

Panton-Valentin leukocidin

Mannheimia haemolytica
Mycobacterium tuberculosis/canettii
Serratia marcescens
Shigella flexneri
Staphylococcus aureus
Streptococcus dysgalactiae/pneumoniae
Yersinia enterocolitica

Inflammatory mediators and citokines
Antibodies
Calcium ions
GM-CSF + C5a/ LPS
Hydrogen peroxide
Interferon + eotaxin
Interferon-α/γ + C5a

Fungi

Interleukin 1-β/8/23

Aspergillus fumigatus

Nitric oxide

Candida albicans

Platelet activating factor

Cryptococcus gattii/neoformans

Platelets through TLR-4
TNF-α

Protozoa
Leishmania amazonensis donovani/major/chagasi

Non-physiological stimuli
Phorbol-12-myristate-13-acetate (PMA)

Virus
Feline Leukemia Virus

PMA + ionomycin
Statins

HIV-1
Influenza A

Table 1. Triggers of NET formation. Several microbial and chemical stimuli have been identified. A summary based on
[7-10].
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3. Formation of NETs
3.1. NET formation as a form of cell death
NETs are the results of a unique cell death program that is different from apoptosis or necrosis
[11]. It is characterized by the loss of intracellular membranes before the plasma membrane
integrity is compromised (NETosis). To release NETs, activated neutrophils undergo dramatic
morphological changes [12]. Minutes after activation by PMA, they flatten and firmly attach
to the substratum, while showing a multitude of granules and a lobulated nucleus [13]. During
the next hour, the nucleus loses its lobules, the chromatin decondenses and swells, and the
inner and outer nuclear membranes progressively detach from each other. Concomitantly, the
granules disintegrate. After one hour, the nuclear envelope seems to disaggregate into vesicles
and the contents of nucleoplasm, cytoplasm and granules are able to freely mix. After approx‐
imately 4 hours, the cells round up and seem to contract until the cell membrane ruptures and
the internal components are ejected to the extracellular space [13,14]. It is important to note,
that depending on stimuli and donor, only a certain percentage of the activated neutrophils
make NETs [13].
Apoptosis, another form of programmed cell death, is characterized by membrane blebbing,
phosphatidylserine exposure on the cell surface, nuclear chromatin condensation and DNA
fragmentation without membrane disintegration [8]. Necrosis is characterized by PS exposure
during the early steps, cellular swelling and bursting, and plasma membrane damage/rupture
without nuclear membrane disintegration. The program of NETosis, on the other hand, shows
disintegration of the nuclear envelope without DNA fragmentation; loss of internal membranes
and organelles, and membrane rupture (and therefore PS exposure) after mixing of the nuclear
and cytoplasmic elements.
3.2. Alternative ways of extracellular trap formation
Besides the above described, first observed form of NETosis (also called ‘suicidal’ NETosis),
several other types have been reported [15].
In contrast with the PMA-induced 3-4 hour-long cell death program, a recently described form,
‘vital’ NETosis, leads to rapid NET formation without neutrophil cell death [16-18]: Staphylo‐
coccus aureus appears to induce NETs in a rapid fashion [16], and LPS-activated platelets are
also capable of inducing NETosis within minutes [19]. ‘Vital’ NETosis does not only spare the
neutrophil from ‘suicidal’ lysis, but transforms them into anuclear cytoplasts capable of
chasing and imprisoning live bacteria [18]. The third difference between ‘suicidal’ and ‘vital’
forms (besides timing and functional capacity of the involved neutrophils) is the mechanisms
employed to create and cast out NETs: in contrast to the above described form, vital NETosis
requires budding of the nuclear envelope, and vesicular trafficking of nuclear components to
the plasma membrane, thereby delivering the NET out of the cell without requiring membrane
perforation [16]. Mitochondrial ETosis originally observed in eosinophils, and later in neutro‐
phils could also be considered as a subtype of the ‘vital’ form [20,21].
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4. Structure and composition of NETs
NETs released from neutrophils in the extracellular space consist of nuclear DNA and various
histones decorated with granular proteins. NETs are fragile, complex structures composed of
smooth ‘threads’, approximately 15-25 nm in diameter, which are likely to represent a chain
of nucleosomes from unfolded chromatin. High-resolution scanning electron microscopy
(SEM) revealed that the NET threads are studded to variable extent with globuli of 30-50 nm
[14] that contain the multiple cathelicidin antimicrobial peptides which originate from the
neutrophil granules (or lysosomes). Several ‘threads’ can be wound into ‘cables’ that can be
up to 100 nm in diameter (Figure 1.).

Figure 1. SEM images of NETs produced by PMA-activated neutrophils. Images are taken at 10,000x magnification.
Scale bars=1 μm.

These cables then form complex three-dimensional structures that, using SEM, can be hard to
distinguish from fibrin networks [22]. Analysis of cross sections of NETs by transmission
electron microscopy (TEM) revealed that fibers are not surrounded by membranes [23]. When
produced in multiwell plates in vitro, NETs float within the medium, rather like a spider’s web
does in moving air [24]. The fact that they are ‘sticky’ as a result of their electrostatic charge
and that they extend over areas of several microns makes them very effective at trapping [25],
and possibly killing microorganisms [24].
DNA is a major structural component, because several intercalating dyes stain NETs strongly,
and deoxyribonuclease (DNAse) treatment results in the disintegration of NETs, whereas
protease treatment has no such effect [23]. Accounting for approximately 70%, the most
abundant component of NETs are histones [26]. All core histones as well as linker histones can
be found in NETs (H1, H2A, H2B, H3, H4), although in an enzymatically processed form (see
later). The aforementioned globuli contain proteins and enzymes from the primary (azuro‐
philic) granules (e.g. neutrophil elastase, cathepsin G, myeloperoxidase, bactericidal permea‐
bility increasing protein BPI), secondary (specific) granules (e.g. lactoferrin), and tertiary
granules (e.g. gelatinase or MMP-9, peptidoglycan recognition proteins PGRPs [27]) of
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neutrophils [28]. Cytoplasmic components, like calprotectin, a heterodimer of cytosolic S100A8
and S100A9, are rarely found in NETs [26].
These proteins exert various antimicrobial actions [29]: MPO is responsible for microbicidal
HOCl generation; serine proteases (neutrophil elastase NE, cathepsin G, proteinase 3, tryptase,
neutrophil serine protease 4 NSP4 [30]) are able to inactivate bacteria by cleaving their
virulence factors [23]; cathelicidin LL37, BPI, defensins, and histones can disintegrate pathogen
cell membranes challenging their viability [31,32]; calprotectin [26,33], calgranulin and
lactoferrin chelate ions that are vital for microbial growth, altogether making NETs an effective
tool virtually against all types of microbes.
NETs produced from mitochondrial DNA release have a slightly different structure [21]. NE
and MPO co-localize with mitochondrial DNA, but certain nuclear (lamin B, nuclear matrix
protein-45, poly-ADP-ribose polymerase, histones) and other (cytoplasmic caspase-3, betaactin, mitochondrial cytochrome c, membrane markers CD15 and 16) elements are absent,
which suggests a different type of host-NET interaction in the case of mitochondrion-derived
NETs.

5. Intracellular events leading to NET formation
A unifying theory describing the subsequent steps of NET formation is still missing, but many
mechanisms have been identified to contribute to NET expulsion.
5.1. Signaling events
The signaling mechanisms leading to the formation of NETs are poorly understood, and it is
very likely that different triggers are able to induce NETosis through different pathways
(Figure 2. [34]).
The protein kinase C (PKC) enzyme family is comprised of conventional, novel and atypical
isoforms [35]. There are at least four conventional isoenzymes: PKCα, PKCβI, PKCβII and
PKCγ. The novel isoenzyme group has four subtypes: PKCδ, PKCε, PKCη and PKCθ. The
third group, atypical isoenzymes, consists of PKCζ and PKCι [35]. PMA (phorbol-12-myris‐
tate-13-acetate), a widely used inducer of NETs, stimulates conventional (α, βI, βII, γ) and
novel (δ, ε, η, θ) PKC by mimicking the activating ligand diacylglycerol (DAG) [35]. PKC
isoforms of all classes have been reported in neutrophils from healthy donors [36], and
activation of PKC is critical in the generation of NETs [37]. Nevertheless, an intricate antago‐
nism is present between PKC isoforms in the regulation of a crucial element of NETosis, histone
deimination: PKCα has a dominant role in the repression of histone deimination, whereas
PKCζ is essential in the activation of peptydil arginine deiminase 4 (PAD4, see later) and the
execution of NETosis. The precise balance between opposing PKC isoforms in the regulation
of NETosis affirms the idea that NET release underlies specific and vitally important evolu‐
tionary selection pressures [38].
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PK-C activation (e.g. by PMA) is upstream of the Raf-MEK-ERK pathway [39] leading to
phosphorylation of gp91phox [40] and p47phox [41] which initiates the assembly of the cellular
or phagosomal membrane-bound and the cytosolic subunits of another key player of NET
formation, NADPH oxidase (see below). An alternative route for activation of ERK is also
suggested through generation of reactive oxygen species (ROS) [42]. The Raf-MEK-ERK
pathway also upregulates the expression of antiapoptotic protein Mcl-1, which contributes to
the inhibition of apoptosis and redirects the death program to NETosis [39].
The monomeric G-protein (rho small GTPase) Rac2 is also activated upstream of NADPH
oxidase activation [43].
The role of PI3K-Akt-mTOR pathway is contradictory. Inhibition of mTOR leads to enhance‐
ment of fMLP-induced NETosis, because the pathway inhibits autophagy, a process that seems
to enhance NET formation (e.g. by blocking apoptosis) [10]. If a different trigger, lipopolysac‐
charide (LPS) is used, however, mTOR seems to support NETosis by exerting translational
enhancement of HIF1α [44].
Certain triggers of NETosis act through a PKC/ROS-independent pathway, possibly mediated
by Src kinase [45], which may be able to directly activate PAD4.
Cytoskeletal elements may also play a role in transmitting signals from the cell surface to the
nucleus, e.g. inhibition of the cell surface receptor integrin Mac1-cytohesin1 (a guanine ex‐
change factor)-actin cytoskeleton pathway results in inhibition of PAD4 activation and NET
formation [46].
5.2. NADPH oxidase and ROS formation
Most pathways converge to activate NADPH oxidase as a key enzyme of the process [47].
Neutrophils isolated from patients with chronic granulomatous disease (CGD) caused by
mutations in NADPH oxidase fail to produce NETs upon PMA-stimulation [13]. Inhibition of
the oxidase with diphenyleneiodonium DPI also prevents NETosis in response to several
factors [48]. Assembly of the NADPH oxidase responsible for the generation of ROS during
the respiratory burst requires phosphorylation of the four cytosolic subunits (p47-phox, p40phox, p67-phox and Rac) to enable their association with the membrane bound gp91phoxp22phox (cytochrome b558) complex. Once being in the active form, the enzyme generates
ROS, out of which the most important seem to be the superoxide ions (O2-). O2- dismutates
(either spontaneously, or by superoxide dismutase [SOD] catalysis) to form H2O2. Further
metabolization of H2O2 can lead to a variety of toxic oxygen derivatives, like the primary
mediator of oxidative killing in the phagosome, HOCl, formed by myeloperoxidase (MPO)
action. The importance of the latter enzyme is underlined by studies in patients suffering from
MPO deficiency: the level of NETs they produced correlated with the degree of the enzyme
deficiency [49]. How ROS generated during an oxidative burst contribute to NETosis is
controversial. One possibility is that they contribute directly to the observed morphological
changes by causing direct membrane destruction [50]. A proposed alternative is that ROS
directly and indirectly (through activation of NF-κB) inactivate caspases [51-54], while exerting
a possible autophagy-enhancing effect [34]. Both mechanisms lead to an inhibition of apopto‐
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sis, ensuring that the already ongoing cell death program does not take an apoptotic route.
ROS also play a crucial role in initializing the events that lead to chromatin decondensation,
another key component of this type of cell death (Figure 2.).

Figure 2. Intracellular steps leading to NET formation. Several signaling pathways can lead to NADPH oxidase activa‐
tion and ROS formation, which triggers NE and PAD4 action on nuclear histones. Nuclear disintegration and decon‐
densation leads to mixing of the granular and nuclear components, which are later expelled from the cell in the form
of NETs. Dashed-end arrows represent inhibition, arrows pointing to the middle of another arrow represent activation
of a step. Arrows with dotted lines stand for ambiguous relations. Gr: granule. For other abbreviations and explana‐
tion: see text. Modified from [34].

5.3. Chromatin decondensation
One option to weaken the interaction between DNA and highly positively charged histones is
the enzymatic processing. At this moment, two enzymes seem to be of greatest importance:
PAD4 (peptydilarginine deiminase 4) and NE (neutrophil elastase).
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Peptydilarginine deiminases are enzymes catalyzing citrullination (deimination), a posttransla‐
tional modification of arginine to citrulline. The process results in the loss of positive charge
and hydrogen bond acceptors, therefore leading to weakened protein-protein, RNA-protein,
and DNA-protein interactions. Out of the five PAD enzymes expressed in humans and mice
(PAD1-4 and 6) [55], PAD2 and 4 are the most abundant in neutrophil granulocytes, and the
latter seems to be critical in NET formation: PAD4-deficient mice are unable to decondense
chromatin or form NETs [56], whereas overexpression of PAD4 is sufficient to drive chromatin
decondensation to form NET-like structures in cells that normally do not form NETs [57].
PAD4, a 74 kDa protein that exists as a head-to-tail dimer [58,59] is the only member of the
peptydilarginine deiminase family containing a nuclear localization signal that ensures its
trafficking to the nucleus [58,60,61] (although not the only one to be found inside, e.g. PAD2
is also reported to be localized intranuclearly [62]). The activation of PAD4 is calciumdependent: binding of calcium to the C-terminal catalytic domain induces conformational
changes that lead to the adequate positioning of critical active site residues [58]. The calciumdependency of the enzyme also serves as a possible connection between ROS generation
(possibly leading to calcium release from the endoplasmic reticulum) and PAD4 activation. In
addition, ROS are possible direct regulators of PAD4 [63]. Cytoskeletal activity and autophagy
may also be involved in PAD4 activation, since both processes have been shown to be required
for chromatin decondensation during NET generation.
The main nuclear substrates of PAD4 are arginyl residues of PRMT1 (protein arginine
methyltransferase 1) [61], PAD4 itself (autocitrullination downregulating the activity of the
enzyme [64,65]), and, most importantly regarding the process of NETosis, histones (H2A,
H3Arg-8 and-17 or H4Arg3) [66]. Hypercitrullination of arginil residues in histones [67]
weakens their interactions with DNA resulting in the dissociation of heterochromatin protein
1-β [57], and the extensive chromatin decondensation that leads to nuclear delobulation and
swelling of the nuclear content [66,68].
In concert with PAD4, neutrophil elastase (NE), a serine protease that is able to cleave histones,
also promotes nuclear decondensation. H1 is cleaved early during the process of NETosis, but
nuclear decondensation coincides with degradation of H4 [50]. ROS may play a possible role
in the translocation of NE from the azurophilic granules into the nucleus by disrupting the
association of NE with the proteoglycan (e.g. serglycin) matrix that is thought to down-regulate
protease activity in resting cells [69-71]. The similar, but later occurring translocation route of
myeloperoxidase MPO supports the process, which seems to be independent of its enzymatic
activity [50]. Once in the nucleus, NE activity is reduced by DNA, which could help in
protecting certain NET-components from losing their antimicrobial activity by proteolytic
digestion [50]. Interestingly, serpinb1, an inhibitor of neutrophil proteases is also being
transported to the nucleus during NETosis, possibly setting a brake of NE action [72]. While
NE knockout mice fail to form NETs in a pulmonary model of Klebsiella Pneumoniae infection
[50], serpinb1-deficient neutrophils produce overt NETosis in vivo during Pseudomonas
aeruginosa lung infection [72], which points to the importance of the fine regulation of NE
activity during the process of NET formation.
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5.4. Reorganization of membrane structures-the role of autophagy in NETosis
While the decondensated nuclear content expands, the space between the two membranes of
the delobulated nuclear envelope starts growing, this which eventually leads to formation of
vesicles and disintegration of nuclear membranes. During the final stage, nuclear and granular
integrity is completely lost, which allows mixing of the chromatin and the granular compo‐
nents, and a rupture in the plasma membrane causes the release of extracellular chromatin
traps.
However, vesicle formation is also seen in neutrophils isolated from CGD patients, which are
unable to produce NETs [73]. This observation suggests that vesicles do not necessarily
originate from the nuclear envelope, but ER membranes are likely to be assembled as a source
of autophagic vesicles [34], in addition to possible de novo vesicle formation. A decrease in
perinuclear ER membranes may result in lower morphological constraints on nuclear collapse,
and calcium leaking form the ER may activate PAD4. Taken together, these events could
partially explain that autophagy is needed for nuclear decondensation and NET formation
[73]. These speculations are supported by the finding that inhibition of mTOR, a suppressor
of autophagy, also leads to enhanced NET production (see before [10]).

6. NETs and haemostasis
NETs are a newly recognized scaffold of venous [74] and arterial [75,76] (Figure 3.) thrombi
(besides fibrin and von Willebrand Factor [vWF]) that allows cell localization (neutrophils, red
blood cells), platelet activation and aggregation, and promotion of both (extrinsic and intrinsic)
pathways of coagulation. Thus, NETs are a focus of cross-talk between immunity, inflamma‐
tion and haemostasis. Here we discuss the interaction among the various players of the
haemostatic system and NET components.
6.1. NETs and the vessel wall
The classic view of the intact endothelial surface emphasizes its anticoagulant role. While
endothelial damage is a common initiator of arterial thrombosis, in the case of deep vein
thrombosis (DVT), activation of endothelium and Weibel-Palade Body (WPB) release play a
crucial role. NETs induce endothelial cell damage and death [17,77-79], an effect that is likely
to be assigned to NET-associated proteases, defensins and, most importantly, histones [78,80].
Binding of histones to membrane phospholipids results in pore formation and influx of ions
[81-83], this may lead to elevated endothelial calcium levels, vWF release from WPB [84],
activation of endothelium, or even endothelial cell death. Endothelial ROS formed under these
circumstances may, in turn, trigger NET formation by neutrophils [77]. Perfusion of iliac artery
cross sections with NE results in increased thrombogenicity of the arterial wall [85], although
it is not clear if NET-bound NE is able to reproduce this effect at the site of vascular damage.
NETs also contribute to the progression of atherosclerotic plaque formation in the subendo‐
thelial layer of arteries: neutrophils infiltrate arteries during early stages of atherosclerosis [86],
and NETs can be detected in murine and human atherosclerotic lesions [87].

39

40

Fibrinolysis and Thrombolysis

Figure 3. Presence of NET components in arterial thrombi. Following thrombectomy thrombus samples were either
frozen for immunostaining or washed, fixed and dehydrated for SEM processing. Sections of frozen samples were
double-immunostained for fibrin (green) and histone 1 (red) as well as with a DNA-dye, TOTO-3 (blue). Images were
taken at original magnification of ×20 with confocal laser microscope. SEM images were taken from the fixed samples
of the same thrombi. There was variable but widespread staining for DNA. Histones were also present though were
not so widely dispersed and in some cases were coincident with fibrin aggregates. The size of the thrombus-section
area staining for DNA and histone correlated with the leukocyte content of the respective thrombus observed in the
SEM images. The red blood cell-rich (TO) and the fibrin-rich (GI) thrombi showed limited DNA-and histone-positive re‐
gions in contrast to the extensively stained areas in the leukocyte-rich (TJ) thrombus. TO: a thrombus from popliteal
artery, GI: a thrombus from infrarenal aorta aneurysm, TJ: a thrombus from femoro-popliteal graft. Figure from [76].

6.2. NETs and platelets
NET fibres bind platelets directly and/or indirectly, and support their aggregation [88]. When
perfused with blood, NETs bind platelets serving as an alternative scaffold for platelet
adhesion and activation [89].
The first step of platelet binding involves either electrostatic interactions between NET histones
and platelet surface phospholipids [81]/carbohydrates [90], or histone binding to Toll-like
receptors 2 and 4 [91]. Platelets also bind double and single stranded DNA in vitro [92,93].
Adhesion molecules may also play a role in thrombocyte-NET interactions, such as vWF
(binding histones through its A1 domain) [94], fibronectin or fibrinogen [89,84]. The interaction
of histones with platelets results in calcium influx either by pore formation [95] or by opening
of existing channels [96], a process, which triggers activation of αIIbβ3 [97]. This chain of events
raises the possibility of a sequential histone-induced activation of platelets (first binding to
platelet surface, then, following activation, binding to adhesion molecules [88]), which could
explain the unsaturable nature of histones binding to platelets [88]. When infused into mice,
histones co-localize with platelets and induce thrombocytopenia and thrombosis [83,84,88],
possibly partially through potentiation of thrombin-dependent platelet-activation [98].
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Serine proteases may also play a role in platelet activation: NETs contain enzymatically active
neutrophil elastase NE and cathepsin G [23], and these proteases potentiate platelet aggrega‐
tion through proteolitically activating platelet receptors [99,100]. Some of these elements,
however, play an ambiguous role in the modulation of platelet functions: e.g. NE is also an
effective enzyme for the cleavage of vWF under high shear stress [101], helping the detachment
of platelets from thrombogenic surfaces.
NETs also seem to bind certain interleukins that may enhance platelet activation and aggre‐
gation: the presence of IL17A and-F was shown in NET regions of acute myocardial infarction
thrombus specimens [102].
Platelet-NET interaction seems to be bidirectional in many ways. Serotonin released from
platelets promotes the recruitment of neutrophils [103]. Activated platelets generate ROS, such
as superoxide [104], and secrete human β-defensin 1 [105], both of which can trigger formation
of NETs [13,106]. Platelets pre-stimulated with LPS or collagen also induce NETosis in
neutrophils [17,108], contributing to the formation of a vicious cycle of NET formation and
platelet activation [74].
Interaction between platelets and NETs might also be involved in pathological situations like
transfusion-related acute lung injury (TRALI) [108,109], thrombotic microangiopathies [110],
or heparin-induced thrombocytopenia (HIT). During HIT, possible binding of NETs to PF4
forming an antigenic complex may offer an explanation for disease progression even after
immediate removal of heparin [111].
6.3. NETs and red blood cells
Red blood cells are no longer considered as passively entrapped elements of thrombi, but cells
that may promote thrombosis by exposing phosphatydilserine and altering blood viscosity
[112]; furthermore, their presence modulates structural parameters of the forming fibrin
meshwork through integrin-mediated fibrin(ogen)-red blood cell interactions [113].
Similarly to platelets, RBCs avidly bind to NETs after perfusion of whole blood [89], possibly
through direct and indirect mechanisms. RBCs can bind DNA, since it was eluted from the
surface of isolated RBCs from cancer patients [114]. Activated neutrophils or platelets (e.g. in
NETs) can also recruit RBCs at very low venous shear in vitro [115]. NETs are predominantly
found in the red, RBC-rich part of experimental mice DVT thrombus, suggesting that NETs
could be important for RBC recruitment to venous thrombi [84].
6.4. NETs and the coagulation system
NETs offer a variety of activators for both the extrinsic and the intrinsic (contact-) pathways
of the coagulation cascade [116,107] stimulating fibrin formation and deposition in vitro
[89,107,116] (Figure 4.).

41

42

Fibrinolysis and Thrombolysis

Figure 4. Examples of NET-coagulation interactions. Green boxes indicate prothrombotic elements/steps of the cas‐
cade. Blue represents antithrombotic systems. Red boxes stand for NET components. Dashed pink circles symbolize
degradation of the respective protein. Dashed arrows represent inhibition, while arrows pointing to the middle of an‐
other arrow represent activation of a process. For further explanation, see text.

NE and cathepsin G, two serine proteases that are in the NETs, degrade inhibitors of coagu‐
lation [12]. NE is known to cleave tissue factor pathway inhibitor (TFPI) of the extrinsic
pathway, and enhance factor Xa activity [117]. The cleavage of TFPI by NE is supported by
activated platelets that attach to the surface of neutrophils and facilitate NET formation [107].
Neutrophil-expelled nucleosomes also bind TFPI and serve as a platform for the NE-driven
degradation of TFPI [107]. NETs do not only release brakes of the extrinsic pathway, but also
trigger it: TF was identified as a NET component [116,118]; and disulphide isomerase (PDI)
released from damaged or activated endothelial cells and platelets (e.g. in NETs) participates
in bringing the inactive (encrypted) TF (e.g. in neutrophils [75,119] and platelets [120,121]) to
its active (decrypted) form [122].
NETs also bind factor XII and stimulate fibrin formation via the intrinsic coagulation pathway
[116]. Faxtor XII can be activated following contact with pathogens (e.g. entrapped in NETs),
damaged cells (e.g. endothelial damage by NETs), and negatively charged surfaces (such as
the NET component DNA, which also enhances the activity of certain coagulation serine
proteases [123]). Polyphosphates released from activated platelets following stimulation by
histones may also serve as coagulation-triggering negatively charged molecules [91,124].
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Figure 5. Small-angle X-ray scattering in fibrin clots containing DNA, histone, heparin or their combinations at the
same concentrations. The general decay trend of the scattering curves reflects the fractal structure of the fibrin clot
and its effect can be modeled as a background signal with empirical power-law equations. The peaks arising above
this background reflect the longitudinal and cross-sectional alignment of fibrin monomers. A small, but sharp peak in
pure fibrin at q-value of ≈0.285 nm-1 corresponds to the longitudinal periodicity of d=2π/q’=22 nm that is in agree‐
ment with earlier SAXS studies [128] and a little bit lower than the values reported for dried samples in transmission
electron microscopic investigations [129]. This peak cannot be resolved in fibrin containing DNA or heparin indicating
that these additives disrupt the regular longitudinal alignment of the monomeric building blocks. In contrast, the ad‐
dition of histone does not interfere with the longitudinal periodicity, the related scattering peak is even more pro‐
nounced. In pure fibrin two additional broad scattering peaks can be resolved spanning over the q-ranges of ≈0.2 to
0.5 nm-1 and ≈0.6 to 1.5 nm-1. The first peak can be attributed to periodicity of ≈12.5 to 31 nm in cluster units of the
fibers, while the second one corresponds to periodicity of ≈4 to 10 nm characteristic for the average protofibril-toprotofibril distance based on the structural models of Yang et al. [130] and Weisel [129]. Both of these broad peaks
are most profoundly affected by the presence of histone (a 10-fold decrease in the area of Peak 1 and complete loss of
Peak 3) suggesting that this additive interferes with the lateral organization of protofibrils resulting in lower protofi‐
bril density. Earlier studies [131] have shown that lower protofibril density can correspond to thicker fiber diameter,
which is in qualitative agreement with SEM results [76]. The structure modifying effects of histone are preserved in the
presence of DNA, but these effects are completely reversed in the quaternary system of fibrin/DNA/histone/heparin;
Curves are shifted vertically by the factors indicated at their origin for better visualization. Symbols represent the
measured intensity values, while solid lines show the fitted empirical functions. The dashed vertical line indicates the
longitudinal periodicity of fibrin of about 22 nm (representing the approximate half-length of a fibrin monomer),
while the solid vertical lines show the boundaries of the broad peaks that characterize the lateral structure of the fi‐
brin fibers. q (momentum transfer)=4π/λ sinθ, where θ is half the scattering angle and λ is the wavelength of the inci‐
dent X-ray beam. Figure from [76].
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Besides its crucial role in NET-driven thrombosis [125], PAD4 has also been shown to citrul‐
linate antithrombin (ATIII) in vitro [126], which weakens its thrombin-inhibiting efficiency
and this may be an additional factor contributing to increased thrombin generation associated
with NETs. Histones also bind to fibrinogen and prothrombin [127], and can aggregate vWF
[94], the significance of which is not clear.
NET components also interfere with the anticoagulant systems in plasma. Despite the histori‐
cally attributed anticoagulant properties of histones [131,132] (prolonging the plasma based
standard clotting assays, probably due to their affinity for negatively charged phospholipids,
such as phosphatidylserine [81]), nowadays they are viewed as clear procoagulant substances,
due to their platelet-activating nature (see before) and their modulatory effects on the throm‐
bin-thrombomodulin(TM)-activated protein C (APC) pathway. Histones interact with TM and
protein C and inhibit TM-mediated protein C activation [134]. Interestingly, in return, APC
cleaves histones (H2A, H3, H4) and reduces their cytotoxicity [83], possibly serving as a basis
for a counter-regulatory process. Cleavage of histones is relatively slow, but is augmented
substantially by membrane surfaces, particularly those that best support APC anticoagulant
activity [83], although NET-bound histones may be more difficult to cleave [78]. Thrombomo‐
dulin is also cleaved by NE and may also be rendered inactive by neutrophil oxidases (such
as MPO) [135,136] present in NETs.
Heparin, a highly sulfated polyanion (GAG) is able to interfere with DNA-histone complexes
[76] (Figure 5.). Heparin can remove histones from NET chromatin fibres, leading to their
destabilization [89,116]: NETs are dismantled after perfusion with heparinized blood [116].
Heparin also blocks the interaction between the positively charged histones and platelets [74],
in this way adding newly recognized elements to its long-known anticoagulant effects.
6.5. NETs, thrombolysis, NET lysis
Whilst there are extensive studies on the interaction between NET components and coagula‐
tion, little is known about their effects on fibrinolysis.
Histones and DNA, representing the main mass of NETs, seem to have antifibrinolytic
properties. Addition of purified histones and DNA to the forming clot in vitro results in altered
clot structure seen under SEM, a finding also confirmed by short axis X-ray scattering (SAXS)
[76] (Figure 5.). The structural changes are accompanied by increased mechanical (Figure 6.)
and enzymatic resistance of the clot, and a change in the microscopic properties of the lysis
front (Figure 7.), especially when DNA and histones are used in combination [137,76]. Lysis
may be also delayed by NET components resulting from interactions between fibrin degra‐
dation products (FDPs) and DNA/histones [76].
Nevertheless, certain NET components may promote thrombolysis: in vitro studies have shown
that NE and cathepsin G can degrade fibrin [138], and in plasminogen-knockout mice, more
neutrophils infiltrate the clot [139], possibly serving as an auxiliary mechanism when plasminmediated fibrinolysis is impaired [140]. Histone 2B can serve as a receptor to recruit plasmi‐
nogen on the surface of human monocytes/macrophages [141], and perhaps in NETs as well,
where the co-localization of NE and plasmin(ogen) could result in amplified formation of mini-
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Figure 6. Rheometer studies showing the effect of DNA and histones on the critical shear force needed to disassemble
fibrin. Curves are shown for pure fibrin (red), fibrin containing increasing DNA concentrations (green<magenta), his‐
tone (blue) and histone+DNA (black). In the presence of DNA alone the curves can be interpreted as increased sensitiv‐
ity of fibrin to mechanical shear so that the shear force needed to disassemble fibrin (where viscosity approaches zero)
is reduced in comparison to the situation without DNA. However, when histones are added to fibrin, and to a greater
extent when histones are added to fibrin+DNA, the clots become more stable and resistant to shear forces. τ: shear
stress, η: viscosity. Figure from [76].

plasmin, a plasmin-derivative that bears a catalytic efficiency on cross-linked fibrin that
exceeds that of plasmin [142]. NE is also able to efficiently disable the major plasmin-inhibitor,
α2-antiplasmin, further supporting plasmin action. PAD4 is eventually secreted from neutro‐
phils during NET formation and was shown to citrullinate fibrin in rheumatoid arthritis [144]
(although less efficiently than PAD2 [145]), but the significance of this related to thrombolysis
is not known.
In vitro and in vivo observations indicate that fibrin, vWF and chromatin form a co-localized
network within the thrombus that is similar to extracellular matrix [84,82,116], and it is likely
that each of these components should be cleaved by their own appropriate enzyme (plasmin,
ADAMTS-13, and DNAses), therefore it is important to assess current knowledge on the
possible ways of NET degradation in blood plasma.
NETs can be degraded by DNases in vitro. There are two main DNases in human plasma:
DNase1 and DNase1-like family, out of which, DNase1-like 3 (DNase1l3) is the most charac‐
terized. Both enzymes show calcium/magnesium dependency. DNase1 is secreted into
circulation by a variety of exocrine and endocrine organs [146-148], whereas DNase1l3 is
released from liver cells, splenocytes, macrophages and kidney cells [149]. DNase1 and
DNase1l3 cooperate during in vitro chromatin breakdown (chromatin fragmentation is
completely absent if DNase1 and DNase1l3 is inhibited) [150], and preprocessing of NETs by
DNAse1 also facilitates their clearance by macrophages [151]. Plasmin is able to cleave histones
[152], thus helping DNase action, since DNase1 prefers protein-free DNA. In addition, NE
already present in NETs, APC (see before), thrombin [153] and an unidentified protease [154]
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may also assist in histone degradation. The in vivo relevance of plasmin-DNase cooperation
is reflected in the elevated levels of plasma DNA in patients with DVT [74].

Figure 7. Confocal microscopy studies of lysis front movement using green fluorescent protein-labeled tPA (tPA-GFP)
and red fluorescent fibrin after 25 min of fibrinolysis. Each column of micrographs from left to right shows green tPAGFP fluorescence, red AlexaFluor 546 conjugated fibrin fluorescence and the merged image. The first row shows the
accumulation of fibrin aggregates that co-localize with tPA-GFP. The second row, with the addition of DNA, shows less
fibrin aggregate formation but a diffuse fibrin clot that remains behind the advancing tPA-GFP front. The lower two
rows where clots contain histones and histones+DNA, respectively demonstrate reduced formation of fibrin aggre‐
gates within fibrin and less binding of tPA-GFP. Figure from [76].

As a possible counter-regulatory mechanism, NETs seem to protect themselves from bacterial
and perhaps human DNases by limiting the availability of divalent cations (see calprotectin)
and consequently the activity of these enzymes [155].

7. Conclusion
NETs are ‘double-edged swords’ of innate immunity. While they seem to be protective against
a wide range of pathogens, their contribution to various diseases, and their clear prothrombotic
role in the circulation may have dangerous consequences to the host. In terms of thrombosis,
they seem to serve as a fundamental scaffold that supports thrombus integrity by providing
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a surface for activation of procoagulant proteins and platelets, in both venous and arterial
thrombi. Further investigation is indispensable to determine their exact role in the process of
thrombi dissolution, and to test whether breakdown of NETs (e.g. by DNases) increases the
therapeutic efficiency of the current thrombolysis protocols.

Acknowledgements
This work was supported by the Hungarian Scientific Research Fund [OTKA 83023].

Author details
Imre Varjú* and Krasimir Kolev
*Address all correspondence to: varju.imre@med.semmelweis-univ.hu
Department of Medical Biochemistry, Semmelweis University, Budapest, Hungary

References
[1] Hawes MC, Curlango-Rivera G, Wen F, White GJ, Vanetten HD, Xiong Z. Extracellu‐
lar DNA: the tip of root defenses? Plant Sci. 2011; 180(6):741-5.
[2] Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords of innate
immunity. J Immunol. 2012;189(6):2689-95.
[3] Medina E. Neutrophil extracellular traps: a strategic tactic to defeat pathogens with
potential consequences for the host. J Innate Immun. 2009;1(3):176-80.
[4] Borissoff JI, ten Cate H. From neutrophil extracellular traps release to thrombosis: an
overshooting host-defense mechanism? J Thromb Haemost. 2011;9(9):1791-4.
[5] Esmon CT. Basic mechanisms and pathogenesis of venous thrombosis. Blood Rev.
2009;23(5):225-9.
[6] Smeeth L, Cook C, Thomas S, Hall AJ, Hubbard R, Vallance P. Risk of deep vein
thrombosis and pulmonary embolism after acute infection in a community setting.
Lancet. 2006;367(9516):1075-9.
[7] Zawrotniak M, Rapala-Kozik M. Neutrophil extracellular traps (NETs)-formation
and implications. Acta Biochim Pol. 2013;60(3):277-84.
[8] Goldmann O, Medina E. The expanding world of extracellular traps: not only neutro‐
phils but much more. Front Immunol. 2012;3:420.

47

48

Fibrinolysis and Thrombolysis

[9] Drescher B, Bai F. Neutrophil in viral infections, friend or foe? Virus Res. 2013;171(1):
1-7.
[10] Itakura A, McCarty OJ. Pivotal role for the mTOR pathway in the formation of neu‐
trophil extracellular traps via regulation of autophagy. Am J Physiol Cell Physiol.
2013;305(3):C348-54.
[11] Darrah E, Andrade F. NETs: the missing link between cell death and systemic auto‐
immune diseases? Front Immunol. 2012;3:428.
[12] Brinkmann V, Zychlinsky A. Neutrophil extracellular traps: is immunity the second
function of chromatin? J Cell Biol. 2012;198(5):773-83.
[13] Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, Weinrauch Y,
Brinkmann V, Zychlinsky A. Novel cell death program leads to neutrophil extracel‐
lular traps. J Cell Biol. 2007;176(2):231-41.
[14] Brinkmann V, Zychlinsky A. Beneficial suicide: why neutrophils die to make NETs.
Nat Rev Microbiol. 2007;5(8):577-82.
[15] Yipp BG, Kubes P. NETosis: how vital is it? Blood. 2013;122(16):2784-94.
[16] Pilsczek FH, Salina D, Poon KK, Fahey C, Yipp BG, Sibley CD, Robbins SM, Green
FH, Surette MG, Sugai M, Bowden MG, Hussain M, Zhang K, Kubes P. A novel
mechanism of rapid nuclear neutrophil extracellular trap formation in response to
Staphylococcus aureus. J Immunol. 2010;185(12):7413-25.
[17] Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, Patel KD, Chak‐
rabarti S, McAvoy E, Sinclair GD, Keys EM, Allen-Vercoe E, Devinney R, Doig CJ,
Green FH, Kubes P. Platelet TLR4 activates neutrophil extracellular traps to ensnare
bacteria in septic blood. Nat Med. 2007;13(4):463-9.
[18] Yipp BG, Petri B, Salina D, Jenne CN, Scott BN, Zbytnuik LD, Pittman K, Asaduzza‐
man M, Wu K, Meijndert HC, Malawista SE, de Boisfleury Chevance A, Zhang K,
Conly J, Kubes P. Infection-induced NETosis is a dynamic process involving neutro‐
phil multitasking in vivo. Nat Med. 2012;18(9):1386-93.
[19] Palmer LJ, Cooper PR, Ling MR, Wright HJ, Huissoon A, Chapple IL. Hypochlorous
acid regulates neutrophil extracellular trap release in humans. Clin Exp Immunol.
2012;167(2):261-8.
[20] Yousefi S, Gold JA, Andina N, Lee JJ, Kelly AM, Kozlowski E, Schmid I, Straumann
A, Reichenbach J, Gleich GJ, Simon HU. Catapult-like release of mitochondrial DNA
by eosinophils contributes to antibacterial defense. Nat Med. 2008;14(9):949-53.
[21] Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable neutrophils re‐
lease mitochondrial DNA to form neutrophil extracellular traps. Cell Death Differ.
2009;16(11):1438-44.

Fibrinolysis at the Interface of Thrombosis and Inflammation — The Role of Neutrophil Extracellular Traps
http://dx.doi.org/10.5772/57259

[22] Krautgartner WD, Klappacher M, Hannig M, Obermayer A, Hartl D, Marcos V, Vit‐
kov L. Fibrin mimics neutrophil extracellular traps in SEM. Ultrastruct Pathol.
2010;34(4):226-31.
[23] Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, Wein‐
rauch Y, Zychlinsky A. Neutrophil extracellular traps kill bacteria. Science.
2004;303(5663):1532-5.
[24] Cooper PR, Palmer LJ, Chapple IL. Neutrophil extracellular traps as a new paradigm
in innate immunity: friend or foe? Periodontol 2000. 2013;63(1):165-97.
[25] Menegazzi R, Decleva E, Dri P. Killing by neutrophil extracellular traps: fact or folk‐
lore? Blood. 2012; 119(5):1214-6.
[26] Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, Brinkmann
V, Jungblut PR, Zychlinsky A. Neutrophil extracellular traps contain calprotectin, a
cytosolic protein complex involved in host defense against Candida albicans. PLoS
Pathog. 2009;5(10):e1000639.
[27] Cho JH, Fraser IP, Fukase K, Kusumoto S, Fujimoto Y, Stahl GL, Ezekowitz RA. Hu‐
man peptidoglycan recognition protein S is an effector of neutrophil-mediated innate
immunity. Blood. 2005;106(7):2551-8.
[28] Wartha F, Beiter K, Normark S, Henriques-Normark B. Neutrophil extracellular
traps: casting the NET over pathogenesis. Curr Opin Microbiol. 2007;10(1):52-6.
[29] Lögters T, Margraf S, Altrichter J, Cinatl J, Mitzner S, Windolf J, Scholz M. The clini‐
cal value of neutrophil extracellular traps. Med Microbiol Immunol. 2009;198(4):
211-9.
[30] O'Donoghue AJ, Jin Y, Knudsen GM, Perera NC, Jenne DE, Murphy JE, Craik CS,
Hermiston TW. Global substrate profiling of proteases in human neutrophil extracel‐
lular traps reveals consensus motif predominantly contributed by elastase. PLoS
One. 2013;8(9):e75141.
[31] Cho JH, Sung BH, Kim SC. Buforins: histone H2A-derived antimicrobial peptides
from toad stomach. Biochim Biophys Acta. 2009;1788(8):1564-9.
[32] Méndez-Samperio P. The human cathelicidin hCAP18/LL-37: a multifunctional pep‐
tide involved in mycobacterial infections. Peptides. 2010;31(9):1791-8.
[33] Bianchi M, Niemiec MJ, Siler U, Urban CF, Reichenbach J. Restoration of anti-Asper‐
gillus defense by neutrophil extracellular traps in human chronic granulomatous dis‐
ease after gene therapy is calprotectin-dependent. J Allergy Clin Immunol.
2011;127(5):1243-52.e7.
[34] Remijsen Q, Kuijpers TW, Wirawan E, Lippens S, Vandenabeele P, Vanden Berghe T.
Dying for a cause: NETosis, mechanisms behind an antimicrobial cell death modali‐
ty. Cell Death Differ. 2011;18(4):581-8.

49

50

Fibrinolysis and Thrombolysis

[35] Way KJ, Chou E, King GL. Identification of PKC-isoform-specific biological actions
using pharmacological approaches. Trends Pharmacol Sci. 2000;21(5):181-7.
[36] Balasubramanian N, Advani SH, Zingde SM. Protein kinase C isoforms in normal
and leukemic neutrophils: altered levels in leukemic neutrophils and changes during
myeloid maturation in chronic myeloid leukemia. Leuk Res. 2002;26(1):67-81.
[37] Gray RD, Lucas CD, Mackellar A, Li F, Hiersemenzel K, Haslett C, Davidson DJ, Ros‐
si AG. Activation of conventional protein kinase C (PKC) is critical in the generation
of human neutrophil extracellular traps. J Inflamm (Lond). 2013;10(1):12.
[38] Neeli I, Radic M. Opposition between PKC isoforms regulates histone deimination
and neutrophil extracellular chromatin release. Front Immunol. 2013;4:38.
[39] Hakkim A, Fuchs TA, Martinez NE, Hess S, Prinz H, Zychlinsky A, Waldmann H.
Activation of the Raf-MEK-ERK pathway is required for neutrophil extracellular trap
formation. Nat Chem Biol. 2011;7(2):75-7.
[40] Raad H, Paclet MH, Boussetta T, Kroviarski Y, Morel F, Quinn MT, Gougerot-Pocida‐
lo MA, Dang PM, El-Benna J. Regulation of the phagocyte NADPH oxidase activity:
phosphorylation of gp91phox/NOX2 by protein kinase C enhances its diaphorase ac‐
tivity and binding to Rac2, p67phox, and p47phox. FASEB J. 2009;23(4):1011-22.
[41] El Benna J, Han J, Park JW, Schmid E, Ulevitch RJ, Babior BM. Activation of p38 in
stimulated human neutrophils: phosphorylation of the oxidase component p47phox
by p38 and ERK but not by JNK. Arch Biochem Biophys. 1996;334(2):395-400.
[42] Keshari RS, Verma A, Barthwal MK, Dikshit M. Reactive oxygen species-induced ac‐
tivation of ERK and p38 MAPK mediates PMA-induced NETs release from human
neutrophils. J Cell Biochem. 2013;114(3):532-40.
[43] Lim MB, Kuiper JW, Katchky A, Goldberg H, Glogauer M. Rac2 is required for the
formation of neutrophil extracellular traps. J Leukoc Biol. 2011;90(4):771-6.
[44] McInturff AM, Cody MJ, Elliott EA, Glenn JW, Rowley JW, Rondina MT, Yost CC.
Mammalian target of rapamycin regulates neutrophil extracellular trap formation via
induction of hypoxia-inducible factor 1 α. Blood. 2012;120(15):3118-25.
[45] [45] Marcos V, Zhou Z, Yildirim AO, Bohla A, Hector A, Vitkov L, Wiedenbauer EM,
Krautgartner WD, Stoiber W, Belohradsky BH, Rieber N, Kormann M, Koller B,
Roscher A, Roos D, Griese M, Eickelberg O, Döring G, Mall MA, Hartl D. CXCR2 me‐
diates NADPH oxidase-independent neutrophil extracellular trap formation in cystic
fibrosis airway inflammation. Nat Med. 2010;16(9):1018-23.
[46] Neeli I, Dwivedi N, Khan S, Radic M. Regulation of extracellular chromatin release
from neutrophils. J Innate Immun. 2009;1(3):194-201.

Fibrinolysis at the Interface of Thrombosis and Inflammation — The Role of Neutrophil Extracellular Traps
http://dx.doi.org/10.5772/57259

[47] Almyroudis NG, Grimm MJ, Davidson BA, Röhm M, Urban CF, Segal BH. NETosis
and NADPH oxidase: at the intersection of host defense, inflammation, and injury.
Front Immunol. 2013;4:45.
[48] Parker H, Winterbourn CC. Reactive oxidants and myeloperoxidase and their in‐
volvement in neutrophil extracellular traps. Front Immunol. 2012;3:424.
[49] Metzler KD, Fuchs TA, Nauseef WM, Reumaux D, Roesler J, Schulze I, Wahn V, Pa‐
payannopoulos V, Zychlinsky A. Myeloperoxidase is required for neutrophil extrac‐
ellular trap formation: implications for innate immunity. Blood. 2011;117(3):953-9.
[50] Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase and
myeloperoxidase regulate the formation of neutrophil extracellular traps. J Cell Biol.
2010;191(3):677-91.
[51] Fadeel B, Ahlin A, Henter JI, Orrenius S, Hampton MB. Involvement of caspases in
neutrophil apoptosis: regulation by reactive oxygen species. Blood. 1998;92(12):
4808-18.
[52] Hampton MB, Stamenkovic I, Winterbourn CC. Interaction with substrate sensitises
caspase-3 to inactivation by hydrogen peroxide. FEBS Lett. 2002;517(1-3):229-32.
[53] Wilkie RP, Vissers MC, Dragunow M, Hampton MB. A functional NADPH oxidase
prevents caspase involvement in the clearance of phagocytic neutrophils. Infect Im‐
mun. 2007;75(7):3256-63.
[54] Sadikot RT, Zeng H, Yull FE, Li B, Cheng DS, Kernodle DS, Jansen ED, Contag CH,
Segal BH, Holland SM, Blackwell TS, Christman JW. p47phox deficiency impairs NFkappa B activation and host defense in Pseudomonas pneumonia. J Immunol.
2004;172(3):1801-8.
[55] Anzilotti C, Pratesi F, Tommasi C, Migliorini P. Peptidylarginine deiminase 4 and cit‐
rullination in health and disease. Autoimmun Rev. 2010;9(3):158-60.
[56] Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential for anti‐
bacterial innate immunity mediated by neutrophil extracellular traps. J Exp Med.
2010;207(9):1853-62.
[57] Leshner M, Wang S, Lewis C, Zheng H, Chen XA, Santy L, Wang Y. PAD4 mediated
histone hypercitrullination induces heterochromatin decondensation and chromatin
unfolding to form neutrophil extracellular trap-like structures. Front Immunol.
2012;3:307.
[58] Arita K, Hashimoto H, Shimizu T, Nakashima K, Yamada M, Sato M. Structural basis
for Ca(2+)-induced activation of human PAD4. Nat Struct Mol Biol. 2004;11(8):777-83.
[59] Liu YL, Chiang YH, Liu GY, Hung HC. Functional role of dimerization of human
peptidylarginine deiminase 4 (PAD4). PLoS One. 2011;6(6):e21314.

51

52

Fibrinolysis and Thrombolysis

[60] Nakashima K, Hagiwara T, Yamada M. Nuclear localization of peptidylarginine dei‐
minase V and histone deimination in granulocytes. J Biol Chem. 2002;277(51):49562-8.
[61] Vossenaar ER, Zendman AJ, van Venrooij WJ, Pruijn GJ. PAD, a growing family of
citrullinating enzymes: genes, features and involvement in disease. Bioessays.
2003;25(11):1106-18.
[62] Zhang X, Bolt M, Guertin MJ, Chen W, Zhang S, Cherrington BD, Slade DJ, Dreyton
CJ, Subramanian V, Bicker KL, Thompson PR, Mancini MA, Lis JT, Coonrod SA. Pep‐
tidylarginine deiminase 2-catalyzed histone H3 arginine 26 citrullination facilitates
estrogen receptor α target gene activation. Proc Natl Acad Sci USA. 2012;109(33):
13331-6.
[63] Rohrbach AS, Slade DJ, Thompson PR, Mowen KA. Activation of PAD4 in NET for‐
mation. Front Immunol. 2012;3:360.
[64] Andrade F, Darrah E, Gucek M, Cole RN, Rosen A, Zhu X. Autocitrullination of hu‐
man peptidyl arginine deiminase type 4 regulates protein citrullination during cell
activation. Arthritis Rheum. 2010;62(6):1630-40.
[65] Méchin MC, Coudane F, Adoue V, Arnaud J, Duplan H, Charveron M, Schmitt AM,
Takahara H, Serre G, Simon M. Deimination is regulated at multiple levels including
auto-deimination of peptidylarginine deiminases. Cell Mol Life Sci. 2010;67(9):
1491-503.
[66] Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, Hayama R, Leonelli L, Han H, Gri‐
goryev SA, Allis CD, Coonrod SA. Histone hypercitrullination mediates chromatin
decondensation and neutrophil extracellular trap formation. J Cell Biol. 2009;184(2):
205-13.
[67] Neeli I, Khan SN, Radic M. Histone deimination as a response to inflammatory stim‐
uli in neutrophils. J Immunol. 2008;180(3):1895-902.
[68] Wang Y, Wysocka J, Sayegh J, Lee YH, Perlin JR, Leonelli L, Sonbuchner LS, McDo‐
nald CH, Cook RG, Dou Y, Roeder RG, Clarke S, Stallcup MR, Allis CD, Coonrod SA.
Human PAD4 regulates histone arginine methylation levels via demethylimination.
Science. 2004;306(5694):279-83.
[69] Serafin WE, Katz HR, Austen KF, Stevens RL. Complexes of heparin proteoglycans,
chondroitin sulfate E proteoglycans, and [3H]diisopropyl fluorophosphate-binding
proteins are exocytosed from activated mouse bone marrow-derived mast cells. J Biol
Chem. 1986;261(32):15017-21.
[70] Kolset SO, Gallagher JT. Proteoglycans in haemopoietic cells. Biochim Biophys Acta.
1990;1032(2-3):191-211. Review.
[71] Reeves EP, Lu H, Jacobs HL, Messina CG, Bolsover S, Gabella G, Potma EO, Warley
A, Roes J, Segal AW. Killing activity of neutrophils is mediated through activation of
proteases by K+flux. Nature. 2002;416(6878):291-7.

Fibrinolysis at the Interface of Thrombosis and Inflammation — The Role of Neutrophil Extracellular Traps
http://dx.doi.org/10.5772/57259

[72] Farley K, Stolley JM, Zhao P, Cooley J, Remold-O'Donnell E. A serpinB1 regulatory
mechanism is essential for restricting neutrophil extracellular trap generation. J Im‐
munol. 2012;189(9):4574-81.
[73] Remijsen Q, Vanden Berghe T, Wirawan E, Asselbergh B, Parthoens E, De Rycke R,
Noppen S, Delforge M, Willems J, Vandenabeele P. Neutrophil extracellular trap cell
death requires both autophagy and superoxide generation. Cell Res. 2011;21(2):
290-304.
[74] Fuchs TA, Brill A, Wagner DD. Neutrophil extracellular trap (NET) impact on deep
vein thrombosis. Arterioscler Thromb Vasc Biol. 2012;32(8):1777-83.
[75] Darbousset R, Thomas GM, Mezouar S, Frère C, Bonier R, Mackman N, Renné T,
Dignat-George F, Dubois C, Panicot-Dubois L. Tissue factor-positive neutrophils
bind to injured endothelial wall and initiate thrombus formation. Blood.
2012;120(10):2133-43.
[76] Longstaff C, Varjú I, Sótonyi P, Szabó L, Krumrey M, Hoell A, Bóta A, Varga Z, Ko‐
morowicz E, Kolev K. Mechanical stability and fibrinolytic resistance of clots contain‐
ing fibrin, DNA, and histones. J Biol Chem. 2013;288(10):6946-56.
[77] Gupta AK, Joshi MB, Philippova M, Erne P, Hasler P, Hahn S, Resink TJ. Activated
endothelial cells induce neutrophil extracellular traps and are susceptible to NETo‐
sis-mediated cell death. FEBS Lett. 2010;584(14):3193-7.
[78] Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska SP, Loh‐
meyer J, Preissner KT. Neutrophil extracellular traps directly induce epithelial and
endothelial cell death: a predominant role of histones. PLoS One. 2012;7(2):e32366.
[79] Villanueva E, Yalavarthi S, Berthier CC, Hodgin JB, Khandpur R, Lin AM, Rubin CJ,
Zhao W, Olsen SH, Klinker M, Shealy D, Denny MF, Plumas J, Chaperot L, Kretzler
M, Bruce AT, Kaplan MJ. Netting neutrophils induce endothelial damage, infiltrate
tissues, and expose immunostimulatory molecules in systemic lupus erythematosus.
J Immunol. 2011;187(1):538-52.
[80] Okrent DG, Lichtenstein AK, Ganz T. Direct cytotoxicity of polymorphonuclear leu‐
kocyte granule proteins to human lung-derived cells and endothelial cells. Am Rev
Respir Dis. 1990;141(1):179-85.
[81] Pereira LF, Marco FM, Boimorto R, Caturla A, Bustos A, De la Concha EG, Subiza JL.
Histones interact with anionic phospholipids with high avidity; its relevance for the
binding of histone-antihistone immune complexes. Clin Exp Immunol. 1994;97(2):
175-80.
[82] Kleine TJ, Gladfelter A, Lewis PN, Lewis SA. Histone-induced damage of a mamma‐
lian epithelium: the conductive effect. Am J Physiol. 1995;268(5 Pt 1):C1114-25.

53

54

Fibrinolysis and Thrombolysis

[83] Xu J, Zhang X, Pelayo R, Monestier M, Ammollo CT, Semeraro F, Taylor FB, Esmon
NL, Lupu F, Esmon CT. Extracellular histones are major mediators of death in sepsis.
Nat Med. 2009;15(11):1318-21.
[84] Brill A, Fuchs TA, Savchenko AS, Thomas GM, Martinod K, De Meyer SF, Bhandari
AA, Wagner DD. Neutrophil extracellular traps promote deep vein thrombosis in
mice. J Thromb Haemost. 2012;10(1):136-44.
[85] Wohner N, Keresztes Z, Sótonyi P, Szabó L, Komorowicz E, Machovich R, Kolev K.
Neutrophil granulocyte-dependent proteolysis enhances platelet adhesion to the ar‐
terial wall under high-shear flow. J Thromb Haemost. 2010;8(7):1624-31.
[86] Drechsler M, Megens RT, van Zandvoort M, Weber C, Soehnlein O.Hyperlipidemiatriggered neutrophilia promotes early atherosclerosis. Circulation. 2010;122(18):
1837-45.
[87] Megens RT, Vijayan S, Lievens D, Döring Y, van Zandvoort MA, Grommes J, Weber
C, Soehnlein O. Presence of luminal neutrophil extracellular traps in atherosclerosis.
Thromb Haemost. 2012;107(3):597-8.
[88] Fuchs TA, Bhandari AA, Wagner DD. Histones induce rapid and profound thrombo‐
cytopenia in mice. Blood. 2011;118(13):3708-14.
[89] Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD Jr, Wro‐
bleski SK, Wakefield TW, Hartwig JH, Wagner DD. Extracellular DNA traps pro‐
mote thrombosis. Proc Natl Acad Sci USA. 2010;107(36):15880-5.
[90] Watson K, Gooderham NJ, Davies DS, Edwards RJ. Nucleosomes bind to cell surface
proteoglycans. J Biol Chem. 1999;274(31):21707-13.
[91] Semeraro F, Ammollo CT, Morrissey JH, Dale GL, Friese P, Esmon NL, Esmon CT.
Extracellular histones promote thrombin generation through platelet-dependent
mechanisms: involvement of platelet TLR2 and TLR4. Blood. 2011;118(7):1952-61.
[92] Clejan L, Menahem H. Binding of deoxyribonucleic acid to the surface of human pla‐
telets. Acta Haematol. 1977;58(2):84-8.
[93] Dorsch CA. Binding of single-strand DNA to human platelets. Thromb Res.
1981;24(1-2):119-29.
[94] Ward CM, Tetaz TJ, Andrews RK, Berndt MC. Binding of the von Willebrand factor
A1 domain to histone. Thromb Res. 1997;86(6):469-77.
[95] Kleine TJ, Lewis PN, Lewis SA. Histone-induced damage of a mammalian epitheli‐
um: the role of protein and membrane structure. Am J Physiol. 1997;273(6 Pt
1):C1925-36.
[96] Gamberucci A, Fulceri R, Marcolongo P, Pralong WF, Benedetti A. Histones and ba‐
sic polypeptides activate Ca2+/cation influx in various cell types. Biochem J. 1998;331
(Pt 2):623-30.

Fibrinolysis at the Interface of Thrombosis and Inflammation — The Role of Neutrophil Extracellular Traps
http://dx.doi.org/10.5772/57259

[97] Crittenden JR, Bergmeier W, Zhang Y, Piffath CL, Liang Y, Wagner DD, Housman
DE, Graybiel AM. CalDAG-GEFI integrates signaling for platelet aggregation and
thrombus formation. Nat Med. 2004;10(9):982-6.
[98] Carestia A, Rivadeneyra L, Romaniuk MA, Fondevila C, Negrotto S, Schattner M.
Functional responses and molecular mechanisms involved in histone-mediated pla‐
telet activation. Thromb Haemost. 2013;110(5):1035-45.
[99] Renesto P, Chignard M. Enhancement of cathepsin G-induced platelet activation by
leukocyte elastase: consequence for the neutrophil-mediated platelet activation.
Blood. 1993;82(1):139-44.
[100] Si-Tahar M, Pidard D, Balloy V, Moniatte M, Kieffer N, Van Dorsselaer A, Chignard
M. Human neutrophil elastase proteolytically activates the platelet integrin alphaIIb‐
beta3 through cleavage of the carboxyl terminus of the alphaIIb subunit heavy chain.
Involvement in the potentiation of platelet aggregation. J Biol Chem. 1997;272(17):
11636-47.
[101] Wohner N, Kovács A, Machovich R, Kolev K. Modulation of the von Willebrand fac‐
tor-dependent platelet adhesion through alternative proteolytic pathways. Thromb
Res. 2012;129(4):e41-6.
[102] de Boer OJ, Li X, Teeling P, Mackaay C, Ploegmakers HJ, van der Loos CM, Daemen
MJ, de Winter RJ, van der Wal AC. Neutrophils, neutrophil extracellular traps and
interleukin-17 associate with the organisation of thrombi in acute myocardial infarc‐
tion. Thromb Haemost. 2013;109(2):290-7.
[103] Duerschmied D, Suidan GL, Demers M, Herr N, Carbo C, Brill A, Cifuni SM, Mauler
M, Cicko S, Bader M, Idzko M, Bode C, Wagner DD. Platelet serotonin promotes the
recruitment of neutrophils to sites of acute inflammation in mice. Blood. 2013;121(6):
1008-15.
[104] Marcus AJ, Silk ST, Safier LB, Ullman HL. Superoxide production and reducing ac‐
tivity in human platelets. J Clin Invest. 1977;59(1):149-58.
[105] Kraemer BF, Campbell RA, Schwertz H, Cody MJ, Franks Z, Tolley ND, Kahr WH,
Lindemann S, Seizer P, Yost CC, Zimmerman GA, Weyrich AS. Novel anti-bacterial
activities of β-defensin 1 in human platelets: suppression of pathogen growth and
signaling of neutrophil extracellular trap formation. PLoS Pathog.
2011;7(11):e1002355.
[106] Nishinaka Y, Arai T, Adachi S, Takaori-Kondo A, Yamashita K. Singlet oxygen is es‐
sential for neutrophil extracellular trap formation. Biochem Biophys Res Commun.
2011;413(1):75-9.
[107] Massberg S, Grahl L, von Bruehl ML, Manukyan D, Pfeiler S, Goosmann C, Brink‐
mann V, Lorenz M, Bidzhekov K, Khandagale AB, Konrad I, Kennerknecht E, Reges
K, Holdenrieder S, Braun S, Reinhardt C, Spannagl M, Preissner KT, Engelmann B.

55

56

Fibrinolysis and Thrombolysis

Reciprocal coupling of coagulation and innate immunity via neutrophil serine pro‐
teases. Nat Med. 2010;16(8):887-96.
[108] Thomas GM, Carbo C, Curtis BR, Martinod K, Mazo IB, Schatzberg D, Cifuni SM,
Fuchs TA, von Andrian UH, Hartwig JH, Aster RH, Wagner DD. Extracellular DNA
traps are associated with the pathogenesis of TRALI in humans and mice. Blood.
2012;119(26):6335-43.
[109] Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB, Monestier M,
Toy P, Werb Z, Looney MR. Platelets induce neutrophil extracellular traps in transfu‐
sion-related acute lung injury. J Clin Invest. 2012;122(7):2661-71.
[110] Fuchs TA, Kremer Hovinga JA, Schatzberg D, Wagner DD, Lämmle B. Circulating
DNA and myeloperoxidase indicate disease activity in patients with thrombotic mi‐
croangiopathies. Blood. 2012;120(6):1157-64.
[111] Gardiner EE, Andrews RK. Neutrophil extracellular traps (NETs) and infection-relat‐
ed vascular dysfunction. Blood Rev. 2012;26(6):255-9.
[112] Andrews DA, Low PS. Role of red blood cells in thrombosis. Curr Opin Hematol.
1999;6(2):76-82.
[113] Wohner N, Sótonyi P, Machovich R, Szabó L, Tenekedjiev K, Silva MM, Longstaff C,
Kolev K. Lytic resistance of fibrin containing red blood cells. Arterioscler Thromb
Vasc Biol. 2011;31(10):2306-13.
[114] Laktionov PP, Tamkovich SN, Rykova EY, Bryzgunova OE, Starikov AV, Kuznetso‐
va NP, Vlassov VV. Cell-surface-bound nucleic acids: Free and cell-surface-bound
nucleic acids in blood of healthy donors and breast cancer patients. Ann N Y Acad
Sci. 2004;1022:221-7.
[115] Goel MS, Diamond SL. Adhesion of normal erythrocytes at depressed venous shear
rates to activated neutrophils, activated platelets, and fibrin polymerized from plas‐
ma. Blood. 2002;100(10):3797-803.
[116] von Brühl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, Lorenz M, Khandoga
A, Tirniceriu A, Coletti R, Köllnberger M, Byrne RA, Laitinen I, Walch A, Brill A,
Pfeiler S, Manukyan D, Braun S, Lange P, Riegger J, Ware J, Eckart A, Haidari S, Ru‐
delius M, Schulz C, Echtler K, Brinkmann V, Schwaiger M, Preissner KT, Wagner
DD, Mackman N, Engelmann B, Massberg S. Monocytes, neutrophils, and platelets
cooperate to initiate and propagate venous thrombosis in mice in vivo. J Exp Med.
2012;209(4):819-35.
[117] Higuchi DA, Wun TC, Likert KM, Broze GJ Jr. The effect of leukocyte elastase on tis‐
sue factor pathway inhibitor. Blood. 1992;79(7):1712-9.
[118] Kambas K, Mitroulis I, Apostolidou E, Girod A, Chrysanthopoulou A, Pneumatikos
I, Skendros P, Kourtzelis I, Koffa M, Kotsianidis I, Ritis K. Autophagy mediates the

Fibrinolysis at the Interface of Thrombosis and Inflammation — The Role of Neutrophil Extracellular Traps
http://dx.doi.org/10.5772/57259

delivery of thrombogenic tissue factor to neutrophil extracellular traps in human
sepsis. PLoS One. 2012;7(9):e45427.
[119] Maugeri N, Brambilla M, Camera M, Carbone A, Tremoli E, Donati MB, de Gaetano
G, Cerletti C. Human polymorphonuclear leukocytes produce and express functional
tissue factor upon stimulation. J Thromb Haemost. 2006;4(6):1323-30.
[120] Müller I, Klocke A, Alex M, Kotzsch M, Luther T, Morgenstern E, Zieseniss S, Zahler
S, Preissner K, Engelmann B. Intravascular tissue factor initiates coagulation via cir‐
culating microvesicles and platelets. FASEB J. 2003;17(3):476-8.
[121] Zillmann A, Luther T, Müller I, Kotzsch M, Spannagl M, Kauke T, Oelschlägel U,
Zahler S, Engelmann B. Platelet-associated tissue factor contributes to the collagentriggered activation of blood coagulation. Biochem Biophys Res Commun.
2001;281(2):603-9.
[122] Engelmann B, Massberg S. Thrombosis as an intravascular effector of innate immuni‐
ty. Nat Rev Immunol. 2013;13(1):34-45.
[123] Kannemeier C, Shibamiya A, Nakazawa F, Trusheim H, Ruppert C, Markart P, Song
Y, Tzima E, Kennerknecht E, Niepmann M, von Bruehl ML, Sedding D, Massberg S,
Günther A, Engelmann B, Preissner KT. Extracellular RNA constitutes a natural pro‐
coagulant cofactor in blood coagulation. Proc Natl Acad Sci U S A. 2007;104(15):
6388-93.
[124] Müller F, Mutch NJ, Schenk WA, Smith SA, Esterl L, Spronk HM, Schmidbauer S,
Gahl WA, Morrissey JH, Renné T. Platelet polyphosphates are proinflammatory and
procoagulant mediators in vivo. Cell. 2009;139(6):1143-56.
[125] Martinod K, Demers M, Fuchs TA, Wong SL, Brill A, Gallant M, Hu J, Wang Y, Wag‐
ner DD. Neutrophil histone modification by peptidylarginine deiminase 4 is critical
for deep vein thrombosis in mice. Proc Natl Acad Sci U S A. 2013;110(21):8674-9.
[126] Chang X, Yamada R, Sawada T, Suzuki A, Kochi Y, Yamamoto K. The inhibition of
antithrombin by peptidylarginine deiminase 4 may contribute to pathogenesis of
rheumatoid arthritis. Rheumatology (Oxford). 2005;44(3):293-8.
[127] Pemberton AD, Brown JK, Inglis NF. Proteomic identification of interactions be‐
tween histones and plasma proteins: implications for cytoprotection. Proteomics.
2010;10(7):1484-93.
[128] Yeromonahos C, Polack B, Caton F. Nanostructure of the fibrin clot. Biophys J. 2010
Oct 6;99(7):2018-27.
[129] Weisel JW. The electron microscope band pattern of human fibrin: various stains, lat‐
eral order, and carbohydrate localization. J Ultrastruct Mol Struct Res. 1986;96(1-3):
176-88.

57

58

Fibrinolysis and Thrombolysis

[130] Yang Z, Mochalkin I, Doolittle RF. A model of fibrin formation based on crystal
structures of fibrinogen and fibrin fragments complexed with synthetic peptides.
Proc Natl Acad Sci U S A. 2000;97(26):14156-61.
[131] Guthold M, Liu W, Stephens B, Lord ST, Hantgan RR, Erie DA, Taylor RM Jr, Super‐
fine R. Visualization and mechanical manipulations of individual fibrin fibers sug‐
gest that fiber cross section has fractal dimension 1.3. Biophys J. 2004;87(6):4226-36.
[132] Giannitsis DJ, St Pekker. Role of leukocyte nuclei in blood coagulation. Naturwissen‐
schaften. 1974;61(12):690.
[133] Kheiri SA, Fasy TM, Billett HH. Effects of H1 histones and a monoclonal autoanti‐
body to H1 histones on clot formation in vitro: possible implications in the antiphos‐
pholipid syndrome. Thromb Res. 1996;82(1):43-50.
[134] Ammollo CT, Semeraro F, Xu J, Esmon NL, Esmon CT. Extracellular histones in‐
crease plasma thrombin generation by impairing thrombomodulin-dependent pro‐
tein C activation. J Thromb Haemost. 2011;9(9):1795-803.
[135] Takano S, Kimura S, Ohdama S, Aoki N. Plasma thrombomodulin in health and dis‐
eases. Blood. 1990;76(10):2024-9.
[136] Glaser CB, Morser J, Clarke JH, Blasko E, McLean K, Kuhn I, Chang RJ, Lin JH, Vi‐
lander L, Andrews WH, et al. Oxidation of a specific methionine in thrombomodulin
by activated neutrophil products blocks cofactor activity. A potential rapid mecha‐
nism for modulation of coagulation. J Clin Invest. 1992;90(6):2565-73.
[137] Komissarov AA, Florova G, Idell S. Effects of extracellular DNA on plasminogen ac‐
tivation and fibrinolysis. J Biol Chem. 2011;286(49):41949-62.
[138] Plow EF. The major fibrinolytic proteases of human leukocytes. Biochim Biophys Ac‐
ta. 1980;630(1):47-56.
[139] Zeng B, Bruce D, Kril J, Ploplis V, Freedman B, Brieger D. Influence of plasminogen
deficiency on the contribution of polymorphonuclear leucocytes to fibrin/ogenolysis:
studies in plasminogen knock-out mice. Thromb Haemost. 2002;88(5):805-10.
[140] Kolev K, Machovich R. Molecular and cellular modulation of fibrinolysis. Thromb
Haemost. 2003;89(4):610-21.
[141] Das R, Burke T, Plow EF. Histone H2B as a functionally important plasminogen re‐
ceptor on macrophages. Blood. 2007;110(10):3763-72.
[142] Kolev K, Tenekedjiev K, Komorowicz E, Machovich R. Functional evaluation of the
structural features of proteases and their substrate in fibrin surface degradation. J Bi‐
ol Chem. 1997;272(21):13666-75.
[143] Machovich R, Owen WG. An elastase-dependent pathway of plasminogen activa‐
tion. Biochemistry. 1989;28(10):4517-22.

Fibrinolysis at the Interface of Thrombosis and Inflammation — The Role of Neutrophil Extracellular Traps
http://dx.doi.org/10.5772/57259

[144] Masson-Bessière C, Sebbag M, Girbal-Neuhauser E, Nogueira L, Vincent C, Senshu
T, Serre G. The major synovial targets of the rheumatoid arthritis-specific antifilag‐
grin autoantibodies are deiminated forms of the alpha-and beta-chains of fibrin. J Im‐
munol. 2001;166(6):4177-84.
[145] Sanchez-Pernaute O, Filkova M, Gabucio A, Klein M, Maciejewska-Rodrigues H,
Ospelt C, Brentano F, Michel BA, Gay RE, Herrero-Beaumont G, Gay S, Neidhart M,
Juengel A. Citrullination enhances the pro-inflammatory response to fibrin inrheu‐
matoid arthritis synovial fibroblasts. Ann Rheum Dis. 2013;72(8):1400-6.
[146] Lacks SA. Deoxyribonuclease I in mammalian tissues. Specificity of inhibition by ac‐
tin. J Biol Chem. 1981;256(6):2644-8.
[147] Napirei M, Ricken A, Eulitz D, Knoop H, Mannherz HG. Expression pattern of the
deoxyribonuclease 1 gene: lessons from the Dnase1 knockout mouse. Biochem J.
2004;380(Pt 3):929-37.
[148] Takeshita H, Yasuda T, Nakajima T, Hosomi O, Nakashima Y, Kishi K. Mouse deox‐
yribonuclease I (DNase I): biochemical and immunological characterization, cDNA
structure and tissue distribution. Biochem Mol Biol Int. 1997;42(1):65-75.
[149] Shiokawa D, Tanuma S. Characterization of human DNase I family endonucleases
and activation of DNase gamma during apoptosis. Biochemistry. 2001;40(1):143-52.
[150] Napirei M, Ludwig S, Mezrhab J, Klöckl T, Mannherz HG. Murine serum nucleases-contrasting effects of plasmin and heparin on the activities of DNase1 and DNase1like 3 (DNase1l3). FEBS J. 2009;276(4):1059-73.
[151] Farrera C, Fadeel B. Macrophage clearance of neutrophil extracellular traps is a silent
process. J Immunol. 2013;191(5):2647-56.
[152] Napirei M, Wulf S, Mannherz HG. Chromatin breakdown during necrosis by serum
Dnase1 and the plasminogen system. Arthritis Rheum. 2004;50(6):1873-83.
[153] Harvima RJ, Yabe K, Fräki JE, Fukuyama K, Epstein WL. Hydrolysis of histones by
proteinases. Biochem J. 1988;250(3):859-64.
[154] Esmon CT. Molecular circuits in thrombosis and inflammation. Thromb Haemost.
2013;109(3):416-20.
[155] Papayannopoulos V, Zychlinsky A. NETs: a new strategy for using old weapons.
Trends Immunol. 2009;30(11):513-21.

59

