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Summary

Blood coagulation is essential for hemosta-
sis, however excessive coagulation can lead
to thrombosis. Factor XII starts the intrinsic
coagulation pathway and contact-induced
factor XIl activation provides the mechanistic
basis for the diagnostic aPTT clotting assay.
Despite its function for fibrin formation in
test tubes, patients and animals lacking fac-
tor XIl have a completely normal hemostasis.
The lack of a bleeding tendency observed in
factor Xl deficiency states is in sharp
contrast to deficiencies of other components
of the coagulation cascade and factor XII has
been considered to have no function for co-
agulation in vivo. Recently, experimental ani-
mal models showed that factor XIl is acti-
vated by an inorganic polymer, polyphos-
phate, which is released from procoagulant
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FXII driven contact system

The contact system is a plasma protease
cascade that consists of factor XII (FXII),
factor XI (EXI), plasma kallikrein (PK), C1
esterase inhibitor (C1INH), and the non-
enzymatic cofactor high molecular weight
kininogen (HK). The contact system reac-
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platelets and that polyphosphate-driven factor
XII activation has an essential role in pathol-
ogic thrombus formation. Cumulatively, the
data suggest to target polyphosphate, factor
XII, or its activated form factor Xlla for antico-
agulation. As the factor XIl pathway specifi-
cally contributes to thrombosis but not to he-
mostasis, interference with this pathway pro-
vides a unique opportunity for safe anticoagu-
lation that is not associated with excess bleed-
ing.

The review summarizes current knowledge on
factor Xl functions, activators and inhibitors.

Schliisselworter
Faktor XII, Kontaktphasesystem, Antikoagu-
lanz, Polyphosphat

Zusammenfassung
Die Blutgerinnung ist notwendig zur Blutstil-
lung bei Verletzungen, kann aber auch zu
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tion cascade is initiated by FXII contact
mediated activation and drives proinflam-
matory and procoagulant reactions (1).
Contact system proteins locally assemble
on heparan and chondroitin sulphate type
proteoglycans on various cardiovascular
cells such as platelets, leukocytes and en-
dothelial cells (2, 3). Other proteins such as

Thrombosen fiihren. Faktor XII startet die in-
trinsische Blutgerinnungskaskade und dieser
Mechanismus ist die Basis fir den millionen-
fach eingesetzten aPTT-Gerinnungstest. Trotz
seiner Bedeutung fiir die Fibrinbildung im
Reagenzglas ist ein Mangel an Faktor XII we-
der bei Mensch noch Tier mit einer erhéhten
pathologischen Blutungsneigung assoziiert.
Daher dachte man lber Jahrzehnte, dass Fak-
tor XlI keine Funktion fir die Blutgerinnung
in vivo habe. In den vergangenen Jahren ha-
ben experimentelle Tiermodelle gezeigt, dass
Faktor XII durch das anorganische Polymer
Polyphosphat auf prokoagulanten Thrombo-
zyten aktiviert wird. Die Polyphosphat-getrie-
bene Faktor-Xll-vermittelte Fibrinbildung hat
eine essenzielle Funktion fiir die Bildung von
Thromben, aber keine Funktion fiir hamosta-
tische Mechanismen. Daher sind Polyphos-
phat, Faktor-XII-Zymogen und die aktive Pro-
tease attraktive Zielstrukturen fiir sichere An-
tikoagulanzien, die im Gegensatz zu aktuel-
len Medikamenten nicht mit Blutungsnei-
gung assoziiert sind.

Diese Ubersichtsarbeit fasst das aktuelle Wis-
sen lber Faktor XII, seinen Aktivator Poly-
phosphat und Inhibitoren dieser beiden Sub-
stanzen zusammen.

gClq receptor (gClqR), cytokeratin-1
(CK1) and urokinase plasminogen acti-
vator receptor (uPAR) contribute to HK
binding to endothelial cells (4). FXII and
HK directly bind to cardiovascular cell sur-
faces while PK and FXI form bimolecular
complexes with HK and are indirectly an-
chored to cell surfaces via HK. FXII, Hage-
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man factor, is produced and secreted to the
plasma by hepatocytes. The glycoprotein,
with an apparent molecular weight of 80
kDa, is the product of a single gene that
maps to chromosome 5 in humans. FXII
circulates in plasma as a single chain zy-
mogen form with a half-life of about 2 days
(5). Activated FXII (FXIIa) initiates fibrin
formation by the intrinsic pathway of co-
agulation via activation of its substrate FXI,
and bradykinin-production by the proin-
flammatory kallikrein-kinin system via PK
(> Fig. 1) (6). Independent of its enzymatic
activity, FXII zymogen binding to uPAR
stimulates cell growth and proliferation of
endothelial cells leading to angiogenesis
(7). The EXII driven contact system is
highly conserved in mammalians (8). The
system is absent in inframammalian
species and FXII, FXI or HK genes are ab-
sent in vertebrates such as birds or fish (9),

suggesting that the contact system has
evolved late during evolution.

Factor XII is composed of eight do-
mains/regions, some of which share homo-
logy with other plasma proteins. Starting
from the N-terminus FXII contains a fibro-
nectin domain type II, an epidermal-
growth-factor-like domain, a fibronectin
domain type I, a second epidermal-
growth-factor-like domain, a kringle do-
main, a proline-rich region and the cata-
lytic domain (5). Surface binding induces a
conformational shift in FXIT zymogen that
alters its conformation and leads to gener-
ation of a (partially) proteolytic active
form. Surface bound EXII activates itself by
limited proteolysis at a single peptide bond
Arg,s;-Valys, (auto-activation). This initial
cleavage leads to generation of the two-
chain active protease composed of a heavy
and a light chain of 353 and 243 amino

acids respectively, termed a-FXIIa. A disul-
fide bridge connects the a-FXIIa heavy and
light chains. a-FXIIa cleaves its substrates
EXI and plasma prekallikrein generating
activated FXI (FXIa) and PK. PK in turn
further activates FXII zymogen, thereby
amplifying the initial signal (hetero-acti-
vation) (10).

Two additional proteolytic steps occur
in a-FXIIa at positions Argss,-Asnss; and
Argss-Leuyy. These proteolytic steps re-
lease the FXII light chain fragment that
contains the protease domain from the
heavy chain, which remains surface bound.
The light chain fragment, p-FXIIa of 28
kDa (»Fig. 2) retains its proteolytic activ-
ity towards plasma prekallikrein but does
not have the capacity to activate FXI in
plasma (11). Thus B-FXIIa cannot activate
the intrinsic pathway of coagulation. In ad-
dition to PK and FXI, FXIIa can activate
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Fig. 1 The factor XIl-driven contact system is a procoagulant and proin-
flammatory plasma protease cascade, which is initiated by activation of fac-
tor XII (FXI). Activated FXII (FXIla) in turn activates factor XI (FXla), which
initiates fibrin formation by the intrinsic pathway of coagulation. Alter-
natively FXIla triggers bradykinin-production by activating the proinflamma-
tory kallikrein-kinin system via plasma kallikrein (PK). FXII zymogen is acti-
vated upon binding to contact activators. Established FXII contact activators
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are misfolded proteins, heparin (released from activated mast cells), poly-
phosphates (polyP, released from activated platelets and mast cells) and the
not naturally occurring over-sulfated chondroitin sulfate (OSCS), a heparin
contaminant. OSCS, misfolded proteins and heparin selectively activate the
kalikrein-kinin system pathway, while polyP trigger both the kallikrein-kinin
system and the intrinsic coagulation pathway.
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the classical pathway of complement, the
fibrinolytic system and factor VII (FVII).
Classical papers show that cold induced ac-
tivation of FVII occurs by FXIIa dependent
mechanisms, which might have some im-
portance for diagnostic coagulation analy-
sis when plasma has been stored at 4°C
(12). FXIIa promotes fibrinolysis by acti-
vating plasminogen (13), however, binding
of FXIIa to fibrin also leads to compact fi-
brin structures with increased fiber density
and reduced pore size, resulting in de-
creased fibrinolysis (14). The in vivo rel-
evance of these reactions, however, remains
to be established. Enzymatic activity of
FXIIa and PK is regulated by their endo-
genous plasma inhibitors C1 esterase in-
hibitor (C1INH) and antithrombin III (15).

FXIl in inflammation

FXIIa initiates formation of the inflamma-
tory mediator bradykinin (BK) via PK me-
diated proteolytic cleavage of the high mo-
lecular weight BK-precursor HK. FXII
deficiency reduces plasma BK levels by

50%, indicating that alternative FXII-inde-
pendent mechanisms of BK formation
from HK exist (16). Other proteases such
as neutrophil elastase and mast cell derived
tryptase process HK to BK at sites of in-
flammation (17). Plasma prekallikrein
complexed to HK on cell surfaces can be
activated to PK by heat shock protein 90 or
prolylcarboxypeptidase, respectively, in a
EXII-independent manner (18, 19). BKis a
peptide hormone and acts through stimu-
lation of G-protein coupled kinin B2 recep-
tors (B2R) that increase intracellular cal-
cium ([Ca®*];) in smooth muscle and en-
dothelial cells. [Ca?']; in turn can activate
multiple intracellular signaling cascades,
including the phospholipase A2 pathway
that releases arachidonic acid that in turn is
converted to prostaglandins (e.g. PGI,) ina
cyclooxygenase-dependent manner. In-
crease in [Ca?']; is a potent stimulator of
endothelial nitric-oxide synthase (eNOS)
resulting in formation of nitric oxide that
leads to vasodilation and platelet in-
hibition. Carboxypeptidases cleave BK to
form des-Arg’-BK that is the principal lig-
and of kinin Bl-receptors (BIR). B2R are
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Fig. 2 Gross structure of FXII: Factor XIl zymogen contains a heavy chain with the surface binding site
and a light chain, which bears the enzymatic activity of a serine protease. Cleavage of the peptide bond
between Argss; and Valss, (dark 1) converts FXII zymogen to the active enzyme, FXlla, where the heavy
and light chains are connected via a disulfide bridge between Cyss,o and Cyssg;. Asterisks indicate the
FXlla catalytic triad. Two additional proteolytic steps occur in FXlla at peptide bonds Argss,-Asnsss (dark
2) and Argss-Leus,, (dark 3) that releases the light chain fragment (3FXIla) with the proteolytic activity

from the surface bound FXII heavy chain.
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constitutively expressed in multiple tissues,
while BIR are not found on cellular sur-
faces under normal (healthy) conditions.
Expression of BIR is inducible in an
IL1b-dependent manner during pathologi-
cal events such as tissue injury or inflam-
mation (20). Additional effects of BK-in-
duced increase in [Ca®*]; is stimulation of
protein kinase C activity (21). Protein ki-
nase C phosphorylates vasodilator-stimu-
lated phosphoprotein (VASP), which is a
key regulator of cortical cytoskeletal organ-
ization (22, 23). VASP phosphorylation
leads to disassembly of actin stress fibers at
interendothelial junctions (24). Taken to-
gether, BK signaling initiates a plethora of
proinflammatory responses that dilate
vessels, increase vascular permeability (25)
and induce chemotaxis of neutrophils indi-
rectly in a leukotriene B4 and BIR signal-
ling dependent manner (26).

Excessive BK formation contributes to
human disease states. BK-mediated edema
formation is a result of deficiency in a func-
tional CIINH. Hereditary angioedema
(HAE) is a rare autosomal dominant dis-
order that is clinically associated with re-
current skin swelling, abdominal pain at-
tacks and potentially life-threatening upper
airway obstructions. HAE develops in indi-
viduals deficient in CIINH (HAE type I),
or individuals with a dysfunctional C1IINH
protein (HAE type II) (27). Besides these
two classical HAE types a third C1INH-in-
dependent variant, HAE type III, exists that
almost exclusively affects women. HAE
type III patients have normal C1INH con-
centration and activity in plasma, but still
suffer from edema. A genome wide linkage
study showed that HAE type III is associ-
ated with a single point mutation in FXII,
(Thr309Lys or Thr309Arg), that results in
increased FXII activity without altering
EXII plasma levels. Enhanced FXII enzy-
matic plasma activity in HAE III leads to
enhanced BK production via unidentified
mechanisms that result in angioedema
(28).

FXII in coagulation

The protease thrombin is a major product
of the plasma coagulation system. Throm-
bin converts fibrinogen into insoluble fi-
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brin. In the classical cascade/waterfall
model coagulation can be initiated by two
distinct mechanisms triggered by either
vessel wall (extrinsic) or blood borne (in-
trinsic) factors. The extrinsic pathway
starts when tissue factor (TF) is exposed at
vascular injury sites and binds to coagu-
lation factor VII, which is activated to fac-
tor VIIa (FVIIa). The TF/FVIIa complex
generates small amounts of activated factor
X (FXa) that trigger thrombin generation,
sufficient to activate platelets, to convert fi-
brinogen to fibrin and to activate factors V
(FV) and VII (FVII) (29, 30). Fur-
thermore, the TF/FVIla complex functions
as a potent activator of factor IX (FIX) and
the vast majority of the FXa is produced by
the FVIIIa/FIXa complex (intrinsic FXase)
that is ~50 times more efficient in convert-
ing FX to FXa than the TF/FVIIa complex
(extrinsic FXase; 29). The FXII driven in-
trinsic pathway of coagulation is initiated
by FXIla mediated factor XI (FXI) cleavage
to form active FXI (FXIa), which in turn
promotes coagulation via Ca** dependent
activation of FIX resulting in the activation
of FX. FXa in complex with the cofactor
factor Va converts prothrombin into
thrombin (31).

The activated partial thromboplastin
time (aPTT) is a diagnostic coagulation
assay that is commonly used to monitor
heparin therapy, analyze for lupus antico-
agulant and for preoperative screenings.
The aPTT assay is based on FXII contact
activation by non-physiological surfaces
such as kaolin or ellagic acid. Despite its
importance for fibrin formation in vitro,
EXII has been considered to have no func-
tion for coagulation in vivo. The premise
was based on the fact that patients lacking
EXII have a completely normal hemostatic
capacity and do not suffer from pathologic
spontaneous or injury-related bleeding
despite their largely prolonged aPTT (32).
The lack of a bleeding tendency observed
with FXII deficiency is in sharp contrast to
deficiencies of other components of the
coagulation cascade, such as von Wille-
brand factor (vWF), FVII, FVIII or FIX,
that are associated with severe sponta-
neous and injury associated bleedings
(33). The absence of increased bleeding in
EXII deficiency states leads to the hypoth-
esis that fibrin formation in vivo is largely,
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if not exclusively, initiated through the ex-
trinsic pathway of coagulation. We gener-
ated FXII deficient mice (34) and found
that the animals were largely protected
from vessel occlusive thrombosis in ve-
nous and arterial vascular beds in response
to chemical and mechanical types of en-
dothelial injury (35). Similarly to their
human counterparts, mice lacking FXII
have a completely normal hemostatic ca-
pacity and do not bleed excessively (34).
FXII null mice are also protected from
lethal contact-induced pulmonary embol-
ism (35) and ischemic brain injury in the
tMCAO model (36). Reconstitution of
FXII deficient mice with human FXII pro-
tein restored both the prolonged aPTT in
plasma and defective thrombus formation
in vivo (35). The reconstitution experi-
ments suggest that FXII operates similarly
among mice and humans. Similar to FXII
deficiency, individuals and genetically
modified mice lacking the contact proteins
PK or HK have a normal hemostasis (37).
The absence of excessive bleeding in con-
tact system deficient humans and mice in-
dicate that FXII and the downstream pro-
teins of the system are specifically impor-
tant for thrombosis but not required for
hemostasis (38). Taken together, the find-
ings with contact system deficient mice
challenge the dogma of a coagulation bal-
ance, as thrombosis is largely defective
whereas the hemostatic system is normal.
In contrast to normal hemostasis in FXII
deficient individuals FXI-deficiency is as-
sociated with increased bleeding (Hemo-
philia C) that is usually mild and injury re-
lated (39). The rational for bleeding in FXI
but not in FXII deficiency states is pro-
vided by the revised model of coagulation
that proposes thrombin production by the
tissue factor pathway as a major FXI acti-
vator in plasma ex vivo. The revised model
of coagulation provides a mechanism for
FXT activation that operates independently
of FXII. Analysis of the importance of this
pathway in vivo awaits further studies
(40).

Activation of FXII

Surface binding induces a conformational
change in FXII that activates the zymogen

resulting in the active protease FXIIa (11).
FXII zymogen binds to anionic and hy-
drophilic surfaces, however the precise
surface binding sites in FXII and require-
ments of the surface for inducing contact
activation have remained somehow un-
clear (41, 42).

FXII contact-activation on
non-physiological surfaces

Non-physiological negatively charged sur-
faces such as kaolin, glass, or some
polymers are known to have the capacity
for inducing FXII contact activation (10).
The commonly used diagnostic aPTT co-
agulation assay takes advantage of FXII’s
ability to auto-activate upon binding to the
white clay material kaolin. Another clini-
cally used contact-activator for triggering
aPTT assays, ellagic acid, contains insol-
uble aggregates of ellagic acid-metal-ion
complexes. Consistently, immobilized
transition metals such as Ni**, Cu**, Co**
or Zn** on the surface of synthetic phos-
pholipid micelles stimulate FXII-driven
coagulation (43). During various clinical
procedures, blood comes into contact with
medical devices. Initially abundant plasma
proteins such as fibrinogen rapidly adsorb
on the surface. Subsequently other plasma
born proteins such as FXII adhere to the
surface and may become activated (44).
Indeed, various clinically used surfaces,
such as polyvinylchloride tubing or mem-
branes used for hemodialysis and extra-
corporeal circulation are known to be as-
sociated with a prothrombotic risk (45,
46). Supporting a role of FXII activation
upon contact to these surfaces, increased
plasma levels of FXIla and BK are found in
patients with cardiopulmonary bypass
(47). In addition to contact activating
polymers in medical devices the synthetic
polysaccharide high molecular weight
dextran sulphate (DXS) is used as a con-
tact system activator in experimental set-
tings (48). Intravenous injection of DXS in
pigs leads to hypotension that is com-
pletely blocked by pretreatment with the
B2R antagonist Icatibant (49). The contact
activator DXS specifically initiates the kal-
likrein-kinin system but does not trigger
fibrin formation via the intrinsic pathway
of coagulation in vivo (50).
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FXII contact-activation on
natural FXII activators

The finding that inhibition of FXII activity
interferes with thrombosis without a risk of
bleeding has initiated screens for naturally
occurring FXII contact activators to
further understand the mechanism of FXII
activation. The contact system proteins loc-
ally assemble on the surface of bacterial pa-
thogens (51). FXII-contact activation by
microbial agents initiates plasma host-de-
fense systems including complement and
coagulation systems. Septic disease states
are associated with contact system acti-
vation (52). Non-collagenous and collagen-
ous proteins in the subendothelial basal
membrane contribute to FXII activation
following vascular injury. Laminin is
among the most abundant non-collagen-
ous proteins in the extracellular matrix. It
accelerates FXII activation in a purified
system, and shortens the clotting time of
recalcified plasma in a FXI- and FXII-de-
pendent manner (53). Type I collagen has
the capacity to initiate the intrinsic coagu-
lation system in the absence of platelets, in-
dicating that some types of collagen func-
tion as a FXII contact activator (54). Arte-
riosclerotic plaque material initiates
thrombin generation in a FXII-dependent
manner similarly to collagen. These data
support the hypothesis that FXII plays a
role in plaque-induced coagulation. In-
deed, recent studies using intravital micro-
scopy have shown that FXIIa accumulates
in the luminal portions of the thrombi (55).
Collagen is not soluble and found at the
vascular wall, suggesting that FXIIa at the
leading edge of a thrombus is not directly
produced by collagen mediated contact ac-
tivation. The source of FXII contact acti-
vators within the developing thrombus is
matter of ongoing research. Possible FXII
activators that contribute to thrombus
formations are microparticles (MPs). MPs
are small membrane surrounded vesicles
that are shed from different cell types such
as platelets, monocytes, endothelial cells
and erythrocytes. MPs from platelets and
erythrocytes initiate thrombin generation
independently of TF in a FXII-dependent
manner and these MPs completely fail to
induce thrombin generation in FXII-defi-
cient plasma. The physiological relevance,
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mechanisms and in vivo contribution of
the intrinsic pathway of coagulation in-
duced by MPs require further investigation
(56).

FXII activation has been associated with
mast cell activation for decades. Heparin is
a linear and highly sulphated polysacchar-
ide that is exclusively found in mast cells,
and activates the contact system in vitro
(57). IgE/antigen activated mast cells re-
lease the polysaccharide that initiates FXII
contact-activation  resulting in BK
formation via the kallikrein-kinin system.
BK produced by aberrant activated mast
cells contributes to swelling, anaphylactic,
and inflammatory symptoms. Vice versa,
deficiency in FXII or B2R largely protects
mice from heparin and IgE/allergen-acti-
vated mast cell-induced edema formation
(58). Sudden release of mast cell mediators
into the circulation drives anaphylactic at-
tacks. For decades it has been known that
anaphylaxis is associated with a transient
prolongation of the aPTT (while tissue fac-
tor-driven coagulation is normal). Heparin
levels are largely elevated during anaphy-
lactic reactions in patients and FXII is acti-
vated. The intensity of FXII activation cor-
relates with BK formation and severity of
clinical symptoms (grade of anaphylaxis)
(59). In addition to FXII, PK and HK are
activated in plasma samples from anaphy-
lactic patients, which were taken during an
anaphylactic attack, while in basal condi-
tions no significant activation of the con-
tact system is detectable. Cumulatively, the
animal models and data in patients suggest
a role of the contact system for anaphylaxis.
Consistently, targeting BK formation or
signaling in IgE/allergen-driven hypersen-
sitivity reactions in mouse models results
in attenuated mast cell-driven adverse ef-
fects (59). Thus pharmacological inhibition
of BK formation or signaling could be
promising strategies for interfering with
anaphylaxis and possibly other allergic dis-
eases. Similarly to DXS, heparin does not
trigger procoagulant reactions and does
not induce FXI activation (58). Clinically
used heparin represents a heterogeneous
agent and both chain lengths and modifi-
cations of the polysaccharide backbone
varies among heparins from different
manufacturers (60). In 2008 there was a
dramatic increase in lethal acute hypersen-

sitivity reactions in patients receiving intra-
venous heparin from a single manufacturer
(61). A contaminant was identified that
was characterized as non-naturally occur-
ring over-sulfated chondroitin sulfate
(OSCS) (62). OSCS shares similarities with
DXS in respect to charge density that deter-
mines the potency for FXII activation of
the contact activator. OSCS has a higher
negative charge (average of 4.0 sulfate resi-
dues per disaccharide) compared to mast
cell heparin (average of 2.7 sulfate residues
per disaccharide) and therefore triggers
contact activation more potently (58).
Other molecules that possess sulphur-con-
taining groups e.g. sulfatides and amylose
sulphates have some possibilities for acti-
vating FXII dependent on clustering of
these charges. Sulfatides of brain, kidney
and erythrocyte cell membranes have pro-
coagulant activity and trigger PK-like
amidolytic activities in plasma (63). Other
activators, which lead to the activation of
the kallikrein-kinin system without induc-
ing coagulation, include misfolded protein-
aggregates. FXIla and PK are detectable in
blood from patients with systemic amyloi-
dosis, when insoluble amyloid proteins de-
posit in organs (64).

Nucleic acids are anionic polymers and
can provide a surface that allows for bind-
ing and contact activation of FXII. Extra-
cellular RNA was identified as a FXII acti-
vator and targeting the phosphoester
bonds in the polymer backbone with
RNAse provides thromboprotection in
mouse models (65). Similarly single-
stranded DNA is an efficient activator of
EXII in vitro (66). Neutrophil extracellular
traps (NETs) consist of DNA and provide a
surface for contact activation (51). The ca-
pacity of NETs to trigger thrombus propa-
gation is significantly increased in the pres-
ence of activated platelets suggesting that
platelet derived mediators contribute to
propagation of thrombus formation in
NETs-driven deep vein thrombosis (67).

Polyphosphate as a natural
FXII activator

Multiple independent studies have shown
that activated platelets promote plasma
clotting and that procoagulant activity of
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activated platelets is strictly dependent on
blood coagulation FXII (68-70). Activated
platelets also initiate FXII-driven BK
formation in plasma (71). However, it was
not known how FXII is activated by proco-
agulant platelets (72).

Polyphosphates (polyP) are polymers of
orthophosphate residues that are linear
linked by energy-rich phosphoranhydride
bonds. Human platelets contain vast
amounts of polyP in their dense granules
(=10 pmol/10® platelets) that are secreted
upon platelet activation (73). Presumably,
local polyP concentrations are high in pla-
telet rich-thrombi (74). Similarly, mast cells
contain polyP in their secretory vesicles.
Both activation of platelets and mast cells
leads to the release of these granules and
liberation of polyP (73, 75). PolyP plasma
levels as concluded from measurements of
monophosphate are in the submicromolar
range (76). PolyP is ubiquitously found in
nature in all cells from bacteria to mamm-
als. In the cardiovascular system endothe-
lial cells, granulocytes and erythrocytes
have been shown to contain polyP (76-78).
Synthetic polyP is used as water softeners,
fertilizers, and food additives due to its
non-toxicity, inexpensiveness, and biode-
gradability (79). The function of polyP has
been studied mainly in prokaryotes where
it acts as a phosphate and energy storage
pool, in the formation of membrane chan-
nels, cell envelope formation, gene activity
control, stress response and stationary
phase adaptation (80). In contrast to bacte-
ria the polyP synthesis pathway in mam-
malian cells is unknown and the biological
functions of polyP are not well defined.

PolyP shares a similar polyanion back-
bone with the FXII-activator RNA. PolyP
released from platelet dense granules have
a mean chain length of 70-100 phosphate
units and initiate FXII contact activation in
plasma (77). Synthetic polyP of this chain
length also triggers plasma coagulation in a
EXII-dependent manner (81). Using
thrombosis and edema models in mice,
and a human disease model we have ident-
ified platelet polyP as the in vivo activator
of FXII and have shown that polyP-driven
EXII activation has critical functions for
platelet-driven thrombosis and inflam-
mation (77). Addition of synthetic platelet
size polyP restored defective plasma clot-
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ting of patients with severe hemophilia A
or B, or patients receiving the anticoagu-
lant warfarin (82), and also reversed the
defect in VWE-dependent platelet aggluti-
nation in patients with type I von Wille-
brand disease (83). Patients with Hermans-
ky-Pudlak syndrome have a dysfunctional
biogenesis of platelet dense granules, which
leads to prolonged bleeding times in addi-
tion to other clinical features such as albin-
ism (84). These patients have substantially
lowered levels of polyP in platelets com-
pared to healthy controls (85) and delayed
in vitro clotting times in platelet rich plas-
ma. Defective fibrin formation in Her-
mansky-Pudlak patient samples was short-
ened on addition of platelet polyP (77).
EXII deficient mice and animals with com-
bined deficiency in factors XII and XI
(FXT//FXII"") are similarly protected from
polyP induced lethal pulmonary embolism
as FXII deficient” mice, suggesting that the
polymer drives fibrin formation via the
classical intrinsic pathway (77). Taken to-
gether polyP secreted by activated platelets
and mast cells is an endogenous FXII acti-
vator that drives coagulation and inflam-
matory pathways.

Besides inducing FXII contact acti-
vation, platelet size polyP accelerate the ac-
tivation of FXI by thrombin (87), and the
conversion of factor V to Va by thrombin,
FXa and FXIa (81, 88). The rapid
formation of FVa by platelet-derived polyP
causes a localized thrombin burst at the
clot site and antagonizes the anticoagulant
activity of tissue factor pathway inhibitor
(89). Furthermore, polyP integration into
fibrin clots results in thicker fibrin fibers
and altered fibrin structures. Fibrin clots
containing polyP dissolve slower as polyP
block the binding of tissue plasminogen ac-
tivator and plasminogen to fibrin. As a
consequence of increased thrombin gener-
ation polyP also slow down fibrinolysis by
enhancing the activity of thrombin-activat-
able fibrinolysis inhibitor (81, 90). PolyP
exerts different effects on blood clotting
depending on polymer length and abtility
to activate FXII increases with polyP chain
length (89).

Despite of all above-mentioned data the
concept of platelet-induced activation of
EXII was challenged in a study, claiming
that platelets and polyP do not activate

EXII. However, these results are possibly
due to wrong handling and extended stor-
age of polyP resulting in the use of insol-
uble and degraded polyP (91, 92). Indeed,
recently independent groups have confirm-
ed a critical role of platelet polyP for FXII-
driven thrombosis using genetic and phar-
macologic approaches. IP6K1 deficient
mice have been generated that similarly to
Hermansky-Pudlak syndrome patients
have significantly reduced platelet polyP
levels that are associated with a prolonged
EXII-driven clotting time. Supporting the
critical role of platelet polyP for thrombo-
sis. IP6K17" mice are similarly protected
from lethal pulmonary thromboembolism
(86) as FXII”- mice (35, 77). Furthermore
specific polyP interfering agents have been
generated. Targeting polyP inhibits platelet
driven thrombus formation in arterial and
venous thrombosis models in vivo (93).
Taken together the new findings support a
critical role of platelet polyP for thrombus
formation.

Targeting FXII and FXIlla

Multiple animal models have shown an es-
sential role of polyP-FXII for thrombosis.
On the other hand, the fact that FXII defi-
cient patients have no abnormal bleeding
diathesis raises the interesting prospect
that drugs targeting FXII or the active form
FXIIa will produce antithrombotic effects
without compromising hemostasis. Block-
ing zymogen FXII with an antibody
(15H8) completely inhibited the prothrom-
botic effect of FXII in a ferric chloride-in-
duced mouse thrombosis model and a
graft-induced baboon thrombosis model.
15H8 reduced fibrin and platelet accumu-
lation downstream of an inserted graft,
supporting the role for FXII in thrombus
formation in primates (94). Antisense oli-
gonucleotides (ASO) used to selective
knockdown FXII in mice reduced throm-
bus formation in both arterial and venous
thrombosis models, without an apparent
effect on hemostasis (95). Additionally,
ASO treatment in rabbits where catheters
were implanted in the jugular vein attenu-
ated catheter thrombosis (96). The major
drawback of ASO treatment is that these
drugs need to be repeatedly injected for
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many weeks (up to 7 in baboons) in high
amounts to sufficiently suppress FXII lev-
els. Thus ASO-mediated knockdown FXII
expression is not suitable for acute anti-
thrombotic treatment.

There is a huge excess of FXII zymogen
in plasma that by far exceeds the active
protease FXIIa. To overcome this antigen

sink, FXIIa is considered to be a better drug
target than FXII. Initial attempts to target
EXIla utilized corn trypsin inhibitor (CTI),
a 12 kDa Kunitz-type inhibitor, which re-
versibly interacts with the active site of
FXIIa. In catheter thrombosis models in
rabbits, the time to catheter occlusion was
significantly prolonged with CTI-coated

catheters compared to unmodified ca-
theters (97). Another biological FXIIa in-
hibitor is Infestin 4, a serine protease in-
hibitor derived from the midgut of the kiss-
ing bug (Triatoma infestans), which uses
infestins to prevent coagulation of ingested
blood (98). Infestin 4 was fused to human
albumin, to enhance its bioavailability and

Tab. 1 Targeting FXII, FXlla and polyP
target  class name action model reference
FXII antibodies P 5-2-1 prevents FXII proteolytic cleavage in plasma (109)
anti HF inhibits FXII activation in plasma (110)
B7C9 binds to FXII heavy chain in plasma (111)
C6B7 inhibits FXII activation sepsis in baboons (112, 113)
15H8 blocks FXII activation thrombosis in mice and primates (94)
biological Hamaradin inhibits FXII hetero-activation in plasma (114)
inhibitors Dimiconin inhibits FXII activation in plasma (115)
small molecule bicyclic peptide selective FXII inhibitor in plasma (116)
oligonucleotides ~ ASO selective FXII knockdown thrombosis catheter-induced (95)
thrombosis in rabbits (96)
RNA-aptamer high affinity FXII inhibitor in plasma (117)
FXlla antibodies 2/215 binds to a-FXlla/B-FXlla in plasma (118)
3F7 binds FXlla enzymatic pocket thrombosis and ECMO in rabbits (102)
biological CTl inactive complex with FXlla in plasma catheter-induced (119)
inhibitors thrombosis in rabbits (97)
Ecotin binding to FXlla in plasma (120)
C1-esterase inhibitor  binding to FXlla ischemia reperfusion and sepsis in animals ~ (121)
YAP binding to FXIla in plasma (122)
Infestin 4 inhibits FXlla in plasma (98)
thrombosis models (99)
ischemic brain model (100)
3-carboxide-coumarin binding to FXlla in plasma (123)
Ir-CPI binding to FXlla arterial thrombosis (124)
small molecule PCK inhibits FXIla ischemic brain (36)
polyP biological polyphosphatase degradation polyP in plasma pulmonary (87)
inhibitors embolism model (77)
PdSP15a/b binding polyP in plasma vascular leakage (104)
spermine binding polyP in plasma (106)
polymixin B binding polyP in plasma thrombosis vascular leakage (106)
PPXbd binding polyP in plasma (106)
small molecule Surfen binding polyP in plasma (106)
polycationic polyethylenime binding polyP in plasma thrombosis (106)
polymers PAMAM binding polyP in plasma thrombosis vascular leakage (105, 106)
UHRAs binding polyP in plasma thrombosis (93)
© Schattauer 2015 Hémostaseologie 4/2015
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treatment protects mice in experimental
thrombosis models (99) as well as de-
creases the morbidity of silent brain ische-
mia in mice (100). However, Infestin-4 at
high concentrations in vivo exerts off-tar-
get effects on FXa, which presents a limi-
tation of this molecule (101).

Recently, a fully humanized recombi-
nant antibody (3F7) was developed that
specifically binds into the enzymatic
pocket on FXIIa and interfered with FXIIa
activity and FXIla-mediated coagulation in
human plasma. 3F7 abolished thrombus
formation of human and mouse blood
under arterial and venous flow in laminar
flow chambers coated with collagens. The
anti-FXIla antibody also blocked FeCl,
triggered arterial thrombosis in mouse
models. Moreover, 3F7 provided thrombo-
protection in an extracorporeal membrane
oxygenation (ECMO) cardiopulmonary
bypass system in rabbits. Thromboprotec-
tion in this clinically relevant ECMO
model conferred by 3F7 was as efficient as
heparin, however, unlike heparin, 3F7
treatment did not impair the hemostatic
capacity and did not cause increased bleed-
ing (102). The data obtained with 3F7 indi-
cate that targeting FXIIa provides a new
safe mode of anticoagulation that is not
complicated by excess bleeding and there-
fore it is motivating to test the antibody in
other thrombosis-prone scenarios. For a
complete overview of currently available
FXII and FXIIa inhibitors (» Tab. 1).

Targeting polyphosphate

As targeting FXII and FXIIa interferes with
thrombosis, blocking the endogenous FXII
contact activator polyP is a tempting novel
antithrombotic strategy. Phosphatases are
enzymes that hydrolyze phosphate bonds
and degrade polyP (91). Targeting polyP
with phosphatases interfered with proco-
agulant activity of activated platelets and
protected mice in a polyP-driven lethal
pulmonary embolism model (77). Bacterial
exopolyphosphatase also abrogated polyP-
amplified FXI feedback activation by
thrombin (87). PASP15a/b belongs to the
insect odorant-binding proteins that are
the most abundant group of proteins in the
saliva of the sand fly (Phlebotomous du-
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boscqi) (103). PASP15a/b bind to polyP and
inhibit polyP-driven FXII activation, the
cleavage of FXI by FXIIa or thrombin, and
polyP-induced plasma leakage in mouse
models (104).

Polyamidoamine dendrimers
(PAMAM) are polycationic polymers that
bind with high affinity to RNA and polyP.
PAMAM inhibit RNA and polyp-driven
clotting in human plasma and whole blood
in vitro. PAMAM have antithrombotic ac-
tivities in carotid artery thrombosis and
pulmonary embolism thrombosis models
while only mildly compromising hemosta-
sis (105, 106). Polymyxin B, a clinical anti-
biotic, is a polyP inhibitor, but also signifi-
cantly reduces the procoagulant activity of
RNA and non-physiologic, mineral-based
activators of the contact pathway (106).
However, PAMAM and polymyxin B show
significant toxicity in vivo. PAMAM den-
drimers contain multiple primary amines
that are toxic (107, 108). Due to the toxicity
of these agents, universal heparin reversal
agents (UHRAs) are in the focus of current
research. UHRAs contain multifunctional
cationic groups, however these are shielded
from non-specific interactions. In vivo
toxicity studies showed that UHRAs are
well tolerated in mice. UHRA compounds
have high affinity for polyP in vitro and in-
terfere with thrombosis caused by laser-in-
duced injury in cremaster arterioles and
chemical-induced injury in carotid arteries.
Antithrombotic doses of UHRA cause less
bleeding compared to unfractionated he-
parin in a mouse tail bleeding model sug-
gesting that specific platelet polyP interfer-
ing agents are promising antithrombotic
agents (93).

Future perspectives

Targeting FXII, FXIIa or polyP provides a
unique and safe mode of interference with
contact system reactions. Inhibitors of
FXII/FXIIa and polyP have potent antico-
agulant and anti-inflammatory activities
that are not complicated by adverse side ef-
fects such as excess bleeding. Potent
thromboprotection conferred by the FXIIa-
neutralizing 3F7 antibody in a clinically
relevant model warrants examination of
this tool in other clinical settings.
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