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Abstract

Purpose of review—Arterial and venous thrombosis are major causes of morbidity and
mortality, and the incidence of thromboembolic diseases increases as a population ages. Thrombi
are formed by activated platelets and fibrin. The latter is a product of the plasma coagulation
system. Currently available anticoagulants such as heparins, vitamin K antagonists and inhibitors
of thrombin or factor Xa target enzymes of the coagulation cascade that are critical for fibrin
formation. However, fibrin is also necessary for terminating blood loss at sites of vascular injury.
As a result, anticoagulants currently in clinical use increase the risk of bleeding, partially
offsetting the benefits of reduced thrombosis. This review focuses on new targets for
anticoagulation that are associated with minimal or no therapy-associated increased bleeding.

Recent findings—Data from experimental models using mice and clinical studies of patients
with hereditary deficiencies of coagulation factors X1 or XII have shown that both of these clotting
factors are important for thrombosis, while having minor or no apparent roles in processes that
terminate blood loss (hemostasis).

Summary—Hereditary deficiency of factor XII (Hageman factor) or factor XI, plasma proteases
that initiate the intrinsic pathway of coagulation, impairs thrombus formation and provides
protection from vascular occlusive events, while having a minimal impact on hemostasis. As the
factor Xll-factor XI pathway contributes to thrombus formation to a greater extent than to normal
hemostasis, pharmacological inhibition of these coagulation factors may offer the exciting
possibility of anticoagulation therapies with minimal or no bleeding risk.
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Introduction

Hemostasis comprises the normal mechanisms that prevent blood loss from sites of vascular
injury. Dysregulated hemostatic activity is believed to contribute to thrombotic diseases
such as pulmonary embolism, myocardial infarction (MI) and stroke. Despite considerable
progress on strategies to prevent or treat these diseases, thrombosis remains a major health
burden in the industrialized world, and the primary cause of morbidity and mortality [1]. On
a mechanistic level, hemostasis proceeds in two steps. During primary hemostasis platelets
adhere to the site of trauma and become activated through binding to collagens and von
Willebrand factor, and ultimately aggregate by binding to each other to form a platelet plug
[2]. Platelet plug formation is enhanced and stabilized during secondary hemostasis — an
intricate series of enzymatic reactions involving coagulation proteins that culminate in
formation of the protease thrombin, which converts fibrinogen to fibrin to form a stable clot.

Plasma coagulation

Plasma coagulation involves a series of enzymatic steps involving a set of proteases and
their cofactors. The major product of this system is the protease thrombin, which converts
fibrinogen, a soluble protein, into insoluble fibrin strands. In the classical cascade/waterfall
model, coagulation can be initiated by two distinct mechanisms, referred to as the extrinsic
and intrinsic pathways [3,4]. The extrinsic pathway is started when coagulation factor V1|
(FVII) binds to the transmembrane protein tissue factor (TF) and is activated to FVIla.
Under physiologic conditions, TF is virtually absent on cells that normally have contact with
plasma (blood cells and vascular endothelium), but is expressed on subendothelial cell
surfaces. At vascular injury sites the TF—FVIla complex generates small amounts of
activated factor X (FXa) that initates thrombin generation and fibrin production [5]. The
intrinsic pathway is initiated by activation of factor XII (FXII, Hageman factor) in a reaction
involving high-molecular-weight kininogen and plasma prekallikrein. These three proteins
are collectively referred to as the plasma contact system, and they initiate coagulation
through a process called contact activation. When blood comes into contact with negatively
charged surfaces, a conformational change in FXII results in formation of small amounts of
active FXII (FXlla). FXlla cleaves plasma prekallikrein to generate active a-kallikrein,
which reciprocally activates additional FXII in a positive feedback loop [6]. FXlla cleaves
its substrate factor XI (FXI) [7**] to form active FXIla, which in turn promotes coagulation
via Ca2*-dependent activation of factor IX (FIX). The extrinsic and intrinsic pathways
converge on factor X. FXa in complex with the cofactor factor Va (FVa) converts
prothrombin into thrombin. Thrombin activates multiple pathways in the vascular system
[8]. In addition to cleaving fibrinogen to form fibrin, thrombin can amplify its own
generation by activating FXI [9,10]. The concept that thrombin formed following initiation
of coagulation by the extrinsic pathway may trigger the intrinsic pathway independently of
FXII has led to a revision of the cascade model.
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The role of factors XI and Xll in hemostasis

Contact activation-induced activation of FXII by inorganic polyanions such as glass, kaolin
(asilicate) or ellagic acid is the trigger for one of the most commonly used diagnostic
clotting tests, the activated partial thromboplastin time (aPTT). The aPTT is widely used in
clinical practice for preoperative screening and monitoring of anticoagulation therapy.
Despite its indispensible role in fibrin formation in the aPTT, FXlI-initiated coagulation is
not believed to have an important function in vivo, based on the clinical observation that
FXII deficiency in humans and animals is not associated with abnormal bleeding despite
causing a marked prolongation of the aPTT [11]. In contrast, deficiency of the extrinsic
pathway trigger FVII results in severe bleeding in humans, whereas complete FVII or TF
deficiency in mice is not compatible with life due to intrauterine bleeding [12,13]. Similar to
FXIl-deficient individuals, humans lacking the other contact proteins, plasma prekallikrein
or high-molecular-weight kininogen, do not have impaired hemostasis. Individuals deficient
in contact system components are usually detected during routine screening and do not
report abnormal bleeding. In contrast, patients lacking FXI have a mild trauma-induced
bleeding disorder (sometimes called hemophilia C) that is mostly restricted to tissues with
high fibrinolytic activity. Severe FXI deficiency is a rare inherited abnormality in the
general population (one in one million people), but is more common in specific populations,
such as Ashkenazi Jews (one in 450) [14]. The absence of pathologic bleeding in FXII-
deficient individuals, and the observation that FXI can be activated by thrombin [9,15], has
led to a hypothesis that FXII-stimulated thrombin formation is not important in vivo. It is
generally accepted now that coagulation in vivo is primarily if not exclusively initiated by
TF/FVII [16]. FXI probably contributes to thrombin generation in low TF environments, but
is likely less important when higher levels of tissue factor are present [17].

The role of factors XI and Xll in thrombosis

Factor XI-deficient (FXI17") and FXII-deficient (FXI17/7) mice [18,19], similar to their
human counterparts, have markedly prolonged aPTT clotting times, but do not exhibit
abnormal spontaneous bleeding or prolonged injury-related bleeding in tail-bleeding assays
or during surgical procedures [20]. FXI~/~ mice were protected from carotid artery thrombus
formation in a FeClz-induced thrombosis model [21-23], suggesting the proposed
thrombin—FXI feedback loop is important in thrombosis. Reconstitution of FXI-deficient
mice with human FXI resolved the defect in thrombus formation, indicating that FXI
functions similarly across species and that resistance to thrombus formation in FX17~ mice
is due to FXI deficiency. Unexpectedly, FX117~ mice were also protected from thrombus
formation in various arterial and venous vascular beds in response to mechanical or
chemical injuries. Reconstitution of FX117~ mice with human FXII shortened the prolonged
aPTT of untreated animals and restored the capacity of animals to develop thrombosis [20].
Thrombus formation in FXII heterozygous null mice having 50% of the normal plasma FXII
level was similar to wild-type controls, indicating half the normal plasma FXII concentration
is sufficient to support occlusive clot formation. This is an important consideration for drug
development. In contrast to many currently used anticoagulants that demonstrate increasing
degrees of anticoagulation with increasing plasma concentrations, drugs targeting FXlla
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may need to substantially reduce protease activity (>50%) before a therapeutic effect is
observed.

Factor XII deficiency protects mice in a model of ischemic stroke [transient middle cerebral
artery occlusion (tMCAOQ)]. FXI17~ mice had smaller cerebral infarct volumes and less
fibrin deposition in microvessels without signs of intracerebral hemorrhage [24,25]. FXI17/~
mice were similar to FX117/~ animals in this model, suggesting that FXlla is operating by
activating FXI, its substrate in the intrinsic pathway. The similar degree of protection in
FXI17/~ and FX17~ mice, while suggesting they operate in a single pathway, does not
exclude the possibility that they act independently. In a model of lethal pulmonary
embolism, FXI17/=/FXI~/~ double-deficient mice were protected to a similar extent to
animals deficient in only one of the proteins, suggesting that FXlla initiates fibrin
production in vivo through the intrinsic pathway by activating FXI [7°°]. Consistent with
this, an anti-FXI monoclonal antibody that specifically targets FXlla-mediated FXI
activation efficiently interferes with intrinsic pathway-mediated fibrin formation in plasma
and in thrombosis models in mice and baboons [26]. These results could be used to argue
that FX1 activation by thrombin, as positioned in revised coagulation models, does not
contribute significantly in the thrombosis models [15]. The relative importance of FXlla-
mediated and thrombin-mediated activation of FXI in vivo is not well understood, and may
vary depending on the type of injury and the vascular bed involved.

Cumulatively, the mouse models support the hypothesis that the FXII-FXI pathway is
important for pathologic thrombus formation, but not hemostasis, and identify FXII and FXI
as attractive drug targets for well tolerated (from a bleeding standpoint) anticoagulation
therapy. This challenges the premise that pathologic thrombus formation solely represents a
dysregulation of normal hemostatic mechanisms [27]. It also re-emphasizes the point that
the physiologic roles of FXII are unlikely to be directly related to hemostasis. The contact
system is highly conserved in mammals [28], consistent with our observations on the effects
of human FXII and FXI in FX117/~ and FXI~~ mice. However, the FXII gene is absent in
some vertebrate groups such as birds and fish, despite the presence of a closed circulatory
system, and FXI is only found in mammals. This is consistent with the premise that these
proteins are not critical elements of the hemostatic mechanism of vertebrates.

Contact system (FXII) activators

As discussed, the intrinsic pathway of coagulation is initiated by activation of FXII during
contact activation on negatively charged surfaces. The identity, or even the existence, of
endogenous activators of FXII in vivo has puzzled investigators for decades. Potential
activators of FXII-driven fibrin production have recently been described, including collagen
and extracellular RNA [29]. The absence of pathological bleeding in FXII-deficient
individuals indicates either that FXII is not activated at the injured vessel walls or that FXlla
does not significantly contribute to fibrin formation at the site of injury. The reasons why
RNA released from injured cells or subendothelial collagen fibers exposed at a wound site
do not contribute to fibrin formation through FXlla are not clear.
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Platelet activation has been linked to FXII for more than 45 years, and activated platelets
promote fibrin formation in an FXII-dependent manner in vitro [30,31]. Thrombus stability
is defective in FXI17~ mice, as revealed by intravital microscopy [20], and clot firmness, as
measured by thromboelastography, is reduced in mouse and human blood in which FXlla is
inhibited [7°°]. We reasoned that FXII is activated specifically on procoagulant platelet
surfaces in the thrombus, and not at the level of the injured vessel wall, driving fibrin
production within the growing thrombus via FXI. We looked for FXII activators that are
released from activated platelets and identified polyphosphate (polyP), an inorganic linear
polymer of 60-100 orthophosphate units, as the endogenous FXII activator in platelets [7°°].
PolyP is released from platelet dense granules and initiates thrombin generation through
FXII and FXI. Targeted inhibition of polyP-mediated FXII activation efficiently and
selectively protects mice from platelet-triggered thrombosis without increased bleeding.
PolyP, therefore, may be a novel target for anticoagulation therapy. It has been proposed that
thrombin formation on the surface of a growing clot away from the original TF trigger in the
blood vessel wall is supported by TF expressed on platelets and other blood components.
The results with polyP suggest an alternative TF-independent mechanism for promoting
thrombus growth. Some substances, such as misfolded proteins [32] and heparin released
from allergen-activated mast cells [33], appear to initiate FXIla-mediated activation of
plasma prekallikrein to a-kallikrein without activating FXI. This specific activation of the
kallikrein—kinin system results in generation of the proinflammatory peptide hormone
bradykinin [34,35] without enhanced thrombin generation and, therefore, appears to be a
distinct process from polyP-mediated FXII activation.

Thrombosis in patients with inherited deficiency of FXI and FXII

There are few studies that systematically compare the incidence or severity of
thromboembolic events (stroke, MI, pulmonary embolism) in humans with severe FXII
deficiency and normal individuals. The first reported FXII-deficient individual, John
Hageman, died from a pulmonary embolism [36], and several subsequent small clinical
studies described an increased risk of thrombosis in FXII-deficient humans [37-39].
However, re-analyses subsequently showed that thrombosis in FXII-deficient patients were
probably related to other risk factors, and not to FXII deficiency [40]. Larger case-controlled
studies in the Netherlands and Switzerland did not find a correlation between FXII
deficiency and a higher thrombotic risk. None of these studies addressed the possibility that
FXII deficiency reduced thrombotic risk [41,42]. Recent clinical studies have demonstrated
a reduced incidence of ischemic stroke in humans with severe FXI deficiency. Like FXI~/~
mice [24,43], FXI-deficient humans appear to be protected from cerebral ischemia [44],
supporting an important role for the intrinsic pathway in arterial thrombosis in humans. This
effect may be vascular bed-specific, as FXI deficiency does not appear to reduce risk of Ml
[45,46°]. The protective effect is not restricted to arterial beds, as FXI deficiency reduces the
risk of deep vein thrombosis [47].

Anticoagulation strategies

Current anticoagulation therapy is based primarily on heparins, vitamin K antagonists or
indirect inhibitors of FXa like the synthetic pentasaccharide fondaparinux (Fig. 1). The need
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for regular monitoring and dose adjustments for some of these drugs (unfractionated heparin
and warfarin), or for parenteral administration (heparins, fondaparinux) are inconvenient.
Furthermore, use of these drugs is associated with an increased risk of life-threatening
bleeding. New oral anticoagulations with lower, but still significant, bleeding risk include
direct inhibitors of thrombin (e.g. dabigatran etexilate) or FXa (e.g. rivaroxaban). The
antithrombotic effects and bleeding risks for these drugs have been assessed in several
clinical trials [48]. Bleeding is an expected consequence with these compounds, because
they all target proteins that are critical components of the hemostatic mechanism. In
contrast, the limited roles of FXI and FXII in hemostasis suggest that agents targeting these
proteases should not increase the incidence of major bleeds.

Wild-type mice treated with the peptidergic FXIla inhibitor p-Pro-Phe-Arg
chloromethylketone (PCK), similar to FXI17~-deficient mice, are protected from pulmonary
embolism and ischemic stroke without increased bleeding [7°°,24]. Whereas PCK is not
highly selective for FXIla, recombinant FXlla inhibitors based on the fourth domain of
infestin (infestin-4, a nonclassic Kazal-type serine protease inhibitor protein from Tryatoma
infestans) [49] fused to human albumin (rHA-infestin-4) have been developed. rHA-
infestin-4 is a potent FXIla inhibitor in human, mouse and rat plasmas, but does not prolong
bleeding times in rodents, even after infusion of large doses. Pretreatment of mice with rHA-
infestin-4 resulted in markedly reduced cerebral infarction in the tMCAO model [50].
Similarly, the recombinant contact phase inhibitor Ir-CPI, a Kunitz-type protein from the
salivary glands of the tick Ixodes ricinus, blocks FXlla, FXla, and a-kallikrein and protects
mice from venous thromboembolism [51]. A nonpeptidic 3-carboxamide-coumarin
(COU254) inhibitor selectively blocked FXII activity in plasma [52], but was not effective
in the tMCAQO model in mice [53]. Other protein inhibitors with some degree of selectivity
for FXlla, including cabbage seed protease inhibitor [54], the pumpkin seed inhibitor CMTI-
V [55,56], trypsin inhibitor from corn (CTI) [57], inhibitors from hematophagous insects
[58], and ecotin (an inhibitor found in the periplasm of E. coli) [59] are effective FXlla
inhibitors in plasma, but also inhibit other coagulation proteases including thrombin, FXla,
and a-kallikrein. A monoclonal antibody against FXlla that interferes with the FXlla—FXI
interaction has antithrombotic properties and might be useful to prevent thrombosis in
patients (US Patent Application 20090304685, Pritchard D.).

Several strategies targeting FXI/FXla, including antisense oligonucleotides (ASOs)
knockdown of FXI expression, neutralizing antibodies, peptidomimetic and small molecule
inhibitors, have been reviewed recently [60°]. Considerable progress has been made on
understanding the antithrombotic effects of monoclonal antibodies to FXI using thrombosis
models in mice, rabbits and baboons. In mice, antibody 14E11 prevented carotid artery
occlusion induced by FeClj challenge to a similar degree as total FXI deficiency, and also
had a modest beneficial effect in a TF-induced pulmonary embolism model [26]. 14E11
blocks FXI activation by FXlla, but does not affect FIX activation by FXla. Treatment of
rabbits with antibody X1-5108 reduced thrombus formation in jugular veins [61], and on
injured neointima [62]. In baboons, anti-FXI antibodies, including the monoclonal antibody
O1AB6, prevented occlusion of thrombogenic vascular grafts by reducing platelet and fibrin
deposition [63,64]. O1A6 blocks FXla activation of FIX. Potent ketoarginine-based
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peptidomimetics that irreversibly inhibit FXIa, such as compound 32, were efficacious in a
rat model of venous thrombosis [65]. The irreversible small-molecule FXIla inhibitor
BMS-262084 protected rats from FeCls-induced arterial and venous thrombosis [66].
Naturally occurring inhibitors clavatadine A and B from marine sponges inhibit FXla by
covalent binding to the active center in FXI in vitro [67], and might serve as leading
structure for drug development. A new and exciting method to inhibit FXI is based on
antisense technology [68°*]. Highly specific ASOs bind complementary sequences on the
mRNA of a protein of interest by base pair hybridization. Subsequent selective cleavage and
degradation of the target MRNA leads to a reduction in target protein level [69]. In a phase
I11 trial to treat hypercholesterolemia, ASOs directed against the mRNA of apolipoprotein B
were potent, selective and well tolerated [70]. The ASO ISIS 404071 reduced FXI
expression in mice for up to 2 weeks, with no detectable effect on other coagulation factors.
Similar results were obtained with FXI antisense oligonucleotides FXI-AS1 and FXI-AS2 in
cynomolgus monkeys [71] (Table 1). Knocking down FXI expression would probably be a
relatively well tolerated approach to anticoagulation therapy because of the relatively mild
bleeding disorder associated with FXI deficiency. In cases in which bleeding did develop or
surgical intervention is required, fresh frozen plasma or a plasma-derived FXI concentrate is
available to rapidly restore the FXI level. A phase I trial of the anti-FXI ASO ISIS-FXIRX in
humans is currently underway. Inhibition of FXI and possibly FXII by ASOs might serve as
future strategies for the treatment and prevention of thromboembolic disease.

Conclusion

Novel strategies are required to treat and prevent thrombotic disorders. Currently available
antithrombotic agents are associated with some risk of severe bleeding complications, as
they target components of the coagulation mechanism that are required for hemostasis. The
intrinsic pathway proteases FXI and FXII appear to play a critical role in development of
pathological thrombus formation, while having limited (or no effect) on physiologic
hemostasis. Pharmacological targeting of these proteins with a new generation of drugs may
make antithrombotic therapy safer, and thus broaden the range of clinical indications and
scenarios in which therapy can be applied.
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