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The clotting cascade has been traditionally divided into the extrinsic, intrinsic and common
pathways [1,2]. The extrinsic pathway contains two proteins: a receptor called tissue factor
and a zymogen/protease called factor VII/VIIa (FVII/FVIIa). A prothrombin time is
determined by the addition of high levels of TF (thromboplastin) and phospholipids to
plasma. In vivo, formation of a TF-FVIIa complex initiates the clotting cascade and
generates small amounts of thrombin (Fig. 1). Thrombin links the initiation phase of the
cascade with the propagation phase by activating various proteases, and the cofactors FV
and FVIII, as well as platelets (Fig. 1). The extrinsic pathway is rapidly shut down by tissue
factor pathway inhibitor, which inhibits the tissue factor-FVIIa complex in a FXa-dependent
manner [3]. The intrinsic pathway has several components (FXII, FXI, FIX and FVIII) (Fig.
1). The pathway is activated at different points by FXIIa (also called Hageman factor),
thrombin and the TF-FVIIa complex (Fig. 1). FXIIa activates the clotting cascade by
sequential activation of FXIa and FIXa. In the presence of anionic surfaces small amounts of
FXIIa are generated by a complex of high molecular weight kininogen and plasma kallikrein
(referred to as the plasma contact system). Kaolin is used to activate FXIIa in the activated
thromboplastin time assay. Prolongation of the clotting time occurs when there are
deficiencies in the intrinsic and common pathways, particularly deficiencies in the
hemophilic factors FVIII and FIX. Importantly, in contrast to other factors in the intrinsic
pathway, FXII deficiency in humans and mice is not associated with clinical bleeding or
obvious pathology [4,5]. This led to speculation that FXII was not involved in coagulation in
vivo. Formation of the intrinsic tenase complex (FIXa–FVIIIa) and the prothrombinase
complex (FVa–FXa) leads to the generation of large amounts of thrombin and cleavage of
fibrinogen to fibrin (Fig. 1).

In 1991, two papers [6,7] reported that thrombin could activate FXI and this activation was
greatly enhanced by the presence of negatively charged surfaces. This observation provided
an alternative route to activate the intrinsic pathway, and led to a diminished interest in FXII
as a clotting factor. However, recent work by Renne and colleagues [8] showed that mice
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Addendum
Ruiz et al. were first to show that human dense granules contain inorganic phosphate [25].
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lacking FXII had a reduced thrombosis in various models of arterial thrombosis: collagen-
induced thromboembolism; ferric chloride-injured mesenteric arterioles; mechanical injury
of the aorta; and ligation of the carotid artery. The thrombi formed in the FXII-deficient
mice were unstable. Importantly, all these models lead to the formation of a platelet-rich
thrombus. These results were consistent with an earlier report showing that mice lacking
FXI had reduced thrombosis in a ferric chloride carotid artery injury model [9]. Another
study showed that deficiency or inhibition of FXII protects against ischemic brain injury
[10]. In humans, FXI deficiency is a relatively frequent condition that is associated with a
reduced incidence of ischemic stroke but not myocardial infarction [11]. No comparable
data areavailablefor therelativelyrareFXII deficiency. Nevertheless, these mouse studies
sparked renewed interest in the role of FXIIa in the clotting cascade. A number of potential
natural activators of FXII have been described over the years, including collagen, RNA and
bacterial endotoxin, but their role in activation of the clotting system is still debatable [12].

In 2006, Smith and colleagues [13] made the exciting observation that inorganic
polyphosphate (polyP) modulates blood coagulation in several ways, including activating
FXII and accelerating the activation of FV. Other studies by this group showed that polyP
also enhances fibrin polymerization and binds to the high affinity exosite of thrombin
[14,15]. This led to the suggestion that polyP may have utility as a general hemostatic agent
[16]. Importantly, polyP is present in the dense granules of human platelets and is released
upon activation. PolyP can also be released by bacteria. The paper by Muller and colleagues
in the December 2009 issue of Cell [17] provides a detailed description of platelet polyP
activation of FXII and how this protease subsequently activates the clotting cascade and
proinflammatory pathways. Does this mean that we have found one of the natural activators
of FXII? The answer is probably yes.

There are still many questions to answer. For instance, it will be difficult to determine the
relative importance of platelet polyP activation of FXII, and possibly collagen activation of
FXII, vs. the platelets themselves in arterial thrombosis (Fig. 1). Another important issue in
studies with polyP is chain length. Bacteria have longer polymers of polyP (> 500 phosphate
units) whereas platelets contain short polymers of polyP (60–100 phosphate units). This
would suggest that bacterial infection may activate the clotting cascade via FXII (Fig. 1),
which would reduce the dissemination of the bacteria. However, platelets have been shown
by several groups to shorten the clotting time in a FXIIa-dependent manner [13,17,18].
Indeed, supplementary data in the Cell paper [17] indicate that a minimal size of 60
phosphate units is required for FXII activation with no enhancement with larger polymers.
In contrast, a recent study by the Morrissey group showed that shorter polymers of polyP
(mean polymer size of 75 phosphate units) normalized the clotting time in the absence of
either FVIII or FIX, suggesting the shorter polymers modulate clotting via an intrinsic
pathway-independent mechanism [16]. Clearly, there is more work needed to better
understand the role of platelet polyP and other polyPs in the activation of FXII in vivo.

Because FXII participates in thrombosis but not hemostasis in mice, it has been proposed
that hemostasis and thrombosis are distinct processes [18]. The extrinsic pathway is often
depicted as the driver of hemostatic thrombin generation whereas the intrinsic pathway
drives thrombosis. If true, FXII would be an ideal target for antithrombotic therapy because
there would be no chance of bleeding. However, this view may be oversimplistic and
assumes that thrombosis occurs in the same manner in a variety of conditions. This is
unlikely to be correct. An alternative view is that the difference between the formation of a
hemostatic clot and a thrombotic clot is the amount of thrombin that is generated. We
propose that excessive activation of either the intrinsic pathway via FXIIa or the extrinsic
pathway via the TF-FVIIa complex can lead to thrombosis.
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What are the requirements for formation of a physiological hemostatic clot? The answer is
an intact clotting system and platelets. Figure 1 shows that the clotting cascade has many
clotting factors and various pathways that lead to thrombin generation and ultimately to
fibrin formation. Platelets are also intimately involved in the clotting cascade by providing a
surface for the assembly of the different clotting complexes (Fig. 1). Furthermore, the
relative importance of these pathways may be different in different tissues [19]. For
instance, the heart contains high levels of TF that maintain hemostasis, whereas skeletal
muscle contains low levels of TF and is more dependent on the intrinsic pathway for
hemostasis [19].

Results from knock-out mice have allowed us to classify these pathways into either essential
or non-essential for embryonic survival and the hemostatic challenge of birth [19].
Components of the extrinsic (TF and FVII) and the common (FV, FX and prothrombin)
pathways are essential for embryonic survival. In contrast, some components of the intrinsic
pathway (FVIII and FIX) are not essential for survival but adult mice lacking these proteins
exhibit excessive bleeding after hemostatic challenge, such as tail transection. A similar
phenotype is observed in patients with hemophilia A or B. Mice deficient in FXI have been
reported to have no obvious hemostatic defects and to have a normal tail bleeding time.
However, D. Gailani has found that FXI-deficient mice have prolonged tail bleeding during
treatment with a low dose of the platelet inhibitor clopidogrel compared with wild-type mice
treated with the drug (D. Gailani, personal communication). Humans with FXI deficiency
(hemophilia C) are either asymptomatic, present with a mild hemostatic defect or may
exhibit excessive bleeding after certain hemostatic challenges [12]. Finally, mice and
humans deficient in FXII have no hemostatic defects [5,6]. With respect to the intrinsic
pathway, the severity of the hemostatic defects is proportional to the position of the factor in
the pathway. For instance, FIXa plays a relatively central role in the clotting cascade
whereas FXIa is required for an alternative pathway to FIXa generation. A deficiency of
FXII would have a very minor effect on thrombin generation that is initiated by the TF-
FVIIa complex during hemostasis because there are several alternative routes to FXIa and
FIXa. This may explain why FXII deficiency in humans and mice is not associated with
bleeding. Interestingly, cetaceans (whales and dolphins) lack FXII and birds lack both FXII
and FXI [20], which supports the notion that these proteins play little to no role in
hemostasis.

What are the requirements for formation of a pathological thrombotic clot? The answer is
excessive thrombin generation and/or uncontrolled platelet activation. Excessive thrombin
can come from either the extrinsic pathway or the intrinsic pathway. For instance, rupture of
an atherosclerotic plaque will expose blood to large amounts of TF that may trigger
thrombosis largely independently of the intrinsic pathway. In addition, TF within the
vasculature may trigger thrombosis. Himber and colleagues [21] found that inhibition of TF
reduced thrombosis on a collagen-coated thread installed in the jugular vein of rabbits and
that thrombi contain leukocyte-associated TF. Other studies suggest that elevated levels of
TF on microparticles, which are small membrane vesicles released from activated or
apoptotic cells, may induce thrombosis [22]. Microparticle TF may be a major trigger for
venous thrombosis in cancer patients [23]. In other pathological conditions, thrombosis may
be driven by the intrinsic pathway, particularly in arterial thrombosis because of the
proposed role of platelet polyP in the activation of FXII. For instance, administration of an
antibody to FXI reduced thrombosis on a TF-coated Teflon graft in baboons [24]. Therefore,
it appears that thrombotic clots can be driven by excessive activation of either the extrinsic
or intrinsic pathways. It will be very interesting to see if inhibition of FXII or FXI will
provide a safe and effective therapy to treat thrombosis.
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Fig. 1.
Different ways to activate the clotting cascade. The extrinsic pathway consists of TF and
FVII/VIIa (orange) and is activated by either vascular injury or by TF expression within the
vasculature. The intrinsic pathway consists of FXII, FXI, FIX and FVIII (turquoise) and is
activated at various levels by polyP, thrombin and TF-FVIIa. The common pathway consists
of FV and FX, and prothrombin (II) (pink). Finally, fibrin is converted into cross-linked
fibrin by FXIIIa. Platelets (Plt) contribute to the clotting cascade by releasing polyP, which
activates FXII, and by providing a surface for the assembly of the different complexes, such
as the intrinsic tenase complex (FVIIIa–FIXa) and the prothrombinase complex (FVa–FXa).
The clotting cascade can be activated by the generation of small amounts of thrombin via
either the extrinsic pathway (TF-FVIIa to FXa or TF-FVIIa to FIXa to FXa), or via the
intrinsic pathway (FXIIa to FXIa to FIXa to FXa). The propagation phase involves the
generation of large amounts of thrombin by the prothrombinase complex (FVa–FXa). PolyP
also modulates coagulation by accelerating the activation of FV and by enhancing fibrin
polymerization.
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