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Summary

Inorganic polyphosphate (polyP), a linear polymer of phosphates, is present in many infectious
microorganisms and is secreted by mast cells and platelets. PolyP has recently been shown to
accelerate blood clotting and slow fibrinolysis, in a manner that is highly dependent on polymer
length. Very long-chain polyP (of the type present in microorganisms) is an especially potent
trigger of the contact pathway, enhances the proinflammatory activity of histones, and may
participate in host responses to pathogens. PolyP also inhibits complement, providing another link
between polyP and inflammation/innate immunity. Platelet-size polyP (which is considerably
shorter) accelerates factor V activation, opposes the anticoagulant action of tissue factor pathway
inhibitor, modulates fibrin clot structure, and promotes factor XI activation. PolyP may have
utility in treating bleeding. It is also a potential target for the development of anti-thrombotic
drugs with a novel mechanism of action and potentially fewer bleeding side effects compared to
conventional anticoagulants.
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Introduction

Inorganic polyphosphates (polyP) are linear chains of phosphates held together by the same
sort of high-energy phosphoanhydride bonds that occur in ATP (Fig. 1). Widespread
throughout biology, polyP can vary greatly in size depending on organism and cell type,
ranging from just a few phosphates to thousands of phosphates long [1, 2]. Biosynthesis of
polyP has been studied most extensively in microorganisms, and is typically catalysed by
polymerases that transfer the y-phosphate from ATP onto the end of the growing polyP
chain [3]. How polyP is synthesised in higher organisms remains unknown, however. A
number of phosphatases have been identified that can degrade polyP, including
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endopolyphosphatases that cleave internal phosphoanhydride bonds, and
exopolyphosphatases that sequentially remove the terminal phosphates of polyP [4]. PolyP
decays in human serum or plasma with a half-life of about 90 minutes [5].

PolyP is typically stored in intracellular organelles that have been given a variety of names
depending on the organism. Docampo and colleagues have proposed naming these
organelles “acidocalcisomes” [6], since they are acidic and, in addition to their polyP
content, they also generally contain substantial stores of calcium ions. In mammalian cells,
polyP was found to be a major constituent of the dense granules of human platelets [7] and
to be abundant in a subset of the secretory granules of mast cells [8]. Both platelet dense
granules and the polyP-containing secretory granules of mast cells have properties in
common with acidocalcisomes of lower organisms, as they are acidic compartments in
which polyP is stored in a highly condensed state along with metal ions such as Ca2*.
Additionally, polyP has been detected in lysosomes [9], mitochondria and nuclei of
mammalian cells [10],

Recent studies have begun to elucidate the roles that polyP plays in regulatory and metabolic
functions in mammalian cells (reviewed by Azevedo and Saiardi [11]). In this review, we
will focus on recent findings from our laboratory and others that polyP is a potent modulator
of the blood clotting system in haemostasis, thrombosis and inflammation.

PolyP in blood

PolyP is secreted by activated human platelets

The dense granules of human platelets (also called delta granules) are spherical organelles
that are acidic [12], electron-dense [13], and contain metal ions such as Ca2* and Mg?*
along with inorganic monophosphate and pyrophosphate [14]. In 2004, Ruiz et al. [7] first
reported that platelet dense granules share many properties with acidocalcisomes, including
an abundant store of polyP. PolyP in platelet dense granules is both shorter and far less
heterodisperse than microbial polyP, ranging in length from about 60 to 100 phosphate units
[7, 15]. Upon platelet activation, polyP is secreted from dense granules along with the other
granule contents [7, 15], such that polyP can reach concentrations of about 1 to 2 uM when
all platelets in whole blood are activated. (PolyP concentrations are typically given in terms
of the concentration of phosphate monomer.) We subsequently showed that platelet polyP is
a potent modulator of blood coagulation and fibrinolysis [5], findings that are reviewed in
detail below.

Human patients with defects in platelet dense granules are known, and the deficiency is
associated with a bleeding tendency [16]. Indeed, patients with platelet dense granule
defects were recently reported to have approximately tenfold reduced levels of polyP in their
platelets [17]. In an interesting recent study, Ghosh et al. [18] studied mice in which the
gene encoding the enzyme, inositol hexakisphosphate kinase 1 (1p6k1), was deleted. Yeast
lacking inositol hexakisphosphate kinase are known to be devoid of polyP, so these authors
hypothesised that knocking out the homologous gene in mice may also affect polyP
accumulation in these animals. Mammals have three isoforms of this enzyme, but knocking
out the gene for one of them (1p6kZ1) resulted in mice whose platelets had approximately
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tenfold lower polyP levels than normal. These mice had compromised haemostasis and were
protected against experimentally-induced thrombosis [18]. The relationship between the
activity of inositol hexakisphosphate kinase and accumulation of polyP is not understood,
underscoring our lack of knowledge of how polyP is synthesised in higher eukaryotes.

PolyP in other blood cell types

Mast cells and basophils contain numerous secretory granules, a subset of which were
shown recently to share features with acidocalcisomes, including being spherical, electron-
dense, and containing phosphate and divalent metal ions [8]. Furthermore, these
acidocalcisome-like secretory granules in mast cells and basophils were found to contain
abundant polyP, with polymer lengths very similar to those found in platelets (about 60-100
phosphates long). Mast cell polyP is localised in serotonin- but not histamine-containing
granules, and is released when these cells secrete their granule contents [8]. Notably, platelet
dense granules also contain serotonin.

PolyP has been reported to trigger apoptosis in plasma cells and myeloma cells, although not
normal lymphocytes [19]. Myeloma cells are reported to contain higher levels of polyP in
their nuclei compared with normal plasma cells [20]. And finally, polyP has also been
reported in human red blood cells as a component of the Ca2*-ATPase pump [21, 22].

PolyP modulates the blood clotting cascade

Triggering clotting via the contact pathway

The contact pathway of blood clotting (sometimes call the “intrinsic” pathway) is triggered
when two protease zymogens, prekallikrein and factor XI1, assemble together with the
protein cofactor, high molecular weight kininogen, on artificial surfaces such as clay or
glass, or on certain anionic polymers. This results in both autoactivation of factor XII and
the reciprocal activation of prekallikrein by factor Xlla and of factor XII by kallikrein. The
resulting factor Xlla then converts factor XI to Xla, which then activates factor 1X, leading
to the final common pathway of blood clotting. This culminates in a burst of thrombin,
which in turn converts fibrinogen to fibrin and robustly activates platelets (Fig. 2). The
contact pathway is totally dispensable for normal haemostasis, since humans or mice with
complete factor XII deficiency have no bleeding problems [23].

Although dispensable for haemostasis, the contact pathway is thought to contribute to at
least some types of thrombosis. In multiple animal models, factor XI1 deficiency has been
shown to protect against arterial and venous thrombosis [24, 25]. Severe hereditary factor XI
deficiency in humans is associated with a mild bleeding tendency. Interestingly, these
patients are significantly protected against ischaemic stroke and deep-vein thrombosis, but
not against myocardial infarction [26, 27]. Furthermore, epidemiologic studies have shown
that elevated factor XI correlates with risk of ischaemic stroke and venous
thromboembolism (reviewed by He et al. [28]). Taken together, results from both humans
and experimental animals argue that inhibitors that target factor XI and/or factor Xla may
reduce thrombotic risk with lower bleeding side-effects compared to conventional
anticoagulants that target the common pathway of blood clotting [29].
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Although some of the best-known activators of the contact pathway are artificial surfaces
and substances such as glass, ground-up clay, diatomaceous earth and ellagic acid, humans
clearly did not evolve this pathway to respond to such artificial activators. Considerable
attention has therefore been addressed to identifying the true (patho)physiologic activators
of the contact pathway. In recent years, a number of candidate activators have been
identified, including extracellular nucleic acids [30], misfolded proteins [31], and specific
microbial proteins (reviewed by Nickel and Renné [32]).

We recently reported that polyP is a highly potent activator of the contact pathway in vitro
and in vivo (see Fig. 2) [5, 15], and that polyP binds with high affinity to multiple proteins in
the contact pathway [5, 33, 34]. Importantly, the ability of polyP to trigger clotting via the
contact pathway is highly dependent on polymer length, with a specific activity that
increases essentially exponentially with polymer length [34]. Very long-chain polyP is
frequently found in microbes, so it is tempting to speculate that activation of the contact
pathway via microbial polyP could play a role in host response to pathogens. Administering
high levels of polyP intravenously in mice led to lethal pulmonary embolism, while factor
Xll-deficient mice, or mice administered a factor Xlla inhibitor, survived the polyP
challenge [15]. Long-chain polyP can therefore be thrombogenic in vivo, in a factor XII-
dependent manner [15].

Conversely, we found that polyP of the size released by activated platelets possessed a
small, but measurable ability to activate clotting via the contact pathway [34]. A number of
studies over the years have reported that activated human platelets are weakly able to trigger
the contact pathway in a factor XII-dependent manner [35]. Faxal et al. [36] in particular
have pointed out that platelet-size polyP has very little ability to trigger factor XII activation,
consistent with our report that the ability of polyP to trigger the contact pathway of blood
clotting increases essentially exponentially with polymer length [34]. These findings are
consistent with the notion that platelets are good at accelerating clotting reactions but poor at
initiating them.

PolyP, the contact pathway, and inflammation

The contact pathway is known to contribute to inflammatory processes. Activation of the
contact pathway (perhaps better called the plasma kallikrein-kinin system [37]) results in
kallikrein-mediated release of bradykinin via proteolysis of high molecular weight
kininogen. Bradykinin has potent vasoactive function [38]. Furthermore, kallikrein can
directly activate complement components C3 and C5 [39, 40], while factor Xlla can trigger
the classical complement cascade [41].

As with other contact activators, polyP promotes bradykinin release [15]. Subcutaneous
injection of long-chain polyP induces localised capillary leak in a factor XI1-dependent
manner [15, 42], while injecting polyP intraperitoneally can induce a lethal, systemic
reduction in blood pressure that is dependent on factor XII and bradykinin [15].

PolyP has additional proinflammatory effects beyond to its ability to trigger contact
activation. Extracellular histones are strongly proinflammatory and also exhibit
procoagulant activities [43]. PolyP binds to histones and increases their ability to induce
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platelet activation, and to accelerate thrombin generation in a factor Xll-independent manner
[44]. PolyP was also shown to increase barrier permeability and apoptosis in cultured
endothelial cells in a mechanism involving NF-«xB activation [45]. PolyP was further shown
to amplify the ability of histone H4- and HMGBL1 to mediate inflammatory signalling in
human umbilical vein endothelial cells via interaction with cell-surface receptors, RAGE
and P2Y [46]. On the other hand, polyP can exhibit what appear to be anti-inflammatory
actions: long-chain polyP suppresses complement via binding to and destabilising C5b,6,
thereby inhibiting the membrane attack complex [47].

Amplification of thrombin generation by polyP

PolyP of the size secreted by activated platelets acts at several steps in the clotting cascade
to influence the rate of thrombin generation (Fig. 2): it enhances the conversion of factor V
to Va, it greatly accelerates factor XI activation, and it strongly antagonises the
anticoagulant activity tissue factor pathway inhibitor (TFPI) [34]. Thus, an important effect
of polyP on blood clotting is a shortening of the time to the thrombin burst [5]. Platelets
from Hermansky-Pudlak syndrome patients (which lack dense granules) support thrombin
generation less robustly, but this can be rectified by exogenously added polyP [15].

Factor Va occupies a key, central role in the clotting cascade as the essential protein cofactor
for factor Xa in the final common part of the clotting pathway. We found that polyP of the
size secreted by activated platelets was able to accelerate the rate of factor V activation by
factor Xa, thrombin [5, 34] and factor Xla [48].

PolyP accelerates factor Xl activation

In the classic waterfall or cascade model of blood clotting, factor Xl is activated by factor
Xlla. However, this mechanism of factor Xl is clearly irrelevant to haemostasis, since
persons with severe factor XI1I deficiency do not have any bleeding tendency, while severe
factor XI-deficient patients can exhibit clinically significant bleeding [26]. This suggests
that, for it to function in normal haemostasis, factor XI must be activated by a protease other
than factor Xlla. A possible answer to this conundrum was proposed by two groups in 1991,
when it was shown that thrombin could feed back and activate factor XI [49, 50] in a
feedback reaction that was proposed to lead to more extended thrombin generation.
However, since this reaction is very slow, its highly unfavourable kinetics made it unlikely
to be significant in plasma [51, 52]. We recently discovered that platelet-sized polyP is a
highly potent cofactor for the activation of factor XI by thrombin [53], accelerating the rate
of this reaction some 3000-fold [53, 54] (Fig. 2). PolyP also markedly accelerated factor XI
autoactivation [53] and the rate of factor V activation by factor Xla [48]. PolyP may
therefore be the “missing” cofactor that can explain the otherwise puzzling role of factor XI
in haemostasis.

PolyP antagonises TFPI anticoagulant function

TFPI is a Kunitz-type protease inhibitor that circulates in plasma and is found in other
compartments in vivo, including on the surface of endothelial cells and in platelets. It binds
to and inhibits both factor Xa and the factor V1la/tissue factor complex [55]. We found that
polyP completely abrogates the anticoagulant function of TFPI in plasma clotting assays [5],
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and furthermore, that polyP secreted by platelets strongly inhibits TFPI function [5, 15]. It
has been shown that any factor Xa that is already bound to its protein cofactor, factor Va, is
resistant to inhibition by TFPI, especially in the presence of prothrombin [56]. The ability of
polyP to accelerate factor V activation may therefore accelerate the rate at which newly-
generated factor Xa is bound by factor Va and is thereby protected from inhibition by TFPI.
More recent work has shown that TFPI can still inhibit factor Xa in complex with factor Va,
provided the factor Va is only partially activated (i.e., retains portions of the B domain) as is
observed when factor Xa activates factor V, or when partially activated factor V is released
from activated platelets [57].

In addition to its ability to antagonise the anticoagulant activity of TFPI, polyP has also been
shown to antagonise the anticoagulant activity of a variety of anticoagulant drugs, including
heparins and direct inhibitors of thrombin and factor Xa [58]. PolyP, or polyP-based
haemostatic agents, may therefore have utility as general agents to treat bleeding, and
perhaps as reversal agents that can antagonise the action of anticoagulant drugs.

PolyP modulates fibrin clot structure and stability

Purified fibrinogen can be converted to fibrin by the proteolytic action of thrombin. We
found that fibrin clots formed in the presence of polyP are more turbid, contain thicker fibrin
fibrils, are more resistant to elastic stretching, and are more resistant to fibrinolysis than are
fibrin clots formed in the absence of polyP [59]. It appears that polyP may be incorporated
directly into fibrin clots. Interestingly, pyrophosphate (PP;) abrogates the ability of polyP to
enhance fibrin clot structure but has no measurable effect on fibrin clots formed in the
absence of polyP [34]. Platelet dense granules also contain substantial quantities of
pyrophosphate [7], but little is known about its function. While the mechanisms by which
polyP causes fibrin clots to be resistant to fibrinolysis are not completely understood, it has
been shown that forming fibrin clots in the presence of polyP results in inhibition of binding
of tissue-type plasminogen activator and plasminogen to fibrin, possibly by masking C-
terminal lysine residues [60].

PolyP inhibitors as novel antithrombotic agents

Proof-of-principal polyP inhibitors have recently been identified, including cationic proteins,
small molecules and dendrimers [42, 61]. These anti-polyP agents were thromboprotective
in mouse models of arterial and venous thrombosis, while having fewer bleeding side effects
than heparin. On the other hand, all of these compounds have significant toxicities, making
them unlikely starting points for developing new drugs. Most recently, we reported that a
new class of nontoxic, dendrimer-like cationic compounds are potent polyP blockers and are
effective in protecting mice against thrombosis [62]. These compounds had substantially
reduced bleeding side effects compared with heparin.

Conclusions

Recent studies from our lab and others have now shown that both platelet and microbial
polyP are potent modulators of the blood clotting cascade, resulting in accelerated thrombin
generation, reversal of the anticoagulant activity of a variety of both natural anticoagulants
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(TFPI) and anticoagulant drugs (heparins and direct inhibitors of factor Xa and thrombin),
enhanced fibrin clot structure, and resistance of clots to fibrinolysis. PolyP or suitable
derivatives might therefore have utility as haemostatic agents to treat bleeding. Recent work
also implicates polyP (especially, long-chain polyP) as contributing to host-pathogen
interactions via its ability to trigger the contact pathway. PolyP blockers may therefore have
utility as novel antithrombotic/anti-inflammatory agents with reduced bleeding side effects
compared with conventional anticoagulant drugs that target the final common pathway of
blood clotting. Doubtless, much remains to be discovered regarding the roles of polyP in
haemostasis, thrombosis, and inflammation/innate immunity.
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Figure 1.
Structure of inorganic polyphosphate (polyP). PolyP is a linear, negatively charged polymer

of phosphates held together by high-energy phosphoanhydride bonds. Microbial polyP
ranges in size from tens of phosphates to thousands of phosphates long [3, 63], while polyP
secreted from human platelets and mast cells is shorter and much less heterodisperse —
approximately 60 to 100 phosphate units long [7, 8, 15, 34].
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Figure2.
PolyP modulates blood clotting at the indicated points. (1) Very long-chain polyP (of the

type found in microbes) is a potent trigger of the contact pathway of blood clotting, leading
to generation of factor Xlla and release the inflammatory mediator, bradykinin, via
proteolysis from high molecular weight kininogen (HK); (2) PolyP accelerates factor V
activation; (3) PolyP enhances fibrin clot structure and renders clots resistant to fibrinolysis;
and (4) PolyP greatly accelerates factor XI activation by thrombin. (Not shown is the ability
of polyP to antagonise the anticoagulant activity of TFPI, nor the ability of polyP to
stimulate factor XI autoactivation.) While efficient triggering of the contact pathway
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requires very long-chain polyP (step 1), the other three reactions are also promoted by polyP
of the size secreted by activated platelets (about 60 to100 phosphates long).
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