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Summary

Platelet activation and blood coagulation are essential for hemostasis and contribute to a variety of
other biological processes such as inflammation, complement activation and tissue repair. Factor
XIl, originally called Hageman factor, plays an important role in the kallikrein-kinin system by
activating prekallikrein. In the 1960s, a platelet activity that promoted factor XII activation was
identified but its biochemical nature remained unknown. Inorganic polyphosphates (poly P) are
polymers that consist of many phosphate residues linked by phosphoanhydride bonds. These
polymers exist in all living organisms. In bacteria, poly P is important for growth and survival.
Recently, poly P has been identified in human platelet dense granules. Studied have shown that upon
platelet activation and secretion, poly P activates factor XII, indicating that it is most likely the elusive
platelet factor XII activator. Poly P also regulates coagulation and fibrinolysis. In this review, we
focus on early studies of factor Xll and the identification of platelet factor XII activation activity,
and discuss recent findings of poly P in factor XII activation and coagulation.
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Introduction

Phosphates are ubiquitous on earth. In addition to salt forms, inorganic phosphates also form
linear polymers linked by phosphoanhydride bonds (Fig. 1). Such a polymer structure, called
inorganic polyphosphate (poly P), can be made by dehydration of phosphates under extremely
high temperature such as in volcanoes [1-4]. Like those in ATP, the phosphoanhydride bonds
in poly P are energy-rich, which apparently has been exploited by microorganisms during
evolution for survival and adaptation. Studies have shown that poly P is important in bacterial
growth, matility, virulence and stress response [1-4].
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In addition to bacteria and lower eukaryotes, poly P also exists in mammalian cells [5,6].
Recently, human platelets have been found to contain significant amounts of poly P in their
dense granules [7]. Studies to understand the functional significance of these seemingly
primitive molecules have solved a long-standing puzzle in platelet-mediated factor XII
activation.

Hageman Factor and the Waterfall/Cascade Hypothesis of Blood Coagulation

“Once in a rare while, a patient crosses the threshold and changes one’s life”, the late
hematologist Oscar Ratnoff surmised 30 some years later [8]. Indeed, in July 1953 John
Hageman, a 37-year-old brakeman of the Penn-Central Railroad in Ohio, changed not only
Ratnoff’s life, but also the field of blood coagulation [8-10].

John Hageman had suffered duodenal ulcer and was to be operated at the Case Western Reserve
University Hospitals in Cleveland. In a pre-operation exam, his blood unexpectedly failed to
clot in test tubes, a finding troublesome enough for his procedure to be postponed. Oddly,
Hageman had no history of bleeding problems even though he had tonsillectomy and dental
extraction in the past [11,12]. After being informed of this paradox [8], Ratnoff began to study
Hageman’s blood, which led to the first report of Hageman trait, an inherited deficiency in
blood coagulation [12]. The factor missing in individuals with Hageman trait was hence named
Hageman factor.

Soon Ratnoff and others found that Hageman factor was activated upon encountering glass or
other negatively charged surfaces [8,13,14], which explained why blood clotted faster in a glass
tube thaninarubber tube, a phenomenon noticed by the English surgeon Joseph Lister a century
ago [8]. It appeared, therefore, that Hageman factor acted at the initial phases of blood clotting.
Starting in 1957, Ratnoff collaborated with Earl Davie to purify Hageman factor from human
plasma [15]. This challenging work was accomplished in the early 1960s by using
carboxymethylcellulose and DEAE chromatographies that just became available [15,16].

With purified Hageman factor in hand, Ratnoff and Davie were able to show that it activated
factor X1, which in turn activated factor IX [17]. These data, together with studies on additional
blood clotting factors by other investigators at the time, suggested that coagulation was
achieved by sequential activations that were progressively amplified, leading to thrombin
generation and fibrin clot formation. In 1964, Davie and Ratnoff proposed their ‘Waterfall’
model of coagulation, marked by the ranking order of the reactions starting with Hageman
factor (also called factor XI1 by then), factors X1, IX, V11, X and V, prothrombin and fibrinogen
[18]. Independently, Robert G. MacFarlane of Oxford proposed a remarkably similar model,
which was called ‘Cascade’ [19]. Thus, a decade after John Hageman was introduced to
Ratnoff, the basic principle of coagulation was established, setting the stage for many important
future findings.

Shortly after Ratnoff reported the Hageman trait, we identified the first case of factor XlI
deficiency in France. This individual, named Pierrette Sartorio, was a healthy judo player.
During an exam before her tonsillectomy, she had a prolonged partial thromboplastin time,
suggesting a deficiency at early stages of coagulation. We contacted Ratnoff in Cleveland and
obtained some of Mr. Hageman’s plasma samples. With Jean Bernard, we showed that
Hageman’s plasma did not correct Sartorio’s partial thromboplastin time, thereby confirming
that Sartorio had factor XII deficiency [20]. In recognition of Ratnoff’s research on blood
coagulation, the International Society of Thrombosis and Haemostasis (ISTH) awarded him
the Robert P. Grant Medal, the highest honor of the Society. This award was presented to him
by Jacques Caen at the VIIIth ISTH Congress in Toronto in 1981.
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Platelets and Factor Xl Activation

In the early 1960s, we first reported the contact activation of coagulation in the presence of
platelets, indicating a new role of platelets in initiating blood clotting [21]. By the mid 1960s,
investigators in London and New York also showed that incubation of platelet-rich plasma
with kaolin shortened the recalcification and Russell’s viper venom times in clotting assays
[22-24]. The results suggested that exposure of platelets to a ‘“foreign’ surface promoted
coagulation and thus this platelet activity was called “platelet factor 3 availability’. It was
noticed that this platelet activity was defective in thrombasthenic patients, possibly due to poor
platelet responses to ADP.

We confirmed this finding in platelets from nine thrombasthenic patients. More importantly,
we found that thrombasthenic platelets had a defect in factor XII activation, which accounted
for the prolonged clotting times in platelet-rich plasma from thrombasthenic patients. We
concluded, in a 1965 Nature paper, that in addition to the defects in platelet aggregation,
thrombasthenic platelets had another defect in platelet factor 3 availability, which was
important for factor Xl1 activation [25]. Atthe time, the exact nature of this defect was unknown
but might be associated with poor platelet secretion. In later years, platelet-mediated factor XII
activation was studied extensively by other investigators [26—29], but the platelet factor XII
activator missing in thrombasthenic patients remained elusive.

Biological Functions of Factor XlI

From the very beginning, factor XII had an “identity crisis’ [8,30], because individuals lacking
it do not exhibit abnormal bleeding. In fact, John Hageman had gastrojejunostomy in 1954
without major complications. In 1968, he broke his left hemipelvis from a fall. After bedrest
at St. Vincent Hospital in Toledo, he was on the way to recovery but died suddenly and
unexplainably several days later. An autopsy showed that the death was caused by pulmonary
thromboemboli [11]. It was incongruous that John Hageman, who had deficiency in a clotting
factor, died of thrombosis. In a paper reporting Hageman’s demise, Ratnoff wrote: “As always,
Mr. Hageman has left us with a plethora of questions”[11].

The question of factor XII function led investigators to believe that other factors initiate blood
coagulation in vivo. It is now accepted that factor VII and tissue factor initiate thrombin
generation and fibrin clot formation at sites of vessel injury [31-35]. Thrombin also activates
factor X1, providing a positive feedback to enhance coagulation and prevent premature
fibrinolysis [36—38]. Several other proteases such as hepsin and factor V1l-activating protease
were postulated to have a role in factor V11 activation and hence initiation of coagulation
[39,40], but such a function in vivo has not yet been established [41-43].

Factor XI1 is believed to function primarily in the plasma kallikrein-kinin system, by converting
prekallikrein to active kallikrein, which consequently converts high-molecular-weight
kininogen to bradykinin [44—49]. The kallikrein-kinin system, also called the contact activation
system, regulates vascular permeability, blood pressure, complement activation, bacterial
infection and inflammatory response. Over the years, questions have been raised that factor
XI1 deficiency might increase the risk of thrombosis. In several epidemiological studies,
however, factor XlI-deficient individuals did not appear to have higher overall incidences of
thrombotic complications such as deep-vein thrombosis, myocardial infarction and stroke
[50,51]. Interestingly, in mouse models of thrombosis, lack of factor XII prevented the
formation of platelet-rich occlusive thrombi [52], indicating that factor XII, while not essential
for normal hemostasis, may play an important role in promoting thrombus growth under
pathological conditions [44,45,53].
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Role of Poly P in Hemostasis

Inorganic poly P was studied extensively by late Arthur Kornberg, starting his early days in
the Cori lab at Washington University in St. Louis in the late 1940s [54]. Intrigued by the origin
and function of poly P that was abundant in bacteria and yeast, Kornberg identified in E. coli
an enzyme that assembled poly P from ATP [55]. However, unlike his work on DNA
replication, for which he won a Nobel Prize in Physiology or Medicine in 1959, Kornberg’s
early work on bacterial poly P was little appreciated and even failed to win him a faculty job
at UC Berkeley [54]. Nevertheless, Kornberg’s passion for this “molecular fossil” never
diminished for he, up until his death in 2007, continued to study the biosynthesis and function
of poly P [56].

Poly P regulates growth and stress responses in microorganisms. In E. coli, for example, poly
P levels may increase >100-fold in response to amino acid starvation. Poly P activates the ATP-
dependent protease Lon to degrade ribosomal proteins, thereby providing necessary amino
acids for bacterial survival [57]. In animals, poly P exists in most major organs including brain,
heart, kidneys, liver and lungs [5]. Within cells, poly P can be detected in nuclei, plasma
membrane, cytosol, mitochondria and microsomes. To date, however, the physiological
function of poly P in most animal cells remains poorly understood [4].

Interestingly, human platelets contain significant amounts of poly P in their dense granules
[7]. These platelet poly P polymers are of ~60-100 residues in length and released upon
thrombin stimulation. Morrissey and co-workers were first to find that poly P activated the
intrinsic pathway of blood clotting in human plasma-based assays [58], suggesting a role of
poly P in coagulation. This seminal finding has been extended in a recent animal study. Renné
and co-workers have reported that in mice purified platelet poly P activated factor Xl and that
the poly P-activated factor XII triggered the kallikrein-kinin system, producing high levels of
bradykinin that increased vascular permeability and inflammatory response [59]. The results
are significant and indicate that the negatively charged platelet poly P molecules serve as a
“foreign’ surface, analogous to the glass surface, upon which factor XII is activated. The data
also suggest that platelet poly P in the dense granules is most likely the elusive platelet factor
XI1 activator we reported 45 years ago [25]. Impaired aggregation of thrombathenic platelets
may prevent the release of poly P from the dense granules, thereby apparently ‘missing’ this
factor.

In addition to factor XII activation, poly P modulates the activity of other proteins in blood
coagulation and fibrinolysis. Morrissey and co-workers have shown that poly P enhanced
thrombin-mediated factor V activation [58,60]. The effect of poly P appeared to be mediated
by its high affinity binding to thrombin exosite Il [61], a positively charged site known for
heparin binding [62—64]. Interestingly, poly P did not bind to thrombin exosite I, another
positively charged site that interacts with many thrombin substrates, co-factors and inhibitors
[62,63,65-68]. In the presence of poly P, fibrin clots were more resistant to fibrinolysis and
this effect depended on thrombin-activatable fibrinolysis inhibitor (TAFI) but not factor XIlII
activity [58,69]. Poly P was shown by electron microscopy to be incorporated directly into
fibrin fibers, making fibrin strings thicker, stronger and thus more resistant to lysis [69].

Together these recent data demonstrate that platelet poly P plays an important role in regulating
the contact activation system, blood coagulation, and fibrinolysis. Upon platelet aggregation,
poly P is secreted from the dense granules to activate factor XII and thus the kallikrein-kinin
system. Poly P also promotes coagulation by indirectly activating factor X1 and by
strengthening fibrin fibers and inhibiting clot lysis (Fig. 2). In mice, infusion of purified platelet
poly P caused lethal thrombosis [59]. Consistently, in a mouse model of Hermansky-Pudlak
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syndrome with defects in platelet dense granules, impaired platelet dense granule secretion
significantly reduced arterial thrombosis and inflammation after vascular injury [70].

Perspective

It is amazing that studies in totally separated fields have converged half a century later, leading
to the identification of poly P as the long-sought platelet factor XII activator. Jacques Monod,
who together with Frangois Jacob, won a Nobel Prize in Physiology or Medicine in 1965 for
their work on gene regulation, once said: “Je cherche a comprendre (I search to understand).”
It is a great pleasure, indeed, for us to finally understand a long-standing question in blood
coagulation and platelets.

The profound effect of poly P, an ancient molecule abundant in bacteria, on blood coagulation
is intriguing. During evolution, the primary function of coagulation is as important for host
defense as is for hemostasis. In the horseshoe crab, a primitive invertebrate that lacks adaptive
immunity, hemolymph coagulation serves as a major mechanism in their innate immunity.
Upon encountering bacterial lipopolysaccharides, serine proteases from hemocytes are
activated sequentially to form coagulin clots to trap and kill invading microbes [71,72]. The
hemolymph coagulation cascade in the horseshoe crab is strikingly similar to the blood
coagulation cascade in mammals. In bacteria and low eukaryotes, poly P is stored in
acidocalcisomes, an acidic and calcium-rich compartment that is similar to platelet dense
granules [4,7]. It is possible, therefore, that platelet poly P-mediated factor XII activation has
evolved from an ancient host defense system to battle inflammation and vascular injury.

As we recognize the role of platelet poly P in coagulation, we are stimulated to ask more
questions. As for now, for example, we know little about how poly P is made in platelets. If
platelet poly P promotes coagulation, can we use phosphatases, which degrade poly P, as an
anti-thrombotic and anti-inflammatory agent? Recent studies of a phosphatase in mouse
thrombosis models have produced promising results [59]. Along this line, then, is there any
correlation between plasma phosphatase levels and risks of inflammation or thrombosis? If
platelet poly P-mediated factor XII activation is important for a firm fibrin clot, is it possible
that clots made in individuals lacking factor XII are weaker and prone to detach? Could this
be an explanation for the pulmonary thromboembolism that ended John Hageman’s life?
Science is a never-ending endeavor. Chercher a comprendre, as we all will continue to do.
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Fig. 1.
A schematic presentation of inorganic Poly P.
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Fig. 2.

Poly P activates the kallikrein-kinin system and coagulation and inhibits fibrinolysis. Upon
platelet activation, poly P is released from the dense granules to activate factor XII (FXII),
which in turn activates prekallikrein (PK), consequently increasing bradykinin (BK) levels.
Activated FXII also activates factor XI (FXI). By binding to thrombin (FII), poly P enhances
thrombin-mediated factor V (FV) activation, promoting coagulation. In addition, Poly inhibits
fibrinolysis by increasing TAFI activity and binding to fibrin (Fb) clots, making them more
resistant to lysis.
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