POLYPHOSPHATE IS A NOVEL MODULATOR OF COAGULATION AND INFLAMMATION AND IS A
THERAPEUTIC TARGET

BY

RICHARD TRAVERS

DISSERTATION
Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Biochemistry
in the Graduate College of the
University of lllinois at Urbana-Champaign, 2015

Urbana, lllinois

Doctoral Committee:

Professor James H. Morrissey, Chair
Professor David Kranz

Associate Professor Rutilio Fratti
Assistant Professor Auinash Kalsotra



ABSTRACT

While the basic outline of the enzymes and reactions that make up the traditional blood
coagulation cascade has been understood for many years, appreciation of the complexity of these
interactions has greatly increased in recent times. This has resulted in unofficial “revisions” of the
coagulation cascade to include new amplification pathways and interactions between the standard
coagulation cascade enzymes as well as novel and extensive connections between the immune system
and the coagulation cascade. One exciting new area of research in hemostasis and thrombosis focuses
on how inorganic polyphosphate (polyP) can mediate many of these novel amplification steps and many
of the connections between coagulation and inflammation. Additionally, the multiple procoagulant and
proinflammatory roles for polyP discovered in both mice and humans suggest that it may be an
attractive therapeutic target for disorders of coagulation and inflammation.

The discovery that polyP is stored in platelet dense granules and is secreted during platelet
activation has resulted in a recent burst of interest in the role of this ancient molecule in human biology;
however, many standard biochemical techniques are not amenable to working with an inorganic
polymer like polyP. To increase our ability to visualize polyP accumulation under both physiological and
pathological conditions such as inflammation or thrombosis, | first developed a method for visualizing
polyP based upon using a recombinant polyP binding protein as a modified “primary antibody” to
specifically label polyP using immunofluorescent staining in cells and tissues. These techniques continue
to provide us with more information about the role of polyP in normal human physiology and under
pathological conditions like inflammation and thrombosis.

In order to determine if we could target polyP-mediated pathology as an effective method of
treatment for inflammation and thrombosis, | have also developed a method of testing polyP inhibitors
from high-throughput in vitro screening all the way to in vivo mouse models. First generation polyP

inhibitors based on polycationic substances such as polyethylenimine, polyamidoamine (PAMAM)



dendrimers and polymyxin B, while attenuating thrombosis, all had significant toxicity in vivo, likely due
to the presence of multiple primary amines responsible for their polyP binding ability. In collaboration
with the Kizhakkedathu lab at the University of British Columbia in Vancouver, Canada, | next examined
a novel class of non-toxic polycationic compounds, initially designed as Universal Heparin Reversal
Agents (UHRASs). | first worked with them to help evaluate the UHRA compounds in clinically relevant
mouse models showing that the UHRA compounds can effectively reverse the bleeding side effects
associated with a wide variety of heparins currently in clinical use. Next, they worked with me to screen
the entire UHRA library for potential polyP inhibitors that shared the non-toxic nature of the UHRA
compounds developed to reverse heparin anticoagulation. Several UHRA compounds strongly inhibited
polyP procoagulant activity in vitro and four were selected for further examination in mouse models of
thrombosis and hemostasis. Compounds UHRA 9 and UHRA 10 significantly reduced arterial thrombosis
in mice. In mouse tail bleeding tests, administration of UHRA 9 or UHRA 10 was associated with
significantly less bleeding compared to therapeutically equivalent doses of heparin. Furthermore, in
collaboration with the Esmon Laboratory at the Oklahoma Medical Research Foundation, | have begun
to characterize the polyP binding abilities of a family of anti-polyP antibodies discovered in an
autoimmune strain of mice. PolyP inhibitors like the UHRA compounds or anti-polyP antibodies offer a
new platform for developing novel antithrombotic and anti-inflammatory agents that target anionic
polymers like polyP with reduced toxicity and bleeding side effects compared to conventional

anticoagulant therapeutics.
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CHAPTER 1: GENERAL INTRODUCTION TO BLOOD COAGULATION AND ANTICOAGULANTS?®
Introduction

Blood is a liquid that circulates under pressure through the vasculature. Following vascular
injury, any escaping blood must rapidly be converted into a gel (“clot”) to plug the hole and minimize
further blood loss. The plasma portion of blood contains a collection of soluble proteins that act
together in a cascade of enzyme activation events, culminating in the formation of a fibrin clot. This
review addresses the mechanisms by which the blood clotting cascade is initiated in both hemostasis
and pathologic thrombosis. Hemostasis is the normal process by which the clotting cascade seals up
vascular damage to limit blood loss following injury. Thrombosis is a group of pathologic conditions in
which the clotting cascade is triggered inside the lumen of a blood vessel, leading to the formation of a
blood clot (known, in this case, as a “thrombus”) that can impede the flow of blood within a vessel.
Severe thrombosis can block the flow of blood to a tissue, leading to ischemia and tissue death.

Two major pathways exist for triggering the blood clotting cascade, known as the tissue factor
pathway and the contact pathway. The tissue factor pathway is named for the protein that triggers it—a
cell-surface, integral-membrane protein known as tissue factor (TF).! This way of triggering blood
clotting is also sometimes called the Extrinsic Pathway, because it requires that plasma come into
contact with something “extrinsic”’ —i.e., TF—to trigger it. The TF pathway is the mechanism of
triggering blood clotting that functions in normal hemostasis, and probably also in many types of
thrombosis. Thus, when cells expressing TF are exposed to blood, this event immediately triggers the

clotting cascade. This pathway is discussed in much greater detail below.

® This chapter has been adapted from a review article originally published online in the journal Critical Reviews in
Biochemistry and Molecular Biology, and used in accordance with the publisher’s copyright privileges for
publication in a dissertation thesis. Full Citation: Smith SA, Travers RJ, Morrissey JH. How it all starts: Initiation of
the clotting cascade. Critical Reviews in Biochemistry and Molecular Biology. Published online, DOI:
10.3109/10409238.2015.1050550



The contact pathway of triggering blood clotting has also been termed the “intrinsic” pathway,
since it can be triggered without adding a source of TF to the blood or plasma. This pathway is actually
triggered when plasma comes into contact with certain types of artificial surfaces. Glass test tubes,
diatomaceous earth (celite) and finely ground clay are especially good activators of the contact.” While
this pathway does not contribute to normal hemostasis, it is thought to participate in thrombotic

diseases.’

The extrinsic, or TF pathway

The plasma clotting cascade consists of a series of reactions involving the activation of zymogens
(inert precursors of enzymes) via limited proteolysis. The resulting enzymes are catalytically active serine
proteases, yet they have low inherent enzymatic activity as isolated proteins. Binding of a typical clotting
protease to a specific protein cofactor on a suitable membrane surface markedly potentiates the
protease’s activity, often by as much as five orders of magnitude or more. The protein cofactors of the
blood clotting cascade also generally circulate in the plasma as inert procofactors that must be
converted into active cofactors via limited proteolysis. Most blood clotting proteins (both zymogens and
procofactors) are represented by Roman numerals, with a lower case “a” appended to the numeral once
the protein has been proteolytically converted to the active form. For example, the first serine protease
in the extrinsic or TF pathway of blood clotting is coagulation factor Vlla (fVlla), which circulates in
plasma largely in the inactive, zymogen form (fVIl).

The enzyme that actually triggers the TF pathway of blood clotting thus consists of two subunits:
the catalytic subunit is the trypsin-like serine protease, fVlla, and the positively-acting regulatory subunit
(“protein cofactor”) is the cell-surface protein, TF. The complex between TF and fVlla (TF:Vlla) is
anchored to the cell surface, because TF is an integral membrane protein." Free fVlla is a very weak

enzyme, but the TF:Vlla complex is an extremely potent activator of coagulation. Once formed, the



TF:Vlla complex activates two downstream substrates in the coagulation cascade via limited proteolysis:
factor IX (fIX) is converted to fIXa, and fX is converted to fXa. Both of these active enzymes must
assemble on suitable membrane surfaces together with their own protein cofactors (fVllla in the case of
fIXa; or fVa in the case of fXa) in order to propagate the clotting cascade. This ultimately leads to a large
burst of thrombin, the last serine protease in the clotting cascade. Thrombin efficiently processes
fibrinogen into fibrin via limited proteolysis, which in turn spontaneously assembles into a fibrin clot.
Thrombin is also a potent activator of platelets, further contributing to the formation of a protective

hemostatic plug (in normal hemostasis) or a thrombus (in pathologic activation of clotting).

TF

TF, also sometimes known as thromboplastin (perhaps more correctly, tissue thromboplastin),
coagulation factor Ill, or CD142, is a glycosylated, integral-membrane protein of about 46 kDa, consisting
of a single polypeptide chain of 261 or 263 amino acids (the two forms are nearly equal in expression).*®
Membrane anchoring of TF via its single membrane-spanning domain is essential for full procoagulant
activity.” TF is unusual among the protein cofactors of the plasma clotting cascade in that it is an integral
membrane protein, and also that it is does not require proteolysis for activity.

TF is abundant in adventitial cells surrounding all blood vessels larger than capillaries, in
keratinocytes in the skin, and in a variety of epithelial layers such as organ capsules.>*° This pattern of
expression is consistent with the role of TF as a protective “hemostatic envelope” surrounding the
vasculature, organ structures, and the organism in its entirety.? Further, there is especially abundant TF
at anatomic sites where hemorrhage is likely to result in disastrous consequences, such as kidney and

810 TF expression is quite low in skeletal muscle and synovial tissues.® '° Interestingly, these are

brain.
two anatomic sites of spontaneous bleeding in hemophilic patients (who lack either fVIII or fIX). A

plausible explanation for bleeding at these sites is that activation of fIX by the TF:Vlla complex provides



an additional amplification step, compared with direct activation of fX. This may explain why hemophilic
patients do not tend to bleed excessively from superficial cuts in the skin (which has high levels of TF,
allowing for direct, abundant activation of fX by TF:Vlla). On the other hand, sites such as skeletal
muscle and joints, where TF levels are low, may require the additional amplification of the clot-initiating
signal gained from activating fIX by TF:Vlla. The newly-generated fIXa then assembles with fVllla to
generate larger quantities of fXa than could be generated directly by low levels of TF:Vlla alone.

In cross-sections of normal blood vessels, TF is readily detectable only in the adventitial cells that make
up the outermost layers of the vessel wall.®*® Circulating blood cells, as well as the endothelial cells that
line the blood vessels, do not usually express TF (as detected by antibody staining). However, certain

11,12

inflammatory mediators or hypoxia®® can stimulate cultured peripheral blood monocytes and

endothelial cells to express significant amounts of TF. Other blood cell types such as neutrophils,

14-17

eosinophils and platelets have been reported to express TF under some circumstances, although this

is somewhat controversial.*®

Induced expression of TF in the vasculature by inflammatory mediators
may play important roles in thrombotic diseases.
Urine and plasma may contain low levels of TF antigen, although the source of this “blood-

borne” TF is a matter of some controversy."” An alternatively-spliced, soluble form of TF has been

described,™ and microparticles shed from activated leucocytes likely contribute to blood-borne TF.°

FVil/Vila
Zymogen fVIl is a glycosylated protein of approximately 50 kDa, consisting of a single

polypeptide chain of 406 amino acids.?®

FVIl is synthesized in the liver and circulates in plasma at a
concentration of about 10 nM.** When initially synthesized inside the endoplasmic reticulum of

hepatocytes, fVII contains a signal peptide and a propeptide (removed intracellularly) that mediate,

respectively, secretion and a specific type of post-translational modification (y-carboxylation) of all the



glutamate residues within about 45 amino acids of the N-terminus of the mature protein. Like other
related vitamin-K dependent coagulation proteins, fVII contains an N-terminal y-carboxyglutamate—rich
domain (GLA domain). The fVII GLA domain contains ten y-carboxyglutamate (Gla) residues that are
essential for the clotting activity of this protein. The GLA domain confers reversible, Ca®*-dependent
binding of fVII to membranes containing negatively charged phospholipids such as phosphatidylserine or
phosphatidic acid.” %

FVII, like all the coagulation serine proteases, circulates in the plasma chiefly as an inert
zymogen. Unlike most other plasma serine proteases, however, fVIl also circulates in its active enzymatic
form (fVlla). Zymogen VIl is converted to its enzymatic form, fVlla, by proteolysis of a single peptide
bond, resulting in two disulfide-linked polypeptide chains. The light chain, approximately 20 kDa, has
152 amino acids and contains the GLA domain and two epidermal growth factor (EGF)-like domains. The
heavy chain, approximately 30 kDa, has 254 amino acids and contains the trypsin-like serine protease
domain.

The active forms of most coagulation serine proteases have extremely short plasma half-lives
(measured in seconds to minutes) because plasma contains high concentrations of protease inhibitors.
However, free fVlla is not susceptible to most plasma protease inhibitors.”” It consequently circulates
with a half-life of approximately 2 hours, similar to the approximately 5-hour half-life of zymogen fVI1.%®
Approximately 1% of the fVII in plasma circulates in the activated form in normal humans.”

The precise source of circulating fVlla in vivo is not clear. Proteases that are able to activate fVII

in vitro include flXa, fXa, fXlla, thrombin, plasmin, fVll-activating protease, and the TF:Vlla complex.zL 25

3937 |nterestingly, patients deficient in fIX (hemophilia B) have approximately a tenfold reduction in

plasma fVlla levels.*® This suggests that fIX (presumably, as fIXa) contributes substantially to activation of

fVIl in vivo. FVIla concentrations increase during the post-prandial period, in a fIX-dependent manner,



39, 40

especially after fatty meals. This suggests that generation of circulating fVlla may involve both fIXa

and lipoproteins.

The TF:Vila complex in hemostasis

TF binds either fVII or fVlla with high affinity, resulting in a 1:1 complex on the cell surface. Once
fVII binds to TF, it is rapidly converted to fVila by limited proteolysis.** There are consequently two ways
to form the TF:Vlla complex: through direct capture of fVlla by TF, or by capture of fVII and subsequent
conversion to fVlla.

Free fVlla activates its substrates (fVII, fIX, or fX) extremely slowly, but assembling the TF:Vlla
complex on a suitable phospholipid membrane enhances the activity of fVila by at least five orders of

magnitude. "™

Negatively charged phospholipids, most particularly phosphatidylserine, are required for
binding of the substrates, fIX or fX, to the phospholipid surface. Quiescent, intact cells expressing TF on
their surfaces have much lower procoagulant activity than do damaged or activated cells.** TFon a

d.”*® This process,

quiescent cell is not fully active until the membrane properties of the cell are altere
sometimes called decryption of “encrypted” cell-surface TF, is incompletely understood. “Decryption” of
TF is, at least in part, due to exposure of negatively charged phospholipids on the outer leaflet of the
plasma membrane, resulting in expression of efficient binding sites for the substrates of the TF:Vlla
complex. Additional proposed mechanisms for encryption/decryption of cell-surface TF include:
association with caveolae where lipid composition is altered;*” *® dimerization or oligomerization of TF
with reduced enzymatic activity;* and reduction or oxidation of a specific disulfide bond in TF that is

required for cofactor function.>® !

Regulation of the TF:Vlla complex



The TF:Vlla complex is primarily inhibited by the plasma serine protease inhibitor, tissue factor
pathway inhibitor (TFP1), which has two isoforms in humans: TFPla (32 kDa) and TFPIB (22 kDa).*? TFPI is
a Kunitz-type inhibitor, with the Kunitz-2 domain mediating binding and inhibition of fXa, and the Kunitz-
1 domain required for inhibition of fVIla in the TF:VIla complex.>® The majority of TFPI in vivo is
associated with the microvascular endothelium,* but a small amount of TFPI circulates in the plasma at
a concentration of around ~1.6 nM. Most (~80%) circulating TFPI is lipoprotein-bound.>>>” TFPI is also
expressed by megakaryocytes, stored in platelets, and secreted upon platelet activation.” >® A
substantial fraction of the TFPI produced by endothelial cells remains at the cell surface, associates with
caveolae, and is released by phosphatidylinositol-specific phospholipase C. Thrombin and shear increase

59-66

the expression and release of TFPI in vitro, and the administration of heparin causes a rapid increase

in the circulating levels of total TFPI in plasma in vivo.®””’

TFPI regulates coagulation via direct inhibition of fXa, and via fXa-dependent feedback-inhibition
of TF:Vlla. The TFPIB isoform is a weaker inhibitor of fXa than is TFPla.”* Protein S substantially enhances
the inhibition of fXa by TFPla.”> Heparin and other polyanions accelerate fXa inhibition by TFPla in a

template-dependent manner.”*”*

FXa-dependent inhibition of TF:VIla by TFPI involves the formation of
a quaternary complex consisting of TFPI, fVlla, TF, and fXa. TFPI-mediated regulation of coagulation is
critically important, as evidenced by the effects of disruption of this protein in mouse models, where
TFPI-deficient mice die in utero from a consumptive coagulopathy,’ but can be rescued by concomitant
fVIl or TF deficiency.”®”” Antithrombin, in the presence of heparin, is also able to inhibit the TF:Vlla

complex.”® 7

TF:Vlla in disease
While the TF:Vlla complex is the crucial trigger for hemostatic responses in vivo, excessive

initiation of coagulation via the extrinsic pathway can lead to thrombosis, consumptive coagulopathy, or



inflammation. Increased complex formation can be the result of loss of vascular wall integrity, increased
TF expression, or increased levels (or activity) of fVII/fVlla.

Atherosclerotic plaques contain significant levels of TF, generally associated with

9, 80-83

monocytes/foam cells and smooth muscle cells. TF antigen may also be found in the acellular core

82,83 I

of atheromas, most likely from necrotic cells. Plaque TF is functional and can bind fVila. n

atherosclerosis, the blood is separated from TF by only a thin monolayer of endothelial cells. Myocardial
infarction is thought to be triggered by rupture of an atherosclerotic plaque in a coronary artery,®* with
the consequent exposure of TF to fVII/fVila within the blood. If this coagulation activation is extensive
enough to form an occlusive thrombosis within the coronary vessel, myocardial infarction ensues.
TF expression can also be increased with malignancy, potentially leading to cancer-associated
thrombosis (also known as Trousseau syndrome).®> The neoplastic cell itself can express TF, or tumor TF
can be associated with infiltrating activated monocytes or stromal cells.

During sepsis, TF is expressed on monocytes, but is also expressed by endothelial cells in some

areas, such as the splenic microvasculature.® In primate models, coagulopathies associated with sepsis

and septic shock are mediated by TF, and TF:Vlla contributes directly to mortality in sepsis.®” %

Epidemiologic studies have indicated that elevated plasma fVII may be a risk factor for

89-91

thrombotic disease. Elevated plasma fVII coagulant activity (fVII:C) or elevated levels of circulating

fVlla have also been described with angina pectoris, transient ischemic attacks, diabetes, uremia, and

92-101

peripheral vascular disease. In contrast, some studies have failed to find a relationship between fVII

102, 103

levels and thrombotic disease. Population studies have reported that fVII levels are unrelated to

104-108

the degree of carotid artery thickness or other manifestations of vascular disease. Results have

been mixed with regard to a potential correlation between fVlla levels and the risk of thrombotic

disease.’®



The contact pathway

The contact pathway of coagulation is initiated by activation of factor XII (fXIl) in a process that
also involves high-molecular-weight kininogen (HK) and plasma prekallikrein (PK). Contact of blood with
an artificial surface leads to a change in the conformation of fXIl, resulting in the generation of small

112,113 This enzyme then activates PK to kallikrein. Further reciprocal

amounts of active factor XII (fXlla).
activation of fXII by kallikrein, and PK by fXlla, results in a positive feedback loop.'** The fXIla that is
generated then activates its downstream substrate, fXI, to fXla. Limited proteolysis of fIX to fIXa by fXla
then allows for formation of the “intrinsic tenase” complex (i.e., the cell-surface complex of fIXa and
fVIlla), which in turn activates fX to fXa. The final common pathway of blood clotting then leads to
thrombin generation and a blood clot.

Despite its important role in clot formation in vitro, contact activation appears to have no
contribution to hemostasis in vivo. This conclusion comes from the fact that mice and humans lacking

fXIl have no bleeding tendencies."

Rather, one of the functions of the contact pathway in vivo appears
to be the generation of bradykinin, a vital inflammatory mediator that is produced when kallikrein
cleaves HK. This small peptide is the ligand for the kinin B2 receptor on endothelial cells. Binding of
bradykinin to its receptor results in vasodilation, increased vascular permeability, pain, and neutrophil

chemotaxis. Components of the contact system also contribute to fibrinolysis, and inhibit thrombin-

induced platelet activation, angiogenesis, and adhesive interactions .***

FXli/Xlla

FXIl is an approximately 80 kDa protein consisting of a single polypeptide chain of 596 amino

115

acids.” It is synthesized in the liver and circulates in plasma at a concentration of around 375 nM. FXIl is

activated via limited proteolysis by kallikrein, plasmin, and fXlla (autoactivation), resulting in a two-chain



molecule (afXlla) consisting of a 353 amino acid heavy chain and a 243 amino acid light chain, which

contains the serine protease domain.

PK/kallikrein
PK is also made in the liver. Prekallikrein contains 609 amino acids, but due to variable

116

glycosylation may have a molecular weight of either 85kDa and/or 88 kDa.™™ It circulates in plasma at a

18 prekallikrein is activated via limited

concentration of around 490 nM, with 75% bound to HK.
proteolysis by fXlla, resulting in a two-chain enzyme (kallikrein) consisting of a 371 amino acid heavy

chain and a 248 amino acid light chain, which contains the serine protease domain.

HK

HK is a 120 kDa protein with a plasma concentration of about 670 nM. Granulocytes, platelets
and endothelial cells contain HK, but plasma HK is most likely synthesized in the liver. HK binds to cell
surfaces in a zinc-dependent manner. The major contribution of HK to the contact pathway is facilitation
of substrate presentation to fXlla.> HK is required for efficient formation of kallikrein in surface-activated

plasma.'"’

Activators of the contact pathway in vitro and ex vivo

Exposure of blood to an artificial surface invariably results in some activation of fXll to fXlla. In
fact, fXIl activation is the mechanism by which clotting is initiated when blood is collected into glass
tubes. Because activation of fXIl is not calcium dependent, collection of blood into common
anticoagulants that are metal-ion chelators (e.g., EDTA or citrate) does not block the formation of fXlla.

For typical clotting tests, however, this is not a problem since only low levels of fXlla are generated in

10



blood collection tubes in the absence of an added contact activator, and these low levels of fXlla are
continuously inhibited by the protease inhibitors in plasma.

Activation of fXIl initiates clotting in the commonly used diagnostic plasma clotting test known
as the activated partial thromboplastin time (aPTT). In this test, plasma fXIl, PK, and HK assemble onto
artificial surfaces such as finely dispersed kaolin, diatomaceous earth (celite), or ellagic acid. The fXlla is
generated via fXIl autoactivation and via kallikrein-mediated reciprocal activation of fXIl. The generated
fXlla initiates the coagulation cascade via activation of its downstream substrate fXI. Note that, despite
having a markedly prolonged aPTT, individuals with fXII deficiency have no tendency for either
spontaneous or trauma-induced bleeding.®

Ex vivo activation of the contact pathway also occurs during hemodialysis, cardiopulmonary
bypass, and extracorporeal membrane oxygenation (ECMO), where blood comes into contact with
artificial surfaces. Anticoagulant therapy (e.g., with citrate or heparin) is required to maintain blood flow
through the extracorporeal circuit, because fXlla generation results in cleavage of downstream enzymes.
Note that neither of these anticoagulants prevents contact activation, but rather inhibits the activity of
downstream coagulation enzymes. Recently, a blocking antibody to fXlla has shown utility in stopping
unwanted blood clotting during extracorporeal membrane oxygenation without the usual bleeding risk

associated with conventional anticoagulants.™®

Activators of the contact pathway in vivo
Several candidate activators of the contact pathway have been proposed, but the precise

(patho)physiologic activators in vivo have not been definitively identified. Suggested naturally occurring

activators include specific proteins on mammalian cell surfaces,'*® extracellular nucleic acids,*

121 123,124

inorganic polyphosphate (polyP),*** misfolded proteins,**? glycosaminoglycans, and bacterial

surface proteins.'” %

11



Contact activation occurs on the surface of endothelial cells in vitro in a zinc-dependent

manner.'?” Endothelial cell binding sites for HK and fXII that have been identified include the Clq

receptor, cytokeratin 1, and the urokinase plasminogen activator receptor.'?

Nucleic acids are released from cells due to apoptosis, necrosis, or extrusion of nuclear material

129

by activated neutrophils—a process termed neutrophil extracellular traps, or NETs.” Extracellular

nucleic acids can bind to either fXIl or fXI, and in vitro studies indicate that they are capable of

120, 130

enhancing fXIl activation. The potency of nucleic acids as contact activators in vitro is somewhat

120 Nevertheless,

weak, being some two orders of magnitude lower than that of kaolin on a weight basis.
this mechanism for triggering blood clotting may be quite significant, as animal models employing

administration of either exogenous RNA or RNase support a possible role for RNA as a contact activator

in vivo.**°

PolyP

Inorganic polyP is an intensely anionic, linear polymer of orthophosphate units linked by high-
energy phosphoanhydride bonds. PolyP is widespread in biology, with polymer sizes ranging from a few
phosphates up to hundreds or even thousands of phosphates in length, depending on the organism and
type of cell.”®** PolyP has mostly been studied in prokaryotes and unicellular eukaryotes, but roles for
polyP in mammalian systems are rapidly emerging. Microorganisms store polyP in granules,™ which
typically contain very long-chain polyP, ranging in length from hundreds to thousands of phosphate

134

units.”** Mammalian cellular compartments that contain polyP include platelet dense granules,*** a

138

subset of mast cell granules,**® lysosomes,™” mitochondria, and nuclei.’®® Upon activation, platelets and

h.13> % Tissue extracts from mammalian heart,

mast cells release polyP of about 60-100 units in lengt
liver, lung and kidneys contain heterogeneous polyP of 50 to 800 phosphate units long, while brain

polyP is longer, at about 800 phosphates long."*®

12



PolyP binds with high affinity to certain proteins of the contact pathway of blood clotting,****!

and is a very strong activator of the contact pathway in vitro in both plasma and purified protein

systems. 2" 13°

Contact activation by polyP is profoundly dependent on polymer length, with optimal
activity requiring very long polyP polymers'** which, on a weight basis, have potencies greater than that
of the artificial activator, kaolin. Platelet-derived polyP, which is much shorter in length, is able to

141

weakly activate contact factors, but is markedly less potent than long-chain polyP.”"" PolyP activates the

contact pathway in vivo in mouse models as evidenced by development of cutaneous vascular leakage

121, 142

that is bradykinin- and fXll-dependent.

Misfolded protein
Aggregated amyloid B peptide (AB) is known to activate fXII in vitro,*** and patients with
Alzheimer’s disease have evidence indicating increased in vivo generation of fXlla, particularly in the

144,195 Amorphous aggregates of AB and large amyloid fibrils are also both

central nervous system.
present in patients with systemic amyloidosis, who also experience increased in vivo activation of both
fXIl and PK.*? The generation of kallikrein by misfolded protein aggregates is dependent on fXII, but
does not result in increased activation of fXI. Interestingly, the activation of the contact pathway by

misfolded proteins does not appear to be procoagulant, suggesting that kallikrein-kinin pathway is

regulated differently than the intrinsic pathway of coagulation in vivo.'*

Glycosaminoglycans

Heparin has been long known to be capable of supporting autoactivation of fXIl in vitro.**® ¥’

Heparin released from allergen-activated mast cells initiates fXlla-mediated activation of plasma PK to

123

kallikrein, but without activating fXI.~> More recent evidence suggests that glycosaminoglycans can

contribute to pathologic activation of the contact system in vivo. In particular, contamination of
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pharmaceutical heparin with an over-sulfated chondroitin sulfate led to serious adverse effects in
patients receiving heparin therapy, from excessive contact activation.**® Activation of fXIl and kallikrein,
and cleavage of HK, all occur in patients with anaphylaxis, and are accompanied by increased levels of

heparin.'*®

Regulation of the contact pathway

The plasma protease inhibitor, C1-inhibitor, is a crucial regulator of the contact pathway,
inhibiting fXlla, kallikrein, and fXla, as well as several members of the complement cascade. Inhibitory
activity is potently enhanced by the binding of glycosaminoglycans. C1-inhibitor is a member of the

150

serpin superfamily.”™ It is a heavily glycosylated protein of 478 amino acids, with an apparent molecular

weight of about 104 kDa and a normal circulating plasma concentration of approximately 1.8 uM. Since
Cl-inhibitor is an acute phase protein, the plasma concentration can be markedly higher with

inflammatory conditions.™

The contact pathway in disease
Activation of the contact pathway in vivo leads to release of the vasoactive peptide bradykinin.
The importance of this pathway is clearly indicated by the clinical manifestations in patients with

hereditary angioedema. These individuals experience intermittent episodes of edema and pain due to

151

dysregulation of the contact pathway, usually caused by deficiency of C1 inhibitor.”" Contact activation

also occurs in sepsis and other infectious causes of systemic inflammatory response syndrome,”* > in

which continued generation of fXlla and kallikrein can deplete zymogen levels.***

Although the contact pathway is not required for normal hemostasis, recent evidence indicates
that it contributes to thrombotic disorders. Deficiency of fXll is protective against thrombus formation in

155, 156

both arteries and veins in animal models, and increased plasma fXII, fXI, or kallikrein activity is
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associated with atherosclerosis®® or myocardial infarction. Individuals with severe fXI deficiency

159

have reduced risk of stroke.™” In animal models of thrombosis, fXIl deficiency decreases formation of

160 161

arterial thrombi™" and protects the animals from ischemic brain injury.” Activation of the contact

120

pathway in vivo via intravenous administration of RNA,"*° or polyP** triggers pulmonary embolism in

animal models. And finally, inhibitors of polyP are antithrombotic in arterial and venous thrombosis

models in mice, with reduced bleeding side-effects compared to heparin.**> 1°% 3

Recent advances in anticoagulant therapies

As our understanding of the myriad processes involved in the initiation of coagulation in
mammalian blood continues to grow, so does our understanding of the complex relationship between
hemostasis and pathological thrombosis. Under the original assumption that these processes were
inseparable, it made sense to target the most important enzymes in the final common pathway of blood
coagulation.

Heparin-based anticoagulants are one of the oldest clinically used anticoagulant agents. The
main anticoagulant effects of heparins are mediated by a template effect that enhances the binding of

%% |t’s short half-life in plasma and

the natural anticoagulant protein antithrombin to fXa or thrombin.
strongly anticoagulant nature (due to binding some of the most central coagulation proteases) has made
unfractionated heparin. Unfortunately, only a small subset of the heparin molecules within a given dose
are active,'® and the binding of heparin to many different proteins can result in complexes that induce

168 the most well-known of which is heparin induced thrombocytopenia.*®’

severe immune responses,
There have been recent advances in developing low-molecular weight heparins either by size

fractionation or chemical synthesis that have less immunological complications than unfractionated

heparin,® ** but these molecules still carry extensive bleeding risk, and also are unable to be reversed
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by protamine, the only FDA approved heparin reversal agent for use to treat heparin-induced bleeding
during surgery, treatment for acute coronary syndromes (i.e. heart attack), or dialysis.**’
Warfarin is one of the most common anticoagulants proscribed today for prophylactic

Y0171 1t acts by disrupting the formation of

treatment of patients at risk for venous thromboembolism.
the GLA domains of factors VII, 1X, X, and prothrombin, which impairs their ability to bind to
procoagulant membrane surfaces and is essential to their function. One of the drawbacks to warfarin
therapy however is that the anticoagulant state of the patient must be closely monitored, and issues of
patient compliance and monitoring can cause wide variation in the real world risks and efficacies of
warfarin anticoagulation.'’? Recently, a new class of orally bioavailable small molecule inhibitors of
either fXa or thrombin have emerged as potentially safer methods for prophylactic anticoagulation, but
their cost effectiveness and efficacy are still being compared in clinical trials.”

Classical anticoagulant drugs are some of the most widely prescribed medications today, even
with the knowledge that they necessitate straddling a sharp line between too much anticoagulation (risk
of bleeding) and too little anticoagulation (risk of thrombosis)."”* Recent advances in our understanding
of the role of the contact pathway in thrombosis has led to the intriguing possibility that drugs that
inhibit initiation of the contact pathway may be effective antithrombotics with little or no bleeding side
effects.

For example, a novel human monoclonal antibody targeting the active site of fXlla developed via
phage display has recently been shown to inhibit venous and arterial thrombosis during both

experimental injury and extracorporeal circulation (ECMO) in animal models.**®

This antibody was just as
effective as heparin without the concurrent risk of bleeding, and the fact that it specifically targets fXlla
rather than both the activated and zymogen forms of this enzyme means that it can be effective at

much lower doses than inhibitors that bind to the zymogen and inhibit activation. Another exciting

anticoagulant therapy based on inhibiting the contact (and thrombin-feedback) pathway relies on using
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antisense oligonucleotides to inhibit the biosynthesis of fXI. This method has shown to be safe and
effective in rabbits,"’> primates,'’® and even humans.””’ These oligonucleotides specifically target fXI
mRNA and cause its degradation, leading to a dose-dependent decrease in fXI levels and resulting in

decreased risk of thrombosis with less risk of bleeding compared to conventional therapeutics.

Concluding remarks

Inhibition of the contact pathway as a method of anticoagulation not only carries less risk of
bleeding than current therapeutics, it also has the potential to reduce the often damaging connections
(mediated by the fXlla/kallikrein/bradykinin pathway) between coagulation and inflammation in human
disease. Such novel anticoagulation approaches therefore have the potential to expand the health
benefits of antithrombotic therapy to a much wider set of patients (who would otherwise be at severe
risk of bleeding from conventional therapeutics) in a safer and more effective manner than is currently
possible. Though research in human blood coagulation has a long and successful history, novel research
in the mechanisms of thrombosis and hemostasis continues to reveal surprising and exciting insights

into human biology that have the potential to save lives.
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CHAPTER 2: POLYPHOSPHATE ACTS AS A NOVEL PROCOAGULANT AND PROINFLAMMATORY
MEDIATOR®

General introduction to polyphosphate

PolyP is a highly anionic, linear polymer of orthophosphate residues held together by high-
energy phosphoanhydride bonds. It is an ancient molecule found in all three domains of life, but whose
functions have largely been investigated in microorganisms.*** PolyP is often stored inside cells in
complex with high concentrations of Ca®*, Na*, Zn*", and other cations in small, spherical, acidic,
electron-dense subcellular compartments called acidocalcisomes.*” These polyP-rich compartments
have also been known over the years as volutin granules, metachromatic granules, or polyP bodies.'”®
PolyP chains found in these granules can be anywhere from dozens to many hundreds or even
thousands of phosphate units long.'”® The discovery that the dense granules of human platelets are
actually a form of acidocalcisome and contain high concentrations of polyP (with chain lengths of 60-100
phosphates long)™* has sparked an increasing interest in the role of this ancient molecule in human
biology.

The largest body of literature concerning polyP deals with its role in the physiology of

prokaryotes and unicellular eukaryotes. In bacteria and yeast, polyP is synthesized in a reversible

134

enzymatic reaction from ATP,” and is degraded by endopolyphosphatases (which cleave in the middle

of polyP chains) and/or exopolyphosphatases (which release phosphates processively from the ends of

180

polyP chains).”™ A number of functions for polyP have been identified in microbes, including roles in

181,182 183,184

metabolism and survival of nutrient deprivation, protection from heavy metal toxicity, and

185

acting as a molecular chaperone for protein folding.” PolyP has also been shown to be essential for

pathogenicity of certain infectious microorganisms through varied mechansims.'#*8

® This chapter has been adapted from a review article originally published in the educational supplement to the
20" Annual Congress of the European Hematology Association, and used in accordance with the publisher’s
copyright privileges for publication in a dissertation thesis. Full Citation: Travers RJ, Smith SA, Morrissey JH. Novel
concepts for coagulation activation. Hematology Education. 2015; 9(1):57-61.

18



Compared with our knowledge of polyP in the microbial world, much less is known about roles
of polyP in higher organisms, although this is now changing. Early studies in rats and mice showed that
polyP of varying sizes can be found in varying concentrations and chain lengths in almost all tissues and
subcellular fractions in mammals.**® Roles for polyP in mammalian cells have been identified in energy

metabolism during respiration in mitochondria,'®® bone mineralization by human osteoblast-like cells,™®

and apoptosis of human plasma cells."*

PolyP has also been shown to have important procoagulant and
proinflammatory effects in mice and humans. While we are gaining a better understanding of some of
the roles of polyP in mammalian cells in vivo, a detailed understanding of the mechanisms of the
production and degradation of polyP in mammals has not yet been elucidated. The first hints about the
mechanism of production of polyP production in mice were recently revealed however, when it was
shown that knocking out the enzyme inositol hexakisphosphate kinase 1 severely decreases polyP levels

in platelets, suggesting a link between biosynthesis of highly phosphorylated inositol derivatives and

polyP production and/or storage.'®

PolyP is a novel procoagulant mediator

The blood clotting cascade can be triggered via two pathways: the tissue factor pathway, and
the contact pathway. The tissue factor pathway is essential for normal hemostasis, and also plays roles
in a variety of thrombotic diseases.'” The contact pathway, however, has long been a mystery in the
world of hematology, since the best-known activators of the pathway are non-physiologic substances
like glass, clay (kaolin), or diatomaceous earth.? Furthermore, the contact pathway is dispensable for
hemostasis, since humans or mice that completely lack factor XII have no bleeding tendency.’®* Recently

however, physiologic anionic polymers such as long-chain polyP,***

DNA in neutrophil extracellular traps
(NETs)™ and extracellular RNA™ have been shown to trigger the contact pathway by promoting the

activation of factor Xll and the plasma kallikrein system. Different requirements regulate the abilities of
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these anionic polymers to trigger clotting via the contact system, including specific nucleic acid

196 141

structures for RNA™" and polymer length for polyP (longer chains are far more effective).”" In fact, on a
weight basis, long-chain polyP is orders of magnitude more potent at activating the contact pathway
compared to non-physiologic clotting activators previously used in contact activation studies.'*
Activation of the contact system by long-chain polyP can be strongly proinflammatory, in a manner
dependent on factor Xll activation and release of bradykinin from high molecular weight kininogen.***
These studies suggest that pathophysiologically relevant anionic polymers like polyP may contribute to
coagulation and inflammation through activation of the contact pathway during conditions like infection
or tissue damage.

Another mystery surrounding the contact system is that while the complete absence of factor
X1l in humans results in no bleeding tendencies,'* patients with severe factor XI deficiency have
clinically significant bleeding diatheses, usually as a result of injury or surgical procedures, and especially

in tissues with high fibrinolytic potential such as mucous membranes.™’

A potential explanation for the
role of factor Xl in normal hemostasis was uncovered when it was shown that thrombin can back-
activate factor X to Xla,"® but observing meaningful rates for this reaction in vitro necessitated
supraphysiologic amounts of thrombin and factor XI. The discovery that some coagulation proteins,
including thrombin and factor XI, bind to immobilized polyP in vitro'* led in turn to the discovery that
platelet polyP causes an approximately 3000-fold increase in the rate of back-activation of factor Xl by
thrombin, allowing this reaction to occur at physiologically relevant concentrations of thrombin and

factor XI.*%°

Even more recently, platelet polyP was also shown to enhance the rate of factor V activation
to Va by factor Xla,”® providing another link between polyP, the contact system, and hemostasis.

Some of the earliest studies into the procoagulant nature of polyP revealed that it can serve as a
cofactor for the back-activation of factor V to Va by both thrombin and factor Xa, one result of which is

essentially complete abrogation of the anticoagulant activity of tissue factor pathway inhibitor (TFPI).**
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The importance of these amplification reactions can been seen in the fact that adding polyP can correct
prolonged clot times in whole blood samples treated with either heparin or direct oral anticoagulants as

well as plasma samples from patients with hemophilia A or B.**

Another consequence of polyP-
mediated amplification of coagulation is that clots formed in the presence of polyP are more resistant to
fibrinolysis.”*® Subsequent studies have shown that polyP also directly alters the structure of fibrin clots,
increasing fiber thickness and strength and making fibrin more difficulty for fibrinolytic enzymes to

141, 202, 203

digest. Fig. 2.1 illustrates the various ways in which polyP and other anionic polymers have

been shown to modulate novel procoagulant activities within the traditional coagulation cascade.

PolyP’s role in the connection between inflammation and coagulation
Recent investigations into the connections between coagulation and inflammation have shown
that nucleic acids and polyP may play greater roles in pathological coagulation (i.e. thrombosis) than in

204 Recent advances using real-time fluorescent imaging of clot formation

normal hemostatic processes.
in vitro and in vivo have revealed that while a dense core of fully activated platelets are necessary for
hemostasis, excessive contact factor activation and platelet stimulation from the release of dense
granule contents like calcium, ADP, and polyP can cause the propagation of excessive coagulation that
eventually leads to thrombosis and vessel occlusion.’® One example of this is that mice lacking factor XII
show no bleeding abnormalities (as expected from their human counterparts) but are protected from
venous and arterial thrombosis, suggesting that while the contact system is unimportant for hemostasis,

%0 Our growing understanding of the

it plays a significant role in thrombosis and inflammation in mice.
differences between hemostasis and thrombosis and the role of molecules like polyP in the interplay

between the two processes allows for the possibility of exciting new therapies that are able to target

thrombosis with decreased bleeding risks compared to conventional anticoagulants.
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In addition to its procoagulant activity, exposure to polyP induces NF-kB activation and
leukocyte adhesion in endothelial cells, °® and polyP is secreted from activated mast cells.'*®
Furthermore, histones complexed with polyP activate platelets via toll-like receptors 2 and 4, with
greater potency than histones or polyP alone.”®” Our growing appreciation of the role of polyP as a
mediator between coagulation and inflammation is consistent with the concept of platelets as

modulators of both innate and adaptive immunity.?*® >

Sepsis and disseminated intravascular

coagulation, which are the leading causes of death in the intensive care unit,”*° are prime examples of
diseases where the connection between widespread platelet activation, inflammation, and coagulation
leads to significant mortality. Novel therapeutic strategies targeting the coagulation-inflammation axis

therefore have potential usefulness for treating both pathological thrombosis and thrombo-

inflammatory disorders.

New diagnostics and therapeutics based on polyP-mediated coagulation and inflammation

Research into the role of polyP in the biology of mammals has been somewhat hindered
because in general mammalian cells contain lower total amounts of polyP than prokaryotes and single-
celled eukaryotes, and many techniques for identifying and purifying polyP from biological samples are
more suited to working with high concentrations of long-chain polyP. One of the main challenges of
working with polyP is that its ubiquity and simple structure leave it intractable to many of the standard
biochemical assays. While there are numerous (often debated) methods for quantifying polyP from

biological samples®™* or staining polyP for fluorescent microscopy,™*®

these techniques are often most
suited to single cell types with relatively high concentrations of polyP. Adapting these techniques to
human tissues is a complex and laborious process, but it promises intriguing insight in polyP’s effects on

human biology in vivo. One of the first examples of this would be an in-depth investigation of the polyP

levels of localization in various human tissues. Early reports of the quantification of polyP in various
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mammalian tissues have revealed the fact that both long chain and short chain polyP are widespread in
mammalian tissues, with the highest levels being found in the brain, heart, and lungs, followed closely

138

by the liver and kidneys.”™ The presence of long chain polyP in the brain is especially intriguing, because

intracranial hemorrhage is an extremely deadly condition that has been shown to be dependent on

212 As our understanding of the

inflammatory processes similar to those that can be enhanced by polyP.
complex mechanisms between polyP, coagulation, and inflammation, we will continue to need more
sensitive and accurate methods for studying its presence in tissues and biological samples during normal
physiological and pathological processes.

To that end, a method for the sensitive measure of polyP levels and localization in normal
human tissues would give us a starting point for examining the role of polyP in prothrombotic or
proinflammatory disease states. For example, it is possible that various disease states (in addition to the
aforementioned dense-granule storage disorders) could be accompanied by changes in polyP
concentration, chain length, or storage. Diagnostics that could quantify polyP in human samples might
provide additional information about the disease state of a particular patient. Steadily increasing
interest in the role of polyP in mammalian cells and rapidly advancing techniques for chemically modify
polyP hold exciting promise for future elucidation of the various roles of this ancient molecule in our
modern understanding of mammalian biology.

Polycationic compounds have been shown to be effective in inhibiting the interaction between
polyP and coagulation enzymes in vitro, and in mouse models they have shown efficacy as

antithrombotics with reduced bleeding side effects compared to heparin.'®®

Inhibition of polyP-
mediated amplification of coagulation might therefore be a therapeutic target for interrupting

thrombosis without the bleeding risk that comes from conventional anticoagulant drugs that inhibit

essential enzymes of the classical coagulation cascade.
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Current hemostatic agents, especially those designed to treat internal bleeding, are based upon
recombinant proteins that are expensive to produce on a large scale and have relatively short shelf lives
once reconstituted. PolyP, on the other hand, is already made in industrial quantities cheaply, and is
very stable under appropriate storage conditions. PolyP-based hemostatic agents are therefore an
intriguing possibility for treating bleeding disorders. Recently, silica nanoparticles functionalized with
polyP have been shown to be more effective than polyP alone in enhancing coagulation,”* providing
proof of principle for polyP based hemostatic agents in the future. In particular, injectable polyP-based
nanoparticles could provide extremely important therapeutics for incompressible hemorrhage (i.e.
internal bleeding), especially if the potential pro-inflammatory effects of polyP could be mitigated by
chemical modification or chain-size optimization and/or targeting the nanoparticles directly to the sites
of injury.

The discovery of polyP in platelets and its multi-faceted role in coagulation and inflammation
contributes to our evolving understanding of the complex role of coagulation enzymes, both within and
outside of the mechanisms of normal hemostasis. These discoveries open the door to research into
future diagnostics that enhance our understanding of polyP’s role in human biology. PolyP is also both a
potential drug target and potential therapeutic agent, for treating deadly disorders of bleeding,

coagulation, and inflammation.
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CHAPTER 3: VISUALIZING POLYPHOSPHATE
INTRODUCTION

As our understanding of the vascular system continues to evolve, it is becoming increasingly
clear that there are some important differences between the processes of normal hemostasis and
pathological thrombosis.?** PolyP is a newly discovered link between inflammation and coagulation,
acting to accelerate many clotting reactions and providing a surface for the activation of the Factor XlI-

1 The discovery of the role of platelet polyP in human

bradykinin pathway of inflammation.
pathophysiology has led to a recent burst of interest in the possible roles of this ancient molecule in
other cells and tissues. Unfortunately, most classical biochemical assays and imaging agents are
designed to be used with proteins or nucleic acids, which have distinct structures and are amenable to
enzymatic modifications. There have been many attempts to develop assays to purify and image polyP
in mammalian cells and tissues, but most of them have either relied on radioactive phosphate and/or
used extraction techniques that are not efficient enough for low amounts and small chain lengths of
ponP.138’ 211
Some advances have been made in developing polyP visualization techniques however,
including using a purified recombinant polyP-binding domain of E. coli exopolyphosphatase (PPXbd) as a

136215 These studies rely on detection

surrogate “primary antibody” to visualize polyP in fungi and cells.
techniques based on antibodies against various recombinant “tags” on the PPXbd to visualize polyP.
Ideally, biotinylating the PPXbd protein would provide a simpler and more direct method of visualizing
polyP in cells and tissues via streptavidin-conjugated fluorescent dyes. Unfortunately, direct
biotinylation of proteins is almost always based on an amine-reactive chemistry, and this method of
biotinylation results in a PPXbd protein with a much lower affinity for PPXbd (data not shown), probably
due the fact that there are multiple lysines (which are biotinylated via amine reactive chemistry) in the

polyP binding pocket of PPXbd which are presumably important for binding to the anionic polymer.?*® In
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order to circumvent these issues, | have created a site-specific biotinylated version of PPXbd based upon
AviTag technology (Avidity LLC) that retains full polyP binding ability and can be used to
immunofluorescently label polyP in a variety of cells and tissues. This study details the validation of
polyP-specific staining in cells and tissues via a mixture of biotinylated PPXbd and streptavidin-
conjugated dyes and provides some examples of new findings concerning the localization of polyP in

mammalian cells and tissues revealed by this sensitive and specific staining technique.

METHODS
Production, purification, and biotinylation of PPXbd

A synthetic gene containing the AviTag biotin acceptor peptide in place of the previous 6xHis tag
was cloned into a previously described PPXbd plasmid®™ using Ncol and Xbal (performed by Epoch Life
Sciences). This plasmid was then transfected into BL21-DE3 cells (New England Biolabs). 1.4 mL of an
overnight culture of transfected BL21-DE3 cells was added to 1 L of NYZ media and once the ODgyg
reached 0.4-0.6, PPXbd production was induced overnight at 15°C by the addition of 400 uM (final
concentration) IPTG. The cells were then pelleted and lysed, and PPXbd was purified on amylose resin
according to the manufacturer’s instructions (New England Biolabs). Purified PPXbd was then
biotinylated at the biotin acceptor peptide sequence with the BirA ligase kit according to the

manufacturer’s instructions (Avidity LLC).

RBL-2H3 cell staining
RBL-2H3 cells were purchased from ATCC. They were grown in MEM with glutamine,
supplemented with 15% fetal bovine serum, 100 IU/mL penicillin/streptomycin, and 1 mM sodium

pyruvate at 37 °C with 5% CO,. All staining procedures took place at during passages 2-6.
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Cells were seeded onto sterile 22 mm glass coverslips placed in 6-well plates at a concentration
of at 2x10° cells per well and allowed to attach overnight. Adherent cells were washed twice with saline
and then fixed with 4% paraformaldehyde in PBS for 30 minutes at room temperature. They were then
washed three times with TBS (100 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% NaNs) and permeabilized by
incubation with 0.2% triton X-100 in TBS for 30 minutes at room temperature. Next, cells were washed
three times with TBS and incubated with recombinant yeast exopolyphosphatase (1 pg/mL diluted in 60
mM Tris-HCl pH 7.4, 6.0 mM MgCl,, 0.05% NaNs) or buffer alone for one hour at 37 °C. Then, cells were
washed 2 times with TBS and endogenous biotin was blocked according to manufactures instructions
(Endogenous Biotin Blocking Kit, Thermo Scientific). Cells were washed twice again with TBS and
incubated with 5% BSA in TBS plus 0.05% Tween-20 for 30 minutes at room temperature. Finally, cells
were incubated with a mixture of 40 pg/mL PPXbd-biotin and 10 pug/mL streptavidin-conjugated Dylight
650 (Thermo Scientific) for 2 hours at room temperature in the dark, then washed and mounted on

slides with ProLong Gold Mounting Media (Invitrogen).

Blood vessel staining

Freshly harvested (unfixed) and snap-frozen aortas from C57BL/6J mice cut to 5 um sections and
mounted on positively-charged slides were purchased from Zyagen. The slides were stored at -80 °C
until use. For staining, the slides were removed from -80 °C and fixed with 4% paraformaldehyde for 30
minutes at room temperature. They were then permeabilized, digested, and stained according to the
same protocol as the RBL-2H3 staining above. The only modification was the use of 10 ug/mL rather

than 1 ug/mL exopolyphosphatase in the digestion step to account for the larger tissue size.

RESULTS

Biotinylated PPXbd can be used to detect polyP in mast cell acidocalcisomes
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To investigate whether site-specifically biotinylated PPXbd could be used to image polyP in
acidocalcisomes within cells known to contain polyP, we used a combination of biotinylated PPXbd and
streptavidin-conjugated Dylight 650 in a one-step staining procedure. Images of RBL-2H3 cells stained
with biotinylated PPXbd (Fig 3.1 A,B) are nearly identical to images of RBL-2H3 cells stained by PPXbd
and detected by secondary antibody,"*® and the staining is not present when either the samples are
incubated with streptavidin conjugated dye alone (Fig 3.1 C,D) or when the samples are pre-digested

with a polyP-specific yeast exopolyphosphatase (Fig 3.1 E,F).

PPXbd staining reveals substantial polyP in blood vessel adventitia

As a first step in using biotinylated PPXbd to study polyP localization in other potential tissues of
interest in the circulatory system, we obtained frozen sections of normal mouse aortas and stained
them according to the same protocol as was used to stain polyP granules in the RBL-2H3 cell line.
Stained aortas revealed robust polyP staining in the adventitia, which is absent after pretreatment of the

samples with exopolyphosphatase (Fig 3.2).

DISCUSSION

The recent burst of interest in studying the role of polyP in higher organisms has been
hampered by a lack of polyP-specific methodologies. Here we present a novel biotinylated version of the
recombinant polyP binding PPXbd protein. This protein is easy to produce in large quantities and the fact
that it is site-specifically biotinylated via the AviTag peptide sequence makes it ideal for sensitive,
specific, and replicable detection of polyP in cells and tissue samples.

The polyP staining pattern in RBL-2H3 cells stained via pre-mixed biotinylated PPXbd and
streptavidin-conjugated fluorescent dye gave an almost identical pattern as previously published PPXbd

staining techniques using a multi-layered PPXbd/anti-epitope tag/secondary antibody approach,**
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suggesting that the biotinylated PPXbd performs just as well as unmodified PPXbd in binding to polyP.
The fact that pre-treatment of samples with an exopolyphosphatase completely abolished the staining
further suggests that the biotinylated PPXbd specifically stains polyP rather than other anionic polymers
like RNA, DNA, or heparin in the concentrations used in these protocols.

This study also reveals the presence of polyP in the adventitia of large arteries, which to our
knowledge is the first report of polyP localization in blood vessels. The presence of abundant polyP in
mouse aortic adventitia suggests novel exciting roles for polyP in hemostasis and thrombosis. One
interesting note is that the pattern of polyP distribution in the adventitia looks remarkably similar to
staining for tissue factor in adventitial fibroblasts.® The presence of large amount of polyP localized near
tissue factor suggests that it is possible that polyP works to accelerate the clotting process during
vascular injury. This could help explain why a complete lack of polyP leads to deficiencies in both
thrombosis and hemostasis in mice,™® although the fact that polyP inhibitors seem to target thrombosis
much more heavily than hemostasis'® suggests that the role and mechanism of action of adventitial
polyP could be different than platelet polyP. Investigations of the size and concentration of the polyP
found in adventitial cells will also be useful in determining the role of this new source of polyP in
physiology and in potential pathological conditions such as vascular injury or atherosclerosis.

While this study has been mostly concerned with the validation of polyP staining by biotinylated
PPXbd and some new insights in the localization of polyP in the circulatory system, there are obviously
many exciting future avenues of research with this technique. One would be an overall survey of normal
mouse and human tissues to determine the extent and relative abundance of polyP in various cells,
tissues, and organs. Next, there is the question of whether the amount of polyP in cells and tissues
changes in states of infection, inflammation, cancer, or any other number of pathological states, which
could give us an idea of potential therapeutic roles and/or side effects of polyP-inhibitor based

therapeutics.'® Finally, while the studies mentioned here have focused on the use of biotinylated PPXbd
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as a method for staining polyP in cells and tissues, there are many other possible uses for a biotinylated
polyP binding protein in research into the role of polyP in biology. For instance, the biotinylated PPXbd
could possibly be attached to an agarose resin and used to purify polyP from biological samples, or it
could be used with enzyme-conjugated streptavidin in an ELISA style assay to specifically detect polyP
captured from biological samples by some other method. As our knowledge of and interest in the role of
polyP in biology continues to grow, so too will the “toolbox” of polyP detection, quantification, and

modification methods, such as with the novel biotinylated PPXbd protein described here.
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CHAPTER 4: INHIBITION OF POLYPHOSPHATE AS A NOVEL STRATEGY FOR PREVENTING
THROMBOSIS AND INFLAMMATION®
INTRODUCTION
Polyphosphate (polyP) is a linear polymer of inorganic phosphate residues that is widely present

131

in biology.”" Of particular interest to hematology, polyP accumulates in many infectious

135 136

microorganisms™* and is secreted by activated human platelets** and mast cells.**®* Work from our

laboratory and others has shown that polyP is a potent procoagulant, prothrombotic, and pro-

121, 139, 214

inflammatory molecule, acting at 4 points in the clotting cascade: it triggers clotting via the

139, 141, 217 139 202, 203

contact pathway, it accelerates factor V activation,5 ~ it enhances fibrin clot structure,
and it accelerates factor XI back-activation by thrombin.**°

The ability of polyP (especially, long-chain polyP of the type found in microorganisms**") to
trigger clotting via the contact pathway is interesting in light of an elegant series of studies that have
shown that the contact pathway is important for thrombosis but dispensable for hemostasis.*** 6% 218 219
We therefore hypothesized that polyP inhibitors might act as novel antithrombotic/anti-inflammatory
agents with reduced bleeding side effects. Raising antibodies against polyP is unlikely to be successful
because of the ubiquity of polyP and its simple structure. Phosphatases, such as alkaline phosphatase,
can digest polyP,"*" '* but they take time to act and may degrade other phosphate-containing
molecules in addition to polyP. In this study, we identify a panel of polyP inhibitors including cationic
proteins, polymers, and small molecules. We report their effectiveness as anticoagulants in vitro and as
antithrombotic and anti-inflammatory agents in vivo using mouse models. We also compare the
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effectiveness of these polyP inhibitors against the procoagulant activity of RNA™" and the anticoagulant

activity of heparin. This study therefore provides proof of principle for polyP inhibitors as novel

© This chapter has been adapted from a research article published in the Journal Blood and used in accordance with
the publisher’s copyright privileges for publication in a dissertation thesis. Full Citation: Smith SA, Choi SH, Collins
JN, Travers RJ, Cooley BC, Morrissey JH. Inhibition of polyphosphate as a novel strategy for preventing thrombosis
and inflammation. Blood. 2012;120(26):5103-10.
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antithrombotic/anti-inflammatory agents that are directed against a unique target in the blood clotting

system.

METHODS
Materials

Reagents were from Sigma-Aldrich unless otherwise noted. Long-chain synthetic polyP
(marketed by Sigma-Aldrich as “phosphate glass, water insoluble”) was differentially solubilized as
previously described.'* Its polymer lengths ranged from ~50-1500 phosphates, with a modal length of
650 phosphates,** and its endotoxin content was 1.6 x 10 units/pg polyP (by Limulus assay; Charles

River Laboratories). Biotinylated long-chain polyP was prepared as described.'*

All polyP concentrations
in this paper are given in terms of the concentration of phosphate monomers (monomer formula:
NaPQs). Other supplies included human platelet factor 4, antithrombin, plasma kallikrein, factor Xa, and
a-thrombin (Enzyme Research Laboratories); human factor Xl (Haematologic Technologies); pooled
normal plasma (George King Bio-Medical); and Sar-Pro-Arg-p-nitroanilide (Bachem). Recombinant polyP-
binding domain from Escherichia coli exopolyphosphatase (PPXbd) was produced as described.'
Liposomes made by sonication had 10% phosphatidylserine, 40% phosphatidylethanolamine, and 50%
phosphatidylcholine (Avanti Polar Lipids). Recombinant human tissue factor was relipidated as

described.?”

Inhibition of polyP binding to thrombin
Other than the high-throughput screens, thrombin binding to immobilized biotinylated polyP in
streptavidin-coated, 96-well microplates was performed essentially as previously described.'* Briefly,

35nM human thrombin was incubated with candidate inhibitor in 20mM HEPES NaOH, pH 7.4, 50mM
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NacCl, 0.1% BSA, 0.05% Tween-20, 0.05% NaN; for 1 hour in wells containing biotin-polyP. After washing,

thrombin was quantified by cleavage of 400 uM Sar-Pro-Arg-p-nitroanilide (Bachem).

High-throughput screening assay

High-throughput screens were conducted at the High-Throughput Screening Facility (HTSF) at
the University of lllinois. High-binding 384-well plates (Corning) were coated overnight at room
temperature with 50 uL/well of 10 ug/mL avidin (Invitrogen) in water, then washed twice with 100
pL/well of TBS 50mM Tris-HCl buffer, pH 7.4, 100mM NaCl, 0.05% NaNj3) containing 0.05% Tween-20.
Biotinylated polyP was then immobilized on the wells (and, in the process, the wells were
simultaneously blocked with BSA) by incubating the wells for 3 hours at room temperature with 50
pL/well of 20 uM biotin-polyP in TBS plus 1% BSA and 0.05% Tween-20. The wells were washed twice
with 100 uL/well of 1M LiCl, followed by 2 water washes. Each well then received 60 uL of storage buffer
(50mM Tris-HCl buffer, pH 7.4, 0.05% NaN3), and the plates were stored at room temperature until
needed. Thrombin-binding assays were performed by removing the storage buffer and dispensing 50
pL/well of 40nM bovine thrombin (BioPharm Laboratories) in 20mM HEPES-NaOH buffer, pH 7.4, 50mM
NaCl, 1.4mM CaCl,, 0.5mM MgCl,, 0.05% Tween-20, 0.05% NaNs, 0.1% BSA. The wells then received
100-nL aliquots of compounds to be tested. (To decrease the number of plates screened, 5-7
compounds were pooled (always within libraries) and added per well, at 100 nL of each compound per
well. Final concentrations in test wells were 1 pg/mL of each compound for the Chembridge compounds,
or 2 uM of each compound for the NCI/Marvel/HTSF compounds.) Some wells received no compounds,
which served as reference wells for the level of thrombin bound in the absence of any inhibitor. The
plates were incubated for a minimum of 30 minutes (maximum of 3 hours) at room temperature, after
which they were washed thrice. Each well then received 50 uL/well of 0.4mM chromogenic thrombin

substrate (Sar-Pro-Arg-pNA) diluted in 20mM HEPES-NaOH buffer, pH 7.4, 0.05% NaNs. The wells were
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incubated for 1.8 hours at room temperature, after which the reaction was quenched with 25 uL/well of
0.1N HCI, and the absorbance at 405 nm was quantified. (Control experiments indicated that the rate of
chromogenic substrate hydrolysis remained linear over the 1.8-hour time course, under the conditions

tested.)

Compound libraries screened

Detailed descriptions of all 4 of the libraries screened in this study are available at HTSF web site
(http://scs.illinois.edu/htsf/compound_collections.html), including comprehensive structural
information files for the compounds in each library, readable by the ChemBioFinder program. The
libraries screened in this study, which together included ~175,000 compounds, were: (1) ChemBridge
MicroFormat Library (~150,000 compounds); (2) HTSF House Library (~4,700 compounds); (3) Marvel
Library (~10,000 compounds); and (4) NCI Library, composed of (a) Open Set (~8000 compounds), (b)

Diversity Set (~2,000 compounds), and (c) Natural Products and Challenge Set (~300 compounds).

Inhibition of heparin-catalyzed inactivation of factor Xa by antithrombin

Antithrombin (120nM), unfractionated heparin (1.5 x 10" units/mL), and candidate inhibitor
were incubated at room temperature for 2 minutes with 4.6 nM human factor Xa in 30mM HEPES NaOH,
pH 7.4, 100mM NaCl, 0.1% BSA. Factor Xa activity was quantified by hydrolysis of 250 uM Spectrozyme
Xa substrate (American Diagnostica) and converted to percent heparin activity by reference to a

standard curve.

Plasma clotting assays
Plasma clotting times were quantified at 37°C using a STart4 coagulometer (Diagnostica Stago).

Contact pathway tests used final concentrations of 33% plasma, 25 uM liposomes, 41.7mM imidazole,
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pH 7.0, and 8.33mM CaCl,. Contact activator, inhibitor, and liposomes were mixed with prewarmed
plasma for 3 minutes; then clotting was initiated with CaCl,. Activator concentrations were selected to
give 80- to 100-second clotting times: 10 pg/mL long-chain polyP, 10 pg/mL kaolin, 100 pg/mL
diatomaceous earth, or 100 pg/mL polyguanylic acid (RNA). Tissue factor clotting tests used 30pM

relipidated tissue factor.

Whole blood thromboelastometry

Human blood studies, conducted in accordance with the Declaration of Helsinki, were approved
by the University of Illinois Institutional Review Board. Thromboelastometry was performed using
ROTEM (Pentapharm) with supplied software (ROTEM Gamma Version 1.1). Non-anticoagulated whole
blood was collected via venipuncture (discarding the initial 3 mL) from normal human donors, then
immediately transferred to the supplied plastic cups (280 pL per cup) and thoroughly mixed with 20 pL
candidate inhibitor in TBS plus either 20 pL 1.7mM long-chain polyP in TBS or tissue factor reagent (Ex-
tem, Pentapharm). Final concentrations were 82% whole blood, 0 or 100 uM polyP, and inhibitor as

indicated.

In vivo thrombus formation

Animal studies were approved by the Institutional Animal Care and Use Committee of the
Medical College of Wisconsin (venous thrombosis) or the University of lllinois (arterial thrombosis). For
venous thrombosis, electrolytic injuries were induced on exposed femoral veins of pentobarbital
anesthetized C57BL/6 mice, as described.”” Three to 5 minutes before thrombus induction, rhodamine
6G-labeled platelets (up to 1 x 10" per mouse) and Alexa-647—labeled antifibrin antibodies (10-20 pg per
mouse) were injected into the jugular vein at volumes up to 100 pL, followed by inhibitor,

unfractionated heparin (APP Pharmaceuticals) or vehicle; fluorescence imaging of the thrombus
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induction site was then recorded for 60 minutes. Data among groups were analyzed by 1-way ANOVA,
with between-group comparisons using P values calculated from posthoc Tukey test. For arterial
thrombosis, C57BL/6 male mice (6-8 weeks old) were anesthetized using isoflurane, polyP inhibitors
were injected retro-orbitally, the left carotid artery was exposed, and blood flow monitored with a
Doppler vascular flow probe (Transonic, 0.5 PSB) connected to a perivascular flow meter (Transonic,
TS420). To induce thrombosis, 2 pieces of 1 x 2-mm filter paper (Whatman GB003) saturated with
freshly prepared 5% anhydrous FeCl; in 0.9% saline were applied to the deep and superficial surfaces of
the artery. After 5 minutes, the filter papers were removed and the vessel irrigated with saline. Blood
flow was monitored from FeCl; application for 30 minutes or until occlusion, defined as no detectable

flow for 1 minute. Flow data were interpreted with LabScribe2 (iWorx Systems).

In vivo vascular leakage

Vascular leakage assays were used to quantify polyP-induced extravasation of Evans blue dye in
animal studies approved by the University of Illinois Institutional Animal Care and Use Committee. Wild-
type ICR mice (Harlan Laboratories) anesthetized with isoflurane were injected retro-orbitally with 4%
Evans blue in saline (1 pL/g body weight). PolyP inhibitors or saline were administered retro-orbitally
(contralateral eye). After 40 minutes, 3 dorsal skin locations were injected intradermally with 25 ul of
saline (negative control), 100 uM bradykinin (positive control), or 20 mM long-chain polyP. After 30
minutes, animals were killed, skins removed for punch biopsy (12-mm diameter), and Evans blue

quantified as described."! Data were compared between groups by Mann-Whitney rank-sum test.

RESULTS

High-throughput screening for polyP inhibitors
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We previously showed that polyP binds tightly to thrombin,?*? a central protease in blood
clotting. We used this interaction to develop a high-throughput screen for polyP inhibitors by first
immobilizing biotinylated polyP on avidin-coated multiwell plates, then incubating wells with mixtures of
thrombin and potential inhibitors, washing, and quantifying relative amounts of bound thrombin by
chromogenic substrate hydrolysis. Candidate inhibitors were identified from high-throughput screening
of a library of ~175 000 small molecules as well as a panel of 42 additional cationic compounds,
polymers and proteins chosen for their possible association with a polyanion like polyP. For the latter
panel (listed in Table 4.1), we hypothesized that cationic substances would bind to polyP, thereby
competitively inhibiting its interaction with clotting proteins.

Nine of the tested wells from the initial high-throughput screen of ~175 000 compounds
exhibited a ~30% decrease in the rate of chromogenic substrate hydrolysis and were therefore flagged
as containing potential inhibitors of thrombin-polyP binding. The 46 individual compounds in these 9
wells were retested singly in secondary screens to identify the actual inhibitors responsible for the
reduction in thrombin binding. The secondary screens consisted of: (1) a repeat of the thrombin-polyP
binding assay; (2) a kallikrein-polyP binding assay in which 100nM human plasma kallikrein (Enzyme
Research