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Abstract
Platelets are small, discoid, anucleate blood cells that circulate in the blood. The primary
role of platelets is to mediate various aspects of hemostasis, but platelets are also key mediators
in inflammation, host defense, and tumor growth and metastasis. In hemostasis, platelets work in
concert with the endothelium and blood coagulation enzymes to sense and respond to injury and
hemostatic challenges. Platelets elicit their functions through activation of a plethora of surface
receptors and release of a vast array of granule contents. However, there are substantial gaps in
knowledge with various abundant platelet contents with regards to their roles and interactions in
hemostasis. This thesis examines the contribution of short-chain polyphosphate (PolyP) on
clotting, inactivation of coagulation factor XIII (FXIII) by plasmin, cross-linking of amyloid beta
(Aβ) by FXIII, regulation of amyloid precursor protein (APP) processing by FXIII activity, and
the contribution of APP to hemostasis.
Short-chain polyP is released from platelets upon platelet activation, but it is not clear if it
contributes to thrombosis. In this thesis, the ability of localized polyP, as particles or on surfaces,
to clot flowing blood plasma was examined using a microfluidic device. Localized polyP of all
lengths was more effective at triggering clotting than when solubilized in solution or as
nanoparticles. In particular, surface localized short-chain polyP, previously not considered as a
hemostatic agent, was able to clot flowing blood plasma at sub-micromolar concentrations at
shear rates typical of large veins or valves, where thrombosis usually occurs. These results
indicate that platelet-length short-chain polyP can modulate thrombosis when localized onto
surfaces.
Transglutaminase FXIII circulates in plasma (bound to fibrinogen) and in platelets, and is
critical for various hemostatic and platelet functions. However, the mechanism by which FXIII
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becomes inactivated is unknown. This thesis examined the potential role of the fibrinolytic
system in the inactivation of FXIII. Plasmin preferentially cleaves and degrades the active
enzyme, FXIIIa, but not the zymogen, FXIII.
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Lay Summary
Platelets are small cells that are required to stop the flow of blood during injury. Platelets
stick to the site of injury and release various molecules to help with the blood clotting and
healing process. The function of several molecules within platelets is not clear, and identifying
their roles can be of great interest in developing tools to help stop bleeding. This thesis examines
several different abundant molecules within platelets with functions that are unclear or
ambiguous, and investigates their roles in various aspects of blood clotting. Here we show
polyphosphate released by platelets can trigger clotting, only if localized to a surface. This thesis
shows that coagulation factor XIII can be inactivated by the fibrinolytic system, but also that it
can covalently cross-link amyloid beta released by platelets. Furthermore, factor XIII can also
covalently modify amyloid beta precursor protein on platelets and modulate its processing.
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Chapter 1: Introduction
1.1.1 Thesis overview
Platelets are key players in a multitude of physiological and pathological processes,
including during hemostasis, thrombosis, inflammation, host defense, and tumor growth [1]. The
primary function of platelets is to stop hemorrhage following vascular damage, and they are
indispensable to the process [2]. Platelets circulate in the blood and can detect and respond to
vascular damage through its surface receptors and release of various bioactive granule contents
that aid in the process of hemostasis and thrombosis [2]. Many of these molecules are well
characterized and their direct roles to clotting are understood. However, traumatic hemorrhage
and uncontrollable bleeding remains a leading killer of young healthy people worldwide,
accounting for 10% of the world’s deaths [3-5]. There remains a need to further understand the
mechanisms modulating hemostasis, particularly with platelets due to their many roles within
and outside of blood clotting.
Platelets are an attractive area of research as they contain and release a plethora of
surface proteins, receptors, small molecules, bioactive lipids, proteins, peptides, hormones,
growth factors and other biologically active molecules [6]. Platelet releasate and mass
spectrometry proteomics analysis has extensively categorized these molecules; however, several
platelet molecules still have no clear physiological or pathophysiological functions in
hemostasis. For platelet molecules with unknown or ambiguous roles that are released upon
platelet activation, it would not be unsurprising for their biological roles to be in relation with
clotting, as it is the primary platelet role. As such, the focus of this thesis was to investigate the
novel functions and interactions of several abundant platelet proteins and molecules with unclear
roles in hemostasis and thrombosis. Specifically, this thesis examines and explores novel
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interactions and roles of platelet-length polyphosphate, coagulation factor XIII, amyloid beta,
and amyloid beta precursor protein. All of which are contained in high concentrations within
platelets, and released or externalized upon platelet activation following vascular injury.

Figure 1.1 Thesis overview of examined questions.
2

The overarching theme of this thesis is then to identify novel functions in hemostasis in
relation to each of these abundant platelet components. Each of these molecules have been
extensively studied, however, their specific roles in hemostasis have been difficult to decipher
likely due to their multifaceted and typically disparate functional plurality. Each specific
question in the figure above come together to further our understanding of platelets in hemostasis
and pathophysiological processes: 1) Does localization of polyP enhance coagulability? 2) What
is the mechanism of inactivation of FXIIIa? 3) Is Aβ a substrate for FXIIIa? 4) Does FXIIIa
modify APP? 5) Does APP play a role in hemostasis? In addition, these specific questions lend
themselves in illuminating current gaps in knowledge regarding various pathophysiological
processes. For example, question 1 can also help our understanding of polyP mediated
thrombosis in humans, as well as develop novel targets and therapies against unwanted
thrombosis. Question 2 furthers our understanding of the effect of fibrinolysis on antifibrinolytics, and is relevant in various coagulopathies which include hyperfibrinolysis.
Questions 3-5, which are the bulk of this thesis, maintains an effort to address several longneglected aspects of platelet biology and molecules historically only appreciated in the context of
the brain in Alzheimer’s disease. These last questions in particular are aimed to further
strengthen the relationship and overall appreciation of the links between Alzheimer’s disease
pathology and various aspects of hemostasis.
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1.2

Rationale and objectives

1.2.1 Examine the role of platelet polyphosphate in thrombosis
Polyphosphates (polyP) are inorganic linear polymers of phosphate residues which are
ubiquitous in nature [7]. Long-chain polyP (hundreds to thousands of residues long), generally
found in microbes, is a potent activator of clotting via the intrinsic pathway [8, 9]. By contrast,
short-chain polyP (60-100 residues long) is found in high concentrations in platelet dense
granules and released upon activation, but do not appear to trigger clotting at physiological
concentrations [10]. The different propensities of short- and long-chain polyP to trigger clotting
is likely due to the ability of long-chain polyP to spontaneously aggregate into particles, thereby
increasing its local concentration [10]. Thus it is unclear if there is a physiological role for shortchain polyP released by platelets in thrombosis [11].
In chapter 2, I determined spatial localization of short-chain polyP increases its
propensity to trigger clotting. Numerical simulations predicted the effect of localization of polyP
under flow. Microfluids were used to test this prediction in vitro. Surface localized short-chain
polyP was evaluated for its ability to trigger clotting at various shear rates, compared to
solubilized short-chain polyP.
1.2.2 Identify the mechanisms of inactivation of coagulation factor XIII
Coagulation factor XIII (FXIII) is a transglutaminase that cross-links fibrin and other
proteins to seal and strengthen the blood clot [12]. In addition to regulating clot stability, FXIII is
also abundant in platelets and modulates several platelet functions [13]. The synthesis,
localization, and activation of FXIII have been well characterized [13]; but a clear physiological
mechanism of inactivation has remained elusive. Activated FXIII (FXIIIa) is a promiscuous
transglutaminase [14], and presumably systemic unregulated circulation of activated FXIIIa
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would result in deleterious effects. As fibrin and FXIII are co-localized at the site of clotting[13],
a candidate for the inactivation of FXIII is plasmin, which is normally tasked with degrading
fibrin [15]. This was previously ruled out [16], but these studies were extended to further
evaluate how the fibrinolytic system regulates FXIIIa inactivation.
In chapter 3, I determined plasmin degrades FXIIIa, while unactivated FXIII is resistant.
The rate of proteolytic cleavage was quantified, and the primary cleavage sites were determined
to further characterize the reaction. Both plasma and platelet FXIIIa were tested for their
sensitivity to plasmin degradation. Situations during the hemostatic process where this reaction
might be relevant were assessed.
1.2.3 Examine the role of FXIIIa in cerebral amyloid angiopathy
Cerebral amyloid angiopathy (CAA) is a common pathological hallmark of Alzheimer’s
disease, where amyloid beta (Aβ) peptides deposit along the cerebrovascular lumen and lead to
degeneration and dysfunction of the surrounding tissue [17]. The mechanism of Aβ deposition in
CAA has not been determined [17], however FXIIIa has been found to co-localize with Aβ in
CAA deposits [18]. Additionally, platelets are implicated in AD progression and contain both
FXIIIa and Aβ, which are externalized/released upon platelet activation [19]. However, the
ability of FXIIIa to cross-link Aβ has not been demonstrated.
In chapter 4, I determined the ability of FXIIIa to covalently cross-link Aβ. The kinetic
parameters of the reaction were quantified in a purified system using a spectrometric assay. The
ability of FXIIIa to cross-link Aβ to other blood and platelet proteins was evaluated.
Furthermore, the ability of platelet FXIIIa to cross-link Aβ was determined. The effects of
FXIIIa-mediated Aβ cross-linking on the mechanical properties of clots was assessed. Finally,
the cross-linking of various Aβ mutants relevant in AD progression was examined.
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1.2.4 Examine interactions between platelet amyloid precursor protein and FXIIIa
Amyloid beta precursor protein (APP) is a type 1 transmembrane protein that can be
proteolytically processed to generate several metabolites including Aβ and soluble forms of APP
[20]. APP is highly expressed in the brain, but platelets also contain an abundant source of
circulating APP [21]. Platelets APP is primarily stored in alpha granules, and can be processed
into metabolites and released upon platelet activation [22]. The physiological function of platelet
APP is not well understood. Aβ, a primary metabolite of APP, co-localizes with FXIIIa in CAA
plaques [18]. . However, whether FXIIIa can modify full-length platelet APP or its other
metabolites has not yet been evaluated.
In chapter 5, I evaluated novel interactions between platelet APP, its metabolites, and
FXIIIa. Binding of platelet FXIIIa and APP was evaluated at different platelet activation states
using co-immunoprecipitation and mass spectrometry. The effect on FXIIIa biology in the
presence or absence of APP was assessed in mouse platelets. The processing of platelet APP was
evaluated in the presence or absence of FXIIIa activity. Finally, the ability of FXIIIa to crosslink soluble forms of APP was determined.
1.2.5 Examine if amyloid precursor protein plays a role in hemostasis
While APP is abundant in platelets, its physiological role in hemostasis is not clear.
Platelet APP contains a Kunitz-type protease inhibitor (KPI) domain that potently inhibits
several coagulation factors in vitro [24]. APP and its metabolites also have several procoagulant
roles in vitro, promoting thrombus formation, platelet adhesion, platelet activation, and
resistance to fibrinolysis [25-28]. Some in vivo studies in mice have demonstrated the
anticoagulant function of platelet APP in certain situations, but there are discrepancies in the data
[29, 30]. The role of APP in hemostasis was further evaluated by examining hemostasis in
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multiple mouse models, by selectively inhibiting several aspects of coagulation, and by
analyzing coagulation in blood ex vivo.
In chapter 6, I identified a bleeding phenotype in mice deficient in APP. Blood loss in
APP KO and WT mice were measured in liver laceration and tail transection models of
hemorrhage. Blood loss was also measured in tail transection in mice treated with various
modulators of coagulation, to determine the mechanism of the bleeding phenotype. Whole blood
collected from APP KO and WT mice were also evaluated by thromboelastography to further
investigate clotting differences in APP KO blood.
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1.3

Background Information

1.3.1 Hemostasis
Hemostasis is the balance between procoagulant and anticoagulant factors, and the
process of preventing blood loss by formation of a hemostatic plug at the site of vascular
damage. The endothelium of blood vessels serves as an important anticoagulant surface to
maintain the fluid state of blood in the absence of vascular damage [31]. However, if the
endothelium is damaged, components of the subendothelium become exposed to blood, which
activates a cascade of reactions with results in a stable blood clot primarily composed of
platelets, fibrin, and red blood cells, at the site of injury [31]. Blood clotting, or coagulation, is
primarily divided into 3 stages: 1) Primary hemostasis, or formation of a platelet plug via platelet
aggregation, 2) Secondary hemostasis, formation and deposition of an insoluble fibrin network
via activation of the coagulation cascade, and 3) Tertiary hemostasis, which initiates at the start
of fibrin cross-linking and ends with fibrinolysis, or clot dissolution [32].
1.3.1.1 Primary Hemostasis
Primary hemostasis refers to platelet activation and aggregation at the local site of
vascular damage and results in the formation of a platelet plug. Primary hemostasis is initiated
within seconds following endothelial injury [31]. Inactive von Willebrand factor (vWF)
circulating in the blood binds to newly exposed subendothelial collagen [32]. Under high shear,
vWF monomers unfold and polymerize onto immobilized vWF-collagen by binding head-tohead and tail-to-tail to form vWF multimers or strands of 500 to 20,000 kDa in size [33]. The
formation of vWF multimers exposes binding sites for high affinity binding of platelets to vWF
via glycoprotein receptor Ib (GPIb), as part of the GPIb-V-IX receptor complex, even at arterial
shear rates, which results in the deposition of a monocellular platelet layer [33]. At lower venous
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shear rates, platelets can bind directly to exposed collagen via GPIa/IIa and GPVI [34, 35]. This
initial process constitutes platelet adhesion to the site of vascular damage.
Following initial adhesion of platelets to collagen and vWF, platelets become activated
and facilitate recruitment of additional platelets to induce platelet aggregation [36]. Upon
activation, platelets undergo morphological changes and extend interlocking pseudopodia to
enhance mechanical strength of the growing thrombus [37]. Platelets also release their granular
contents, most notably adenosine diphosphate (ADP) and thromboxane A2 (TxA2), which act in
an autocrine and paracrine manner to further amplify platelet activation in addition to activating
nearby circulating platelets [38, 39]. Platelet activation also leads to conformational changes in
GPIIb/IIIa, allowing the receptor to bind plasma fibrinogen [40]. Platelet aggregation now occurs
through platelet-to-platelet linkages (via activated GPIIb/IIIa and fibrinogen), which leads to
further platelet activation, granule release, and recruitment/aggregation of nearby circulating
platelets [40]. Feedback activation allows for a rapidly growing platelet plug directly at the site
of injury, and completes the final phase of primary hemostasis.
1.3.1.2 Secondary Hemostasis
Secondary hemostasis consists of the activation of the coagulation cascade which results
in the deposition of an insoluble fibrin matrix around and among platelets which serves to
strengthen the growing thrombus [41, 42]. This process occurs simultaneously with primary
hemostasis and platelet aggregation [41, 42]. Secondary hemostasis is initiated when circulating
factor VII (FVII) binds to subendothelial tissue factor (TF) [32]. TF is abundantly expressed on
extravascular tissues as a transmembrane protein but is absent on endothelial cells [43]. Although
some trace amounts of FVIIa (activated factor VII) circulates in blood, most circulates as the
proenzyme FVII [45]. Once FVII binds to subendothelial TF, it undergoes autocatalysis to an
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active serine protease, FVIIa [45]. The TF-FVIIa complex, termed the extrinsic pathway of
coagulation, is a potent activator of FIX and FX [43]. FIXa can also activate FX to FXa in the
presence of its cofactor FVIII [46]. FXa also in the presence of its cofactor, FV, binds to an
anionic phospholipid membrane surface to form the prothrombinase complex, which converts
prothrombin to the active serine protease thrombin [46].
Thrombin is a central mediator of several critical functions in coagulation. Thrombin
converts soluble circulating fibrinogen into insoluble fibrin [47]. Fibrin monomers self-assemble
noncovalently throughout the growing thrombus to form a matrix of fibrin protofibrils which
provide initial mechanical strength [47]. Thrombin also converts essential cofactors FV and
FVIII to their active forms, FVa and FVIIIa respectively, which greatly enhances the conversion
of prothrombin to thrombin [32]. Thrombin also converts FXI to FXIa, which in turn activates
FIX to FIXa, and in concert with FVIIIa generates the prothrombinase complex [48]. This latter
FXIa mediated positive feedback of thrombin generation is termed the intrinsic pathway and is
critical for clot propagation. The intrinsic pathway of coagulation can be triggered directly by
activation of FXII, which can activate via autocatalysis upon binding to a negatively charged
surface [49]. The resulting FXIIa converts plasma prekallikrein (PPK) to kallikrein (PK), another
activator of FXII [49]. Together, FXIIa and PK can activate additional FXII in a positive
feedback fashion, and FXIIa can initiate clotting by activating FXI.
Additionally, thrombin activates FXIII to FXIIIa which is essential for stabilizing fibrin
[47], and is referenced during tertiary hemostasis in the following section. The final critical role
of thrombin during secondary hemostasis is to activate platelets via cleavage of proteaseactivated receptor 1 and 4 (PAR1 and PAR4), which is the most potent activator of platelets [50].
It is important to note that the stated functions of thrombin do not happen sequentially, but occur

10

simultaneously. The cascade of reactions triggered by thrombin during secondary hemostasis
serves to propagate and strengthen the growing clot by the generation of the fibrin matrix among
other stated roles. The growing thrombus also captures a significant amount of red blood cells
(RBCs) which contribute to the structural integrity and mass of the thrombus [51]. Stable
cessation of blood loss is typically established at this time.
1.3.1.3 Tertiary hemostasis/fibrinolysis
Tertiary hemostasis is the final phase of hemostasis and typically referred to as
fibrinolysis, or the resolution of the thrombus. Tertiary hemostasis begins with covalent crosslinking of adjacent fibrin monomers by the active transglutaminase FXIIIa. The cross-linking of
fibrin monomers and other stabilizing factors to the clot strengthens the thrombus and prevents
early lysis of the clot [52].
Concurrent to the clot initiation and propagation (primary and secondary hemostasis) are
the negative regulators of coagulation (discussed in detail in the next section) which over time
become a dominant force and negatively regulates thrombosis. Fibrinolysis is one such negative
regulator and is initiated with the conversion of plasminogen to the active serine protease
plasmin, which in turn can degrade fibrin and lyse the clot [53]. Plasmin is generated from
tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) [53].
tPA is the most potent activator of plasminogen and is released from damaged endothelial cells
and binds to fibrin on lysine binding sites and catalyzes the conversion of plasminogen to
plasmin [54]. uPA activates plasminogen to a lesser extent by binding to the uPA receptor
(uPAR) on the surface of cells [55]. The lysis or degradation of the clot by plasmin generates
fibrin degradation products (FDP) which is an indicator of thrombosis and active clot lysis [56].
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Fibrinolysis, as in other aspects of coagulation, is tightly regulated to prevent
uncontrolled thrombosis as well as premature clot lysis. Negative regulation of fibrinolysis
occurs at several levels. Plasminogen activator inhibitors 1 and 2 (PAI-1 and PAI-2) directly
inhibit tPA and uPA, and α2-antiplasmin inhibits plasmin [54]. Additionally, thrombin activated
fibrinolysis inhibitor (TAFI) negatively regulates fibrinolysis by removing fibrin lysine residues,
which impairs the binding and localization of plasminogen, plasmin and tPA at the site of the
clot [57].
1.3.1.4 Negative regulators of coagulation
As discussed earlier, negative regulation of coagulation, to prevent unwanted thrombus
formation, is just as important as positive regulation of coagulation to prevent unwanted
bleeding. The endothelium is a dynamic organ, and though it secretes procoagulant vWF, the
endothelium also serves many essential functions to downregulate coagulation [31]. The intact
endothelium serves as a natural barrier to coagulation by preventing the contact of blood to
subendothelial procoagulant proteins [31]. Endothelial cells produce prostacylcin and nitric
oxide which serve as vasodilators and inhibitors of platelet adhesion and aggregation [58].
Furthermore, endothelial cells express a membrane-associated ADPase (CD39) on their surface
which degrades platelet agonist ADP [59].
The endothelium also executes several anticoagulant activities to regulate thrombin
generation. Endothelial cells express heparin sulfate proteoglycans (HSPGs) on their surface
which bind to circulating antithrombin (AT) and enhance the rate at which AT inhibits thrombin
among other coagulation enzymes [60]. Tissue factor pathway inhibitor (TFPI), expressed by
endothelium and megakaryocytes, binds to HSPGs and directly inhibits the TF-VIIa complex
[61]. Potent inhibition of thrombin is mediated by thrombomodulin and endothelial protein C
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receptor (EPCR), both expressed by endothelium and localized on the cell surface [62].
Thrombomodulin binds thrombin and inhibits the procoagulant activity of thrombin and instead
converts the thrombomodulin-thrombin complex into an activator of protein C (PC), generating
activated protein C (APC) [63]. APC and its cofactor protein S (PS) inhibit coagulation by
inactivating cofactors FVa and FVIIIa [63]. EPCR enhances this reaction by binding PC and
facilitating its binding to the thrombomodulin-thrombin complex [63]. Interestingly through this
mechanism, thrombin is converted from a potent procoagulant to an anticoagulant and facilitates
degradation of cofactors it initially activated. The final negative regulator of coagulation is
fibrinolysis, which is also mediated by endothelial cells, and has been already discussed above.
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1.3.2 Platelet Physiology
Platelets are small (1 to 3 µm in diameter), discoid, anucleate blood cells that circulate at
a concentration of 150 x 109 to 400 x 109 cells/L [64]. Platelets are released directly into the
blood following fragmentation of pseudopodial structures extending from megakaryocytes, in
either the bone marrow or lung circulation [65, 66]. Once in circulation, platelets have an
average lifespan of 7 to 10 days before being cleared by the reticuloendothelial system in the
liver or spleen [64]. Besides their established role in hemostasis and thrombosis, platelets are key
players in several processes including inflammation, atherogenesis, antimicrobial host defense,
and tumor growth and metastasis [67]. These functions are mediated through activation of
surface receptors and adhesion molecules through various signaling pathways and release of
granule contents.
The surface of platelets is home to various receptors and glycoproteins (GPs) used to
detect and respond to an array of stimuli. The most abundant of which are integrin αIIbβ3 (GP
IIb/IIIa), GPIb-V-IX complex, GPVI, and GPIa/IIa, which are all primarily involved in the
hemostatic function of platelets such as platelet activation, adhesion, and clot retraction [68]. The
platelet surface is also studded with openings of a complex network of surface-connected
membrane channels which extend inwards referred to as the open canalicular system (OCS) [69].
The major functions of the OCS are to mediate transportation of substances into platelets by
endoctytosis for packaging into granules, as well as to mediate transport of substances (primarily
granule contents) out of the platelets upon activation [69]. A further function of the OCS is to
provide membrane necessary for platelet spreading upon activation [70, 71].
As platelets are anucleate, they have limited capacity to synthesize proteins and derive
their granule contents from packaging via megakaryocytes during platelet formation, and by
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direct uptake of plasma proteins by mature circulating platelets through the OCS [69, 72]. αgranules are the most numerous organelles in platelets and contain both membrane-associated
and soluble proteins [67]. Some of the components of α-granules relating to hemostasis and
thrombosis include GPVI, integrin αIIbβ3, vWF, fibrinogen, thrombospondin, FV, prothrombin,
FXI, TFPI, protein S, and plasmin(ogen) [72, 73]. The second most abundant secretory vesicles
are dense granules, which are less numerous and contain small molecules such as ADP, ATP,
GDP, serotonin, histamine, pyrophosphate, polyphosphate, magnesium, potassium, and calcium
[67, 72, 74, 75]. The regulation and release of these components executes the multiples roles of
these dynamic and critical blood cells.
1.3.2.1 Platelets mediate hemostasis
The main function of platelets is to mediate hemostasis following vascular injury [68].
Normally platelets circulate in an inactive state, not interacting with the endothelium. However,
upon vascular injury the subendothelial extracellular matrix (ECM) becomes exposed to blood,
which allows platelets to bind molecules such as collagen, vWF, laminin, fibronectin,
vitronectin, and thrombospondin via different surface receptors [76]. The binding of platelets to
the subendothelium follows a coordinated process of tethering, rolling, activation, and firm
adhesion. At high shear rates (>1000 s-1), platelets bind vWF multimers bound to collagen via
GPIb, and at low shear rates (<1000 s-1) platelets primarily bind directly to exposed collagen
through GPVI and GPIa/IIa [34, 35]. Also at low shear, platelets can directly bind ECM proteins
fibronectin via integrin α5β1 and laminin via α6β1 [77, 78].
Platelet adhesion through GPIb, GPVI, and/or GPIa/IIa receptors promotes outside-insignaling which leads to platelet activation [79-82]. Binding of ligands leads to signal
transduction which activates cytosolic phospholipase Cγ2 (PLCγ2) [83, 84]. PLCγ2 then goes on
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to hydrolyze phosphatidylinositol 4,5 bisphosphate to liberate 1,4,5 triphosphate (IP3) and
membrane bound 1,2 diacylglycerol (DAG) [85]. IP3 serves as a second messenger which leads
to the release of intracellular calcium stores from the dense tubular system [85]. The sharp
increase in cytosolic DAG and calcium concentrations results in a cascade of activation events
which include granule secretion via the OCS, exposure of phosphatidylserine, platelet shape
change, and aggregation [68]. The release of ADP, TxA2, and serotonin from granules recruit
additional platelets and enhance activation [67]. Specifically, binding of ADP to purogenic
receptors P2Y1, and P2Y12, and TxA2 to thromboxane receptor TP work in an autocrine and
paracrine fashion to amplify platelet activation, while binding of serotonin to 5hydroxytryptamin 2A receptor (5HT2A) works to facilitate the activation signal transduction
pathway [86-90]. This positive feedback loop and signal amplification further facilitates release
of cytosolic DAG and calcium which causes integrin αIIbβ3 to activate and undergo a
conformational change which allows it to bind fibrinogen and induces the ultimate step in
platelet activation, platelet aggregation [91-93].
The concomitant generation of thrombin from the coagulation cascade is the most potent
activator of platelets. Thrombin activates platelets through cleavage of PAR1 and PAR4,
inducing activation events described above which further amplifies aggregation, exposure of
phosphatidylserine, granule release and microparticle release [50, 68]. Platelets also assist in the
further generation of thrombin and hemostasis through release of calcium, polyphosphate, FV,
FXI, FXIII, prothrombin, and by providing a negatively charged surface [94, 95]. The
prothrombinase complex, consisting of FXa and FVa, assembles on the platelets’ negativelycharged phospholipid surface (termed procoagulant surface) in a calcium-dependent manner to
further amplify the coagulation cascade [96, 97]. Released platelet microparticles also presenting
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a procoagulant surface and bound TF further facilitate coagulation [100, 101]. Activation of
platelets also induces major cytoskeletal rearrangements which trigger the initial discoid shape of
platelets to extend lamellipodia and filipodia, leading to platelet spreading [102]. Cytoskeletal
rearrangements also mediate clot retraction, whereby the actin cytoskeleton and αIIbβ3 mediate
contractile forces whereby the platelet-rich thrombus physically retracts to increase the internal
density of the clot thus improving thrombus stability [102, 103].
Platelets mediate several critical functions in hemostasis and are also a major constituent
of the resulting thrombus. A stable thrombus has a complex architecture, with a dense core of
highly activated and degranulated platelets intercalated with a cross-linked fibrin network, and
an outer layer of loosely adhered and less activated platelets. The initial interaction of platelets
with exposed ECM components leads to adhesion, activation, granule release, αIIbβ3
externalization and activation, shape change, phosphatidylserine exposure, and finally
microparticle formation and release. These activation events (among others outlined above) work
together in a step-wise fashion to facilitate the role of platelets in hemostasis. And, although
platelets are the first responders to vascular injury, and mediate various aspects throughout
hemostasis, they also mediate functions such as inflammation and wound healing after a stable
thrombus has formed.
1.3.2.2 Platelet roles and functions outside of hemostasis
Beyond their critical ability to mediate several aspects of hemostasis and thrombosis,
platelets also play important roles in several processes including inflammation, host defense,
wound healing, tumor metastasis, and other pathophysiological processes [104]. Upon activation,
contents of α-granules mediate inflammatory responses by externalization of immune-specific
adhesion receptors and secretion of chemokines [72]. P-selectin translocated to the cell surface of
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platelets from α-granules facilitates recruitment and activation of monocytes, neutrophils and
lymphocyte by binding to P-selectin glycoprotein ligand-1 [105, 106]. Platelets also release
several chemokines and cytokines to modulate the immune response, such as CXCL4 (PF4),
CXCL7 and CCL5 (RANTES) which also help recruit and activate immune cells [107-109]. PF4
(platelet factor 4) in particular is one of the most abundant α-granule proteins and can induce
monocyte recruitment, activation and differentiation, and neutrophil adhesion to the site of injury
[107, 110, 111]. In addition, serotonin released from dense granules activates the endothelium
and facilitates the recruitment of neutrophils to the site of vascular damage [112]. Platelets can
also module the adaptive immune response through release of soluble CD40L, which facilitates
immunoglobulin secretion from B-cells, T-cell activation and dendritic cell maturation and
secretions [113-115].
Platelets also play a direct role in host defense. Upon activation, platelets secrete
antimicrobial peptides such as α-defensins and β-defensins [116, 117]. Platelets can also promote
clearance of pathogens by direct internalization and generation of reactive oxygen species [118].
Platelets can also detect pathogen-associated molecular patterns (PAMPS) via Toll-like rectors
(TLRs) which allows them to directly sense and communicate processes in host defense [118].
For example, the activation of TLR4 on platelets through interaction with bacteria-bound
lipopolysaccharide (LPS) induces platelet-neutrophil interactions which induces release of
neutrophil extracellular traps (NETs) [119]. NETs are negatively charged DNA-protein
complexes which can ensnare microorganisms and localize components of host defense to their
site [120]. In a similar fashion, platelets can also detect pathogens entangled within the fibrin
mesh of a thrombus and induce immune cell recruitment and NET formation [121].
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Platelets also release a plethora of growth factors, angiogenic regulators and apoptotic
regulators which mediate various aspects of wound healing [72]. These factors facilitate
proliferation and migration of smooth muscle cells (SMCs), fibroblasts, and endothelial cells to
restore the integrity of the vascular wall [122]. The release of platelet derived growth factor
(PDGF) is critical for regulating SMC proliferation and migration [123]. Release of stromal cellderived factor-1 alpha (SDF-1α) by platelets mediates migration and differentiation of
endothelial cells progenitor cells, as well as, acts as a potent pro-angiogenic factor to facilitate
sprouting and tube formation [124, 125]. Other released pro- and anti-angiogenic factors such as
vascular endothelial growth factor (VEGF), platelet factor 4 (PF-4) and endostatin work together
to regulate revascularization [122]. In addition, platelets can modulate wound healing by
releasing apoptotic regulators such as tumor necrosis factor alpha (TNF-α), CD95, Apo2-L and
Apo3-L [126].
Given the wide range of bioactive molecules released from platelets, they have also been
implicated in many pathological processes such as chronic inflammatory conditions, sepsis,
acute lung injury and cancer growth and metastasis [72]. Most notably, many platelet secretions
necessary for wound healing and tissue repair can be utilized by cancer cells to promote survival
and growth. VEGF, PDGF, epidermal growth factor (EGF), and transforming growth factor beta
1 (TGF-β1) have all been implicated in cancer stem cell survival, tumor initiation, extravasation
and tumor growth [127-129]. While release of anti-angiogenic factors such as PF-4, TSP-1, and
endostatin can inhibit cancer progression [130]. Pro-inflammatory mediators released by
platelets have been implicated in transplanted graft rejection, acute lung injury, inflammatory
bowel disease, asthma and many more pathological processes [131-134].
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1.4

Literature Review

1.4.1 Polyphosphate in coagulation
Polyphosphate (polyP) is an inorganic anionic linear polymer of phosphates, ubiquitous
in all living organisms and with a wide range of biological functions depending on the polymer
length [135, 136]. In humans, polyP is present in platelets, mast cells, and tumor cells. In
platelets, short-chain polyP (60-100 phosphate units long) is abundant in dense granules and
secreted upon activation [137]. Platelet-derived polyP can enhance hemostasis and thrombosis
through various mechanisms. Platelet-derived (short-chain) polyP accelerates FV and FXI
activation, inhibits TFPI, and inhibits fibrinolysis [138-140]. These functions of short-chain
polyP act to accelerate and enhance clotting reactions. In contrast to short-chain polyP, longchain polyP (hundreds to thousands of phosphates long) which are abundant in microbes, is a
potent activator of the contact pathway and can directly trigger clotting in a FXII-dependent
manner [141, 142]. Interestingly, recent findings demonstrate a second pool of polyP in platelets
that is retained on the platelet surface in the form of nanoparticles upon activation [143]. The
polymer length of membrane-bound polyP nanoparticles greatly exceeds that of secreted short
chain polyP, and can directly and potently activate FXII [143].
Due to the intricate involvement of polyP with hemostasis and thrombosis, polyP is seen
as an attractive therapeutic target and agent to modulate clotting. Polycationic agents have been
developed as polyP inhibitors by preventing the interaction of polyP and clotting enzymes [144].
These polyP inhibitors were shown to be thromboprotective in mouse models, with reduced
bleeding side effects compared to heparin [145]. In addition to anti-polyP based antithrombotic
therapy, polyP is also being investigated as a novel hemostatic agent. Silica nanoparticles coated
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with polyP have been shown to be a potent activator of clotting, and demonstrates proof-ofprinciple for utilizing polyP as a safe and stable hemostatic agent [146].
1.4.2 Factor XII
Factor XII (FXII, Hageman factor) is a serine protease secreted by hepatocytes as an 80kDa (596 residues) single-chain zymogen [147]. FXII circulates at a concentration of 30-40
µg/mL, with a half-life of 50-70 hours [148]. Binding of FXII to a negatively charged surface
such as DNA/RNA, NETs, polyP nanoparticles, collagen, heparin, amyloid beta (Aβ) aggregates,
or artificial surfaces (glass, kaolin) leads to activation of FXII to FXIIa (αFXIIa) [142, 148-152].
This binding promotes conformation changes and autoactivation of a small amount FXII to
FXIIa [153, 154]. The newly generated FXIIa cleaves PPK (plasma prekallikrein) to PK
(kallikrein), and PK in turn activates additional FXII in a positive feedback loop [154]. Further
cleavage of FXIIa by PK releases a 48-kDa fragment (containing the heavy-chain binding
domains) to generate βFXIIa [155].
One major function of FXIIa is to activate the pro-inflammatory kallikrein-kinin system.
Activation of PK by FXIIa leads to activation of high molecular weight kininogen (HK), and
release of the pro-inflammatory mediator bradykinin (BK) [156]. In coagulation, the primary role
of FXIIa is to activate the intrinsic coagulation pathway through activation of FXI [157]. In vitro,
the activation of FXII through anionic activators leads to thrombin generation and subsequent
clot formation [157]. However in vivo, FXII is disposable for hemostasis as individuals with
FXII deficiency clot normally and exhibit no bleeding abnormalities [158]. Instead, in vivo FXIIa
contributes to thrombus growth and stabilization [49]. Interestingly, depletion of FXII with
inhibitors is thromboprotective with little to no associated bleeding risk [159, 160]. In contrast to
FXIIa, βFXIIa which lacks the binding domain necessary for binding to anionic surfaces does

21

not activate the intrinsic coagulation pathway and is only limited to activation of PK [155, 161].
Other functions of FXII is the initiation of fibrinolysis through activation of PK-mediated uPA
activation, and activation of the classical complement pathway [162].

Figure 1.2 FXII activation pathways.

Due to its multifaceted roles, FXII mediates many pathological processes. Through
activation of the intrinsic system, FXII contributes to pathological thrombotic conditions such as
atherothrombosis, ischemic stroke, venous thromboembolism (VTE), pulmonary embolism (PE),
and cancer-driven VTE [150, 159, 163-165]. Through activation of the kallikrein-kinin system,
FXII contributes to pathological inflammatory conditions such as sepsis, rheumatoid arthritis,
anaphylaxis, hereditary angioedema, and vascular dysfunction in Alzheimer’s disease [152, 166169].
1.4.3 Factor XIII
Coagulation factor XIII (FXIII) is a protransglutaminase and the final enzyme in the
coagulation cascade with a primary role of cross-linking fibrin to stabilize blood clots. FXIII
circulates as a 320 kDa hetrotetramer (FXIII-A2B2), consisting of two catalytic FXIII-A subunits
and two regulatory FXIII-B subunits [170]. The protransglutaminase FXIII-A subunit (83 kDa)
is primarily expressed by cells originating from the bone marrow and released into circulation, or
expressed intracellularly as a dimer (FXIII-A2) in platelets, megakaryocytes, monocytes, and
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macrophages [171]. FXIII-B (80 kDa) is expressed by hepatocytes and strongly binds FXIII-A,
serving as a regulatory and stabilizing protein for the catalytic subunit [172]. FXIII (FXIII-A2B2)
circulates blood complexed with fibrinogen, through FXIII-B, which accelerates cross-linking
activity by localizing the protransglutaminase at the site of active clotting [173, 174].
Activation of FXIII consists cleavage of the first 37 residues of the FXIII-A subunit Nterminus, which releases the activation peptide (AP) and exposes the active site, generating
FXIII-A2’B2 [175]. FXIII-B2 disassociates and FXIII-A2’, and in the presence of calcium,
following a conformational change becomes an active transglutaminase, FXIIIa (FXIIIA2*)
[175]. Covalent cross-linking of molecules by FXIIIa, primarily of fibrin, consists of an acyl
transfer reaction mediated by the catalytic triad (Cys314, His373, and Asp396) of the FXIII-A
subunit [176]. The reaction proceeds by formation of a thioester bond between the catalytic
cysteine and the glutamine of the substrate, resulting in the release of ammonia [176]. Then the
acyl group is transferred from the enzyme to a primary acceptor amine, forming an isopeptide
bond between the two substrates and releasing the enzyme [176].

Figure 1.3 Activation of FXIII.

FXIIIa catalyzes the cross-linking of over 140 substrates, including fibrin, fibrinogen,
fibronectin, vitronectin, and collagen [14]. Cross-linking of fibrin, the most prominent FXIIIa
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substrate, increases clot stiffness and stabilizes the clot against premature fibrinolysis [177]. In
addition, FXIIIa can cross-link the antifibrinolytic α2-antiplasmin to the fibrin clot to provide
further stabilization [178]. Other substrates of interest include complement proteins (C3, C4b,
C5a), plasminogen, PAI-2, and TAFI, but their roles and significance remain to be investigated
[14].
FXIII is also present in high concentrations in the cytoplasm of platelets as a homodimer
(FXIII-A2) [179]. Upon platelet activation, platelet FXIII is translocated to the platelet surface by
an unknown mechanism, and can participate in cross-linking reactions [180]. Platelet FXIII can
stabilize clots by cross-linking fibrin directly, as well as antifibrinolytics into the clot [181, 182].
Intracellularly, platelet FXIII can cross-link cytoskeletal components and modulate
morphological changes of platelets following activation [183]. Platelet FXIII has been implicated
in the process of clot retraction, but due to conflicting reports the specific role of platelet FXIII in
clot retraction remains to be determined [184]. Platelet FXIII also facilitates the formation of
procoagulant coated platelets by cross-linking α-granule proteins to serotonin [186, 187].
FXIII has many roles in physiological processes outside of coagulation. FXIII plays an
important role in wound healing by enhancing adhesion of inflammatory cells by cross-linking
vitronectin and fibronectin to the wound [171]. FXIII can also promote angiogenesis by crosslinking signaling molecules on the endothelial cell surface [188]. FXIII facilitates bone
remodeling and deposition by regulating bone ECM secretions [189]. FXIII also plays a critical
role in pregnancy by stabilizing the interaction between the placenta and uterus mediated by
cross-linking between fibrin and fibronectin [190, 191].
FXIII deficiency (FXIIID) is a rare hemorrhagic disorder, with an occurrence rate of one
per two million people [192]. Diagnosis of FXIIID is difficult as routine coagulation tests such as
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bleeding time (BT), activated partial thromboplastin time (APTT), prothrombin time (PT),
thrombin time (TT), and platelet count are normal [193]. Manifestations of FXIIID include soft
tissue hematomas, recurrent miscarriages, umbilical cord bleeding, delayed wound healing, and
intracranial hemorrhage (ICH) which can be life-threatening [193]. Due to these complications,
replacement therapy using FXIII concentrates or rFXIII is necessary [194].
1.4.4 Fibrinogen
Fibrinogen is a 340 kDa glycoprotein consisting of two Aα, two Bβ, and two γ chains.
Fibrinogen is synthesized by hepatocytes and released into circulation as a homodimer at a
concentration of 2-5 mg/mL, and can exceed 7 mg/mL during acute inflammation [195].
Fibrinogen is assembled with each single chain forming a coiled-coil half molecule (Aα/Bβ/γ),
before forming a hexameric complex joined together at the N-terminus, referred to as the E
domain [196]. Extending outward from the E domain, are the two globular ends of the fibrinogen
molecule, referred to as the D domains [196].
Fibrinogen circulates blood in a soluble form until it reaches a site of active coagulation
and is converted into insoluble fibrin by thrombin. Thrombin proteolytically cleaves N-terminal
regions of the two Aα and Bβ chains, referred to as fibrinopeptide A and B respectively [197].
Cleavage and release of these fibrinopeptides exposes α- and β- “knobs” (on the E domain) that
interact with binding pockets on the D domain of the γ and β chains respectively, of another
fibrin molecule [197]. This binding conformation results in half-staggered association of fibrin
monomers into protofibrils. Further aggregation of protofibrils and self-assembly of fibrin
monomers results in branched fibers and a fibrin meshwork that is deposited at the site of
clotting [198].
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Both fibrinogen and fibrin, fibrin(ogen), have many functions inside and outside of
hemostasis. The primary role of fibrin is to deposit in and around a growing thrombus to assist in
clotting [47]. Fibrin fibers increase the mechanical strength of the clot and increase resistance to
fibrinolysis [47]. The fibrin mesh also traps RBCs into the clot, which contributes to preventing
blood loss [51]. Fibrinogen is carrier molecule for plasma FXIII, and aids in localizing FXIII to
sites of active coagulation [199]. Fibrin(ogen) mediates platelet aggregation through platelet
cross-linking by binding GPIIb/IIIa, and through this interaction also plays a central role in clot
retraction [200, 201]. Thrombin can also directly bind to fibrin, in a process termed
antithrombin-1 (AT-I), which acts to sequester thrombin and suppresses further thrombin
generation [202]. Fibrin(ogen) also plays a significant role in mediating inflammation.
Fibrinopeptides A and B act as chemoattractants for monocytes, neutrophils and macrophages
[203-205]. Fibrin(ogen) mediates migration of leukocytes through various surface receptors and
can directly induce an inflammatory cellular response through binding and activation of
leukocytes integrin Mac-1 [206]. As such, fibrinogen has been implicated in chronic
inflammatory conditions such as arthritis and multiple sclerosis [207, 208].
The stability of the fibrin meshwork and thus the clot is regulated by various
mechanisms. Covalent cross-linking of fibrin chains by FXIIIa is a major contributor to fibrin
stability [47]. FXIIIa can rapidly cross-link adjacent γ chains, forming γ-γ dimers [209]. Crosslinking also occurs between adjacent α chains (α-polymers) and between α and γ chains (αγhybrids), but at a slower rate [210, 211]. Cross-linking of fibrin chains by FXIIIa induces
branching of fibrin fibers and stabilizes the meshwork by increasing stiffness and elasticity
[212]. The outcome of these changes results in stable clots resistant to physical detachment and
increased resistance to fibrinolysis. FXIIIa can also cross-link antifibrinolytics such as α2-
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antiplasmin directly to the fibrin meshwork to increase clot stability [213]. Thrombin
concentration during fibrin formation also contributes to fibrin stability. A high thrombin
concentration results in the formation of a highly branched and dense fibrin meshwork, which
confers high stability and resistance to fibrinolysis [214]. In contrast, a low thrombin
concentration results in less dense and unbranched fibrin fibers, which are more susceptible to
fibrinolysis [214]. Clots with abnormally dense fibrin structures have been implicated with
increased cardiovascular disease risk [215-217].

Figure 1.4 Fibrinogen activation and cross-linking.

Due to the abundance and multifaceted roles of fibrinogen, fibrinogen deficiency is
associated with several prominent manifestations. Most notably, fibrinogen deficiency is
associated with mild-to-severe bleeding [218]. Intracerebral hemorrhages and gastrointestinal
bleeding are the most severe and often fatal bleeding manifestations in patients with fibrinogen
deficiency [218]. Other symptoms include impaired wound healing, spontaneous splenic rupture,
bone cysts, menometrorrhagia, miscarriage and postpartum hemorrhage [219-222].
1.4.5 Plasminogen
Plasminogen is the precursor of the major fibrinolytic enzyme plasmin. Plasminogen is
primarily synthesized in the liver and released into circulation as a mature 791-amino acid
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protein at a concentration of 200 µg/mL [223, 224]. The modular structure of full-length
plasminogen, termed Glu-plasminogen, includes a pre-activation peptide, 5 kringle domains, and
a serine protease domain [225]. Plasminogen can adopt two distinct conformations which can or
cannot be readily activated, termed open and closed respectively. Glu-plasminogen circulates in
a closed conformation and cannot be activated by tPA or uPA [226]. Upon binding of Gluplasminogen to lysine-like ligands on fibrin or cell surface receptors (mediated through the
kringle domains), Glu-plasminogen adopts an open conformation [226]. Alternatively, the active
protease plasmin can remove the pre-activation peptide on Glu-plasminogen, generating Lysplasminogen, which also adopts an open conformation [227]. Both Glu- and Lys-plasminogen in
the open conformation can be cleaved and activated by tPA or uPA to generate the active
fibrinolytic enzyme plasmin [225].
Plasmin is a serine protease with the primary function of degrading blood clots. Although
plasmin has broad substrate specificity, the primary substrate of plasmin is fibrin [228].
Degradation of fibrin-containing clots by plasmin releases previously cross-linked D-dimers into
circulation, which is a relevant biomarker for thrombosis/fibrinolysis [56]. Other substrates of
plasmin include fibrinogen, complement component 3, complement component 5, vitronectin,
factors V, VIII, and X, and aggregated proteins [225]. Plasmin can also cleave and activate
plasminogen activators tPA and uPA, which generates a positive feedback loop for further
plasmin generation [225].
Plasmin has high enzyme efficiency and a wide substrate specificity which can lead to
systemic exhaustion of various coagulation factors if it is released into circulation and left
unchecked [229]. Plasmin released from target surfaces is primarily inhibited by the serpin α2antiplasmin in a rapid and irreversible reaction [230]. Plasmin can also be inhibited to a lesser
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extent by the non-specific serpin, α2-macroglobulin [231]. Plasmin activity can be indirectly
inhibited by TAFI, which removes lysine binding sites from fibrin and other surfaces, and
reduces the rate of further plasmin activation [232]. Small molecule lysine-analogs such as
tranexamic acid (TXA) and ε-aminoprocaic acid (EACA) inhibit plasmin activation through a
similar mechanism by binding the kringle domains and preventing localization of plasmin to the
clot surface [233].
Plasmin plays many other important physiological functions outside of hemostasis, such
as in wound healing, inflammation, tumor development, and various neurological-related
processes [53]. As such, deficiency of plasmin(ogen) often manifests in the inability to remove
fibrin deposits and mediate tissue remodeling throughout various physiological processes.
Commonly, such patients develop ligneous conjunctivitis, pseudomembranous disease and
potentially occlusive hydrocephalus [234, 235]. Other manifestations of plasminogen deficiency
include pulmonary fibrosis, and exacerbation of rheumatoid arthritis [224]. Interestingly,
although fibrinolytic defects are notable in plasminogen deficient patients, there is no increase in
risk of thrombotic disorders [236].
1.4.6 Tissue plasminogen activator
The primary role of tPA is to activate plasminogen to the active protease plasmin and
facilitate dissolution of blood clots [237]. Outside thrombolysis, tPA is involved in important
physiological functions such as in cell migration, tissue remodeling, and various aspects of
central nervous system (CNS) physiology and pathophysiology [237]. tPA is constitutively
released into circulation by endothelial cells as a single-chain 70 kDa (527 amino acids) mature
protein [53]. The circulating concentration of tPA is approximately 70 pM, but local secretion
levels can be acutely increased in response to various stimuli [238]. tPA can activate
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plasminogen by cleavage of a single polypeptide chain, in a reaction that occurs 1000-fold more
efficiently in the presence of fibrin [239]. Fibrin acts as a cofactor for plasminogen activation by
providing bindings sites for both plasminogen and tPA via their kringle domains [239]. Plasmin
can in turn cleave single-chain tPA to generate two-chain tPA, which both have similar activities
in the presence of fibrin [240].
As with plasmin, the activity of tPA is regulated through various mechanisms to prevent
premature clot lysis. The three main inhibitors of tPA are PAI-1, PAI-2, and neuroserpin, a
brain-specific serpin [53]. These inhibitors rapidly bind to form irreversible complexes with tPA
to inhibit the enzyme and facilitate its clearance. These inhibitory mechanisms result in a
circulating half-life of free tPA of only 4 minutes, and 2 minutes for tPA complexed with a
serpin [241, 242]. Deficiency of tPA, unlike plasminogen, leads to increased risk of thrombosis,
particularly in the cerebrovasculature [243]. In contrast, tPA can be administered locally as a
thrombolytic therapy to recanalize a blood vessel following an obstructive thrombotic event
[244].
tPA also has many functions in CNS physiology and pathophysiology that are
independent of fibrin. tPA is highly expressed in the CNS and involved in mediating synaptic
plasticity and long-term potentiation, which are important for memory and learning [245-247]. In
addition, tPA can facilitate the clearance of misfolded protein aggregates through binding of the
cross-β structure common to aggregated proteins [248]. One such protein aggregate common to
the CNS and Alzheimer’s disease (AD) is Aβ, and tPA has been shown to modulate deposition
of Aβ, likely though activation of plasmin, which can degrade Aβ aggregates in vitro [249-251].
In line with these findings, knockdown of PAI-1 reduces Aβ burden in AD mice [252]. However,
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there are conflicting reports that demonstrate plasmin deficiency does not alter endogenous Aβ
levels in a murine model of AD [253].
1.4.7 Alzheimer’s disease and cerebral amyloid angiopathy
Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most
common form of dementia worldwide. Patients with AD suffer from impaired cognitive function
and memory formation, the severity and scope of which increases as the disease progresses
[254]. The vast majority (95-98%) of the incidence of AD are described as sporadic, while the
remaining are termed familial AD (FAD), with known etiology [254]. The neuropathological
hallmarks of AD are amyloid plaques, cerebral amyloid angiopathy (CAA), and neurofibrillary
tangles (NFTs) [254]. Amyloid plaques are extracellular aggregates of Aβ with primarily 40 or
42 amino acids (Aβ40 and Aβ42), which are generated from the metabolism of amyloid
precursor protein (APP) [20]. CAA involves the deposition and accumulation of Aβ along the
cerebrovasculature [254]. NFTs are intracellular aggregates of hyperphosphorylated tau [254].
These pathologies can coexist in different variations, but the consequences of these toxic
processes leads to neuroinflammation, synaptic dysfunction and accompanying neuronal loss
[255]. The molecular mechanisms that lead to these pathologies and eventually AD are not fully
understood, but APP and particularly its metabolite, Aβ, have been determined to be critical in
disease progression [254]. There are currently no effective treatments for AD.
APP is a type 1 transmembrane glycoprotein that is expressed highly in the brain, as well
as various extraneuronal tissues including platelets [256]. The three major isoforms of APP in
humans are APP695, APP751, and APP770 [20]. The former (APP695) is expressed in the CNS,
while the latter two (APP751 and APP770) are expressed extraneuronally (particularly in
platelets) [256]. APP can be proteolytically processed by two alternative pathways termed
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amyloidogenic and non-amyloidogenic. In the amyloidogenic pathway, APP is cleaved by βsecretase and γ-secretase to release the ectodomain soluble APPβ (sAPPβ), Aβ (typically 40 or
42 residues in length), and an intracellular C-terminal fragment (AICD) [257]. The nonamyloidogenic involves concerted action of α-secretase and γ-secretase to release the ectodomain
soluble APPα (sAPPα), peptide p3, and an identical AICD [257]. The precise physiological
function of APP and its metabolites are not yet fully understood. However in the brain, APP
appears to modulate cell growth, motility and neurite outgrowth, while Aβ regulates synaptic
scaling and synaptic vesicle release [258-261].

Figure 1.5 APP processing.

CAA is characterized as pathology of the cerebrovasculature and present in 98% of AD
patients [262]. Deposition of Aβ (primarily Aβ40) in and along cerebral blood vessels induces
degeneration of vessel wall components leading to smooth muscle cell loss which can trigger
microaneurisms and intracranial hemorrhages [263]. These pathologies lead to vascular
dysfunction and reduced cerebral blood flow which often exacerbate and aggravate other existing
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pathological processes in the AD brain [262]. The exact mechanism of Aβ deposition along the
cerebrovasculature is not fully understood, but components in the blood have been implicated
[262]. Deposition of fibrin(ogen) has been observed along with Aβ in CAA positive blood
vessels, which can encourage a prothromhotic environment and subsequent vascular dysfunction
[264]. Platelet adhesion and activation along Aβ (and fibrinogen) deposited vasculature has been
implicated in mediating the onset and progression of CAA by contributing more Aβ and a
prothrombotic state, leading to a positive feedback loop and further thrombosis and vascular
pathology [262, 265]. Furthermore, other blood components such as FXIII and thrombin have
also been identified within CAA deposits, suggesting blood components play an important role
in CAA pathology [266].
1.4.8 Amyloid precursor protein and amyloid beta in hemostasis
Beyond the functions of APP and Aβ in the brain, several interactions have been
identified for APP and Aβ in hemostasis, generally mediated by platelets. Platelets contain over
90% of circulating APP, with a copy number of 9300 APP molecules/platelet [267, 268]. In
contrast to brain-derived APP (APP695), platelet APP isoforms (APP751 and APP770) contain a
Kunitz-type serine protease inhibitory (KPI) domain [269]. Platelets also express all the enzymes
necessary to process APP (α, β, and γ-secretases) into its metabolites. About 10% of full-length
APP is retained on the plasma membrane, while the majority of platelet APP is processed into
metabolites (sAPPα, sAPPβ, and Aβ) and stored in α-granules, which can be released upon
platelet activation [270]. Platelets are considered the major source of Aβ in plasma, and have
been implicated in AD pathology [19]. The physiological function of platelet APP or Aβ is not
yet fully understood.
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Several functions of platelet APP in hemostasis have been identified, primarily through
the interaction of the KPI domain and coagulation factors. Through in vitro studies, the KPI
domain was shown to be an effective inhibitor of coagulation FXa, FIXa, FXIa, and FVIIa:TF
complex [271-274]. Further in vivo studies demonstrated platelet APP to be a negative regulator
of cerebral thrombosis in mice via the inhibitory effect of the KPI domain [275, 276]. More
recently, in a mouse model of venous thromboembolism, APP KO mice developed larger
thrombi through reduced negative regulation of FXIa [30]. In contrast to the demonstrated
anticoagulant properties, platelet APP also acts as an adhesion molecule, capable of mediating
platelet adhesion to deposited Aβ peptides and initiating thrombus formation [277].
Aβ peptides also interact with several coagulation factors and are capable of modulating
hemostasis. Aβ peptides can support platelet adhesion and directly induce activation, which
allows for more Aβ release through α-granules and promotion of a prothrombotic state [277,
278]. Aβ can trigger thrombin generation through activation of FXII and the intrinsic system
[25]. Binding of Aβ to fibrin(ogen) induces structural changes which render the clot more
resistant to fibrinolysis [28]. Stable complexes of Aβ and FXIII have been identified within
CAA, but whether Aβ is a substrate for FXIII has not yet been established [266].
Despite the many interactions of APP and Aβ with components of the coagulation
system, whether APP or Aβ contribute to hemostasis is not clear. The problem is compounded by
the rapid processing of platelet APP, and the pro- and anticoagulant effects of APP and Aβ. APP
KO mice have normal platelet aggregation, activation, and secretion [30]. However, APP KO
platelets are 20% fewer in number and slightly larger [30]. Tail-bleeding times in APP KO mice
appear to be longer compared to WT mice, but resulted in no significant increase in blood loss
[30].
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Chapter 2: Localization of short-chain polyphosphate enhances its ability to
clot flowing blood plasma
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and G.D.S. conceptualized and planned experiments; N.M., J.H.Y., and C.J.K. wrote the
manuscript; and all authors reviewed and edited the manuscript before submission. I
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2.2

Introduction
PolyP is an activator of blood coagulation through its ability to accelerate the activation

of coagulation factors XII, XI, and V [142, 154], and by abrogating tissue factor pathway
inhibitor (TFPI) function [11, 279]. Long-chain polyP (hundreds to thousands of residues long)
appears to be a much more potent activator of clotting, via activation of factor XII and the
contact pathway, than short-chain polyp [8-10]. Short-chain polyP (60-100 phosphate residues
long) is found in dense granules of human platelets and mast cells granules (acidocalcisomes)
and released upon their activation, while long-chain polyP occurs in microbes but also in some
mammalian cells, such as in prostate cancer [10, 165, 280, 281]. A characteristic of long-chain
polyP is its ability to aggregate into particles, and this spatial localization may possibly
contribute to its propensity to accelerate clotting [282]. It is less clear if there is a
pathophysiological role for polyP released from human cells in thrombosis [11]. Short-chain
endogenous polyP facilitates activation of FXII in vitro, albeit at supraphysiological
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concentrations [153]. It can also contribute to clotting in vitro under flow when tissue factor (TF)
is present [283]. It is well-known that the local concentration of activators can profoundly
influence their ability to initiate the clotting of blood [284]. Localization of polyP onto particles
also accelerates coagulation under stagnant conditions [285]. Thus, we hypothesized that shortchain polyP may be a more effective activator when spatially localized onto surfaces, capable of
accelerating clotting of flowing blood in vitro without participation of TF.
Initiation of blood coagulation is triggered when the local concentration of activators
reaches a critical threshold, upon which the proteolytic cascade amplifies the local concentration
of active enzymes to form a cross-linked fibrin mesh [286, 287]. The spatial localization of
activators to surfaces effectively increases their local concentration, allowing coagulation to be
triggered with less total amount of activator [288, 289]. Several activators have displayed this
effect of spatial localization in microfluidic models of clotting, including TF, glass, and bacteria
that activate prothrombin and factor X [290]. Flow influences coagulation in a variety of ways
and enhances the effects of spatial localization [291]. Flow continuously strips clotting factors
from catalytic surfaces, preventing activators from achieving a critical threshold and ultimately
preventing clot initiation [292, 293]. To accelerate clotting of flowing blood, greater amounts of
activator need to be localized in order to achieve a higher local concentration [294]. In this study,
we used numerical simulations and a microfluidic model of thrombosis to investigate whether
the ability of localization to enhance clotting extends to short-chain polyP in vitro under flow.
The shear rates used in this study range from low to sub-physiological (i.e. pathological) shear.
These low shear rates mimic those typical of where thrombosis occurs in large veins and valves,
such as in deep vein thrombosis (DVT) or those associated with airplane economy class
syndrome [295-300]. This microfluidic model of thrombosis enabled clotting of plasma, or lack
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thereof, to be monitored over many hours in the absence of TF. In contrast to coagulation that
occurs from acute injury to vessels, such as from puncture that exposes large amounts of TF,
thrombosis may initiate over longer periods of time and can be potentiated by factor XII [154,
301-305]. Our experiments were designed to determine if localization of physiologically-relevant
concentrations of platelet-length polyP could contribute to coagulation in vitro at low to subphysiological shear, but do they do not validate whether or not localization of platelet-length
polyP contributes to thrombosis in vivo.
2.3

Methods

2.3.1 Numerical Simulations
Thrombin generation was modeled with the Transport of Diluted Species module of
Comsol Multiphysics 4.4 by adding diffusion and convection to a previously reported kinetic
model [290]. Changes to the model included the addition of three rate equations to describe the
activity of polyP: 1) the binding and inhibition of TFPI; TFPI + polyP ↔ TFPI-polyP; kon = 4.0 x
105 M-1s-1, koff = 1.0 x 10-2 s-1, 2) the activation of factor V; V + Xa + polyP → Va + Xa + polyP;
k = 8.0 x 1012 M-2s-1, 3) the activation of factor XI; XI + IIa + polyP → XIa + IIa + polyP; k = 8.8
x 109 M-2s-1 [8, 10, 142, 279, 290]. The diffusion coefficient for all soluble species was 5 x 10-11
m2/s and the velocity profile varied with the shear rate, 𝑣𝑧 (𝑟) =

𝛾𝑤 𝑅
2

𝑟 2

(1 − 𝑅) , where 𝑣𝑧 is the

velocity in the axial direction at each radial coordinate 𝑟, 𝑅 is the cylinder radius, and 𝛾𝑤 is the
shear rate at the cylinder wall. The chemical species were flowed into a cylindrical geometry of
radius 2 mm and length 20 mm. For each shear rate, [thrombin] was sampled after the incoming
flow had displaced the channel volume 12.5 times. Both the experiments and simulations were
performed in the same mass-transfer regime (𝑃𝑒 ≫ 1 and 𝐺𝑧 > 3000).
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2.3.2 Preparing soluble polyP (D-polyP), self-assembled polyP nanoparticles (NP-polyP),
polyP-coated silica nanoparticles (SNP-polyP), and surface-immobilized polyP (SI-polyP)
To make D-polyP (dispersed polyp), polyP was solubilized and diluted first in water and
then added to citrated plasma (frozen citrated normal control plasma, Affinity Biologicals Inc.)
prior to entering the microfluidic device. NP-polyP was generated as described previously [282].
To generate polyP nanoparticles, powdered polyP was first solubilized in dH2O to a final
concentration of 1 M. The polyP stock solution was then diluted in a calcium solution (10 mM
polyP, 5 mM CaCl2, 8 mM Tris, pH 6.0) which was immediately followed by vortexing for 10
seconds, during which polyP self-assembled into nanoparticles tightly bound to Ca2+ cations
[282]. The formation and size of the nanoparticles were verified after adding them to this
calcium solution by observing the scattering intensity and hydrodynamic diameter, as measured
by dynamic light scattering (Zetasizer Nano ZSP, Malvern Instruments). NP-polyP formulations
were added and diluted in calcium-saline solution, rather than the citrated-plasma, prior to
entering the microfluidic device. The NP-polyP were stable for over 6 hr in these solutions. SNPpolyP70 were made by covalently attaching polyP70 onto silica nanoparticles as previously
described [146]. Synthetic PolyP was generated by solubilization from Maddrell salts and
biotinylated as previously described [10, 306]. Synthetic polyP has been previously
characterized, including its chain length, counterions and clotting activity [10, 282]. Long-chain
NP-polyP contained a heterogeneous preparation of very long, non-biotinylated polyP polymers
ranging from around 200mers to 1300mers, referred to here as NP-PolyP>1000. Some experiments
with SI-polyP employed heterogeneous long-chain biotinylated polyP consisting of chains 50 to
400 units in length, referred to here as biotin-polyP400. Some experiments employed fractionated

38

material of narrower sizes (polyP70 and polyP160) [10]. All polyP concentrations are stated with
respect to the concentration of phosphate monomer.
2.3.3 Preparing microfluidic devices with SI-polyP
Microfluidic devices were prepared from polydimethylsiloxane (PDMS) as previously
described [307]. Channel dimensions are listed as follows (length x width, 125 µm height for all
channels): 1.67 mm x 1000 µm (1 s-1), 3.33 mm x 500 µm (3 s-1), 5.83 mm x 286 µm (10 s-1),
8.33 mm x 200 µm (22 s-1), 12.50 mm x 133 µm (55 s-1), 16.67 mm, 100 µm (110 s-1). The
devices were incubated in saline and kept under vacuum overnight to hydrate and remove air
from the channels. Devices remained soaked in saline throughout the experiment to aid in
coating the surfaces with lipids, and to reduce convective flow during experiments in the absence
of flow. The devices were coated with phosphatidylcholine (PC) vesicles to prevent activation of
clotting on the PDMS surface. In devices that were not coated with SI-polyP, vesicles were
prepared with egg PC (Avanti Polar Lipids, Alabaster, USA) and fluorescent Texas Red 1,2Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine (DHPE) (Invitrogen) in a 99.5:0.5 molar
ratio. Lipids were extruded through a 100 nm membrane using a Lipex Thermobarrel Extruder
(Northern Lipids, Burnaby, Canada). The vesicle solution (10 mg/mL in dH2O) were flowed
through microfluidic channels at a rate of 1 µl/min for 15 min and rinsed out with saline. The
coating of PC on the channels was stable for at least 10 hours (Figure 2.1). For devices where
polyP was surface-immobilized, the channel was first coated with biotinylated lipids (1 µl/min,
15 min) and rinsed out with saline. To prepare biotinylated vesicles, 1-oleoyl-2[12[biotinyl(aminododecanoyl)]-sn-glycero-3-phosphocholine (biotinylated-PC, Avanti Polar
Lipids) was mixed with Egg PC and Texas Red DHPE in a molar ratio of 5.0:94.5:0.5 and
extruded. Next, streptavidin (100 µg/mL) conjugated to Alexa Fluor® 488 (Molecular Probes,
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Inc.) was flowed through the device (1 µl/min, 40 min) and then rinsed with saline to wash away
the unbound, excess streptavidin. Finally, a solution of biotin-polyP (50 µg/mL) and
biotinylated-polyethylene glycol (biotin-PEG) (either 0 or 99 molar equivalents to biotin-polyP)
was flowed through the device (1 µl/min, 40 min), binding to the patterned streptavidin followed
by a saline rinse, which resulted in SI-polyP being selectively patterned on the walls of the
microfluidic device shear chambers. Liposomes and saline were flowed into the device through a
combination of inlet and outlet channels to achieve laminar flow patterning, such that the parallel
streams of fluids were at low Reynolds number (<<1) and maintained sharp boundaries and
excluded the possibility of turbulent flow [308, 309]. This patterning allowed specific channel
walls of the device to be coated, either all channels in the device, the channels in the shear
chambers, or one wall of the chambers. To measure the amount of polyP, it was stained by
flowing DAPI (40 μg/mL in 15 mM Tris acetate, 300 mM NaCl, 30 mM EDTA, and 0.02%
NaN3) into the device. Thrombin generation during clotting was detected by adding 125 μg/mL
of fluorescent peptide substrate for thrombin (Boc-Val-Pro-Arg-4-methylcoumaryl-7-amide,
Peptide Institute Inc.) into normal plasma.

Figure 2.1. PC channel coverage and stability. (A) Representative time lapse images of a
channel (white dashed lines) coated with PC/Texas Red DHPE (red) with citrated normal plasma
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flowing through it. (B) Fluorescence intensities in different regions of each shear chamber. Data
indicate mean ± SEM.

2.3.4 Flowing plasma and calcium into devices and measuring clotting
Flow rates were controlled using a syringe pump (Harvard Apparatus PHD 2000) by
withdrawing solutions out of the outlets of the device at a rate of 1 µl/min. Shear rates in
different channels were controlled by the width of each channel, while the residence time of
plasma within the shear chambers were kept constant (~10 sec) by varying their respective
lengths. Tubing connected to the outlets of the device were charged with 50 µl of Egg PC
vesicles to prevent clotting from initiating in the tubing or syringes. A solution of sodium citrate
(10 mM in dH2O) was initially pulled into both inlet channels to wash out the device and further
charge the outlet tubing. Normal citrated human plasma (7 mM citrate) and calcium-saline
solution (40 mM CaCl2 and 90 mM NaCl) were simultaneously pulled into the device and mixed
at a ratio of 3:1 to recalcify the plasma, yielding a final free calcium concentration of 4-5 mM
[310]. To measure clotting times, fluorescent beads (2.5 μg/mL, Fluoresbrite Plain YG 1.0
Micron Microsphere, Polysciences Inc.), and in some experiments 125 μg/mL fluorescent
thrombin substrate, were mixed into the plasma and time-course imaging of each channel was
performed using an epifluorescence microscope (Leica DMI6000B). The fluorescent beads did
not influence clotting times (Figure 2.2). Clotting was determined by the immobilization of the
fluorescent beads and in some experiments also by the generation of blue fluorescence upon
cleavage of the thrombin substrate. In experiments where the effect of nanoparticle polyP (NPpolyP) on clotting was tested, the activators were mixed with the calcium solution prior to
entering the device. For experiments with soluble polyP (D-polyP), polyP was added to the
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plasma instead to prevent nanoparticle formation. For experiments at zero shear, normal or
congenital FXII-deficient plasma (Geroge King Bio-Medical, Inc.) and calcium were mixed
together immediately before flowing them into the device and blocking all outlets to create
stagnant plasma.

Figure 2.2. Fluorescent beads do not influence clotting. Normal recalcified plasma (with or
without beads) was flowed into the device and clotting times at zero-shear were measured by
bright-field microscopy. Data indicate mean ± SEM, n=3.

2.4

Results

2.4.1 Numerical simulations predict the localization of polyP will increase its coagulability
at low shear rates
To initially examine how localizing polyP onto surfaces affects thrombin generation, we
used a two-dimensional numerical simulation that considered diffusion, convection, and the rates
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of 41 reactions of the coagulation cascade. An established kinetic model for the coagulation
cascade was used with the addition of polyP>1000 in three reactions that were previously
characterized in kinetic assays [8, 10, 142, 279, 290]. PolyP was either spatially localized onto
the surface of a cylindrical channel or dispersed throughout its volume. Shear rates were from 1
s-1 to 110 s-1, a range that encompasses sub-physiological shear rates (< ~10 s-1) and shear rates
in the inferior vena cava, venous valves, and large veins [295-297, 311]. When polyP was
localized onto the surface of the channel with a shear rate of 1 s-1, the local thrombin burst was
782-fold higher than when an equal amount of polyP was dispersed throughout the volume (1.83
x 10-8 M versus 2.34 x 10-11 M) (Figure 2.3A). The amount of polyP in the simulations was 7.54
x 10-9 mol, which equates to 30 μM (with respect to phosphate monomer) when the total volume
of the simulation was considered. The resulting thrombin burst was a consequence of the higher
local concentration of polyP, which led to increased positive feedback from the coagulation
cascade. Simulations showed that differences in thrombin generation persisted over various shear
rates, up to 60 s-1 (Figure 2.3B). However, at a set distance, the difference decreased as shear rate
increased, because thrombin was rapidly transported down-stream.
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Figure 2.3. Numerical simulations predict localization of polyP accelerates thrombin
production at low shear rates. Two-dimensional numerical simulations of the human blood
coagulation cascade, comparing the generation of thrombin by polyP dispersed throughout a
cylindrical channel versus polyP immobilized on the channel surface. The channel was 20 mm
long with a radius of 2 mm. The overall number of polyP molecules was the same in all
simulations (7.54 x 10-9 moles). (A) Plots show [thrombin], which is the sum of concentrations
of thrombin and meizothrombin, for a two-dimensional longitudinal cut of the cylinder at 500 s
into the simulation. (B) The fold difference in the maximum [thrombin] generated in the channel
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when polyP was surface-immobilized (SI-polyP) versus dispersed (D-polyP) at varying shear
rates.

2.4.2 Surface-immobilized polyP accelerates clotting of flowing blood plasma
To determine if SI-polyP was able to accelerate clotting of flowing blood plasma,
synthetic polyP400 was immobilized onto the walls of microfluidic channels (Figure 2.4A). Half
of each chamber was patterned with biotinylated lipids followed by an excess of streptavidin
(Figure 2.4B). Biotinylated-polyP400 was then flowed through the channel, becoming
immobilized onto streptavidin. The surface concentration of SI-polyP400 was varied by diluting
biotinylated-polyP400 in a solution of biotin-PEG before coating the channel. The concentration
of polyP was determined by DAPI staining. Fluorescence intensities from known concentrations
of stained D-polyP, which was soluble and dispersed throughout the channel, were used to
generate a standard curve and used to calculate the surface concentration of SI-polyP (Figure
2.4C). The surface concentration of SI-polyP was 300 nmol/m2, and could be decreased to 60
nmol/m2 by diluting with biotin-PEG. To test the ability of patterned polyP to induce clotting,
platelet-poor human plasma was flowed through the chambers. Based on the simulation data, we
tested the lowest shear (1 s-1) as it was predicted to have the largest effect on thrombin
generation and therefor clotting. A range of shear rates are explored in later experiments. The
plasma clotted selectively on areas with immobilized polyP400 (300 nmol/m2) in 50-70 min at a
shear rate of 1 s-1. No clotting was observed over 5 hr in channels without polyP400 (Figure 2.4C
and 2.4D). All polyP concentrations are reported in terms of phosphate monomer.
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Figure 2.4. PolyP induces clotting of flowing blood plasma when localized on a surface at
sub-physiological shear. (A) Schematic of biotinylated synthetic polyP (cyan) patterned onto
the surface of half of a microfluidic channel, which induces production of thrombin and clotting
(blue) of flowing blood plasma (grey). (B) Images of fluorescent-labeled agents flowing and
patterned along one side of a microfluidic channel. Biotinylated lipids (tagged red) selfassembled on the channel wall. Non-biotinylated lipids (not tagged in these images) were
simultaneously flowed and patterned on the other side of the chamber using laminar flow
patterning. Then, streptavidin (tagged green) was flowed through and bound to the biotinylated
lipids, followed by flowing biotinylated polyP labeled with DAPI (cyan), which bound
streptavidin. A substrate (blue) for thrombin was activated, indicating initiation of clotting,
selectively on patterned polyP400 (300 nmol/m2). Scale bar is 250 μm. (C) Quantifying of the
amount of SI-polyP by measuring the fluorescence of DAPI bound to it. Channels with SI-polyP
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were compared to channels without polyP and to channels treated with polyP diluted with
biotinylated PEG. Inset is a standard curve of known concentrations of solubilized D-polyP,
which was used to calculate the surface concentration of SI-polyP in coated channels. (D) The
clotting times of normal human plasma flowing through channels coated with polyP400 at a shear
rate of 1 s-1. *p = < 0.01 compared to controls without polyP. Data indicate mean ± SEM, n = 3.

2.4.3 Measuring clot times simultaneously at various shear rates
A microfluidic system containing six regions with varying shear rates was used to
measure clot times of flowing blood plasma (Figure 2.5A). The range of shear rates was 1-110 s1

, which encompasses physiological shear rates which occur in the inferior vena cava, venous

valves, and large veins; as well as, sub-physiological shear rates (< ~10 s-1) that occur in
pathological contexts [295-298, 311]. These calculated shear rates were within 3-8% of the
values obtained by measuring the flow velocity of micro particles by florescence microscopy.
Clotting was monitored by visualizing the movement of fluorescent tracer beads specifically in
the shear chambers, which became immobilized in clotted regions, and by a fluorogenic peptide
substrate, which fluoresced when cleaved by thrombin during clotting (Figure 2.5B). To
characterize and determine the range of clot times of flowing blood plasma in the microfluidic
system, coagulation factor VIIa (FVIIa) was used, and added to plasma at a range of
concentrations (Figure 2.5C). FVIIa does not circulate in plasma in appreciable amounts
physiologically (~1% of total FVII circulates as FVIIa) [312], but is administered during severe
hemorrhage in some cases to aid in hemostasis at doses of 90 to 270 μg/kg, which roughly
corresponds to 1 to 4 μg/mL in plasma [313, 314]. In the device, plasma containing 16 μg/mL of
FVIIa clotted in approximately 20-40 min, plasma containing 4 μg/mL of FVIIa clotted in
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approximately 60 min, and plasma containing 4 ng/mL did not clot within 6 hr. Intermediate
clotting times occurred with concentrations of 400 ng/mL and 40 ng/mL and were dependent on
shear rate. Clot formation always occurred from the channel wall, crudely mimicking how
physiological thrombus formation occurs from the walls of blood vessels and is shear-dependent
[315].

Figure 2.5. The microfluidic system used to measure clotting over a range of shear rates.
(A) Schematic of the microfluidic system. Box (dashed lines) indicates the region where shear
rates were varied and clot times were measured. (B) Fluorescence images showing that clotting
was detected by the cessation of flow of tracer beads (pink) and by the cleavage of a substrate for
thrombin (blue). Scale bar is 250 μm. (C) Assessing the range of clotting times in this flow
system by adding various concentrations of FVIIa to the plasma. Data points indicate mean ±
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SEM, n = 3-4. Red circles indicate p = < 0.05 between the data points, and blue circles indicate p
= < 0.01 between the data points.

2.4.4 Short-chain polyP accelerates clot formation faster when surface-localized than
when dispersed in nanoparticles or in solution
PolyP160 was previously demonstrated to be a weak initiator of the contact pathway, but
we examined the hypothesis that spatially localizing polyP160 onto a surface (SI-polyP160) would
enhance its ability to contribute to clot formation compared to polyP160 dispersed as
nanoparticles (NP-polyP160) or in solution (D-polyP160, Figure 2.6A). With NP-polyP160 (1 µM,
250 nm diameter, Figure 2.7), clotting occurred in approximately 170 min and 200 min at a shear
rate of 1 s-1 and 22 s-1 respectively. When a similar amount of polyP160 was localized onto the
channel surface, clotting occurred significantly faster than both NP-polyP160 and D-polyP160.
Clotting initiated from the parallel channel shear chamber walls, or in areas where the channel
expanded from high to very low shear, and progressively grew outwards (Figure 2.6B). Clotting
with D-polyP160 (1 µM) was 4- to 2.8-fold slower than SI-polyP160 and 1.6- to 0-fold slower than
NP-polyP160 at all shear rates. Overall, clotting occurred fastest with SI-polyP160 than dispersed
polyP160 in either soluble or NP forms, even with 6-43 fold less SI-polyP160 in the channels.
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Figure 2.6. PolyP accelerates clotting best when spatially localized onto surfaces, compared
to soluble polyP and nanoparticles of polyP. (A) Clotting times of plasma by polyP160 at
varying shear rates, comparing three states of polyP160: solubilized, self-assembled nanoparticles,
and surface-immobilized. (B) Time-lapse images showing SI-polyP160 initiating clotting
(detected by non-flowing beads) from the channel wall (dashed lines). Scale bar is 250 μm. (C)
Comparing three states of polyP70: solubilized, surface-immobilized onto the microfluidic
channels, and immobilized onto silica nanoparticles. Clotting tendencies of plasma containing
silica nanoparticles coated with polyP70 (SNP-polyP70) compared to soluble and surface50

immobilized polyP70 under shear in the microfluidic device. (D) Comparing two states of longchain polyP: surface immobilized polyP400 and nanoparticles of self-assembled polyP>1000. (E)
Schematic summarizing the relationship between spatial distribution of polyP and the
acceleration of clotting in the above experiments. Data points indicate mean ± SEM, *p < 0.001,
**p < 0.0001, n = 3-4. Statistical analysis represents comparisons between whole curves.

Figure 2.7. Size distribution of NP-polyP160. Representative DLS data demonstrating NPpolyP160 consisting of particles with an average hydrodynamic diameter of 250 ± 65 nm.

2.4.5 Platelet-length polyP can accelerate clotting when surface-localized
The concentration of polyP is approximately 1.1 mM in platelets, where it is stored in
platelet dense granules, and can reach up to 2-7 µM in blood upon platelet activation [137, 144].
To test whether synthetic polyP similar in length to those found in human platelets can clot
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flowing blood at physiological concentrations, polyP70 was tested (Fig. 2.4C). Soluble polyP70
(D-polyP70) at 400 nM did not accelerate clotting of flowing blood plasma at the shear rates
tested. In contrast, an equivalent amount of SI-polyP70 substantially accelerated clotting, to 70
min and 160 min at shear rates of 1 s-1 and 110 s-1 respectively. The amount of SI-polyP70 used
corresponded to a surface concentration of 24 nmol/m2 and a total concentration of around 400
nM in the volume of the channel. Initiation time of clotting by SI-polyP70 was dependent on FXII
(Figure 2.8).

Figure 2.8. PolyP facilitates clotting through activation of Factor XII. Clotting times of
normal plasma and FXII-deficient plasma at zero-shear with SIpolyP70 or without (biotinylatedPC alone). Data indicate mean ± SEM, n=3.
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SI-polyP70 and D-polyP70 could not be directly compared to self-assembled nanoparticles of
polyP70 (NP-polyP70), because the solubility of polyP70 is greater than longer chain polyP, and
NP-polyP70 was not stable. Alternatively, we tested a second formulation of polyP nanoparticles,
where polyP70 was coated on silica nanoparticles (SNP-polyP70) [146]. When SNP-polyP70 was
added to plasma at varying shear, clotting occurred in approximately 70 min to 160 min at 200
µg/mL and 80 min to >360 min at 20 µg/mL. These masses of SNP-polyP70 corresponded to
concentrations of polyP70 of 6 µM and 0.6 µM, respectively, but include both polyP70 and silica.
Silica is also an activator of factor XII, so an equal comparison between SI-polyP70 and SNPpolyP70 cannot be made. Nevertheless, the clotting times of SI-polyP70 (400 nM) were
significantly faster than 20 µg/mL of a SNP-polyP70, and were nearly identical to 200 µg/mL of
a SNP-polyP70 even though there was a 15-fold lower concentration of polyP70.
2.4.6 Clotting by long-chain polyP is also enhanced by surface localization
To understand if the effect of surface localization extends to long-chain polyP, we tested
a range of concentrations of long-chain polyP either surface localized (SI-polyP400) or dispersed
as nanoparticles (NP-polyP>1000). PolyP>1000 naturally self-assembles, localizing into
nanoparticles of 150 ± 30 nm in diameter in solutions containing Ca2+ at low millimolar
concentrations [282]. It is a known activator of clotting under static conditions when dispersed
throughout plasma [11]. We compared NP-polyP>1000 to SI-polyP400, rather than SI-polyP>1000,
because surface patterning of polyP requires biotinylation of the polyP chains, and the
biotinylation procedure caused degradation of long chain-lengths of polyP. When plasma was
flowed over SI-polyP400, clotting occurred in approximately 60 min to 100 min at 7 µM and 140
min to 170 min at 1 µM at the shear rates examined (Figure 2.6D). The clot times using NPpolyP>1000 demonstrated robust shear- and concentration-dependence at 2000, 200, 20, 7 and 1
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μM. NP-PolyP>1000 was most potent at 2000 μM, initiating clotting at 60 min at 1 and 3 s-1,
although requiring 285-fold more phosphate to match the propensity of SI-polyP400 to clot
flowing plasma under the same conditions.
2.5

Discussion
Together, these data show that the spatial localization of synthetic polyP onto surfaces

affects its ability to activate clotting under flow (Figure 2.6E). Short-chain polyP polymers
(polyP160 and polyP70) greatly accelerated clotting of flowing blood plasma at low to subphysiological shear when surface-localized onto the walls of microfluidic chambers compared to
when they are dispersed (nanoparticle or soluble forms). Soluble short-chain polyP only clotted
stagnant blood (near-zero flow) in our experiments, and clotting did not occur within a span of
hours even at sub-physiological shear rates. Localization of polyP onto the surface of channels
showed the greatest activity overall. The concentration at which SI-polyP70 accelerated clotting
in vitro is well-within the range of amounts of polyP released into plasma following platelet
activation. Although it is not known if polyP localizes to cell surfaces or thrombi, or to the extent
polyP contributes to physiological or pathophysiological coagulation, it is important to identify
scenarios in which polyP could potentially elicit a role. These results propose that if polyP can
surface-localize it may contribute to clotting at sub-physiological shear following platelet
activation, but further in vitro and in vivo experiments are necessary to verify that this is a
potential mechanism.
Remarkably, comparing SI-polyP70, SI-polyP160, and SI-polyP400, to each other shows
that short-chain polyP could match the propensity of longer chain polyP to accelerate clotting
under flow. SI-polyP70 accelerated clotting to a similar extent as SI-polyP160 and SI-polyP400 with
a lower concentration of phosphate. Although clotting times were similar between them with

54

respect to surface coverage of full-length polymers. This is likely because shorter chains have
high surface coverage relative to the amount of monomer. Thus, clotting occurred faster with
both increasing surface concentration of phosphate and increasing surface coverage.
The simulations predicted the trend observed in vitro. Localization creates high local
concentrations of polyP, and in the numerical simulations this led to larger thrombin bursts due
to increased positive feedback from the coagulation cascade. The simulations included polyP
binding and inhibiting TFPI and accelerating activation of factors V and XI, which all occur in
plasma. The mechanism is likely contact system mediated as under stagnant conditions FXII
contributed to initiation of clotting by polyP, but we did not test this further in flow experiments.
It was recently shown that short-chain polyP could complex with FXII in vitro to allostericly
induce its activation at high polyP concentrations of 70-130 µM [153]. This polyP-induced
activation of FXII was enhanced in the presence of zinc ions, which is known to bind robustly to
both FXII and PolyP [11, 153]. Short-chain polyP can also contribute to clotting independently
of FXII when TF is present [283]. The results here, without TF, indicate that localization can
further increase the propensity of short-chain polyP to clot blood plasma.
There are several other proteins than FXII that could potentially bind the polyP surface
and contribute the mechanism of enhanced clotting. PolyP can bind kallikrein, thrombin, and
FXIa [306]. The binding of polyP to various coagulation factors serves as a template to localize
these proteins to a surface, thereby increasing their effective local concentration and increasing
the rate of amplification of clotting [136]. As a result, polyP can bind and accelerate the
activation of FXI by thrombin, and accelerate activation of FV by both thrombin and FXIa [316].
Furthermore, polyP can bind to fibrin(ogen), which renders a more stable clot structure and
increases resistance to fibrinolysis [316]. As such, a polyP surface may serve as a scaffold for
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fibrin(ogen) binding, which can potentially enhance deposition and accelerate clotting through
localization of not only fibrin(ogen), but also fibrin(ogen) bound proteins such as FXIII.
In these microfluidic experiments, shear rate and concentrations of either FVIIa or polyP
influenced the clotting times over several hours. The shear rates mimicked the shear rates that are
typical in large veins and valves; as well as, pathological shear which occurs it the context of
thrombosis. The reported clotting times appear very long compared to clotting times in most in
vitro, stagnant clotting assays, which occur in seconds to minutes. However, residence time of
plasma in the microfluidic chambers was only ~10 sec, with plasma being continuously
transported into and out of the chamber, and thus the rate of clotting cannot be directly compared
to stagnant clotting assays. Long clot times were possible in this device, compared to most other
flow systems, because platelet-poor plasma was recalcified on the device and because TF was
not included [317]. The observed clotting times were much slower than what is typical in acute
hemostasis and at high concentrations of TF, but they were within the time-frame that formation
and growth of thrombi occurs inside veins and regions of low shear [301-303]. Thrombosis, in
contrast to hemostasis, can involve progressive and gradual clot growth, where there is much less
TF but increased contribution of factors XI and XII [154, 318]. The clotting times measured in
this microfluidic system are more representative of clotting times that would occur during
thrombosis inside intact veins, rather than punctured vessels or stagnant clotting assays. In
addition, the shear rates used in our microfluidic model include the rates which occur in large
veins. Though platelets appear to contribute more to arterial thrombi than venous thrombi, they
also contribute to venous thrombosis [150, 319]. For example, antiplatelet drugs have also been
beneficial in treating venous thrombosis [319-321].

56

For several concentrations and chain-lengths of polyP, it was not possible to make
equivalent comparisons between SI-polyP, NP-polyP, SNP-polyP, and D-polyP, because the
chain-length and concentration are important determinants of whether polyP self-assembles into
particles or remains soluble. The solubility of short-chain polyP is greater than long-chain polyP,
but solubility also depends on the concentration of polyP and Ca2+. For example, polyP160 can be
formulated to be soluble or to form NP-polyP by varying the concentration of polyP and Ca2+
[282]. We used concentrations of polyP160 well below its limit of solubility. PolyP160 was first
dissolved into water and then diluted into plasma. When added to citrated plasma, soluble polyP
likely remained dissolved, as plasma has insufficient free divalent cations to facilitate
nanoparticle formation [282]. Once plasma is recalcified, polyP likely remains protein-bound
even in the presence of low millimolar amounts of ionic calcium, at least for the 35 sec that it is
present in the microfluidic devices (Figure 2.9) [282, 306]. In contrast, NP-polyP were formed
by precipitating polyP160 in 5 mM Ca2+, generating nanoparticles that were stable for over 6 hr,
as measured by dynamic light scattering. NP-polyP was diluted in the calcium-saline solution
that mixed with blood plasma inside the microfluidic devices to keep the nanoparticles intact.
The stability of NP-polyP in plasma is unknown; however, NP-polyP was initially prepared
under supersaturated conditions, and the solubility of NP-polyP displays hysteretic behavior
[282]. Thus, a large portion of NP-polyP, once formed, likely remained as NPs in the
microfluidic devices. Although synthetic polyP was used in these experiments, natural polyP is
also typically bound to calcium [322].
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Figure 2.9. DLS size distribution of soluble D-polyP160 and NPpolyP160 in buffer and
plasma. (A) Normal citrated plasma without polyP, which contains background intensity from
components normally in plasma. (B-C) Aggregated and soluble polyP160 respectively in HEPES
buffered saline. (D) Soluble polyP160 added to citrated plasma. (E) Preformed NP-polyP160
added to citrated plasma. (F) Soluble polyP160 was added to citrated plasma and recalcified; the
graph of panel F resembles panel D (D-polyP) rather than panel E (NP-polyP).

In summary, this work shows that spatial localization of synthetic polyP, including shortchain polyP, increases its propensity to accelerate clotting of blood plasma at low to subphysiological shear. The observed clotting times were much slower than what is typical in
hemostasis, but they were within the time-frame that thrombosis occurs inside veins, particularly
post-operative deep vein thrombi, which form over a period of days [302, 303, 323]. The
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experiments were designed solely to test if surface-localization of short-chain polyP accelerates
clot formation under flow, at venous and sub-physiological shear rates. An important observation
from this was that when localized, short-chain polyP could match the ability of long-chain polyP
to accelerate clotting. The concentration required to accelerate clotting is markedly reduced
when polyP is spatially localized onto surfaces, and to a lesser extent, into particles, even under
flow and without TF. These biophysical insights provide a potential biophysical mechanism by
which platelet-length polyP could contribute to thrombosis in regions of low shear, but further
work is required to validate if this mechanism could indeed extend to in vivo scenarios. This
effect of localization may potentially contribute to clotting at higher shear when TF is present
[283]. Although these in vitro results, in an artificial flow system, support the notion that
platelet-derived polyP could contribute to coagulation in vivo, the flow system used here does
not include many factors that normally regulate clotting, such as platelets, platelet-derived polyP,
red blood cells, immune cells, endothelium and other soluble factors. For these reasons,
appropriate in vivo models are necessary to verify whether platelet-derived polyP and its spatial
localization contributes to clot formation and thrombosis.
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Chapter 3: Coagulation factor XIIIa is inactivated by plasmin
3.1

Contribution
This research was a collaborative project published in Blood. W.S.H. conceived the idea,

designed experiments and performed experiments, analyzed and interpreted data and wrote the
paper. W.S.H. performed experiments to collect data specifically for Figures 3.1, 3.2A-E, 3.3,
3.4, 3.5, 3.7, 3.8, 3.9, 3.10, 3.10A-B and 3.11. N.M. designed and performed experiments for
Figure 3.2F, 3.6A-D, 3.10C-E, analyzed and interpreted data, and wrote the paper. I contributed
to 20% of this paper. C.J.K. helped design experiments, interpret data and write the paper.
Collaborators and undergraduate thesis students contributed to different aspects of the paper,
such as methods development (J.R.B.), performing preliminary experiments (X.J.L and H.M.B.)
and data analysis (A.S.W.).
3.2

Introduction
The coagulation system controls a polymerization process that is required to seal vascular

damage. Fibrin is quickly generated and cross-linked into a mesh of insoluble fibers by the
transglutaminase factor XIIIa (FXIIIa). Mechanisms of synthesis and activation of FXIIIa are
known [12], however the physiological mechanism of inactivation remains unclear.
Plasma FXIII (pFXIII-A2B2) consists of two catalytic A subunits and two regulatory B
subunits arranged as a heterotetramer, whereas platelets and monocytes express intracellular
FXIII-A2 without the B subunits (cFXIII-A2) [12]. During clotting, thrombin cleaves a 37residue activation peptide from the A subunit of pFXIII-A2B2. Then, in the presence of calcium,
the A subunits disassociate from the B subunits and undergo a conformational change to become
catalytically active. The active FXIIIa, also referred to as FXIII-A2*, catalyzes the formation of a
pseudo-peptide bond between a glutamine residue of one protein and a lysine residue of another
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protein, releasing ammonia [12]. Fibrin is the major substrate of FXIIIa. Self-assembled fibrin
becomes stabilized when it is covalently cross-linked to itself, the vessel wall, and to antifibrinolytic proteins by FXIIIa. In plasma, pFXIII-A2B2 circulates bound to fibrinogen [324].
Although most FXIIIa remains bound to fibrin during clot formation [325], active FXIIIa
released from the clot, such as during clot lysis, would presumably circulate systemically. While
it has been reported that FXIIIa can be inactivated by thrombin [326] or proteolytic enzymes
released by granulocytes [327], it remains unclear whether these mechanisms extend to all the
intracellular, intravascular and extravascular FXIIIa. These reports have led to the question: Are
there other mechanisms of inactivation of FXIIIa?
A long-standing hypothesis is that FXIIIa is inactivated by the fibrinolytic system, which
normally degrades the fibrin clot and associated proteins [15]. The fibrinolytic enzyme plasmin
is generated from plasminogen by activators such as tissue plasminogen activator (tPA).
Previous reports found that cFXIII-A2, cFXIII-A2*, and pFXIII-A2B2 were resistant to plasmin
degradation [16]. Here, we show that zymogen FXIII is resistant to degradation by fibrinolytic
enzymes at physiological concentrations. However, contrary to previous reports, the
enzymatically active FXIII-A2* (FXIIIa) is readily degraded by endogenous plasmin during clot
lysis.
3.3

Methods

3.3.1 Activating and degrading FXIII A and B subunits in purified systems and in blood
To generate FXIIIa, human pFXIII-A2B2 (Haematologic Technologies Inc.) was
incubated with bovine thrombin (Sigma, 400 nM, 2 U/mL) and calcium chloride (4 mM) for 30
min in HEPES-buffered saline (HBS) (10 mM HEPES, 140 mM NaCl, pH 7). Thrombin was
then inhibited by hirudin (EMD Millipore, 400 ATU/mL), and plasmin (Haematologic
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Technologies Inc.) was added to pFXIII-A2B2 or pFXIIIa (30 nM, 0.6 U/mL). For platelet
experiments, platelets (1 × 1011/L) were activated with bovine thrombin (400 nM, 2 U/mL)
before incubation with plasmin or tPA (Genentech). For plasma-based experiments, citrated
plasma was recalcified (10 mM CaCl2) and then activated with diluted Innovin (Dade Behring, 1
pM) for 30 min. Fibrinogen-deficient plasma was activated with thrombin (200 nM, 1 U/mL) to
fully activate FXIII. In control samples that were not activated, hirudin (100 ATU/mL) was
added to inhibit endogenous thrombin and thus FXIIIa generation. Tranexamic acid (TXA)
(Sigma, 7.5 mM), an inhibitor of plasmin and tPA [328], was added to specified samples before
plasmin or tPA was added. All samples were incubated at 37 C. Each experiment was repeated
at least three times. All p values were calculated by two-tailed Student’s t-test.
3.3.2 Preparing platelets
This study was approved by the research ethics boards of the University of British
Columbia, and informed consent was obtained from all healthy volunteers before whole blood
donation. Whole blood was collected into tubes containing sodium citrate (12 mM) and was
centrifuged at 100 × g for 20 min. The top 75% of the PRP fraction was collected. Platelets were
pelleted by centrifugation at 250 × g for 10 min, and washed in CGS buffer (120 mM NaCl, 30
mM D-glucose, 11 mM trisodium citrate, pH 6.5) and then in Tyrode’s buffer (1.8 mM
CaCl2,137 mM NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4, 10 mM HEPES, 5.6 mM monohydrate Dglucose, 1.1 mM MgCl2, pH 6.5). Platelets were then resuspended in Tyrode’s buffer at a final
concentration of 2 × 1011 platelets/L.
3.3.3 Western blotting
Samples were prepared as described previously [51]. All samples were reduced and boiled prior
to electrophoresis on 4-15% Mini-PROTEAN TGX gel (Bio-Rad) and transferred to a
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nitrocellulose membrane (Pall Life Sciences). Boiling the samples did not induce autodegradation of FXIIIa (Figure 3.1). After blocking with Odyssey Blocking Buffer (Li-Cor), the
membrane was incubated overnight at 4 C with the primary antibody; sheep or rabbit antihuman FXIII A (Affinity Biologicals or Thermo, respectively, diluted 1:1000), rabbit anti-human
FXIII B (Sigma, diluted 1:1000) or rabbit anti-human fibrinogen (Dako, diluted 1:50 000). The
membrane was washed with phosphate buffered saline with Tween 20 (8 mM Na2HPO4, 150
mM NaCl, 2 mM KH2PO4, 3 mM KCl, 0.05% Tween 20, pH 7.4). After incubation with the preadsorbed secondary antibody (Abcam, diluted 1:10,000), the membrane was washed and
antibody detected with ECL substrates (Bio-Rad). Membranes were stripped with a solution of
62.5 mM Tris pH 6.8, 2% SDS, and 0.7% beta-mercaptoethanol for 1 hr at 60 °C with occasional
agitation and then reprobed. The statistical significance was calculated using a two-tailed
Student’s t test. The statistical analysis was not adjusted for multiple comparisons and there is a
chance for a type I error. The current work is early experimental research and further work needs
to be done with a sample size and appropriate statistical analysis such as ANOVA and post-hoc
analysis. In addition to larger sample sizes, the work requires confirmation from plasma analysis
from different human donors, different animal species and different sexes.
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Figure 3.1. FXIII did not degrade when heat-inactivated at 95°C. FXIII was incubated with
or without a protease inhibitor cocktail (P.I.) and heated for 5 min at 95°C.

3.3.4 Identifying the plasmin-mediated cleavage site of FXIIIa
FXIIIa (10 M) was incubated with plasmin (2.7 M) at 37°C for 2 hr. The reaction was
stopped by heat-inactivating the sample at 95°C for 5 minutes. The samples were labeled on the
newly exposed N-termini using reductive methylation, trypsin-digested and cleaned [329-331].
Peptide samples were purified by solid phase extraction and analyzed using a linear-trapping
quadrupole-Orbitrap mass spectrometer on-line coupled to an Agilent 1290 Series HPLC using a
nanospray ionization source. Centroided fragment peak lists were processed with Proteome
Discoverer v.1.2 and searched with Mascot algorithm. The peptides identified as cleavage
products were those that had IonScores over the 99% confidence limit. This experiment was
repeated twice with similar results.
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3.3.5 Measuring the kinetics of inactivation of FXIIIa by plasmin
Plasmin-mediated inactivation of FXIIIa was evaluated using steady-state kinetics at
37°C. The rate of inactivation of FXIIIa was determined by measuring the transglutaminase
activity of FXIIIa via the production of ammonia. First, a calibration curve was generated that
related the concentrations of ammonia to A570 using a colorimetric detection assay for ammonia
(BioVision Inc.), monitored with a Tecan M200 plate reader. A second calibration curve was
generated that related the concentration of FXIIIa (1.6 to 78.1 nM) to the velocity of ammonia
generation. This transglutaminase assay was performed by mixing FXIIIa with an amine donor
(glycine ethyl ester, GOE, 2.5 mM), a glutamine-containing peptide (NQEQVSPLTLLK, 1
mM), DTT (40 M), and CaCl2 (3 mM). Aliquots from the transglutaminase reaction mixture
were removed and quenched every 15 min with EDTA (15 mM). Plasma FXIII-A2B2 (7.8 to 62.5
nM) was converted to FXIIIa by pretreating it with thrombin (4 U/mL) and CaCl2 (3 mM) for 1
hr to distinguish the rate of degradation by plasmin from the rate of activation by thrombin.
Thrombin was then inhibited with excess hirudin (13 ATU/mL). To this mixture, plasmin (300
nM) was added. At various time-points, aliquots were removed and plasmin activity was
quenched with a cocktail of protease inhibitors (Sigma). The velocity of inactivation of FXIIIa
was determined by measuring the residual amount of FXIIIa activity at each time point using the
transglutaminase assay with the two calibration curves. Kinetic parameters were calculated using
graphing software (OriginPro 9.1). This full experiment was repeated three times with similar
results.
3.3.6

Measuring elastic moduli by thromboelastography (TEG)
Studies were performed using normal, plasminogen-deficient, α2-antiplasmin-deficient or

fibrinogen-deficient plasma (Haematologic Technologies Inc.) and shear elastic moduli were
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evaluated at 37°C using a TEG Hemostasis Analyzer System 5000 (Haemoscope Corporation).
Inactivation of FXIIIa was evaluated during clot formation by combining 230 μL of plasma with
CaCl2 (10 mM), Innovin (2 pM), and tPA (200 pM), with or without T101 (0.8 mM). FXIIIa
inactivation was evaluated during clot lysis by initiating clotting of plasma with CaCl2 (10 mM)
and bovine thrombin (400 nM, 2 U/mL), allowing the clot to form for 30 min and then adding
tPA (800 nM). Fibrinolysis was inhibited by TXA (10 mM) at either 1 or 3 hr after addition of
tPA and the resulting plasma was added to a TEG cup containing fibrinogen (FXIII-free 1.4
mg/mL, Enzyme Research Laboratories), thrombin (2 U/mL), and either HBS, T101 (0.8 mM),
or FXIII (200 nM), upon which the TEG analysis began. FXIIIa inactivation was evaluated
during clot formation under conditions mimicking thrombolysis by combining CaCl2 (10 mM),
Innovin (2 pM), and each plasma containing either 5 nM tPA (α2-antiplasmin-deficient plasma)
or 50 nM tPA (normal and plasminogen-deficient plasma). Activation of clotting progressed for
4 minutes before adding TXA (10 mM), followed by adding HBS, T101 (0.8 mM), or FXIII (200
nM), then fibrinogen (1.4 mg/mL, Haematologic Technologies Inc.), before commencing TEG
analysis.
3.4

Results

3.4.1 Activated FXIIIa, but not zymogen pFXIII-A2B2, is proteolytically inactivated by
plasmin
To evaluate the degradation of plasma-derived FXIII by plasmin, pFXIII-A2B2 and
FXIIIa were each treated with varying concentrations (100 pM to 100 nM) of plasmin for 3 hr,
and analyzed by Western blot. During the 3 hr, FXIIIa was cleaved by concentrations as low as 1
nM of plasmin (Figure 3.2A). Cleavage products of ~50 and 25 kDa were visible, but were
transient. However, the A subunit of pFXIII-A2B2 was more resistant to cleavage (Figure 3.2B,
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Figure 3.3). Degradation of the B subunit from both activated and unactivated pFXIII-A2B2 also
occurred (Figure 3.2C, 3.2D). Activation of FXIII by plasmin was not observed. Cleavage
products of the B subunit, and possibly other cleavage products of the A subunit, may not have
been detected due to a faster rate of degradation relative to that of intact FXIII, or a low
abundance or absence of antigens identified by the antibody (Figure 3.4). To evaluate if the
cleavage products were enzymatically active, the cleavage and activity of FXIIIa were monitored
over time. Degradation of FXIIIa by plasmin (90 nM) was evident within 5 min and the
transglutaminase activity of FXIIIa decreased rapidly over 30 minutes (Figure 3.2E, 3.2F). The
loss of FXIIIa activity correlated with the loss of fully intact FXIIIa, indicating that cleavage
products of FXIIIa were enzymatically inactive.
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Figure 3.2. FXIIIa is cleaved and inactivated by plasmin. FXIII (100 nM), with or without
prior activation by thrombin (400 nM), was mixed with varying concentrations of plasmin (100
pM to 100 nM) for 3 hr, and analyzed by Western blot against FXIII A and B subunits. (A) Blot
against the A subunit of pFXIIIa, with thrombin activation. (B) Blot against the A subunit of
pFXIII-A2B2. (C) Blot against the B subunit of pFXIIIa, with thrombin activation. (D) Blot
against the B subunit of pFXIII-A2B2. (E) Time course of cleavage of FXIIIa by plasmin (90
nM). (F) Transglutaminase activity (left axis) of FXIII-A2* (FXIIIa) after incubation with
plasmin (90 nM) and the relative amount of intact FXIIIa (right axis), determined by quantifying
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the intensity of the band at 83 kDa. FXIIIa was calculated as % of total signal in the lane using
densitometry. The error bars represent S.E.M. n = 3 for all experiments.
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Figure 3.3. Quantification of Western Blots from figures in the main text. FXIIIa was
calculated as % of total signal in the lane using densitometry. *P < 0.05, **P < 0.01, ***P <
0.001; n.s, not significant. The error bars represent SEM.

Figure 3.4. Blue-silver stained gel of FXIII(a) treated with plasmin. Blue-silver stained gel
containing FXIII-A2B2 (600 nM), FXIII-A2 (600 nM), and thrombin (Thr, 400nM), incubated
with plasmin (Pn, 600 nM) for 3 hr.

3.4.2 FXIIIa is cleaved by plasmin at multiple sites
To identify which sites of FXIIIa were cleaved by plasmin, purified FXIIIa was incubated
with plasmin and analyzed by mass spectrometry. Nineteen cleavage sites were identified, 8 at
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arginines and 11 at lysines, out of the 43 arginines and 34 lysines found in FXIII-A, with
detection frequencies between 0.3 – 26 % (Figure 3.5A). The most prominent cut-site was
between K468 and Q469, the product of which corresponds in size to the 25 and 50 kDa
cleavage products observed in figure 3.2A. To determine the spatial location of cleavage, the site
was mapped onto 3-dimensional structures of FXIIIa and FXIII-A2 [332, 333]. In the FXIII-a
structure, the K468-Q469 cleavage site is near the surface, consistent with accessibility to
plasmin-mediated cleavage (Figure 3.5B). Interestingly, this K468-Q469 bond also appears
surface-accessible in the FXIII-A2 (unactivated) structure (Figure 3.5C). Because FXIII-A2 is not
readily cleaved by plasmin, as shown in Figure 3.1B, this bond may be protected in the zymogen
conformation by the B subunit, which has not been co-crystalized with the A subunit. Five other
surface-exposed cleavage sites were identified, but detected eightfold to 38-fold less frequently.

71

Figure 3.5. Plasmin cleaves FXIIIa at multiple sites. (A) FXIIIa cleavage sites were identified
by MALDI/TOF mass spectrometry after purified FXIIIa (10 M) was incubated with plasmin
(2.7 M) for 2 hr. Surface exposed sites are represented with black bars, and the primary
cleavage site with a red bar. The frequency of detection of cut sites is indicated beside the
respective bars (n = 2). (B) A reported structure of FXIIIa [333], showing the surface-exposed
K468-Q469 cleavage site (red) and the catalytic cysteine (green). The distance between the
cleavage site and the catalytic cysteine is 18 Å. (C) A reported structure of FXIII-A2 [332],
showing K468-Q469 (red), and the activation peptide (blue).

3.4.3 The rate of inactivation of FXIIIa can occur on a physiologically-relevant timescale
To determine the kinetic parameters of plasmin-mediated inactivation of purified FXIII-a,
the loss of FXIIIa activity with plasmin treatment was measured. Plasmin-mediated inactivation
of FXIIIa had an apparent Km of 0.49 ± 0.02 µM and kcat of 4.2 ± 1.1 × 10-3 s-1, resulting in a
catalytic efficiency of 8.3 ± 1.7 × 103 M-1s-1. The Km was ~10-fold higher and the kcat was ~10fold lower than reported parameters for fibrin [334]. The half-life of FXIIIa degradation by
plasmin, in the absence of fibrin, is estimated to be 34 sec, using these experimentallydetermined kinetic parameters and the physiological concentrations of the zymogens (200 nM for
plasma- and platelet-derived FXIII[a], and 2.4 µM for plasmin[204]) in circulating blood.
Vmax and Km were calculated by nonlinear fitting of the measured initial velocities to the
Michaelis-Menten equation, which produced similar values to those obtained from a
Lineweaver-Burke plot (Figure 3.6A, 3.6B). The rate of inactivation was calculated from the loss
of FXIIIa activity, determined using an ammonia production assay (Figure 3.6C). The activity of
FXIIIa decreased as it was cleaved by plasmin, resulting in a lower rate of ammonia generation
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(Figure 3.6D). These data indicate that the rate of FXIIIa degradation can occur on a
physiologically-relevant timescale.

Figure 3.6. The rate of inactivation of FXIII-A2* can occur on a physiologically-relevant
timescale. (A) Lineweaver-Burk plot used to generate kinetic parameters for FXIII-A2*
(FXIIIa), with data sets represented by different colors. The data point circled in pink is derived
from the slope of the initial velocity in panel B (pink line). (B) The generation of FXIII-A2*
(FXIIIa) cleavage products by plasmin (300 nM) at a representative FXIII-A2* (FXIIIa)
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concentration, determined using an ammonia release assay. (C) Standard curves of ammonia
generation over time using various [FXIII-A2*] (FXIIIa). (D) Ammonia generation over time,
with varying times of FXIII-A2* (FXIIIa) digestion with plasmin. n = 3 for all experiments.

3.4.4 Plasmin inactivates both plasma-derived and platelet-derived FXIIIa
To test if FXIIIa is sensitive to degradation by plasmin in plasma, plasmin was added to
fibrin clots in platelet-poor plasma. FXIIIa was mostly degraded within 30 min by plasmin (3
µM, Figure 3.7A). Degradation of FXIIIa was inhibited when exogenous α2-antiplasmin or TXA
was added (Figure 3.7B). These data show that plasma-derived FXIIIa can be degraded by
plasmin in the presence of fibrin. To test if cFXIII-A2 (from platelets) was sensitive to
degradation by plasmin, platelets were initially activated by thrombin, followed by the addition
of plasmin (1 nM to 1 µM). Platelet cFXIII-A2 was degraded, and transient degradation products
were observed when concentrations of plasmin as low as 10 nM were added 16 hr after platelet
activation, but not when plasmin was added 1 hr after platelet activation (Figure 3.7C, 3.7D).
The degradation products were also observed in the presence of TXA, likely because reduced
plasmin activity slowed their rate of cleavage. It is known that cFXIII-A2 translocates from the
cytoplasm to the membrane upon platelet activation [180]; however, the results here suggest that
cFXIII-A2 was not exposed to plasmin and thus not degraded shortly after platelet activation. To
test if cFXIII-A2 was shielded from extracellular proteases, trypsin, which can cleave zymogen
FXIII-A2B2 [335], was added to platelets at 1 and 16 hr after activation. Platelet cFXIII-A2 was
not degraded by trypsin at 1 hr, but was degraded by trypsin at 16 hr (Figure 3.8), indicating that
exposure of cFXIII-A2 to extracellular proteases was delayed relative to platelet activation. Thus,
platelet-derived FXIIIa can be degraded by plasmin following platelet activation.
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Figure 3.7. Plasmin degrades plasma- and platelet-derived FXIIIa. Western blots against the
FXIII A subunit. (A) Endogenous FXIII-A2* (FXIIIa) from human plasma after adding plasmin
(3 µM) for various times. (B) FXIII-A2* (FXIIIa) from plasma with plasmin (3 µM) and α2antiplasmin (5 µM) or TXA (7.5 mM). (C-D) Endogenous FXIII-A2/FXIII-A2* (FXIIIa) from
platelets (PLT) 1 hr (C) and 16 hr (D) after exposure to thrombin, and incubating with various
concentrations of plasmin. Samples contain combinations of Innovin (I), plasmin (P), α2antiplasmin (A), and TXA (X). n = 3 for all experiments.
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Figure 3.8. Trypsin degrades platelet-derived FXIIIa. Endogenous FXIIIa from platelets
(PLT) 1 hr and 16 hr after exposure to thrombin, incubated with various concentrations of
trypsin.

3.4.5 Addition of tPA to plasma leads to degradation of pFXIIIa by endogenous plasmin
Addition of tPA (2 µM) to clotted normal plasma led to the degradation of FXIIIa and
fibrin within 3 hr (Figure 3.9A-C). Degradation was inhibited by TXA. The degradation of
pFXIIIa and fibrin occurred within a similar time-frame, beginning within 10 min, and
continuing to 180 min. To determine whether tPA degraded FXIIIa directly or by generating
plasmin, plasminogen-deficient plasma was treated with tPA. Degradation of FXIIIa did not
occur in plasminogen-deficient plasma, indicating that FXIIIa was degraded by tPA-mediated
plasmin activity (Figure 3.9D). In fibrinogen-deficient plasma, FXIIIa was degraded more
rapidly than in normal plasma when treated with tPA (comparing Figure 3.9E with Figure 3.9A),
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and degraded almost completely within 10-20 min. In whole blood, FXIIIa was degraded when
tPA was added, except in the presence of α2-antiplasmin or TXA (Figure 3.9F). Together, these
data demonstrate that pFXIIIa degradation can occur by endogenous plasmin.

Figure 3.9. Endogenous plasminogen is activated by tPA to degrade endogenous FXIIIa.
Plasma was analyzed by Western blot against FXIII-A, after addition of tPA and TXA. (A-B)
Time-dependent degradation of endogenous (A) FXIIIa and (B) fibrin(ogen) in normal plasma.
(C) The relative amount of intact FXIII-A* (FXIIIa) from panel A using densitometry, calculated
as % of total signal in the lane. *p < 0.05 (n = 3). (D) Time-course for plasminogen-deficient
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plasma (n = 3). (E) Time-dependent degradation of FXIIIa in fibrinogen-deficient plasma
following addition of tPA (n = 3). (F) Degradation of endogenous FXIII-A2* (FXIIIa), but not
FXIII-A2, in whole blood clots with tPA (n = 3). Samples contain combinations of hirudin (H),
Innovin (I), tPA (2 µM) (T), TXA (7.5 mM) (X), and α2-antiplasmin (4 µM) (A).

3.4.6

Plasmin-mediated FXIIIa inactivation occurs following fibrinolysis
To further characterize the pFXIIIa degradation by plasmin we examined if degradation

occurred during or after clot formation, and if there were downstream effects on fibrin crosslinking. We first used Western blotting to monitor pFXIIIa and fibrin during clot formation. TPA
(200 pM) was added to plasma, and clotting was immediately initiated. Only a portion of
pFXIIIa was degraded during fibrin formation and cross-linking, indicating that pFXIIIa
remained active during clot formation in normal plasma (Figure 3.10A, 3.10B). We then
evaluated pFXIIIa activity and its downstream effects using TEG because the mechanical
strength (shear elastic modulus, G) of fibrin is closely tied to the activity of pFXIIIa. For these
experiments, we utilized plasminogen-deficient plasma (reduced plasmin activity), normal
plasma, and α2-antiplasmin-deficient plasma (increased plasmin activity), all containing tPA
(200 pM). No differences in the moduli were observed between clots from the three types of
plasma prior to fibrinolysis (Figure 3.10C). The moduli were all ~3-fold higher compared to
samples containing an inhibitor of FXIIIa (T101), which does not inhibit the plasmin-mediated
degradation of FXIIIa (Figure 3.11). These data indicate that pFXIIIa was not inactivated prior to
fibrinolysis.
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Figure 3.10. Plasmin-mediated inactivation of FXIIIa does not occur during normal clot
formation, but does occur during fibrinolysis and thrombolytic conditions. (A-B) Clot
formation in normal plasma with tPA (200 pM) and, in some cases, TXA (7.5 mM). Western
blots against (A) FXIII-A and (B) fibrin(ogen) (n = 3). (C-E) TEG analyses of clot formation and
cross-linking of exogenous (purified) fibrin. Schematics on the left show timelines of the
procedures and characteristic shear elastic moduli (G, dashed lines), with shaded areas indicating
time-periods analyzed with TEG. Charts on the right side show measured moduli of fibrin clots,
a direct indicator of FXIIIa activity and fibrin structure. Control samples contain exogenous
FXIIIa or T101. (C) Moduli of clots from plasminogen deficient, normal, and α2-antiplasmin
deficient plasma formed in the presence of tPA (200 pM). (D) Moduli of exogenous fibrin
(indicator of residual FXIIIa activity), added following clot lysis. Exogenous fibrinogen (1.4
mg/mL) and TXA were added 1 or 3 hr after clot lysis by tPA (800 nM). (E) Moduli of
exogenous fibrin that was added during clot formation under thrombolytic conditions. TXA and
then fibrinogen were added 4 min after clotting was initiated in the presence of tPA (50 nM or 5
nM for α2-antiplasmin deficient plasma). Samples contain combinations of Innovin (I), tPA (T),
and TXA (X). **p < 0.01 ***p < 0.001, n = 3 for all experiments.
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Figure 3.11. T101 does not affect FXIIIa stability. Blue-silver stained gel containing FXIIIa
(1.6 M) and T101 (5 µM), incubated with plasmin (Pn, 1 M) for 3 hr.

To determine if inactivation occurred during fibrinolysis, normal plasma clots were
fully formed and tPA (800 nM) was added to facilitate rapid lysis. The fibrinolytic system was
inhibited by TXA at either 1 or 3 hr after addition of tPA and the contribution of residual pFXIIIa to the modulus of exogenous (purified) fibrin was determined. There was 42% and 60%
decrease in the moduli at 1 hr and 3 hr, respectively, compared to control samples where fibrin
was fully cross-linked with exogenous pFXIIIa (Figure 3.10D). These decreases in moduli
indicate that FXIIIa became inactivated during fibrinolysis, and the downstream effect of this
inactivation was reduced cross-linking of fibrin. This result is consistent with the Western blots
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of degradation of pFXIIIa and fibrin shown in Figure 3.9A-C. Furthermore, in fibrinogendeficient plasma, at 1 hr into lysis, the modulus of exogenous fibrin was 90% less than when
fibrin was fully cross-linked, consistent with Figure 3.9E. The moduli of normal and fibrinogendeficient plasma were similar when exogenous pFXIIIa was added; this indicates the moduli
were dependent primarily on exogenous fibrin rather than residual endogenous fibrin.
3.4.7

Inactivation of pFXIIIa occurs during clot formation under thrombolytic

conditions in plasma
Finally, we probed pFXIIIa activity and its downstream effects on fibrin during clot
formation under thrombolytic conditions. Prior to clot initiation, thrombolytic levels of tPA were
added to plasma with varying plasmin activities. The fibrinolytic system was inhibited 4 min into
clot formation by adding TXA. Exogenous fibrinogen was then added and moduli were
measured and compared to samples also containing exogenous pFXIIIa or T101. The resulting
elastic modulus was 56% less in normal plasma than in plasminogen-deficient plasma (Figure
3.10E). Exogenous pFXIIIa rescued the modulus of normal plasma (bringing it to a similar value
as plasminogen-deficient plasma) while it had little effect on plasminogen-deficient plasma. The
loss of FXIIIa activity at 4 min was exacerbated in α2-antiplasmin-deficient plasma, where the
modulus was 43% lower than normal plasma and 75% lower than plasminogen-deficient plasma,
but could again be rescued by adding exogenous pFXIIIa. Thus, high fibrinolytic activity rapidly
prevented pFXIIIa from cross-linking fibrin.
3.5

Discussion
The results show that FXIIIa can be inactivated by plasmin, and that plasmin is selective

for FXIIIa, the active enzyme, over FXIII-A2B2, the zymogen. The specificity of plasmin for
pFXIIIa over pFXIII-A2B2 may have confounded earlier reports, which only analyzed pFXIII-
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A2B2 and cFXIIIa to conclude that FXIII was resistant to degradation [16]. Importantly,
degradation of FXIIIa and resistance of FXIII-A2B2 were observed in both purified systems and
in plasma. Thus, these findings reveal a newly-recognized mechanism that may regulate crosslinking in physiologically-relevant circumstances.
Degradation of FXIIIa in clots occurred within the same time-period as degradation of
fibrin. However, the rate of cleavage of FXIIIa in plasma was slower than the estimated half-life
of FXIIIa, likely due to the presence of competing substrates such as fibrin [336] and inhibitors
of plasmin such as α2-antiplasmin [337]. Notably, however, during normal clot formation, FXIIIa
appeared to reach its full potential in cross-linking fibrin before it was inactivated, but fibrin was
not cross-linked when added to reactions following FXIIIa inactivation. Thus, this mechanism
may prevent FXIIIa from aberrantly cross-linking fibrin and other proteins in blood vessels.
Interestingly, degradation of platelet-derived cFXIIIa only occurred when plasmin was
added 16 hr after platelet activation, but not 1 hr after activation. The slow availability of
degradable cFXIIIa may be due to intracellular localization of cFXIII-A2 and thus inaccessibility
by thrombin and plasmin. The initial resistance of cFXIII-A2 to degradation is consistent with the
degradation of plasma FXIII-A2, which occurred primarily during fibrinolysis. Likewise, a
subpopulation of FXIII-A2 was not readily activated in whole blood, as seen in the blot of Figure
3.9F and this initially spared a portion of the FXIII-A2, likely cFXIII-A2, from degradation.
Overall, these data support the notion that FXIIIa is inactivated during fibrinolysis, but
not during clot formation. However, we note that these in vitro experiments do not rule out the
possibility that plasmin may inactivate FXIIIa during clot formation in vivo. Moreover, plasmin
may not be the sole inhibitor of FXIIIa in vivo. FXIIIa can also be cleaved and inhibited by
thrombin and polymorphonuclear granulocyte proteases [326, 327]. In our experiments in
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plasma, FXIIIa was only degraded in the presence of plasmin, suggesting cleavage of FXIIIa by
thrombin may be secondary to that of plasmin. Questions remain regarding whether plasmin and
polymorphonuclear granulocyte proteases work in concert or if they inactivate FXIIIa under
distinct circumstances. Future studies may reveal additional points of FXIIIa inactivation in
certain circumstances in vivo.
FXIIIa is at the interface between coagulation and fibrinolysis, and its ability to inhibit
fibrinolysis is well-established. The results presented here indicate fibrinolytic enzymes can, in
turn, down-regulate FXIIIa. Thus, our findings reveal cross-talk between these pathways that
may provide critical information for managing thrombosis and hemostasis [338, 339]. For
example, the therapeutic use of plasminogen activators to treat embolic stroke [340] and heart
attack [341] may be complicated by the novel discovery of plasmin-mediated inhibition of
FXIIIa. Physiologically, tPA is present in the blood at ~70 pM, however; therapeutic tPA is
typically administered either intravenously, leading to systemic blood concentrations of ~50 nM
[342], or locally into clots from intravascular catheters at ~400 nM [337]. In our experiments,
FXIIIa was degraded during clot formation under thrombolytic conditions, at 50 nM of tPA. This
mechanism may contribute to hemorrhaging associated with thrombolytic therapy [340].
Notably, side effects of tPA administration resemble the phenotype of patients with FXIII
deficiency, where in both cases there is a higher incidence of intracranial hemorrhage than would
be expected when compared to other types of hemorrhage [338, 340]. Further research into the
relevance of this mechanism in thrombolytic therapy is warranted.
Inhibition of FXIIIa by plasmin may also have implications in diseases where plasmin
activity is abnormal, although this still needs to be verified in vivo. For example, patients with
Quebec Platelet Disorder have elevated urokinase activity and thus are hyperfibrinolytic [343],
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suggesting that there may be less FXIIIa activity. In plasminogen deficiency, there may be higher
FXIIIa activity, and increased aberrant cross-linking of proteins. In fibrinogen deficiency,
degradation of FXIIIa could be enhanced since fibrin is a competing substrate for plasmin [336],
or the degradation could be slower since fibrin is a cofactor for fibrinolytic enzymes [344]. We
observed the former in both Western blots and TEG, and this rapid inactivation may have
implications in congenital fibrinogen deficiency. Thus, these results provide insight into several
physiological and pathophysiological scenarios that warrant further investigation.
In conclusion, the experiments show that plasmin preferentially inactivates FXIIIa over
FXIII-A2B2, and that this mechanism occurs in a wide range of experimental conditions. The
downstream effect of fibrinolytic inactivation of FXIIIa is that FXIIIa is no longer able to
contribute to cross-linking and retaining the mechanical strength of fibrin. However, to confirm
that plasmin-mediated inactivation of FXIIIa plays a major role in thrombosis or hemostasis,
additional data from human samples are necessary.

85

Chapter 4: Coagulation factor XIIIa cross-links amyloid β into dimers and
oligomers and to blood proteins
4.1
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This publication was a collaborative work and published in the Journal of Biological

Chemistry. W.S.H. designed, performed experiments, analyzed and interpreted the data and
wrote the paper. W.S.H. performed experiments to collect data for Figure 4.1A-B, 4.2C-D, 4.3,
4.4, 4.5A, 4.7A and 4.7C-D. N.M. performed experiments for Figure 4.1C, 4.5B-C, 4.6A-C and
4.7B and wrote the paper. I contributed to 40% of this paper. J.B. performed experiments for
Figure 4.2A-B. C.J.K. helped design and analyze experiments and write the paper. Collaborators
and undergraduate thesis students contributed to other aspects of the paper such as preliminary
data collection (D.L., L.S.Y., L.H., J.H.Y, S.F.), and data analysis and editing of the paper
(A.S.W. and W.A.J.).
4.2 Introduction
Amyloid-beta (Aβ) is a 4 kDa intrinsically disordered protein that accumulates along the
cerebral vasculature during cerebral amyloid angiopathy (CAA). The accumulation of Aβ leads
to the degeneration of surrounding cells, and is associated with microhemorrhages [345].
Although CAA is present in over 90% of patients with Alzheimer’s disease (AD) [346], the
mechanisms underlying Aβ deposition on blood vessels remains unclear.
There are many links between hemostasis and cerebrovascular pathology in AD. Aβ can
activate platelets, induce microhemorrhages in the brain, and interact with several coagulation
factors [18, 27, 347, 348]. Aggregates of Aβ can activate coagulation factor XII (FXII) to initiate
blood clotting, and can increase fibrin density and resistance to fibrinolysis [348, 349]. CAA
deposits contain several coagulation factors, and antiplatelet therapy reduces accumulation of
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CAA deposits and improves cognitive function in mice [350]. Currently, the biochemical
mechanisms that connect intravascular CAA deposition and hemostasis are not clear.
Aβ is formed from the amyloid beta precursor protein (APP), which is expressed by
several cells, including platelets, neurons, glial cells and astrocytes. Platelets account for 95% of
circulating APP [21]. APP can be cleaved to generate Aβ peptides of typically 40 or 42 residues
long, Aβ40 and Aβ42, respectively. Platelets cleave APP and release both Aβ40 and Aβ42 when
they are activated [19]. In both blood and CAA deposits, Aβ40 is more abundant than Aβ42,
whereas Aβ42 is more abundant in senile plaques within the brain parenchyma, which is a
hallmark of AD [351]. Mutations within the Aβ sequence can alter the pathogenicity of the
peptide; for example, patients with the Flemish or Italian mutation (A21G and E22K,
respectively) have increased CAA deposits, while patients with the Arctic mutation (E22G) have
more plaque burden [352-356]. Aβ40 and Aβ42 can spontaneously aggregate into small, noncovalent oligomers and subsequently large aggregates, both of which are toxic to surrounding
cells [357].
The formation of protein aggregates in CAA and AD may be regulated in part by
transglutaminases (TG). TGs are a family of enzymes that form -(-glutamyl) lysyl isopeptide
bonds between their substrates, creating irreversible bonds. TG activity co-localizes with plaques
in brains in AD [18]. Tissue transglutaminase 2 (TG2) can induce Aβ oligomerization and
aggregation in vitro and reduce its clearance [358]. However, it is unknown if activated
coagulation factor XIIIa (FXIIIa), a transglutaminase in blood plasma and on platelets, can crosslink Aβ in blood. FXIIIa is formed from coagulation factor XIII (FXIII), a protransglutaminase,
when it is activated by thrombin in the presence of calcium during blood clotting [12]. The
primary function of FXIIIa is cross-linking fibrin to itself and to other proteins to stabilize blood
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clots from premature fibrinolysis. FXIIIa also increases clot stiffness and platelet adhesion to
further reduce blood loss.
Aβ forms stable complexes with FXIIIa and co-localizes with FXIIIa and fibrin in CAA
deposits of AD patients [18]. Because Aβ is a substrate for TG2 and influences hemostasis in
several ways [358], we tested if Aβ is a substrate for FXIIIa, and found that it is.
4.3

Methods

4.3.1 Platelet preparation
This study was approved by the research ethics board of the University of British
Columbia (H12-01516), and written informed consent was obtained from all healthy volunteers
in accordance with the Declaration of Helsinki. Platelets and PRP were isolated as previously
described [359]. Platelets were resuspended in Tyrode’s buffer (119 mM NaCl, 5 mM KCl, 25
mM HEPES, 2 mM CaCl2, 2 mM MgCl2, 6 g/L glucose, pH 6.5) or in plasma at a final
concentration of 2 x 109 platelets/mL or as otherwise specified.
4.3.2 Cross-linking of Aβ
Aβ peptides (Anaspec, California, USA) were initially dissolved in dimethylsulphoxide
at 20 mg/ml and diluted with 25 mM HEPES buffer to 1 mg/ml. To test if Aβ is cross-linked by
purified FXIIIa, Aβ (25 M) was incubated with purified FXIIIa (200 nM, Haematologic
Technologies, Vermont, USA), CaCl2 (4 mM), dithiothreitol (DDT, 200 µM), human thrombin
(70 nM, Haematologic Technologies Vermont, USA) and T101 (2.5 mM, Zedira GambH,
Germany) or Z006 (2.5 mM, Zedira GambH, Germany) at 37°C for 16 hr. To test if Aβ is crosslinked to other proteins, human normal plasma (Affinity Biologicals, Ontario, Canada) or
purified fibrinogen (6 mM, Haematologic Technologies, Vermont, USA) was incubated with Aβ
(25 µM), CaCl2 (4 mM) and tissue factor (TF, 1 pM, Dade Behring, Illinois, USA) or human
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thrombin (70 nM) at 37°C. The samples were treated with a reaction-quenching buffer (8 M
Urea, 50 mM DTT, 12.5 EDTA) for at least 1 hr at 60°C to dissolve the clot. To test if Aβ was
cross-linked to platelet proteins, platelets were incubated with Aβ40 (25 M), CaCl2 (4 mM),
and human thrombin (70 nM), ADP (50 M), rat tail collagen (10 nM, Sigma, Germany), EDTA
(12.5 mM) or T101 (2.5 mM).
4.3.3 Western blotting
Samples were reduced, boiled, and separated on 10% or 4-15% Tris-glycine gradient gels
(Bio-Rad, California, USA). After electrophoresis, the samples were transferred to a
nitrocellulose membrane (GE Healthcare, Illinois, USA) and blocked with Odyssey Blocking
Buffer (Li-Cor, Nebraska, USA). The membranes were treated with a primary antibody against
Aβ (1:1000; 6E10, Covance, New Jersey, USA), FXIII-A (1:1000; SAF13A-AP, Affinity
Biologicals, Ontario, Canada) or fibrin (1:50 000; A0080, Dako, California, USA), washed, and
treated with HRP-labeled anti-host secondary antibody (1:15 000; Abcam, Cambridge, UK).
4.3.4 Kinetic assay
The rate of cross-linking of Aβ was determined by measuring the rate at which ammonia
was produced during the TG reaction, using steady state kinetics at 37°C. A calibration curve of
ammonia concentration and absorbance at 570 nm was determined with a Tecan M200 plate
reader (BioVision Inc., California, USA). FXIIIa was mixed with Aβ peptides or GOE (5 – 50
µM) as amine donors, a glutamine-containing peptide (NQEQVSPLTLLK, 1 mM), DTT (40
µM), and CaCl2 (3 mM). Aliquots from the transglutaminase reaction mixture were removed and
quenched every 15 min with EDTA (15 mM). Kinetic parameters were calculated using graphing
software (OriginPro 9.1).
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4.3.5 Microfluidic analysis
Microfluidic devices were prepared from polydimethylsiloxane (PDMS) as previously
described [360]. The channels were coated with lipid vesicles containing TF, phosphatidylserine
(PS) and phosphatidylcholine (PC), while the rest of the device was coated with inert PC
vesicles. The vesicles were prepared and devices were coated as previously described [361].
Citrated PRP containing fluorescent Aβ40-TAMRA (100 g/mL, Anaspec) and fluorescent αCD42b-FITC antibodies (1:100, eBioscience, California, USA) with or without T101 (500 µM)
was flowed into the device at 1 µL/min along with a calcium-saline solution (40 mM CaCl2, 90
mM NaCl) at a rate of 0.33 µL/min, which corresponds to venous shear rates (20 s-1). Clotting
was monitored using an epifluorescence microscope (Leica DMI6000B). The clots were then
washed with calcium-saline solution (40 mM CaCl2, 90 mM NaCl) at a rate of 5 µL/min for 10
min and imaged. For statistical analysis, fluorescence intensities were measured at five equally
distributed locations along the length of the channel.
4.3.6 Thromboelastography
The shear elastic moduli were evaluated at 37°C using a TEG Hemostasis Analyzer
System 5000 (Haemoscope Corporation, Massachusetts, USA). Citrated whole blood, PRP, or
PPP (Affinity Biologicals, Ontario, Canada) was combined with CaCl2 (10 mM) and thrombin
(200 nM), with or without Aβ40 (15 M), T101 (800 M), or eptifibatide (1.4 mM, Sigma,
Germany) over 3 hr.
4.3.7 Statistical evaluation
Statistical analyses were performed using GraphPad Prism 7.0. All results presented in
graphs are the mean  standard error of the mean (SEM). N indicates number of independent
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experiments, performed on separate days. A 2-tailed unpaired Student’s t test was used for all
analyses. Significance was designated at p values <0.05.
4.4

Results

4.4.1 Aβ40 is a substrate of FXIIIa
To test if Aβ could be covalently cross-linked by FXIIIa, Aβ was incubated with FXIIIa
and changes in molecular weights were detected using Western blot. FXIIIa cross-linked
monomeric Aβ40 into dimers and oligomers, and to FXIIIa itself (Figure 4.1A). Cross-linked Aβ
oligomers did not form when FXIIIa was inhibited by chelating calcium ions with EDTA or with
T101, an irreversible inhibitor of FXIIIa transglutaminase activity. However, with T101, there
was a distinct band near 85 kDa, corresponding to the molecular weight of FXIIIa attached to
Aβ40, which has been previously reported [18]. Similar trends were observed with Aβ42,
although low concentrations of SDS-resistant oligomers formed without FXIIIa. When the only
glutamine of Aβ40 was mutated to asparagine (Aβ40 Q15N), FXIIIa did not generate Aβ
oligomers, indicating that the oligomerization was dependent on the glutamine residue of Aβ40.
To determine the kinetic constants of FXIIIa-mediated Aβ cross-linking, the release of
ammonia, a product of the transglutaminase reaction (Figure 4.1B), was measured using a
photometric assay. FXIIIa-mediated cross-linking of Aβ40 had Km of 8.5 ±1.2 µM and kcat of 1.3
± 0.5 s-1, resulting in a catalytic efficiency of 1.5 ± 0.5 x105 M-1s-1. A small molecule substrate of
FXIIIa, glycine ethyl ester (GOE), had a similar catalytic efficiency of 2.0 ± 0.7 x105 M-1s-1
(Figure 4.1C). The catalytic efficiency of a peptide with the Aβ40 residues scrambled had 10fold lower catalytic efficiency, indicating that the sequence of Aβ40 is important for FXIIIa
activity. We were not able to calculate the catalytic efficiency of Aβ42 because Aβ42
precipitated at the concentrations necessary to perform the assay.
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Figure 4.1. Factor XIIIa can covalently cross-link Aβ. (A) Western Blot against Aβ, after
Aβ40, 42 or Q15N with or without EDTA or T101 were incubated with FXIIIa. (B) The
transglutaminase reaction by FXIIIa. P indicates a protein or peptide containing a glutamine
residue. R indicates a small molecule, peptide or protein with a primary amine, such as a lysine.
(C) Table of kinetic parameters for FXIIIa cross-linking Aβ40 and 42. GOE: glycyl ethyl ester.
N.D.: Not determined. n = 3.
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4.4.2 FXIIIa covalently cross-linked Aβ40 to fibrin
Aβ can bind to many proteins in blood, such as FXII, FXIII, and fibrinogen [347-349].
To test if Aβ40 could be covalently cross-linked to other blood proteins, plasma containing Aβ40
was clotted, separated by SDS-PAGE, and immunoblotted against Aβ. Within 10 min, distinct
Aβ bands were visible around 50 kDa, 70 kDa, and 100k kDa, and much higher molecular
weights (Figure 4.2A). The molecular weights of these bands were similar to those of the  and
 chains of fibrin, the main substrates of FXIIIa. Bands with similar molecular weights as fibrin
were visible after the - dimers were formed (Figure 4.2B). Aβ was still cross-linked when an
inhibitor of TG2 (Z006) [186] was added to plasma, but not when T101 was added, indicating
that FXIIIa, not TG2, cross-linked Aβ (Figure 4.3). To confirm that Aβ40 was cross-linked
directly to fibrin, Aβ40 was incubated with purified fibrinogen, FXIIIa, and thrombin. Bands of
Aβ were visible around 50 kDa, 70 kDa and 100 kDa, correlating to the molecular weights of the
 and  chains of fibrin and cross-linked - dimers (Figure 4.2C and 4.2D). Aβ40 was crosslinked to fibrin chains faster than to itself. Aβ40 was not cross-linked to fibrin chains when
FXIIIa was inhibited with T101. Lower concentrations of Aβ40 (1 M) also cross-linked to both
purified and plasmatic fibrin by FXIIIa (Figure 4.4).
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Figure 4.2. Aβ40 is cross-linked to fibrin during clotting. (A-B) Western blot against Aβ (A)
and fibrin(ogen) (B) after Aβ40 and tissue factor were added to recalcified plasma. (C-D)
Western blot against Aβ40 (C) and fibrin(ogen) (D) after Aβ40 were incubated with fibrinogen,
FXIIIa, thrombin, and CaCl2. HMWP: High molecular weight polymers. A: -chain of
fibrinogen. B: -chain of fibrinogen, : -chain of fibrinogen, -: -dimers of fibrinogen.
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Figure 4.3. Aβ40 is cross-linked in plasma. (A-B) Western blot against Aβ (A) and
fibrin(ogen) (B) after Aβ40 and tissue factor were added to plasma containing T101 (inhibitor of
FXIIIa and TG2) or Z006 (inhibitor of TG2). HMWP: High molecular weight polymers; FGN,
fibrinogen.

Figure 4.4. Aβ40 is cross-linked to fibrin. Western blot against Aβ after 1 M of Aβ40 was
incubated with fibrinogen, FXIIIa, thrombin, and CaCl2, or in plasma activated with tissue factor.
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4.4.3 FXIIIa cross-linked Aβ40 to platelet proteins under flow
Since platelets contain the FXIII-A subunits, which can be activated by high
concentrations of Ca2+, Aβ40 was incubated with platelets to test if platelet-derived FXIIIa could
cross-link Aβ40 to itself or to other proteins. When platelets were activated with adenosine
diphosphate (ADP), collagen, or thrombin, different patterns of Aβ cross-linking were detected
compared to when platelets were not activated (Figure 4.5A). The Aβ bands formed with
platelets had higher molecular weights than Aβ dimers and trimers, suggesting Aβ was crosslinked to platelet proteins. Both EDTA, which chelates the Ca2+ required for FXIIIa activity and
platelet activation, and T101 prevented Aβ oligomers from forming. In contrast, Z006 did not
prevent Aβ oligomers from forming, indicating that FXIIIa, not TG2, is responsible for crosslinking Aβ in platelets.

Figure 4.5. Platelet FXIIIa cross-links Aβ40 to platelet proteins and localizes Aβ to blood
clots under flow. (A) Western blot against Aβ, after Aβ40 was incubated with platelets. PLT:
platelets, ADP: adenosine diphosphate, COL: collagen, THR: thrombin. (B) Platelet-rich plasma
(platelets stained green with -CD42b-FITC antibody) containing Aβ40-TAMRA (red) with or
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without T101 was flowed through a channel containing a tissue factor-coated region. Scale bar:
200 m. (C) Graph quantifying Figure 3the co-localization of Aβ40 and platelets in images in
panel B. ***P < 0.001. Error bars indicate ± SEM. n = 3.

To test whether FXIIIa cross-links Aβ40 to blood clots formed under flow, plasma
containing platelets and fluorescently-tagged Aβ40 were flowed through a microfluidic device.
Aβ40 accumulated on the clot, and co-localized directly on platelet aggregates and fibrin fibers.
The co-localization of Aβ40 with platelets, measured by the ratio of Aβ40 fluorescence to
platelet fluorescence, was significantly decreased when T101 was added, indicating that FXIIIa
can cross-link Aβ40 to blood clots under flow (Figure 4.5B and 4.5C).
4.4.4 Aβ40 increases clot stiffness of PRP and PPP via FXIIIa
Since cross-linking increases fibrin stiffness [12], we tested the effect of Aβ40 on fibrin
clot stiffness using thromboelastography (TEG). When whole blood was clotted in the presence
of Aβ40, no significant difference in clot stiffness was observed (Fig. 4A). Since the contribution
of red blood cells may have masked subtle differences of A on clot stiffness, we tested if the
influence of Aβ40 on fibrin could be detected when red blood cells were removed [362]. Aβ40
increased the stiffness of clots formed in platelet-rich plasma (PRP) and platelet-poor plasma
(PPP) by 27% and 39%, respectively (Fig. 4B and 4C). The increase in clot stiffness was
dependent on both cross-linking by FXIIIa and platelet-platelet interactions, since inhibitors of
FXIIIa (T101) or integrin IIb3 (eptifibatide) abrogated the increase of clot stiffness induced by
Aβ40.
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Figure 4.6. Aβ40 increases stiffness of platelet-rich plasma clots and platelet-poor plasma
clots in a FXIIIa-dependent manner. Thromboelastography analysis of blood and blood
fractions with and without Aβ40 is shown. (A) Moduli of whole blood clots. (B) Moduli of
platelet-rich plasma clots with or without T101 or eptifibatide (platelet aggregation inhibitor).
(C) Moduli of platelet-poor plasma clots with and without T101. **P < 0.01. n.s. indicates no
significance. Error bars indicate ± SEM. PRP: platelet-rich plasma. n = 5-9 for all experiments.

4.4.5 Aβ40 mutants are differentially cross-linked by FXIIIa
Certain point mutations of Aβ increase the probability of developing CAA [352-356]. To
test whether FXIIIa cross-links mutants of Aβ40, FXIIIa was incubated with Aβ40 containing
Arctic (E22G), Italian (E22K), Iowa (D23N), Dutch (E22Q), Flemish (A21G) or Iowa/Dutch
(E22Q/D23N) mutations. Oligomerization occurred in some mutants even in the absence of
FXIIIa, which is consistent with the high propensity of these mutants to aggregate. However,
when the mutants were incubated with FXIIIa, different species of Aβ oligomers were formed in
varying concentrations. For example, the Flemish mutation (A21G) was cross-linked to a greater
extent than WT, while the Iowa/Dutch mutation (E22Q/D23N) was cross-linked to a lesser
extent (Figure 4.7A). The catalytic efficiencies of these mutant Aβ40 sequences were lower than,
or comparable to, the catalytic efficiency of WT Aβ40 (Figure 4.7B). The Flemish mutation was
cross-linked to fibrin to a greater extent than WT (Figure 4.7C and 4.7D).
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Figure 4.7. FXIIIa differentially cross-links mutant Aβ40 peptides. (A) Western blot against
Aβ, after Aβ40 and mutants of Aβ40 were incubated with FXIIIa. (B) Table of kinetic
parameters for FXIIIa cross-linking Aβ40 mutants, measured by the rate of ammonia release.
WT: Wild type, B.D.: Below detection n = 3. (C-D) Western blot against Aβ40 (C) and
fibrin(ogen) (D) after Aβ40 WT, Aβ40 A21G (Flemish) or Aβ40 E22Q/D23N (Iowa/Dutch)
were incubated with fibrinogen, FXIIIa, thrombin, and CaCl2. HMWP: High molecular weight
polymers. A: -chain of fibrinogen. B: -chain of fibrinogen, : -chain of fibrinogen, -: dimers of fibrinogen.

4.5

Discussion
The results show that Aβ40 is covalently cross-linked by FXIIIa, both to itself to form

dimers and oligomers, and also to other blood proteins in plasma, such as fibrin. FXIIIa also
cross-linked Aβ40 to clots under flow, and the cross-linking of Aβ40 increased clot stiffnesses in
PRP and PPP, but not in whole blood. Although the reaction occurs in vitro, the physiological
relevance and significance of these reactions in vivo must be further investigated.
The cross-linking of Aβ40 to fibrin chains was visible only after the - dimers were
formed. This is consistent with the kinetic data, where the catalytic efficiency of FXIIIa and Aβ
(kcat/Km = 1.5  0.5  105 M-1s-1) was lower than that of fibrin -chains (5.1  107 M-1s-1) [363].
Aβ was cross-linked to fibrin at an Aβ concentration of 1 M, which is a concentration that may
occur at sites of cerebrovascular damage [364].
The cross-linking of Aβ may potentially be influenced by Aβ-albumin interactions.
Albumin sequesters approximately 90% of Aβ in plasma and preferentially binds oligomeric Aβ
to monomeric Aβ [365, 366]. FXIIIa cross-linked Aβ to fibrin both in buffer and in plasma at
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similar rates, suggesting that albumin does not play a significant role in influencing the rate of
cross-linking in these conditions. However, how albumin affects the clearance of cross-linked
oligmeric Aβ requires further examination.
Aβ and FXIIIa can form stable complexes in vitro, and FXIIIa is catalytically active in
vessels with CAA [18]. Although isopeptide bonds formed by transglutaminases have been
discovered in CAA, covalent cross-linking of Aβ by FXIIIa was not previously detected ex vivo
[18]. The discrepancy with the data here may be due to the higher, though physiological, FXIIIa
concentrations and longer reaction times used here, and potentially higher specific activity of
FXIIIa. Although the cross-linking of Aβ to itself was visible only after 3 hr, cross-linking to
fibrin occurred within minutes.
Cross-linking of Aβ may have implications in at least two scenarios. First, Aβ may
modify clot structure at sites of damage in the cerebral vasculature or at platelet aggregates. It
remains to be determined what the effect on clotting might be, but it may contribute to
fibrinolysis since non-crosslinked aggregates of Aβ increase resistance to fibrinolysis and
activate the coagulation cascade through FXII [348, 367]. Cross-linking Aβ to fibrin could
enhance clotting by localizing the platelet activating sequence (Aβ25-35) to fibrin [27]. Crosslinking of Aβ may have a greater significance in arteries than veins, as arterial clots have fewer
red blood cells, since Aβ increased the stiffness of PRP, but not whole blood clots.
Second, FXIIIa-mediated activity may contribute to CAA and AD pathology. Given that
blocking the binding between Aβ and fibrin with a small molecule can improve cognitive
impairment in mouse models of AD, covalent cross-linking of Aβ and fibrin may exacerbate
CAA pathology [367]. In patients with AD, there is a higher frequency of a FXIII allele (Val-34Leu) that undergoes faster activation, suggesting that accelerated cross-linking can aggravate AD
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development [368]. The differences in cross-linking between the Aβ variants and mutants
provides further insight to the potential significance of the interaction between FXIIIa and Aβ.
FXIIIa cross-linked Aβ40 to a higher extent than Aβ42, providing a potential explanation as to
why Aβ40 is the more prominent form of Aβ within CAA. AD patients with the Flemish
mutation (Aβ40 A21G) have increased CAA phenotype and Aβ40 with the Flemish mutation
was cross-linked to a higher extent compared to wild type Aβ40 [357]. An alternative hypothesis
is that cross-linking of Aβ by FXIIIa is a physiological process that is separate from aggregation
and amyloid accumulation.
In conclusion, synthetic Aβ40 can be covalently cross-linked to itself, and to fibrin and
platelet proteins by FXIIIa under flow. Given that Aβ and FXIIIa co-localize within CAA, these
results provide motivation to test if FXIIIa contributes to the accumulation of intravascular
deposits of Aβ in CAA.
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Chapter 5: Post-translational modifications of platelet-derived amyloid
precursor protein regulated by transglutaminase coagulation factor XIIIa
5.1

Contributions
This research was a collaborative project with the manuscript currently being prepared to

submit to Journal of Biological Chemistry. W.S.H. designed, performed experiments, analyzed
and interpreted the data and wrote the paper. W.S.H. performed experiments to collect data for
Figure 5.1A-C, 5.2A, 5.2C-F, and 5.4A-C. N.M. performed experiments for Figure 5.2B and
5.3A-D and edited the paper. L.J.J. is assisted in performing experiments to supplement Figure
5.4A-C I contributed to 40% of this paper. C.J.K. and W.A.J. helped design and analyze
experiments and write the paper.
5.2

Introduction
The amyloid beta precursor protein (APP) is a type 1 transmembrane protein that can be

proteolytically processed to generate several metabolites including amyloid beta peptides (A)
[20]. A contributes to the pathology of Alzheimer’s disease through the formation of protein
aggregates and insoluble deposits in the brain and in the cerebrovasculature [27]. APP is
expressed in a variety of cells, including platelets, astrocytes, glial cells and neurons [20]. Over
90% of circulating APP and A originates from platelets, but the contribution of blood-derived
APP and A to cerebral amyloid angiopathy and Alzheimer’s disease remains unclear.
Understanding the function and regulation of blood-derived APP and A may provide insight
into these conditions.
APP is highly expressed in platelets, with over 9300 molecules of APP per platelet [21].
Platelets store APP and its metabolites both on the cell surface and in  granules. Upon platelet
activation, APP can be proteolytically cleaved by secretases expressed in platelets and secreted
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as various proteolytic metabolites, including soluble forms of APP (sAPPα and sAPPβ) and A
[22]. In the brain, the function of APP is associated with cell adhesion, cell communication and
synaptic plasticity, but the function is less clear in platelets [369, 370]. Since platelets are
integral to hemostasis, the contribution of APP to hemostasis has been investigated. APP
knockout mice do not exhibit spontaneous bleeding or thrombosis. Platelets from APP KO mice
exhibit normal aggregation, secretion and αIIbβ3 signalling [30]. Thus, platelet-derived APP
does not appear to be a major contributor to physiological hemostasis, and its physiological
function in platelets remains elusive. However, APP and its metabolites can elicit both pro- and
anti-coagulant effects by interacting with several coagulation factors, including coagulation
factors VII, IX, X, XI, XII and XIII (FXIII) and fibrin(ogen) [18, 347-349]. A promotes
thrombin generation via FXII activation, and can directly induce platelet activation, aggregation
and thrombus formation in vitro. Fibrillar A stabilizes clots by preventing the binding of
fibrinolytic proteins to fibrin. In contrast, APP in platelets can reduce the size of venous
thromboemboli in mice through its Kunitz-type proteinase inhibitor domain [30].
Plasma FXIII is a heterotetrameric proenzyme, containing both a dimer of the zymogen A
subunits (FXIII-A) and a dimer of the regulatory B subunits (FXIII-B), while platelet FXIII only
consists of the catalytic A subunit dimer [12]. When thrombin cleaves plasma FXIII, or when
platelets are activated, the A subunit undergoes a conformational change to be catalytically
active (FXIIIa). Although the role of platelet FXIII in hemostasis is less clear than plasma FXIII,
platelet FXIII contributes to platelet motility, clot retraction and to fibrinolysis [371, 372]. FXIIIA in resting platelets is localized in the cytoplasm, but upon platelet activation translocates to the
cell surface where it is catalytically active [372]. The exposure of FXIIIa on the activated platelet
surface contributes to post-translational modifications of platelet proteins, including covalent
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attachment of serotonin to secreted and membrane proteins [186]. However, it is not known if
FXIIIa modifies APP. Because FXIIIa binds to and crosslinks A to itself and to fibrin [18, 23],
we tested if FXIIIa binds to and crosslinks APP.
5.3

Methods

5.3.1 Platelet preparation
This study was approved by the Human, Biosafety and Animal research ethics board of
the University of British Columbia (H12-01516 and A16-0176). Written informed consent was
obtained from all healthy volunteers in accordance with the Declaration of Helsinki. Platelets and
PRP were isolated as previously described [359]. Platelets were resuspended in Tyrode’s buffer
(119 mM NaCl, 5 mM KCl, 25 mM HEPES, 2 mM CaCl2, 2 mM MgCl2, 6 g/L glucose, pH 6.5)
or in plasma at a final concentration of 2 x 109 platelets/mL. Whole blood from C57BL/6J or
APPKO mice (The Jackson Laboratory, Maine, USA) was collected in Acid Citrate Dextrose
(ACD, 38 mM citric acid, 107 mM sodium citrate, 136 mM dextrose) via cardiac puncture. After
whole blood was centrifuged at 600  g for 3 min, PRP was collected. The PRP was centrifuged
at 400  g for 2 min to remove remaining red blood cells. Platelet-poor plasma was isolated by
centrifuging whole blood at 1000  g for 10 min twice. Prostaglandin E1 (10 g/ml Sigma,
Missouri, USA) was added to minimize platelet activation during isolation.
5.3.2 Western blotting
Samples were reduced, boiled, and separated on 10% or 4-15% Tris-glycine gradient gels
(Bio-Rad, California, USA). After electrophoresis, the samples were transferred to a
nitrocellulose membrane (GE Healthcare, Illinois, USA) and blocked with Odyssey Blocking
Buffer (Li-Cor, Nebraska, USA). The membranes were treated with a primary antibody against
APP (1:1000; 6E10, Covance, New Jersey, USA or ab15272, Abcam, Cambridge, UK, or 1:500;
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22C11, ThermoFisher, Massachusetts, USA), FXIII-A (1:1000; SAF13A-AP, Affinity
Biologicals, Ontario, Canada) or fibrin (1:50 000; A0080, Dako, California, USA), washed, and
treated with HRP-labeled anti-host secondary antibody (1:10 000 ab7090, 1:15 000 ab97040
Abcam).
5.3.3 Co-immunoprecipitation assay
After washed platelets were activated by 70 nM of thrombin (Haematological
technologies, Essex Junction, VT) for 5 min or 1 hr in the presence of exogenous FXIII-A (300
nM, Haematological technologies) or an irreversible inhibitor of FXIII-A, D004 (2.5 mM, Zedira
GmbH, Darmstadt, Germany), platelets were lysed with lysis buffer (87787, ThermoFisher,
Massachusetts, USA). Platelets were then centrifuged at 14 000  g for 10 min to isolate the
lysates. The lysates were incubated with beads crosslinked with an antibody against APP (6E10
or ab15272, Abcam) or against serotonin (S5545, Sigma) and eluted according to the coimmunoprecipitation kit (PI-26147, Sigma). The eluates were either submitted for mass
spectrometry or prepared for Western blotting.
5.3.4 Mass spectrometry
The samples were reduced with dithiothreitol, alkylated with iodoacetamide and then
digested with trypsin at 1:50 protein:enzyme ratio [330]. The peptides from different samples
were reductively demethylated with differing isotopologues of formaldehyde. This imparts a
light, medium, or heavy mass tag on the peptides from different samples, which can then be
mixed and analyzed concurrently in the mass spectrometer [373]. The resuspended samples were
loaded onto a capillary-LC-MS/MS system (Agilent 6550 Q-ToF, with Agilent 1200 HPLC
system, featuring a 2.1mm  250mm POROShell C18 column) and run with 70 min H2O:CAN
gradients. The QToF was run in AutoMS/MS mode, at 2 spectra/sec for MS and 3 sepctra/sec for
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MS/MS scans. LC MS/MS data files were searched and quantified using MaxQuant software
[374] using tryptic digestion specificity, default values from Agilent QToF data (including 1%
FDR), and the triplex demethylation quantification mode, against the Uniprot human database.
5.3.5 Examining the effect of APP on platelet FXIII
To examine the role of APP on FXIII release, isolated platelets from C57BL/6J or
APPKO mice were activated with 70 nM of human thrombin (Haematological technologies) for
1 hr and the platelets were pelleted by centrifugation at 1 000  g for 10 min. The supernatant
was then centrifuged again at 21 000  g for 1 hr to separate the microparticles, which was
resuspended in Tyrode’s buffer. The rate of fibrin crosslinking by platelet FXIII was tested by
activating platelets with 70 nM of human thrombin and adding quench buffer (5M urea, 50 mM
DTT, 12.5 mM EDTA).
5.3.6 Modification of APP processing by FXIIIa
For whole cell platelet APP processing, platelets were activated with 70 nM of thrombin for
1 hr with either 40 nM of FXIIIa (Haematological technologies) or 2.5 mM of D004 (Zedira
GmbH). To isolate platelet APP releasates, purified platelets were activated with 1 U/mL
thrombin in the presence or absence of 2.5 mM D004 for 5 min, followed by spinning the
samples at 2000 g for 2 min. The releasates were then incubated with either 40 nM of FXIIIa or
2.5 mM of D004. To examine if FXIIIa could covalently crosslink APP metabolites, 10 g/mL
sAPP (S4316, Sigma) was incubated with 200 nM DTT, 100 nM of FXIII and 70 nM of
thrombin (Haematological technologies) for up to 1 hr and analyzed by Western blotting.
5.3.7 Clot retraction assay
Clot retraction tubes were pretreated with 1% Tween 20 solution for 1 hr, before
removing the solution. Clotting was by adding PRP to the clot retraction solution, which
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consisted of HEPES buffered saline (HBS; 20 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM
CaCl2), 2 U/mL thrombin, with or without 1 mM eptifibatide. Samples were incubated at 37°C
for 120 min and imaged at regular intervals. Images were analyzed as area of clot remaining to
determine clot retraction percentage over time.
5.3.8 Statistical analyses
Statistical analyses were performed using GraphPad Prism. All results presented in
graphs are in mean  SEM. n indicates the number of independent experiments, performed on
separate days. A two-tailed unpaired Student’s t test was used for all analyses. Significance was
designated at p values < 0.05.
5.4

Results

5.4.1 APP binds to platelet FXIII after human platelets were activated
Proteins that interact with APP after platelet activation were isolated by coimmunoprecipitation against the C-terminus of APP and identified by quantitative LC-MS/MS
analysis. Many platelet proteins binding to APP were identified, including fibrin, FXIII-A,
platelet factor 4 (PF4) and GAPDH. After platelets were activated with thrombin for 1 hr, the
binding of APP to fibrin (,  and  chains averaged), FXIII-A and PF4, increased by 11-fold
and 7-fold and 26-fold, respectively (Figure 5.1A). Since thrombin catalyzes the generation of
insoluble fibrin fibers, which may compromise the immunoprecipitation process, the experiment
was repeated by activating the platelets in the presence of GPRP peptides that inhibit fibrin
polymerization [375]. In the presence of GPRP peptides, the binding of fibrin(ogen) and FXIII-A
to APP increased by 19-fold and 7-fold, respectively. Since A, a metabolite of APP, is a
substrate for FXIII-A [23], the binding of FXIII-A to APP was confirmed by Western blotting.
FXIII-A binding to APP was undetectable in resting platelets, but rapidly increased within
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minutes of activation (Figure 5.1B). The binding of FXIII-A to APP increased by over 31-fold
after 5 min activation and 77-fold after 60 min activation (Figure 5.1C). FXIII-A was detected by
immunoprecipitation from both the N-terminus and the C-terminus of APP, indicating FXIII-A
can bind to the full-length APP, not just its individual fragments.

Figure 5.1. Binding of human platelet FXIII-A to APP following platelet activation. (A) The
relative binding of proteins to APP after washed platelets were activated with thrombin,
identified by immunoprecipitation against the C-terminal of APP followed by mass
spectrometry. (B) Western blot against FXIII-A after lysates of thrombin-activated washed
platelets were immunoprecipitated against the C-terminal or the N-terminal of APP. (C)
Quantification of panel B; the relative binding of FXIII-A to APP C-terminal after platelet
activation. n = 3. *, p < 0.01

5.4.2 APP did not influence FXIII-A release, activity or degradation in mouse platelets
Since APP binds with FXIII-A upon platelet activation, the potential role of APP on
FXIII-A function was investigated. To determine whether APP influences the localization or the
release of FXIII-A, platelets from wild type (WT) and APP knockout (APPKO) mice were
separated into the pellet, releasate and microparticles fractions following activation with
thrombin. FXIII-A remained in the pellet and the microparticle fraction in both WT and APPKO
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mice and did not differ in the amount released, indicating that APP does not influence the
amount of FXIII-A released from platelets (Figure 5.2A). To test if APP influences the activity
of platelet FXIII on clot retraction, the rate and extent of clot retraction was examined in platelet
rich plasma (PRP) collected from WT and APPKO mice. PRP clots from WT and APPKO mice
both retracted comparably by 80% within 3 hrs, indicating that APP does not influence the
contribution of FXIIIa to clot retraction (Figure 5.2B). To test for subtle changes of APP on
FXIII-A function in clot retraction, we inhibited clot retraction using eptifibatide, an antagonist
of platelet receptor glycoprotein IIa/IIIb [376]. In the presence of eptifibatide, the rate and the
extent of clot retraction in WT and APPKO samples were similarly decreased to 60% over 3 hrs.
To determine whether APP influences the activity of FXIIIa in crosslinking fibrin, another
identified binding partner of APP, the rate of formation of fibrin - dimers was compared
between platelets from WT and APPKO mice following activation with thrombin. The -
dimers were detected 2 min after platelets were activated and increased in intensity over 15 min.
The relative intensities of - dimers formed did not differ significantly between platelets from
WT and APPKO mice, indicating that APP does not influence the crosslinking of fibrin by
FXIII-A (Figures 5.2C and 5.2D). Platelet FXIII-A can be degraded by plasmin when
externalized to the platelet surface [359], so we tested the effect of APP on FXIII-A stability.
When activated platelets from WT and APPKO mice were incubated with plasmin, FXIII-A
from both WT and APPKO platelets were similarly degraded by plasmin by 70% after 1 hr,
indicating that APP does not influence plasmin-mediated degradation of FXIII-A (Figure 5.2E
and 5.2F).
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Figure 5.2. APP does not influence FXIII-A activity, degradation, or amount released from
mouse platelets. (A) Western blot against FXIII-A after activated platelets were separated into
pellet, microparticles, and supernatant in WT and APPKO mice. (B) The retraction of PRP clots
from WT and APPKO with and without eptifibatide (1 mM). (C) Western blot against fibrinogen
after platelets from WT and APPKO mice were activated with thrombin. (D) Quantification of
the intensity of the - dimers in panel C. (E) Western blot against FXIII-A after activated
platelets from WT and APPKO mice were incubated with plasmin (500 nM). (F) Quantification
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of the relative intensity of FXIII-A in panel D. n = 3. PEL: pellet, SUP: supernatant, MP:
microparticle, WT: wild type, APPKO: APP knockout, epti: eptifibatide.

5.4.3 FXIIIa activity prevented APP processing
Upon platelet activation, APP is processed by proteases on the platelet membrane and
released as various metabolites [377]. Since we found that FXIII-A bound with APP at the
membrane upon platelet activation, we tested whether FXIIIa affects the processing of APP
(Figure 5.3A and 5.3B). When platelets were activated with thrombin, 57% of the full-length
APP was cleaved over 1 hr. When exogenous FXIIIa was added, only 32% of the full-length
APP was cleaved, suggesting that FXIIIa inhibits the processing of APP. Conversely, when the
activity of FXIIIa was inhibited by adding an irreversible inhibitor, D004, the processing was
increased to 89% and the initial lower molecular weight cleavage products were not detected,
presumably because they were also cleaved (Figure 5.3A and 5.3B). Various forms of soluble
APP (sAPPα/β) are released upon platelet activation [20], and the effect of FXIIIa activity on the
processing of sAPP was examined (Figure 5.3C and 5.3D). First, platelets were activated by
thrombin to generate and release sAPP. The presence of D004 reduced the amount of sAPP
released from platelets by approximately 90%. Next, platelet releasates were incubated with
either FXIIIa or D004 for 3 hr to evaluate how FXIIIa activity influences the metabolism of
released sAPP. sAPP was degraded in the releasate by 47% over 3 hr, and there were no
statistically significant differences in the degradation of sAPP when FXIIIa or D004 was added
to the releasate. Together, this shows that FXIIIa inhibits the processing of APP within or on
platelets, inhibits release of sAPP, but does inhibit cleavage of sAPP after it is secreted.
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Figure 5.3. FXIIIa activity slows APP processing. (A) Western blot against APP after platelets
were incubated with thrombin and either exogenous FXIII-A or D004 for 1 hr. These samples
included platelets and platelet releasates. (B) Quantification of panel A. (C) Western blot against
sAPP in platelet releasates after platelets were activated in the presence or absence of D004.
Releasates, including soluble components and microparticles without intact platelets, were
collected and then incubated with FXIII-A or D004 for up to 3 hrs. One of the groups contained
D004 during platelet activation. (D) Quantification of panel C. n = 5. ns = not significant. *, p <
0.05. **, p < 0.01.
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5.4.4 FXIIIa cross-links APP
FXIIIa delays the clearance of fibrin by covalently crosslinking fibrin to itself and to
other proteins [12]. To determine if APP is a substrate of FXIIIa, purified soluble APP
(sAPP), the extracellular fragment of sAPP, was incubated with FXIII-A and thrombin. The
appearance of higher molecular weight products indicated sAPP was covalently crosslinked by
FXIIIa (Figure 5.4A). When platelets are activated, FXIIIa crosslinks serotonin to pro-coagulant
proteins, such as fibrinogen, from the -granule to retain them on the platelet surface [186]. We
tested to determine if serotonylation by FXIIIa influenced APP processing. Platelets were
activated in the presence of exogenous FXIIIa or D004, and the lysates of platelets were
immunoprecipitated against serotonin, and immunostained against APP. After platelet activation,
the relative amount of APP in the eluate increased by 5.7-fold (Figure 5.4B and 5.4C). When
exogenous FXIIIa was added, the relative amount of APP in the eluate did not increase
significantly. However, when D004 was added, the relative amount of APP in the eluate
decreased 3-fold.
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Figure 5.4. Platelet FXIIIa crosslinks APP. (A) Western blot against APP, where purified
sAPP was incubated with or without FXIII and thrombin (B) Western blot against platelet-APP,
where lysates of unactivated or activated platelets were co-immunoprecipitated with antibodies
against serotonin. Platelets were activated for 60 min in the presence or absence of FXIII-A or
D004. (C) Quantification of the intensity of the APP in panel A. n = 3. ns = not significant. *, p <
0.05. **, p < 0.01. THR: thrombin

5.5

Discussion
Here we demonstrate that platelet APP binds to platelet FXIII-A and fibrinogen upon

platelet activation. Although APP did not alter the release, activity or degradation of FXIIIa, the
activity of FXIIIa influenced the processing and cleavage of APP. Additionally, the extracellular
portion of APP, sAPP, was covalently crosslinked by FXIIIa.
The most prominent binding partners of platelet APP following platelet activation were
fibrin(ogen), FXIII-A and PF4, which are key proteins in hemostasis. Since APPKO mice do not
appear to have a severe bleeding phenotype, APP may contribute to the non-hemostatic
processes to which fibrinogen and FXIII-A also contribute, including those in inflammation and
wound healing [12]. Intracellular FXIII-A modulates the cytoskeletal proteins of platelets, such
as vinculin and actin, to modulate the platelet morphology [371]. Platelet FXIII also crosslinks
antiplasmin to fibrin during platelet activation to stabilize the blood clot [372]. The functional
significance of the interaction between APP, fibrin(ogen) and FXIII-A remains unclear and
requires further investigation.
Platelets generate and release A upon platelet activation, contributing to the deposition
of A along the cerebrovasculature [350, 364]. The deposition of A is a hallmark of cerebral
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amyloid angiopathy and Alzheimer’s disease (AD). Currently, BACE-1 and -secretases, which
cleave APP to generate A, are considered drug targets; inhibitors of these proteases have been
attempted in clinical trials, though no secretase inhibitors have yet approved for AD [378]. The
data here shows that increased FXIIIa activity prevents APP processing, potentially through
serotonylation of APP. It has been previously proposed that the serotonylation of APP at Gln686, near the -secretase cleavage site, would prevent metabolism of APP by -secretase and
stabilize APP [379]. Although the impact of FXIIIa on A deposition and subsequent AD
development remains to be tested, this is a potential mechanism that should be further explored.
In conclusion, APP binds with fibrin(ogen) and FXIII-A upon platelet activation.
Exogenous FXIIIa activity inhibited the processing of APP after platelet activation, and FXIIIa
crosslinked serotonin to APP fragments. These results are significant since platelets contribute to
the aggregation of A in the cerebrovasculature, a process involved in cerebral amyloid
angiopathy and AD.
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Chapter 6: The absence of amyloid precursor protein in an animal model
measurably increases bleeding
6.1

Contributions
This publication was a collaborative work and a manuscript has been published in

Research and Practice in Thrombosis and Haemostasis. N.M. designed, performed experiments,
analyzed and interpreted the data and wrote the paper. N.M. performed experiments to collect
data for Figure 6.1, 6.2 and 6.3. I contributed to 75% of this paper. A.W.S. performed
experiments to collect data for Figure 6.4A-C. J.R.B. performed experiments to collect data for
part of Figure 6.1 and 6.3. C.J.K. and W.A.J. helped design and analyze experiments and write
the paper. W.S.H. analyzed data and edited the paper.
6.2

Introduction
Amyloid beta precursor protein (APP) is a type 1 transmembrane glycoprotein that is

expressed in platelets [267]. On average there are approximately 9000 molecules of APP per
platelet, making APP one of the most abundant platelet proteins [268]. In humans, plateletderived APP (platelet-APP) is the primary source of APP in the blood, accounting for more than
90% of circulating APP [380]. Platelet-APP and its metabolites, particularly Aβ peptides, have
several activities, involving both anticoagulant and procoagulant properties, but it is unclear
whether APP contributes to physiological hemostasis.
Brain-derived APP (brain-APP) and platelet-APP are metabolic precursors of Aβ
peptides. The accumulation of Aβ in brain parenchyma and cerebral vessel walls is correlated
with the onset of Alzheimer’s disease (AD) [381]. Membrane APP can be proteolytically
processed by secretases in both amyloidogenic and non-amyloidogenic pathways, which release
soluble Aβ and soluble APPβ (sAPPβ), or peptide P3 and soluble APPα (sAPPα) [257]. Platelets
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express the necessary proteases to cleave APP into these metabolites [382]. In platelets, APP,
sAPPα, and Aβ are stored in alpha granules and released upon platelet activation and
degranulation [382, 383].
Platelet-APP and brain-APP differentially affect reactions of the coagulation cascade.
Due to differential splicing, platelet-APP, but not brain-APP, contains a Kunitz-type protease
inhibitor (KPI) domain that inhibits multiple proteases, including chymotrypsin, trypsin, blood
coagulation factors IXa, Xa, XIa, and the complex of factor VIIa with tissue factor [24, 384].
Platelet-APP has previously been described as a cerebral anticoagulant [24]. Overexpression of
platelet-APP, or intravenous administration of its KPI domain, has decreased cerebral thrombosis
in mice [29, 276]. Similarly, transgenic mice lacking the active KPI domain are prothrombotic
and have shortened times of occlusion in the carotid artery and brain [385]. Mice deficient in
APP (APP KO) have 20% fewer, but larger platelets with normal aggregation, secretion, and
integrin αIIbβ3 inside-out activation [30]. APP KO mice also developed larger thrombi following
inferior vena cava stenosis [30]. Additionally, these APP KO mice had elevated FXIa, and
shorter activated partial thromboplastin times, but not prothrombin times, in the presence of
platelets, compared to WT mice. These same APP KO mice had elevated platelet-leukocyte
aggregates and neutrophil extracellular traps.
Platelet-APP and its metabolites can also promote coagulation. Aβ increases clot
formation in vitro through activation of coagulation factor XII [25]. Increased activation of the
intrinsic coagulation pathway has also been observed in mouse models of AD and humans with
AD [169]. Aβ peptides directly activate platelets, promote aggregation, and trigger thrombus
formation [278, 386]. Platelets release Aβ during thrombosis, and platelets can adhere to
deposited Aβ [26, 387, 388]. Aβ interacts with fibrin to induce structural changes in the clot,
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forming plasmin-resistant blood clots [28]. Aβ is also a substrate for coagulation factor XIIIa
[389]. Factor XIIIa can covalently cross-link Aβ to itself and to other platelet and coagulation
proteins, and this can increase clot stiffness. Although Aβ can promote and stabilize clot
formation in these ways, APP KO mice did not have an obvious bleeding phenotype in previous
studies [30]. A significant difference in blood loss from a tail transection model between APP
KO and WT mice was not previously detected, however the mean tail bleeding time appeared to
be over twice as long in APP KO mice [30]. Thus, it is not clear if APP contributes to hemostasis
in vivo. Here, we extended these studies by examining hemostasis in multiple mouse models, by
selectively inhibiting several aspects of coagulation in these models, and by analyzing
coagulation of blood from APP KO mice using thromboelastography (TEG).
6.3

Methods

6.3.1 Mouse experiments
All procedures were approved by the University of British Columbia Animal Care
Committee and performed in accordance with the guidelines established by the Canadian
Council on Animal Care. WT (C57Bl/6J) and APP KO (B6.129S7-Apptm1Dbo/J) mice were
purchased from Jackson Laboratories (not littermates). To reduce variability in mouse bleeding
models, mice were matched by weight (20-24 g) and sex-matched to ensure equal proportions of
males and females in each group.
6.3.2 Liver laceration bleeding model
Mice were anesthetized via isoflurane inhalation and livers were accessed via a 3 cm
transverse incision. Two lacerations, each 2 mm long and 2 mm deep, were made on each liver
using a 2-mm ophthalmic knife. Blood loss was quantified from each laceration independently.
Blood was collected on preweighed filter paper immediately after injury until bleeding stopped.
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Filter papers (~2 cm by 2 cm) were arranged to line the site of puncture before incision. Each
laceration bled for approximately 30 s. Blood loss was compared by Mann-Whitney U test. To
confirm that changes in filter paper mass correlated with the volumes of blood soaked, known
volumes of fresh blood were soaked onto preweighed filter papers.
6.3.3 Mouse tail clip bleeding model
Bleeding was monitored using the immersion method [390]. WT and APP KO mice were
anesthetized via isoflurane inhalation and were kept at 37 °C using a heating pad temperature
probe. Mice then received intraperitoneal injections of apixaban (2 mg/kg, 100 µl, 30 min before
injury, Eliquis; Bristol‐Myers Squibb, Canada), aspirin+clopidogrel (100 mg/kg and 5 mg/kg
respectively, 100 µl, 60 min before; Sigma), recombinant human tissue plasminogen activator
(tPA, 9 mg/kg, 150 µl, 5 min before, Tenecteplase; Genentech), tranexamic acid (TXA, 800
mg/kg, 250 µl, 20 min before; Sigma), or saline (50 µl phosphate buffered saline) as a control.
Tails were transected 3 mm from the tip and were then immediately immersed in warm isotonic
solution (citrated phosphate buffered saline (PBSC)) to collect shed blood and to monitor
bleeding for 20 min. To quantify blood loss, the blood-PBSC solutions were treated with a
solution that lyses red blood cells (1.5 M NH4Cl, 0.1 M NaHCO3, 0.01 M EDTA, Millipore
Sigma) and incubated at room temperature for 10 min while gently inverting the mixture. The
absorbance of each blood solution was measured at 590 nm (Tecan Genios plate reader) and
converted to blood loss (µl) using a standard curve with known amounts of mouse blood that was
collected via intracardiac puncture. The calculated blood loss was normalized by the mouse body
weight (µl/g) to account for the severity of blood loss with respect to the animal size. For all
bleeding experiments, when comparing blood loss without correcting for body weight, three of
the four comparisons which are significant remain significant. All statistical analyses were
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performed using Prism 5 (GraphPad Software, La Jolla, CA). Data sets were normally distributed
within groups, and were compared by unpaired t-test. Data sets were also compared using nonparametric Mann-Whitney U test and maintained the same statistical significance. The current
work is early experimental research and further work needs to be done with a sample size and
appropriate statistical analysis. such as ANOVA and post-hoc analysis. In addition to larger
sample sizes, the work requires confirmation from different bleeding models, different animal
species and different sexes.
6.3.4 TEG analysis
Using a different group of mice separate from the bleeding experiments, clotting
parameters of whole blood were evaluated at 37°C using a TEG Hemostasis Analyzer System
5000 (Haemoscope Corporation). Citrated whole blood (10.9 mM sodium citrate final
concentration) was collected by cardiac puncture and combined with CaCl2 (13.6 mM), tissue
factor (0.03 nM, MedCorp Brazil), and tPA (3.8 nM). Measurements began immediately after
mixing all components together and the experiment was run for 3 hr. Statistical analyses were
performed using Prism 5 (GraphPad Software, La Jolla, CA). Data sets were normally distributed
within groups, and were compared by unpaired t-test.
6.4 Results and discussion
To extend and validate previous reports evaluating bleeding in APP KO mice under
physiological conditions, we conducted liver laceration and tail clip models of hemorrhage. APP
KO mice did not bleed significantly more following liver lacerations, but they bled four-fold
more than WT mice following tail clips (P < 0.05, Figure 6.1). This result extends a previous
report in which bleeding times appeared to be increased two-fold, though that study did not
detect a statistically significant difference [30].
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Figure 6.1. APP KO mice have a mild bleeding phenotype. Blood loss in the liver laceration
model and tail transection model with WT and APP KO mice. Blood loss was normalized to
body weight. In the liver laceration model, each marker indicates one of two bleeds per liver (n =
18 bleeds from 9 mice per group). In the tail transection model, each marker represents a single
mouse (n = 10 mice). Error bars represent the mean ± SEM. * P < 0.05, ns indicates not
significant (P = 0.10).

To test if bleeding in APP KO mice was mediated by differences in thrombin generation,
we treated both APP KO mice and WT mice with an inhibitor of coagulation factor Xa
(apixaban, 2 mg/kg) and compared their blood loss. When mice were treated with apixaban, APP
KO mice bled three-fold more than WT mice (P < 0.05, Figure 6.2A). Due to high variability in
these groups, we performed a Grubb’s test for outliers which excluded one data point in each
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group; the differences remained significant (P = 0.02) following exclusion. Apixaban
significantly increased blood loss in WT and APP KO mice, confirming that thrombin generation
was inhibited in both groups compared to untreated mice. The significant increase in bleeding
between APP KO mice and WT mice with apixaban suggests that the bleeding phenotype is not
primarily mediated by differences in thrombin generation, but does not rule out the possibility.
To determine if the increased bleeding by APP KO mice was mediated by platelets, we
compared blood loss between APP KO and WT mice treated with aspirin+clopidogrel, which
inhibited platelet activation. When treated with aspirin+clopidogrel, APP KO mice did not bleed
significantly more than WT mice (Figure 6.2A). This suggests the bleeding phenotype in APP
KO mice is mediated by platelets.

Figure 6.2. Platelet inhibitors abrogate the difference in the bleeding phenotype of APP KO
mice, but apixaban, and pro- and anti-fibrinolytic treatments do not. A) Blood loss
following tail transection after treating mice with apixaban (2 mg/kg) and aspirin+clopidogrel
(100 mg/kg and 5 mg/kg respectively). B) Blood loss following tail transection after treating
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mice with tPA (9 mg/kg) and tranexamic acid (TXA, 800 mg/kg). n = 10. Error bars represent
the mean ± SEM. * P < 0.05, ns indicates not significant (P = 0.40).

To evaluate if APP KO mice and WT mice bled differently due to differences in
fibrinolysis, we compared blood loss under hyper- and hypofibrinolytic conditions. When treated
with tPA, APP KO mice bled twice as much as WT mice (P < 0.05, Figure 6.2B). When treated
with the antifibriolytic tranexamic acid (TXA), APP KO mice bled thrice as much as WT mice
(P < 0.05). This suggests that the increased bleeding seen in APP KO mice is not primarily
mediated by differences in fibrinolytic activity.
All mean and median values for the in vivo bleeding experiments are listed in Table 6.1.
In some published mouse studies, liver and tail injuries cause similar blood loss [390]. In our
liver laceration model, injuries were smaller and caused less-severe capillary bed bleeds. APP
KO mice bled more compared to WT in our tail transection model, which causes plateletdependent arterial bleeding [391], but not our liver laceration model. This suggests that platelet
dysfunction may be a potential mechanism [391]. WT mice treated with apixaban,
aspirin+clopidogrel, or tPA bled significantly more than WT controls. TXA-treated WT mice
also bled slightly more than controls, but the difference was not significant; this may be related
to greater volume or tonicity of the injected TXA solution. It was expected that TXA-treated
mice would not bleed less, since inhibition of fibrinolysis does not have a strong effect in arterial
bleeding models [391, 392]. Apixaban-treated APP KO mice bled significantly more than APP
KO controls. While median blood loss in APP KO mice receiving aspirin+clopidogrel was twice
that of APP KO controls, the difference was not significant; increased bleeding would suggest
that inhibition of platelets by aspirin and clopidogrel can occur independent of APP. These
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results do not fully exclude contributions of APP and Aβ to thrombin generation or fibrinolysis,
as the tail transection model is more sensitive to changes in platelet activity compared to other
aspects of hemostasis [393].

Table 1. Mean and median values with ranges for in vivo bleeding experiments.

We then used TEG to investigate if whole blood from WT and APP KO mice have
different clot properties ex vivo. Citrated whole blood was collected from mice, and Innovin and
tPA were added to allow stable clots to form and lyse. TEG parameters of R-time (clot initiation
time), maximum amplitude (MA, clot stiffness), and percent lysis at 30 min (susceptibility to
fibrinolysis) were analyzed. Whole blood from APP KO mice had a two-fold increased R-time,
16% decrease in MA, and three-fold increase in percent lysis at 30 min (P < 0.05, Figure 6.3).
This demonstates that APP KO whole blood clots slower and forms weaker clots compared to
WT whole blood. APP KO clots were more suceptible to fibrinolysis, likely because of weaker
clot formation due to platelet inhibition, which is consistent with the tail bleed experiments.
These results are also consistent with how platelet abnormalities are known to affect bleeding
and TEG measurements [394].

125

Figure 6.3. TEG analysis of whole blood demonstrating hemostatic abnormalities in APP
KO mice. Graphs show clot initiation time (R value, A), clot strength (maximum amplitude, B),
and clot stability (percent lysis at 30 min, induced by 3.8 nM tPA, C). n = 9 mice. Error bars
represent the mean ± SEM. * P < 0.05.

There are numerous studies examining the effect of APP and its metabolites on
hemostasis, and the characteristics of APP KO platelets. APP has anticoagulant properties
through its KPI domain [24], and Aβ-mediated procoagulant properties through increased
thrombin generation, platelet activation and aggregation, and resistance to fibrinolysis [25, 28,
169, 278, 386]. Platelets from APP KO mice have normal platelet aggregation, secretion, and
αIIbβ3 signaling, but reduced platelet numbers and increased platelet size [30]. To corroborate
these findings, we measured platelet concentration, and aggregation and secretion using APP KO
mice and the results were consistent with published values. Although we and other groups have
not identified major differences in the coagulability of between APP KO and WT platelets ex
vivo, here we have demonstrated a difference in vivo, likely related to the mechanisms previously
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published. Overall, APP and its metabolites can affect hemostasis in multiple ways, but in mice
its pro-coagulant contributions to hemostasis are most distinct in arterial bleeds where platelet
activity is critical.
In this study we investigated the role of APP in hemostasis under physiological and
challenged conditions. We found that APP plays a procoagulant role in primary hemostasis and
this role is mediated by platelets. APP possessing both procoagulant and anticoagulant properties
is consistent with other components of hemostasis; for example fibrin and thrombin are strong
drivers of coagulation, but also exhibit anticoagulant properties by inhibiting thrombin and
activating protein C, respectively [202, 395]. In conclusion, we found that APP KO mice have a
consistent mild bleeding phenotype that is in part mediated by platelets, for which the specific
mechanism remains to be validated.
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Chapter 7: Conclusions and future directions
7.1

Summary
Platelets are small blood cells but indispensable to several aspects of human physiology.

Although their primary role is in hemostasis, platelets also regulate inflammation, innate and
acquired immunity, angiogenesis, and tumor progression [67]. Platelets sense and response to
their surrounding environment using various surface receptors and release of stored cargo [67].
Most of the various receptors and granule contents in platelets are well characterized and aid in
various aspects of hemostasis, to seal damaged vasculature. However, there are still many gaps
in knowledge in respect to platelet contents, with some having no clear physiological functions
in hemostasis. Understanding how these molecules can modulate hemostasis can aid in the
development of therapies to treat uncontrolled bleeding and trauma, which remains the number
one global killer of young healthy adults [3-5].
In chapter 2, whether spatial localization of platelet-length polyP could enhance its ability
to trigger coagulation was investigated. Numerical simulations predicted the localization of
polyP would increase its coagulability at low shear rates. In static conditions, surface localization
of polyP greatly accelerated its ability to trigger coagulation, suggesting a mechanism by which
platelet-length polyP could also trigger clotting. Under flowing conditions, using a microfluidic
device, short-chain polyP accelerated clotting faster when surface-localized compared to
dispersed in nanoparticles or in solution. Finally, platelet-length polyP was able to trigger
clotting when surface-localized. In addition, surface-localization also accelerated clotting of
long-chain polyP. Although a physiological mechanism for the localization of polyP to platelet
or vascular surfaces remains unknown, these results suggest a potential new function for plateletlength polyP in hemostasis. In addition, these results suggest a potential pathophysiological role
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of platelet polyP to promote thrombosis at sub-physiological shear rates, such as in deep vein
thrombosis.
In chapter 3, whether the fibrinolytic system could inactivate FXIIIa was investigated. In
purified systems, plasmin was able to degrade active FXIIIa but not the zymogen FXIII. The
primary cleavage site of FXIIIa was determined, suggesting a potential mechanism by which the
FXIII-B subunit of the zymogen would be protected from inactivation by blocking the cleavage
site. The kinetic parameters of plasmin-mediated FXIIIa degradation were determined,
suggesting the reaction could occur on a physiologically relevant timescale. Plasmin was able to
inactivate both plasma and platelet FXIIIa. Addition of tPA was also able to trigger degradation
of plasma FXIIIa. Plasmin did not inactivate FXIIIa during clot formation, but during clot lysis
and at thrombolytic tPA concentrations. This work suggests that FXIIIa activity can be
modulated by the fibrinolytic system. As FXIIIa plays a role in several platelet functions, this
work also suggests how the fibrinolytic system could modulate platelet function, particularly in
hemostasis. Also, the significance of this reaction could be exemplified in situations where
plasmin activity is abnormal, such as in patients with Quebec platelet disorder, patients
undergoing trauma induced coagulopathy, or patients with plasminogen deficiency.
In chapter 4, Aβ was identified as a novel substrate of FXIIIa. In purified systems, FXIIIa
covalently cross-linked Aβ into oligomers and higher molecular weight species. The kinetics of
the reaction were quantified. FXIIIa was also able to cross-link Aβ to fibrin as well, at rates
exceeding Aβ cross-linking to itself, suggesting a likely cross-linking partner in plasma given the
high concentrations of fibrin. FXIIIa cross-linked Aβ to platelet proteins under static and flowing
conditions. FXIIIa-mediated crosslinking of Aβ increased the clot strength of PRP and PPP.
Familial Alzheimer’s disease Aβ mutants were also cross-linked by FXIIIa, to itself and to fibrin,
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but at different efficiencies, suggesting a pathological mechanism of the reaction. This work
suggests a potential pathological mechanism for platelets in AD as they contain both FXIIIa and
Aβ. FXIIIa-mediated cross-linking of Aβ could create nucleation sites of Aβ along the
cerebrovasculature, promoting further deposition and development of CAA. This novel reaction
could also have various implications in hemostasis as Aβ can modulate many aspects of clotting.
In chapter 5, whether FXIIIa could modify platelet APP or its fragments was tested.
Endogenous platelet FXIIIa bound to platelet APP upon platelet activation. The binding between
APP and FXIIIa did not influence FXIIIa release, activity or degradation when compared in WT
and APP KO mouse platelets. FXIIIa activity delayed APP processing and FXIIIa inhibition
enhanced APP processing, suggesting FXIIIa activity could modulate APP metabolite
generation. Like Aβ in chapter 4, Soluble APPβ was also covalently cross-linked by FXIIIa. In
addition, FXIIIa also cross-linked serotonin to APP fragments, suggesting a potential mechanism
for the delayed processing of APP. This work suggests a novel mechanism by which FXIIIa can
modulate platelet APP processing and fragment generation. This novel link between coagulation
and APP processing has implications in both hemostasis and AD, and further describes plateletmediated mechanisms that modulate hemostasis.
In chapter 6, whether APP contributes to hemostasis in vivo was tested. Blood loss was
compared between WT and APP KO mice in liver lacerations and tail transections, and APP KO
mice bled more in tail transections. Blood loss was further measured following tail transections
and the bleeding phenotype in APP KO mice persisted in the presence of apixaban, tPA, and
TXA. However, in the presence of aspirin and clopidogrel, the bleeding difference between WT
and APP KO mice was abrogated, suggesting a potential platelet function defect in APP KO
mice. APP KO whole blood had longer clotting times, the clots had less mechanical strength, and
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more susceptible to fibrinolysis compared to WT mice. Although anti-coagulant roles of platelet
APP have been described previously, this work demonstrates APP contributes to physiological
hemostasis in certain situations. This work is also consistent with in vitro studies of procoagulant roles of platelet APP and Aβ in clotting, and further demonstrates novel physiological
functions of these platelet proteins in hemostasis.
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7.2

Future directions

7.2.1 Exploring the impact of platelet-polyP in physiology and pathophysiology
Future work will examine whether in vitro findings extend in vivo, and their impact to
hemostasis and thrombosis under physiological and pathophysiological situations. Initial work
should focus on determining whether platelet-polyP localizes to aggregated platelet surfaces or
endothelium in vivo at sites of clotting. This can be done in mice using intravital microscopy and
a fluorescent probe against polyP. In these experiments, thrombosis can be initiated and imaged
in the presence of a polyP probe to track the accumulation of polyP at the site of thrombosis. As
a negative control, the same experiment can then be done in the presence of a polycationic agent
(anti-polyP/polyP inhibitor) which inhibits the accumulation and aggregation of polyP [144,
396]. These experiments will determine whether polyP released from platelets accumulate at the
site of clotting. To evaluate to effect of platelet polyP on clotting, the hemostatic process can be
measured using intravital microscopy following an injury in inositol hexaphosphate kinse 1
knock-out mice (Ip6k1 KO), [397]which have 10-fold lower platelet polyP [397]. Hemostasis in
these mice can be measured via different bleeding models, with and without intravenous plateletlength polyP injection. In a subsequent experiment, mice will be co-administered with both
platelet-length polyP and anti-polyP agents (polycationic) as a loss-of-function examination.
While this thesis examined localization of polyP at low and sub-physiological shear rates,
the potential effect of polyP localization in vivo at higher shear rates should also be examined
using the methodology discussed above. This includes imaging platelet polyP deposition using
intravital microscopy at arterial (> 1500 s-1) shear rates. If deposition of platelet polyP occurs at
arterial shear rates, the potential effect on clotting can be evaluated using WT mice with and
without treatment of anti-polyP agents discussed in the previous section. In addition, the impact
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of platelet polyP on thrombosis at pathological shear rates, such as in DVT, should be tested in
WT and Ip6k1 KO mice using a stenosis model. The hypothesis here is that Ip6k1 KO mice
would be protected from thrombosis formation in the stenosis model. The “protected” Ip6k1 KO
mice could then be reverted back to the WT stenosis phenotype by injection of exogenous
platelet length polyP. These studies would be most relevance in humans as platelet polyP would
likely have its greatest effect at these pathological shear rates.
7.2.2 Exploring the implications of plasmin-mediated inactivation of FXIIIa in
pathophysiology
Investigations should be done to determine the significance of plasmin-mediated FXIIIa
inactivation in situations where fibrinolysis is elevated. One such situation is patients with
Quebec platelet disorder (QPD), which have increased platelet uPA levels in α-granules and are
hyperfibrinolytic [398]. These patients suffer from increased incidents of bleeding through an
increase of fibrinolytic enzymes [398]. However, as the fibrinolytic system (via plasmin) was
found to inactivate FXIIIa, the hyperfibrinolytic state in QPD patients could be exacerbated by a
depletion of FXIIIa, a key anti-fibrinolytic enzyme. Thus, evaluating the levels of FXIIIa is
merited in QPD patients to determine if there is a systemic reduction of circulating FXIIIa. If
total circulating FXIIIa levels are depleted in QPD patients, a plausible remedy is prophylactic
treatment of recombinant FXIII. Correcting FXIII levels in QPD patients could serve to reduce
the bleeding tendency by contributing to clot stability. However, examination of QPD patient
FXIII levels might well find that FXIII levels are normal. This is a likely finding as presumably
FXIIIa (the active enzyme) would only be susceptible to an increased rate of degradation only at
sites of active clotting, where FXIIIa is expected to be generated. In this scenario, the local
concentration of FXIIIa could be inadequate to stabilize the clot due to a faster rate of
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degradation, without affecting total FXIII levels. If there is an increased rate of FXIIIa
degradation at the site of clotting, such that the clot is inadequately stabilized without affected
total FXIII levels, prophylactic recombinant FXIII treatment could prove beneficial as well. The
reason being is that if physiological FXIII levels are insufficient to counteract the elevated rate of
FXIIIa degradation at the site of active clotting, then supra-physiological levels of systemic
FXIII might prove sufficient to normalize the local FXIIIa concentration at the site of clotting.
Another relevant hyperfibrinolytic situation, where plasmin-mediated FXIIIa depletion
could be taking place, is patients suffering from trauma-induced coagulopathy (TIC). Patients
with TIC suffer from significant activation of coagulation (following a traumatic event),
hyperfibrinolysis and depletion of key coagulation enzymes [399]. The result is rapid
exsanguination and death even after several transfusions [399]. The hyperfibrinolytic state is
especially devastating in TIC because not only is acute clot formation at the site of bleeding
inhibited, but the systemic activation of the fibrinolytic depletes critical clotting factors
systemically. TIC patients could also be suffering from depleted FXIII(a) levels, either
systemically (FXIII) or locally at the sites of active clotting (FXIIIa). As such, these patients
could benefit with co-administration of recombinant FXIII and blood product transfusions.
However, due to the sustained and elevated hyperfibrinolytic nature of TIC, rapid clearance of
any administered recombinant FXIII is expected. As such, a recombinant FXIII could be
generated with the newly identified primary plasmin cleavage site residue, K468, mutated to
increase the half-life of plasmin mediated-FXIIIa degradation in hyperfibrinolytic environments.
This strategy could prove beneficial for treatment of TIC as administration of degradationresistant FXIII will work synergistically with blood product transfusions, particularly during clot
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formation at sites of active bleeding to reduce or prevent exsanguination which would buy time
for other treatments to take effect.
7.2.3 Exploring the pathological significance of the interactions between platelet FXIIIa
and platelet Aβ/APP
Future work should examine the role of FXIIIa-mediated Aβ cross-linking in CAA and
AD. This can be done by crossing an AD mouse model (Tg2576) with a FXIII-A KO mouse, to
generate a double transgenic AD/FXIII KO model (Tg2576/F13A1-/-). These mice will have
elevated levels of APP and Aβ as well as associated AD pathological hallmarks such as amyloid
plaques in the brain parenchyma and Aβ deposition in the cerebrovasculature [400], but no
FXIIIa activity. Accumulation of Aβ in the brain and cerebrovasculature could then be monitored
and compared to standard AD mice. The hypothesis being that if FXIIIa activity contributes to
Aβ deposition (as in CAA) by cross-linking Aβ, then the absence of FXIIIa could potentially
alleviate this pathology. In addition, to further investigate the platelet-specific role to CAA and
AD pathology, a platelet-specific knockout of FXIII-A could be done in an AD mouse model,
and progression of Aβ accumulation could be monitored. As platelets are a contributing factor in
AD and CAA pathogenesis, the purpose here would be to establish the platelet-specific
contribution of FXIII to AD and CAA pathogenesis. If a deficiency of FXIIIa activity improves
disease progression in AD mice, a strategy for treating AD in humans could be downregulation
of platelet FXIIIa using lipid nanoparticles loaded with anti-FXIII-A siRNA targeting the bone
marrow. This strategy would allow for controlled downregulation of FXIIIa in MK cells and
subsequently platelets to reduce disease AD progression. This strategy could be especially
beneficial to patients with FAD, which have a rapidly accelerated rate of Aβ deposition.
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An apparent contradiction and a weakness of the above strategy is the work
demonstrating reduced levels of FXIIIa activity accelerating platelet APP processing. Thus,
downregulation of platelet FXIIIa could have the opposite effect of the intended outcome,
resulting in elevated rates of APP processing and Aβ release and deposition in the
cerebrovasculature. And so, if downregulation of platelet FXIIIa exacerbates AD and CAA
progression, the strategy could then be to upregulate platelet FXIIIa using lipid nanoparticles
loaded with FXIII-A mRNA targeting the bone marrow. The elevated platelet FXIIIa levels
could protect platelet APP from processing and potentially reduce system Aβ burden and AD
progression. The distinction in divergent outcomes comes from the gap in knowledge underlying
the platelet-specific contribution of FXIII and APP to the deposition of Aβ in the
cerebrovasculature. It is likely that both mechanisms occur simultaneously, i.e. FXIIIa
contributes to CAA pathology by cross-linking released Aβ along the cerebrovasculature, as well
as, FXIIIa can stabilize platelet APP and inhibit processing and release of Aβ. However, at
different stages during AD and CAA pathology, each mechanism could play a dominant role to
the overall contribution of disease. For example, early during AD and CAA pathogenesis, before
Aβ deposition is prevalent, stabilizing full-length platelet APP could prove beneficial to reduce
the local concentration of Aβ at sites of platelet activation, particularly in and around the
cerebrovasculature. Alternatively, as AD and CAA pathology progresses, and Aβ deposition
along the cerebrovasculature is prevalent, downregulation of platelet FXIII could prove more
beneficial by reducing cross-linking of Aβ and deposited fibrinogen which have been found to
co-deposit at sites of CAA plaques. As the underlying and temporal molecular mechanisms
surrounding CAA pathology remain largely a mystery, the experiments outlined here to
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determine the underlying contribution of FXIIIa could prove very insightful in developing a
more comprehensive picture of this pathology.
Finally, further investigations should be done into determining the molecular mechanism
behind how FXIIIa activity prevents APP processing. Currently, a likely candidate is the FXIIIamediated serotonylation of APP at Gln-686, near the α-secretase cleavage site [379]. The
significance of FXIIIa-mediated serotonylation of APP at this site should be examined in AD
(Tg2576) mice with a residue mutation at that site. The predicted outcome is that without
serotonylation of APP at Gln-686, the α-secretase cleavage site remains exposed, and APP
processing would be accelerated and AD progression would be exacerbated. If this is the case,
then a novel treatment for AD in humans could be developing a monoclonal antibody against
Gln-686 on APP. The effect of an antibody binding to Gln-686 on APP would be similar to that
of serotonylation at that site, in that it would block the α-secretase cleavage site. Preventing APP
processing using antibodies would likely be far more effective and rapid than FXIIIa-mediated
serotonylation as FXIIIa has many other competing substrates.

7.2.4 Investigating the molecular mechanism behind the bleeding phenotype in APP KO
mice
Further characterization of the bleeding phenotype in APP mice is merited. Initially,
studies should be done comparing bleeding in WT and APP KO mice using different models of
hemorrhage to determine in what types of injuries APP plays a role in hemostasis [390]. The
prediction is that APP is likely to play a pro-coagulant in arterial bleeds as these bleeds are more
dependent on platelet function [391]. Furthermore, the specific contribution of platelet APP
should be validated as previous experiments were done with APP KO mice, which are
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systemically deficient in APP. This can be done by looking at bleeding in WT mice with an APP
KO bone marrow transplant. As the MK cell lineage is bone marrow derived, the resulting
platelets would also be deficient in APP. The expected outcome would be that mice with platelet
specific knockout of APP would have a similar bleeding phenotype as full APP KO mice.
Alternatively, if mice with platelet-specific APP KO do not exhibit a bleeding phenotype, the
hypothesis would be that circulating APP/Aβ from non-platelet sources contribute to hemostasis
concomitantly with platelet activation, as experiments suggest both APP/Aβ and platelets to be
contributing factors in the bleeding phenotype of APP KO mice.
There are numerous studies characterizing the effect of APP and its metabolites on
hemostasis [24]. Investigations should focus on determining which, if any, of the proposed
mechanisms are responsible for the effect on hemostasis. To determine if full-length APP or its
metabolites, namely Aβ, are responsible for the bleeding phenotype in APP KO mice, WT mice
could be treated with secretase inhibitors to prevent APP processing [401], and compared with
untreated mice when subjected to a bleeding challenge. This experiment would determine the
specific contribution of full-length APP to hemostasis compared to Aβ. As the contribution of
full-length APP is inhibition of coagulation enzymes via the KPI domain [24], or platelet
adhesion to deposited Aβ (which would be largely absent with inhibition of APP processing)
[364, 388], the expected outcome would likely lead to a bleeding phenotype as seen in APP KO
mice. The role of APP in hemostasis should also be evaluated by looking at bleeding in AD mice
with accelerated APP processing and elevated Aβ levels, such as in Tg2576 mice [400]. The
prediction would be that AD mice are prothrombotic, likely due to procoagulant platelets. The
specific contribution of Aβ-mediated platelet activation and aggregation can be investigated by
treating WT mice with antibodies targeting Aβ25-35, which is the Aβ fragment responsible platelet
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activation and aggregation [402]. The effect of secreted Aβ on platelet activation would be
neutralized in these treated mice, and the overall effect on hemostasis through contributions of
APP and other procoagulant functions of Aβ could be examined. Further investigations into the
roles of platelet APP on hemostasis could further shed light on the procoagulant state of AD
patients and lead to novel therapies by modulating platelet functions.
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