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ABSTRACT

Platelets arecrucial to the hemostatic response. Their role in coagulation is well
documented and they have been considered for some time to promote resistance of
thrombi to fibrinolysis Platelets confer resistance to lybis promoting clot retraction of

the immedate fibrin network and through release of PAfrom theira-granules.However,
recent developments in the field now indicate that the role of platelets in fibrinolysis is
much more diverse. Indeetgcent studies oflifferent subpopulations of platelethat
develop upon activation suggest that plateleanplayvariedroles in regulating
hemostasis. Likewise the developments in our understanding of throficoostion,
architecture and changes in fibrin deposition and composition suggest that théeeedif
subpopulations of platelets may populate distinct areas within thrombi and potentially
dictate the local hemostatic balance in these areas. This reviewisdliss the diverse roles
of platelets in fibrinolysis anlighlight the recent developmegin the fieldand the
contribution of both the intracellular pool ahodulatorsas well as the membrane surface in

regulating these processes.



INTRODUCTION

Platelets areat the nucleus ohemostasisserving a multitude of functions to arrest
bleeding andacilitate wound healing. Their vital role is evidenced by the fact that
transfusion of platelets cadramaticallyrestorehemostaticcompetencywith higher
platelet counts correlating directly with an improvement in clinical bleedihgeraction of
platelets with the exposed components of the vessel walitinjury generates the initial
plugto limit blood loss. When platelets bind these matrix proteins theglergo rapd
activation to releas@ host of dotting factors into the surrounding milieu. In additigiihey
change both the shape and composition of their membrai®wingdirect interaction with
coagulationproteins Plateletsare a focal point fothrombin generation interact directly
with circulating fibrinogen facilitating generation of insoluble fibrin @atlasan anchor for
the growingscaffold of the clotThe crucial requirement of platelets faemostasiss
mirrored in the disease state of thrombis where aberrant platelet function significantly
augments thrombus formation with deleterious consequences. As a resultiple
antiplatelet agents are now used clinically to restrain the ability of platelets to participate in
uncontrolled thrombus fomation! Interestingly,in addition to theirffundamentalrole of
platelets in clot formationthey contain a host of fibrinolytic factors that regulate
fibrinolysis. Until recently that role has been presumed to be antifibrinolytic due to the high
concentrations of fibrinolytic inhibitorsontained within platéets>* More recently
additional profibrinolytidunctions of platelets have been described which indicate that
these unique anucleate cellsay mediate fibrin dissolution as well geeir established role
in fibrin formation®® This review will focus on the different means by whitdteletscan

participate in the mechanisms that regulate fibrinolysis and recent work by our laboratory



and others which suggest thatatelets are cemal to regulation oboth sides othe

fibrinolytic process

Crosstalk between fibrinolysis and clot retraction

The susceptibility of the fibrin network to lysisdistatedby its structure’ Platelets actively
compress and reduce clot volume a process termerktractiontherebyconsolidatinghe
integrity of thehemostaticplug® During ot retractionthe fibrin network around the
wound site igightenedviainteractions withthe integrinallbb3, previously termed platelet
glycoprotein llb/lllaUpon platelet activationallbb3 undergoes a conformational change
andbinds extracellular fibrinogethwhich initiatesallbb3-mediated outsidein signalling'°
allbb3is connected to the intracellular actin cytoskeleton via tal{Figurel), allowing itto
exert a contractile force on extracellular fibfibers. Platelet factorXIIFA (FXIHA)
modulatesreorganization of the activated platelet cytoskeleton aald L awithon
sphingomyelirrich lipid rafts,jndicating that fibrinaL L émyasin act as aaxisto support

clot retraction 12

Retracted clots are resistant to fibrinolytic degradafidand lyse morelswly than non
retracted cloté* due to condensing adrosslinkedalpha2 antiplasmin £-AP° and
reduced binding ofissue plasminogen activataiA) to fibrin.1® In plateletrich clots the
availability of plasminogen and plasminogen activators is reducetbbyetractiondue to
extrusionof these proteinsThese studiegdicate the integral role of platelets in clot

retraction andhow this impacts progressiauf fibrinolysis

a-GRANULE PROTEINS



There are three types of secretory granules, namelyatgranulesdense granules and
lysosomegFigure 1) a-granules areghe most abundant witraround50-80 per cell
accounting ér 10% of the platelet volumen contrastdense granulesompriseonly 1%’
Upon activation platelets release more than 300 proteinsriggority of these arising from
a-granules a-granulecontent is derived by several mechanisms includimgynthesis
within their precursorcells megakaryocyts'®2% endocytosid:?2 and pinocytosig?® at both

the megakaryocyte and platelet level.

Differential packaging a-granule proteins includingon Willebrand factor (WP,
fibrinogen, vascular endothelial growth factor, endostatin, thrombosporidiand basic
fibroblast growth factor from specifia-granule subpopulations has been reporté&e?
More intriguingly pre and antt angiogenic proteins were observed in distiaegranule
populationsand were differentially releaset. Indeed, a similar mechanism fstorage and
release of preand antt fibrinolytic proteinsmaypotentially existand warrants further
investigation In the remainder of this section we descrifigrinolytic proteinsthat areboth
endocytosed and biosynthesized within platelatsd their contribution to fibrinolysiéTable

1)

Fibrinogen

Plateletshave a pool ofibrinogen which is endocytosed froptasmainto platelets and
megakaryocyte®¥ and storedwithin a-granulesand the cytoplasm Platelet fibrinogen
accounts for 31096728 of total platelet protein (525 mg/10* platelets) with approximately
25%7 being found ima-granule$®3° The integrimallbb3 is involved in endocytosisf
fibrinogen aspatients with Type 1 Glanzmarnimrombasthenia(who exhibitdefectivecopy
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numbersof allbb3) have significantly reduced levead$ fibrinogenwithin their platelets333
In megakaryocytedibrinogen s endocytosed anttafficked to multivesicular bod& which
are precursors tanature a-granules® There are potentially other receptors involvedtire
endocytosis of fibrinogen, such as the integaivb3, whichmayfacilitate binding of soluble
fibrinogen to the inactive conformation afllbb3, thereby enhancing uptakef fibrinogen3®
Consistent with this hypothesideficiency of bothaVb3 andallbb3 further attenuates
fibrinogen accumulation in platele8. Further work is required to define the receptors
involvedin the uptake of fibrinogen ands relative distribution within quiescent platelets.
Both the cytosolic ané-granule pools of fibrinogen are releasedresponse tplatelet
stimulatior’®3°and is partially retained on the activated membrane due to its interaction

with allbb3.

Plasminogen

Plasminogetas been identified im-granulesby proteomic approach&$3but the relative
amounts have not been definedlthough itis reportedlyreleased after stimulatiot?.
Plasminogen is not detected in megakaryocytegess cultured in plasma containing
plasminogenindicatingthat it isendocytosed by the celf§ There are two forms of
plasminogen, the nativeredominantform Gluplasminogen and the intermediate form Lys
plasminogen, which is formed by cleavage of the activation peptide from Glu
plasminog®.*° Gluplasminogen is cleaved at Arg5841562to form two chainGu-plasmin
followed by a further cleavage at the-férminus to form fully active lyplasmin?®4! Lys-
plasminogen has a more open conformation which is more readily activstgdasminogen
activators It is presently unknown whether the-granular pool is Ghor Lys plasminogen

or if it differs from the plasma forms.



Inhibitors of fibrinolysis

A number of fibrinolytic inhibitors exist within plateleasidas a result of thislatelet-rich
thrombi arereportedlymore resistant to tPAnediated lysis than etiirocyte-rich
thrombi.*? The platelet content of thrombi and their resistance to lysis iinalp toexplain

why recanalizatiorin somestroke patients fails*3

Plasminogen activator inhibitorl (PAIL)

The serine proteasmhibitor, PA}L, isthe princpalinhibitor of tPA andurokinase
plasminogen activatoruPA. PAIlisabundant ina-granules(0.67 ng/10 platelets and is
released upon platelet activatipaccouning for the majority of circulating PAl.? Platelets
contain PAIL mRNA and are capabledad# novosynthesis of functionallactive PAIn vitro
which largely remains in an active conformatit>Platelet PAF1 is functionallylessactive
than the plasmaPAt1, 246 but accounts for approximately Sof total PAI1 activity due to
its sheerabundance Arterial thrombi which contain platelet dense liegs*’ found to

contain2-3-fold more PAIL than venous thromi8-49

Alpha 2 antiplasmin &AP)

a2AP is theprincipalinhibitor of plasminandcan be found withira-granules®®>1On
averagethere is62 nga-AP/ 10 platelets which accounts for 0.05 % of thiesma levebn
a volume basi&’ Plateleta,APis released upon activatiéhand stabilizes platelet-rich clots
against fibrinolysi§?°3Thecontribution of the platelet pool ofi2APto thrombus stability
may belimited, as addition of normal circulating platelet concentrationsat?\Rdepleted
plasmadoes notstabilize thrombi against lysté Plateleta,AP maypotentially play a role in
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maintaining the structural integrity of the platelet plioy down-regulatnglysis during the
initial stages of thromburmation, rather than protecting theestablishedhrombus

against premature lysis.

Thrombin activatable fibrinolytic inhibitor TAF)

TAFI is a proarboxypepetidase that can be activated by thromlaneaction that is
accelerated in excess of 10@fld bythrombomodulir?® or alternatively byplasmin®® The
activated carboxypepetidase, TAFla, removsr@inal lysine residues from fibrin that has
been partially degraded reducing tleailability ofbinding sites fotPAand plasminogerp’
TAFI is present in platelets at approximately 50 nd/pl&elets ands released frona-
granulesupon activaion* in concentrationsufficientto down-regulate fibrinolysi®f
plateletrich thrombi®® Megakaryocytes contain TAFI mR&al biosynthesis of tis protein

is thought to account for the poalf TAFI residing ia- granules*>®

Histidine rich glycoproteiniRG

The plasma glycoproteidRGplays a role in multiple physiological processes including
coagulation and fibrinolysisHRGs endocytosedby platelets and megakaryocyteswith
this poolaccountngfor 0.14% of theplasmalevel®© HRGs releasedipon platelet
activatior?®®%anddirectly associates witthe membraneof activated platelet$*
Interestingly, HRG" mice exhibit longer tail bleed times, indicative of defective platelet
activation,increased antithrombin activifyshorter prothrombin timesandenhanced
spontaneous fibrinolysi® AsHRG is knowto bind to fibrinogefi® and is retained on the
fibrin surface after clot formatioft, colocalization with fibrinogen ia-granules mean they

could potentially be released as a complex following stimulation. HRG alsasaats



competitiveinhibitor of plasminogetby binding to lysine binding site fgotentially down
regulating association of plasminogen and fidfirConversely, it is reported to tether
plasminogen to the ceBurface thereby enhancing the migratory potential of céifs.

Further work is required the significance of this protein in regulating fibrinolysis.

Platelet Clinhibitor

CZinhibitor isa serpinwhich inhibits seringroteases of the complement, contagtand
fibrinolytic systems. Gihhibitor iscontainedin a-granule$’ andis secretedupon
activationwith a portion (23%Yetainedon the membrane® The platelet pool of Ginhibitor
is derived from megakarocyte biosynthesiih platelets containing2 ng 108 platelets
compared tathe relatively high plasmeoncentration of 290rg/ml.2 CZinhibitor forms a
complex with tPA in situatits whenit is in excess over RAFEC A recent report suggests
that CLinhibitor is theprincipal inhibitor of a singlesite, Lys300-> His mutant(M5) form
of scuPAwhich is less vulnerable to nespecific activation to uPA.Infusion of Clinhibitor
prior to administrationof the mutant form of scuPA prevented nespecificactivationof

plasminogerand fibrinogenolysisvhilst permitting lysis of partiallydegraded fibrin’?

Protease nexinl (PN1)

Protease nexitl (PN1), also called serpinE2, is a serpin inhibitor with a broad spectrum of
substrates including thrombin, factor Xa, factor Xla and activated proteis ®ell as the
fibrinolytic proteins plasmin, tPA and uPA (reviewe®pynterestingly, PN is the closest
homologue of PAL”3 eluding to a function in regulation of fibrinolysisis expresgd by
mostblood cells including plateletd:">where the majority is contained withia-granules

but asmall amounexistson the quiescentplatelet membrane’® The concentrations of PN



1 releasedn the secretome ee relatively high (20 nmol/L per 3 x &plateletsy2but a pool
is retained on the activated membrane surfaéePlatelet PNL has the capacity to inhibit
both tPAmediated fibrinolysis iad directlydown-regulates plasmin generation and activity
on fibrin.”” A blocking antibody to Pl enhances lysis of plateleith clots and PN~ mice
exhibit accelerated lysis compared to wiihe.”” Indeed, a deficiency in PNsignificantly

augments tPA mediated thrombolysisemphasizingts clear inhibitory rolein fibrinolysis.

DENSE GRANULES

Dense granulefr dense bodiesare less abundarthan a-granules, with only around-8

per platelet at around 250 nm in sizand are identified in electron micrographs by virtue

of their electron dense coreDense granules areomprised oftations (C#, Mg?* KY),
phosphates (polyphosphatgolyP)and pyrophosphate), bioactive amines (serotonin and
histamine) and nucleotide@ TP, ADP, UTP, GTP). High concentrations of these constituents
are achievedby active transport mechanisms which also maintains the granule lwahan

pH of around 5.4 The components of dense granul@sparticular serotonin, ADP, €and

polyPregulate hemostasjsvhich will be described in more detail below.

Polyphosphate(polyP)

PolyPis an inorganic phosphate molecule comprising té@eating unitsof phosphate
monomers joined by phosphoanhydride bond<? 7°-89polyPelicitsnumerouseffects on
coagulation and fibrinolysisducingsignificant augmentation of the clotting procesg
enhancing factor X(FXIlactivation, preventing inhibition of factor X&Xa)y tissue factor
pathway inhibitor TFP), and acting as a cofactor for thrombmediated activation of factor

XI(FXIP! These procoagulargffects have a downstream impact on fibrinolysis by
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enhancing TAFla activation due an acceleration of thrombin gener&ti®olymer lengthis
an criticaldeterminant ofpolyPfunction; longer polymes are significantly more effective
activation of FXf? PolyP binds to fibrinogéhand alters the structure of the fibrin network
in doing so it #enuatesbinding of tPA and plasminogen to fibrin, thereby delayPw
mediatedfibrinolysis®3 PolyP binds to FX1:84facilitates its autoactivatiott and has been
shown toaugmentFXHdriven coagulatior$'8>Despite being classified as a coagulation
factor, activatedFXI(FXllaflemonstratesveak plasminogen activator activit§’Recently,
it has been shown thaXllacan augmentPAmediated fibrinolysis by gemating additional
plasmin® Our recent work has shown thablyP can activat€X[#* and subsequenthacts

as a cofactor in enhancing its plasminogen activatdivity which is the first profibrinolytic

function of polyP to be documented

CYTOPLASMIC PROTEINS

Factor Xl (FXIII)

ActivatedFXII(FXIllla)jncreases the mechanical stability of clots by formar(g-glutamyl)
lysyl bonds in fibri#f through crosdinking the lysinee-amino group of ondibrin strand to
the glutamineg-carboxymide group of anothéf.FXllis presentin platelet§:°3 at high
concentrationgaround 60 fg per platelgt* andislargely contained within the
cytoplasm??:% Unlikethe heterodimer AB; form that circulates in plasméahe cellular form
existsas a homodimer of FXx#2%% A small poolof the A:B; form isreported to be
contained ina-granule$®°which is presumed to baken up from plasméan association
with fibrinogen?® Early studies indicated that FXAllis retained in th@latelet cytoplasm
following activation and is not detectable in the secretaPA&XIHA does not contain an

identifiable endoplasmic reticulum (ER) signaling sequence and is excluded from the ER
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Golgi pathway in nucleated cefsHowever, it has been found to be directed toward the
plasma membrane in association with Golgi vesicles in monaugterophages? Due to the
lack of EReader sequence FXA cannot be targeted ta-granules in nascent platelets
duringde novosynthesis in megakaryocyteBhis evidence has led to the assumption that
release of FXHA from platelets was improbable ants functionswere likely to be
intracellular and distinct from the role ohe plasma FXIII in hemostagdasma FXIII plays
an essential role in the regulation of fibrinolysis where it cHagss inhibitors of fibrinolysis
to fibrin, includinga,AP%, TAF®L, and PAR.192We have shown that the antifibrinolytic
function ofplasmaFXllla is mediatelly crosslinkinga»AP to fibrirt®®and inits absence
thrombi lyse rapidly:®* Platelet FXIHA wasshown toinduce high molecular weiglgtdimer,
a-polymersanda,ARfibrin crosslinks>2:53105197 Qur work has now shown thalatelet
FXIHAis externalized on the activated platelet membrane and mediatdgacellularfibrin
crosslinking reactionstabilizngthrombi against fibrinolysig ana,ARdependent

manner>*

Tissue factor pathway inhibitor (TFPI)

Two alternatively spliced isoforms of TFPI exist in bld&dPh and TFM.108.10° Plateles
exclusively express the TRRdoform which is deriveftom megakaryocyteand accounts
for approximately7-10 % of thetotal pool of TFPI in whole bloo#%11! At this time it is
unknown where TFRIis locatedwithin quiescenfplatelets but evidencsuggests it is not
found ina-granules or lysozymeas it does not cdocalize withvWF, fibrinogenor
lysosomadassociated membrane proteih (LAMP1).11° TFP4 is exposed on the surface of
plateletsfollowing strong stimulation with thrombin or dual agonist& an unknown

mechanisnt!®In addition to platelesurface expresion a soluble form of TFPI is released in
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response to strong agonist stimulation, allowing accumulation of the inhibitor at sites of
vascular injury to act directly amssue factoffactor Vila complex and attenuate thrombus
propagation. TFP2, a homobgue d TFPIL, has recently beeidentified withinplatelets
and isof megakaryocyit origin'*> TFPL2 is released from platelets in response to TRAP
stimulation and strongly attenuate®A-mediated plasma clot lysksy directly inhibiting
plasmin The levels of TRRIrise steadily during pregnancy potentially indicating an

antifibrinolytic role for this kunitz inhibitor in contralf bleeding during labout*?

FIBRINOLYTIC PROTEINS ONVEMBRANE SURFACE

Theactivated membrane surface of platelets is well documented in terms of its binding of
coagulation factors, via Gldomains and integrin binding to fibrinogevWF and collagen.
Perhaps less well explorésithe ability othe platelet membrane to servas a binding site

for fibrinolytic proteins.

Urokinase plasminogen activator (UPA)

The plasminogen activataPA is a 54 kDserine protease found in urine and synthesized
by fibroblastlike cells, monocytes, macrophad€&s''4 and epithelial cell!® The single
chain form of uPA, scuPA, is activated to two chain uPA by cleavays158lle159116
Normal plaelets contain a small amount (1.3 ng uPAYplatelets) of uPA’ but negligible
levels are found in egakayocytes Quebec platelet disorder is associated vatthanced
expression and storage of uRAd manifests adelayed onsebf bleedingafter injury.
Increased expression of uPdevelops during differentiation of megakaryocytes from
hematopoietic progenitorandis linked to a tandem duplication in tHLAlyene38 The

limited plasminogen activator concentration in normal platelets may serve a protective
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function, as Quebec platelet disordegsultsin intracellular generabn of plasminvhichis

associated witldegradation ofa-granule proteins.8

In sharp contrast to the inhibitory effect ofgieletson t-PA and uPAmediated fibrinolysis
we and others have shown thatuPAmediated lysiss dramaticallyenhancel by platelets
5119This seems counterintuitive considering the high concentrations of fibrinolytic inhibitors
in platelets but isexplained bysurfacemediatedreciprocal activation of plasminogen and
scuPA on the membrargurface® scuPAs presenton the membrane of unstimulate
plateletst?®, howeverbinding isnot accounted for byhe knowncellular receptouPAR??,
asuPARsnot expressed on platelets.x@&genousscuPAs endocytosed bylatelets, byan
underdetermined mechanismyhich may prolong its activit{??> Once formedcell-bound
plasmin is protected from inhibition bg»>AP,although(sc)uPAs susceptibleo inhibition by
PALL and PAR. An additional mechanism activationof thrombin-cleaved scuPA by
plateletcathepsin asalsobeendescribedon the surface of thrombirstimulated
platelets?® Despite these lines of evidentmcating (sc)uPAn the membrane ofjuiescent

and activatedplatelets the receptors responsible aill unknown

Tissuetype plasminogen activator (tPA)

tPA a 68 kDa serine proteasis largelyproduced and secreted by endothelial c&lfs
however, small amounts alctive tPA havéeen detected in megakaryocyté®. tPAis
secreted as a singlehain form (sctPA) that is cleaved at Arg2[E276to a two-chain form
(tctPA). When associated witfibrin, both forms exhibit comparable activity?® as bnding

of sdPA to fibrin decreases the Kmadtivation, enhancing plasmin generation and dewn

stream fibringysis?” tPAbinds tothe surface ofjuiescentplateletspotentiating
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plasminogeractivationapproximately &old.12812° Reversible imdingof tPAto the
membrane appears to be by a singlass of saturable, low affinity binding sites that are
amplified upon thrombin stimulatioand partially displaced by plasminogé#f-3°
Receptorsfor tPAon plateletshave notbeendefinitivelyidentified, but annexin 1l has been

described as a plasminogé¢RA coereceptor onendothelial cells3!

Patelet-rich regions withinclotsare associated wittdensely packed retractefibrin fibers
which attenuate tPA binding and decrease lysis faalocity.*6132 Interestingly, a second

late phase acceleration of fibrinolysis is obserwgdch is attributed taclustering of lysing
fiberswhich augmentshe local concentration diibrin-boundtPA*3? The relative

contribution of fibrin versus the cell surface in accelerating local fibrinolysis is an intriguing

guestion but one that is difficult to tackkexperimentally.

PLAELET SUBPOPULATIONS

Upon activation of plateletsa number of phenotypically differergubpopulations arisé3*
138which have different functions within themicroenvironmentof the thrombus
Procoagulant platelets express phosggitlyserine (PSY’, readily binding coagulation
factors thereby enhancinghrombin generation anddownstreamfibrin formation.
Adherent plateletexposeactivatedalL L 61 o X 0 A ofher platdlaishidreby | vV R

consolidating thehrombusand protectingagainst premature degradatiots®

Aggregating platelets
Aggregating platelets are Rfegativewith a characteristispreadmorphology(Figure2A).

They bind fibrinogen via activatexl. L @hdaenerateibrin on their surface'38

15



Aggregating plateletexposeFXIHA in a diffuse patterover their surface?, whilst

plasminogen and PAllocalize centrally over the granulomefiigure3).° Binding of

plasminogen iattenuated by blockingL L anithdirofiban, however itis not dependent on

the activeconformation of the integrin This is evidenced by the fact that plasminogen
accumulates on the surface of aggregating platelets prioP&C1 antibodywhichbinds

onlythe active integrin® The functional significance of these fibrinolytic proteins in

aggregating platelets requires further clarification. However, their importance in thrombus
architecture and stability is exemplified bgldition of abciximab, aL L 61 o NXB OS LJi 2 NJ
antagonist which significanthyacceleratslysis byprohibitingthe interactionbetween

fibrin(ogen and platelets'3?

PSexposing platelets

Upon exposure to a collagen surface or glycoprotein VI ligands, platelets initially form
pseudopods and lamellipodizefore morphingtd  OK I NJ OG S Niagedand O Wo I f f 2 ;
flippingPSto the activated membranéFigure2B).1*° PSexposing platelets, or procoagulant
platelets, exhibit prolongeéhcreases irtytosolic C# and support binding othe

prothrombinase complex36.138.141After the appearance of aggregating platelesgich
incorporate fibrinogenfurther platelets are recruited that subsequently become PS
positive3 These plateletsllow formation of¢ a4 A NIS Q  F A @hicheyhandeS G ¢ 2 NJ
from the plateld surface under low sheaThisprocess islependenton both FXIld and

aL L &4 as in theirmabsencdibrin fibers orientate in the direction of flow#2 These
observations indicate tha®Sexposing platelets contribute to the dynamic structure of the
fibrin network by guidingnulti-directionalfibrin polymerization ananayhavedownstream

consequences in terms of modulatifigrinolysis.Platelet FXHA and calpain have a role in
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limiting excessive accumulation of platelets by decreasing adhesi@iviad¥ o ¢
Interfering with PS exposure on platelets impairs FXa and throgemeration thereby
downregulatingghrombus formation in murinenodels ofthrombosis!44145These thrombi

are prone to embolization, exhibieduced stability and increased susceptibility to lysis

Coated platelets

W/ 2F G§SR LI I {duardplatl€splodudd hydndh@dlial agonist
stimulation33146.147Coated plateletsetain a¥ O 20f ciioSslinkeda-granule proteirs on
their surfacé*3146.148yhich is reported to developecondary to PS exposut¥.The protein
coat consist of procoagulant proteins such as faMt@vWF, and fibrinogen which are
reportedly crosdinked to the surface in a FX@@Hlependent manner. The presence of
fibrinolytic proteins such as RPA] HRGand plasminogen on coated platelets is less well
described but they too could be presemi A (i K A ¥ . {iTKefercdhtagelofio&ted
platelet potentialin individualsangesfrom 15 ¢ 53%I.14’ The full physiological rolend
capacityof coated platelets igot fully understood however, they are thought to be
prothromboticin nature!®0-151 Therefore the ability to target ancenhane the

profibrinolytic potential of this subpopulatiomay have therapeutic value

PNE (i NXzR oy focdddblarit jiatelets

ProcoagulanPSexposing.Jt | 1 St Sia KI @S 6SSy ¥F2dzyR (2 Llaa
rich in fibrinogen and thrombosponditt? We have recently confirmed the presence of

fibrinogen and demonstrated the localization of &M, plasminogenand PAl1¢in these

protruding caps (Figurg). ¢ KSa S WOl LJAQ KIFI gS aAyO0S 6SSy RSY;
numerous coagulation factors IXa, Xa/X, Va and¥Fibrin may act as an anchfor these
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LINE GSAya ¢ A0 K Aayidcauld Sotemtifllyfagilate $hé trarstet of jlatelet

derived prdeins into theadjoiningfibrin network. Indeed activation of platelets with TRAP

6 rather thanthrombin or inhibition of fibrin polymerization with GRro-Arg-Pro redued

exposure oplatelet FXIHA® andattenuatedplasminogen binding A 6 KAy S0 KS WOl LIQ
However, @spite the presence of fibrinfogerdL L 67 o | LILISI NB G2 06S Ay |
conformation. Platelets stimulated with strong dual agonists displagasadary inactivation

of the integrin after occupation with a ligand such as fibrinog#ér#6-15415BJockingaL L 6 1 o

or fibrin polymerization reducgplasminogen binding PSexposingplatelets and

consistent with thisGlanzmann thrombasthenia patients who ladk L 6 i o RA & LJ I & NXB

plasminogen binding®

These protein rickap) 2y G KS -éxpabidiylpl@idetsar€ not Iflunderstoodout
their collection of fibrinolytic mediatorsnplies a functional role ifibrinolysis Within a
developing thrombusthe PSexposing platelets are visualized as distinct4aggregating
platelets that localize in strings at the edges of ci6tand may limit excessive clot
expansion byurbing association aidditional plateletsvhile permitting further geeration
of fibrin. Thecollection of proteins in thes€INE (i N&E Knggest tHey magct as a

delivery service fofibrinolytic proteins into the heart of the thrombus

THROMBUS ARCHITECTUREALIZATION OF PLATELETS AND FIBRINOLYTIC PROTEINS
During thrombus formation @ore of densely packedighlyactivatedplatelets formswhich

is envelopedy a shell of loosely packed less activated plateffetsThe rate of solute

transport within the coreof the thrombusis low*® indicating that proteins associated with

the platelet membrane or within the gap junctions of these tightly packed aggregates will be
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retained These fateletsexperience strong agonist stimulation evokinglpnged
intracellular calciunspikes shapechangeandrapid degranulaion.t>® In the shell of the
thrombus plateletsare less intensely stimulatedisplayingonly transient increasgin
intracellular calciunwith little or no degranulation®>® This is an important concept, as it
indicates that platelets do not release their intracellular contents into flowing blood, but
rather into the body of the thrombus where local concentrations of plateletived

proteins are likely talefinethe hemostatc balance.

Upon thrombinstimulation the copy numbeof allbb3 on the membranéncreases 2-fold,
presumably drawing from the poalithin a-granules'®® Theconcurrentsharp rise in
intracellular C&'inducesthe active conformation ofalL L é%aid interaction with
fibrinogen® Thrombin concentrations are elevated within the core of the thrombus
facilitatingfurther fibrin formationand platelet activationthereby dictating the overall

structureand itsresisinceto fibrinolysis

Plasminogerassociates witlunstimulated plateletsbut followingthrombin stimulation
binding is significantly augmenteal a fibrin andallbb3-dependent manner 8:162.163An
array ofplasminogen receptors have beatentified ondifferent cell typesand generally
involveaninteractionof plasminogerwith Gterminal lysineresiduesof membranebound
proteins'®* Theplasminogen contentf a thrombusdictatesits susceptibility to lysi€®and
is likely réated toits ability to be retained on the surface of fibrin and ce{ur laboratory
studiedthe localizationof plasminogenn a physiological flowmodelof thrombus formation
and lysi€. Plasminogeraccumulated orplatelet-as®ciated fibrin with a smaller pool

found in directassociaibn with the platelet surface(Figured).> Plasminogen wasitially
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visualizedh y G KS WwWO2 NEB diracfassociaton witk plaeliduaizais time
progressed itvasevidentat areas distal to the corecalizingwith fibrin; both fibrin and
plasminogen accumulation in these areas Wwhscked byinclusion ofhirudin during
thrombus formation® Using this flow model wbhave showrthat both fibrinand cellular
surfaces are important for retention of plasminogen within thrombi and that its local

concentrationgoverns the rate of fibrin degradation

Simulation of platelets withstrong dual agonistshrombin and convulxingenerates
measurableguantities ofplasminwhich issignificantlyaugmentedby addition of
plasminogen activator$We have previously shown a relationship betwedat@let-
associated plasminogeand scuPA as described earlier in this revievell-bound uPA
recognizes and activates bolys-plasminogen an@ACAliganded plasminogenvhich has
an open conformation similar to ygasminogent®® Association of plasminogen with the
platelet surface induces an open conformation which is more readily cleaved to
plasmin®162.166169 p|ateletbound plasminogen caalsobe activated by crosstalkith uPA
boundto monocytes or endothelial microparticlé® tPA-mediated plasminogen activation
is also enhanced by platelets and is thought to arise frorawtocatalytic mechanisritfeIn
addition to the surface enhancement of plasminogen activatithre platelet surfacects as
a reservoir of plasmin that is protected from inhibition é&yAPthereby promoting

fibrinolysist’0.171

PA}L accumulates to high concentrations in platetith thrombi*®165and its concentration
directly correlates with their lyability.*65172 PA}1 is not crosdinked to fibrin likea,AP, but

associatesndirectly via its cofactor, vitronectt?®, which also preserves the activity of this
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labile serpin inhibito’41’>Uponrelease froma-granulesPAt1 localizes on platelebound
fibrin therebyincreasngthe localresistance of this network to fibrinolytic degradatiéft
TAFI imlsoreleasedrom a-granules in response to stimulatibhand exertsan additional
antifibrinolytic functionto that of the plasma pooP? Thrombin generation on the platelet
membraneand concomitant releasef TAFI withplatelet-derived TM'’7, mayaccelerate
generaton of TAFlan plateletrich areasPlasminactivity generated on the surface of
activatedplatelets® may also function in local TAFI activation and indeed our laboratory has
previously shown that both thrombin/TM and plasmimediated TAFI activatioregulate
thrombus lysis’® TAFIa has also been found to play a Sicamtrole inresistanceof
plateletrich clotsto lysis’® Indeed, dual targeting of PAland TAFla using antibody
approaches has shown to be beneficial and is currently under investigation as novel

thrombolytic agent for the prevention of ischaemic stroike18?

Matelet FXIHA stabilizs thrombi against fibrinolysiby crosslinking a-.AP to fibrn of plasma
and patelet origin.>2°31% Theseextracellular crosdéinkingreactions areachieved by
translocation of FXHAfrom the cytoplasnto the outerleaflet of the stimulated platelet
membrane. FXHAis not detected in the secretome indicating thatternalizationto the
membraneis sufficientfor the transglutaminase tmediateextracellular cros¢inking
reactions® The distribution ofFXIHA on the surface of platelets differed relation tothe
subpopulation and ftther work is necessary to determine whiohtheseis important for

mediating the antifibrinolytic function of FX5*

FINAL REMARKS AND PERSPECTIVES

21



Traditionally platelets were considered antifibrinolytic in nature, but their ability to harbor
plasminogen, plasminogen activatpasd functional plasmin on their surface mean that

their role is more complex than initially perceivétateletsare aheterogeneougopulation

of cells that exist in different activated states, reflected in their membrane composition and
morphology andas a consequence expose different receptors, molecamesproteins on

their surface.Recent advances in defining the subpopulationplatelets and the profile of
fibrinolytic proteins retained on their membrane surface on plateletbound fibrin may
provide clues as to how these platelets function under different conditiongether
differential packaging and release of pamdanti-fibrinolytic proteinsfrom a-granules
contributes to regulation of fibrinolysis in different settings remains tebtablished
Timedependent surface expression of platetkrived proteins and binding of exogenous
plasmaderived proteingnayimpact on the function of these complex cellsfdminolysis
Understanding the function of platelet subpopulations couldwalfor thrombolytic

therapies to be tailored to target population&.recent report showed that tombolysis

with scuPA fused to single chain antibody fragments (séFf)A OK (I NB &g, I OUA O
was dependenbn platelet-boundplasminogen2 The possibility that platelets could serve

in the rapid deliveryof specific preor antHfibrinolytic protein packages provides an exciting

opportunity to harness their potential therapeuti@lue
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FIGURE LEGENDS

Figure 1.Cartoonrepresentationof platelet structure.

Abasic schematic of platelet structunedicatingseveralmembrane receptors and their
ligands, includinguibbs and its ligand fibrinogen and the PAR1 and PAR4 receptors with
their ligand, thrombin. The actin cytoskeleton is attached to the inner leaflet of the platelet
membrane and joins to the cytoplasmic tails of #gbs receptor via clot retraction
mediatorssuch as talin and vinculin. Platelets contain a number of intracellular granules
includinga-granuleswhich containa plethora of hemostatic proteinsnd densegranules
which house mediators such as’C serotoninand polyphosphate Glycoprotein VI (GRY

IX (GPIX), Ho(GP1llam, 1bb (GP1lb) proteaseactivated receptor J{PAR1) or 4 (PAR4),
adenosine diphosphate (ADP), ADP receptorsi@&@2&YP2Y>), von Willebrand factor(vVWF)

and plasminogen activator inhibitor (RPAL

Figure 2: Cartoon representatioof fibrinolytic factors bound P&xposingand PSnhegative

platelet surfaces andplatelet-anchored fibrn

A number of fibrinolytic mediators bind to the activated platelet surfandthe
surrounding fibrin network. This diagram represents the-gptasmnogen, FXllagnd antt
fibrinolytic factors(FXIHA; PAILl, Clinhibitor) bound toactivated spread RBegative(A) or
balloonshapedprocoagulant P$&xposingplatelet surfacgB) and plateletanchored fibrin
(blue). Histidine rich glycoprotein (HRG), @hibitor (C1 INH), plasminogen (plgn) and

polyphosphate (polyP).

Figure3 ¢ Localization of fibrinolytic proteins in R8xposing and PBegative platelets.

Washed platelets (0.5 x #nl) were adhered to a collagen (0n@) + thrombin (3 pmol)
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coated slide and stained using HiaBeled antiFXIHA antibody FITGabeledactivated

ainbs (PAGL) or anticPAtL DyLight 488abeledantibody. Alexafluor647 Annexin A5 (1/20
dilution) or AnneximPASCFITC (1/20 dilution) was used to detect phosphatidylsefiite)
where indicated Alternativellyafter 40 min incubation, plasminogddlL633 (0.8M) or
fibrinogenAF647 (16.7rg/ml) were added. Shown areepresentativemagesyY [ X o0
experiment$ of differential interference contrast (DI@f FXIIIPALL or PACL expression
and plasminogeror fibrinogenbinding on balloon shaped RRposing platelets (left) or
spreadPSnegative platelets (rightimages were obtained with a Zeiss LSM710 confocal
microscope with a 63 x 1.40 oil immersion objective and were analyzed using Zen 2012

software.Scale bar=5 mm.

Figure4 - Plasminogen localization within thrombiThrombi were formed by whole blood
perfusion (1000-%) over a collagertissue factorcoated surface: hirudin (3 ng/ml).

Platelets labeled with DIOC6 (Gv&/ml) or fibrinogenrOG488 (7%m/ml) were included.

Thrombi were perfused with plasminogelnl-633 (0.8M). Confocal &stacks were

recorded of labeled thrombi (2Bit images of 1024 3024 pixels; 106 3 106 mm; stack
distance 0.5 mm; 50 slices). Representative images and overlays of plasminogen (blue) and
platelets (green), or fibrin(ogen) (red) takewiin zstacks at the base (0 mngenter (10

mm), and top (20 mm) of thrombi beforeofh panel) or after (bottom panel) visible fibrin

formation.
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Goncentration
Protein Primary location Biosynthesis/uptake Reference

(ng/1Q° platelets)

Fibrinogen 52500 a-granules, cytoplasm platelet & megakaryocyte endocytos 28183

megakaryocytic (platelet?)

Plasminogen ? a-granules 8738
endocytosis

PAL 670 a-granules platelet biosynthesis 2,44
a-AP 62 a-granules ? 50
TAFI 50 a-granules megakaryocyte biosynthesis 4,58

HRG 371 a-granules platelet & megakaryocyte endocytos 59.60

C1 inhibitor 620 a-granules megakaryocyte biosynthesis 3,67

PN1 b a-granules megakaryocyte biosynthesis 75.76
polyP? 755 dense granules - &
FXIHA 60000 cytoplasm megakaryocyte biosynthesis o4

? (not thought to bea-
TFPI 22 megakaryocyte biosynthesis 110,111
granules or lysozymes’

SCUPAUPA 1.3 membrane Plasma derived 117,122

tPA 2 membrane Plasma derived 128,129

Table 1¢ Summary of fibrinolytic proteins detected in plateletéJnknown parameters are
indicated by?. 2 polyphosphate is an inorganic biomolecui¢he total PN-1 concentration
within platelets has not been reported but thamountreleased by 3 x £plateletdml is
approximately 20 mmol/3 Plasminogen activatet (PAI1),alpha2 antiplasminaAP,
thrombin acivatable fibrinolysis inhibitor (TAFI), histidine rich glycoprotein (HRG), proteaselnexin
(PN1), polyphosphate (polyP), factor XNFXIHA), tissue factor pathway inhibitor (TFPI), (single
chain) urokinase plasminogen activator (scuPA/uPA) angetigisminogen activator (tPA)
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