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Abstract

Platelets are important players in the hemostatic system, acting as guardians of
vessel integrity. When they come across a breach in the vessel wall, they quickly
adhere to the damaged surface, secrete activating and adhesive compounds from
their secretory granules, recruit additional platelets into a growing platelet plug
and support the action of the coagulation system. In the past decades, it has
become clear that platelets form functionally different platelet subpopulations.
The aggregatory platelets build the platelet plug, whereas the procoagulant
subpopulation support and direct the actions of the coagulation system. The aim
of this thesis was to examine the formation and features of the different platelet
subpopulations, and elucidate their respective roles in hemostasis.

Platelet lysosomal secretion is not well characterized. In Paper I, we found that
lysosomal secretion, detected as LAMP-1 surface exposure, occur upon potent
platelet stimulation including secondary activation by ADP. This is regulated by
the endothelial platelet inhibitors nitric oxide and prostacyclin. As observed in
Paper II, lysosomal secretion might also be of clinical relevance as a quality
indicator for platelet concentrates used for transfusion, an area were quality
control may become increasingly important in the future. Among several evaluated
platelet activation markers, platelet LAMP-1 exposure and the ability to form
procoagulant platelets may be useful as novel indicators of platelet responsiveness.
Moreover, the ability to form procoagulant platelets varies extensively between
individuals, something we established in Paper III. Here we also present a novel
flow cytometry protocol enabling the simultaneous investigation of 6 different
platelet activation markers. Using this protocol we investigate the formation of
procoagulant platelets and reveal that only a subpopulation of platelets may
become procoagulant. Further we show that this is dependent on the agonist
stimulation applied. Finally in Paper IV, we explore the influence of the
procoagulant platelet subpopulation on different aspects of hemostasis. While
platelet aggregation was not affected, the fraction of procoagulant platelets was
found to strongly correlate to peak thrombin generation, and to be associated with
plasma cholesterol levels.

In conclusion, this thesis presents evidence for the use of LAMP-1 surface exposure
and the formation of a procoagulant platelet subpopulation as potential indicators
of platelet activation potential. The formation of procoagulant platelets varies
extensively between individuals, influence hemostasis and is associated with the
known risk factor cholesterol. Thus, the formation of a procoagulant platelet
subpopulation may be a candidate biomarker for cardiovascular disease, to be
explored in the future.






Populdrvetenskaplig sammanfattning

Blodet som med hjilp av hjartat flodar i vara blodkarl levererar syre och
niringsdmnen till kroppens alla celler och vdavnader. Att bibehélla blodflodet ar
livsviktigt och redan kortvariga uppehéll kan fa allvarliga konsekvenser, sdsom vid
hjartinfarkt eller stroke. Blodtillférseln paverkas bland annat av blodningar till
foljd av skador. Saledes har kroppen genom tusentals ar utvecklat ett komplicerat
system som kallas hemostasen. Hemostasen har till uppgift att tappa till hal i vira
blodkarl for att minska blodférlusten och pa s vis uppratthalla blodtillforsel till
vara organ.

Hemostasen brukar delas upp i tva delar. Den ena delen bestar av blodplattar, eller
trombocyter som de ocksa kallas, vilka dr sma celler i blodet. Den andra delen
utgors av koagulationskaskaden, och innefattar klyvning och aktivering av en rad
proteiner. Nir en skada uppstar pa ett blodkarl samverkar de bada delarna for att
stoppa blodningen. Trombocyterna fungerar som blodkirlens véktare och fastnar
snabbt pa den skadade ytan. Nar de fastnat lockar de till sig ytterligare trombocyter
fran blodet. Trombocyterna klumpar ihop sig till en trombocytplugg, som likt en
diskpropp kan tdppa igen halet i kirlet. Skadan pa blodkarlet aktiverar ocksa
koagulationskaskaden. Koagulationskaskaden fungerar genom att det ena
proteinet i kaskaden aktiverar nésta i en 1lang kedja, som avslutas genom att ett
protein som heter trombin klyver fibrinogen till fibrin. Fibrin bildar da en sorts
armeringsnat som stiarker trombocytpluggen och ser till att proppen sitter kvar tills
det att skadan ldkt. Det ar viktigt att hemostasen ar ritt balanserad. Om
trombocyterna eller koagulationskaskaden inte ar tillrackligt effektiva, finns risk
att blodningen inte slutar, eller borjar igen. Om dessa daremot ar for effektiva finns
risk att karlet tdpps igen helt och ddrmed hindrar blodflodet till de kroppsdelar
som ligger langre ned langs blodkarlet.

Under de senaste decennierna har man kartlagt hur koagulationskaskaden och
trombocyterna samverkar och upptackt att olika trombocyter har olika uppgifter i
hemostasen. En grupp (subpopulation) av trombocyter ar bra pa att klumpa ihop
sig, medan andra genom att #ndra sin yta underlittar och dirigerar
koagulationskaskaden.

Under det hiar avhandlingsarbetet har jag dgnat mig at att studera hur de olika
subpopulationerna av trombocyter bildas, vad som kénnetecknar dem och vilken
roll de har i hemostasen. Vi har sett att den subpopulation som underlattar
koagulationen, bara bildas da trombocyterna blir starkt aktiverade, sdsom vid
storre karlskador, samt att andelen som kan skapas varierar mellan olika
manniskor. Slutligen visar vi att andelen som bildas ar viktig for hur mycket
trombin som kan bildas. Arbetet som ligger till grund for den har avhandlingen
visar att bildandet av subpopulationer av trombocyter skulle kunna vara en
intressant markor for att undersoka vilka individer som loper risk att drabbas av
hjart- och karlsjukdomar.
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Introduction

The blood that circulates in our arteries and veins consists of plasma, which is the
fluid part of the blood, and different cells; red blood cells, white blood cells and
platelets. Among other things the blood delivers oxygen and nutrients to all cells
of the body, and transports waste products to the liver and kidneys. Due to these
crucial tasks, it is absolutely vital that the blood continues to flow through our
vessels. Maintaining the blood flow is the role of the hemostatic system. If the
blood supply is compromised by excessive bleeding following injury or vessel
occlusion from inappropriate blood clot formation, the survival of the affected
tissue or the entire body is endangered. Disorders coupled to hemostasis are
serious and common, in 2016 they were responsible for approximately 1/3 deaths
in Sweden, making them the most common cause of death [1].

Platelets

Platelets serve several functions in the body, but their primary function is to detect
damages to the blood vessels and sealing these to stop bleeding. They circulate in
the blood in a quiescent state at a concentration of 125 - 400 x 109/1. Platelets are
discoid in shape with a diameter around 2 - 5 um and a volume of 6 - 10 fl, as such
they are the smallest cells, or rather cell fragments, of the blood [2-4]. Platelets are
anucleate and have a limited possibility of protein synthesis [3]. Due to their small
size, they circulate at the periphery of the blood vessels, where they may quickly
detect and act upon a vessel damage [5]. Platelets have a life span of up to 10 days
in circulation [3, 4, 6] and they may be regarded as disposable or one-time use
cells. Platelets are formed from megakaryocytes in the bone marrow, where each
megakaryocyte may generate 1500-3000 platelets [3]. There are however
indications that platelet production may also take place in other tissues, primarily
in the lung [7, 8]. Megakaryocytes normally form long protrusions, called
proplatelets [8]. These start out as thick pseudopodia but thin and elongate as they
form. The proplatelets extend into the blood vessels where sections bud off as
individual platelets or as larger proplatelet extensions, which then divide further
into single platelets in the circulation or lung. It is highly likely that the budding
process is partly dependent on shear forces in the blood vessel. Under normal
conditions, the predominant process for platelet production is via the extension of
proplatelets. During inflammation or situations of platelet depletion, platelet
production can also occur via megakaryocyte rupture [9]. This leads to a faster
release of platelets with a slightly increased size, but with the consequence of a
somewhat reduced life span and slightly impaired function.
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Platelet structure and organelles

Membrane

The platelet membrane consists of a regular phospholipid bilayer, where the
neutral phospholipids phosphatidylcholine and sphingomyelin are located in the
outer leaflet, while phosphatidylserine (PS), phosphatidylethanolamine and
phosphoinositide are located in the inner leaflet. This asymmetry is maintained in
resting platelets but may be disrupted upon platelet activation (see section
Platelets and coagulation) [10]. The plasma membrane is covered by glycolipids,
oligosaccharides, glycoproteins (GP) and proteoglycan side chains which make up
an extracellular coat called the glycocalyx. In addition, the plasma membrane has
many connections to the open canalicular system (OCS). The open canalicular
system serves as a membrane reserve, which along with the membrane of the
secreted granules (primarily a-granules) are crucial for platelet spreading. As the
open canalicular system has several openings towards the plasma membrane, it
may also serve as a transport system for substances entering or leaving the platelet

[2, 4, 5].

Cytoskeleton

The platelet cytoskeleton is built from three cytoskeletal components. Beneath the
plasma membrane is a membrane skeleton consisting of a spectrin mesh, which is
anchored to GPs, mainly GPIb, in the plasma membrane with the help of short
actin filaments. Along the short end of the platelet disc, a marginal band formed
by microtubular coils is located. Finally, long actin filaments extend from the
center of the platelet to the outer cytoskeleton. The spectrin mesh is important for
maintaining membrane integrity, whereas the actin and microtubular coils are
thought to be responsible for the discoid shape of the platelet. It should be
recognized that the cytoskeleton also contains a myriad of cytoskeletal proteins
important for the exertion of different functions. The platelet cytoskeleton is highly
dynamic, which is important to allow platelet shape change, extension of filopodia
and platelet spreading upon activation [2, 5, 11].

Dense tubular system

The dense tubular system (DTS) is situated in close proximity to the open
canalicular system within the platelet. It resembles the sarcoplasmic reticulum
found in muscle cells. The main role of the DTS is to store and upon activation
release calcium (Ca2*) into the cytosol. Cyclooxygenase I (COX-I) activity
responsible for the generation of thromboxane A2 (TxA2) can also be detected in
the DTS [2, 5].

a-granules

a-granules are the most abundant of the secretory granules, with 50-80 a-granules
per platelet. The contents of the a-granules are produced by the megakaryocyte or
taken up by the megakaryocyte or platelet through endocytosis. Endocytosed
proteins found in the a-granule include fibrinogen and coagulation factor (F) V. a-
granules contain both membrane proteins, where allbf3 and P-selectin (CD62P)
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are perhaps the most important, and a vast number of soluble proteins. Proteins
released from the a-granules include hemostatically important proteins like
fibrinogen, von Willebrand factor (vWF), thrombospondin, FV, FIX, FXIII and
anticoagulation factors. In addition, proteins involved in tissue repair,
angiogenesis, inflammation and host defense are released [12].

Dense granules

Platelets contain 3-8 dense granules each. These contain small molecules such as
ADP, ATP, Ca2*, and serotonin, which are important in secondary activation of
platelets. The membrane of dense granules contain integral proteins like
lysosomal-related proteins, lysosomal-associated-membrane protein (LAMP)-2
and CD63, as well as GPIb and allbf3 [12].

Lysosomes

Platelets contain up to three lysosomes. The lysosomes contain degrading proteins
of different kinds, such as glucosaminidase, cathepsins, and acid phosphatase.
Integral proteins include LAMP-1, LAMP-2 and CD63 [12, 13]. Platelet lysosomes
are important for the degradation of cellular components and during autophagy,
which becomes enhanced during platelet activation [5]. The function of lysosomal
secretion is however not known. It has been speculated that lysosomal secretion
play a role in fibrinolysis, remodeling of the extracellular matrix and cleavage of
membrane receptors [5, 13]. Increased exposure of LAMP-1 has also been found
on the surface of cells with increased adhesive potential, which might infer an
adhesive role also in platelets [14]. Secretion of lysosomal contents may also be
beneficial in host defense against microbes [15].

Platelet receptors

The platelets have a large set of receptors on their surface. These function to anchor
the cells to the surface, and to respond to different activating or inhibiting
substances. Some of these receptors, important for this thesis, are described below.

GPIb-IX-V

GPIb-IX-V is present in approximately 50 000 copies/platelet. It is the main vWF
receptor on platelets. GPIb-IX-V-vWF interactions are crucial for platelet adhesion
under conditions of high shear stress. In addition to vWF, GPIb-IX-V may also
bind other ligands, e.g. thrombin, thrombospondin, present in the extracellular
matrix (ECM) or bound to activated platelets via allbf3, P-selectin, which is
expressed by activated endothelial cells and Mac-1 present on leukocytes.
Deficiency in GPIb or GPIX results in the bleeding disorder Bernard-Soulier
syndrome [16-19].

allbp3

alIbB3 (GPIIb/IIIa) integrin is the most abundant platelet receptor, present in
50 000 — 80 000 copies/platelet, with additional copies in the platelet granules.
alIbp3 is the receptor responsible for platelet aggregation, and may also
participate in platelet adhesion. It binds proteins with an RGD-motif; fibrinogen,
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vWF, thrombospondin, fibronectin and vitronectin. On resting platelets, allbp3 is
present in a low-affinity state. Upon platelet activation and inside-out signaling,
alIbp3 will take on a high affinity state. Binding and activation of the receptor
results in platelet spreading, aggregation and clot retraction, as well as activation
of other platelet integrins [19]. Absence or deficiency in alIbf3 is the cause of the
bleeding disorder Glanzmann’s thrombasthenia. [19, 20].

a2pl
a2fB1 (GPIa/Ila) is present in 2000-4000 copies/platelet. It binds to collagen and
upon activation it participates in platelet adhesion to collagen [16, 18, 19].

GPVI - FcyR

GPVI is a member of the immunoglobulin family, present in 4000-6000
copies/platelet. It is a collagen receptor which couples to the immune receptor
FcyR also present on platelets. Receptor ligation and crosslinking leads to platelet
activation via ITAM-induced tyrosine phosphorylation and activation of
phospholipase Cy2 (PLCy2). This causes integrin activation, granule secretion and
an increase in intracellular Ca2* [18, 19, 21, 22]. Activation of GPVI is also highly
important for the exposure of procoagulant phosphatidylserine [23-25].

PARs

Protease activated receptor (PAR) -1 and PAR4 are thrombin receptors, of which
PAR1 is the most sensitive to thrombin. They are activated through a special
mechanism in which thrombin cleaves the N-terminal of the inactive receptor,
generating a new N-terminal. This new N-terminal will bind to the active site of
the receptor resulting in autoactivation. PAR1 and PAR4 are both G-protein
coupled receptors (GPCR) coupling to G12/13 and Gq, where their respective
activation result in platelet shape change, granule release, Ca2* mobilization and
integrin activation. Despite similar activation pathways, Ca2* mobilization from
PAR1 and PAR4 differ somewhat, where PAR1 results in fast Ca2+ spikes while
PAR4 results in a slower but prolonged Ca2* response[26].

P

The prostanoid TP-receptor responds to activation by TxA2, which is important to
reinforce platelet activation by other agonists. The TP receptor couples to Gq and
G13 to induce an increase in intracellular Ca2+ and platelet shape change. TxA2
production is a common anti-platelet target, where COX-I is inhibited by
acetylsalicylic acid (ASA) [16, 27].

P2Y1and P2Y12

Platelets have two major ADP receptors, P2Y1 and P2Y12, where P2Y12 is the more
abundant. The role of P2Y1 and P2Y12 is, similar to the TP receptor, to reinforce
platelet activation induced by other agonists having caused dense granule release.
P2Y1 and P2Y12 are both GPCRs. P2Y1 couples to Gq and mediates platelet shape
change and reversible aggregation. P2Y12 couples to Gi, resulting in intracellular
Ca2* mobilization via inhibition of adenylate cyclase. P2Y12 is the target for several
common anti-platelet drugs, such as clopidogrel and ticagrelor [28].
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p2X1

P2X1 is an ATP-coupled ion channel permeable to Ca2*. Activation of the P2X1
channel leads to the influx of Ca2+ across the plasma membrane, resulting in a
transient shape change [28].

IP-receptor

The IP-receptor mediates platelet inhibition via binding of prostacyclin (PGI2).
Binding of PGI2 results in activation of adenylate cyclase via Gs, leading to
increased levels of cAMP and reduced Ca2* mobilization, counteracting platelet
activation [29].

P-selectin

P-selectin is not expressed on resting cells. Due to its location in a-granules, P-
selectin becomes exposed on the platelet surface upon platelet activation. P-
selectin binds to P-selectin glycoprotein ligand-1 (PSGL-1), present on leukocytes
and endothelial cells, and mediates the recruitment of immune cells into a forming
coagulum, and might participate in platelet adhesion to endothelial cells [30].

Hemostasis

Hemostasis has generally been divided into two parts, primary hemostasis
involving vasoconstriction and the platelet response, and secondary hemostasis
involving the actions of the coagulation system. This naming implies that primary
hemostasis occurs first and is then followed by secondary hemostasis in a separate
process. In reality, primary and secondary hemostasis are heavily intertwined and
occurs simultaneously [19, 31, 32]. However, for simplicity, in the coming sections,
each step will be explained separately.

Primary hemostasis

When a vessel is damaged, the endothelial cells lining the vessel will seize to secrete
substances regulating the vessel tonus. Simultaneous activation of platelets lead to
the release of vasoconstrictors. This reduces both the blood loss and the surface of
the damaged area [29, 33-35].

Upon vessel damage, the extracellular matrix (ECM) becomes exposed. This
contains platelet activating substances such as collagen, vWF, fibronectin, laminin
and thrombospondin. If the shear rate of the damaged vessel is high, as in arteries,
platelet adhesion is mediated through binding of vVWF to GPIb-IX-V, whereas this
interaction is not essential at lower shear rates, as in veins. Platelets in circulation
bind to vWF, immobilized at the site of vessel damage. The GPIb-IX-V receptor
complex has a fast on- and off-rate, allowing the platelet to roll along the vVWF
multimers. This slows down the platelets enough to allow adhesion, via allbfs,
and a2p1 [17-19], figure 1A.
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The interaction of GPVI with collagen induces platelet activation, resulting in the
release of ADP from dense granules and production of TxA2. These together with
trace amounts of thrombin leads to reinforced platelet activation, and a shift in
platelet integrins, primarily allbp3 and a2f1, into high affinity states, resulting in
firm adhesion to the ECM [18, 22], figure 1A.

The release of ADP, TxA2 and formation of thrombin are also important for the
recruitment of additional platelets to the site of damage. These platelets are
tethered to the adherent platelets via alIbp3 binding to fibrinogen or vWF, and
result in platelet aggregation and the formation of a platelet plug [18, 19], figure
1B.

Following aggregation, the platelets will constrict in an action called clot
retraction. Clot retraction reduces the size of the platelet plug/clot and the vessel
occlusion. Clot retraction is dependent on the interaction of alIbf3 with
extracellular ligands, mainly fibrin(ogen), and anchoring to the cytoskeleton which
mediates the constricting force and reduction in size [5, 11, 19], Figure 1C. This
constriction results in locally increased concentrations of soluble agonists such as
thrombin due to reduced transportation rates of solutes within the clot [36, 37]. As
the platelet plug builds up, the activation state of the peripheral platelets becomes
limited as a consequence of reducing activating stimuli [36].

The formed platelet plug is not stable to the shear forces generated by the flowing
blood. Hence the transformation of bound fibrinogen into a fibrin network is
critical. This action is carried out by the coagulation system [19].

Secondary hemostasis

The coagulation system was described in 1964 as a cascade or a waterfall [38, 39].
The classical description of two converging pathways of coagulation, the intrinsic
pathway and the extrinsic pathway is based on these. The coagulation system
consists of a number of coagulation factors that circulate in an inactive state and
become activated upon a series of proteolytic cleavages, ending with the activation
of thrombin and cleavage of fibrinogen into fibrin. As for primary and secondary
hemostasis, the division into the intrinsic and extrinsic pathway is not as clear in
vivo, with cross-talk between the two pathways [31, 34, 40], figure 2. Additional
modifications have included the role of cell surfaces on which coagulation can take
place, which greatly increases the speed of coagulation [41]. These models
normally involve three phases of coagulation, the initiation phase, the
amplification phase and the propagation phase [31, 34, 40], figure 3.
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Figure 2. The coagulation cascade. Tissue factor (TF) thrombin (FII), fibrin(ogen) (FI).

Normally, tissue factor (TF) expressed outside the blood stream only becomes
exposed upon vessel injury [40, 42]. This TF located on a membrane surface forms
the extrinsic tenase complex together with FVIIa and activates FIX->FIXa and
FX->FXa. FXa moves along the membrane surface and forms the prothrombinase
complex together with FVa, and activate prothrombin (FII) to thrombin (FIIa).
This initiation phase generates small amounts of thrombin, and is then inhibited
by tissue factor pathway inhibitor (TFPI) [31, 40, 42].

The coagulation cascade then moves into the amplification phase, where the
initially formed thrombin will activate platelets that have adhered to the site of
injury. This leads to increased platelet activation, secretion and formation of a
procoagulant platelet surface on which further coagulation can take place.
Thrombin will activate FV>FVa, FXI>FXIa and FVIII>FVIIla inducing its
release from vWF. As all coagulation factors have been activated, the coagulation
cascade enters an amplification phase, primarily taking place on the procoagulant
platelet surface. During the amplification phase, large amounts of thrombin are
formed, via the formation of the intrinsic tenase complex, consisting of FVIIIa and
FIXa. Additional FIXa is also generated by FXIa. The FXa formed will bind to the
prothrombinase complex on the platelet surface, leading to further thrombin
generation [31, 34, 40], Figure 3.
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Figure 3. Illustration of the initiation of the coagulation cascade on the vessel wall, and
propagation on a procoagulant platelet (PS+ plt). Endothelial cell (EC), von
Willebrand factor (vWF), collagen (coll).

The thrombin formed during the propagation phase will first cleave fibrinogen into
fibrin, resulting in the formation of a clot. The additional, and vast majority of the
thrombin formed will cause additional platelet activation, activate FXIII>FXIIIa
and thrombin activatable fibrinolysis inhibitor (TAFT). FXIIIa crosslinks the fibrin
fibers, increasing the strength of the fibrin clot, whereas TAFI inhibits clot
degradation, by plasmin, during fibrinolysis [31, 32, 43].

Localization of hemostasis

To avoid off-target clot formation and vessel occlusion, the hemostatic system
must be localized to the site of vessel injury. There are several mechanisms in place
to ensure this. Firstly, platelets and coagulation factors circulate mainly in an
inactive state. The activation trigger, TF, located outside the healthy vessel, only
becomes exposed when the tissue is compromised [42]. Adhesion of platelets and
initial activation of coagulation factors is thus directed to the site of injury. The
subsequently formed platelet plug, covers the vessel damage and facilitates the
containment of the hemostatic response by limiting diffusion away from the site of

injury [31, 36, 40].

In addition a quiescent platelet state away from the vessel damage is primarily
achieved via endothelial cells, delimiting the site of injury. Healthy endothelial
cells produce potent platelet inhibitors, such as PGI2 and nitric oxide (NO), which
both function to inhibit platelet activation and reduce the activation state of
escaped platelets. CD39, expressed by endothelial cells, counteract platelet
activation by degrading extracellular ADP [29]. The healthy endothelium also
expose heparinoids which repel the platelets, reducing the platelet-endothelial
interaction. The heparinoids also function as anticoagulants that bind and enhance
the activity of antithrombin, which in turn bind and inactivate thrombin, FXa,
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FXIa and to some extent also FIXa [29, 31]. Antithrombin inhibition is much more
efficient when coagulation factors are in solution, while they are protected upon
binding to cell surfaces or fibrin fibers [31, 40]. Thrombomodulin expressed on the
surface of endothelial cells will bind thrombin and induce the activation of Protein
C, which together with Protein S, inactivate FVa and FVIIIa [29, 40]. These
mechanisms function to limit both platelet activation and coagulation outside the
site of vessel damage.

Platelets and coagulation

That platelets are heterogeneous has been known for a long time. The first
observation of different platelet populations was described by Webber & Firkin in
1965 [44]. They reported that platelets exposed to a hypotonic solution took on one
of two different morphologies. One population spread without visible organelles
and had breaks in the plasma membrane. The other was more contracted, had
visible organelles and many pseudopodia. Further work describing different
platelet subpopulations, their formation and functions have however mostly been
performed during the last three decades.

The plasma membrane

The asymmetry of the platelet plasma membrane, where phosphatidylethanol-
amine and PS are located on the intracellular leaflet of the plasma membrane [10]
is maintained by an aminophospholipid translocase (or flipase) that transports PS
from the extracellular to the intracellular leaflet [45]. Activation of a scramblase
[46, 47] and inactivation of the aminophospholipid translocase [48] upon platelet
activation leads to the rapid exposure of PS on the extracellular leaflet [25, 49]. It
was reported early, that different agonists varied in potency to induce exposure of
PS [10, 25, 49-51]. PS exposure creates a surface for the assembly of coagulation
factor complexes thus supporting the generation of thrombin, leading to a reduced
clotting time. [49-51]. The procoagulant function of PS exposure was also shown
to be blocked by binding of Annexin V, an anticoagulant protein which binds to PS

[52-54].

Although other membranes exposing PS at the site of vessel damage, such as
damaged endothelial cells, may also provide this surface [10], platelets are
probably the most important source of PS [31, 55]. The importance of PS exposure
by procoagulant platelets is highlighted by the bleeding diathesis seen in patients
with Scott syndrome. These patients have an impaired PS exposure in response to
platelet activation [56].

Description of the procoagulant platelet
Since the late 1980’s and onwards, it has been reported by several research groups

that platelets differ in their exposure of PS, where some would bind Annexin V or
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an antibody against FV whereas others would not (early reports being [23, 57-60]).
Exposure of phosphatidylserine was also associated with the generation and
shedding of platelet microparticles [57-66]. It has been suggested by some that the
platelet microparticles harbor much of the procoagulant surface [61]. Others have
shown a moderate role for microparticles in thrombin generation [23]. As
discussed further below, there is reason to believe that the particles described as
microparticles in older studies may rather correspond to smaller platelets [67, 68].

In 1997, Heemskerk et al reported that adherent platelets would display two
distinct morphologies [59]. On fibrinogen, they would gradually spread on the
surface without a marked increase in intracellular Ca2+. On collagen, however, a
substantial fraction of platelets would instead spread slightly, followed by swelling
into a balloon-like structure and gradually detach from the surface. This was
associated with exposure of PS and the release of microparticles from the platelet
balloon. Adhesion to collagen resulted in increased intracellular Ca2+ in
approximately 60% of the platelets and corresponded to binding of Annexin V.
Subsequent addition of thrombin increased this to 80%. Similar morphologies has
since been described and elaborated on in other studies [63-65, 69, 70]. In 2015 it
was reported by Agbani et al [65] that platelets may take on different
morphologies. Some platelets would spread markedly on the surface after which a
ballooning protrusion would appear and PS exposure could be detected.

Coated platelets, a type of procoagulant platelets, have primarily been studied in
suspension. They were first defined as a platelet subpopulation with a high binding
of FV, which would form upon stimulation with the GPVI agonist convulxin and
thrombin [23]. The high FV binding was shown to be functional as it was associated
with an increased binding of FXa and higher thrombin generation. Further,
binding of FV and Annexin V overlapped upon stimulation with thrombin and
convulxin. It was later reported that coated platelets also bound other a-granule
proteins; fibrinogen, vWF, thrombospondin, fibronectin and a2-antiplasmin [71,

72].

Whereas the coated platelets were found to have an increased binding of fibrinogen
and other a-granule proteins [71], several studies have shown that PS-exposing
platelets have a reduced binding of PAC-1 [64, 70, 71, 73, 74], a monoclonal
antibody that recognizes the active conformation of allbf33 [75]. In procoagulant
platelets, a transient PAC-1 binding, which is secondarily downregulated at the
time of Annexin V binding or SCIP formation (see below) has been reported [64,
70, 73]. In 2002, Dale et al reported that coated platelets showed a low binding of
PAC-1 but retained a high binding of alIbf3 ligands such as fibrinogen [71] and
this has since been repeated by others [74, 76]. The procoagulant ballooning
platelets described by Agbani et al bound fibrinogen on the spread platelet body
but not on the balloon-structure [65].

The binding of a-granule proteins to coated platelets are, as reported by Dale et al
[71], retained through covalent linking via serotonin and dependent on
transglutaminase activity. It was hypothesized that the derivatization of the a-
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granule proteins led to a stronger binding of the new larger molecule to the platelet
surface, as the binding sites on each of the molecules would also be linked [72].
The transglutaminases tissue transglutaminase and FXIII are both present in
platelets and have been suggested as candidates [71]. FXIII was reported to be
important in the downregulation of allbf3g in the formation of procoagulant
platelets, as this was reduced in a patient with FXIII deficiency. In this study,
extracellular FXIII seemed to be especially important, perhaps via direct binding
to alIbB3 [70]. Mattheij et al present a combined role for alIbf33 and FXIII in the
formation and orientation of the formed fibrin network [77]. Abaeva et al also show
a decrease in fibrinogen binding to PS exposing platelets in a patient with FXIII
deficiency, but interpret this as a non-significant reduction [74], whereas FXIII
knockout in mice caused no reduction in the generation of coated platelets [76, 77].

The concept of the coat model was elaborated on by Abaeva et al [74], who
suggested that the described coat was rather a cap. They showed that fibrinogen
and thrombospondin surface binding was located in a cap on the platelet, rather
than being spread over the entire platelet surface as the name coated would imply.
This cap was located at the site of platelet adhesion to the surface or platelet
aggregate, and thus implies a functional role for the cap structure. The “limited”
importance of FXIII, as well as previous studies implicating a role for thrombin in
the binding of fibrinogen [78], generated a new hypothesis. Abaeva et al suggested
arole for thrombin in the formation of the cap structure, where the polymerization
of fibrin would be important for the retention of fibrin(ogen) and thrombospondin.
This hypothesis was strengthened by the fact that stimulation with thrombin and
collagen-related peptide (CRP) in the presence of GPRP (a peptide inhibiting fibrin
polymerization) [79, 80] reduced fibrin(ogen) binding whereas ancistron (which
is claimed to induce fibrin polymerization) would increase the fibrin(ogen) binding
also in the absence of thrombin [74]. Mattheji et al describe that on Annexin V
binding platelets, FXIII is spread out over the entire platelet [77]. However,
judging from the presented images, the localization of FXIII resembles the cap
structure described by Abaeva et al [74]. Taken together, the morphology
described by Abaeva, Mattheij and Agbani et al all resemble each other, as well as
previous descriptions by Heemskerk et al and Kulkarni & Jackson, and are likely
varying descriptions of the same phenomenon [59, 65, 70, 74, 77].

As a consequence of the reduced function of alIbf3 and a swollen morphology
[59], procoagulant platelets have a reduced ability to form platelet-platelet
connections [64, 70, 73, 74], and have reduced adhesive strength [59, 81], which
probably explain their location in distinct patches and on the edges of growing

aggregates [64, 74].
Procoagulant platelets and agonists
Early on, it was shown that platelet agonists differed in their ability to induce PS

exposure. The Ca2* ionophores A23187 and ionomycin have been found to be the
most potent in this regard [25, 50, 52, 57, 61, 63]. Similar potencies have also been
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found for other agents yielding an increase in intracellular Ca2*, such as
thapsigargin [58] and the complement complex Csb-9 [60]. Among the more
physiological agonists, a combination of a GPVI agonists such as collagen or
convulxin along with one or more agonists towards the thrombin receptors PAR1
and -4 have been shown by many to be the most potent [23-25, 50-52, 57, 59, 61].
In adhering platelets, GPVI agonists alone have been shown to be potent inducers
of PS exposure, although this can be further increased by the presence of additional
agonists [59, 69, 70]. Agonists towards the immune receptor FcyR have also been
shown to induce PS exposure as FcyR forms a complex with GPVI [19, 21, 82]. In
FcyR knockout mice, GPVI-agonists were unable to induce the formation of
procoagulant platelets [76].

Procoagulant platelets and calcium

As mentioned above, the increase in intracellular Ca2+ is essential for the formation
of procoagulant platelets [58, 59, 63, 70]. This was further highlighted by the
procoagulant platelets described by Kulkarni and Jackson, denominated sustained
calcium-induced platelet morphology (SCIP) [70]. This Ca2* may be mobilized
from different sources. Upon platelet activation, most agonists result in release of
Caz+ from intracellular stores in the DTS, dense granules and lysosomes. Other
stores from which Ca2* may be mobilized include the mitochondria and influx of
extracellular Ca2+ [83, 84].

Mobilization of extracellular Ca2+ has been shown to be crucial, as a reduction in
extracellular Ca2+ leads to a severe reduction in the formation of procoagulant
platelets [57-59, 62, 63, 70]. Extracellular Ca2* may enter the cell through activated
receptor- or second messenger-operated channels. These include the ATP P2X1
channel and the transient receptor potential canonical (TRPC) channels thought
to be activated by diacylglycerol (DAG). Another mechanism of entry is store-
operated calcium entry (SOCE). Depletion of intracellular Ca2+ stores stimulates
the formation of a Ca2+-channel consisting of the plasma membrane channel Orai1
and the Ca2+ sensor STIM1 located in the membrane of the DTS [84]. Depletion of
STIM1 or Orai1 in mice was shown to completely block SOCE, and led to a reduced
but not abolished platelet PS exposure in response to GPVI stimulation. However,
in response to dual stimulation with convulxin and thrombin, only a slight
reduction in PS exposure was observed, indicating multiple pathways for Ca2+
entry [85]. Harper et al showed that this additional pathway may be mediated by
the channels TRPC3 and 6. Opening of the TRPC channels lead primarily to an
influx of sodium (Na+*), which may cause indirect Ca2* influx via the reverse action
of the Na+/Ca2+-exchanger [86].

A reduced mitochondrial potential has been observed in procoagulant platelets
[87, 88]. Inhibition of the mitochondrial permeability transition pore (mPTP) in
response to convulxin and thrombin was shown to reduce most of the features of
coated platelets; Annexin V binding, fibrinogen binding, reduced PAC-1 binding,
thrombin generation and clot retraction in human [87], and mouse platelets [73,
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88]. It has been reported that the mPTP may form in response to an increased
intracellular Ca2+*. The intracellular Ca2* is taken up by the mitochondria via the
mitochondrial calcium uniporter. The increasing mitochondrial Ca2* level
eventually lead to the opening of the mPTP [89-91]. Whether the opening of the
mPTP results in the release of additional Ca2+ which induces a procoagulant
response, or whether the mPTP has another mechanism of action is currently
unknown [90]. The lack of impact of mPTP inhibition seen upon platelet
stimulation with the Ca2*-ionophore A23187 [87, 88] suggests that the
intracellular Ca2* concentration is the important trigger. However, contradicting
this, one study report that the measured intracellular Ca2+ was similar in A23187
and thrombin+convulxin stimulated platelets, where mPTP formation is
important for a procoagulant response [89]. In addition, the association to PS
exposure was stronger for mitochondrial Ca2+ and opening of the mPTP than for
intracellular Ca2*. These inconsistencies might be the result of multiple pathways
leading to procoagulant transformation, where the mitochondria are important in
some pathways but not others [46].

Many of the procoagulant features can be attributed to the increased intracellular
Ca2* concentration. The increased Ca2* will for instance lead to the activation of
calpain, which has been shown to be important for the procoagulant phenotype
[57, 62, 63, 70, 73, 81, 92-94]. Calpain cleaves many proteins, among which the
cytoskeletal proteins talin, filamin and myosin are found, as well as alIbf3 [57, 73,
81, 94, 95]. Cleavage by calpain leads to alIbf3 inactivation and a reduced PAC-1
binding [70, 73, 94]. This inactivation may result from cleavage of the integrin
itself [73] or from uncoupling of the integrin from the cytoskeleton [81, 83].
Calpain activity is associated with the formation of microparticles [57, 61-63, 69,
93] and the swollen/ballooning morphology [63], which are likely caused by
reduced connections between the plasma membrane and the cytoskeleton. The
dissociation of allbf3 from the cytoskeleton has also been suggested to be the
reason why procoagulant platelets do not participate in clot retraction [83], which
is mainly dependent on alIbp3 [2, 5, 11, 37, 96]. Calpain may however not be the
sole protein responsible for the procoagulant morphology or allbf3 inactivation.
Arole has been described for TMEM16F [73, 97, 98] and FXIII as mentioned above

[70].

Phospholipid asymmetry is maintained in an ATP-dependent manner by
aminophosholipid translocase [45], which becomes inactivated in procoagulant
platelets [48]. In addition, a scramblase thought to be TMEM16F [47] (also called
anoctamin-6) is activated in a Ca2* dependent manner and is involved in the rapid
PS exposure seen upon an increase in intracellular Ca2+ [46, 47, 98].

The swollen balloon morphology observed by Agbani et al was associated with a
disruption of the cytoskeleton at the site of the balloon-protrusion. In addition,
ballooning was shown to be dependent on the entry of chloride (Cl-) and Na* and
the consequent fluid entry this causes. Whereas other members of the TMEM16
family are Ca2*-activated Cl-channels, TMEM16F is permeable Ca2* and Na*, and
to Cl- at high intracellular Ca2+, and may thus be responsible for the Cl- or Na* entry
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[99, 100]. This again highlights the importance of an increased intracellular Ca2+
in the formation of procoagulant platelets. Platelet ballooning is likely a result of
osmotic swelling orchestrated through the activation of ion channels and
disruption of the cytoskeleton, which would otherwise withstand the increased
osmotic pressure. As TMEM16F dysfunction is thought to be responsible for the
Scott syndrome [47] this links the formation of ballooning procoagulant platelets
with the bleeding phenotype seen in Scott syndrome patients.

Platelet age

Platelets have a life span of around 10 days in circulation [3, 6]. The newly formed
platelets contain mRNA derived from the megakaryocyte. The mRNA is quickly
degraded during circulation, hence it will only be detected in newly formed
platelets [6, 101, 102]. The presence of mRNA is utilized to determine the immature
platelet fraction, also called reticulated platelets, using dyes such as thiazole
orange (TO) [6, 101-103]. It has been reported that young platelets are more
reactive than older platelets [104, 105], thus may also be more prone to expose PS.
The literature is however in disagreement on the matter. One study reported PS
exposure in 73% of TO+ platelets compared to 24% in TO- platelets [23]. Another
reported that PS exposure was higher in both resting and activated TO+ platelets
and that the increase in PS exposure in response to stimulation was larger in TO +
platelets [106]. On the other hand, a recent study opposes this. They did not find
any difference in PS exposure between young (< 24 hours) and older platelets
[107]. This study did however confirm that PS exposure was higher in TO+
platelets than TO- platelets, but report that TO labelled large platelets, rather than
young platelets.

Platelet concentrates

Platelet concentrates can be produced from whole blood after the donation has
been completed. These are called platelet-rich-plasma (PRP) or buffy-coat (BC)
platelet concentrates, and contains platelets pooled from 3-6 donors. Apheresis
platelets are instead separated from the blood during collection, hence the other
blood components can be returned to the donor. This allows for more platelets to
be collected, yielding one or more platelet units from each donor without the need
of pooling platelets from several donors [108-110].

Platelet concentrates are transfused to prevent bleeding, primarily in
thrombocytopenic patients. This can be done therapeutically in patients with
active bleeding or prophylactically to prevent bleeding in patients with an
increased risk of bleeding, such as patients with hematological or oncological
malignancies [111-113]. Platelet transfusions are however not risk-free, (reviewed
in [108, 110, 112-114]). Due to the short shelf-life of platelet concentrates, up to 77
days [110, 113, 115], the availability of platelet concentrates may at times be scarce
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[110, 112]. Therefore, it is important to limit the number of platelet transfusions
when possible [112]. An increased transfusion efficiency may also reduce the
number of transfusions needed [116].

Transfusion efficiency of platelet concentrates is generally evaluated using
different expressions of the post transfusion increase in platelet count, such as the
corrected count increment [113], although clinical assessment of patient bleeding
is the ideal measurement [113, 117]. These in vivo measurements are often
inconvenient and may be difficult to interpret in heterogeneous patient
populations [117-119]. Thus, in clinical routine and in research studies, different in
vitro parameters, some of which are described below, are used routinely to
determine the quality of the platelet concentrates [118-122]. Due to the difficulties
in determining transfusion efficacy, few of the in vitro parameters have been
correlated to in vivo transfusion outcome [119, 121, 122].

The function of platelets is best maintained if platelet concentrates are stored at
room temperature (20-24°C) [123, 124]. However, this storage temperature
increases the risk of bacterial growth in the concentrates and is the main factor
limiting the storage time today [110, 116]. During storage, the platelet function will
also deteriorate in a process called the platelet storage lesion (PSL) [110, 115, 116,
120, 125]. The transfusion efficacy, determined as corrected count increment, has
been shown to decrease with increasing storage time [115]. But this has not been
correlated to an increased bleeding in patients [126, 127]. As strategies for
pathogen reduction are being developed, the risk of bacterial growth can be
reduced rendering the quality of the platelet concentrates the limiting factor for
storage time instead [116, 122]. Therefore, the need for quality assessment and
strategies for maintaining the quality of platelet concentrates may increase [122].

Blood gases and metabolic parameters such as pO2, pCO2, pH, glucose and lactate
are often measured routinely in platelet concentrates [110, 119, 120, 125], although
pH may be the only required parameter [110, 119]. If the pO2-pCO2 balance is
disturbed or glucose is depleted, the pH of the platelet concentrate may drop. A
drop in pH below 6.0 has been associated with reduced platelet viability [110, 119,
124, 128].

Swirling is routinely used to assess the morphology of platelets [110, 119, 125].
Platelets with a discoid shape exposed to a light source will reflect light (shimmer),
which can be detected by the naked eye. Reduced swirling was associated with a
pH below 6.4 or above 7.6 [129], which has been correlated to a reduced platelet
viability of transfused platelets [124, 128].

It has been argued that the parameters mentioned above may be too insensitive
and only reflect severe platelet dysfunction [120, 122]. Hence researchers have also
used other in vitro parameters some of which are more closely related to platelet
function. These include flow cytometric evaluation of platelet concentrates.

Since the collection procedure and storage may cause platelet activation, the
“spontaneous” exposure of GPIb and activation markers P-selectin, active
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conformation of alIbf3, CD63 or PS have often been determined [119]. A reduction
in GPIb expression has been correlated to a reduced in vivo viability [130]. An
increased exposure of P-selectin has produced variable results, where some studies
found an inverse correlation to in vivo platelet recovery [131, 132] and survival
[132]. Others report that, as P-selectin is rapidly shed in vivo, it does not affect
platelet recovery [133] or survival [134]. Platelet activation and the corresponding
P-selectin exposure may therefore only be correlated to transfusion outcome under
certain circumstances [110]. In addition, the agonist induced exposure of platelet
activation markers may also be used to determine the platelet activation potential
and may be more informative of platelet function, but this has yet to be established
[119, 120]. The platelet activation response measured in this way, is generally
reduced with storage time [110, 119, 120, 125]. In Paper II, we discuss the use of
the lysosomal marker LAMP-1, and formation of platelet subpopulations as
possible additional markers of the platelet activation potential.
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Methods

Anticoagulation

There is no consensus on the best anticoagulant to use for platelet studies [135].
Throughout the thesis we have used citrate, acid citrate dextrose (ACD), heparin
and hirudin as anticoagulants. As different anticoagulants have different effects on
the collected blood sample [136-138], it is important to know the function of the
anticoagulant used.

Citrate is the standard anticoagulant used for routine coagulations tests, as well as
the most common anticoagulant used in platelet research. It is normally added to
blood at a ratio of 1:9 and will therefore cause some sample dilution. Citrate is a
Ca2*-chelator acting by reducing the extracellular calcium concentration and
thereby inhibiting thrombin generation [136, 138]. It is well known that citrate
increases the potency of ADP stimulation compared to other anticoagulants [136,
137, 139]. The citrate anticoagulant effect can be reversed by re-calcification of the
sample [139], although a difference in the platelet response may persist [138]. In
situations where thrombin is to be used as the platelet agonist, citrate may however
be the only viable option. Due to this, citrate was used as anticoagulant in Paper
I, III and IV.

ACD is a citrate based anticoagulant also causing a reduction in pH. As for citrate,
it causes sample dilution. ACD is primarily used for isolation of platelets, as the
low pH helps to keep the platelets quiescent during preparation. The apheresis
platelets used in Paper II were anticoagulated in an ACD solution.

Heparin is a powder anticoagulant, spray-coated on the inside of blood collection
tubes, and therefore do not dilute the collected blood sample. Heparin is an
indirect thrombin inhibitor and it functions by catalyzing the inactivation of
thrombin by antithrombin [33, 34]. Heparin was used as the anticoagulant in
blood obtained from the blood donation central, and locally obtained blood, in
Paper I. Heparinized blood was used for platelet stimulation with agonists other
than thrombin, and with thrombin stimulation in isolated platelet samples.
Heparin may enhance the effect of ADP stimulation, although to lesser extent than
citrate [136, 137].

Hirudin prevents sample coagulation by directly inhibiting thrombin. It is a spray-
coated anticoagulant, hence does not cause sample dilution. Hirudin is the
standard anticoagulant used for Multiplate® analysis (described below). Platelets
in hirudin whole blood has been reported to be sensitive to aggregation in response
to ATP, via the conversion of ATP to ADP [140]. In addition, it was recently found
that platelets in hirudin form platelet microaggregates during “storage”, resulting
in a reduction in platelet count and reduced Multiplate® responses with time
[141]. Hence the authors recommend that the Multiplate® analysis of hirudinized
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blood is performed within 2 hours, as compared to 3 hours recommended in the
manufacturer instructions.

EDTA is a calcium chelator and the standard anticoagulant used for blood cell
counting. EDTA is inappropriate for platelet research as it will lead to irreversible
inactivation of the fibrinogen receptor allbp3 [135, 137]. EDTA has been used
systematically for cell counting in Paper IV, and when possible, throughout the
thesis.

Agonists

Platelets can be activated with different agonists. Agonists employed in this thesis
work are cross-linked collagen-related peptide (CRP-XL) [142] and convulxin,
which are both GPVI agonists. The thrombin receptors PAR1 and PAR4 were
stimulated with the use of thrombin, PAR1-activating peptide (AP) or PAR4-AP.
PAR1-AP and PAR4-AP are short peptides which correspond to the receptor N-
terminal following cleavage by thrombin. The amino acid sequences used were
SFLLRN for PAR-1[143] and AYPGKEF for PAR4-AP [144]. ADP, stimulating P2Y1
and P2Y12 was used as agonist in Paper I. As ADP is released by activated
platelets, ADP will be present in all activated samples and participate in the platelet
response, unless ADP-activation is specifically inhibited.

Light transmission aggregometry

Light transmission aggregometry (LTA) was originally described by Born and
O’Brien in 1962 [145, 146]. LTA is considered the gold standard for evaluation of
potential platelet function defects, but also suffers from a lack of standardization.
Due to its open configuration, it is also a commonly used research tool [135, 147-

149].

LTA is based on the principle that light transmission through a platelet sample
increases as the platelets aggregate. LTA is normally performed at 37°C under
constant stirring. LTA can be performed in PRP or a suspension of isolated
platelets. The limits of aggregation are measured as the light transmission through
a non-aggregated platelet sample, which is set to 0% light transmission/
aggregation. The maximal signal is determined by measuring the light
transmission through a background sample, platelet poor plasma (PPP) or buffer,
ifisolated platelets are used, and this is set to 100 % light transmission/aggregation

[135, 147, 150].

When an agonist is added to the platelet sample, platelet shape change is the first
response that may be noted. Due to an increase in platelet size, a small decrease in
light transmission is seen, before aggregation and a consequent drop in light
transmission ensues, figure 4. Quantification of the aggregation response can be
performed using different parameters. The most commonly used parameter is
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maximum aggregation [147, 150]. In Paper IV, beside maximum aggregation, we
also evaluated the time to maximum aggregation. Figure 4 shows a typical
aggregation curve with parameters indicated. In cases where weaker agonists are
used, aggregation may be reversible. In these situations, the occurrence and/or
extent of reversible aggregation may also be informative [150]. In Paper IV,
platelet stimulation was strong, hence no reversible aggregation was observed.
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Figure 4. A typical trace from a light transmission aggregometry (LTA) experiment.
Different features of the curve, as well as evaluated parameters are indicated.

Multiplate®

Whole blood aggregometry may be analyzed using the Multiplate® platform. In
this assay, aggregometry is measured as the change in resistance that occurs as
platelets adhere and aggregate between two electrodes. Measurements in whole
blood has the additional advantage of the presence of other blood cells, which
brings the assay closer to physiological conditions and also eliminates the need for
prior sample preparation [147, 149, 151]. The time frame and simplicity of use
makes it suitable as a point-of-care instrument [147]. Aggregation using
Multiplate® is measured during 6 minutes and reports area under the curve (AUC)
as the standard parameter [151]. Additional parameters given are maximum
aggregation and rate of aggregation.

23



Methods

Calibrated automated thrombogram

The generation of thrombin in a sample can be measured using calibrated
automated thrombogram (CAT). In Paper IV, we measured the generation of
thrombin in a PRP sample after 10 min agonist stimulation. Initiation of the
coagulation cascade, and thus thrombin generation, requires a trigger, Ca2* and a
phospholipid surface. In Paper IV, tissue factor was used as the trigger whereas
the phospholipid surface was provided by the platelets in the sample. CAT
measurements are initiated by the addition of a fluorescent thrombin substrate
and sufficient amounts of Ca2*. Thrombin generation is then measured as the
cleavage of the fluorescent substrate and determined as the increase in
fluorescence. With the use of a calibration curve, the software will automatically
correct for different parameters, such as substrate consumption and inner filter
effect. Thrombin generation is plotted (normally as the mean of triplicate samples)
as a function of time and can be quantified with a set of parameters derived from
it [152-154]. Examples of thrombin generation curves are shown in figure 5.
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Figure 5. Thrombin generation curves, indicating the different parameters. Samples
activated with (A) CPR-XL+PARi1-AP+PAR4-AP or (B) PAR4-AP. Endogenous
thrombin potential (ETP).

The generation of thrombin is initially slow, and normally undetectable. When
thrombin has been generated in sufficient amounts, the coagulation cascade
feedback and feedforward systems are engaged and initiate the propagation phase
of thrombin generation. The time until thrombin propagation occurs is called the
lagtime. This correlates to the formation of a clot seen in clotting assays like PT
and APTT. Thrombin is then generated quickly, reaching a maximum, before
diminishing and returning to baseline. The maximum thrombin concentration is
denominated peak thrombin, and the time required to reach this is called time to
peak. The time at which the curve returns to baseline, start tail, is mainly used by
the program to set the limits of the curve. The total thrombin generated from start
of the propagation phase until the return to baseline is called endogenous
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thrombin potential (ETP). These parameters may vary independent of each other
[152-154], figure 5 shows two curves with different kinetics, but a similar ETP.

Free oscillation rheometry

Free oscillation rheometry (FOR) can be used to measure the viscosity and
elasticity of a sample. It can be used for samples of whole blood, PRP and plasma
[96, 155]. FOR was performed in Paper IV, for measurements of viscosity and
elasticity in whole blood samples, using the ReoRox G2 instrument (MediRox AB,
Nykoping, Sweden).

In FOR, a sample is added to a sample cup (12 mm in diameter; figure 6A). The
sample cup is rotated 4° and released which sets the cup in free oscillation along
the longitudinal axis, with a frequency of 10 Hz. This is repeated every 2.5 s. The
amplitude and duration of the cup oscillation is measured optically and presented
as the damping and frequency of the oscillation, respectively. From these
measurements, the different instrument parameters can be calculated [156]. When
the sample viscosity is low (as in a fluid sample), the damping is also low and the
oscillation frequency is high. This is because only a small part of the sample, close
to the cup wall, is affected by the rotation of the sample cup, and will reduce the
oscillation [155-157]. As the samples begins to coagulate, a larger part of the sample
will be affected by the oscillation and increase the damping, while the frequency is
reduced. As the clotting increases further, the damping will again be reduced. After
full sample clotting has occurred, the damping curve is no longer reliable [155].
Typical curves for damping and frequency are shown in figure 6B. The sample
clotting time is given by the parameter COT1 and reflects the time point when the
sample dampening (D) and oscillation frequency (Fq) reach a preset value
V(AFq? + AD? > C) [156]. The COT1 parameter is very well correlated to the
clotting time given by the gold standard method of visual inspection of a tilting
tube [156, 158].

Once the sample has clotted and the fibrin strands have formed, it is possible to
measure the clot elasticity. Elasticity is measured using a sample cup with a
cylindrical bob (6 mm in diameter) immersed in the center of the sample cup,
Figure 6A. Fibrin strands that form between the sample cup and the bob will
contribute to the clot elasticity. In cases where whole blood or PRP samples
including platelets are used, these parameters also include the clot retraction
exerted by platelets [96, 158]. In fact, in the presence of sufficient amounts of
platelets, the maximum elasticity mainly reflects the platelet dependent clot
retraction [96]. In situations where platelets are present, the contractile forces are
stronger and it is therefore beneficial to use a sample cup and bob with gold coated
surfaces. Gold-coating increases the attachment strength of fibrinogen and
reduces the risk of clot detachment [158]. The parameter COT2 denotes the onset
of clot elasticity measurements which begins once the sample clotting is complete
[159]. Clot elasticity is also calculated from the frequency and damping parameters
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Figure 6. (A) Schematic presentation of a sample cup and bob. (B) A typical curve
showing the shifts in damping and frequency data. (C) A typical viscoelastic FOR curve
as seen in the instrument. The different parameters are denoted. (A and B from [96],
reprinted with permission from Taylor and Francis).

[96, 156] and gives information on the maximum clot elasticity and time to reach
maximum clot elasticity. The slope of clot elasticity changes is given as the change
in elasticity/minute. All viscosity and elasticity parameters are calculated by the
instrument. However, in Paper IV, the instrument parameters reported were
sometimes inaccurate, due to disturbances in the measurements. Thus, visual
inspection of the viscosity and elasticity curves were always performed to
determine the parameter accuracy and were adjusted if needed. Slope was the
parameter most affected by occasional measurement inconsistencies. To ensure
that the slope parameter was equally determined for all samples, the slope was
calculated manually as the change from elasticity at 300 Pa and the elasticity
measured 60 s later [158]. A typical viscosity and elasticity curve as seen on the
instrument is shown in figure 6C.

In Paper IV, whole blood was added to gold-coated sample cups (with bobs)
containing platelet agonists. As such, the measurements reported reflect the
difference in clotting and clot elasticity/clot retraction based on platelet activation
responses. FOR measurements are also sensitive to other factors. Contact
activation (i.e. activation of FXII leading to activation of FXI) may reduce the
clotting time (COT1), which is why clotting occurs despite the absence of tissue
factor. This is also the reason why blood samples for FOR measurements were
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collected in Monovette tubes and measurements initiated within 10 min from
blood collection, as both of these factors reduce the degree of contact activation
[160]. Other parameters that influence FOR elasticity parameters are platelet
count, fibrinogen levels and severe changes in hematocrit [96]. As these
parameters are also part of the in vivo donor parameters, these factors were not
corrected for. However, platelet counts were recorded for the citrated Monovette
tubes, and these correlated to maximum elasticity only (R2 = 0.55, p = 0.0003).

Flow cytometry

Principle

Flow cytometry is an optical method used to individually investigate cells (or other
particles) in suspension. It is composed of a fluidic system, designed to focus the
cells which are then interrogated using a light source. The resulting scattering of
light is measured and converted into a signal. (Section based on [161-164])

Fluidics

The sample is injected into a sheath fluid suspension which forms a “tube” around
the sample. The sheath fluid is a non-fluorescent and particle free suspension. The
pressure of the sample fluid is higher than the sheath fluid, forcing the cells in the
sample to align at the center of the sheath fluid, in a laminar flow, thus passing the
flow cell in a single file. This process is called hydrodynamic focusing and is
essential for accurate data collection.

Optics

Single cells pass the detection point, where a laser beam is focused by lenses to a
narrow area ensuring single cell illumination. Light reflected by the cell will be
scattered in different directions. In addition to the scattered light, fluorescence can
also be measured.

Forward scatter: Light scattered with little deflection from the cell. This is
detected on the opposite side of the cell as compared to the origin of the laser beam.
An obstruction bar is placed in front of the detector to block light coming directly
from the laser, without deflection. The forward scatter corresponds roughly to the
size of the cell. The light may be focused to the detector using collection lenses. The
light is filtered before detection.

Side scatter: Light scattered by the cell with a high deflection (about 90°). Side
scatter is collected perpendicular to the laser beam, and may be focused using
collection lenses. Side scatter corresponds more or less to the granularity of the
cell. The light is filtered before detection.

Fluorescence: Is often derived from fluorescently conjugated antibodies directed
to an antigen on the cell of interest. Fluorophores are excited by a laser beam, and
emits light of a higher wavelength. The light is emitted in all directions, but the
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fluorescence light is often collected perpendicular to the laser beam. A flow
cytometer can be equipped with several lasers and detectors to allow information
on a number of different fluorophores. Light of different wavelengths are directed
towards the different detectors using a set of dichroic mirrors. The dichroic mirrors
reflects light of a certain wavelength while allowing other wavelengths to pass
through. The fluorescence signal confers information on the abundance of a
fluorophore.

Detection: Stronger light signals from forward scatter (and sometimes side
scatter) are detected using photodiodes, whereas the weaker fluorescent signals
are detected using photomultiplier tubes. Light reaching the detectors is converted
into a digital signal proportional to the light intensity of the cell.

Flow cytometry and considerations for development of the 6-colour
protocol

As platelet subpopulations are precisely that, subpopulations, flow cytometry is a
suitable method for their study. Where other methods often measure bulk values
from an entire sample, flow cytometry measures a set of parameters on individual
platelets. Due to the high throughput, data can be obtained for a large number of
cells within a short timeframe. The small sample volumes required is another
advantage of flow cytometry compared to many other methods.

Flow cytometry has been the main method during the thesis work, and our protocol
is based on the whole blood protocol described by Shattil et al in 1987 [165]. Whole
blood has often been our preferred platelet suspension, as it reduces the risk of
handling artefacts such as preanalytical platelet activation. Throughout the thesis,
our flow cytometry protocol has evolved in a stepwise manner. From a three-color
protocol with two platelet gates to a more advanced protocol measuring 6 colors
simultaneously and with a modified gating strategy. Preanalytical improvements
have also been important for the overall usability of the method.

Gating and platelet detection

Determining the formation of platelet microparticles was planned from the
beginning of the thesis work. The standard routine for detection of microparticles,
was to set a gate including 1-2% of the resting platelet population and all particles
smaller than this [23, 24], figure 7A. However, due to the acquisition of a new flow
cytometer with increased sensitivity for smaller particles, we observed that the
standard gating did not fit our data. Instead of a continuous platelet cloud, we
observed three populations of platelet-derived particles, Figure 7B, depending on
the platelet stimulation used. As our data did not align with previous reports, we
decided to use different denominations for the three platelet populations. The
largest platelet population was called “Normal-sized platelets”, the intermediate
population was called “Smaller platelets” and the smallest population was called
“platelet fragments”. The formation of three platelet populations is supported by
an earlier report by Tocchetti et al [67] identifying two populations of platelet
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Figure 7. (A) A resting platelet sample with microparticle-gating according to the first
strategy, as described in the text. (B) Platelets stimulated with CRP-XL+PAR1-
AP+PAR4-AP, with the modified gating strategy. Forward scatter (ES INT), Platelets
(Plt), R-phycoerythrin (RPE).

microparticles, and by Bode & Hickerson [68] indicating that microparticles
reported in the literature often are too few and more likely correspond to smaller
platelets.

Platelet markers

Platelets are small cells easily differentiated from other blood cells based on their
size (forward scatter properties) alone. They are best identified using a logarithmic
scale [137, 166]. However the use of a fluorescently labelled platelet marker, and a
fluorescence trigger for particle detection, improves the detection of smaller
particles, such as platelet microparticles, Paper III [167, 168], and if the platelet
marker antibody contains little debris, substantially decreases the detected
background noise. The commonly used platelet detection markers are GPIb
(CD42b), alIb (CD41a) or B3 (CD61) [137, 166, 169], which are the most abundant
receptors on the platelet. Of these, allbf3 is the most abundant platelet receptor,
with at least 50 000 - 80 000 copies per cell. allb (CD41a) is also uniquely
expressed on platelets (and megakaryocytes) [16]. Expression level is an important
parameter to consider when detecting microparticles, as the generation of
microparticles will unavoidably lead to a reduction in receptor numbers as
compared to the original platelet [170]. For these reasons, we chose to use an
antibody towards alIb as our platelet marker. GPIb has however been used as the
platelet marker on some occasions, although not in the 6-color protocol. We did
not experience any problems with platelet activation or interference with detection
of allbf3 activation state, which is sometimes a concern, see Paper III.
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Table I. Platelet markers used in the 6-color protocol.

Marker for Antibody/probe Dye/(em. Detector

wavelength)

Active alIbfB3 PAC-1 FITC FL1

/aggregatory potential (520 nm)

a-granule secretion P-selectin (AK-4) | PE FL2
(578 nm)

Platelet marker allb (P2) ECD FL3
(620 nm)

Lysosomal secretion LAMP-1 (H4A3) PE-Cy7 FL5
(785 nm)

Mitochondrial DiICi(5) 658 nm FL6

membrane potential (638 nm)

PS Annexin V V450 FLog
(448 nm)

In addition to a platelet marker, we have in a stepwise manner increased the
number of platelet activation markers possible to detect. From a three-color
protocol to a 6-color protocol, table I. In Paper I and II, measurements were
obtained for LAMP-1/Annexin V or for LAMP-1/P-selectin (CD62P), in addition to
the platelet marker. The allb/LAMP-1/Annexin V combination was then extended,
first to include PAC-1, subsequently followed by P-selectin. Upon acquisition of a
third laser to the flow cytometer, it became possible to include a 6t activation
marker, 1,1,3,3,3’,3’-hexamethylindodicarbocyanine iodide (DiIC.(5)). The full
protocol was used in Paper III and IV.

P-selectin is an integral membrane receptor located in a-granules. Upon platelet
activation and a-granule secretion, it is translocated to the platelet surface. P-
selectin exposure is seen as a general platelet activation marker [166, 169]. LAMP-
1 is located in the lysosomal membrane. Its translocation to the platelet surface
thus indicates lysosomal exocytosis. In contrast to LAMP-2 and CD63 which are
found also in dense granules, LAMP-1 is a specific lysosomal marker [171, 172].
Similar to P-selectin, LAMP-1 may be used as a platelet activation marker,
although it is less sensitive than P-selectin exposure, Paper I, IT and III. As P-
selectin and LAMP-1 are both detected using regular antibodies, background
fluorescence was determined using isotype control antibodies, matched to the
antibody concentration (and fluorescence/protein ratio when applicable), and
compared to resting controls [137]. Annexin V is a probe that binds to PS with high
affinity in the presence of Ca2* [52, 54, 57, 173]. Lactadherin is another probe also
detecting PS exposure, but in a Ca2* independent manner [174-176]. We chose to
use Annexin V, mainly because it is Ca2* sensitive. This allows for the
determination of the background fluorescence by simply omitting Ca2* from the
sample. PAC-1 is a monoclonal antibody which recognize the active conformation
of allbf3 [75]. Similar to Annexin V, a negative control is easily obtained by
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addition of EDTA to the sample as this dissociates the receptor [177]. This is useful,
not only for PAC-1 but also for other strategies to determine the activation state of
alIbB3. The probe DiICi(5) preferentially accumulates in active mitochondria, if
used in low enough concentration, where a fluorescent signal is indicative of a
retained mitochondrial membrane potential [178, 179]. Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) can be used as a positive control [178, 179],
although in our experience it is not always fully efficient.

With this combination of antibodies/probes, we are able to detect most of the
common platelet features, including platelet activation state (P-selectin and
LAMP-1 exposure) and most of the conventional procoagulant features (AnnexinV
and PAC-1 binding, mitochondrial integrity and platelet fragmentation) in each
performed experiment, thus removing the need for indirect comparisons.

Setting the protocol

When the antibody/fluorophore combinations have been determined, they need to
be tested and titrated, often in several iterations. The antibody/probe
concentrations should be chosen to saturate the antigen upon full exposure, while
causing as little background fluorescence as possible [169, 180]. Concentrations
almost invariably had to be reduced as compared to manufacturer
recommendations.

Flow cytometer settings need to be determined for each protocol used. If the
fluorophore abundance varies extensively between different experiments, the
settings may need adjustment. These settings mainly involve determining the
appropriate voltage settings for each of the fluorescence detectors involved, hence
achieving a reasonable level of signal enhancement. The rule of thumb is that a
negative histogram peak should be detected in the first decade [181], while a
positive peak should be as separated from this as possible. Again, compromises
may be required as settings in one detector will influence the degree of spectral
overlap into another.

Multifluorescent flow cytometry entails the issue of spectral overlap [180, 181].
This means that the fluorescence from one fluorophore will “spill over” and not
only be detected by the designated detector but also by a detector(s) for another
fluorophore, hence compromising the separation of the fluorophores. To minimize
this, the chosen fluorophores should be separated as much as possible, regarding
the emission wavelengths. In addition, theory claims that abundant antigens
should be detected using dim fluorophores, whereas less frequent antigens should
be detected using bright fluorophores [180]. Some compromises have been
required also with regards to this, mainly due to limitations of available
antibodies/probes. PAC-1 for instance is only available as a fluorescein
isothiocyanate (FITC)-conjugate, whereas Annexin V sensitivity (in our
experience) was reduced with R-phycoerythrin (PE) dyes. The remaining spectral
overlap is corrected through compensation analysis [181]. Compensation analysis
is best performed using samples labelled with each fluorophore separately. In this
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way, the spectral overlap from each fluorophore into other detectors can be
determined [180, 181]. It is also useful to run fluorescence-minus-one (FMO)-
samples, including all fluorophores except one. With these samples it is possible to
determine the total degree of spectral overlap into each of the detectors. I think the
most useful approach is to first run singly labelled samples, to set the
compensation, followed by FMO-samples as a control, and to fine tune the
compensation matrix if needed.

Data analysis

Gating for size was determined as described above. Staining patterns were
determined using isotype and negative controls to delimit the positive and negative
populations. The positive gate was set to include 1-2 % of cells in the negative peak
[137, 182]. Expression levels were also determined using median fluorescence
intensity (MFI) in the entire population [137].

Preanalytical improvements

The flow cytometric method used has also involved a number of preanalytical
developments. As Annexin V binding to PS is Ca2+ dependent, it is mandatory to
use a buffer containing Ca2*. In the literature, a Ca2+ concentration of 2-3 mM is
common [57, 63]. As Ca2+ is an important parameter in platelet response we have
chosen to reduce this to 1.5 mM Caz2*, which is slightly above the physiological
plasma concentration of 1.2 mM [136]. Annexin V-binding has been reported to
increase with the Ca2* concentration, where 1.5 mM corresponds to half-maximal
binding to phospholipid vesicles containing 20% PS [173]. We have not
experienced any problems with this lower concentration, neither during testing
nor after.

Other improvements have been more of the practical sort. Sample tubes are now
prepared by the preparation of mastermixes, which reduces the inaccuracy due to
pipetting errors. When an individual experimental protocol has been set, flow
cytometry tubes with agonists are normally prepared for several rounds and stored
in the freezer. These are also prepared through mastermixes, again reducing
inaccuracies and between experiment variations. In addition, it substantially
reduces the preparation time required for each experiment.
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Characterization of platelet subpopulations

Lysosomal exocytosis in platelets

As mentioned previously, platelets have three types of granules that are secreted
upon activation, a-granules, dense granules and lysosomes. Among these, a- and
dense granules are the most studied. Both a- and dense granules play important
roles in hemostasis, as defects in these give rise to bleeding syndromes [16, 183].
Hence, much research has been focused on these granules. In contrast, the role of
lysosomal secretion is not as well known. LAMP-1 exposure has been
demonstrated in platelets obtained from a bleeding wound, indicating that
lysosomal secretion occurs “in vivo” [184]. In Paper I, we wished to investigate
the extent and regulation of platelet lysosomal release.

Platelet activation with thrombin led to rapid lysosomal secretion, detected as
increased N-actetyl-B-glucosaminidase (NAG) activity and platelet LAMP-1
surface exposure. Maximal NAG activity and high LAMP-1 exposure was achieved
with 1 min stimulation. We found that inhibition of platelets with the P2Y..
inhibitor cangrelor reduced NAG activity to that of the resting control (~10%) as
well as reduced LAMP-1 exposure to 27% (47% without inhibitor). Exposure of the
activation marker P-selectin was also reduced by cangrelor, but only to a small
extent. COX-I inhibition with ASA did however not impact the results in the
present experiments. Endothelial platelet inhibitors PGI2 and the NO-donor S-
Nitroso-N-acetyl-DL penicillamine (SNAP) were both able to reduce platelet
lysosomal secretion. PGI2 reduced NAG to 17% compared to 25% without inhibitor
and LAMP-1 to the level of the resting control. SNAP reduced NAG to 16% whereas
LAMP-1 exposure was 11%, compared to 30% without inhibitor. In addition to
lysosomal secretion, PGI2 and SNAP also reduced P-selectin exposure and SNAP
led to a general reduction in platelet activation, seen as reduced platelet
aggregation and reduced dense granule secretion (ATP secretion).

In Paper II, LAMP-1 exposure was investigated in platelet concentrates after
increasing storage time up to 12 days. In the study, we found that LAMP-1 exposure
in resting platelet samples remained stable and low throughout the storage time
(with a mean of 6% on day 12). However, as the storage time increased, the
exposure of LAMP-1 in response to agonist stimulation was gradually reduced for
all agonist combinations. In platelet concentrates where swirling had been lost,
exposure of LAMP-1 in response to platelet stimulation was abolished. In
conclusion, this makes LAMP-1 an interesting candidate marker to monitor the
quality of platelet concentrates in vitro.
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Lysosomal exocytosis and platelet subpopulations

Since lysosomal secretion and platelet PS exposure are both partial and require
strong agonist stimulation, we also aimed to investigate whether such platelets
constitute the same platelet subpopulation. This was investigated using flow
cytometry. As shown in figure 8 (unpublished results), LAMP-1 exposure was
detected in platelets with and without PS exposure and these markers seemed to
be exposed independently of each other.
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Figure 8. Platelet exposure of LAMP-1 and PS was measured simultaneously using flow
cytometry. Yellow and red bars correspond to total exposure of LAMP-1 and PS,
respectively. The orange bar correspond to cells exposing both LAMP-1 and PS. Results
indicate that LAMP-1 and PS were exposed by separate platelet populations. Platelets
were stimulated for 10 minutes with PAR1-AP (30 uM) PAR4-AP (150 uM) and CRP-XL
(0.9 ug/ml). N = 5, mean + SEM.

Procoagulant platelets (features of procoagulant and aggregatory
platelets)

Exposure of PS on the platelet membrane provides a procoagulant surface for
coagulation factors to adhere. PS exposure can be detected in vitro with the use of
Annexin V [52, 54, 173]. As discussed in Papers II, III and IV platelets binding
Annexin V are therefore regarded as procoagulant. Exposure of PS and other
markers of activation were compared between the different platelet populations.
We observed that PS exposure was primarily found on smaller platelets and
platelet fragments (Paper II and III). Similar results were reported by Sims et al
[61], who observed that FV binding was increased on microparticles. In line with
this, some studies have found that microparticles are more procoagulant than
platelets [61], whereas others have found the opposite [23]. As discussed in Paper
III, the smaller platelets observed in our study probably correspond to the
particles described as microparticles in earlier studies [57, 58, 61]. We hypothesize
that platelets that become activated enough to transition into the procoagulant
phenotype, release platelet fragments, which is supported by previous
observations of ballooning platelets [59, 63, 65, 70]. Upon release of platelet
fragments, the size of the remaining platelet would be reduced and hence be
detected as a smaller platelet. This theory is supported by Tocchetti et al, who
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describe two populations of platelet “microparticles” [67], and Bode & Hickerson
who suggested that the number of “microparticles” described in earlier studies are
too few and thus rather constitute small platelets [68]. The fact that a third
population of platelet microparticles has not gained more attention in earlier
studies is likely attributed to an increased sensitivity of more recent flow
cytometers. Another important factor is likely the use of a fluorescence trigger
based on a platelet marker, which increases the detection sensitivity. In addition
to PS exposure, the procoagulant smaller platelets and platelet fragments have a
reduced binding of PAC-1, indicating that alIbp3 is not in an active conformation
or inaccessible to the antibody, in agreement with previous studies [71, 74, 76].
However, as discussed in Paper III (and shown in Paper IV), platelets with a
reduced PAC-1 binding may still bind an anti-fibrinogen antibody, indicating that
fibrinogen is retained on the surface. Whether this is bound to the surface via
alIbp3 or to other receptors via the binding of a multiprotein complex (as
suggested by Szasz & Dale [72]) cannot be determined from these experiments.
Mitochondrial potential was also measured using the probe DiICi(5). A reduced
staining in procoagulant platelets suggested that mitochondrial potential was lost
in these platelets, which is in line with previous research [73, 87-89]. On the
contrary, platelets without PS exposure, hence not binding Annexin V, retained the
size of resting “normal-sized” platelets. The normal-sized platelets had a high
binding of PAC-1 and retained the majority of DiIC.(5) fluorescence, suggesting an
active alIbp3 and intact mitochondrial potential in these platelets.

Upon platelet stimulation, all platelets would respond by a-granule secretion, seen
as a universal exposure of P-selectin, ensuring that all platelets had been activated.
Exposure of LAMP-1, indicative of lysosomal secretion was detected to a lesser
degree, but with a similar pattern as P-selectin. Thus, we interpret that lysosomal
exocytosis may also be regarded as a platelet activation marker in a similar way as
P-selectin exposure. However, as lysosomal exocytosis requires a higher level of
agonist stimulation before it is secreted, it also infers a higher level of platelet
activation. As such, LAMP-1 is useful as a complementary activation marker to P-
selectin exposure. Exposure of LAMP-1 may however be obscured by the fact that
all platelets do not contain lysosomes [12], therefore restricting the maximum level
of platelets exposing LAMP-1. In previous studies, lysosomal exocytosis has been
detected using LAMP-2 or LAMP-3 (also called LIMP/CD63), but since these have
been shown to be present also in dense granules [12, 171, 172] they are not specific
for lysosomal exocytosis.

Different factors influencing the platelet response

Agonists
The agonists chosen to induce the formation of procoagulant platelets influences

the results obtained. This has been noted in previous publications, indicating that
different agonists have different potencies [23, 24, 57]. We have observed a similar

35



Results and discussion

variation in potency between the used agonists (Paper II and III). Thrombin
stimulation, for 10 min, induced only low levels of PS exposure, in line with
previous reports [23, 24, 57]. However, upon longer times of stimulation, the
potency of thrombin increased. This might be due to alternative pathways of PS
exposure [46, 185]. It is generally thought that PS exposure in response to platelet
activation occurs via a necrosis-like process [185, 186]. The increased potency of
thrombin with longer stimulation times might indicate that PS exposure induced
via thrombin rather induces an apoptotic pathway. In support of this, it has been
reported that the level of PS exposure due to apoptosis is slower than PS exposure
induced by necrosis [187].

As mentioned in the introduction, the level of intracellular Ca2+ is important for
the subsequent platelet response [58, 59, 63, 70]. The use of different platelet
inhibitors affecting the Ca2* mobilization will therefore influence the fraction of
procoagulant platelets obtained. In an experiment using cangrelor to inhibit the
APD-receptor P2Y,., we observed that inhibition of the second wave of stimulation
resulted in a reduced fraction of procoagulant platelets, figure 9. Platelet inhibition
with ASA was, however, without effect in these experiments. The role of ASA was
found to be of minor importance also when studying the formation of procoagulant
platelets adhered to collagen [59]. ASA is a common anti-platelet agent, the in vivo
role of which may be different from that observed in these in vitro experiments.
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Figure 9. Effect of the platelet inhibitors cangrelor (P2Y12-inhibitor, 100uM) and ASA
(blocking TxAz2 pathway, 100uM) on PS exposure. Following incubation with inhibitors
(20 min) platelets were stimulated, 10 min, with CRP-XL (1.2 ug/ml) + PAR1-AP (30
uM) + PAR4-AP (300 uM). Mean + SEM, N=4, * indicate significant differences vs
control (* P < 0.05).

Platelet subpopulations

In Paper III, we also aimed to discern whether the procoagulant platelets are in
fact a subpopulation of platelets, or whether the responses seen rather correspond
to a normal distribution related to the platelet activation status. If the responses
are normally distributed and all platelets may in fact reach a state of activation
leading to a transition into a procoagulant phenotype, then stronger platelet
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stimulation should be able to push all platelets over this threshold. To investigate
this, we performed dose-response experiments using thrombin and CRP-XL alone
or in combination. The formation of procoagulant platelets increased up to a
plateau level (with a mean of 42 % PS+ platelets), after which higher agonist
concentrations did not influence the response. To further increase the level of
activation, we increased the time of stimulation. This resulted in a higher
proportion of platelets becoming procoagulant, but we did not reach 100%. Thus,
all platelets are not able to become procoagulant indicating that there is a
subpopulation of platelets to whom this phenotype is “available”. The transition
into a procoagulant state is, nonetheless, heavily dependent on the level of platelet
activation reached, and this response may be normally distributed.

Platelet age

As young platelets are claimed to be more reactive than older platelets [23, 104,
105] we wished to look into this. However, as labelling of mRNA with TO is not
straight forward [107, 188], in Paper II, we took an alternative approach to this
problem and instead studied platelet concentrates. Platelets will remain in the
circulation for up to 10 days [3, 6]. Thus, a fresh platelet concentrate prepared from
a healthy donor will consist of a mixture of platelets up to 10 days old. Whereas in
platelet concentrates stored for some time, all platelets will eventually be old. In
Paper II, we investigated if platelet storage time (and inherently platelet age)
would affect the platelet procoagulant response towards agonist stimulation. We
found that platelet responsiveness was reduced with platelet storage time. This was
noted as a gradually reduced exposure of PS and LAMP-1 in response to platelet
agonist stimulation. At the same time, we also noted a gradually increasing
exposure of PS and P-selectin in resting platelet samples. This approach is however
not without limitations. As platelet concentrates are processed and stored in an
artificial milieu, and this in itself will result in platelet impairments [189], these
results are not easily interpreted. It has also been argued that platelet aging is
much slower during storage at 22°C, compared to in vivo conditions at 37°C [130].
The results of Paper IT with regard to the effect of platelet age on platelet
responsiveness must unfortunately be deemed inconclusive.

Platelet size

Similar to platelet age, it has been speculated that younger platelets are larger than
older platelets, and for this reason these platelets would be more reactive than
smaller platelets [190, 191]. But this hypothesis has been contradicted by
Thompson et al, who show that young platelets are not necessarily larger than
older platelets [104, 192]. Platelet size is rather determined during production
[104, 188, 192]. It has however been reported that larger platelets are more reactive
than smaller platelets, with regards to platelet aggregation [104, 191] and PS
exposure [107]. As the platelet count is inversely correlated to mean platelet
volume (MPV) it seems feasible that large platelets would be more reactive than
smaller ones [188, 193-195].
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In line with this, a high MPV has been associated with thrombotic events [195-197],
although it is not known whether this increased MPV is a causative risk factor for
cardiovascular disease or a result of underlying physiological factors [197]. MPV is
however difficult to assess, especially in clinical studies due to anticoagulant-
induced swelling of platelets [194, 198]. It is therefore important to standardize the
time from blood collection to performance of the MPV measurements [194].

We have investigated the effect of MPV on platelet reactivity using two strategies.
In the first set of experiments, we centrifuged whole blood to PRP and isolated the
top fraction containing smaller platelets and the bottom fraction containing larger
platelets. The large and small platelets were then stimulated and exposure of P-
selectin, PS and active conformation of allbp3 was detected using flow cytometry.
We found an increased exposure of alIbf3 and P-selectin on larger platelets, figure
10 (abstract [199]). For PS, the exposure was higher in smaller platelets when weak
agonists were used, but this difference was not significant when stronger agonists
were applied. This indicates that larger platelets may indeed have a higher
aggregatory potential than smaller platelets, probably related to a higher number
of platelet granules [192].
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Figure 10. (A) MPV and resting P-selectin exposure. (B) Platelets were stimulated and
exposure of P-selectin, (C) active allbf3 or (D) PS was determined using flow
cytometry. PAR1-AP (30 uM), CRP-XL (0.5 ug/ml or both were used for platelet
stimulation. * indicate significant differences between the large and small platelet
fractions (*/*** = P < 0.05, 0.001). N = 6, mean + SEM.
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In Paper IV (not included in manuscript) we also measured the platelet MPV in
EDTA anticoagulated blood 3 + 2 min (maximum 7 min) after blood collection.
When compared to platelet PS exposure, we found a weak but significant positive
correlation to MPV (R2 = 0.17, P = 0.043), figure 11.
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Figure 11. Association between platelet PS exposure and MPV, N = 25.

Relevance of platelet subpopulations

Platelet concentrates

In Paper II, we found that the generation of procoagulant platelets in response to
agonist stimulation was reduced with storage time. This was detected as a reduced
platelet fragmentation and a reduced level of PS exposure. The exposure of LAMP-
1in response to agonist stimulation was also reduced, whereas LAMP-1 exposure
in resting samples remained stable over the storage period. We noted a variability
in the level of LAMP-1 exposure in platelet concentrates with retained swirling.
Whereas platelet concentrates without swirling were unable to expose LAMP-1 or
fragment into smaller platelets and platelet fragments in response to agonist
stimulation. Hence LAMP-1 exposure and platelet fragmentation in response to
agonist stimulation may be useful to evaluate the quality of stored platelet
concentrates. Although our study does not pinpoint the exposure of P-selectin and
PS as clear markers of platelet responsiveness, these markers have been used in
the past and may be useful also in future studies [189].
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Influence on hemostasis

In Paper III, we observed that the procoagulant plateau response varied heavily
between individuals, with a range of 20-66% Annexin V+ platelets (42 + 16 % mean
+ SD). Similar numbers were found in Paper IV (range 17-63 %, mean 43 + 11 %).
A variation in the level of coated platelets in healthy volunteers was also reported
by Dale et al (range 15—53 %, 33.0 + 9.3 %) [200], and was shown to be stable over
a 6-week period. The level of coated platelets have additionally been correlated
with several cardiovascular conditions. Increased numbers of coated platelets
correlated with thrombotic events [201-203] whereas reduced numbers correlated
with hemorrhagic events [204-206]. Correlations have also been found for other
conditions, such as Alzheimer’s disease [207]. Most of these studies have been
performed by a single research group, which accentuates the need for independent
validation. A potential pitfall in these studies is the fact that the level of coated
platelets is measured in these patients shortly after an event has occurred. Thus it
is not unlikely that the various conditions of the patient might influence the results.

In Paper IV, we instead investigated how the ability to form procoagulant
platelets influenced different aspects of hemostasis in healthy volunteers.
Procoagulant parameters were measured with CAT and FOR. The fraction of
procoagulant platelets formed correlated to the CAT parameters peak (R2 = 0.65)
and inversely to time to peak (R? = 0.42), lagtime (R2 = 0.22) and the FOR
parameters COT1 and COT2 (R2 = 0.13 and R2 = 0.1, respectively). There was no
correlation to ETP. From this, we conclude that there is an association between the
fraction of procoagulant platelets formed and the ability of platelets to support
rapid thrombin generation. Although ETP may be regarded as the most robust
parameter of CAT [153], Monroe and Hoffman suggested that the rate and peak
thrombin reached may in fact be more important for clot stability than the total
thrombin generated [31].

As procoagulant platelets have a reduced ability to form platelet-platelet
connections (see Description of the procoagulant platelet), we hypothesized that
this might be correlated to a reduced aggregatory potential. Thus aggregatory
potential was assessed using Multiplate® for whole blood aggregometry and LTA
for conventional aggregometry in PRP. We found no correlation between the
fraction of procoagulant platelets formed and Multiplate® parameters, whereas
we found a very weak correlation to % maximum aggregation using LTA (R2 =
0.08). The absence of correlations seen for these methods might have several
explanations. As mentioned above, the procoagulant platelets may still bind
fibrinogen although PAC-1 binding is reduced, hence they may be able to
participate in aggregation responses by binding to the periphery of platelet
aggregates. Another possibility is that the procoagulant platelets become
translucent as a result of extensive granule secretion and ballooning, and therefore
transmit light in a similar way as an aggregated platelet sample [73], although this
would only be applicable to the LTA results. Another possible explanation is the
time needed from activation to the transition into procoagulant platelets. Alberio
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et al recently reported that the time required for detection of procoagulant platelets
was around 3 minutes from agonist stimulation [208]. Similar lagtimes have been
observed in other studies, mostly evaluating adherent platelets [23, 49, 59, 64, 70,
76]. As the aggregation response in both LTA and Multiplate® is measured within
a few minutes from activation, it is possible that the platelets had not yet
transitioned into a procoagulant state, and thus were still able to participate in the
aggregation.

Because procoagulant platelets have been reported to be unable to participate in
clot retraction, we analyzed this using FOR. Clot elasticity, as measured by FOR, is
primarily influenced by the platelets contribution to clot retraction [96]. However,
in Paper IV, clot elasticity did not correlate to the fraction of procoagulant
platelets formed. It has been shown previously that clot elasticity is affected by the
platelet count and plasma fibrinogen concentration [96]. In Paper IV, these
parameters were regarded as part of the inherent physiological milieu of each
donor and hence not corrected for. Although, additional comparisons show that
the platelet count was strongly correlated to the maximum elasticity (R2 = 0.59, P
= 0.0001), whereas fibrinogen levels were not measured.

As high cholesterol levels are a known risk factor for cardiovascular disease, we
wanted to explore if there was a correlation between this and the ability to form
procoagulant platelets. High levels of cholesterol will also lead to platelet
hyperreactivity, but most studies investigate platelet aggregation [209, 210].
Interestingly, an increase in Ca2* mobilization was reported in cholesterol loaded
platelets [211]. Cholesterol depletion on the other hand, reduced platelet
aggregation, Ca2* mobilization [212] and platelet PS exposure [213]. One study also
report increased thrombin generation in hypercholesterolemic patients compared
to controls [214]. In Paper IV, we found a weak correlation between PS+ platelets
and plasma cholesterol (R2=0.17). Although our results were influenced by an
outlier data-point, we chose to include this in our analysis. We noted however that
an analysis without this data-point would have found a stronger correlation to
cholesterol, and additional correlations to non-HDL cholesterol and LDL
cholesterol.

Paper IV indicates that the ability to form procoagulant platelets influence
hemostasis, especially parameters related to thrombin generation. Based on our
results and previous publications, it is not impossible that the individual ability to
form procoagulant platelets may in fact influence the individual risk of suffering
from cardiovascular events. Further studies would of course be needed to prove
this hypothesis, and if proven, to evaluate the strength of this as a risk factor.
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My view on platelet subpopulations in clot formation

Platelets have several functions in the hemostatic process that are important for
the cessation of bleeding, formation of the platelet plug and support of coagulation.
During the last decades, it has become clear that different functions are performed
by different subpopulations of platelets. The procoagulant subpopulation of
platelets vary in proportion depending on agonist stimulation. In vitro studies
have also shown that the fraction of procoagulant platelets vary between
individuals. As has been mentioned by others, individual platelets are either
procoagulant or not, where intermediate states are rarely seen. As such, the factor
determining the extent of the procoagulant response, is the number of platelets
that become procoagulant [70, 87]. Although the complexity of an in vivo system
is in many ways different from the simplified models used in in vitro experiments,
it seems reasonable to think that in vitro variations of procoagulant potential may
persist also in vivo, albeit at a different level than observed in vitro.

The first layer(s) of platelets

In vivo platelet activation occurs following vessel damage and exposure of the
ECM. Platelets adhere via e.g. immobilized vWF, and those adhering to collagen
fibers become activated via GPVI. Simultaneously, TF exposed at the site of
damage has initiated the coagulation cascade via formation of the extrinsic tenase
complex and is generating small amounts of thrombin. This thrombin will activate
adjacent platelets and additional coagulation factors (FV, FVIII, FXI). The platelet
activation induced via thrombin and collagen leads to platelet secretion. The
release of granule contents (ADP) and TxA2 reinforces the platelet activation. This
causes a shift in integrin affinity resulting in firm adhesion to the ECM, and
binding of fibrinogen and vWF. The multifactorial platelet stimulation will cause a
number of platelets to become procoagulant, figure 12A. The initial lagtime in
procoagulant transformation ensures that these platelets are firmly adhered and
to some extent covered by a second layer of platelets before the transition. The
formation of a cap also ensures that these platelets are not immediately detached
and removed by the flowing blood. As a-granules have also been secreted, the
released and plasma derived FV will bind to the exposed PS, and the thrombin
generation will move to the surface of the procoagulant platelets, figure 12B.
Platelet swelling and microparticle shedding that occurs simultaneously as PS
exposure may have different functions, which I can only speculate about; (1) To
maximize the procoagulant surface, thus further enhancing thrombin generation.
(2) Swelling may contradict the clot retraction, thus allowing agonist diffusion
through gaps around the “balloon”. (3) Formation of microparticles that may
dissipate through the platelet thrombus to “spread” the procoagulant surface, thus
facilitating thrombin generation and fibrin formation at other sites in the
thrombus. (4) Microparticle shedding and dissipation may reduce the availability
of the procoagulant surface, hence limiting the thrombin generation, to avoid
overproduction of thrombin. (5) Microparticle shedding functions to
“communicate” with adjacent cells and plays no direct role in hemostasis.
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The locally generated thrombin increases the thrombin concentration, which may
induce a procoagulant transformation in additional platelets. The agonist
dependence of the platelet procoagulant transformation ensures that the extent of
vessel damage and hence collagen and TF (thrombin) exposure results in a
proportional platelet response, and thrombin generation.

The recruitment

Additional platelets adhering to the growing thrombus will adhere to a platelet-
coated surface via binding of vWF and fibrinogen retained via allbp3 and GPIb-
IX-V, whereas collagen-interactions are no longer available. Released ADP, TxA2,
as well as diffused and locally produced thrombin, will activate the adhered
platelets and induce firm adhesion and additional platelet secretion, facilitating yet
further platelet recruitment. The thrombin formed will cleave the fibrinogen
bound to the platelets surface. Hence the platelet aggregate functions as a scaffold
for the fibrin network. As platelets in additional layers of the thrombus have been
promptly activated, binding of fibrin(ogen) to allbf3 induces clot retraction in
platelets with intact alIbf33, making the clot denser. This reduces agonist diffusion
through the clot, and agonists such as thrombin are hence retained within the
thrombus core, figure 12C.

As the platelet plug grows, the soluble agonists also decrease in concentration. In
the periphery of the clot, ADP and TxA2 will be the only available agonists. Hence
the platelet activation level will decrease with the distance to the vessel wall.
Eventually, the activation stimuli will be too weak to cause platelet secretion, and
additional platelets will adhere transiently to the thrombus and then detach.

Clot remodeling

The higher concentrations of thrombin found within the densely packed thrombus
core will activate FXIII, which will guide fibrin formation [77] and crosslink the
thin fibrin strands into thicker, more resistant fibrin fibers. In addition, thrombin
will activate TAFT, which counteract fibrinolysis and early dissolution of the clot.
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Figure 12. Illustration indicating the function of platelet subpopulations in hemostasis
from (A) adhesion, (B) aggregation and coagulation to (C) clot retraction. Endothelial
cell (EC), von Willebrand factor (VWEF), collagen (coll).
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Potential consequences

As outlined above, the different functions performed by platelets (aggregation and
procoagulant behavior) are both crucial for a functional hemostatic response.
Complete inhibition of one function is likely to cause severe adverse outcomes.
However, as the fraction of procoagulant (coated) platelets have been associated
with cardiovascular disease, one may speculate about the effect of different
proportions of platelet subpopulations. A lowered ability to form proagulant
platelets would reduce the potential for thrombin generation. This could result in
a platelet aggregate with reduced fibrin formation, weak fibrin strands vulnerable
to fibrinolysis, and increase the risk of rebleeding. It is conceivable that the
thrombus core would also be reduced in size. In contrast, a high potential for the
formation of procoagulant platelets would increase the thrombin generation and
could hence increase the size of the thrombus core and produce a fibrin clot highly
resistant to fibrinolysis, perhaps increasing the risk for thrombotic events. On the
other hand, an extremely high potential for a procoagulant transformation may
reduce the aggregatory response, which would lead to dissipation of thrombin and
other soluble agonists. This may result in local bleeding, as the site of damage may
not be satisfactorily covered. Depending on the potential of the antithrombotic
system, the dissipated thrombin may also result in off target thrombus formation.

Conclusion

During the course of this thesis we have explored different aspects of platelet
subpopulations. We have shown that lysosomal secretion, seen as LAMP-1
exposure occurs in a subpopulation of platelets, which is separate from the
procoagulant platelet subpopulation. We suggest that LAMP-1 exposure and the
formation of procoagulant platelets may be useful as quality indicators in the field
of transfusion medicine. Through the development of a novel flow cytometry
protocol it was possible to retrieve more information from each experiment. Using
this protocol we have shown that the procoagulant platelet subpopulation is
formed in response to strong platelet stimulation, and that the proportion of this
varies extensively between individuals. Moreover, we show that the procoagulant
subpopulation influences hemostasis, where it is primarily important for the rate
of thrombin generation. Interestingly the procoagulant subpopulation was
associated with plasma cholesterol levels, and previous research has found
associations to thrombotic events. As such, further investigations may be
warranted to explore the formation of procoagulant platelets as a possible
biomarker for cardiovascular disease.
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