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PREFACE

Progress in the field of platelet research has acceler-
ated greatly over the last few years. If we just consider
the time elapsed since our previous book on platelets
(Platelets in Thrombotic And Non-Thrombotic Disor-
ders, 2002), over 10 000 publications can be found in a
PubMed search using the keyword “platelets.”

Many factors account for this rapidly expanding
interestin platelets, amongthem an explosive increase
in the knowledge of the basic biology of platelets
and of their participation in numerous clinical disor-
ders as well as the increasing success of established
platelet-modifying therapies in several clinical set-
tings. All of this has led to the publication of several
books devoted to platelets in recent years. Neverthe-
less, it is surprising that none of these is a hand-
book that presents a comprehensive and pragmatic
approach to the clinical aspects of platelet involve-
ment in hematologic, cardiovascular, and inflamma-
tory disorders and the many new developments and
controversial aspects of platelet pharmacology and
therapeutics.

Based on these considerations, this new book was
not prepared simply as an update of the previous edi-
tion but has undergone a number of conceptual and
organizational changes.

A new editor with a specific expertise in hematol-
ogy, Dr. José Lopez, has joined the group of the editors,
bringing in a hematologically oriented view. The book
has been shortened and is now focused on the clini-
cal aspects of the involvement of platelets in hemato-
logic and cardiovascular disorders. Practical aspects
of the various topics have been strongly empha-
sized, with the aim of providing a practical handbook
useful for residents in hematology and cardiology,
medical and graduate students, physicians, and also
scientists interested in the broad clinical implications

of platelet research. We expect that this book will also
be of interest to vascular medicine specialists, aller-
gologists, rheumatologists, pulmonologists, diabetol-
ogists, and oncologists.

Thebookhasbeen organized into four sections, cov-
ering platelet physiology, bleeding disorders, throm-
botic disorders, and antithrombotic therapy. A total
of 26 chapters cover all the conventional and less
conventional aspects of platelet involvement in dis-
ease; emphasis has been given to the recent develop-
mentsineach field, butalways mentioning the key dis-
coveries that have contributed to present knowledge.
A section on promising future avenues of research
and a clear table with the heading “Take-Home Mes-
sages” have been included in each chapter. A group
of leading experts in the various fields covered by
the book, from eight countries on three continents,
have willingly agreed to participate; many of them are
clinical opinion leaders on the topics discussed. All
chapters have undergone extensive editing for homo-
geneity, to help provide a balanced and complete
view on the various subjects and reduce overlap to a
minimum.

We believe that, thanks to the efforts and continued
commitment of all the people involved, the result is
anovel, light, and quick-reading handbook providing
an easy-to-consult guide to the diagnosis and treat-
ment of disorders in which platelets play a prominent
role.

Additional illustrative material is available online
through the site of Cambridge University Press
(www.cambridge.org/9780521881159).

This book would have not been possible without the
help of our editorial assistants (M. Sensi, R. Stevens)
and of several coworkers in the Institutions of the indi-
vidual editors (S. Momi, E. Falcinelli). An excellent




Preface

collaboration with the team at Cambridge Univer- We hope that this book will be interesting and useful
sity Press (Daniel Dunlavey, Deborah Russell, Rachael to readers as much as it has been for us.

Lazenby, Katie James, Jane Williams, and Eleanor

Umali) has also been crucial to the successful accom- The Editors

plishment of what has seemed, at certain moments, a
desperate task.
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OF BLOOD PLATELETS

THE STRUCTURE AND PRODUCTION

Joseph E. Italiano, Jr.

Brigham and Women’s Hospital; Children’s Hospital Boston; and Harvard Medical School, Boston, MA, USA

INTRODUCTION

Blood platelets are small, anucleate cellular fragments
that play an essential role in hemostasis. During nor-
mal circulation, platelets circulate in a resting state
as small discs (Fig. 1.1A). However, when challenged
by vascular injury, platelets are rapidly activated and
aggregate with each other to form a plug on the vessel
wall that prevents vascular leakage. Each day, 100 bil-
lion platelets must be produced from megakaryocytes
(MKs) to maintain the normal platelet count of 2 to
3 x 10%/mL. This chapter is divided into three sec-
tions that discuss the structure and organization of
the resting platelet, the mechanisms by which MKs
give birth to platelets, and the structural changes that
drive platelet activation.

1. THE STRUCTURE OF THE
RESTING PLATELET

Human platelets circulate in the blood as discs that
lack the nucleus found in most cells. Platelets are het-
erogeneous in size, exhibiting dimensions of 0.5 x 3.0
um.! The exact reason why platelets are shaped as
discs is unclear, although this shape may aid some
aspect of their ability to flow close to the endothe-
lium in the bloodstream. The surface of the platelet
plasma membrane is smooth except for periodic
invaginations that delineate the entrances to the open
canalicular system (OCS), a complex network of inter-
winding membrane tubes that permeate the platelet’s
cytoplasm.? Although the surface of the platelet
plasma membrane appears featureless in most micro-
graphs, the lipid bilayer of the resting platelet con-
tains a large concentration of transmembrane recep-
tors. Some of the major receptors found on the surface
of resting platelets include the glycoprotein receptor

for von Willebrand factor (VWEF); the major serpentine
receptors for ADP, thrombin, epinephrine, and throm-
boxane A2; the Fcreceptor Fcy RIIA; and the 83 and A1
integrin receptors for fibrinogen and collagen.

The intracellular components of the
resting platelet

The plasma membrane of the platelet is separated
from the general intracellular space by a thin rim of
peripheral cytoplasm that appears clear in thin sec-
tions when viewed in the electron microscope, but it
actually contains the platelet’s membrane skeleton.
Underneath this zone is the cytoplasm, which con-
tains organelles, storage granules, and the specialized
membrane systems.

Granules

One of the most interesting characteristics of platelets
is the large number of biologically active molecules
contained in their granules. These molecules are
poised to be deposited at sites of vascular injury and
function to recruit other blood-borne cells. In rest-
ing platelets, granules are situated close to the OCS
membranes. During activation, the granules fuse and
exocytose into the OCS.® Platelets have two major rec-
ognized storage granules: « and dense granules. The
most abundant are « granules (about 40 per platelet),
which contain proteins essential for platelet adhe-
sion during vascular repair. These granules are typi-
cally 200 to 500 nm in diameter and are spherical in
shape with dark central cores. They originate from
the trans Golgi network, where their characteristic
dark nucleoid cores become visible within the bud-
ding vesicles.* Alpha granules acquire their molecu-
lar contents from both endogenous protein synthesis
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[GTTTEER] The structure of the resting platelet. A. Differential interference contrast micrograph of a field of human discoid resting platelets.
B. Immunofluorescence staining of fixed, resting platelets with Alexa 488-antitubulin antibody reveals the microtubule coil. Coils are

1-3 um in diameter.

and by the uptake and packaging of plasma pro-
teins via receptor-mediated endocytosis and pinocy-
tosis.® Endogenously synthesized proteins such as
PF-4, g thromboglobulin, and von Willebrand factor
are detected in megakaryocytes (MKs) before endocy-
tosed proteins such as fibrinogen. In addition, synthe-
sized proteins predominate in the juxtanuclear Golgi
area, while endocytosed proteins are localized in the
peripheral regions of the MK.® It has been well doc-
umented that uptake and delivery of fibrinogen to «
granules is mediated by the major membrane glyco-
protein ayp 83.% 78 Several membrane proteins critical
to platelet function are also packaged into alpha gran-
ules, including am B3, CD62P, and CD36. « granules
also contain the majority of cellular P-selectin in their
membrane. Once inserted into the plasmamembrane,
P-selectin recruits neutrophils through the neutrophil
counter receptor, the P-selectin glycoprotein ligand
(PSGL1).° Alpha granules also contain over 28 angio-
genic regulatory proteins, which allow them to func-
tion as mobile regulators of angiogenesis.!? Although
little is known about the intracellular tracking of pro-
teins in MKs and platelets, experiments using ultra-
thin cryosectioning and immunoelectron microscopy
suggest that multivesicular bodies are a crucial inter-
mediate stage in the formation of platelet o gran-
ules.!! During MK development, these large (up to
0.5 um) multivesicular bodies undergo a gradual tran-

sition from granules containing 30 to 70 nm internal
vesicles to granules containing predominantly dense
material. Internalization kinetics of exogenous bovine
serum albumin-gold particles and of fibrinogen posi-
tion the multivesicular bodies and & granules sequen-
tially in the endocytic pathway. Multivesicular bodies
contain the secretory proteins VWF and g throm-
boglobulin, the platelet-specific membrane protein P-
selectin, and the lysosomal membrane protein CD63,
suggesting that they are a precursor organelle for o
granules.!! Dense granules (or dense bodies), 250 nm
in size, identified in electron micrographs by virtue
of their electron-dense cores, function primarily to
recruit additional platelets to sites of vascular injury.
Dense granules contain a variety of hemostatically
active substances that are released upon platelet acti-
vation, including serotonin, catecholamines, adeno-
sine 5’-diphosphate (ADP), adenosine 5'-triphosphate
(ATP), and calcium. Adenosine diphosphate is a strong
platelet agonist, triggering changes in the shape of
platelets, the granule release reaction, and aggrega-
tion. Recent studies have shown that the transport of
serotonin in dense granules is essential for the process
of liver regeneration.'> Immunoelectron microscopy
studies have also indicated that multivesicular bodies
are an intermediary stage of dense granule maturation
and constituteasortingcompartmentbetween « gran-
ules and dense granules.



CHAPTER 1:

organelles

Platelets contain a small number of mitochondria
that are identified in the electron microscope by their
internal cisternae. They provide an energy source for
the platelet as it circulates in the bloodstream for 7
days in humans. Lysosomes and peroxisomes are also
present in the cytoplasm of platelets. Peroxisomes
are small organelles that contain the enzyme cata-
lase. Lysosomes are also tiny organelles that contain a
large assortment of degradative enzymes, including -
galactosidase, cathepsin, aryl sulfatase, g-glucuroni-
dase, and acid phosphatases. Lysosomes function pri-
marily in the break down of material ingested by
phagocytosis or pinocytosis. The main acid hydrolase
contained in lysosomes is 8-hexosaminidase.'3

Membrane systems

Open canalicular system

The open canalicular system (OCS) is an elaborate sys-
tem of internal membrane tunnels that has two major
functions. First, the OCS serves as a passageway to the
bloodstream, in which the contents can be released.
Second, the OCS functions as a reservoir of plasma
membrane and membrane receptors. For example,
approximately one-third of the thrombin receptors
are located in the OCS of the resting platelet, await-
ing transport to the surface of activated platelets. Spe-
cific membrane receptors are also transported in the
reverse direction from the plasma membrane to the
OCS, inaprocess called downregulation, after cell acti-
vation. The VWF receptor is the best studied glycopro-
tein in this respect. Upon platelet activation, the VWF
receptor moves inward into the OCS. One major ques-
tion that has not been resolved is how other proteins
present in the plasma membrane are excluded from
entering the OCS. The OCS also functions as a source
of redundant plasma membrane for the surface-to-
volumeratioincrease occurring duringthe cell spread-
ing that accompanies platelet activation.

Dense tubular system

Platelets contain a dense tubular system (DTS),'
named according to its inherent electron opacity, that
is randomly woven through the cytoplasmic space.
The DTS is believed to be similar in function to the
smooth endoplamic reticular system in other cells
and serves as the predominant calcium storage sys-
tem in platelets. The DTS membranes possess Ca**
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pumps that face inward and maintain the cytosolic
calcium concentrations in the nanomolar range in the
resting platelet. The calcium pumped into the DTS is
sequestered by calreticulin, a calcium-binding pro-
tein. Ligand-responsive calcium gates are also situ-
ated in the DTS. The soluble messenger inositol 1,4,5
triphosphate releases calcium from the DTS. The DTS
also functions as the major site of prostaglandin and
thromboxane synthesis in platelets.!” It is the site
where the enzyme cyclooxygenase is located. The DTS
does not stain with extracellular membrane tracers,
indicating that it is not in contact with the external
environment.

The cytoskeleton of the resting platelet

The disc shape of the resting platelet is maintained
by a well-defined and highly specialized cytoskeleton.
This elaborate system of molecular struts and gird-
ers maintains the shape and integrity of the platelet
as it encounters high shear forces during circula-
tion. The three major cytoskeletal components of the
resting platelet are the marginal microtubule coil,
the actin cytoskeleton, and the spectrin membrane
skeleton.

The marginal band of microtubules

One of the most distinguishing features of the rest-
ing platelet is its marginal microtubule coil (Fig.
1.1B).'6:17 Alpha and g tubulin dimers assemble into
microtubule polymers under physiologic conditions;
in resting platelets, tubulin is equally divided between
dimer and polymer fractions. In many cell types, the
« and B tubulin subunits are in dynamic equilib-
rium with microtubules, such that reversible cycles
of microtubule assembly-disassembly are observed.
Microtubules are long, hollow polymers 24 nm in
diameter; they are responsible for many types of cel-
lular movements, such as the segregation of chromo-
somes during mitosis and the transport of organelles
across the cell. The microtubule ring of the resting
platelet, initially characterized in the late 1960s by
Jim White, has been described as a single micro-
tubule approximately 100 xm long, which is coiled 8
to 12 times inside the periphery of the platelet.'® The
primary function of the microtubule coil is to maintain
the discoid shape of the resting platelet. Disassembly
of platelet microtubules with drugs such as vincristine,
colchicine, or nocodazole cause platelets to round
and lose their discoid shape.'® Cooling platelets to
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4°C also causes disassembly of the microtubule coil
and loss of the discoid shape.!” Furthermore, elegant
studies show that mice lacking the major hematopoi-
etic B-tubulin isoform (B-1 tubulin) contain platelets
that lack the characteristic discoid shape and have
defective marginal bands.'"® Genetic elimination of
B-1 tubulin in mice results in thrombocytopenia,
with mice having circulating platelet counts below
50% of normal. Beta-1 tubulin-deficient platelets are
spherical in shape; this appears to be due to defec-
tive marginal bands with fewer microtubule coilings.
Whereas normal platelets possess a marginal band
that consists of 8 to 12 coils, -1 tubulin knock-
out platelets contain only 2 or 3 coils.'®19 A human
B-1 tubulin functional substitution (AG>CC) induc-
ing both structural and functional platelet alterations
has been described.? Interestingly, the Q43P B-1-
tubulin variant was found in 10.6% of the general
population and in 24.2% of 33 unrelated patients
with undefined congenital macrothrombocytopenia.
Electron microscopy revealed enlarged spherocytic
platelets with a disrupted marginal band and struc-
tural alterations. Moreover, platelets with this vari-
ant showed mild platelet dysfunction, with reduced
secretion of ATP, thrombin-receptor-activating pep-
tide (TRAP)-induced aggregation, and impaired adhe-
sion to collagen under flow conditions. A more than
doubled prevalence of the B-1-tubulin variant was
observed in healthy subjects not undergoing ischemic
events, suggesting that it could confer an evolutionary
advantage and might play a protective cardiovascular
role.

The microtubules that make up the coil are coated
with proteins that regulate polymer stability.>! The
microtubule motor proteins kinesin and dynein have
been localized to platelets, but their roles in resting
and activated platelets have not yet been defined.

The actin cytoskeleton

Actin, ata concentration of 0.5 mM, is the most plenti-
ful of all the platelet proteins with 2 million molecules
expressed per platelet.! Like tubulin, actin is in a
dynamic monomer-polymer equilibrium. Some 40%
of the actin subunits polymerize to form the 2000 to
5000 linear actin filaments in the resting cell.?? The rest
of the actin in the platelet cytoplasm is maintained
in storage as a 1 to 1 complex with g-4-thymosin®
and is converted to filaments during platelet activa-
tion to drive cell spreading. All evidence indicates

that the filaments of the resting platelet are intercon-
nected at various points into a rigid cytoplasmic net-
work, as platelets express high concentrations of actin
cross-linking proteins, including filamin?2® and «-
actinin.? Both filamin and «-actinin are homodimers
in solution. Filamin subunits are elongated strands
composed primarily of 24 repeats, each about 100
amino acids in length, which are folded into IgG-like
B barrels.?”?8 There are three filamin genes on chro-
mosomes 3, 7, and X. Filamin A (X)?° and filamin B
(3)% are expressed in platelets, with filamin A being
present at greater than 10-fold excess to filamin B. Fil-
aminisnowrecognized to be a prototypical scaffolding
protein that attracts binding partners and positions
them adjacent to the plasma membrane.®! Partners
bound by filamin members include the small GTPases,
ralA, rac, rho, and cdc42, with ralA binding in a GTP-
dependent manner®?; the exchange factors Trio and
Toll; and kinases such as PAK1, as well as phosphatases
and transmembrane proteins. Essential to the struc-
tural organization of the resting platelet is an inter-
action that occurs between filamin and the cytoplas-
mic tail of the GPIba subunit of the GPIb-IX-V com-
plex. The second rod domain (repeats 17 to 20) of
filamin has a binding site for the cytoplasmic tail of
GPIba 33, and biochemical experiments have shown
that the bulk of platelet filamin (90% or more) is in
complex with GPIbe.3* This interaction has three con-
sequences. First, it positions filamin’s self-association
domain and associated partner proteins at the plasma
membrane while presenting filamin’s actin binding
sites into the cytoplasm. Second, because a large frac-
tion of filamin is bound to actin, it aligns the GPIb-IX-V
complexes into rows on the surface of the platelet over
the underlying filaments. Third, because the filamin
linkages between actin filaments and the GPIb-IX-V
complex pass through the pores of the spectrin lattice,
it restrains the molecular movement of the spectrin
strands in this lattice and holds the lattice in compres-
sion. The filamin-GPIba connection is essential for the
formation and release of discoid platelets by MKs, as
platelets lacking this connection are large and frag-
ile and produced in low numbers. However, the role
of the filamin-VWF receptor connection in platelet
construction per se is not fully clear. Because a low
number of Bernard-Soulier platelets form and release
from MKSs, it can be argued that this connection is a
late event in the maturation process and is not per se
required for platelet shedding.
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The spectrin membrane skeleton

The OCS and plasma membrane of the resting platelet
are supported by an elaborate cytoskeletal system.
The platelet is the only other cell besides the ery-
throcyte whose membrane skeleton has been visual-
ized at high resolution. Like the erythrocyte’s skeleton,
that of the platelet membrane is a self-assembly of
elongated spectrin strands that interconnect through
their binding to actin filaments, generating triangu-
lar pores. Platelets contain approximately 2000 spec-
trin molecules.??-35:36 This spectrin network coats the
cytoplasmic surface ofboth the OCS and plasma mem-
brane systems. Although considerably less is known
about how the spectrin—actin network forms and is
connected to the plasma membrane in the platelet rel-
ative to the erythrocyte, certain differences between
the two membrane skeletons have been defined. First,
the spectrin strands composing the platelet mem-
brane skeleton interconnect using the ends of long
actin filaments instead of short actin oligomers.??
These ends arrive at the plasma membrane originating
from filaments in the cytoplasm. Hence, the spectrin
lattice is assembled into a continuous network by its
association with actin filaments. Second, tropomod-
ulins are not expressed at sufficiently high levels, if at
all, to have a major role in the capping of the pointed
ends of the platelet actin filaments; instead, biochemi-
cal experiments have revealed that a substantial num-
ber (some 2000) of these ends are free in the resting
platelet. Third, although little tropomodulin protein
is expressed, adducin is abundantly expressed and
appears to cap many of the barbed ends of the fil-
aments composing the resting actin cytoskeleton.3”
Adducin is a key component of the membrane skele-
ton, forming a triad complex with spectrin and actin.
Capping of barbed filament ends by adducin also
serves the function of targeting them to the spectrin-
based membrane skeleton, as the affinity of spectrin
for adducin-actin complexes is greater than for either
actin or adducin alone.38-39:40

MEGAKARYOCYTE DEVELOPMENT
AND PLATELET FORMATION

Megakaryocytes are highly specialized precursor
cells that function solely to produce and release
platelets into the circulation. Understanding mech-
anisms by which MKs develop and give rise to
platelets has fascinated hematologists for over a
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century. Megakaryocytes are descended from pluripo-
tent stem cells and undergo multiple DNA replica-
tions without cell divisions by the unique process
of endomitosis. During endomitosis, polyploid MKs
initiate a rapid cytoplasmic expansion phase char-
acterized by the development of a highly developed
demarcation membrane system and the accumula-
tion of cytoplasmic proteins and granules essential
for platelet function. During the final stages of devel-
opment, the MKs cytoplasm undergoes a dramatic
and massive reorganization into beaded cytoplasmic
extensions called proplatelets. The proplatelets ulti-
mately yield individual platelets.

Commitment to the
megakaryocyte lineage

Megakaryocytes, like all terminally differentiated
hematopoietic cells, are derived from hematopoietic
stem cells, which are responsible for constant produc-
tion of all circulating blood cells.*!"*> Hematopoietic
cells are classified by their ability to reconstitute host
animals, surface markers, and colony assays that
reflect their developmental potential. Hematopoi-
etic stem cells are rare, making up less than 0.1%
of cells in the marrow. The development of MKs
from hematopoietic stem cells entails a sequence
of differentiation steps in which the developmental
capacities of the progenitor cells become gradually
more limited. Hematopoietic stem cells in mice are
typically identified by the surface markers Lin-Sca-
1+c-kithish 43,4445 A detailed model of hematopoiesis
has emerged from experiments analyzing the effects
of hematopoietic growth factors on marrow cells
contained in a semisolid medium. Hematopoietic
stem cells give rise to two major lineages, a common
lymphoid progenitor that can develop into lympho-
cytes and a myeloid progenitor that can develop into
eosinophil, macrophage, myeloid, erythroid, and
MK lineages. A common erythroid-megakaryocytic
progenitor arises from the myeloid lineage.*® How-
ever, recent studies also suggest that hematopoietic
stem cells may directly develop into erythroid-
megakaryocyte progenitors.” All hematopoietic
progenitors express surface CD34 and CD41, and the
commitment to the MK lineage is indicated by expres-
sion of the integrin CD61 and elevated CD41 levels.
From the committed myeloid progenitor cell (CFU-
GEMM), there is strong evidence for a bipotential
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progenitor intermediate between the pluripotential
stem cell and the committed precursor that can give
rise to biclonal colonies composed of megakaryocytic
and erythroid cells.®®4%:50 The regulatory pathways
and transcriptional factors that allow the erythroid
and MK lineages to separate from the bipotential
progenitor are currently unknown. Diploid precursors
that are committed to the MK lineage have tradition-
ally been divided into two colonies based on their
functional capacities.®!:52%3:5¢ The MK burst-forming
cell is a primitive progenitor that has a high prolif-
eration capacity that gives rise to large MK colonies.
Under specific culture conditions, the MK burst-
forming cell can develop into 40 to 500 MKs within a
week. The colony-forming cell is a more mature MK
progenitor that gives rise to a colony containing from
3 to 50 mature MKs, which vary in their proliferation
potential. MK progenitors can be readily identified
in bone marrow by immunoperoxidase and acetyl-
cholinesterase labeling.>>%6:57 Although both human
MK colony-forming and burst-forming cells express
the CD34 antigen, only colony-forming cells express
the HLA-DR antigen.%®

Various classification schemes based on morpho-
logic features, histochemical staining, and biochem-
ical markers have been used to categorize different
stages of MK development. In general, three types
of morphologies can be identified in bone marrow.
The promegakaryoblast is the first recognizable MK
precursor. The megakaryoblast, or stage I MK, is a
more mature cell that has a distinct morphology.®® The
megakaryoblast has a kidney-shaped nucleus with
two sets of chromosomes (4N). It is 10 to 50 pum
in diameter and appears intensely basophilic in
Romanovsky-stained marrow preparations due to the
large number of ribosomes, although the cytoplasm
at this stage lacks granules. The megakaryoblast dis-
plays a high nuclear-to-cytoplasmic ratio; in rodents,
it is acetylcholinesterase-positive. The promegakary-
ocyte, or Stage II MK, is 20 to 80 um in diameter
with a polychromatic cytoplasm. The cytoplasm of the
promegakaryocyte is less basophilic than that of the
megakaryoblast and now contains developing gran-
ules.

Endomitosis

Megakaryocytes, unlike most other cells, undergo
endomitosis and become polyploid through re-

peated cycles of DNA replication without cell div-
ision.60:61.62,63 At the end of the proliferation phase,
mononuclear MK precursors exit the diploid state to
differentiate and undergo endomitosis, resulting in a
cell that contains multiples of a normal diploid chro-
mosome content (i.e., 4N, 16N, 32N, 64N).%* Although
the number of endomitotic cycles can range from two
to six, the majority of MKs undergo three endomi-
totic cycles to attain a DNA content of 16N. How-
ever, some MKs can acquire a DNA content as high
as 256N. Megakaryocyte polyploidization results in
a functional gene amplification whose likely func-
tion is an increase in protein synthesis paralleling cell
enlargement.% The mechanisms that drive endomito-
sis are incompletely understood. It was initially postu-
lated that polyploidization may result from an absence
of mitosis after each round of DNA replication. How-
ever, recent studies of primary MKs in culture indi-
cate that endomitosis does not result from a com-
plete absence of mitosis but rather from a prematurely
terminated mitosis.®* 5667 Megakaryocyte progenitors
initiate the cycle and undergo a short G1 phase, a typi-
cal 6- to 7-hour S phase for DNA synthesis, and a short
G2 phase followed by endomitosis. Megakaryocytes
begin the mitotic cycle and proceed from prophase to
anaphase A but do not enter anaphase B or telophase
or undergo cytokinesis. During polyploidization of
MKs, the nuclear envelope breaks down and an abnor-
mal spherical mitotic spindle forms. Each spindle
attaches chromosomes thatalign to a position equidis-
tant from the spindle poles (metaphase). Sister chro-
matids segregate and begin to move toward their
respective poles (anaphase A). However, the spin-
dle poles fail to migrate apart and do not undergo
the separation typically observed during anaphase B.
Individual chromatids are not moved to the poles, and
subsequently a nuclear envelope reassembles around
the entire set of sister chromatids, forming a single
enlarged but lobed nucleus with multiple chromo-
some copies. The cell then skips telophase and cytoki-
nesis to enter G1. This failure to fully separate sets of
daughter chromosomes may prevent the formation of
anuclear envelope around each individual set of chro-
mosomes.%6-67

In most cell types, checkpoints and feedback con-
trols make sure that DNA replication and cell divi-
sion are synchronized. Megakaryocytes appear to be
the exception to this rule, as they have managed to
deregulate this process. Recent work by a number of
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laboratories has focused on identifying the signals
that regulate polyploidization in MKs.%8 It has been
proposed that endomitosis may be the consequence
of a reduction in the activity of mitosis-promoting
factor (MPF), a multiprotein complex consisting of
Cdc2 and cyclin B.%%7 MPF possesses kinase activ-
ity, which is necessary for entry of cells into mitosis.
In most cell types, newly synthesized cyclin B binds to
Cdc2 and produces active MPF, while cyclin degra-
dation at the end of mitosis inactivates MPF. Con-
ditional mutations in strains of budding and fission
yeast that inhibit either cyclin B or Cdc2 cause them
to go through an additional round of DNA replica-
tion without mitosis.”""? In addition, studies using a
human erythroleukemia cell line have demonstrated
that these cells contain inactive Cdc2 during poly-
ploidization, and investigations with phorbol ester—
induced Meg T cells have demonstrated that cyclin B
is absentin this cell line during endomitosis.” 7 How-
ever, ithasbeen difficult to define the role of MPF activ-
ity in promoting endomitosis because these cell lines
have a curtailed ability to undergo this process. Fur-
thermore, experiments using normal MKs in culture
have demonstrated normal levels of cyclin B and Cdc2
with functional mitotic kinase activity in MKs under-
going mitosis, suggesting that endomitosis can be reg-
ulated by signaling pathways other than MPF. Cyclins
appear to play a critical role in directing endomito-
sis, although a triple knockout of cyclins D1, D2, and
D3 does not appear to affect MK development.” Yet,
cyclin E-deficient mice do exhibit a profound defect
in MK development.” It has recently been demon-
strated that the molecular programming involved in
endomitosis is characterized by the mislocalization or
absence of at least two critical regulators of mitosis:
the chromosomal passenger proteins Aurora-B/AIM-
1 and survivin.””

Cytoplasmic maturation

During endomitosis, the MKbegins a maturation stage
in which the cytoplasm rapidly fills with platelet-
specific proteins, organelles, and membrane systems
that will ultimately be subdivided and packaged into
platelets. Through this stage of maturation, the MK
enlarges dramatically and the cytoplasm acquires its
distinct ultrastructural features, including the devel-
opment of a demarcation membrane system (DMS),
the assembly ofadense tubular system, and the forma-
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tion of granules. During this stage of MK development,
the cytoplasm contains an abundance of ribosomes
and rough endoplasmic reticulum, where protein syn-
thesis occurs. One of the most striking features of a
mature MK is its elaborate demarcation membrane
system, an extensive network of membrane chan-
nels composed of flattened cisternae and tubules. The
organization of the MK cytoplasm into membrane-
defined platelet territories was first proposed by Kautz
and DeMarsh,”® and a high-resolution description of
this membrane system by Yamada soon followed.”
The DMS is detectable in early promegakaryocytes
but becomes most prominent in mature MKs where—
except for a thin rim of cortical cytoplasm from which
it is excluded—it permeates the MK cytoplasm. It
has been proposed that the DMS derives from MK
plasma membrane in the form of tubular invagina-
tions. 80-81:82 The DMS is in contact with the external
milieu and can be labeled with extracellular tracers,
such as ruthenium red, lanthanum salts, and tannic
acid.?3-8* The exact function of this elaborate smooth
membrane system has been hotly debated for many
years. Initially, it was postulated to play a central role
in platelet formation by defining preformed “platelet
territories” within the MK cytoplasm (see below). How-
ever, recent studies more strongly suggest that the
DMS functions primarily as a membrane reserve for
proplatelet formation and extension. The DMS has
also been proposed to mature into the open canalicu-
lar system of the mature platelet, which functions as a
channel for the secretion of granule contents. How-
ever, bovine MKs, which have a well-defined DMS,
produce platelets that do not develop an OCS, sug-
gesting the OCS is not necessarily a remnant of the
DMS.8

Platelet formation

The mechanisms by which blood platelets are pro-
duced have been studied for approximately 100 years.
In 1906, James Homer Wright at Massachussetts Gen-
eral Hospital began a detailed analysis of how giant
precursor MKs give birth to platelets. Many theo-
ries have been suggested over the years to explain
how MKs produce platelets. The demarcation mem-
brane system (DMS), described in detail by Yamada
in 1957, was initially proposed to demarcate pre-
formed “platelet territories” within the cytoplasm of
the MK.”® Microscopists recognized that maturing
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MKs become filled with membranes and platelet-
specific organelles and proposed that these mem-
branes form a system that defines fields for developing
platelets.®> Release of individual platelets was pro-
posed to occur by a massive fragmentation of the MK
cytoplasm along DMS fracture lines located between
these fields. The DMS model proposes that platelets
form through an elaborate internal membrane reor-
ganization process.® Tubular membranes, which may
originate from invagination of the MK plasma mem-
brane, are predicted to interconnectand branch, form-
ing a continuous network throughout. The fusion of
adjacent tubules has been suggested as a mecha-
nism to generate a flat membrane that ultimately sur-
rounds the cytoplasm of an assembling platelet. Mod-
els attempting to use the DMS to explain how the MK
cytoplasm becomes subdivided into platelet volumes
and enveloped by its own membrane have lost sup-
port because of several inconsistent observations. For
example, if platelets are delineated within the MK cyto-
plasm by the DMS, then platelet fields should exhibit
structural characteristics of resting platelets, which
is not the case.®” Platelet territories within the MK
cytoplasm lack marginal microtubule coils, one of the
most characteristic features of resting platelet struc-
ture. In addition, there are no studies on living MKs
directly demonstrating that platelet fields explosively
fragment or shatter into mature, functional platelets.
In contrast, studies that focused on the DMS of MKs
before and after proplatelet retraction induced by
microtubule depolymerizing agents suggest that this
specialized membrane system may function primar-
ily as a membrane reservoir that evaginates to provide
plasma membrane for the extensive growth of pro-
platelets.?® Radley and Haller have proposed that DMS
may be a misnomer, and have suggested “invagina-
tion membrane system” as a more suitable name to
describe this membranous network.

The majority of evidence that has been gathered
supports the proplatelet model of platelet production.
The term “proplatelet” is generally used to describe
long (up to millimeters in length), thin cytoplasmic
extensions emanating from MKs.# These extensions
are characterized by multiple platelet-sized beads
linked together by thin cytoplasmic bridges and are
thought to represent intermediate structures in the
megakaryocyte-to-platelet transition. The actual con-
cept of platelets arising from these pseudopodia-
like structures occurred when Wright recognized that

platelets originate from MKs and described “the
detachment of plate-like fragments or segments from
pseudopods” from MKs.? Thiery and Bessis?' and
Behnke®? later described the morphology of these
cytoplasmic processes extending from MKs during
platelet formation in more detail. The classic “pro-
platelet theory” was introduced by Becker and De
Bruyn, who proposed that MKs form long pseudopod-
like processes that subsequently fragment to gener-
ate individual platelets.? In this early model, the DMS
was still proposed to subdivide the MK cytoplasm into
platelet areas. Radley and Haller later developed the
“flow model,” which postulated that platelets derived
exclusively from the interconnected platelet-sized
beads connected along the shaft of proplatelets®; they
suggested that the DMS did not function to define
platelet fields but rather as a reservoir of surface
membrane to be evaginated during proplatelet forma-
tion. Developing platelets were assumed to become
encased by plasma membrane only as proplatelets
were formed.

The bulk of experimental evidence now supports
a modified proplatelet model of platelet formation.
Proplatelets have been observed (1) both in vivo
and in vitro, and maturation of proplatelets yields
platelets that are structurally and functionally sim-
ilar to blood platelets®*%; (2) in a wide range of
mammalian species, including mice, rats, guinea pigs,
dogs, cows, and humans%9.97:98.99. (3) extending
from MKs in the bone marrow through junctions
in the endothelial lining of blood sinuses, where
they have been hypothesized to be released into
circulation and undergo further fragmentation into
individual platelets'??-101:102: and (4) to be absent in
mice lacking two distinct hematopoietic transcription
factors. These mice fail to generate proplatelets in vitro
and display severe thrombocytopenia.!%®:104:19 Taken
together, these findings support an important role for
proplatelet formation in thrombopoiesis.

The discovery of thrombopoietin and the develop-
ment of MK cultures that reconstitute platelet for-
mation in vitro has provided systems to study MKs
in the act of forming proplatelets. Time-lapse video
microscopy of living MKs reveals both temporal and
spatial changes that lead to the formation of pro-
platelets (Fig. 1.2).1% Conversion of the MK cytoplasm
concentrates almost all of the intracellular contents
into proplatelet extensions and their platelet-sized
particles, which in the final stages appear as beads
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The Structure and Production of Blood Platelets

Proplatelets

m Formation of proplatelets by a mouse megakaryocyte. Time-lapse sequence of a maturing megakaryocyte (MK), showing the
events that lead to elaboration of proplatelets in vitro. (A) Platelet production commences when the MK cytoplasm starts to erode at one pole.
(B) The bulk of the megakaryocyte cytoplasm has been converted into multiple proplatelet processes that continue to lengthen and form
swellings along their length. These processes are highly dynamic and undergo bending and branching. (C) Once the bulk of the MK cytoplasm has
been converted into proplatelets, the entire process ends in a rapid retraction that separates the released proplatelets from the residual cell body

(Italiano JE et al., 1999).

linked by thin cytoplasmic strings. The transformation
unfolds over 5 to 10 hours and commences with the
erosion of one pole (Fig. 1.2B) of the MK cytoplasm.
Thick pseudopodia initially form and then elongate
into thin tubes with a uniform diameter of 2 to 4 um.
These slender tubules, in turn, undergo a dynamic
bending and branching process and develop peri-
odic densities along their length. Eventually, the MK is
transformed into a “naked” nucleus surrounded by an
elaborate network of proplatelet processes. Megakary-
ocyte maturation ends when a rapid retraction sep-
arates the proplatelet fragments from the cell body,
releasing them into culture (Fig. 1.2C). The subse-
quent rupture of the cytoplasmic bridges between
platelet-sized segments is believed to release individ-
ual platelets into circulation.

The cytoskeletal machine
of platelet production

The cytoskeleton of the mature platelet plays a cru-
cial role in maintaining the discoid shape of the rest-
ing platelet and is responsible for the shape change
that occurs during platelet activation. This same set of
cytoskeletal proteins provides the force to bring about
the shape changes associated with MK maturation.'%”
Two cytoskeletal polymer systems exist in MKs: actin
and tubulin. Both of these proteins reversibly assem-
ble into cytoskeletal filaments. Evidence supports a
model of platelet production in which microtubules
and actin filaments play an essential role. Proplatelet
formation is dependent on microtubule function, as
treatment of MKs with drugs that take apart micro-
tubules, such as nocodazole or vincristine, blocks

proplatelet formation. Microtubules, hollow polymers
assembled from « and B tubulin dimers, are the major
structural components of the engine that powers pro-
platelet elongation. Examination of the microtubule
cytoskeletons of proplatelet-producing MKs provides
clues as to how microtubules mediate platelet produc-
tion (Fig. 1.3).1%% The microtubule cytoskeleton in MKs
undergoes a dramatic remodeling during proplatelet
production. In immature MKs without proplatelets,
microtubules radiate out from the cell center to the
cortex. As thick pseudopodia form during the initial
stage of proplatelet formation, membrane-associated
microtubules consolidate into thick bundles situated
just beneath the plasma membrane of these struc-
tures. And once pseudopodia begin to elongate (at an
average rate of 1 um/min), microtubules form thick
linear arrays that line the whole length of the pro-
platelet extensions (Fig. 1.3B). The microtubule bun-
dles are thickest in the portion of the proplatelet near
the body of the MK but thin to bundles of approxi-
mately seven microtubules near proplatelet tips. The
distal end of each proplatelet always has a platelet-
sized enlargement that contains a microtubule bundle
which loops just beneath the plasma membrane and
reenters the shaft to form a teardrop-shaped structure.
Because microtubule coils similar to those observed
in blood platelets are detected only at the ends of pro-
platelets and not within the platelet-sized beads found
along the length of proplatelets, mature platelets are
formed predominantly at the ends of proplatelets.

In recent studies, direct visualization of micro-
tubule dynamics in living MKs using green fluorescent
protein (GFP) technology has provided insights into
how microtubules power proplatelet elongation.'%®
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A

ST BEY Structure of proplatelets. (A) Differential interference contrast (DIC) image of proplatelets elaborated by mouse megakaryocytes
in culture. Proplatelets contain platelet-sized swellings that decorate their length giving them a beads-on-a-string appearance. (B) Staining
of proplatelets with Alexa 488-anti-tubulin 1gG reveals the microtubules to line the shaft of the proplatelet and to form loops at the

proplatelet tips.

End-binding protein three (EB3), a microtubule plus
end-binding protein associated only with growing
microtubules, fused to GFP was retrovirally expressed
in murine MKs and used as a marker to follow micro-
tubule plus end dynamics. Immature MKs without
proplatelets employ a centrosomal-coupled micro-
tubule nucleation/assembly reaction, which appears
as a prominent starburst pattern when visualized with
EB3-GFP. Microtubules assemble only from the cen-
trosomes and grow outward into the cell cortex, where
they turn and run in parallel with the cell edges.
However, just before proplatelet production begins,
centrosomal assembly stops and microtubules begin
to consolidate into the cortex. Fluorescence time-
lapse microscopy of living, proplatelet-producing
MKs expressing EB3-GFP reveals that as proplatelets
elongate, microtubule assembly occurs continuously
throughout the entire proplatelet, including the
swellings, shaft, and tip. The rates of microtubule
polymerization (average of 10.2 xm/min) are approx-
imately 10-fold faster than the proplatelet elongation
rate, suggesting polymerization and proplatelet elon-
gation are not tightly coupled. The EB3-GFP studies
also revealed that microtubules polymerize in both
directions in proplatelets (e.g., both toward the tips
and cell body), demonstrating that the microtubules
composing the bundles have a mixed polarity.

Even though microtubules are continuously assem-
bling in proplatelets, polymerization does not provide
the force for proplatelet elongation. Proplatelets con-

tinue to elongate even when microtubule polymeriza-
tion is blocked by drugs that inhibit net microtubule
assembly, suggesting an alternative mechanism for
proplatelet elongation.!?® Consistent with this idea,
proplatelets possess an inherent microtubule slid-
ing mechanism. Dynein, a minus-end microtubule
molecular motor protein, localizes along the micro-
tubules of the proplatelet and appears to contribute
directly to microtubule sliding, since inhibition of
dynein, through disassembly of the dynactin complex,
prevents proplatelet formation. Microtubule sliding
can also be reactivated in detergent-permeabilized
proplatelets. ATP, known to support the enzymatic
activity of microtubule-based molecular motors, acti-
vates proplatelet elongation in permeabilized pro-
platelets that contain both dynein and dynactin, its
regulatory complex. Thus, dynein-facilitated micro-
tubule sliding appears to be the key event in driving
proplatelet elongation.

Each MK has been estimated to release thousands
of platelets.!9% 110111 Analysis of time-lapsed video
microscopy of proplatelet development from MKs
growninvitro hasrevealed thatends of proplatelets are
amplified in a dynamic process that repeatedly bends
and bifurcates the proplatelet shaft.'® End amplifica-
tion is initiated when a proplatelet shaft is bent into a
sharp kink, which then folds back on itself, forming a
loop in the microtubule bundle. The new loop eventu-
ally elongates, forming a new proplatelet shaft branch-
ingfrom the side of the original proplatelet. Loopslead
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the proplatelet tip and define the site where nascent
platelets will assemble and platelet-specific contents
are trafficked. In marked contrast to the microtubule-
based motor that elongates proplatelets, actin-based
force is used to bend the proplatelet in end ampli-
fication. Megakaryocytes treated with the actin tox-
ins cytochalasin or latrunculin can only extend long,
unbranched proplatelets decorated with few swellings
along their length. Despite extensive characterization
of actin filament dynamics during platelet activation,
yet to be determined are how actin participates in this
reaction and the nature of the cytoplasmic signals that
regulate bending. Electron microscopy and phalloidin
staining of MKs undergoing proplatelet formation
indicate that actin filaments are distributed through-
out the proplatelet and are particularly abundant
within swellings and at proplatelet branch points.''?
One possibilityis that proplatelet bendingand branch-
ing are driven by the actin-based molecular motor
myosin. A genetic mutation in the nonmuscle myosin
heavy chain-A gene in humans results in a disease
called May-Hegglin anomaly,''®!'* characterized by
thrombocytopenia with giant platelets. Studies also
indicate that protein kinase Co (PKCa) associates with
aggregated actin filaments in MKs undergoing pro-
platelet formation and that inhibition of PKC« or
integrin signaling pathways prevent the aggregation
of actin filaments and formation of proplatelets in
MKs.''? However, the role of actin filament dynamics
in platelet biogenesis remains unclear.

In addition to playing an essential role in pro-
platelet elongation, the microtubules lining the shafts
of proplatelets serve a secondary function: the trans-
port of membrane, organelles, and granules into pro-
platelets and assemblage of platelets at proplatelet
ends. Individual organelles are sent from the cell
body into the proplatelets, where they move bidirec-
tionally until they are captured at proplatelet tips.''
Immunofluorescence and electron microscopy stud-
ies indicate that organelles are intimately associated
with microtubules and that actin poisons do not
diminish organelle motion. Thus, movement appears
to involve microtubule-based forces. Bidirectional
organelle movement is conveyed in part by the bipolar
arrangement of microtubules within the proplatelet,
as kinesin-coated latex beads move in both direc-
tions over the microtubule arrays of permeabilized
proplatelets. Of the two major microtubule motors,
kinesin and dynein, only the plus end-directed kinesin
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is localized in a pattern similar to that of organelles
and granules and is likely responsible for transporting
these elements along microtubules.!'® It appears that
atwo-fold mechanism of organelle and granule move-
ment occurs in platelet assembly. First, organelles and
granules travel along microtubules and, second, the
microtubules themselves can slide bidirectionally in
relation to other motile filaments to move organelles
indirectly along proplatelets in a piggyback manner.

Invivo, proplatelets extend into bone marrowvascu-
lar sinusoids, where theymaybereleased and enter the
bloodstream. The actual events surrounding platelet
release in vivo have not been identified due to the rar-
ity of MKs within the bone marrow. The events lead-
ing up to platelet release within cultured murine MKs
have been documented. After complete conversion
of the MK cytoplasm into a network of proplatelets,
a retraction event occurs, which releases individual
proplatelets from the proplatelet mass.!% Proplatelets
are released as chains of platelet-sized particles, and
maturation of platelets occurs at the ends of pro-
platelets. Microtubules filling the shaft of proplatelets
are reorganized into microtubule coils as platelets are
released from the end of each proplatelet. Many of
the proplateletsreleased into MK cultures remain con-
nected by thin cytoplasmic strands. The most abun-
dant forms release as barbell shapes composed of two
platelet-like swellings, each with a microtubule coil,
that are connected by a thin cytoplasmic strand con-
taining a microtubule bundle. Proplatelet tips are the
only regions of proplatelets where a single micro-
tubule canrollinto a coil, having dimensions similar to
the microtubule coil of the platelet in circulation. The
mechanism of microtubule coiling remains to be elu-
cidated but is likely to involve microtubule motor
proteins such as dynein or kinesin. Since platelet mat-
uration is limited to these sites, efficient platelet pro-
duction requires the generation of a large number
of proplatelet ends during MK development. Even
though the actual release event has yet to been cap-
tured, the platelet-sized particle must be liberated as
the proplatelet shaft narrows and fragments.

Platelet formation in vivo

Although MKmaturationand platelet production have
been extensively studied in vitro, studies analyzing
the development of MKs in their in vivo environment
have clearly lagged behind. Although MKs arise in the
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bone marrow, they can migrate into the bloodstream;
as a consequence, platelet formation may also occur
at nonmarrow sites. Platelet biogenesis has been pro-
posed to take place in many different tissues, includ-
ing the bone marrow, lungs, and blood. Specific stages
of platelet development have been observed in all
three locations. Megakaryocytes cultured in vitro out-
side the confines of the bone marrow can form highly
developed proplatelets in suspension, suggesting that
direct interaction with the bone marrow environment
is not a requirement for platelet production. Never-
theless, the efficiency of platelet production in culture
appears to be diminished relative to that observed in
vivo, and the bone marrow environment composed
of a complex adherent cell population could play a
role in platelet formation by direct cell contact or
secretion of cytokines. Scanning electron micrographs
of bone marrow MKs extending proplatelets through
junctions in the endothelial lining into the sinusoidal
lumen have been published, suggesting platelet pro-
duction occurs in the bone marrow.''%'!'7 Bone mar-
row MKs are strategically located in the extravascular
space on the abluminal side of sinus endothelial cells
and appear to send beaded proplatelet projections
into the lumen of sinusoids. Electron micrographs
show that these cells are anchored to the endothelium
by organelle-free projections extended by the MKs.
Several observations suggest that thrombopoiesis is
dependent on the direct cellular interaction of MKs
with bone marrow endothelial cells (BMECs), or spe-
cific adhesion molecules.'!® It has been demonstrated
that the translocation of MK progenitors to the vicin-
ity of bone marrow vascular sinusoids was sufficient
to induce MK maturation.!® Implicated in this pro-
cess are the chemokines SDF-1 and FGF-4, which are
known to induce expression of adhesion molecules,
includingverylate antigen (VLA)-4 on MKs and VCAM-
1 on BMECs.'?% 12! Disruption of BMEC VE-cadherin—
mediated homotypic intercellular adhesion interac-
tions results in a profound inability of the vascular
niche to support MK differentiation and to act as a
conduit to the bloodstream.

Whether individual platelets are released from pro-
platelets into the sinus lumen or whether MKs pref-
erentially release large proplatelet processes into
the sinus lumen that later fragment into individ-
ual platelets within the circulation is not fully clear.
Behnke and Forer have suggested that the final stages
of platelet development occur solely in the blood cir-

culation.'?? In this model of thrombopoiesis, MK frag-
ments released into the blood become transformed
into platelets while in circulation. This theory is sup-
ported by several observations. First, the presence of
MKs and MK processes that are sometimes beaded
in blood has been amply documented. Megakary-
ocyte fragments can represent up to 5% to 20% of the
platelet mass in plasma. Second, these MK fragments,
when isolated from platelet-rich plasma, have been
reported to elongate, undergo curving and bending
motions, and eventually fragment to form disc-shaped
structures resembling chains of platelets. Third, since
both cultured human and mouse MKs can form func-
tional platelets in vitro, neither the bone marrow envi-
ronment nor the pulmonary circulation is essential
for platelet formation and release.'?® Last, many of
the platelet-sized particles generated in these in vitro
systems still remain attached by small cytoplasmic
bridges. It is possible that the shear forces encoun-
tered in circulation or an unidentified fragmentation
factor in blood may play a crucial role in separating
proplatelets into individual platelets.
Megakaryocytes have been visualized in intravas-
cular sites within the lung, leading to the hypothe-
sis that platelets are formed from their parent cell in
the pulmonary circulation.!?* Ashcoff first described
pulmonary MKs and proposed that they originated
in the marrow, migrated into the bloodstream, and—
because of their massive size—lodged in the capillary
bed of the lung, where they produced platelets. This
mechanism requires the movement of MKs from the
bone marrow into the circulation. Although the size of
MKs would seem limiting, the transmigration of entire
MKs through endothelial apertures of approximately
3 to 6 um in diameter into the circulation has been
observed in electron micrographs and by early living
microscopy of rabbit bone marrow.!?> 126 Megakary-
ocytes express the chemokine receptor CXCR4 and
canrespond to the CXCR4 ligand stromal cell-derived
factor 1 (SDF-1) in chemotaxis assays.'>” However,
both mature MKs and platelets are nonresponsive to
SDF-1, suggesting the CXCR4 signaling pathway may
be turned off during late stages of MK development.
This may provide a simple mechanism for retaining
immature MKs in the marrow and permitting mature
MKs to enter the circulation, where they can liber-
ate platelets.!?®129 Megakaryocytes are also remark-
ably abundant in the lung and the pulmonary circula-
tion and some have estimated that 250 000 MKs reach
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the lung every hour. In addition, platelet counts are
higher in the pulmonary vein than in the pulmonary
artery, providing further evidence that the pulmonary
bed contributes to platelet formation. In humans, MKs
are 10 times more concentrated in pulmonary arte-
rial blood than in blood obtained from the aorta.!3
In spite of these observations, the estimated contri-
bution of pulmonary MKs to total platelet production
remains unclear, as values have been estimated from
7% to 100%. Experimental results using accelerated
models of thrombopoiesis in mice suggest that the
fraction of platelet production occurringin the murine
lung is insignificant.

Regulation of megakaryocyte
development and platelet formation

Megakaryocyte development and platelet formation
are regulated at multiple levels by many different
cytokines.!®! These mechanisms regulate the nor-
mal platelet count within an approximately three-fold
range. Specific cytokines, such as IL-3, IL-6, IL-11, IL-
12, GM-CSF, and erythropoietin promote prolifera-
tion of progenitors of MKs.'%2'133 Leukemia inhibitory
factor (LIF) and IL-1« are cytokines that regulate MK
development and platelet release. Thrombopoietin
(TPO), a cytokine that was purified and cloned by
five separate groups in 1995, is the principal regula-
tor of thrombopoiesis.'3* Thrombopoietin regulates
all stages of MK development, from the hematopoietic
stem cell stage through cytoplasmic maturation. Kit
ligand (KL)—also known as stem cell factor, steel fac-
tor, or mast cell growth factor—a cytokine that exists
in both soluble and membrane-bound forms, influ-
ences primitive hematopoietic cells. Cytokines such
asIL-6,IL-11, and KL also regulate stages of MK devel-
opment at multiple levels but appear to function only
in concert with TPO or IL-3. Interestingly, TPO and
the other cytokines mentioned above are not essential
for the final stages of thrombopoiesis (proplatelet and
platelet production) in vitro. In fact, thrombopoietin
may actually inhibit proplatelet formation by mature
human MKs in vitro.!*®

Apoptosis and platelet biogenesis

The process of platelet formation in MKs exhibits some
features related to apoptosis, including cytoskeletal
reorganization, membrane condensation, and ruf-
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fling. These similarities have led to further inves-
tigations aimed at determining whether apoptosis
is a mechanism driving proplatelet formation and
platelet release. Apoptosis, or programmed cell death,
is responsible for destruction of the nucleus in senes-
cent MKs.'®® However, it is thought that a special-
ized apoptotic process may lead to platelet genera-
tion and release. Apoptosis has been documented in
MKs'37 and found to be more prominent in mature
MKs as opposed to immature cells. Anumber of apop-
totic factors, both proapoptotic and antiapoptotic,
have been identified in MKs (reviewed in Ref. 138).
Apoptosis inhibitory proteins such as Bcl-2 and Bcl-xy,
are expressed in early MKs. When overexpressed
in MKs, both factors inhibit proplatelet formation.
Bcl-2 is absent in mature blood platelets and Bcl-x.
is absent from senescent MKs,'** consistent with a
role for apoptosis in mature MKs. Proapoptotic fac-
tors, including caspases and nitric oxide (NO), are also
expressed in MKs. Evidence indicating a role for cas-
pases in platelet assembly is strong. Caspase activa-
tion has been established as a requirement for pro-
platelet formation. Caspases 3 and 9 are active in
mature MKs and inhibition of these caspases blocks
proplatelet formation.'3 Nitric oxide has been impli-
cated in the release of platelet-sized particles from the
megakaryocytic cell line Meg-01 and may work in con-
junction with TPO to augment platelet release.!*!:14?
Other proapoptotic factors expressed in MKs and
thought to be involved in platelet production include
TGFB1and SMAD proteins.'*® Ofinterest s the distinct
accumulation of apoptotic factors in mature MKs and
mature platelets.'** For instance, caspases 3 and 9 are
active in terminally differentiated MKs. However, only
caspase 3 is abundant in platelets,'*® while caspase
9 is absent.!** Similarly, caspase 12, found in MKs, is
absent in platelets.'*® These data support differential
mechanisms for programmed cell death in platelets
and MKs and suggest the selective delivery and restric-
tion of apoptotic factors to nascent platelets during
proplatelet-based platelet assembly.

THE STRUCTURE OF THE
ACTIVATED PLATELET

Platelets, in response to vascular damage, undergo
rapid and dramatic changes in cell shape, upregulate
the expression and ligand-binding activity of adhesion
receptors, and secrete the contents of their storage
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A

[T The resting to active transition of platelets. (A) Differential interference contrast micrographs comparing (A) discoid resting
platelets in suspension to platelets activated by contact to the glass surface and exposure to thrombin. (B) As platelets activate on the surface,

they spread using lamellipodia and form long finger-like filopodia.

granules.'*”"148 A variety of agonists can activate
platelets, including thrombin, TXA,, ADP, collagen,
and VWE

The platelet shape change

When platelets are exposed to specific agonists, they
convert from discs to spheres with pseudopodia in
a matter of seconds (Fig. 1.4). This shape change
is highly reproducible and follows a sequence of
events in which the disc converts into a sphere, after
which broad lamellipodia and thin finger-like filopo-
dia extend from the platelet surface. These shape
changes are driven by the rapid remodeling of the
platelet cytoskeleton. Protrusion of lamellipodia and
filopodiais dependent upon the new assembly of actin
filaments. As the activated platelet sends out pro-
cesses, the microtubule coil and intracellular granules
are compressed into the center of the cell.

The conversion of the disc into a rounded
shape occurs if cytoplasmic calcium levels rise into
the micromolar levels.'* Resting platelets main-
tain cytosolic calcium at 10 to 20 nM.' Ligand
binding to serpentine receptors activates phos-
pholipase CB, which hydrolyzes membrane-bound

polyphos phoinositol-4,5-bisphosphate to inositol
1,4,5 triphosphate (IP3) and diacylglycerol.'>! IP3 then
binds to receptors on the dense tubular system, induc-
ing the release of calcium. The rise in intracellular cal-
cium is then used to activate a filament-severing reac-
tion that powers the disc to sphere transition. Although
calcium can affect the activity of a variety of proteins,
one of the key platelet proteins that is activated is gel-
solin.'®? Gelsolin is an 80-kDa protein presentata con-
centration of 5 um. When calcium binds to gelsolin,
it causes gelsolin to attach to an actin filament and
sever it.!® The gelsolin then remains bound to the
newly generated filament end. The severing of the fila-
ments releases the constraints imposed by the GPIba-
filamin-actin filament linkage and allows the mem-
brane skeleton to expand and the platelet to convert
to a disc. The critical importance of gelsolin in this
function has been demonstrated using platelets from
mice that specifically lack gelsolin.!5?

The rounding of the platelet is followed by the rapid
protrusion of lamellipodia and filopodia. The forma-
tion of platelet lamellipodia and filopodia requires the
assembly of actin filaments. During platelet activa-
tion, the actin filament content doubles from a resting
platelet concentration of 0.22 mM to 0.44 mM. In the
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TAKE-HOME MESSAGES

- Nearly a trillion platelets circulate in an adult human.
and a spectrin-based membrane skeleton.

platelets.

« Platelets function as the “band-aids” of the bloodstream
+ The discoid shape of resting platelets is maintained by a cytoskeleton composed of microtubules, actin filaments,

* Megakaryocytes undergo endomitosis to increase ploidy.
- Megakaryocytes produce platelets by remodeling their cytoplasm into long cytoplasmic projections called pro-

* Microtubule-based forces power the elongation of proplatelets.
+ The lamellipodial and filopodial formation that accompanies platelet activation is driven by the actin cytoskeleton.

resting platelet, actin is stored in a monomeric com-
plex with B4-thymosin and profilin. Actin assembly
occurs only from the barbed ends of actin filaments. 53
Actin forms polarized filaments that have a clearly
defined directionality. The two ends of an actin fila-
ment have different affinities for actin monomer, with
the barbed end having a 10-fold affinity for monomer.
This arrangement biases the polymerization reaction
for the barbed end of the growing filament. The fil-
ament severing reaction that powers the cell round-
ing is followed by the formation of actin nuclei that
initiate the assembly of new actin filaments beneath
the plasma membrane. This new actin polymerization
provides the force to push out the finger-like filopo-
dia and lamellipodia. The new actin assembly occurs
when gelsolin and other proteins that cap the barbed
ends of actin filaments are removed and a complex
of proteins called the Arp 2/3 complex is activated to
generate new barbed ends.

While the polymerization of actin filaments at the
plasma membrane powers the membrane outward, it
is the arrangement of the actin filaments that estab-
lishes the shape of the protrusion. Filopodia are com-
posed of tight bundles of actin filaments that origi-
nate near the center of the platelet. The bundles are
loosely connected in the middle of the plateletbut then
become zipped together as they reach the edge of the
cell. Filopodia extended by platelets appear to be used
to locate other platelets and strands of fibrin. Platelets
have been observed to rapidly wave and rotate filopo-
dia around their periphery and these are also used to
apply the myosin-generated contractile force in fib-
rin gels. The lamellipodia of the spread platelet are
organized into a dense three-dimensional meshwork
of cross-linked actin filaments. This orthogonal net-

work is biologically efficient because it uses the min-
imal amount of filament to fill a cytoplasmic volume.
The filaments are cross-linked by a protein called fil-
amin,?! which binds actin filaments into orthogonal
networks in vitro and organizes these arrays in the
platelet’s cortex.

Granule secretion

Activation of a platelet is accompanied not only by
the massive reorganization of the actin cytoskeleton
but also by the exocytosis of the platelet storage gran-
ules. The contents released from « and dense gran-
ules enhance the platelet plug reaction by attracting
additional platelets to the wound. During activation,
the majority of granules release their contents into
the open canalicular system. Because of the complex
tunneling of the open canalicular system, granules
are always positioned in close proximity to the OCS.
The fusion and release of granule mediators is depen-
dent on a rise of cytosolic calcium into the micro-
molar range and is diminished by calcium chelating
agents. Calcium-calmodulin activates myosin light-
chain kinase to phosphorylate myosin IL.1*° The acti-
vation of the contractile activity of myosin II generates
a centripetal collapse of the granules into the middle
of the cell, promoting the fusion of the granules by
bringing them into close contact with the OCS.

FUTURE AVENUES OF RESEARCH

Future research into the biology of MKs and platelets
will undoubtedly provide new insights into how these
cells function and may lead to novel applications.
Intravital microscopy of fluorescently labeled MKs
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should allow us to visualize MKs producing platelets
in the bone marrow. Although many of the major
cytokines that promote MK development have been
identified, molecules and signals that initiate platelet
production have not been defined. Identification of
the signals that instruct MKs to produce platelets
may yield strategies to promote thrombocytogenesis
in vivo. Additional studies into how the bone marrow
environment nurtures MKs and influences platelet
production may ultimately lead to the large-scale pro-
duction of platelets in vitro.
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INTRODUCTION

The main function of platelets is to arrest bleeding by
forming a hemostatic plug through their interaction
with damaged vascular wall. It is well recognized that
platelets also play a crucial role in the formation of
pathologic thrombus to occlude vasculature, leading
to fatal diseases such as acute coronary syndrome or
stroke. In addition, platelets are involved in various
physiologic or pathologic processes such asinflamma-
tion, antimicrobial host defense, immune regulation,
tumor growth, and metastasis. Platelets express many
types of receptors on their surface to interact with a
wide variety of stimuli and adhesive proteins. Because
platelets play amajorrolein hemostasis, the molecular
mechanisms of hemostatic thrombus formation have
been extensively studied. Platelets first interact with
exposed subendothelial matrix protein, collagen, in
damaged vascular wall. Circulating platelets then form
alarge aggregate over the layer of platelets adhered to
vascular wall, together with fibrin formation to com-
plete the hemostatic process.

Like many other cells, platelets express integrin
receptors involved in adhesive and signaling pro-
cesses. Integrins consist of noncovalently linked het-
erodimers of « and B subunits. They are usually
present on the cell surface in a low- or high-affinity
state. Transition between these two states is regu-
lated by cytoplasmic signals generated when cells are
stimulated or activated. Platelets exhibit six integrins:
a2, asp1, @B, arB2, am B3, and ay 3. Among them,
azB1 and o B3 have been studied in detail from
the biochemical and molecular standpoints, espe-
cially for structure/function relationships. Glycopro-
tein (GP) Ib/IX/V complex, the second most common
platelet receptor, belongs to the leucine-rich-repeat
(LRR) family and is essential for platelet adhesion

under high shear conditions. GP VI, one of the major
platelet receptors for collagen, is a member of the
immunoglobulin (Ig) superfamily. It forms a complex
with the common FcRy chain, serving as a signal-
ing molecule. Platelets also have several other recep-
tors belonging to the Ig superfamily. They are Fcy
RIIA, JAM-1, ICAM-2, and PECAM-1. GP IV or GP
IIIb is also present in platelets. CD36 is the general
name for this receptor, expressed in many other cells.
Many members of the seven-transmembrane-domain
agonist-receptor family are expressed on platelets.
Some have been the object of active platelet research
because novel receptor inhibitors may serve as effec-
tive antithrombotic agents.

THE GP 1b/1X/V COMPLEX

Since Bernard-Soulier syndrome (BSS), a congenital
and severe bleeding disorder, was first attributed to
deficiency of GP Ib/IX/V, many studies have been per-
formed to clarify the function/structure relationship
of this membrane glycoprotein. It is now evident that
GP Ib/IX/Vis an adhesive receptor for von Willebrand
factor (VWEF). Binding of VWF to the GP Ib/IX/V com-
plexis critical in the adhesive process at the site of vas-
cular injury, especially under high shear conditions.!-?
VWF first binds to collagen, a major component of
the subendothelial matrix exposed by vascular dam-
age. Platelet adhesion to collagen is mediated by the
interaction of VWF with the GP Ib/IX/V complex. VWF
acts as an intermediary between collagen and the GP
Ib/IX/V complex. Other than VWF, thrombospondin,
aM§B, integrin, and P-selectin are also known to be the
ligands for the GP Ib/IX/V complex. Approximately
25000 copies of the GP Ib/IX complex and 12000
copies of GP Vare present on platelets.®# Each subunit
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of the complex, GP Ibe, GP Ibg, GP IX, and GP V, is
encoded by different genes. The genes encoding GP
Ibe, GP Ibg, GP IX, or GP V are located on 17pl2,
22q11.2, 3929, and 3q24, respectively. Each gene con-
tains sequences for the binding sites of GATA and Ets
family proteins, which are critical transcription fac-
tors for megakaryocyte-restricted expression.® Stud-
ies on the biosynthesis of the GP Ib/IX/V complex
have shown that the polypeptides synthesized from
individual mRNAs are assembled in the endoplasmic
reticulum; then the polypeptide complex is moved
to the Golgi apparatus.®” This transfer is an impor-
tant step for controlling posttranslational modifica-
tions and the surface expression of the GP Ib/IX
complex. It has been demonstrated that efficient
expression of the complex requires GP Iba, GP Ibg,
and GPIX, whereas GPVdoes not affect expression sta-
bility.®? BSS is a genetic disorder due to quantitative
or qualitative defects of the GP Ib/IX/V complex (see
Chapter 12).° Gene mutations are reported in GP Iba,
GP Ibg, and GP IX. Platelets from BSS patients lack the
ability to bind VWF and have a large-platelet pheno-
type. GP Ibg—deficient mice have the typical BSS phe-
notype. In a model of laser-induced lesions of mesen-
teric arterioles, thrombosis was strongly reduced in
GP Ibp—-deficient mice.'® GP V-deficient mice do not

have the BSS phenotype and have normal expression
of GP Ib/IX.1!

Structure of the GP Ib/I1X/V complex

The GP Ib/IX/V complex consists of four subunits, GP
Iba (~135 kDa), GP Ibg (~25 kDa), GP IX (~22 kDa),
and GP V (~82 kDa) (Fig. 2.1). All four subunits of
the complex have a structural motif, the extracellular
LRR sequence, with the leucines in conserved posi-
tions.'? The LRR(s) in each subunit are important for
adhesive functions of platelets because BSS patients
with a gene mutation within the LRR sequence have
revealed impaired platelet functions attributed to
GP Ib/IX/V.® GP Iba is disulfide-linked to GP Ibg. GP
IX and GP Ib bind noncovalently in a 1:1 ratio. GP
V associates with the complex noncovalently in a
1:2 ratio.>* The largest and the most important sub-
unit of the complex, GP Ibe, contains eight leucine-
rich tandem repeats, essential for binding to VWF.
GP Ibe is synthesized as a 626-amino acid precursor
polypeptide containing a sequence for a 16-residue
signal peptide; the mature polypeptide consists of
610 amino acids. The N-terminal 282 residues of GP
Ibe contain binding domains for VWF and throm-
bin. This N-terminal domain consists of an N-terminal



flanking sequence containing Cys4 to Cys7 disulfide,
eight LRRs (residues 19 to 204), a C-terminal flank-
ing sequence (residues 205 to 268) containing Cys209
to Cys248 disulfide and Cys211 to Cys264 disulfide,
and an anionic region (residues 269 to 282) contain-
ing three sulfated tyrosines (residues at positions 276,
278, and 279).%13 The crystal structure of GP Iba with
Met 239Val, a gain-of-function mutation, (residues 1
t0290), and its complex with the VWF-A1 domain con-
taining the GP Iba binding site (residues 498 to 705),
demonstrates that stabilization of the flexible loop
with a B-hairpin structure (residues 227 to 241) was
required for the increased binding affinity.'* Addition-
ally, an independent report of the crystal structure for
the VWF binding domain of wild-type GP Iba has indi-
cated that the anionic region of GP Ibe, which contains
tyrosine residues, binds to the A1 domain of VWF, as
determined using a hypothetical model of the wild-
type GP Iba/VWF interaction.!® The cytoplasmic tail
of GP Iba contains 96 amino acids, and this region
has binding sites for filamin (residues 536 to 554) and
14-3-3¢ (residues 587, 590, and 609).16:1718 GP Ibg
consists of 181 amino acids containing a single LRR.
The GP Ibg cytoplasmic sequence of 34 amino acids
contains a Ser at position 166, a protein kinase A phos-
phorylation site.!%-20 Additionally, the cytoplasmic tail
of GP Ibg binds calmodulin.?! GP IX consists of 160
amino acids containing single LRR.??> The cytoplas-
mic region contains 5 amino acids. There is no report
about the binding site for complex-associated factors.
GP V comprises 544 amino acids. It has a large extra-
cellular region containing 15 LRRs and a cytoplasmic
tail of 16 amino acids with a binding site for calmod-
ulin.?®2* This binding site, like GP Ibg, is present in
resting platelets and might regulate surface expression
of the GP Ib/IX/V complex. GP V also has a thrombin
cleavage site, and thrombin hydrolysis of GP Vreleases
a 69-kDa fragment representing most of the extracel-
lular domain of GP V.25

signaling and functions
of GP Ib/1X/V complex

The functions of GP Ib/IX/V are to mediate platelet
adhesion to subendothelial matrix and assemble
blood coagulation factors on activated platelets
exhibiting procoagulant activity (see Chapter 5). For
binding of VWF to GP Ib/IX/V to occur, a patho-
logic level of high shear stress or immobilization of
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VWEF to subendothelial matrix is required. The only
exceptions are the presence of unusually large VWF
or the GP Iba with the gain-of-function mutation in
the first C-terminal disulfide loop, Met 239 Val or
Gly 233 Val, in which relatively low shear can induce
GP Ib/VWF interaction.?®?” The interaction of GP
Iba with immobilized VWF under high shear condi-
tions induces a slowdown of the platelet velocity to
enable collagen/GP VI interaction to occur. The inter-
action generates signals inside the platelets to activate
amnbBs and subsequently to induce platelets to aggre-
gate each other using VWF or fibrinogen as molecular
glues.?® Many potential signaling pathways between
GP Ib/IX/V and e B3 have been suggested, but the
complete GP Ib/IX/V-dependent signaling pathway
is not yet known.

GP Ib/IX/V has a high-affinity binding site for
thrombin. Implications of its function as a throm-
bin receptor are the regulation of blood coagulation
by localizing thrombin and factor XI and activation
of platelets. Binding of thrombin to the N-terminal
region of GP Iba generates signals inside platelets and
accelerates PAR-1 cleavage for platelet activation and
subsequent aggregation.?%-30:3! Platelets have binding
sites for factor XI, which is not identical to those for
thrombin, although the two sites are located in close
proximity.*? It is speculated that upon platelet activa-
tion, GP Ib/IX/V is involved to form a procoagulant
complex within cholesterol-rich lipid rafts. In fact, it
has been shown that the disruption of rafts due to
cholesterol depletion inhibits the process.®® Recent
observations demonstrate the topographic associa-
tion of GP Ib/IX/V with various surface receptors, such
asGPVI/FcRy,a»B1, PECAM-1and FcyRlla.Itis there-
fore extremely important to recognize the complex
mechanisms of platelet activation.

14-3-3¢ binds to the cytoplasmic domain of GP Iba
and GP Ibg in a phosphorylation-dependent man-
ner.'® The interaction of 14-3-3¢ with GP Ibg, which
requires phosphorylation of protein kinase A, inhibits
plateletactivation. Onthe otherhand, 14-3-3¢ binding
to GP Ibe is required for GP Ib/IX/V-mediated op B3
activation. GP Iba contains phosphorylation sites at
residues Ser587 and Ser590 and a constitutive phos-
phorylation site at residue Ser609. A dimer of 14-3-3¢
anchored at the constitutively phosphorylated Ser609
motif on GP Iba interacts with either GP Iba Ser587
and Ser590 or GP Ibg Ser166. These interactions play
a key role in regulating the affinity of the GP Ib/IX/V
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complex for VWEF. Also, the GP Ib/14-3-3¢ interac-
tion is associated with the regulation of megakary-
ocyte (MK) proliferation and ploidy.>* The cytoplas-
mic domain of GP Ibg and GP V contains a calmodulin
bindingsite. A calmodulin bindingsiteis also observed
in GP VI, which is associated with the GP Ib/IX/V com-
plex. The calmodulin associated with GP VI has a role
inregulating metalloproteinase-mediated shedding of
the GP VI ectodomain. Calmodulin inhibitors induce
metalloproteinase-dependent ectodomain shedding
of GP V,%° and ADAM17 (tumor necrosis factor a—
converting enzyme) is involved in the proteolytic
cleavage of GP V. GP Iba shedding is inhibited by
ADAM17 inhibitors.3¢ Together, these findings sug-
gest that calmodulin is a key enzyme for the sta-
ble surface expression of GP Ib/IX/V and GP VL%’
PI3-kinase has a significant role in the GP Ib/IX/V-
mediated GP IIb/IIla activation, and the interaction
with GP Ib/IX/V involves the PI3-kinase p85 subunit.
PI3-kinase inhibitors block shear-dependent platelet
adhesion.®” GP Iba is tightly associated with the
cytoskeleton through interactions with filamin-1, also
known as actin binding protein.! The effect of filamin-
1 on VWF binding to GP Ibe is controversial. The
GP Ibc/filamin-1 interaction has a critical role in
maintaining normal platelet size and regulating sur-
face expression of GP Ib/IX/V. The signaling path-
way downstream of GP Ib/IX/V includes Src and Erk-
1/2. Many other signaling pathways are reported to
be involved in GP Ib/IX/V-mediated o83 activa-
tion.%”

Polymorphisms of the GP Ib/IX/V Complex

GP Ibe is not only the most important component of
the complex functionally but also the most polymor-
phic. GP Iba contains three major polymorphisms.
G/A substitution at position 524 of GP Iba# mRNA
caused Thr/Met substitution at residue 145. This
145Thr/Met substitution is responsible for the HPA-2
polymorphism. The HPA-2 polymorphism was ini-
tially recognized in a Japanese patient refractory to
platelet transfusions and was called the Sib alloanti-
gen.’® Whereas Thr at residue 145 caused KoP (HPA-
2a), substitution to Met resulted in Ko?(HPA-2b,
Sib?).39:1% The binding site for VWF is located in the
region containing residue 145. Substitution from Thr
to Met caused a conformational change of GP Ibx, well
recognized by alloantibodies against GP Iba. GP Iba of

four different molecular weights were first described
by Moroi et al.*! The genetic basis for this variation
was shown to be due to a variable number of tan-
dem repeats (VNTR) of a 13-amino acid sequence at
residues 399 to 411. Four variants of GP Iba (D, C, B,
and A, ranging from one to four repeats) are present.
Functional analysis of polymorphic GP Iba was per-
formed showing enhanced binding of cells carrying
GP Iba with Met'*® and four repeats of VNTR to
immobilized VWF under flow conditions.*? Although
it causes a large structural change in the protein, the
VNTR polymorphism does not produce immunogenic
variants. ¥*Thr/Met and VNTR polymorphisms are in
complete linkage disequilibrium.

The third polymorphism in the GP Iba gene is
the Kozak (-5T/C) polymorphism, which is a single
nucleotide substitution (T/C) in thenoncodingregion,
5 base pairs upstream of the initiation codon. The
-5C variant is only found on the KoP allele, while the
T variant on either the Ko® or KoP alleles.*®* It was
shown that the Kozak polymorphism is closely asso-
ciated with increased expression of GP Iba on the
platelet surface.*> However, other studies could not
prove the correlation between the Kozak polymor-
phism and GP Ib/IX/V complex expression. The influ-
ence of the Kozak polymorphism on platelet thrombus
formation under flow conditions is also controversial.
Using a parallel plate flow chamber, it was shown that
deposition of -5C allele-positive platelets onto colla-
gen was greater than that of -5TT platelets.*® However,
-5TT platelets showed shorter closure time than -5TC
platelets using the PFA-100.4” Because this polymor-
phism does not alter the amino acid sequence of GP
Ibe, it is not immunogenic.

THE aypBs INTEGRIN (GP 11b/I11a
COMPLEX, CD41/CD61)

The am, B3 integrin is the most abundant membrane
glycoprotein in platelets and plays a central role in
primary hemostasis by serving as a receptor for fib-
rinogen and VWF.*®49 [t establishes a stable inter-
action with VWF bound to the extracellular matri-
ces and utilizes fibrinogen as a bridging molecule for
platelet aggregate formation. Its importance in pri-
mary hemostasis is underscored by the presence of
a genetic bleeding disorder, Glanzmann’s thrombas-
thenia, in which platelets from the affected individ-
uals lack aggregation response to agonists due to the




quantitative and/or qualitative abnormalities of ¢y, 83
(see Chapter 12).%° The ayp 83 integrin also plays an
important role in the pathogenesis of thrombosis,
and blockade of its function has been utilized as an
effective therapy to prevent reocclusion of the coro-
nary artery after percutaneous coronary interventions
(PCI).5!

Structure of the oy, ; integrin

The amnpBs complex shares common structural and
functional characteristics with other integrin recep-
tors.%? The ligand-binding activity of aypB3 is regu-
lated by intracellular signaling events (inside-out sig-
naling). Conversely, the o, 83-ligand interaction itself
initiates intracellular signals (outside-in signaling).
Structurally, both oy, and B3 chains consist of a large
extracellular domain followed by a single transmem-
brane domain and a short cytoplasmic tail.>®%* The
N-terminal side of each chain forms a globular head
region as observed by electron microscopy. By con-
trast, the C-terminal side forms a rod-like tail region.>
The recent elucidation of the crystal structure of the
homologous «ayps integrin provided detailed infor-
mation on the three-dimensional structure of o, 83
integrin.®® 5" The N-terminal half of the o chain folds
into the g-propeller domain, which forms a glob-
ular head as observed under electron microscopy.
This is followed by the Ig-like thigh, calf-1, and calf-2
domains that together compose the «-tail region
(Fig. 2.2). There is an unexpected Ca®>* ion-binding
site between the thigh and the calf-1 domains. The N-
terminal 50 residues of 83 compose the PSI domain.>®
Amino acid residue Cys-5 in this domain forms a
disulfide bridge with Cys-435, which is located at the
boundarybetween hybrid and EGF-1 described below.
The globular head region of the g3 chain is com-
posed of BA and hybrid domains. The SA domain
is inserted into the unique Ig-like hybrid domain
that consists of previously uncharacterized sequences
that flank the BA domain. The BA domain is homol-
ogous to the «A domain that contains the ligand-
bindingsite in A domain-containing integrins. A metal
ion-dependent adhesion site (MIDAS) is formed by
amino acid residues Asp-119, Ser-121, Ser-123, Glu-
220, and Asp-251. Besides MIDAS, that is essential for
ligand binding, the A domain possesses two addi-
tional cation-binding sites designated as ADMIDAS
(adjacent to MIDAS) and LIMBS (ligand-associated
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[EITTEEE] structure of ayBs integrin. Spacefill representation of the
ayB3-RGD complex. Backbones are shown in ribbon diagram. The «
chain is shown in blue. The BA (109-352), hybrid (55-108, 353-432),
EGF-3&4 (532-605), BT (606-690) domains of the B3 chain are shown
in red, orange, red orange, and green, respectively. Bound Mn?* ions
are shown in gold sphere. RGD peptide bound to the B-propeller/BA
interface is shown in orange cpk. Residues responsible for platelet
alloantigens are shown in cpk. The 83 residues Arg-143, Pro-407,
Arg-636, Arg-62, Arg-633, Lys-611, Thr-140 that are substituted or
deleted in HPA-4, 7w, 8w, 10w, 11w, 14w, 16w, respectively are
shown in magenta. The aV residue that corresponds to the oy
Val-837 that results in HPA-9w when substituted is shown in yellow.
Residues responsible for HPA-1 (B3 Leu-33), HPA-6w (B3 Arg-489),
and HPA-3 («y, Ile-843) are not shown, since PSI, EGF-1&2, part of the
calf-2 domains are unclear in the crystal structure. Note that integrin
tails fold back at a 135 degree angle at a genu between the thigh and
the calf-1 domains. This figure was prepared with RasMol v2.7.

metal binding site), respectively.”” While ADMIDAS
is occupied by a cation regardless of the presence of
bound ligand, MIDAS and LIMBS have been shown
to bind Mn?* only in the presence of bound ligand.
A recent report by Chen et al. suggests that the
ADMIDAS is the negative regulatory site, whereas
the LIMBS is the positive regulatory site for Ca**.>
These reports implicate that the cation-binding sites
in the BA domain represent the three classes of cation-
binding sites described by Mould et al.,%° thus they
are primarily responsible for the integrin affinity reg-
ulation by divalent cations. The EGF-like four tandem
cysteine-rich repeats that follow the hybrid domain
assume a class 1 EGF fold as expected and form a
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rod-shaped module. The four EGF domains are fol-
lowed by a novel g tail (8T) domain. These domains
together form the A3 tail. Besides the «-head/s-head
interface, there is an extensive interface formation
between the g-head and the g-tail, and between the
«-tail and the B-tail (Fig. 2.2). These interface inter-
actions are important in constraining the integrin in
specific conformations. The extracellular domains of
« and B chains are followed by a single transmembrane
domain and a short cytoplasmic tail. The cytoplasmic
tails play critical roles in propagating the inside-out
and outside-in signals by providing binding sites for
signaling molecules.5!

Affinity regulation of the «y;,; integrin

In resting platelets, the aypB; is in the low-affinity
state and is incapable of binding soluble ligands.
However, in activated platelets, it binds to fibrino-
gen and VWF in an Arg-Gly-Asp (RGD)- and diva-
lent cation-dependent fashion and supports platelet
aggregation and adhesion to subendothelial matri-
ces. Based on biochemical and immunologic stud-
ies, it has long been shown that the platelet o83
integrin undergoes substantial structural rearrange-
ment upon activation. Recent x-ray crystallographic
and high-resolution electron microscopic analyses on
recombinant oy B3 and am, B3 integrins have revealed
that integrins indeed exist in multiple distinct confor-
mations.®? Among these, the bent conformer observed
in the crystal structure makes a 135-degree bend
between the thigh and the calf-1 domains and posi-
tions the head toward the cell membrane (Fig. 2.2).
Its two tails are clasped together. On the other hand,
the extended conformer assumes an upright position
with its two tails straight and separated. Experiments
using mutant o, 83 suggest that the bent conformer
represents the low-affinity state and the extended con-
former represents the high-affinity state. The a1, 83 on
the platelet surface is expected to change affinity for
ligands by shiftingits structure between these two con-
formers.%® These results indicate that the intracellular
signals must induce structural rearrangement of the
anp B3 on the other side of the cell membrane in inside-
out signaling. It has been shown that talin activates
anbB3 by binding to the 83 cytoplasmic tail, disrupt-
ing the endogenous interaction between the o, and
Bs cytoplasmictails that constrains integrin in the low-
affinity state.®®%* Since propagation of the inside-out

signaling was completely blocked by preventing the
separation of the extracellular tails, one can assume
that separation of the extracellular tails following the
cytoplasmic tail separation may trigger the struc-
tural rearrangement from the bent to the extended
conformer.%

Location of the ligand-binding site

The ligand-binding site is contained in the globular
head region. The epitopes for function-blocking o -,
B3-, and e, B3 complex-specific monoclonal antibod-
ies (mAbs) have been localized exclusively in the g-
propeller or in the A domains.%¢-%” The amino acid
residues critical for ligand binding lie in the interfaces
between the B-propeller and the BA domains. The
MIDAS in the BA domain is positioned close to this
interface. The disulfide-linked loop between Cys-177
and Cys-184 (specificity-determining loop) essential
for macromolecular ligand binding is also located very
close to the interface. In the crystal structure of ayf3
complexed with RGD peptide, the Asp in RGD coor-
dinates with the MIDAS-bound cation, and the Arg
makes salt bridges with Asp-218 and Asp-150 in «V.
Likewise, the crystal structure of oy, B-propeller and
BA/hybrid domains complexed with ligand-mimetic
antagonists revealed that basic ligand-mimetic side
chains make hydrogen bond with Asp-224 in ay,. How-
ever, the binding site for the macromolecular ligand
fibrinogen appears to be more extensive as revealed
by the positions of amino acid residues critical for fib-
rinogen binding. These residues are clustered in the 3
specificity determining loop and four ay, S-propeller
loops that form a cap subdomain. The o-specific
10E5 Fab blocks binding of fibrinogen to «, 83 with-
out affecting the binding of small ligands by binding to
the «Ilb cap subdomain.® By contrast, the 3-speciffic
7E5 Fab blocks fibrinogen-binding by binding to the
B3 specificity determining loop.%®

Location of epitopes for
conformation-dependent mAbs

Among the numerous mAbs developed against o, 83,
a group of antibodies preferentially bind to the
ligand-bound form. Hence, they are called anti-LIBS
(ligand-induced binding site) antibodies.®® The epi-
topes for these antibodies are cryptic in non-activated
ammb B3, however they become exposed when ligands or



ligand-mimetic peptides bind to aypB3. Thus, these
antibodies have been utilized to report conforma-
tional changes associated with ligand binding. The
epitopes for some of these mAbs have already been
mapped: the epitopes for AP-5, D3, anti-LIBS2, and
anti-LIBS4, 6 are located in 83 amino acid residues
1-6, 422-490, 602-690, and 490-690, respectively.”" 7!
Although the locations of these epitopes seem to be
scattered throughout the entire 3 chain in the pri-
mary structure, they actually are located in PSI, EGFs,
or BT domains that form the 43 tail in the 3D structure.
Likewise, the epitope for PMI-1 have been mapped in
aqp, amino acid residues 834-873 in the calf-2 domain
that form the oy, tail.”? Notably most of these mAbs
have activating function. Since interface formation
between the 83-head and the 83-tail constrains inte-
grin in the bent conformer, these antibodies may facil-
itate aqp B3 extension by disrupting the interface for-
mation.

Polymorphisms of the «y, 35 complex

GP Illa (B; integrin)

GP IIla carries a large number of platelet alloantigens.
Newman etal. identified aT/Cnucleotide substitution
at position 1565 in exon2 of the GP Illa gene result-
ing in Leu/Pro substitution at residue 33. Leu 33 is
responsible for PI*! epitope, while Pro33 for PI*2.7
Incompatibility of PI* alloantigens causing neonatal
autoimmune thrombocytopenia (FNAIT) has never
been described in Japan. The PI*? allele is nonexis-
tent in Japanese people, whereas it is rather com-
mon in Caucasians. The molecular structure of GP I1la
has been extensively studied along with GP IIb (e
integrin). Heterodimer complex of GP IIb/IIla («mb B3
complex) is a receptor for fibrinogen or VWF when
platelets are stimulated by an agonist such as ADP.
It has been reported that anti-PI* antibodies inhibit
fibrinogen binding to activated platelets suggesting
the important role of residue 33 in fibrinogen bind-
ing although the putative binding site for fibrinogen
has been clearly shown in the region of 109 to 171 or
212 to 222.

Pen/Yuk, now classified in HPA-4, is also located
in GP IlIa and responsible for FNAIT and posttrans-
fusion purpura (PTP).”*"7® The genetic variation was
clarified by Wang et al. as a Arg/Gln substitution at
residue 143.78 GP Illa carrying GIn143 is recognized by
anti-Pen® alloantibody. Arg/Gln substitution resides
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within the RGD binding domain of GP Illa. However,
platelet functions of Pen genotypes have not been well
characterized. Itwas only shown that anti-Pen® alloan-
tibodies inhibited platelet aggregation. Prevalence of
Pen® has been higher in East Asia, including Japan,
than in northern Europe.”” Other rare genetic varia-
tions in GP Illa were identified to cause FNAIT. They

were Mo, CA/TU, Sr?, La?, Gro* and Duv® alloanti-
gens.78/79,80,81,82,83

GP 1lb(yp integrin)

GP IIb(aqp), the o subunit of the GP IIb/IIla complex
(onip B3 integrin), has been shown to have a distinct
polymorphism, Bak (Lek), which is responsible for
alloimmune thrombocytopenia (see Chapter 10).
The first description of Bak alloantigen was reported
by von den Borne et al. in a patient with FNAIT in
1980.%* Lyman et al. have reported that T/G substi-
tution at position 2622 of the GP IIb mRNA causing
Ile/Ser substitution at residue 843.2° This substitution
of GP IIb was shown to cause alloantibody reactivity,
but its effects on platelet function have not been
studied.

Clinical relevance and future directions

Owing to its central role in thrombus formation,
amBs integrin have long been considered a target
of antithrombotic therapy. Intravenous administra-
tion of a;p 3 antagonists such as abciximab (human-
ized anti-83 mAb 7E3 Fab) was proven to be effective
in patients undergoing PCI. However, clear benefits
in patients with acute coronary syndrome was not
shown. The use of orally active ay, 83 antagonists in
the secondary prevention also failed due to the lack
of efficacy and to the increase in the risk of death.®
One of the reasons why clinical trials of ayp 83 antag-
onists failed, with the exception of PCI setting, would
be that most of the antagonists are potent compet-
itive inhibitors. Hence, these drugs have a potential
to induce conformational change in «IIbgs as much
as RGD peptide does and may activate platelets and
inflammatory cells by transducing outside-in signal-
ing.8” Although the reports of paradoxical platelet acti-
vation is conflicting, one way to avoid this unwanted
side effects would be to develop new antagonists that
donotrelyon competitiveinhibition. Asdescribed ear-
lier, aiip B3 is maintained in the low-affinity bent state
by multiple interdomain interactions. Drugs able to
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stabilize these interface interactions would be able to
prevent ay, 83 activation without inducing conforma-
tional change. In addition, these allosteric antagonists
would inhibit only high affinity ligand binding with-
out affecting the basal low affinity interaction. This
characteristic could help in decreasing the bleeding
complication often seen in conventional oy, 83 antag-
onists.

281 INTEGRIN (GP 1a/l1a)

The o8, integrin acts as a cell-surface receptor for
collagen and laminin.?8890 This integrin is present
on platelets as GP Ia/Ila, on activated T lymphocytes
as VLA2, and on fibroblasts as a class II extracellular
matrix receptor.??%° The «; integrin represents the GP
Ia or VLA-«-2 component, and the g, integrin rep-
resents the GP Ila or VLA-B components. The a8,
integrin and its ligands are implicated in a number of
biologic and pathobiologic processes.

For platelet «,f; integrin, the interaction of this
receptor with collagen has a critical role in physiologic
hemostasis and atherothrombus formation. Approxi-
mately 1000 to 2000 copies of a8 integrin are present
on the platelet surface,®" 92 and the two-fold interindi-
vidual variation in platelet expression levels is con-
trolled by genetic polymorphisms of the  integrin.%
The «,8; protein levels are linked to the mRNA lev-
els of o, integrin but not g, integrin; thus the expres-
sion levels of the «,8; integrin are reportedly regu-
lated by the transcriptional activity of the o, integrin
gene.%

Structure of o, 34 integrin

For the o, subunit, the gene encoding the «, inte-
grin is located on 5q23-q31, and the complete amino
acid sequence was deduced from the cDNA sequence
in human lung fibroblasts.® The «, integrin is com-
posed of a single polypeptide consisting of 1152 amino
acids, containing a transmembrane domain and a
short cytoplasmic segment. The ¢, subunithas molec-
ular weights of 160 and 165 kDa under reducing and
nonreducing conditions, respectively. The «, inte-
grin and all other integrin « subunits have a com-
mon structure: the N-terminal contains seven tandem
repeats and seven B-propeller structures containing
divalent cation binding sites.>? A major characteristic
ofthe «; integrinis the additional amino acid segment,

called the I domain, between the second and third
repeats. Nine of the identified integrin « subunits con-
tain the inserted I domain of approximately 200 amino
acids. The crystal structure of a complex between the
I domain of «, integrin and a triple helical collagen
peptide containing the GFOGER motif was recently
demonstrated. Binding of ligands to integrins requires
divalent cations, and the structure model of the a»
integrin/collagen complex showed that the Mg?* ion
complexed by the I domain is essential for the inter-
action between «, integrin and collagen.?® Also, the I
domains are homologous to the collagen-binding A-
domains of VWF.

The gene encoding the g, integrin is located on
10p11.2. The amino acid sequence was deduced
from the B; integrin cDNA sequence and comprises
798 amino acids.”” The g, subunit has molecular
weights of 130 and 110 kDa under reducing and non-
reducing conditions, respectively. The 8, integrin and
all other integrin 8 subunits consist of three common
domains: a large extracellular domain, a transmem-
brane domain, and a short cytoplasmic domain.*? The
large extracellular domain contains 56 conserved cys-
teines, 31 of which are clustered into four tandemly
repeated segments. Thus, this domain of the g, inte-
grin is rich in internal disulfide bonds. The highly
conserved sequence on the N-terminal region of
the B, integrin is observed in other integrin B sub-
units. The N-terminal domain has sequence similar-
ities to metal ion-dependent adhesion sites and the
I domains, and these regions are considered to have
a crucial role in the association with « integrin and
ligand binding activity. The cytoplasmic domain of
the B; integrin has a role in regulating the conforma-
tion change and signal transduction via interactions
with other cytoskeletal components. The cytoplasmic
domain of the 8, integrin has short segments com-
posed of approximately 40 carboxy-terminal amino
acid residues, which is due to alternative splicing. To
date, two splice variant forms have been reported, and
these variants might cause the difference in the struc-
ture of the cytoplasmic domains.?®% In one variant,
the intron between the two exons is retained, and this
variant produces a new stop codon that truncates the
B1 cytoplasmic domain. The other variant is denoted
B1S, which adds 116 base pairs between the two
exons encoding the cytoplasmic domain. Although
the integrin ;S mRNA levels are lower than those
of wild-type B, integrin, platelets have high levels of



integrin ;S mRNA. The functional significance of
the integrin 8;S mRNA in platelets, however, remains
unclear.

signaling of o, 3, integrin

Platelet response to collagen is now considered to
involve at least two collagen receptors on platelets,
a1 integrin and GP VI. The two-step, two-site model
of collagen-induced platelet aggregation has been
mentioned. According to this recent model, ligation of
GP VI with collagen preceding to that of the «,8; inte-
grinisimportantin the o, 8, activation for stable adhe-
sion. «, B, integrin and GP VI have important roles in
signaling pathways for platelet activation.!?® Several
studies suggested that there are «»f; signaling path-
ways independent of GP VI in platelet adhesion to col-
lagen. Collagen-induced phosphorylation of PLCy2
and Syk was observed in GP VI-deficient platelets.
Also, it was shown that Src and Lyn were constitutively
associated with w, 8; integrin, and that Src activation is
accompanied by activation of the p130 Crk—associated
substrate.'?! Furthermore, tyrosine phosphorylation
of pp125 focal adhesion kinase via «,; integrin was
observed in platelet adhesion to collagen under flow
conditions.!02:103

Patients with o, deficiency have a prolonged bleed-
ing time, impaired collagen-induced platelet aggrega-
tion, and limited platelet adhesion to immobilized col-
lagen.?1% In a mouse model of a»8; deficiency, the
mice are fertile and develop normally,'% and platelets
from these mice exhibit impaired adhesion to col-
lagen under either static or flow conditions, yet the
mice exhibit only mildly impaired collagen-induced
platelet aggregation.'% The data on the 8, -deficient
platelet function are, however, controversial. It is likely
that several factors contribute to the observed differ-
ences in the role of a»8; between the various mod-
els. Further studies to characterize «,8; integrin will
contribute to our better understanding of the mecha-
nisms of physiologic hemostasis and atherothrombus
formation.

Polymorphisms of the o, 3; complex

GP 13(c; integrin)

At least eight polymorphisms are reported in the «,
gene, including two silent polymorphisms within the
I domain.
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Substitution of G—A at mRNA position 1648 causes
Glu/Lys substitution (Br’/Br?) at residue 505. Br’ is
called HPA-5a, while Br? is called HPA-5b.1%7

The Br polymorphism is also the common cause
of FNAIT. No significant of difference in platelet
adhesion to collagen was found in the Br polymor-
phism.

The 807C/T and 873G/A polymorphisms do not
cause amino acid change and are therefore not
immunogenic. However, it was shown that 807 C/T
polymorphism is closely associated with «,8, den-
sity. Platelets from 807T allele have higher levels of
af1.108:109 There is also a BgII restriction fragment
length polymorphism (BglII, ) within intron 7. These
3 polymorphisms are in linkage disequilibrium, the
Bgl II (+) allele being linked to the 807T allele, and
873A allele and the Bgl I1(1) allele being linked to the
807Cand 873G allele. The more common 807T showed
increased adhesion to type I collagen as compared
with 807C. Matsubara et al. reported a significant
association between diabetic retinopathy and a Bgl II
polymorphism.!1?

Other rare alloantigen identified in a case of FNAIT,
Sit alloantigen, now is recognized to be due to C—T
mutation at RNA position 2531 causing Thr/Met sub-
stitution (Sit°/Sit*) at the residue 799 ', which is
outside the I domain of «2 subunits. Association of
Sit polymorphism with a8, receptor function has
remained unclear.

An inherited variation in transcription of «, inte-
grin gene was identified, -52C/T and -92C/G polymor-
phism.!'? This polymorphism also affects the density
of a8 receptor. Reduced surface expression of o,
was found in individuals carrying the -52T allele and
the -92G allele.

CD36 (GP IV, GP 11Ib)

CD36 is a scavenger receptor, expressed in a vari-
ety of cells, such as endothelial cells, monocyte/
macrophages, muscle cells and adipocytes.!'® This
molecule on platelets was named GP IV or GP IIlb.
Many early studies of CD36 were performed on
platelets, mostlyin Japansince the first case with trans-
fusion refractory thrombocytopenia was described
due to a platelet specific antibody against CD36.
The epitope on CD36 is called Nak and individuals
lacking CD36 are Nak®~. Three to eleven percent of
the Japanese population are Nak?®~ phenotype. The
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functions of CD36 were investigated using platelets
from Nak?~ individuals. Nak®~ platelets exhibited
impaired aggregation to fibrillar collagen.!* Colla-
gen and thrombospondin are known as ligands for
CD36. Plasmodium falciparum infected red blood cells
adhered to endothelium via CD36.!'5 CD36 also binds
to lipoproteins and phospholipids, although the phys-
iological or pathological significance of CD36 remains
unclear.

CD36 Polymorphisms

Platelet-specific alloantigen, Nak, was first identified
in a Japanese thrombocytopenic patient, who devel-
oped platelet transfusion refractoriness.!'* There was
asignificant racial difference in Nak phenotype. While
lack of GP IV (Nak?®-) was extremely rare in US blood
donors, approximately3%-11% ofJapanese donors are
deficient of GPIV (CD36).!'6 Similar incidence of Nak?-
platelet phenotype was reported in African Ameri-
cans. Platelet transfusion refractoriness in patients
with a history of frequent transfusion could be partly
due to platelet specific alloantibody against Nak in
Asia.

Molecular basis of CD36 polymorphism was exten-
sively studied also by Japanese investigators.!'” The
C478T single base substitution (proline 90 — ser-
ine) interrupts posttranslational modification of CD36
causing degradation of its precursor in the cyto-
plasm, which accounts for CD36 deficiency. However,
CD36 deficient individuals exhibit no bleeding ten-
dency.!1®

GP VI

GP VI, a member of the immunoglobulin superfam-
ily, is the major collagen receptor in addition to «» 8,
integrin.!'® GP VI gene, located on chromosome 19q
13.4, consists of 8 exons.!'® Exon 3 and 4 encode
the two Ig-C2 domains which contain the collagen
binding domain. Exon 8 encodes the transmembrane
region and the cytoplasmic domain. The transmem-
braneregion has arginine in the third amino acid posi-
tion, which binds to asparatic acid residue in the trans-
membrane region of FcRy chain to form the complex.
Expression of GP VI requires FcRy, while FcRy expres-
sion without GP VI. FcRy is critical for the signaling in
platelet adhesion to collagen.!2°

The functions of GP VI were originally studied by
Japanese investigators using platelets deficient in GP
VI. Patients’ platelets showed impaired response to
collagen. Interestingly, the first case reported in Japan
exhibited an autoantibody against GP VIL.!2! Later
experiments showed that the loss of GP VI from the
platelet surface was induced by anti-GP VI mono-
clonal antibodies possibly due to metalloprotease-
dependent cleavage of GP VI resulting in impaired
platelet adhesion to collagen.'?? Patients with GP VI
deficient platelets exhibit only a mild bleeding ten-
dency. The role of GP VI on platelet activation by col-
lagen was recently investigated using collagen-related
peptides (CRP) consisting of GPO n sequences or
the snake venom, c-type lectin, convulxin as ago-
nists.!?>12¢ Both agonists could induce clustering
of GP VI molecules on the platelet surface lead-
ing to association of signaling molecules in prox-
imity. GP VI-deficient platelets fail to aggregate in
response to collagen while signaling occurs, possi-
bly through «» g, integrin.'? In cells expressing only
GP VI, collagen does not induce Ca®* signaling, while
convulxin does. Careful explanations should, there-
fore, be given in the results of experiments using
collagen-mimetic agonists. Collagen contains many
binding sites for different molecules. Distribution of
these binding sites is important to understand the
molecular mechanisms of collagen-induced platelet
activation. It is thought that both GP VI and «,8;
integrins are required for full platelet response to
collagen. There is a “two-step, two site” model of col-
lagen activation, in which binding to GP VI activates
platelets and upregulates o, 8, integrin. Inhibition of
GP VI inhibits thrombus formation, while blockage of
a1 showed little effects. These findings may suggest
GP Vlis a potential target for antithrombotic therapy.

GP VI Polymorphisms

The T/C polymorphism at the residue 13254 causes
Ser/Pro substitution at the residue 219.126 Platelets
from individuals with Pro219 allele were shown to
have reduced number of GP VI receptors and to be
less thrombogenic on a collagen surface.'?” A recent
study identifies 18 single nucleotide polymorphisms
(SNPs) encoding for five common aminoacid sostitu-
tion resulting in 14 GP VI protein isoforms that differ
in their response to GP VI-specific ligands.'?
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TAKE-HOME MESSAGES

mune and immune reactions.
and GP VI.

immunogenicity.

glycoproteins.

- Platelets present several glycoproteins on their surface, acting as adhesive receptors but also as antigens for autoim-
+ The main glycoproteins are the GP Ib/IX/V complex, the «y,83 integrin, the ;81 integrin, CD36 (GP IV or GP IlIb),
+ For each of these, several polymorphisms have been described, influencing both platelet function and platelet

+ The identification and characterization of the genes encoding for these glycoproteins, crystallography studies, mice
gene knockout models have contributed to getting an increasingly deeper insight into the role of platelet surface

FUTURE AVENUES OF RESEARCH

Numerous platelet membrane glycoproteins function
as adhesion and signaling receptors and play a cru-
cialrole as antigens in auto and alloimmune reactions.
Studies on the identification of genetic polymorphism,
involving genes encoding for most of these glycopro-
teins, as well as gene targeting and other experimental
techniques in mice, have provided increasingly deeper
insights. The further identification of yet undiscov-
ered polymorphisms of the main platelet glycopro-
teins, as well as the further characterization of other
less well known surface membrane glycoproteins, for
example CD9 (a tetraspanning) and CD47 (integrin-
associated protein), may enhance our knowledge on
platelet function and immunogenicity.

Targeted ablation of the genes for the major gly-
coprotein receptors in a tissue-specific way will also
provide further information about the possible con-
sequences of natural defects GPs. Finally, the clari-
fication of the role and mechanism of regulation of
platelet glycoproteins may help to develop more effec-
tive antiplatelet agents, such as anti-GP IIb/IIIa with-
out agonistic activity — for instance, inhibiting only
high-affinity ligand binding without affecting low-
affinity interactions.

REFERENCES

1. Clemetson KJ. Platelet GP Ib-V-IX complex. Thromb
Haemost 1997;78:266-70.

2. IkedaY, Handa M, Murata M, Goto S. A new approach to
antiplatelet therapy: Inhibitor of GP Ib/V/IX-VWF
interaction. Haemostasis 2000;30:44-52.

3. DuX, Beutler L, Ruan C, Castaldi PA, Berndt MC.
Glycoprotein Ib and glycoprotein IX are fully complexed in

10.

11.

12.

13.

the intact platelet membrane. Blood 1987;69:
1524-7.

. Modderman PW, Admiraal LG, Sonnenberg A, von dem

Borne AE. Glycoproteins V and Ib-IX form a noncovalent
complex in the platelet membrane. J Biol Chem 1992;267:
364-9.

. Uzan G, Prandini MH, Berthier R. Regulation of gene

transcription during the differentiation of megakaryocytes.
Thromb Haemost 1995;74:210-12.

. DongJF, Gao S, Lopez JA. Synthesis, assembly, and

intracellular transport of the platelet glycoprotein Ib-IX-V
complex. J Biol Chem 1998;273:31449-54.

. Ulsemer P, Strassel C, Baas MJ, Salamero J,

Chasserot-Golaz S, Cazenave JP, De La Salle C, Lanza E
Biosynthesis and intracellular post-translational
processing of normal and mutant platelet glycoprotein GP
Ib-IX. Biochem J 2001;358:295-303.

. LopezJA, Leung B, Reynolds CC, Li CQ, Fox JE. Efficient

plasma membrane expression of a functional platelet
glycoprotein Ib-IX complex requires the presence of its
three subunits. J Biol Chem 1992; 267:12851-9.

. LopezJA, Andrews RK, Afshar-Kharghan V, Berndt MC.

Bernard-Soulier syndrome. Blood 1998;91:4397-418.
Strassel C, Nonne C, Eckly A, et al. Decreased thrombotic
tendency in mouse models of the Bernard-Soulier
syndrome. Arterioscler Thromb Vasc Biol 2007;27: 241-7.
Kahn ML, Diacovo TG, Bainton DF, Lanza E Trejo J,
Coughlin SR. Glycoprotein V-deficient platelets have
undiminished thrombin responsiveness and do not exhibit
a Bernard-Soulier phenotype. Blood 1999;94:4112-21.
Hocking AM, Shinomura T, McQuillan DJ. Leucine-rich
repeat glycoproteins of the extracellular matrix. Matrix Biol
1998;17:1-19.

Lopez JA, Chung DW, Fujikawa K, Hagen FS,
Papayannopoulou T, Roth GJ. Cloning of the alpha chain of
human platelet glycoprotein Ib: a transmembrane protein
with homology to leucine-rich alpha 2-glycoprotein. Proc
Natl Acad Sci USA 1987;84:5615-19.




Yasuo lkeda, Yumiko Matsubara, and Tetsuji Kamata

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Huizinga EG, Tsuji S, Romijn RA, et al. Structures of
glycoprotein Ib alpha and its complex with von Willebrand
factor A1 domain. Science 2002;297:1176-9.

Uff S, Clemetson JM, Harrison T, Clemetson KJ, Emsley J.
Crystal structure of the platelet glycoprotein Ib (alpha)
N-terminal domain reveals an unmasking mechanism for
receptor activation. J Biol Chem 2002;277:35657-63.

Du X, Fox JE, Pei S. Identification of a binding sequence for
the 14-3-3 protein within the cytoplasmic domain of the
adhesion receptor, platelet glycoprotein Ib alpha. J Biol
Chem 1996;271:7362-7.

Andrews RK, Harris SJ, McNally T, Berndt MC. Binding of
purified 14-3-3 zeta signaling protein to discrete amino
acid sequences within the cytoplasmic domain of the
platelet membrane glycoprotein Ib-IX-V complex.
Biochemistry 1998;37:638-47.

Mangin P, David T, Lavaud V, et al. Identification of a novel
14-3-3zeta binding site within the cytoplasmic tail of
platelet glycoprotein Ib alpha. Blood 2004;104:420-7.
LopezJA, Chung DW, Fujikawa K, Hagen FS, Davie EW,
Roth GJ. The alpha and beta chains of human platelet
glycoprotein Ib are both transmembrane proteins
containing a leucine-rich amino acid sequence.

Proc Natl Acad Sci USA 1988;85:2135-9.

Wardell MR, Reynolds CC, Berndt MC, Wallace RW, Fox JE.
Platelet glycoprotein Ib beta is phosphorylated on serine
166 by cyclic AMP-dependent protein kinase. J Biol Chem
1989;264:15656-61.

Andrews RK, Munday AD, Mitchell CA, Berndt MC.
Interaction of calmodulin with the cytoplasmic domain of
the platelet membrane glycoprotein Ib-IX-V complex.
Blood 2001;98:681-7.

Hickey MJ, Williams SA, Roth GJ. Human platelet
glycoprotein IX: an adhesive prototype of leucine-rich
glycoproteins with flank-center-flank structures. Proc Natl
Acad Sci USA 1989;861:6773-7.

Hickey MJ, Hagen FS, Yagi M, Roth GJ. Human platelet
glycoprotein V: characterization of the polypeptide and the
related Ib-V-IX receptor system of adhesive, leucine-rich
glycoproteins. Proc Natl Acad Sci USA 1993;90:8327-31.
Lanza F, Morales M, de La Salle C, et al. Cloning and
characterization of the gene encoding the human platelet
glycoprotein V. A member of the leucine-rich glycoprotein
family cleaved during thrombin-induced platelet
activation. J Biol Chem 1993;268:20801-7.

Berndt MC, Phillips DR. Purification and preliminary
physicochemical characterization of human platelet
membrane glycoprotein V. J Biol Chem 1981;256:

59-65.

Arya M, Anvari B, Romo GM, et al. Ultra-large multimers of
von Willebrand factor form spontaneous high strength
bonds with the plataelet glycoprotein Ib-IX complex:
Studies using optical tweezers. Blood 2002;99:3971-7.

27.

28.

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nurden AT. Qualitative disorders of platelets and
megakaryocytes. ] Thromb Hemost 2005;3:1773-82.
Goto S, Ikeda Y, Saldivar E, Ruggeri ZM. Distinct
mechanisms of platelet aggregation as a consequence of
different shearing flow conditions. J Clin Invest
1998;101:479-86.

. Ramakrishnan V, DeGuzman F, Bao M, Hall SW, Leung LL,

Philips DR. A thrombin receptor function for platelet
glycoprotein Ib-IX unmasked by cleavage of glycoprotein V.
Proc Natl Acad Sci USA 2001;98:1823-8.

Celikel R, McClintock RA, Roberts JR, et al. Modulation of
a-thrombin function by distinct interactions with platelet
glycoprotein Iba. Science 2003;301:218-21.

Dumas JJ, Kumar R, Seehra J, Somers SW, Mosyak L. Crystal
structure of the GP Iba-thrombin complex essential for
platelet aggregation. Science 2003;301:222-6.

Baglia FA, Badellino KO, Li CQ, Lopez JA, Walsh PN. Factor
XI binding to the platelet glycoprotein Ib-IX-V complex
promotes factor XI activation by thrombin. J Biol Chem
2002;277:1662-8.

Baglia FA, Shirimpton CN, Lopez JA, Walsh PN. The
glycoprotein Ib-IX-V complex mediates localization of
factor XI to lipid rafts on the platelet membrane. J Biol
Chem 2003;278:21744-50.

Kanaji T, Russell S, Cunningham J, Izuhara K, Fox JE, Ware J.
Megakaryocyte proliferation and ploidy regulated by the
cytoplasmic tail of glycoprotein Ibalpha. Blood
2004;104:3161-8.

Rabie T, Strehl A, Ludwig A, Nieswandt B. Evidence for a
role of ADAM17 (TACE) in the regulation of platelet
glycoprotein V. J Biol Chem 2005;280:14462-8.

Bergmeier W, Piffath CL, Cheng G, et al. Tumor necrosis
factor-alpha-converting enzyme (ADAM17) mediates GP
Ibalpha shedding from platelets in vitro and in vivo.

Circ Res 2004;95:677-83.

Ozaki Y, Asazuma N, Suzuki-Inoue K, Berndt MC. Platelet
GP Ib-IX-V-dependent signaling. ] Thromb Haemost
2005;3:1745-51.

Saji H, Maruya E, Fujii H, et al. New platelet antigen, Sib?,
involved in platelet transfusion refractoriness in a Japanese
man. Vox Sang 1989;56:283-7.

Murata M, Furihata K, Ishida E et al. Genetic and structural
characterization of an amino acid dimorphism in
glycoprotein Ibe involved in platelet transfusion
refractoriness. Blood 1992;79:3086-90.

Kuijpers R WAM, Faber NM, Cuypers HTM, et al.
NH2-terminal globular domain of human platelet
glycoprotein Iba has a methinoine 145/threomine

145 amino acid polymorphism, which is associated with
the HPA- (Ko) alloantigens. J Clin Invest 1992;89:

381-4.

Moroi M, Jung SM, Yoshida N. Genetic polymorphism of
platelet glycoprotein Ib. Blood 1984;64:622-9.



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Matsubara Y, Murata M, Hayashi T, et al. Platelet
glycoprotein Iba polymorphisms affect the interaction with
von Willebrand factor under flow conditions. Br ] Haematol
2005;128:533-9.

Kaski S, Kekomki R, Partanen J. Systematic screeing for
genetic polymorphism in human platelet glycoprotein Iba.
Immunogenetics 1996;44:170-6.

Ishida F, Ito T, Takei M, et al. Genetic linkage of Kozak
sequence polymorphism of the platelet glycoprotein Iba
with human platelet antigen-2 and variable number of
tandem repeat polymorphism, and its relationship with
coronary artery disease. Br J Haematol 2000;111:

1247-9.

Afshar-Khargham V, Li CQ, Khoshnevis-Asl M, et al. Kozak
sequence polymorphism of the glycoprotein (GP) Iba gene
is a major determinant of the plasma membrane levels of
the platelet GP Ib-IX-V complex. Blood 1999;94:186-91.
Cadroy Y, Sakariassen KS, Charlet, JP, et al. Role of four
platelet membrane glycoprotein polymorphisms on
experimental arterial thrombus formation in men. Blood
2001;98:3159-61.

Jilma-Stohlawetz P, Homoncik M, Jilma B, et al.
Glycoprotein Ib polymorphisms influence platelet plug
formation under high shear rate. Br ] Haematol 2003;
120:652-5.

Savage B, Almus-Jacobs F, Ruggeri ZM. Specific synergy

of multiple substrate-receptor interactions in platelet
thrombus formation under flow. Cell 1998;94:657-66.
Phillips DR, Charo IF, Parise LV, Fitzgerald LA. The platelet
membrane glycoprotein IIb-IIla complex. Blood
1988;71:831-43.

Nurden AT. Glanzmann thrombasthenia. Orphanet J Rare
Dis 2006;1:10.

Coller BS. Anti-GP IIb/IIla drugs: current strategies and
future directions. Thromb Haemost 2001;86:427-43.

Hynes RO. Integrins: bidirectional, allosteric signaling
machines. Cell 2002;110:673-87.

Fitzgerald LA, Steiner B, Rall SCJr, Lo SS, Phillips DR.
Protein sequence of endothelial glycoprotein Illa derived
from a cDNA clone. Identity with platelet glycoprotein Illa
and similarity to “integrin.” J Biol Chem 1987;262:

3936-9.

Poncz M, Eisman R, Heidenreich R, et al. Structure of the
platelet membrane glycoprotein IIb. Homology to the alpha
subunits of the vitronectin and fibronectin membrane
receptors. ] Biol Chem 1987;262:8476-82.

Weisel JW, Nagaswami C, Vilaire G, Bennett JS. Examination
of the platelet membrane glycoprotein IIb-IITa complex
and its interaction with fibrinogen and other ligands by
electron microscopy. J Biol Chem 1992;267:16637-43.
XiongJP, Stehle T, Diefenbach B, et al. Crystal structure of
the extracellular segment of integrin alphay betas. Science
2001;294:339-45.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

CHAPTER 2:

Platelet Immunology

XiongJP, Stehle T, Zhang R, et al. Crystal structure of the
extracellular segment of integrin alphay betaz in

complex with an Arg-Gly-Asp ligand. Science 2002;296:
151-5.

Xiao T, Takagi J, Coller BS, Wang JH, Springer TA. Structural
basis for allostery in integrins and binding to
fibrinogen-mimetic therapeutics. Nature 2004;432:59-67.
Chen J, Salas A, Springer TA. Bistable regulation of integrin
adhesiveness by a bipolar metal ion cluster. Nat Struct Biol
2003;10:995-1001.

Mould AP, Akiyama SK, Humphries MJ. Regulation of
integrin alpha 5 beta 1-fibronectin interactions by
divalent cations. Evidence for distinct classes of binding
sites for Mn2+, Mg2+, and Ca2+. J Biol Chem 1995;270:
26270-7.

Ginsberg MH, Partridge A, Shattil SJ. Integrin regulation.
Curr Opin Cell Biol 2005;17:509-16.

Takagi J, Petre BM, Walz T, Springer TA. Global
conformational rearrangements in integrin extracellular
domains in outside-in and inside-out signaling. Cell
2002;110:599-611.

Calderwood DA, Zent R, Grant R, Rees DJ, Hynes RO,
Ginsberg MH. The Talin head domain binds to integrin beta
subunit cytoplasmic tails and regulates integrin activation.
J Biol Chem 1999;274:28071-4.

Vinogradova O, Velyvis A, Velyviene A, et al. A structural
mechanism of integrin alpha,) betag) “inside-out”
activation as regulated by its cytoplasmic face. Cell
2002;110:587-97.

Kamata T, Handa M, Sato Y, Ikeda Y, Aiso S.
Membrane-proximal (alpha)/(beta) stalk interactions
differentially regulate integrin activation. J Biol Chem
2005;280:24775-83.

Kamata T, Tieu KK, Irie A, Springer TA, Takada Y. Amino
acid residues in the alphayy, subunit that are critical for
ligand binding to integrin alphayy, betas are clustered in the
beta-propeller model. J Biol Chem 2001;276:44275-83.
Puzon-McLaughlin W, Kamata T, Takada Y. Multiple
discontinuous ligand-mimetic antibody binding sites
define a ligand binding pocket in integrin alpha,) betag,).
J Biol Chem 2000;275:7795-802.

Artoni A, Li J, Mitchell B, Ruan J, Takagi J, Springer TA,
French DL. Integrin beta3 regions controlling binding of
murine mAb 7E3: implications for the mechanism of
integrin alphayy, betas activation. Proc Natl Acad Sci USA
2004;101:13114-20.

Frelinger AL III, Lam SC, Plow EF, Smith MA, Loftus JC,
Ginsberg MH. Occupancy of an adhesive glycoprotein
receptor modulates expression of an antigenic site involved
in cell adhesion. J Biol Chem 1988;263:12397-402.

Du X, GuM, Weisel JW, et al. Long range propagation of
conformational changes in integrin alphayy, betas.

J Biol Chem 1993;268:23087-92.




Yasuo lkeda, Yumiko Matsubara, and Tetsuji Kamata

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Honda S, Tomiyama Y, Pelletier AJ, et al. Topography of
ligand-induced binding sites, including a novel cation-
sensitive epitope (AP5) at the amino terminus, of the
human integrin betas subunit. J Biol Chem 1995;270:
11947-54.

Loftus JC, Plow EF, Frelinger AL, et al. Molecular cloning
and chemical synthesis of a region of platelet glycoprotein
IIb involved in adhesive function. Proc Natl Acad Sci USA
1987;84:7114-18.

Newman PJ, Derbes RS, Aster RH. The human platelet
alloantigens P1*?, are associated with a leucine 33/proline
33 amino acid polymorphism in membrane glycoprotein
IIIa, and are distinguishable by DNA typing. J Clin Invest
1989;83:1778-81.

Shibata Y, Miyaji Tl, Ichikawa Y, et al. A new platelet antigen
system, Yuk® /Yuk®. Vox Sang 1986;51:334-6.

Furihata K, Nugent DJ, Bissonette A, et al. On the
association of the platelet-specific alloantigen, Pen?, with
glycoprotein Illa. Evidence for heterogeneity of
glycoprotein IIla. J Clin Invest 1987;80:1624-30.

Wang R, Furihata K, McFarland JG, et al. An amino acid
polymorphism within the RGD binding domain of platelet
membrane glycoprotein Illa is responsible for the
formation of the Pen?/Pen® alloantigen system. J Clin
Invest 1992;90:2038-43.

Tanaka S, Ohnuki S, Shibata H, et al. Gene frequencies of
human platelet antigens on glycoprotein Illa in Japanese.
Transfusion 1996;36:813-17.

Kuijpers RW, Simsek S, Faber NM, et al. Single point
mutation in human glycoprotein Illa is associated with a
new platelet-specific alloantigen (Mo) involved in neonatal
alloimmune thrombocytopenia. Blood 1993;71:70-6.

Wang R, McFarland JG, Kekomaki R, et al. Amino acid 489 is
encoded by a mutational “hot spot” on the g3 integrin
chain: The CA/TU human platelet alloantigen system.
Blood 1993;72:3386-91.

Santoso S, Kalb R, Kroll H, et al. A point mutation leads to
an unpaired cysteine residue and a molecular weight
polymorphism of a functional platelet B3, integrin subunit.
The Sr alloantigen system of GP Illa. J Biol Chem
1994;269:8439-44.

Peyruchaud O, Bourre F, More-Kopp MC, et al. HPA-10w(b)
(La®): Genetic determination of a new platelet-specific
alloantigen on glycoprotein IITa and its expression in COS-7
cells. Blood 1997;89:2422-8.

Simsek S, Folman C, van der Schoot CE, et al. The
Arg633His substitution responsible for the private platelet
antigen Gro® unraveled by SSCP analysis and direct
sequencing. Br ] Haemotol 1997;97:330-35.

Jallu V, Meunier M, Brement M, et al. A new platelet
polymorphism Duv (a+), localized within the RGD binding
domain of glycoprotein IIIa, is associated with neo-natal
thrombocytopenia. Blood 2002;99:4449-56.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Von dem Borne AE, von Riesz E, Verheugt FW, et al. Bak?, a
new platelet specific antigen involved in neonatal
allo-immune thrombocytopenia. Vox Sang 1980;39:
113-20.

Lyman S, Aster RH, Visentin GP, et al. Polymorphism of
human platelet membrane glycoprotein IIb associate with
the Bak®/Bak® alloantigen system. Blood 1990;75:2343-8.
Quinn MJ, Byzova TV, Qin J, Topol EJ, Plow EE Integrin
alphayy, betas and its antagonism. Arterioscler Thromb Vasc
Biol 2003;23:945-52.

Peter K, Schwarz M, Bode C. Activating effects of GP ITb/IITa
blockers: an intrinsic consequence of ligand-mimetic
properties. Circulation 2002;105:E180-1.

Elices MJ, Hemler ME. The human integrin VLA-2 is a
collagen receptor on some cells and a collagen/laminin
receptor on others. Proc Natl Acad Sci USA 1989;86:9906-10.
Staatz WD, Rajpara SM, Wayner EA, Carter WG, Santoro SA.
The membrane glycoprotein Ia-IIa (VLA-2) complex
mediates the Mg**-dependent adhesion of platelets to
collagen. J Cell Biol 1989;108:1917-24.

Santoro SA, Zutter MM. The alpha, beta; integrin: a
collagen receptor on platelets and other cells. Thromb
Haemost 1995;74:813-21.

Pischel KD, Bluestein HG, Woods VL Jr. Platelet
glycoproteins Ia, Ic, and Ila are physicochemically
indistinguishable from the very late activation antigens
adhesion-related proteins of lymphocytes and other cell
types. J Clin Invest 1988;81:505-13.

Coller BS, Beer JH, Scudder LE, Steinberg MH.
Collagen-platelet interactions: evidence for a direct
interaction of collagen with platelet GP Ia/Ila and an
indirect interaction with platelet GP IIb/IIla mediated by
adhesive proteins. Blood 1989;74:182-92.

Kunicki TJ, Kritzik M, Annis DS, Nugent D]. Hereditary
variation in platelet integrin alpha, beta; density is
associated with two silent polymorphisms in the alpha 2
gene coding sequence. Blood 1997;15:1939-43.

Zutter MM, Fong AM, Krigman HR, Santoro SA. Differential
regulation of the alpha, beta; and alpha y, beta; integrin
genes during megakaryocytic differentiation of
pluripotential K562 cells. J Biol Chem 1992;267:20233-48.
Takada Y, Hemler ME. The primary structure of the
VLA-2/collagen receptor alpha 2 subunit (platelet GP Ia):
homology to other integrins and the presence of a possible
collagen-binding domain. J Cell Biol 1989;109:397-407.
Emsley J, Knight CG, Farndale RW, Barnes MJ, Liddington
RC. Structural basis of collagen recognition by integrin
alpha, beta;. Cell 2000;101:47-56.

Goodfellow PJ, Nevanlinna HA, Gorman P, Sheer D,

Lam G, Goodfellow PN. Assignment of the gene encoding
the beta-subunit of the human fibronectin receptor
(beta-FNR) to chromosome 10p11.2. Ann Hum Genet
1989;53:15-22.



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Altruda F, Cervella P, Tarone G, et al. A human integrin beta
1 subunit with a unique cytoplasmic domain generated by
alternative mRNA processing. Gene 1990;95:261-6.
Languino LR, Ruoslahti E. An alternative form of the
integrin beta 1 subunit with a variant cytoplasmic domain.
J Biol Chem 1992;267:7116-20.

Nieswandt B, Watson SP. Platelet-collagen interaction: is
GP VI the central receptor? Blood 2003;102:449-61.
Suzuki-Inoue K, Ozaki Y, Kainoh M, et al. Rhodocytin
induces platelet aggregation by interacting with
glycoprotein Ia/Ila (GP Ia/IIa, Integrin alpha, beta;).
Involvement of GP Ia/Ila-associated src and protein
tyrosine phosphorylation. J Biol Chem 2001;276:1643-1652.
Polanowska-Grabowska R, Geanacopoulos M, Gear AR.
Platelet adhesion to collagen via the alpha, beta; integrin
under arterial flow conditions causes rapid tyrosine
phosphorylation of pp125FAK. Biochem J
1993;296:543-547.

Polanowska-Grabowska R, Gibbins JM, Gear AR. Platelet
adhesion to collagen and collagen-related peptide under
flow: roles of the [alphal, [beta]; integrin, GP VI, and Src
tyrosine kinases. Arterioscler Thromb Vasc Biol
2003;23:1934-40.

Nieuwenhuis HK, Akkerman JW, Houdijk WP, Sixma JJ.
Human blood platelets showing no response to collagen fail
to express surface glycoprotein Ia. Nature 1985;318:470-2.
Holtkotter O, Nieswandt B, Smyth N, et al. Integrin alpha
2-deficient mice develop normally, are fertile, but display
partially defective platelet interaction with collagen. J Biol
Chem 2002;277:10789-94.

Chen J, Diacovo TG, Grenache DG, Santoro SA, Zutter MM.
The alpha(2) integrin subunit-deficient mouse: a
multifaceted phenotype including defects of branching
morphogenesis and hemostasis. Am J Pathol
2002;161:337-44.

Santoso S, Kalb R, Walka M, et al. The human platelet
alloatigens Br? and BrP are associated with a single amino
acid polymorphism on glycoprotein Ia (integrin subunit
a,). J Clin Invest 1993;92:2427-32.

Kritzik M, Savage B, Ngent DJ, et al. Nucleotide
polymorphisms in the o, gene define multiple alleles that
are associated with differences in Platelet o, 81 density.
Blood 1998;92:2372-88.

Corral ], Rivera J, Gonzales-Conejero R, et al. The number
of platelet glycoprotein Ia molecules is associated with the
genetically linked 807 C/T and HPA-5 polymorphisms.
Transfusion 1999;39:372-8.

Matsubara Y, Murata M, Maruyama T, et al. Association
between diabetic retinopathy and genetic variations in
«2p1 integrin, a platelet receptor for collagen. Blood
2000;95:1560-4.

Santoso S, Amrthein J, Ormann HA, et al. A point mutation
Thrzg9Met on the «, integrin leads to the formation of new

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

CHAPTER 2:

Platelet Immunology

human platelet alloantigen Sit* and affects
collagen-induced aggregation. Blood 1999;94:

4103-111.

Jacquelin B, Tarantino MD, Kritzik M, et al.
Allele-dependent transcriptional regulation of the human
integrin a» gene. Blood 2001;94:1721-6.

Hirano K, Kuwasako T, Nakagawa-Toyama Y, Janabi M,
Yamashita S, Matsuzawa Y. Pathophysiology of human
genetic CD36 deficiency. Trends Cardiovasc Med
2003;13:136-41.

Tomiyama Y, Take H, Tkeda H, et al. Identification of the
platelet-specific alloantigen, Nak?®, on platelet membrane
glycoprotein IV. Blood 1990;75:684-7.

Tandon NN, Ockenhouse CF, Greco NJ, Jamieson GA.
Adhesive functions of platelets lacking glycoprotein IV
(CD36). Blood 1991;78:2809-13.

Yamamoto N, Ikeda H, Tandon NN, et al. A platelet
membrane glycoprotein (GP) deficiency in healthy blood
donors. Blood 1990;76:1698-703.

Kashiwagi H, Tomiyama Y, Honda S, et al.Molecular basis of
CD36 deficiency. Evidence that a 478C— T substitution
(proline90 — serine) in CD36 ccDNA accounts fo CD36
deficiency. J Clin Invest 1995;95:1040-6.

Clemetson JM, Polgar J, Mognenat E, Wells TN, Clemetson
KJ. The platelet collagen receptor glycoprotein VI is a
member of the immunoglobulin superfamily closely
related to FcaR and the natural killer receptors. J Biol Chem
1999;274:29019-24.

Ezumi Y, Uchiyama T, Takayama H. Molecular cloning,
genomic structure, chromosomal localization, and
alternative splice forms of the platelet collagen receptor
glycoprotein VI. Biochem Biophys Res Commun
2000;277:27-36.

Gibbins JM, Okuma M, Farndale R, Barnes M, Watson SP.
Glycoprotein VI is the collagen receptor in platelets which
underlies tyrosine phosphorylation of the Fc receptor
y-chain. FEBS Lett 1997;413:255-9.

Sugiyama T, Okuma M, Ushikubi F, Sensaki S, Kanji K,
Uchino H. A novel platelet aggregating factor found in a
patient with defective collagen-induced platelet
aggregation and autoimmune thrombocytopenia. Blood
1987;69:1712-20.

Stephens G, Yan Y, Jandrot-Perrus M, Villeval JL, Clemetson
KJ, Phillips DR. Platelet activation induces
metalloproteinase-dependent GP VI cleavage to
down-regulate platelet reactivity to collagen. Blood
2005;105:186-91.

Morton LF, Hargreaves PG, Farndale RW, Young RD, Barnes
M]J. Integrin «2p I-independent activation of platelets by
simple collagen-like peptides: Collagen tertiary
(triple-helical) and quaternary (polymeric) structures are
sufficient alone for «2f1-independent platelet reactivity.
Biochem J 1995;306:337—44.




Yasuo lkeda, Yumiko Matsubara, and Tetsuji Kamata

124.

125.

126.

Jandrot-Perrus M, Lagrue AH, Okuma M, Bon C. Adhesion
and activation of human platelets induced by convulxin
involve glycoprotein VI and integrin a, 8,. J Biol Chem
1997;272:27035-41.

Ichinohe T, Takayama H, Ezumi Y, Arai M, Yamamoto N,
Takahashi H. Collagen-stimulated activation of Syk but not
c-Src is severely compromised in human platelets lacking
membrane glycoprotein VI. J Biol Chem 1997;272:63-8.
Croft SA, Samani NJ, Teare MD, et al. Novel platelet
membrane glycoprotein VI dimorphism is a risk factor for
myocardial infarction. Circulation 2001;104:1459-63.

127.

128.

Joutsi-Korhonen L, Smethurst PA, Rankin A, et al. The
low-frequency allele of the platelet collagen signaling
receptor glycoprotein VI is associated with reduced
functional responses and expression. Blood
2003;101:4372-9.

Watkins NA, O’Connor MN, Rankin A, et al. Definition of
novel GP 6 polymorphisms and major difference in
haplotype frequencies between populations by a
combination of in-depth exon resequencing and
genotyping with tag single nucleotide polymorphisms.
J Thromb Haemost 2006;4:1197-205.



MECHANISMS OF PLATELET ACTIVATION

Lawrence F. Brass and Timothy ). Stalker

University of Pennsylvania, Philadelphia, PA, USA

INTRODUCTION

Platelets evolved as a means of responding to injuries
that produce holes in a high-pressure circulatory sys-
tem and, to a great extent, the attributes acquired
by platelets through evolution reflect the demands
placed upon them. To be maximally useful and min-
imally harmful, circulating platelets must be able to
sustain repeated contact with the normal vessel wall
without premature activation, recognize the unique
features of a damaged wall, cease their forward motion
upon recognition of damage, adhere to the vessel wall
despite the forces produced by continued blood flow,
and stick (cohere) to each other, forming a stable plug
of the correct size that can remain in place until it
is no longer needed. Pathologic thrombus formation
occurs when diseases or drugs subvert the mecha-
nisms designed to allow platelets to respond as rapidly
as possible to injury.

Although much has been discovered about the
mechanisms that underlie normal platelet activation,
a considerable amount still remains to be learned.
Platelets have been the subject of fruitful investigation
for most of the past 50 years. However, a number of
technical breakthroughs within the past 10 years have
moved the field along considerably. Among these are
the widespread use of genetically modified mice, the
availability of improved methods for studying platelet
function in vitro and in vivo under flow conditions
and in real time, a better understanding of signal-
ing mechanisms in general, and the development of
methods that allow megakaryocyte (MK) maturation
and platelet formation to be studied ex vivo. Systems
biology approaches and the application of proteomics
to platelets offer at least the promise of additional
insights, even if that promise has not been fully real-
ized.

THREE STAGES OF PLATELET
PLUG FORMATION

Platelet plug formation can be divided into three over-
lapping stages: initiation, extension, and perpetua-
tion (Fig. 3.1). Initiation can occur in more than one
way. In the setting of trauma to the vessel wall, it may
occur because circulating platelets are captured and
then activated by exposed collagen decorated with
von Willebrand factor (VWF) multimers. This pro-
duces a platelet monolayer that supports thrombin
generation and the subsequent piling on of addi-
tional platelets. A key to these events is the pres-
ence of receptors on the platelet surface that can sup-
portthe VWE-dependent capture of tumbling platelets
(glycoprotein Ib and, to a lesser extent, ampB3) and
the subsequent intracellular signaling (via GP VI,
GP Ib and «8;), which causes captured platelets to
spread on the vessel wall and provide a nidus for
subsequent platelet:plateletinteractions. Platelet acti-
vation, particularly in thrombotic or inflammatory
disorders, can also be initiated by thrombin, which
activates platelets via G protein-coupled receptors
(GPCRs) in the protease-activated receptor (PAR) fam-
ily. Extension occurs when additional platelets are
recruited and activated, sticking to each other and
accumulating on top of the initial monolayer. Throm-
bin can play an important role at this point, as can
platelet-derived ADP and thromboxane A, (TxAy).
The receptors that mediate response to these agonists
are members of the superfamily of G protein—coupled
receptors. The signals they engender support the acti-
vation of integrin oy, 83, making possible the cohesive
interactions between platelets that are critical to the
formation of a meaningful hemostatic plug. Perpetu-
ation refers to the late events of platelet plug forma-
tion, when the intense but often time-limited signals
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A. Initiation (capture, adhesion, activation)

B. Extension (cohesion, secretion)

m Stages in platelet plug formation. Prior to vascular injury, platelet activation is suppressed by endothelial cell-derived inhibitory
factors. These include prostaglandin (PG) I, (prostacyclin), nitric oxide (NO) and (D39, an ADPase on the surface of endothelial cells that can
hydrolyze trace amounts of ADP that might otherwise cause inappropriate platelet activation. (A) Initiation. The development of the platelet plug
is initiated by thrombin and by the collagen-von Willebrand factor (VWF) complex, which captures and activates moving platelets. Platelets
adhere and spread, forming a monolayer. (B) Extension. The platelet plug is extended as additional platelets are activated via the release or
secretion of thromboxane A, (TxA;), ADP and other platelet agonists, most of which are ligands for G protein-coupled receptors on the platelet
surface. Activated platelets stick to each other via bridges formed by the binding of fibrinogen, fibrin or VWF to activated e, 83. (C) Perpetuation.
Finally, close contacts between platelets in the growing hemostatic plug, along with a fibrin meshwork (shown in red), help to perpetuate and

stabilize the platelet plug.

arising from GPCRs may have faded. These late events
help to stabilize the platelet plug and prevent pre-
mature disaggregation. Such events typically occur
after aggregation has begun and are facilitated by
close contacts between platelets. Examples include
outside-in signaling through integrins and other cell
adhesion molecules, and signaling through receptors
whose ligands are located on the surface of adjacent
platelets.

The platelet surface is crowded with receptors crit-
ical for hemostasis. Those directly involved in bind-
ing to collagen, VWF or fibrinogen are expressed in
the greatest numbers. There are approximately 80000

copies of integrin ampB3 and 15000 to 25000 copies
of GPIb on the surface of human platelets. In con-
trast, receptors for essential agonists such as throm-
bin, ADP, and TxA, range from a few hundred to a
few thousand per platelet. Many of these receptors
float within the lipid bilayer; others are anchored via
interactions with the membrane skeleton. Receptor
distribution is rarely uniform. Some receptors tend
to accumulate in cholesterol-enriched microdomains,
which may increase the efficiency with which platelets
are activated. Lateral mobility also allows adhesion
and cohesion receptors to accumulate at sites of
contact.



Stage I: The initiation of platelet activation

Although many molecules have been shown to cause
platelet activation in vitro, platelet activation in vivo
is typically initiated by collagen and thrombin. This
may take place at a site of acute vascular injury, where
platelet plug formation serves to stop bleeding, but the
same platelet responses can be invoked in pathologic
states in which thrombin or other platelet-activating
molecules are formed or exposed. Thrombin is gener-
ated at sites of vascular injury following the exposure
of tissue factor normally sequestered within the vessel
wall. In pathologic states, the expression of tissue fac-
tor can be upregulated on the surface of endothelial
cells or monocytes. It may also be present on circulat-
ing microvesicles, which bind to activated platelets at
sites of injury.

Under static conditions, collagen is able to cap-
ture and activate platelets without the assistance of
cofactors; but under the conditions of flow that existin
the arterial circulation, VWF plays an essential role in
supporting platelet adhesion and activation. Platelets
can adhere to monomeric collagen, but they require
the more complex structure found in fibrillar colla-
gen for optimal activation. Four receptors for collagen
have been identified on platelets. Two bind directly to
collagen (a2 81 and GPVI) and the others bind to colla-
gen via VWF (a3 and GPIb) (Fig. 3.2). Of these four
receptors, GPVIis the mostpotentin terms of initiating
signal generation. The structure of GPVI placesitin the
immunoglobulin domain superfamily.' The ability of
GPVI to generate signals rests on a constitutive asso-
ciation with the Fc receptor y-chain (FcRy). Platelets
thatlack either GPVI or the FcRy -chain have impaired
responses to collagen, as do platelets in which GPVI
has been depleted or blocked.?**°> Human platelets
with reduced expression of «, 81 have impaired colla-
gen responses,®’ as do mouse platelets that lack g1
integrins.>®

According to current models, collagen causes clus-
tering of GPVI. This leads to the phosphorylation
of FcRy by tyrosine kinases in the Src family, cre-
ating a motif recognized by the SH2 domains of
Syk. Association of Syk with GPVI/y-chain complex
activates Syk and leads to the phosphorylation and
activation of PLCy,. Much of the initial response
of platelets to agonists is directed toward activat-
ing phospholipase C. PLCy,, like other PLC isoforms,
hydrolyzes phosphatidylinositol (PI)-4,5-P, to form
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1,4,5-1P3 and diacylglycerol. IP3 opens Ca?* chan-
nels in the platelet-dense tubular system, raising
the cytosolic Ca?* concentration and triggering Ca**
influx across the platelet plasma membrane. Diacyl-
glycerol activates the more common protein kinase C
(PKC) isoforms expressed in platelets, allowing regu-
latory serine/threonine phosphorylation events.

Collectively, collagen receptors support the capture
of fast-moving platelets at sites of injury, causing acti-
vation of the captured platelets, and stimulating the
cytoskeletal reorganization that allows the previously
discoid platelets to flatten out and adhere more closely
to the exposed vessel wall. Multimeric VWF supports
this process by increasing the density of potential sites
where platelets can bind, thus increasing the likeli-
hood that platelets will encounter an available binding
site. Itappears that only GPVI and GPIb are able to bind
collagen and VWF without prior platelet activation;
but once activation begins, integrins o8, and a3
are able to bind their respective ligands as well. Some
of the integrin-activating signaling will occur down-
stream of GPVI, but there is evidence that the GPIb-
IX-V complex can signal as well, as can @ 81 and e, 83
once they are engaged.

Stage II: Extension of the hemostatic
plug through recruitment
of additional platelets

The formation of a platelet monolayer following the
exposure of collagen and VWF is sufficient to initi-
ate platelet plug formation but insufficient to prevent
bleeding. Hemostasis requires platelets to stick to each
other, a process that is technically termed “cohesion”
but is commonly referred to as “platelet aggregation”
when studied ex vivo with the platelets in suspension.
The recruitment of additional platelets is made pos-
sible by the local accumulation of agonists, including
ADP and TxA,, which are released from platelets and
by the local generation of thrombin (Fig. 3.1B). Con-
tacts between platelets are maintained by a variety of
interactions, of which the most essential is the bind-
ing of a multivalent ligand (typically fibrinogen, fib-
rin, or VWF) to activated o, 83. Defects in cohesion
can producessignificantrisk of bleeding. Two examples
are Glanzmann’s thrombasthenia, in which affected
patientslack functional ayp 83, and the administration
of aqp B3 antagonists, which work by blocking fibrino-
gen binding.
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m Collagen receptors. Platelets use several different molecular complexes to support platelet activation by collagen. These include

(1) VWF-mediated binding of collagen to the GPIb-IX-V complex and integrin oy, 83, 2) a direct interaction between collagen and both the integrin
21, and the GPVI/y-chain complex. Clustering of GPVI results in the phosphorylation of tyrosine residues in FcRy, followed by the binding and
activation of the tyrosine kinase, Syk. One consequence of Syk activation is the phosphorylation and activation of phospholipase Cy, leading to
phosphoinositide hydrolysis, secretion of ADP and the production and release of TxA,. Abbreviations: ADP, adenosine diphosphate; AA, arachidonic
acid; ASA, aspirin; COX-1, cyclooxygenase 1; DAG, diacylglycerol; GP, glycoprotein; PG, prostaglandin; PI3K, phosphatidylinositol 3-kinase; PIP,,
phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; PLA;, phospholipase A;; PLCy, phospholipase Cy; TxA;, thromboxane A;; VWF, von

Willebrand factor; PC, phosphatidylcholine.

Most of the agonists that extend the platelet plug
do so via G protein—coupled receptors. Because they
actas guanine nucleotide exchange factors, each occu-
piedreceptor can theoretically activate multiple G pro-
teins and in some cases more than one class of G pro-
teins. This allows amplification of a signal that might
begin with a relatively small number of receptors. It
also potentially allows each receptor to signal viamore
than one effector pathway. Furthermore, because sev-
eral mechanisms exist that can limit the activation of

GPCRs, platelet activation can be regulated, a property
that maybe useful when platelet activation is inappro-
priate and needs to be controlled.

G protein—coupled receptors comprise a single
polypeptide chain with 7 transmembrane domains,
an extracellular N-terminus, and an intracellular C-
terminus. Binding sites for agonists may involve the
N-terminus, the extracellular loops, or a pocket
formed by the transmembrane domains. The G pro-
teins that act as mediators for these receptors are



apy heterotrimers. The 8 subunit forms a propeller-
like structure that is tightly associated with the
smaller y subunit. The « subunit contains a guanine
nucleotide-binding site that is normally occupied by
guanosine 5'-diphosphate (GDP). Receptor activation
causes the replacement (exchange) of the GDP by
guanosine 5'-triphosphate (GTP), thus altering the
conformation of the & subunit and exposing sites on
both G, and Gg, for interactions with downstream
effectors. Hydrolysis of GTP by the intrinsic GTPase
activity of the o subunit restores the resting confor-
mation of the heterotrimer, preparing it to undergo
another round of activation and signaling. Regulator
of G-protein signaling (RGS) proteins accelerate the
hydrolysis of GTP, shortening signaling duration.

Human platelets express atleast 10 forms of G, . This
includes at least one Gse family member, four G;, fam-
ilymembers (Giia, Gize» Gize, and G, ), three in the Gy
family (Gga, G114, and Gie), and two Gy, family mem-
bers (Gi2, and Gy3,). Much has been learned about the
critical role of G-protein « subunits in platelets. Less is
known about the Gg, isoforms expressed in platelets
and the selectivity of their contributions to platelet
activation.’

G Protein-mediated signaling in platelets

The signaling events that underlie platelet activation
havenotbeen fullyidentified. Large gapsremainin sig-
naling maps that attempt to connect receptors on the
platelet surface with the most characteristic platelet
responses: shape change, aggregation, and secretion.
In general terms, the events that have been described
to date can be divided into three broad categories.
The first begins with the activation of PLC, which,
by hydrolyzing membrane phosphatidylinositol-4,5-
bisphosphate (PIP,), produces the second messen-
gers needed to raise the cytosolic Ca?* concentra-
tion. Which isoform of PLC is activated varies with
the agonist. Collagen activates PLCy2. Thrombin,
ADP and TxA; activate PLCg isoforms using Gq and
(less efficiently) G as intermediaries. Regardless of
which isoform is activated, the subsequent rise in
the Ca?* concentration triggers downstream events,
including integrin activation and the generation of
TxA,.

The second broad category of necessary events
involve monomeric G proteins in the Rho and Rac
families, whose activation triggers the reorganization
of the actin cytoskeleton and allows the formation of

Mechanisms of Platelet Activation
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filopodia and lamellopodia. Along with changes in the
platelet’s circumferential microtubular ring, this step
is the essence of shape change. Most platelet ago-
nists can trigger shape change, a notable exception
being epinephrine. The soluble agonists (thrombin,
ADP, and TxA,) that trigger shape change typically act
through receptors coupled to members of the G4 and
G, family.

A third category of events required for platelet acti-
vation is mediated by members of the G; family and
includes suppression of cAMP formation and acti-
vation of PI3-kinase. Suppression of cAMP synthesis
relieves a block on platelet signaling that otherwise
serves to limit inopportune platelet activation, par-
ticularly in the presence of endothelial cell-derived
prostaglandin (PG) I, and nitric oxide (NO). The
agonists that inhibit cAMP formation in platelets
(principally ADP and epinephrine) do so by binding
to receptors coupled to the G; family members.

Platelet activation in vivo

Platelet activation in vivo typically results from con-
tact with more than one agonist. The initial injury may
expose collagen, but it will also produce thrombin.
Similarly, damage to tissues and red cells will release
ADP, as will activated platelets, which will also synthe-
size and release TxA;. Itis also important to remember
that agonists couple to different pathways with differ-
ingefficiencies. Even thrombin, one of the most potent
platelet agonists, relies on its ability to induce ADP and
TxA, release to yield maximal platelet activation when
used at lower concentrations in vitro. This is partic-
ularly important because endogenous antagonists of
platelet activation — including PGI,, antithrombin-III,
the ecto-ADPase CD39, and the diluting effects of con-
tinued blood flow — work against the accumulation of
platelet agonists and limit the ability of platelets to
respond.

G, and the activation of phospholipase €3

Agonists whose receptors are coupled to G4 can pro-
vide a strong stimulus for platelet activation by acti-
vating PLCB, which hydrolyzes membrane PI-4,5-P,
to produce diacylglycerol and 1,4,5-1P5 (Fig. 3.3). Dia-
cylglycerol is an activator of several of the protein
kinase Cisoforms expressed in platelets, leading to the
phosphorylation of multiple proteins on serine and
threonine residues. The formation of 1,4,5-IP; trig-
gers an increase in cytosolic Ca®*. In resting platelets,
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M ADP receptors. Three receptors that can be activated by adenine nucleotides have been identified in platelets: P2Y4 and P2Y;; are
ADP-activated G protein-coupled receptors coupled to Gq and Gj,. P2X; is an ATP-gated cation channel that can allow Ca** influx. A3P5PS and
MRS2179 are P2Y¢-selective antagonists. ARC69931MX is a P2Y+,-selective antagonist. Abbreviations: AA, arachidonic acid; AC, adenylyl cyclase;
ADP, adenosine diphosphate; ASA, aspirin; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; COX-1, cyclooxygenase 1; DAG,
diacylglycerol; PI3K, phosphatidylinositol 3-kinase; PLCB, phospholipase CB; GDP, guanosine 5'-triphosphate; GTP, guanosine 5'-triphosphate; PG,
prostaglandin; PIP,, phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; TxA;, thromboxane A,.

the cytosolic Ca?* concentration is maintained at
approximately 100 nM by limiting Ca?* influx and
pumping Ca’* out of the cytosol across the plasma
membrane or into the dense tubular system (DTS).
The latter is a closed membrane compartment within
platelets thatis thought to be derived from MK smooth
endoplasmic reticulum. In analogy with other types of
cells, 1,4,5-1P; is thought to trigger Ca>* release into
the platelet cytosol by binding to specific receptors
in the DTS membrane. The subsequent emptying of
the DTS Ca?* reservoir is probably the trigger for Ca®+
entry across the plasma membrane.!’

In activated platelets, the cytosolic free Ca®* con-
centration can exceed 1 uM (a 10-fold increase over

baseline) with potent agonists like thrombin. Activa-
tion of PLC also releases membrane-associated pro-
teins that bind to PI-4,5-P, via their pleckstrin homol-
ogy (PH) domains. PLCB-activating & subunits are typ-
ically derived from Gq in platelets, but PLC can also
be activated by GBy derived from G; family members.
The rising Ca?* concentration in activated platelets
is undoubtedly a trigger for numerous events, but
one that has received recent attention is the Ca%*-
dependent activation of the Ras family member Rap1B
via the guanine nucleotide exchange protein Cal-DAG
GEF.!! Rap1B has been shown to be an important con-
tributor to signaling pathways that converge on the
activation of ajyp 83 in platelets.!?/13:14



Gg, Gq3, and the actin cytoskeleton

At least two effector pathways are involved in the
reorganization of the actin cytoskeleton that accom-
panies platelet activation: Ca®*-dependent activation
of myosin light chain kinase downstream of G4 fam-
ily members and activation of low-molecular-weight
GTP-binding proteins in the Rho family, which occurs
downstream of G;, family members.!*1¢ Several pro-
teins having both G,-interacting domains and gua-
nine nucleotide exchange factor (GEF) domains can
link G;, family members to Rho family members.
Platelets express two Gz, family members, G2, and
Gise. With the exception of ADP, agonist-induced
shape change persists in platelets from mice that lack
Gge!'7 but is lost when G3, expression is suppressed,
alone orin combination with Gy,.'®'1° G;3-dependent
Rho activation leads to shape change via pathways
thatinclude the Rho-activated kinase (p160ROCK) and
LIM-kinase. These kinases phosphorylate myosin light
chain kinase and cofilin, helping to regulate both actin
and myosin (Fig. 3.4). ADP, on the other hand, depends
more heavily on Gq-dependent activation of PLC to
produce shape change and is able to activate G;3 only
as a consequence of TxA, generation; hence the loss
of ADP-induced shape change when Gy signaling is
suppressed.

Signaling through G; family members
Rising cAMP levels turn off signaling in platelets
in ways that are incompletely understood, but they
include protein kinase A-mediated protein phospho-
rylation. Molecules released from endothelial cells
cause Gy, -mediated increases in adenylyl cyclase
activity (PGIL,) and inhibit the hydrolysis of cAMP
by phosphodiesterases (NO). Many platelet agonists
inhibit PGI,-stimulated cAMP synthesis by binding
to receptors that are coupled to G; family members
(Fig. 3.3). Human platelets express four members of
this family: Gi;, Giz, Gis, and G;. Deletion of the genes
encoding Gip, 0or Gy, increases the basal cAMP con-
centration in mouse platelets. Conversely, loss of PGI,
receptor (IP) expression causes a decrease in basal
cAMP levels, enhances responses to agonists, and pre-
disposes mice to thrombosis in arterial injury mod-
els.20,21

Although the G; family members in platelets are
most commonly associated with suppression of cAMP
formation, this is not their only role. In addition to
providing Gg, heterodimers that can activate PLCg,
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the downstream effectors for G; family members in
platelets include PI 3-kinase, Src family members, and
Rap1B (Fig. 3.3). PI 3-kinases phosphorylate PI-4-P
and PI-4,5-P, to produce PI-3,4-P, and PI-3,4,5-Ps.
Human platelets express the «, 8, v, and § isoforms
of PI 3-kinase. PI3Ky is activated by Gg,,.

Much of what is known about the role of PI 3-
kinase in platelets comes from studies with inhibitors
such as wortmannin and LY294002 or gene-deleted
mice. Those studies show that PI3K activation can
occur downstream of both Gy and G; family mem-
bers and that effectors for PI3K in platelets include the
serine/threonine kinase, Akt,??> and Rap1B.2® Loss of
the PI3Ky isoform causes impaired platelet aggrega-
tion.?* Loss of PI3KA impairs RaplB activation and
thrombus formation in vivo, as do PI3KB-selective
inhibitors.?® Deletion of the gene encoding Akt2
results in impaired thrombus formation and stability
and inhibits secretion.?? Loss of Aktl has also been
reported to inhibit platelet aggregation, suggesting
thatthese are notredundant molecules.?® Itisless clear
what happens next. There are anumber of known sub-
strates for Akt, but much remains to be learned about
their contributions to platelet biology.

ADP: Two receptors with

distinguishable functions

ADP is stored in platelet dense granules and released
upon platelet activation. It is also released from ery-
throcytes and damaged tissues at sites of vascular
injury. When added to platelets in vitro, ADP induces
TxA, formation, protein phosphorylation, an increase
in cytosolic Ca®*, shape change, aggregation, and
secretion. It also inhibits cAMP formation. These
responses are half-maximal at approximately 1 uM
ADP. However, even at high concentrations, ADP is a
comparativelyweak activator of PLC. Instead, its utility
as a platelet agonist rests more upon its ability to acti-
vate other pathways.?®2” Human and mouse platelets
express two ADP receptors, denoted P2Y; and P2Y;,.
Both are members of the purinergic class of GPCRs
(Fig. 3.3). P2Y; receptors couple to G4. P2Y;, recep-
tors couple to Gi,. Optimal responses to ADP require
both. A third purinergic receptor on platelets, P2X;, is
an ATP-gated Ca®* channel.

When P2Y; is blocked or deleted, ADP is still able
to inhibit cAMP formation, but its ability to cause
an increase in cytosolic Ca®*, shape change, and
aggregation is greatly impaired. P2Y,; '~ mice have a
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minimal increase in bleeding time and are resistant to
thromboembolic mortality following injection of ADP.
P2Y;, receptors were characterized functionallybefore
they were actually identified.?®?® As was predicted by
the phenotype of a patient lacking functional P2Y;,,%
platelets from P2Y;,~/~ mice do not aggregate nor-
mally in response to ADP.3! P2Y},~/~ platelets retain
P2Y;-associated responses, including shape change
and PLC activation, butlack the ability to inhibit cAMP
formation in response to ADP. The G; family mem-
ber associated with P2Y,, appears to be primarily Gj,,
since platelets from G,/ mice have an impaired
response to ADP while those lacking Gis, or G,, do
not. Absence of P2Y;, produces a hemorrhagic phe-
notype in humans, albeit a relatively mild one.?8:3%:32
Some of the most widely used antiplatelet agents are
antagonists of P2Y,. (see Chapter 20.)

Thrombin: two receptors with
overlapping functions
Thrombin is able to activate platelets at concen-
trations as low as 0.1 nM (0.01 unitsful). Although
other platelet agonists can also cause phosphoinosi-
tide hydrolysis, none appear to do so as efficiently as
thrombin. Within seconds of the addition of throm-
bin, the cytosolic Ca?* concentration increases more
than 10-fold, triggering downstream Ca?*-dependent
events. All of these responses, but not shape change,
are abolished in platelets from mice lacking Gqo.*
Thrombin also activates Rho in platelets, leading to
rearrangement of the actin cytoskeleton and shape
change, responses that are reduced in mouse platelets
that lack Gis,.'® Taken together, the evidence sug-
gests that thrombin is a potent platelet agonist not
because of the presence of unusually large numbers of
thrombin receptors but because of the efficiency with
which these receptors couple to Gq and G;3 combined
with the synergistic effects of G;-dependent signaling
produced directly by the coupling of G;, to thrombin
receptors or indirectly via released ADP and P2Y1,.3*
Platelet responses to thrombin are mediated by
members of the protease-activated receptor family of
G protein—coupled receptors. Three members of this
family (PAR1, PAR3, and PAR4) can be activated by
thrombin. PAR1 and PAR4 are expressed on human
platelets; mouse platelets express PAR3 and PARA4.
Activation occurs when thrombin cleaves the N-
terminus of each of the receptors, exposing a tethered
ligand.®> Synthetic peptides based on the sequence

Mechanisms of Platelet Activation

CHAPTER 3:

of the tethered ligand domain are able to mimic at
least some of the effects of thrombin. While human
PARS3 can signal in response to thrombin, mouse PAR3
appears to primarily serve to facilitate cleavage of
PAR4.36 Activation of PAR4 requires higher concen-
trations of thrombin than that of PAR1, apparently
because it lacks the hirudin-like sequences that can
interact with thrombin’s anion-binding exosite and
facilitate receptor cleavage.36:37-3%39 Kinetic studies in
human platelets suggest that thrombin signals first
through PARI1 and subsequently through PAR4.40-4!

Peptide agonists for either PAR1 or PAR4 cause
human platelet aggregation and secretion. Conversely,
simultaneous inhibition of human PAR1 and PAR4
abolishes responses to thrombin,*? as does deletion of
the gene encoding PAR4 in mice.*® Thus, PAR family
members are both necessary and sufficient for platelet
activation by thrombin (Fig. 3.4). Abundant evidence
shows that PAR1 and PAR4 are coupled to Gq and G;3.
However, a requirement for PAR family members does
not preclude the involvement of other participants,
including GP Ib. GP Ibe has a high affinity thrombin
binding site located within residues 268 to 287.4* Dele-
tion or blockade of this site reduces platelet responses
to thrombin, particularly at low thrombin concentra-
tions,*546:47,48,49 and has been shown to impair PAR1
cleavage on human platelets.*

Epinephrine: potentiator of other agonists
Compared to thrombin, epinephrine is a weak acti-
vator of human platelets when added on its own.
Nonetheless, there are reports of human families
in which a mild bleeding disorder is associated
with impaired epinephrine-induced aggregation and
reduced numbers of catecholamine receptors.®!
Platelet responses to epinephrine are mediated by
azp-adrenergic receptors. In both mice and humans,
epinephrine is able to potentiate the effects of other
agonists so that the combination is a stronger stimu-
lus for platelet activation than either agonist alone.
Potentiation is usually attributed to the ability of
epinephrine to inhibit cAMP formation, but as already
discussed, there are clearly other effects mediated by
G; family members. In contrast to other platelet ago-
nists, epinephrine has no detectable direct effect on
phospholipase C and does not cause shape change,
although it can trigger phosphoinositide hydroly-
sis indirectly by stimulating TxA, formation.>? These
effects of epinephrine are mediated by G,.!4-20:53
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Thromboxane A;: twin receptor(s) coupled

to Gy and Gqz/43

TxA, is produced from arachidonate in platelets by
the aspirin-sensitive cyclooxygenase-1 (COX-1) path-
way (Fig. 3.2). When added to platelets in vitro, throm-
boxane analogs such as U46619 cause shape change,
aggregation, secretion, phosphoinositide hydrolysis,
protein phosphorylation, and an increase in cytosolic
Ca?* while havinglittle if any direct effect on cAMP for-
mation. Once formed, TxA, can diffuse outward and
activate other platelets, amplifying the initial stimulus
for platelet activation (Fig. 3.1B). This process is lim-
ited by the short half-life of TxA,, helping to confine
the spread of platelet activation to the original area of
injury. Only one gene encodes TxA; receptors, but two
splice variants (TP« and TPg) are produced that dif-
fer in their cytoplasmic tails. Human platelets express
both.* TxA, receptors interact with Gq and Gy3, but
not G;. TP~/~ mice have a prolonged bleeding time.
Their platelets are unable to aggregate in response to
TxA, agonists and show delayed aggregation with col-
lagen, presumablyreflecting the role of TxA; in platelet
responses to collagen.>® A group of Japanese patients
with impaired platelet responses to TxA, analogs have
proved tobeeitherhomozygous or heterozygousforan
R60L substitution in the first cytoplasmic loop of TP.%¢
However, the most compelling case for the contribu-
tion of TxA; signaling in human platelets comes from
the successful use of aspirin as an antiplatelet agent.
When added to platelets in vitro, aspirin abolishes
TxA, generation and impairs responses to thrombin
and ADP.

Stage Ili: Perpetuation (stabilization)
of the platelet plug

Signaling from collagen receptors and G protein-
coupled receptors is responsible for the initiation
and the extension of the platelet plug, but additional
signaling and adhesive events affect the continued
growth and stability of the platelet mass once it begins
to form (Fig. 3.1C). These events are facilitated and
in some cases made possible by the close contacts
between platelets that can occur only after platelet
aggregation has begun. Electron micrographs show
the close proximity of the plasma membranes of adja-
cent platelets within an aggregate but do not show
the adherens and tight junctions typical of contacts

between endothelial cells. Estimates of the size of the
gaps between platelets range from 0 to 50 nm, making
it possible for molecules on the surface of one platelet
to bind to those on an adjacent platelet. This can be a
directinteraction, as when one cell adhesion molecule
binds to another or when a membrane-bound ligand
binds to a cell surface receptor in trans. It can also be
an indirect interaction, such as occurs when multiva-
lentadhesive proteinslink activated oy 83 on adjacent
platelets. In either case, these interactions can theoret-
ically provide both an additional adhesive force and a
secondary source of intracellular signaling. The nar-
rowness of the gap between platelets can also serve to
restrict the inward diffusion of molecules such as plas-
min and the outward diffusion of platelet activators,
allowinghigherlocal concentrations to bereached and
maintained.®”

Integrins, adhesion, and outside-in signaling

Activated amp B3 bound to fibrinogen, fibrin, or VWF
provides the dominant cohesive strength that holds
platelet aggregates together. “Outside-in signaling”
refers to the intracellular signaling events that occur
downstream of activated integrins once ligand bind-
ing has occurred.’® Integrin signaling depends in
large part on the formation of protein complexes
that link to the integrin cytoplasmic domain. Some
of the protein-protein interactions that involve the
cytoplasmic domains of anpB3 help regulate inte-
grin activation; others participate in outside-in sig-
naling and clot retraction. Proteins capable of binding
directly to the cytoplasmic domains of o, 83 include
Bs-endonexin, CIB1, talin, myosin, Shc, and the tyro-
sine kinases Src and Syk. Talin binding is thought
to be one of the final events in the allosteric reg-
ulation of integrin activation.®® Some interactions
require the phosphorylation of tyrosine residues Y773
and Y785 (Y747 and Y759 in mice) in the B3 cyto-
plasmic domain by Src family members. Substitution
of phenylalanine for these tyrosines produces mice
whose platelets tend to disaggregate and which show
impaired clot retraction and a tendency to rebleed
from tail-bleeding-time sites.%° Fibrinogen binding to
the extracellular domain of activated ay, B3 stimulates
arapid increase in the activity of Src family members
and Syk. Studies of platelets from mice lacking these
kinases suggest that these events are required for the
initiation of outside-in signaling and for full platelet



spreading, irreversible aggregation, and clot retrac-
tion.

Other adhesion molecules
Integrins are not the only adhesion and signaling
molecules found at the interface between platelets.
Some of these molecules have been known for some
time but have newly assigned functions in platelets
that appear to counter original ideas about their roles.
A better way to view them at this point is as platelet
surface molecules that can accumulate at sites of con-
tact between platelets and enter into homophilic or
heterophilic interactions in trans that modulate the
growth and stability of platelet plugs. In this context,
the term in trans refers to the binding of a molecule
on the surface of one platelet to partners on the
surface of an adjacent platelet. A good example of
this is platelet endothelial cell adhesion molecule-1
(PECAM-1; CD31). PECAM-1 is a type-1 transmem-
brane protein with six extracellular immunoglobulin
(Ig) domains.®! The most membrane-distal Ig domain
is able to support homotypic interactions in trans.
The C-terminus contains phosphorylatable tyrosine
residues capable of binding the tyrosine phosphatase,
SHP-2. Loss of PECAM-1 expression causes increased
responsiveness to collagen in vitro and increased
thrombus formation in vivo. The data are consistent
with a model in which PECAM-1 brings SHP-2 near
its substrates, including the GP VI signaling com-
plex.62:63.64 This suggests that, despite being named
asan adhesion molecule, PECAM-1 provides a braking
effect on collagen signaling and thereby helps to pre-
vent either unwarranted platelet activation or overly
exuberant growth of platelet thrombi that might oth-
erwise occlude the vessel lumen and cause ischemia.
The repertoire of molecules that can potentially
engage between platelets also includes at least four
members of the CTX family (JAM-A, JAM-C, ESAM,
and CD226) and two members of the CD2 fam-
ily (SLAM and CD84). Comparatively little is known
about the role of CTX family members in platelets,
but our recent studies on ESAM-deficient mice show
that loss of ESAM expression increases rather than
decreases thrombus growth in vivo. This suggests
that ESAM, like PECAM-1, serves a restraining role
on thrombus growth and stability.®® SLAM (signaling
lymphocytic activation molecule; CD150) and CD84
have been studied extensively in lymphocytes, but
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have now been shown to be expressed in platelets
as well.%6:67:68 The members of the family are type 1
membrane glycoproteins in the Ig superfamily. SLAM
and CD84 become tyrosine phosphorylated during
platelet aggregation.® Mice lacking SLAM have a
defect in platelet aggregation in response to collagen
or a PAR4-activating peptide but a normal response
to ADP and a normal bleeding time. In a mesenteric
vascular injury model, female (but not male) SLAM~/~
mice showed a marked decrease in platelet accumu-
lation.

Receptor: ligand interactions at the
platelet:platelet interface

Direct contacts between platelets can promote sig-
naling by more than one mechanism. There are also
receptors that can interact in trans with cell-surface
ligands. One example is the family of Eph receptor
tyrosine kinases and their ligands, known as ephrins.
Ephrins are cell-surface proteins with either a gly-
cophosphatidylinositol (GPI) anchor or a transmem-
brane domain. Contact between an ephrin-expressing
cell and an Eph-expressing cell causes signaling in
both. Human platelets express EphA4, EphB1, and
their ligand, ephrinB1. Blockade of Eph/ephrin inter-
actions leads to reversible platelet aggregation at
low agonist concentrations and limits the growth of
platelet thrombi on collagen-coated surfaces under
arterial flow conditions. EphA4 colocalizes with a1, 83
at sites of contact between aggregated platelets. Col-
lectively, these observations suggest a model in which
the onset of aggregation brings platelets into close
proximity and allows ephrinB1 to bind to EphA4 and
EphBI1. Signaling downstream of both the receptors
and the kinases then promotes further integrin acti-
vation and integrin signaling.®> 77! A second example
ofligand/receptor interactions made possible by close
contacts between platelets is the binding of the ligand
sema4D to its receptors CD72 and plexin-B1. Sema4D
is an integral membrane protein in the semaphorin
family. Signaling downstream of CD72 and plexin-
B1 promotes platelet activation by collagen. Loss of
sema4D expression in mice inhibits platelet function
in vitro and thrombus formation in vivo.”

A somewhat different paradigm of aligand/receptor
interaction that is facilitated by platelet-platelet con-
tacts and contributes to thrombus growth and sta-
bility is the binding of growth-arrest specific gene 6
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(Gas-6) to its receptors. In rodent platelets, Gas-6 is
foundina granules.™ 77 Secreted Gas-6is aligand for
the receptor tyrosine kinases Tyro3, Axl, and Mer, all of
which are expressed on platelets. Because Tyro3 fam-
ilymembers have been shown to stimulate PI 3-kinase
and PLCy, a reasonable hypothesis is that secreted
Gas-6 can bind to its receptors on the platelet sur-
face and cause signaling. Platelets from Gas-6—/~ mice
were found to have an aberrant response to agonists in
which aggregation terminates prematurely.” Platelets
from receptor-deleted mice also failed to aggregate
normally in response to agonists.”®7"7® Secretion of
Gas-6 into the spaces between platelets in a growing
thrombus would be expected to allow it to achieve
higher local concentrations and provide protection
from being washed away.

PROTEOMICS AND PLATELETS

Because the platelet transcriptome may not reflect
the full set of proteins present in MKs and delivered
into proplatelets, considerable attention has recently
focused on using proteomics to identify proteins that
may prove to be essential for platelet function or
altered in disease states.” 808! There are inherent lim-
its to studying the platelet proteome, one of which is
the tendency of the more abundant proteins to hide
the less abundant. Another is the difficulty of resolving
membrane proteins by 2D electrophoresis, which has
been the most common method used so far. Finally,
there are the twin issues of reproducibility and the
need for quantitative data. Mass spectrometry has
helped by greatly increasing the number of proteins
that can be correctly identified. However, the process
remains labor-intensive in both human and machine
terms.

Most recent efforts to apply proteomics to platelets
fall into two categories: those in which as much
as possible of the total platelet proteome was ana-
lyzed®?83,84.85.86,87 gnd those in which attention was
focused on a limited subset of proteins. A large data
set was reported by Martens et al. in 2005.% They
used reverse-phase chromatography rather than elec-
trophoresis to separate proteins and were ultimately
able toidentify 641 proteins. Analysis of the proteins by
expected location showed that the two largest groups
were cytoskeletal (19%) and nuclear (20%). Plasma
membrane and cytosolic proteins accounted for 16%
and 9%, respectively. Targeted studies have included

efforts to identify proteins secreted from activated
platelets.?38 More than 300 secreted proteins were
identified by Coppinger et al.,®® approximately half of
which had not been reported previously in platelets.
Two studies on microparticles identified 578%° and
169%! proteins, respectively, raising interesting ques-
tions about the selectivity with which proteins are par-
titioned into microparticles. Three other studies have
looked at proteins that are phosphorylated on tyrosine
residues in resting or activated platelets.>%3% Col-
lectively, these studies have applied ever-improving
methodologies to platelets and have begun to ask tar-
geted questions. They offer a glimpse of what might be
accomplished in basic and applied studies—although
with the exception of a study on platelets in essential
thrombocythemia,® little has yet been published on
the application of proteomics to platelet disorders.

FUTURE AVENUES OF RESEARCH

In summary, platelet activation is a dynamic process
with different receptor and effector pathways dom-
inant at different stages in the initiation, extension,
and perpetuation of platelet plugs. The main objec-
tive throughout normal hemostasis is to activate inte-
grin oy B3 so that it can bind adhesive proteins and
then to maintain it in an active (bound) state so that
a platelet plug of the appropriate size will remain in
placelong enough for healing to occur. In general, this
requires the activation of PLC- and PI3K-dependent
pathways. Italso involves the suppression ofinhibitory
mechanisms normally designed to prevent platelet
activation, including the formation of cAMP by adeny-
Iyl cyclase. If the initial stimulus for platelet activa-
tion is the exposure of collagen, then oy 83 activation
is accomplished by a process involving activation of
PLCy.Iftheinitial stimulus is the generation of throm-
bin, then a G protein-dependent mechanism results
in a more rapid and robust activation of PLCA. Once
am B3 has been activated and platelet aggregation has
occurred, a third wave of signaling is facilitated by the
close contacts that form between platelets within a
hemostatic plug or thrombus. Still to be determined
are the full details of the molecular mechanisms that
lead tointegrin activation and the mannerin which the
volume of the hemostatic plugis optimized so that nei-
ther rebleeding nor vascular occlusion occurs. One of
themostappealing aspects of the study of platelet biol-
ogy is the regular identification of new molecules that



TAKE-HOME MESSAGES

- Platelet activation in vivo can be part of the hemostatic response to injury or a pathologic response to drugs or
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disease.

and platelet aggregation.

+ Collagen, thrombin, and ADP are critical platelet agonists, causing granule exocytosis, activation of the integrin o 83,

+ Once aggregation begins, the close proximity of adjacent platelets allows contact-dependent and contact-facilitated

interactions that promote growth and stability of the platelet mass.

- Achieving a hemostatic plug that is large enough to be stable but small enough to avoid vascular occlusion is the

result of tight requlation of initial intracellular signaling events and the presence of molecules on the platelet surface

that help limit the extent of platelet activation.

+ Despite many studies, the molecular mechanisms of platelet activation in vivo are only partly understood. New

participants in this process are being discovered with some regulators.

- Platelet receptors and signaling events have provided useful targets for the development of antiplatelet agents,

which are in widespread clinical use. It is reasonable to expect that new discoveries in the basic science of platelets
will lead to the identification of new targets and new approaches to the manipulation of platelet behavior in vivo.

contribute to the regulation of thrombus growth and
stability, hinting that there is ever more to be learned
from the “simple” anucleate blood cell.
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