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Immune thrombocytopenia (ITP) is a complex disease. The pathogenic and clinical hetero-
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geneity of ITP is reflected by reports on variability in patient history and treatment response, in

concert with recent evidence from mechanistic studies. Programmed cell death (PCD)

pathways are thought to play a peculiar role in the megakaryocyte lineage in terms of
hemostasis and the generation and function of megakaryocytes and platelets; unbalanced

genetic or environmental disturbances of these tightly regulated pathways may cause

thrombocytopenia. Dysregulated PCD has also been linked to peripheral platelet destruction,
intramedullary apoptosis, and inefficient thrombopoiesis in ITP. In this article, we discuss novel

and controversial findings on the role of PCD in the megakaryocyte lineage and their potential

implications in terms of pathogenesis, diagnosis, and treatment of ITP.
Semin Hematol 50:S109–S115. C 2013 Published by Elsevier Inc.
I
n the course of his famous experiment in 1950,
Dr William Harrington developed severe throm-

bocytopenia after infusion with blood from a

patient with idiopathic thrombocytopenic purpura,
now referred to as immune thrombocytopenia (ITP).

In the following years Harrington et al1 and Shulman

et al2 provided evidence that a humoral factor is
responsible for the diminished numbers of circulat-

ing platelets in ITP. Based on these seminal studies,

the concept was adopted that the thrombocytopenia
in ITP is caused by autoantibodies that mediate

clearance of circulating platelets by phagocytes of

the reticuloendothelial system, predominantly in
spleen and liver.3 However, in the 1980s Ballem

et al4 and many other laboratories showed in kinetic

studies that the thrombocytopenia in ITP not only
results from peripheral platelet destruction but also

from depressed platelet generation in the bone

marrow. Platelets5 and their precursors, megakaryo-
cytes,6 both contain functional pathways of pro-

grammed cell death (PCD), and signs of

pathologically enhanced or aberrant cell death have
been found in ITP platelets and megakaryocytes.5,7
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Biochemical pathways of PCD regulate platelet and
megakaryocyte lifespan, and distinct PCD pathways

seem to be implicated in biological processes at

different stages of megakaryopoiesis and platelet
shedding.6 Genetic or induced (eg, by autoantibod-

ies) dysregulation of these PCD pathways may lead

to thrombocytopenia or ineffective thrompopoiesis
in ITP. The underlying mechanisms may act alone or

in concert, and their disentangling in future studies

may lead to novel therapeutic strategies and the
identification of patient subgroups that may benefit

from distinct treatment approaches.
INTRINSIC AND EXTRINSIC APOPTOSIS OF
PLATELETS AND MEGAKARYOCYTES

Apoptosis is the physiologically most common

form of PCD. The anucleate platelets8,9 and mega-

karyocytes both possess a functional apoptotic
machinery, and an intrinsic program for apoptosis

that controls their survival and dictates their

lifespan.5,6 One of the major apoptotic pathways is
the so-called intrinsic (mitochondrial) apoptotic path-

way. The intrinsic pathway of apoptosis is tightly

regulated by members of the Bcl-2 protein family,
which contains both pro-death and pro-survival pro-

teins.10 The key mediators of intrinsic apoptosis,

Bak and Bax, if unrestrained, oligomerize in the
mitochondrial outer membrane, thereby inducing

mitochondrial outer membrane permeabilization

(MOMP), which results in the release of cytochrome
c and other soluble and apoptogenic proteins into
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the cytosol. Once released, cytochrome c assembles

with apoptotic protease-activating factor 1 (APAF1)

and the initiator caspase, procaspase-9, to form the
apoptosome, which activates caspase-9 and down-

stream effector caspases.10 The activity of Bak and

Bax is tightly controlled by anti-apoptotic Bcl-2 family
members, of which Bcl-2, Bcl-xL, and Mcl-1 are

expressed in megakaryocytes.11 Bcl-xL and Mcl-1 have

been shown to coordinately regulate megakaryocyte
survival, whereas Mcl-1, but not Bcl-xL, seems dispen-

sable for platelet survival.8,11–13 A number of factors

have been shown to trigger the intrinsic pathway to
apoptosis in platelets, including chemical stimuli,

biomechanical rheological forces, and temperature.5

The so-called extrinsic pathway to apoptosis is
triggered by ligation of ‘‘death receptors’’ belonging

to the tumor necrosis factor (TNF) receptor super-

family that contain an intracellular death domain,
which can recruit and activate the initiator caspase,

procaspase-8. This leads to direct activation of down-
stream effector caspases by caspase-8, such as caspase-

3, -6, or -7.10 The extrinsic pathway can hence bypass

the Bcl-2 family and mitochondria. However, in some
cells (eg, hepatocytes, neutrophils) caspase-

8�mediated cleavage of the pro-apoptotic BH3-only

protein Bid to its truncated form, tBid, has been
described, which leads to Bak- and Bax-dependent

MOMP.10,14,15 Although current evidence suggests

that megakaryocytes possess both intrinsic and extrin-
sic pathways to apoptosis, molecular and functional

aspects of the extrinsic pathway of apoptosis remain

to be explored in the megakaryocyte lineage.5,6
PROCESS OF PLATELET PRODUCTION: A ROLE
FOR CASPASE-DEPENDENT PATHWAYS?

The process of platelet release involves the for-

mation of megakaryocyte cytoplasmic extensions

called proplatelets and intracellular membranes, so-
called demarcation membranes, which are probably

internal invaginations of the cytoplasmic membrane,

that eventually may serve as a membrane reservoir
for the generation of proplatelets.16 While proplate-

lets will engender functional platelets that are

released in the circulation, the remaining senescent
megakaryocyte body will remain in the bone marrow

as so-called denuded megakaryocyte, then undergo

apoptosis, and ultimately be phagocytosed by macro-
phages.17 Since the observation that platelet release

from megakaryocytes coincides with the onset of

apoptotic morphology,17,18 a significant body of
literature has been accumulated to support the view

that the apoptotic machinery is involved in the

complex cytoplasm reorganization events required
for platelet formation and shedding. De Botton

et al proposed that platelet formation involves com-

partmentalized and caspase-dependent apoptosis.19
In another study, ligation of the death receptor Fas

(also called CD95) by either agonistic anti-Fas antibody

or soluble Fas resulted in a significant increase in
proplatelet extensions and production of functional

platelets.20 In both studies, the pan-caspase inhibitor

zVAD-fmk was employed to prove caspase-
dependence.19,20 Mice constitutively overexpressing

pro-survival Bcl-2 in hematopoietic cells,21 or lacking

the proapoptotic BH3-only protein Bim,22 exhibit mild
thrombocytopenia. Interestingly, thrombocytopenic

individuals with a mutation variant of cytochrome c,

ie, substitution of glycine by serine at residue 41
(G41S), which exhibits normal redox function but

enhanced pro-apoptotic activity, present with defec-

tive platelet formation.23 Electron microscopy of bone
marrow from these patients showed intramedullary

naked megakaryocyte nuclei and platelets, indicative

of dysregulated megakaryopoiesis with premature
release of platelets into the marrow space rather than

into sinusoids.
The concept that apoptosis is required for platelet

generation has been challenged by recent genetic

deletion or pharmacologic inhibition studies, which
showed that caspase-dependent pathways are dispen-

sable for platelet production, but instead might lead to

accelerated megakaryocyte death. In 2007, Mason et al
reported that loss of proapoptotic Bak and Bax pro-

longed platelet lifespan, but had no impact on platelet

production.8 In support of these data, Kozuma et al
showed that megakaryocytes of transgenic mice over-

expressing the prosurvival protein Bcl-2 exhibit normal

ability for in vitro platelet production; interestingly,
early megakaryocyte differentiation was impaired.24

Furthermore, mice with megakaryocyte-specific loss

of caspase-9 exhibited normal platelet counts and
functional platelets, as well as normal serum levels of

thrombopoietin (TPO), the major cytokine regulator of

megakaryopoiesis.25 Instead, caspase-9 was indispensa-
ble for apoptotic death of megakaryocytes and plate-

lets.25 Similarly, deletion of the prosurvival protein Bcl-

xL was shown to trigger megakaryocyte apoptosis
associated with failure of platelet production, a defect

that could be rescued by loss of Bak and Bax.11

Together, these data suggest that the intrinsic pathway
to apoptosis in megakaryocytes is not required for

platelet production, but rather initiates PCD.

The role of caspase-dependent pathways in the
generation of platelets by megakaryocytes remains to

be further explored. For instance, the possibility exists

that certain non-apoptotic functions of caspases are
required for platelet generation.11 Other proposed

explanations for the conflicting data relate to exper-

imental factors including the toxicity of the caspase
inhibitor zVAD-fmk in megakaryocytes,11 off-target

effects of overexpressed proteins or pharmacological

inhibitors (such as zVAD-fmk), and properties of
in vitro culture systems or cell lines.11,25
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In view of the reported data, even if conflicting, it

is conceivable that aberrant blockade or activation of

apoptotic pathways in megakaryocytes may lead to
thrombocytopenia. Better insights into the molecu-

lar mechanisms that regulate platelet generation are

therefore required and might provide novel targets
for drug treatment in ITP or lead to the identification

of patient subgroups with a genetic defect of

thrombopoiesis, such as indicated by the example
of the cytochrome G41S mutation.23 Future studies

are urgently required to dissect the exact biochem-

ical pathways and enzymatic processes that contrib-
ute to megakaryocyte development and function at

different stages of megakaryopoiesis and platelet

shedding, including non-apoptotic or caspase-
dependent pathways, and even alternative cell death

pathways, such as autophagy and programmed

necrosis.6
MEGAKARYOCYTE DEATH IN ITP

Morphological alterations of ITP megakaryocytes
in the bone marrow have been described by several

investigators and even before the infusion experi-

ment by Dr William Harrington in 1950.7 In a recent
ultrastructural study by Houwerzijl et al, ITP mega-

karyocytes were reported to exhibit cytoplasmic

vacuoles and ultrastructural features of apoptosis
and para-apoptosis.26 The percentage of damaged

megakaryocytes increased with advanced stages

of differentiation, and reached about 80% of mature
megakaryocytes in this study. Significantly fewer

immature megakaryocytes showed morphologic

alterations. The damaged cells were often sur-
rounded by macrophages and neutrophils,26 presum-

ably stimulating a phagocytotic response and an

inflammatory reaction, that is eventually evoked by
the non-apoptotic form of cell death. Exposure of

megakaryocytes from healthy individuals to ITP

plasma in vitro,26 or after transfusion in vivo,27 has
been shown to induce morphological alterations

compatible with (para-)apoptosis. It is possible that

premature elimination of maturing megakaryocytes,
before the initiation of platelet shedding, might lead

to ineffective thrombopoiesis rather than to an

absolute loss of total megakaryocyte mass. Such a
scenario would be compatible with the often normal

or even increased megakaryocyte numbers in the

bone marrow and the often unaltered plasma TPO
levels in ITP patients.
PLATELET PHOSPHATIDYLSERINE
EXTERNALIZATION: A ROLE IN ITP?

Externalization of phosphatidylserine (PS) on the

surface of cells undergoing apoptosis represents the

most universal and best characterized ‘‘eat me’’
signal that leads to recognition as ‘‘unwanted self’’

and clearance of the apoptotic cell by phago-

cytes.28,29 The translocation of PS from the inner to
the outer leaflet of the lipid bilayer occurs early in

the apoptotic process and involves a nonspecific

bidirectional phospholipid flip-flop along with the
blockade of an aminophospholipid translocase that

normally confines and reverts PS to the cytosolic side

of the cell membrane.29 Interestingly, PS exposure
also occurs on the cell surface of platelets upon

activation for the platelet to become procoagulant,

and to propagate the coagulation process by facili-
tating the assembly of coagulation factors and acti-

vation of tenase and prothrombinase complexes.30,31

The level of PS externalization during activation
seems to depend on the stimulus as a function of

the formation of a mitochondrial permeability tran-

sition pore (MPTP) or other induced molecular
pathways.32 Two distinct pathways appear to regu-

late platelet PS exposure: one calcium-dependent
and caspase-independent, and another Bak/Bax-

caspase-mediated pathway.33 Besides its procoagu-

lant function, PS exposure on activated platelets
might serve as a regulatory mechanism to avoid

potentially deleterious hyperactivity, and, for exam-

ple, initiate the systemic clearance of circulating
activated PS-positive cells by the reticulendothelial

system.

Abnormally increased PS exposure on patient
platelets has been reported for adult patients with

chronic ITP34 and for pediatric patients with acute

ITP.35 Winkler et al reported that the frequency of
platelets exposing PS was significantly higher in

children with acute ITP,35 and a significantly

higher proportion of ITP platelets contained acti-
vated capases-3, -9, and -8 compared to controls.35

Interestingly, the reported cleavage of caspase-8

suggests activation of the extrinsic, in conjunction
with the intrinsic, pathway of apoptosis. In the

chronic ITP study, both fresh and aged platelets

from patients exhibited significantly higher surface
PS levels compared to healthy donor platelets, as

assessed by flow cytometric annexin V-staining.34

In contrast to the study by Winkler et al,35 expo-
sure of PS appeared to be caspase-independent, but

no signs of activation (CD62P, CD154, PAC-1

expression) were found, suggesting that other
mechanisms for PS externalization might exist

in ITP.

Enhanced PS externalization on platelet surfaces
in ITP might lead to exceeding systemic clearance of

these cells by the reticuloendothelial system and

cause, or aggravate prevailing thrombocytopenia.
Future studies are required to support this concept

and to explore mechanisms of increased PS external-

ization, which might involve genetic differences
in molecular pathways that determine platelet



S. von Gunten, M. Wehrli, and H.-U. SimonS112
senescence,36 apoptosis, activation, responses to

hits inflicted by the circulatory environment,37 or

susceptibility to detriment caused by autoantibodies
or infectious particles.
PRO-APOPTOTIC HUMORAL FACTORS IN ITP

The capacity of platelet surface molecules to

trigger platelet apoptosis has been reported for
glycoprotein (GP)IIb-IIIa and GPIba.5 GPIIbIIIa and

GPIba represent well known targets of platelet-

specific autoantibodies in ITP.3 Injection of rat anti-
mouse monoclonal antibody MWReg30, targeting

the GPIIb subunit of GPIIb-IIa, induced apoptosis

in mouse platelets in vivo and was associated with
marked thrombocytopenia.38 The injection of anti-

GPIIb resulted in platelet PS exposure, caspase-3

activation and mitochondrial inner transmembrane
potential depolarization.38 In another study, injec-

tion of rabbit polyclonal anti-platelet antibody

induced thrombocytopenia that was associated with
caspase-3 cleavage in platelets and could be pre-

vented by injection of the caspase inhibitor zVAD-

fmk.39 Given these data, it is conceivable that
proapoptotic platelet-specific autoantibodies con-

tribute to the abnormally increased PS exposure on

patient platelets observed in acute and chronic
ITP.34,35

It has been known for many decades that GPIIb-

IIIa and GPIb-IX are expressed on the surfaces of
megakaryocytes,40 and that anti-platelet and ITP

autoantibodies also bind to megakaryocytes.41–43 In

addition to the initiation of peripheral platelet
desctruction, several studies reported the capacity

of anti–GPIIb-IIIa and anti-GPIb antibodies in ITP

plasma to inhibit megakaryocyte production or
maturation, at least in a subpopulation of ITP

patients.44–46 In addition to genetic properties, the

susceptibility of a megakaryocyte for such suppres-
sion by these antibodies might depend on its matu-

ration stage.45

Besides platelet-specific autoantibodies, other
humoral factors in ITP plasma regulating lifespan of

megakaryocytes and platelets, megakaryopoiesis, or

platelet production, might be implicated in disease
pathogenesis. For instance, elevated levels of proa-

poptotic soluble Fas ligand were found in a sub-

group of adult patients with chronic ITP.47 Another
study reported aberrant levels of soluble tumor

necrosis factor-related apoptosis-inducing ligand

(TRAIL). Obviously, these effector molecules are less
specific than autoantibodies; however, given the

special role of apoptotic and PCD processes in

megakaryocytes and platelets,6 they might partici-
pate in certain disease processes, depending on

factors such as genetic characteristics, differentiation

stage and vulnerability of the target cell.
CELL DEATH REGULATION BY INTRAVENOUS
IMMUNOGLOBULIN

Since the seminal observation reported by Paul

Imbach et al that intravenous immunoglobulin

(IVIG) treatment rapidly elevated platelet counts
in ITP,48 its therapeutic effect has been greatly

appreciated, and in current guidelines IVIG is still

considered a first-line therapy option for this indica-
tion.49,50 A number of different mechanisms have

been proposed that might eventually act in a mutu-

ally non-exclusive manner, including blocking
platelet-phagocytosis in the reticuloendothelial sys-

tem, FcgRIIB-mediated effects, and neutralization by

anti-idiotypic antibodies.51,52 Several studies also
suggest a potential role of IVIG in the regulation of

cell death of platelets and megakaryocytes. Winkler

et al reported that the pathologically increased
percentage of apoptotic platelets of children with

acute ITP is significantly reduced after IVIG treat-

ment.35 Interestingly, IVIG not only inhibited intrin-
sic, but also extrinsic, death receptor-dependent,

pathways of apoptosis, as revealed by cleavage of

caspase-8. An inhibitory effect of IVIG on platelet
apoptosis has also been shown by Leytin et al in an

animal model of ITP.38 Houwerzijl et al reported that

IVIG treatment significantly reduced the number of
para-apoptotic and apoptotic megakaryocytes and

increased the frequency of mature megakaryocytes

from 20% to 43%.26

IVIG preparations are derived from pooled plasma

of thousands of healthy donors and hence contain

the repertoire of the donor population. Studies
on IVIG have revealed that healthy individual pro-

duce autoantibodies with the capacity to balance

apoptotic processes of hematopoietic cells.53,54 Such
autoantibodies include agonistic antibodies to

Fas,55–57 Siglec-8,58 and Siglec-9,59 blocking antibod-

ies to Fas,55,60 and even anti-idiotypic antibodies to
Fas and Siglec-9.61 Whether quantitative or qualita-

tive dysregulation of these autoantibodies is impli-

cated in the pathogenesis in ITP remains to be
explored. However, therapeutic effects of IVIG in

toxic epidermal necrolysis (TEN) have been linked

to the presence of blocking anti-Fas antibodies in
IVIG.60 This study suggests that infusion of anti-

apoptotic antibodies may restore cellular homeo-

stasis in diseases associated with deregulated apop-
totic processes, including ITP.
CONCLUSIONS

ITP is a diagnosis of exclusion. The variability in

natural history and response to therapy suggests that
ITP comprises heterogeneous disorders,62,63 which

might hence be regarded a syndrome.62 This notion

is supported by recent insights into the pathogenesis
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or facilitate the systemic clearance of PS-expressing platelets by the reticuloendothelial system. Art by Aldona von Gunten.
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of ITP, derived from a broad range of experimental

studies focusing on different aspects of antibody- and
cell-mediated autoimmune responses.62,64,65 Here,

we discussed recent, and in part conflicting, evi-

dence, on the role of cell death pathways in a variety
of processes that might be implicated in the patho-

genesis of ITP (Figure 1). Genetic or acquired defects

of these pathways, or altered susceptibility to anti-
body- or cell-mediated apoptosis, might cause or

support thrombocytopenia in ITP, in processes

that include intramedullary apoptosis, ineffective
thrombopoiesis, and peripheral platelet destruction.

A better understanding of these mechanisms might

lead to novel therapeutic approaches and to a better
patient selection for the treatment of ITP.
Acknowledgments
Research by the authors is supported by grants of

the Swiss National Foundation; CSL Behring AG,
Bern, Switzerland; and the Novartis Research Foun-

dation, Basel, Switzerland. The authors thank Aldona

von Gunten for the illustration (Figure 1).
REFERENCES
1. Harrington WJ, Sprague CC, Minnich V, Morre CV,

Aulvin RC, Dubach R. Immunologic mechanisms in

idiopathic and neonatal thrombocytopenic purpura.

Ann Intern Med. 1953;38:433–69.

2. Shulman NR, Marder VJ, Weinrach RS. Similarities

between known antiplatelet antibodies and the factor

responsible for thrombocytopenia in idiopathic pur-

pura. Physiologic, serologic and isotopic studies. Ann

N Y Acad Sci. 1965;124:499–542.

3. Cines DB, Blanchette VS. Immune thrombocytopenic

purpura. N Engl J Med. 2002;346:995–1008.

4. Ballem PJ, Segal GM, Stratton JR, Gernsheimer T,

Adamson JW, Slichter SJ. Mechanisms of thrombocy-

topenia in chronic autoimmune thrombocytopenic

purpura. Evidence of both impaired platelet produc-

tion and increased platelet clearance. J Clin Invest.

1987;80:33–40.

5. Leytin V. Apoptosis in the anucleate platelet. Blood

Rev. 2012;26:51–63.

6. White MJ, Kile BT. Apoptotic processes in megakar-

yocytes and platelets. Semin Hematol. 2010;47:

227–234.

7. Houwerzijl EJ, Blom NR, van der Want JJL, Vellenga E,

de Wolf JTM. Megakaryocytic dysfunction in myelodys-

plastic syndromes and idiopathic thrombocytopenic



S. von Gunten, M. Wehrli, and H.-U. SimonS114
purpura is in part due to different forms of cell death.

Leukemia. 2006;20:1937–42.

8. Mason KD, Carpinelli MR, Fletcher JI, et al. Pro-

grammed anuclear cell death delimits platelet life

span. Cell. 2007;128:1173–86.

9. Vanags DM, Orrenius S, Aguilar-Santelises M. Altera-

tions in Bcl-2/Bax protein levels in platelets form part

of an ionomycin-induced process that resembles apop-

tosis. Br J Haematol. 1997;99:824–31.

10. Youle RJ, Strasser A. The BCL-2 protein family: oppos-

ing activities that mediate cell death. Nat Rev Mol Cell

Biol. 2008;9:47–59.

11. Josefsson EC, James C, Henley KJ, et al. Megakaryo-

cytes possess a functional intrinsic apoptosis pathway

that must be restrained to survive and produce

platelets. J Exp Med. 2011;208:2017–31.

12. Debrincat MA, Josefsson EC, James C, et al. Mcl-1 and

Bcl-xl coordinately regulate megakaryocyte survival.

Blood. 2012;119:5850–8.

13. Kodama T, Hikita H, Kawaguchi T, et al. Mcl-1 and Bcl-

xl regulate Bak/Bax-dependent apoptosis of the mega-

karyocytic lineage at multistages. Cell Death Differ.

2011;19:1856–69.

14. Geering B, Simon HU. Peculiarities of cell death mecha-

nisms in neutrophils. Cell Death Differ. 2011;18:1457–69.

15. Jost PJ, Grabow S, Gray D, et al. XIAP discriminates

between type I and type II FAS-induced apoptosis.

Nature. 2009;460:1035–9.

16. Radley JM, Haller CJ. The demarcation membrane

system of the megakaryocyte: a misnomer? Blood.

1982;60:213–9.

17. Zauli G, Vitale M, Falcieri E, et al. In vitro senescence

and apoptotic cell death of human megakaryocytes.

Blood. 1997;90:2234–43.

18. Falcieri E, Bassini A, Pierpaoli S, et al. Ultrastructural

characterization of maturation, platelet release, and

senescence of human cultured megakaryocytes. Anat

Rec. 2000;258:90–9.

19. De Botton S, Sabri S, Daugas E, et al. Platelet formation

is the consequence of caspase activation within

megakaryocytes. Blood. 2002;100:1310–7.

20. Clarke MCH, Savill J, Jones DB, Noble BS, Brown SB.

Compartmentalized megakaryocyte death generates

functional platelets committed to caspase-inde-

pendent death. J Cell Biol. 2003;160:577–87.

21. Ogilvy S, Metcalf D, Print CG, Bath ML, Harris AW,

Adams JM. Constitutive Bcl-2 expression throughout

the hematopoietic compartment affects multiple line-

ages and enhances progenitor cell survival. Proc Natl

Acad Sci U S A. 1999;96:14943–8.

22. Bouillet P, Metcalf D, Huang DCS, et al. Proapoptotic

Bcl-2 relative Bim required for certain apoptotic

responses, leukocyte homeostasis, and to preclude

autoimmunity. Science. 1999;286:1735–8.

23. Morison IM, Cramer Borde EM, Cheesman EJ, et al. A

mutation of human cytochrome c enhances the intrin-

sic apoptotic pathway but causes only thrombocyto-

penia. Nat Genet. 2008;40:387–9.

24. Kozuma Y, Yuki S, Ninomiya H, Nagasawa T, Kojima

H. Caspase activation is involved in early megakaryo-

cyte differentiation but not in platelet production from

megakaryocytes. Leukemia. 2009;23:1080–6.
25. White MJ, Schoenwaelder SM, Josefsson EC, et al.

Caspase-9 mediates the apoptotic death of megakar-

yocytes and platelets, but is dispensable for their

generation and function. Blood. 2012;119:4283–90.

26. Houwerzijl EJ, Blom NR, van der Want JJL, et al.

Ultrastructural study shows morphologic features of

apoptosis and para-apoptosis in megakaryocytes from

patients with idiopathic thrombocytopenic purpura.

Blood. 2004;103:500–6.

27. Pisciotta AV, Stefanini M, Dameshek W. Studies on

platelets. Blood. 1953;8:703–23.

28. Savill J, Fadok V. Corpse clearance defines the mean-

ing of cell death. Nature. 2000;407:784–8.

29. Erwig LP, Henson PM. Clearance of apoptotic cells by

phagocytes. Cell Death Differ. 2008;15:243–50.

30. Heemskerk J, Bevers E, Lindhout T. Platelet activation

and blood coagulation. Thromb Haemost. 2002;88:

186–193.

31. Bevers EM, Comfurius P. Zwaal RFA. Changes in

membrane phospholipid distribution during platelet

activation. Biochim Biophys Acta. 1983;736:57–66.

32. Jobe SM, Wilson KM, Leo L, et al. Critical role for the

mitochondrial permeability transition pore and cyclo-

philin D in platelet activation and thrombosis. Blood.

2008;111:1257–65.

33. Schoenwaelder SM, Yuan Y, Josefsson EC, et al. Two

distinct pathways regulate platelet phosphatidylserine

exposure and procoagulant function. Blood. 2009;

114:663–6.

34. Catani L, Fagioli ME, Tazzari PL, et al. Dendritic cells of

immune thrombocytopenic purpura (ITP) show

increased capacity to present apoptotic platelets to T

lymphocytes. Exp Hematol. 2006;34:879–87.

35. Winkler J, Kroiss S, Rand ML, et al. Platelet apoptosis

in paediatric immune thrombocytopenia is amelio-

rated by intravenous immunoglobulin. Br J Haematol.

2011;156:508–15.

36. Dowling MR, Josefsson EC, Henley KJ, Hodgkin PD,

Kile BT. Platelet senescence is regulated by an internal

timer, not damage inflicted by hits. Blood.

2010;116:1776–8.

37. Mustard JF, Rowsell HC, Murphy EA. Platelet economy

(platelet survival and turnover). Br J Haematol. 1966;

12:1–24.

38. Leytin V, Mykhaylov S, Starkey AF, et al. Intravenous

immunoglobulin inhibits anti-glycoprotein iib-induced

platelet apoptosis in a murine model of immune

thrombocytopenia. Br J Haematol. 2006;133:78–82.

39. Piguet PF, Vesin C. Modulation of platelet caspases

and life-span by anti-platelet antibodies in mice. Eur J

Haematol. 2002;68:253–61.

40. Vainchenker W, Deschamps JF, Bastin JM, et al. Two

monoclonal antiplatelet antibodies as markers of human

megakaryocyte maturation: immunofluorescent staining

and platelet peroxidase detection in megakaryocyte

colonies and in in vivo cells from normal and leukemic

patients. Blood. 1982;59:514–521.

41. Mcmillan R, Luiken GA, Levy R, Yelenosky R, Longmire

RL. Antibody against megakaryocytes in idiopathic

thrombocytopenic purpura. JAMA. 1978;239:2460–2.

42. Mazur EM, Hoffman R, Chasis J, Marchesi S,

Bruno E. Immunofluorescent identification of human



Cell death in ITP S115
megakaryocyte colonies using an antiplatelet glyco-

protein antiserum. Blood. 1981;57:277–86.

43. Thiagarajan P, Perussia B, De Marco L, Wells K,

Trinchieri G. Membrane proteins on human megakar-

yocytes and platelets identified by monoclonal anti-

bodies. Am J Hematol. 1983;14:255–69.

44. Chang M, Nakagawa PA, Williams SA, et al. Immune

thrombocytopenic purpura (ITP) plasma and purified

ITP monoclonal autoantibodies inhibit megakaryocy-

topoiesis in vitro. Blood. 2003;102:887–95.

45. Mcmillan R, Wang L, Tomer A, Nichol J, Pistillo J.

Suppression of in vitro megakaryocyte production by

antiplatelet autoantibodies from adult patients with

chronic ITP. Blood. 2004;103:1364–9.

46. Yang L, Wang L, Zhao C-h, et al. Contributions of

TRAIL-mediated megakaryocyte apoptosis to impaired

megakaryocyte and platelet production in immune

thrombocytopenia. Blood. 2010;116:4307–16.

47. Yoshimura C, Nomura S, Nagahama M, Ozaki Y,

Kagawa H, Fukuhara S. Plasma-soluble Fas (APO-1,

CD95) and soluble Fas ligand in immune thrombocy-

topenic purpura. Eur J Haematol. 2000;64:219–24.

48. Imbach P, d’Apuzzo V, Hirt A, et al. High-dose intra-

venous gammaglobulin for idiopathic thrombocytopenic

purpura in childhood. Lancet. 1981;317:1228–31.

49. Neunert C, Lim W, Crowther M, Cohen A, Solberg L,

Crowther MA. The American Society of Hematology

2011 evidence-based practice guideline for immune

thrombocytopenia. Blood. 2011;117:4190–207.

50. Provan D, Stasi R, Newland AC, et al. International

consensus report on the investigation and manage-

ment of primary immune thrombocytopenia. Blood.

2010;115:168–86.

51. Lazarus AH, Crow AR. Mechanism of action of IVIG and

anti-D in ITP. Transfus Apher Sci. 2003;28:249–55.

52. Imbach P, Lazarus AH, Kühne T. Intravenous immu-

noglobulins induce potentially synergistic immunomo-

dulations in autoimmune disorders. Vox Sanguinis.

2010;98:385–94.

53. Von Gunten S, Simon HU. Cell death modulation by

intravenous immunoglobulin. J Clin Immunol. 2010;

30(Suppl 1):S24–30.

54. Von Gunten S, Simon HU. Natural anti-Siglec autoanti-

bodies mediate potential immunoregulatory mechanisms:

implications for the clinical use of intravenous immuno-

globulins (ivig). Autoimmun Rev. 2008;7:453–6.
55. Altznauer F, von Gunten S, Späth P, Simon HU.
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