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Preface

All cells circulating in the peripheral blood of mammals are derived from a small 
pool of hematopoietic cells (HSCs) residing in the bone marrow. These HSCs have 
the potential to develop into all different blood cell lineages, differentiating into dif-
ferent cell types such as hemoglobin-filled red blood cells for gas transport, leuko-
cytes with various functions in innate and adaptive immune responses, or the 
subcellular fragments – designated blood platelets – with their main function for 
hemostasis and to prevent blood loss. This differentiation occurs in the presence (or 
absence) of hematopoietic growth factors like erythropoietin or G-CSF. A similar 
specific growth factor for platelet formation (as well as for the differentiation from 
their immediate precursor cells, the megakaryocytes) was already designated as a 
“thrombopoietin.” For almost 30 years, scientists were searching for this elusive 
factor. And then finally in 1994, there was a major breakthrough when three seminal 
discoveries launched the research of this neglected blood lineage: Several groups 
succeeded finally in identifying and cloning thrombopoietin and thus allowed its 
recombinant production for biomedical research. This major finding allowed us to 
begin culturing megakaryocytes and study how they make platelets. One year later, 
the transcription factor NF-E2 was identified as a critical factor indispensable for 
the final step of platelet biogenesis from megakaryocytes. In 1999, time-lapse 
microscopy allowed us to catch megakaryocytes in the act of making platelets and 
to begin to understand the fundamental role of platelet biogenesis

Now, about two decades later, research on platelet biogenesis has flourished and 
led to many new insights, from basic cell biology to genetic variants that underline 
clinical diseases. We are very happy that we could recruit the following internation-
ally renowned experts to contribute to this book on Platelet Formation in Health and 
Disease.

In the first part Megakaryocytes and Thrombopoiesis, J.E. Italiano (Chap. 1) will 
provide an overview on our current understanding of platelet formation with a focus 
on how the cytoskeleton, which functions as the bones and muscle of the mega-
karyocyte, drives platelet formation. M. Tijssen, T. Moreau, and C. Ghevaert (Chap. 
2) will describe the transcription factors involved in this process. They will address 
their interactions and the networks formed and discuss how this knowledge can be 
translated to engineer platelet production in vitro. The impact of mutations and 
altered expression of transcription factors in disease and leukemia is explained by 
A. Cantor (Chap. 3). Novel insights from the bone marrow matrix, where platelet 
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biogenesis occurs in vivo are given by H. Schulze, D. Semeniak, and A. Balduini 
(Chap. 4). This chapter comprises our current knowledge on bioreactors for platelet 
production in vitro. Finally, evidence that platelets can form progeny is given by 
M.T. Rondino and H. Schwertz (Chap. 5). They will discuss how extramedullary 
niches might impact platelet morphogenesis.

The second part addresses Platelet Biology: Signals and Functions. The platelet 
contents are outlined by R. Flaumenhaft and S. Koseoglu (Chap. 6). They will sum-
marize the knowledge on alpha and dense granules and the platelet membrane sys-
tems. The signaling pathways in platelets and megakaryocytes are summarized by 
A. Mazharian and Y. Senis (Chap. 7). The authors give a rundown of the signaling 
events in megakaryocytes and compare them to platelets and focus on inhibitory 
signaling cascades. The novel model of “gas and brake pedals” for megakaryocyte 
and platelet function by the Rap GTPases is depicted by W. Bergmeier and E.C. 
O’Shaughnessy (Chap. 8). Here, similarities and differences between megakaryo-
cytes and platelets are also carved out. The platelet life span and the underlying 
clock proteins in megakaryocytes are discussed by A. Au, M. Lebois, I. Pleines, and 
E. Josefsson (Chap. 9). The summary of mouse models lacking pro- and anti-apop-
totic proteins will give insights on how an anucleate cell has a “timer.” Platelet func-
tions beyond hemostasis and thrombosis are presented by R. Kapur and J. Semple 
(Chap. 10). They will elaborate on the how platelets play a role in pathogen recogni-
tion and how the communication between platelets and target cells occurs. The 
importance and limitations of mouse models for platelet production and function 
are explained by M. Bender and B. Nieswandt (Chap. 11). These authors describe 
well-established mouse models as well as novel reporter mice that will help to deci-
pher open questions in research on platelet biogenesis.

The third part addresses Platelets in Health and Disease. C. Dame, V. Lorenz, 
and M. Sola-Visner (Chap. 12) will present aspects of fetal and neonatal mega-
karyopoiesis and platelet biology. The authors will highlight that even though in 
newborns and preterm babies platelets might look the same as in adults, they are 
derived from a distinct megakaryocytic origin and thus harbor many different 
aspects. The role of platelets in ischemic stroke will be characterized by D. 
Cherpokova and B. Nieswandt (Chap. 13). This chapter will address thrombotic 
aspects of platelet biogenesis and function and summarize current experimental 
models in mice to study this aspect. The increasing inherited and acquired causes 
that contribute to altered platelet number and/or function are outlined in two chap-
ters: First, K. Freson (Chap. 14) will give insights into how genetic variants and 
mutations affect megakaryopoiesis and platelet formation by inherited thrombocy-
topenias. Second, T. Bakchoul and A. Greinacher (Chap. 15) will discuss the current 
knowledge on acquired thrombocytopenias. They report on causes of platelet reduc-
tion to hemodilation or surgery and the role of infections and will focus on immune 
thrombocytopenia and heparin-induced thrombocytopenia. G. Schönrich and M. 
Raftery (Chap. 16) will focus on how certain viral infections modulate megakaryo-
cytes and platelet biogenesis. They will report on viral receptors on platelets and 
megakaryocytes with a focus on HIV and hantaviruses. In the last chapter, T. 
Bakchoul and H. Schulze (Chap. 17) will provide an overview of how inherited and 
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acquired platelet disorders are currently diagnosed and where the future challenges 
are to be overcome. They will also discuss the options and limitations of mutations 
and variants identified by next-generation sequencing-based approaches.

The last part covers Future Perspectives for Platelet Biogenesis. C.J. Braun and 
C. Klein (Chap. 18) will outline cellular therapies for Wiskott-Aldrich syndrome. 
These authors will report on supportive therapies, stem cell transplantation, and 
gene transfer approaches in clinical trials. The use of induced pluripotent stem cells 
to generate blood is outlined by P. Karagiannis, H. Endi, and K. Eto (Chap. 19). 
They will describe the current understanding of this technology and focus on the 
generation of erythrocytes and platelets. The last chapter by L. Latorre and U. 
Modlich (Chap. 20) leaves us with strategies for the gene modification of mega-
karyocytes and platelets. They will give an overview of established and novel vector 
systems to manipulate specifically the megakaryocytic lineage to generate modified 
platelets in the living organism.

Being fully aware that there are further important and exciting topics in “platelet 
formation with implications in health and disease” and that we had to restrict to the 
total amount, we consider the selection of topics and chapters packaged in this book 
as a comprehensive overview of the current understanding of platelet biogenesis. 
With this, we would like to thank all authors and contributors.

Boston, MA, USA Joseph E. Italiano
Würzburg, Germany Harald Schulze
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1Megakaryopoiesis  
and Platelet Biogenesis

Joseph E. Italiano Jr.

Abstract
Blood platelets are 2–3 um anucleate fragments that are formed from the mega-
karyocyte cytoplasm and have a distinctive discoid shape. To generate and release 
platelets, megakaryocytes undergo endomitosis to become polyploid and follow 
a maturation program that results in the transformation of the bulk of their cyto-
plasm into multiple long processes called proplatelets. To generate 1000 to 2000 
platelets, a megakaryocyte may extend multiple proplatelets, each of which 
begins as a thick pseudopodia that over time elongates and branches repetitively. 
Platelets form predominantly at the tips of proplatelets. As platelets mature, their 
content of organelles and granules is delivered to them in a flow of individual 
cargo moving from the cell body of the megakaryocyte to the assembling plate-
lets at the proplatelet ends. Platelet generation can be indiscriminately divided 
into two stages. The first stage takes days to complete and requires megakaryo-
cyte-specific cytokines, such as thrombopoietin. Substantial nuclear prolifera-
tion to 16 to 32 × N and expansion of the megakaryocyte cytoplasm occur as the 
platelet is packed with platelet-specific granules, cytoskeletal proteins, and abun-
dant membrane to complete the platelet assembly phase. The second stage is 
relatively fast and can be completed in hours. During this phase, megakaryocytes 
generate platelets by reorganizing their cytoplasm first into proplatelets, then 
preplatelets, which undergo fission to generate platelets. Each day, 100 billion 
platelets must be generated from megakaryocytes to sustain the normal platelet 
count of 2 to 3 × 108/ml.

mailto:jitaliano@partners.org
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1.1  Introduction

Platelets are small anucleate fragments that are developed from the cytoplasm of 
megakaryocytes and have a distinctive disc shape. To assemble and release platelets, 
megakaryocytes become polyploid by endomitosis and follow a maturation program 
that results in the conversion of the majority of their cytoplasm into multiple long 
processes called proplatelets. To produce its quota of 1,000–2,000 platelets, a mega-
karyocyte may protrude multiple proplatelets, each of which begins as a blunt protru-
sion that over time thins and branches repeatedly. Platelets form selectively at the 
ends of proplatelets. As platelets develop, their content of organelles is delivered to 
them in a stream of individual particles moving from the megakaryocyte cell body to 
the assembling platelet buds at the proplatelet ends. Platelet formation can be arbi-
trarily divided into two phases. The first phase takes days to complete and requires 
megakaryocyte-specific growth factors, such as thrombopoietin. Massive nuclear 
proliferation to 16–32 × N and enlargement of the megakaryocyte cytoplasm occur 
as the platelet is filled with cytoskeletal proteins, platelet-specific granules, and 
abundant membrane to complete the platelet assembly process. The second phase is 
relatively rapid and can be completed in hours. During this stage, megakaryocytes 
produce blood platelets by reorganizing their cytoplasm into proplatelets, then pre-
platelets, which go through fragmentation to give rise to individual platelets. One 
hundred billion platelets need to be generated daily from megakaryocytes to uphold 
the average platelet count of 2–3 × 108/ml. This chapter is separated into two sections 
that review the mechanisms by which megakaryocytes undergo cytoplasmic matura-
tion, and the structural reorganizations that power platelet production.

1.2  Megakaryocyte Development

Megakaryocytes are highly differentiated bone marrow cells that function to gener-
ate and release platelets into the blood. Studying the process by which megakaryo-
cytes form and release platelets has intrigued scientists for over a century. 
Megakaryocytes are derived from hematopoietic stem cells and undergo a process 
called endomitosis, which involves several DNA replications in the absence of cell 
divisions. During endomitosis, megakaryocytes start a rapid expansion of their 
cytoplasm distinguished by the formation of a highly invaginated demarcation 
membrane network and the buildup of proteins and granules fundamental for plate-
let biology. During the final phase of maturation, the cytoplasm of the megakaryo-
cyte goes through a massive remodeling into beaded cytoplasmic processes called 
proplatelets. The proplatelets function as the assembly lines of platelet production 
and ultimately give rise to individual platelets.

1.2.1  Commitment to the Megakaryocyte Lineage

Megakaryocytes arise from hematopoietic stem cells, which are in charge of 
the continuous supply of almost all circulating blood cells. Hematopoietic 

J.E. Italiano Jr.
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stem cells are classified by surface markers, their ability to reconstitute in host 
animals, as well as colony assays that indicate their developmental potential. 
Hematopoietic stem cells are infrequent and make up less than 0.1 % of cells in 
the bone marrow. Hematopoietic stem cell development into megakaryocytes 
includes a series of steps in which the developmental competence of the progen-
itor cells becomes increasingly more limited. Mouse hematopoietic stem cells 
are characteristically recognized by the surface markers Lin-Sca-1+c-kithigh [1, 
2]. A model of hematopoiesis has come into sight from studies investigating the 
influence of hematopoietic growth factors and cytokines on marrow cells that 
are cultured on semisolid media. Two major lineages arise from hematopoietic 
stem cells, a common lymphoid progenitor that can expand into lymphocytes, 
and a myeloid progenitor that can develop into myeloid, macrophage, eosino-
phil, erythroid, and megakaryocyte lineages. A common erythroid-megakaryo-
cytic progenitor develops from the myeloid lineage [3]. However, more recent 
experiments also indicate that hematopoietic stem cells may directly expand 
into erythroid-megakaryocyte progenitors [4]. All hematopoietic progenitors 
express CD41 and CD34 on their surface, and the commitment to the mega-
karyocyte lineage is typified by integrin CD61 expression and increased CD41 
levels. From the committed myeloid progenitor cell (CFU- GEMM), there is 
solid support for a bipotential progenitor situated between the pluripotential 
stem cell and the committed precursor that can form biclonal colonies composed 
of erythroid and megakaryocytic cells. The transcriptional factors and signal-
ing pathways that direct the erythroid and megakaryocyte lineages to separate 
from the bipotential progenitor are not fully understood. Diploid precursors 
that are committed to the megakaryocyte lineage have characteristically been 
divided into two colonies based on their function. The megakaryocyte burst-
forming cell is a primitive progenitor that has a very high proliferation ability 
and gives rise to large megakaryocyte colonies. Under specific in vitro culture 
conditions, the megakaryocyte burst-forming cell can form 40–500 megakaryo-
cytes within a single week. The colony-forming cell is a more cytoplasmically 
mature megakaryocyte progenitor that gives rise to a colony containing from 3 
to 50 mature megakaryocytes that are variable in their potential to proliferate. 
Megakaryocyte progenitors can be readily observed in marrow by acetylcholin-
esterase and immunoperoxidase labeling. Although both human megakaryocyte 
colony-forming and burst-forming cells express the CD34 antigen, only colony-
forming cells express the HLA-DR antigen.

Various mechanisms based on histochemical staining, biochemical markers, as 
well as morphological features have been employed to classify different stages of 
megakaryocyte development. Three types of morphologies and structures can be 
identified in bone marrow. The promegakaryoblast is the first recognizable mega-
karyocyte precursor. The megakaryoblast, or Stage I MK, has a distinct morphology 
and is more cytoplasmically mature [5]. The megakaryoblast has a nucleus with a 
kidney shape with two sets of chromosomes (4N). The megakaryoblast is 10–50 μm 
in diameter and presents deeply basophilic in Romanovsky-stained marrow sections 
given the large numbers of ribosomes, even though the cytoplasm at this stage does 
not contain alpha and dense granules. The megakaryoblast presents with a high 
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nuclear-to-cytoplasmic ratio and, in rodents, is positive for acetylcholinesterase 
activity. The promegakaryocyte, or Stage II megakaryocyte, is 20–80 μm in diam-
eter with a cytoplasm that is less basophilic than the megakaryoblast and now con-
tains forming alpha and dense granules.

1.2.2  Polyploidization

Megakaryocytes, in contrast to most other cells, undergo endomitosis and become 
polyploid through repetitive cycles of DNA replication in the absence of cell divi-
sion [6–10]. At the end of the proliferation stage, mononuclear megakaryocyte 
precursor cells leave the diploid state to differentiate and undergo endomitosis, 
producing a cell that now contains multiples of a normal diploid chromosome 
content (i.e., 4N, 16N, 32N, 64N). While the number of endomitotic cycles can 
vary from 2 to 6, most of the megakaryocytes undergo three endomitotic cycles to 
obtain a DNA content of 16N. Nevertheless, a few megakaryocytes can attain a 
DNA content as high as 256N. Megakaryocyte endomitosis is caused by a func-
tional gene amplification whose most probable function is an increase in protein 
synthesis parallel with an increase in cell size [11]. The molecular mechanisms 
that power endomitosis are not fully understood. It was first proposed that endo-
mitosis may be a consequence of a lack of mitosis after every round of DNA 
replication. However, more current studies of primary cultured megakaryocytes 
suggest that endomitosis does not result from a total absence of mitosis, but more 
likely a prematurely terminated mitosis [11–13]. Megakaryocyte progenitors 
begin the cycle and initiate a short G1 phase, an average 6–7 h S phase for DNA 
synthesis, and then a short G-2 phase followed by endomitosis. Megakaryocytes 
initiate the mitotic cycle and advance from prophase to anaphase A but do not 
enter anaphase B, telophase, or cytokinesis. Throughout megakaryocyte poly-
ploidization, the nuclear envelope breaks down and an unusual spherical mitotic 
spindle forms. Each spindle attaches chromosomes that align to a position equi-
distant from the spindle poles (metaphase). Sister chromatids separate and start to 
move toward their respective poles (anaphase A). Nevertheless, the spindle poles 
do not migrate apart and do not undergo the segregation normally observed during 
anaphase B. Individual chromatids do not move to the poles and then a nuclear 
envelope reforms around the complete set of sister chromatids, assembling a sin-
gle inflated but lobed nucleus with several chromosome copies. The cell then 
omits telophase and cytokinesis to enter G1. This failure to completely separate 
sets of daughter chromosomes may stop the assembly of a nuclear envelope 
around each individual set of chromosomes. In most cell types, feedback controls 
as well as checkpoints ensure that DNA replication and cell division are coordi-
nated. Megakaryocytes seem to be the exception to this rule as they have devel-
oped a mechanism to deregulate this process. Experiments from several 
laboratories have focused on establishing the signals that direct endomitosis in 
megakaryocytes [14]. It has been suggested that endomitosis may be a result of a 
decrease in mitosis-promoting factor (MPF) activity, a complex of proteins com-
posed of Cdc2 and cyclin B [15, 16]. MPF has a kinase activity that is required for 
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entry of cells into mitosis. In most cells, recently formed cyclin B attaches to 
Cdc2 and generates active MPF, while cyclin breakdown at the conclusion of 
mitosis inactivates MPF. Strains of yeast with conditional mutations that inhibit 
either cyclin B or cdc2 cause them to go through an extra round of DNA replica-
tion with no mitosis [17, 18]. Furthermore, experiments using a human erythro-
leukemia cell line have shown that these cells contain inactive cdc2 during 
endomitosis, and experiments with phorbol ester-induced Meg T cells have shown 
that cyclin B is absent in this cell line during endomitosis [19–21]. Nevertheless, 
it has been difficult to establish the function of MPF activity in stimulating endo-
mitosis because these cell lines have a limited ability to undergo polyploidization. 
In addition, studies using normal megakaryocytes in vitro have established nor-
mal levels of cyclin B and cdc2 with functional mitotic kinase activity in mega-
karyocytes undergoing mitosis, demonstrating that endomitosis can be regulated 
by regulatory pathways other than MPF. Cyclins appear to play an essential role 
in regulating endomitosis, although a triple knockout of cyclins D1, D2, and D3 
does not seem to affect the progression of megakaryocyte development [22]. 
Nevertheless, mice lacking cyclin E do exhibit a pronounced defect in the devel-
opment of megakaryocytes [23]. It has been shown that the molecular mecha-
nisms involved in polyploidization are characterized by the aberrant localization 
or lack of at least two essential regulators of mitosis, survivin as well as the chro-
mosomal passenger proteins Aurora-B/AIM-1 [24]. While knockout of the APC/C 
cofactor Cdc20 causes mitotic arrest and severe low platelet count, lack of the 
kinases Aurora-B, Cdk1, or Cdk2 does not affect endomitosis of megakaryocytes 
or platelet levels. Deletion of Cdk1 causes a change to endocycles without mito-
sis, whereas polyploidization in the absence of cdk1 and cdk2 occurs in the pres-
ence of aberrant replication events. Particularly, deletion of these kinases rescues 
defects in Cdc20 null megakaryocytes. These observations imply that endomitosis 
can be functionally replaced by other polyploidization mechanisms in vivo [25].

1.2.3  Cytoplasmic Maturation

During polyploidization, the megakaryocyte begins a maturation phase in which the 
cytoplasm quickly expands with organelles, proteins, and membrane systems that 
will eventually be subdivided and packaged into platelets. During maturation, the 
megakaryocyte increases intensely, and the cytoplasm attains its unique structural 
characteristics, including the formation of a demarcation membrane system (DMS), 
production of granules, and the generation of a dense tubular system. Throughout 
this phase of development, the cytoplasm acquires a large amount of rough endoplas-
mic reticulum and ribosomes, where protein synthesis predominates. One of the 
most outstanding features of a mature megakaryocyte is its extensive DMS, an elabo-
rate system of membrane channels made up of flattened cisternae and tubules. The 
organization of the cytoplasm of the megakaryocyte into membrane-defined platelet 
territories was initially suggested by Kautz and DeMarsh [26], and a high-resolution 
account of this membrane system by Yamada came soon after [27]. The DMS is 
observed in early promegakaryocytes but becomes most noticeable in mature 
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megakaryocytes where it pervades the entire cytoplasm of the megakaryocyte, except 
for a thin rim of cytoplasm in the cortex, from which it is excluded. It has been sug-
gested that the DMS originates from the plasma membrane in the form of tubular 
invaginations [28]. The DMS is in direct contact with the external milieu and can be 
stained with extracellular tracers, such as lanthanum salts, tannic acid, and ruthenium 
red [28–30]. The precise role of this extensive, invaginated membrane system has 
been a topic of debate for many years. Originally, the DMS was proposed to partici-
pate in platelet production by creating preformed “platelet territories” within the 
cytoplasm of the megakaryocyte. Nevertheless, newer experiments strongly indi-
cate that the DMS serves mainly as a membrane reservoir for proplatelet production 
and elaboration. Experiments by Eckly and colleagues have started to provide some 
insights into the mechanics by which the DMS originates and matures [31]. To gen-
erate the DMS, the megakaryocyte plasma membrane enfolds at defined locations 
and a perinuclear pre-DMS is formed. Next, the pre-DMS is extended into its mature 
form by membrane added from Golgi-derived vesicles and endoplasmic reticulum-
mediated transfer of lipids. These findings are consistent with experiments on plate-
let glycosyltransferases, which are delivered early in the assembling DMS and 
ultimately translocate to the megakaryocyte and platelet surface membrane [32]. Just 
a few proteins have been established to contribute to DMS generation based on 
changing of its ultrastructure in specific knockout murine models. Membrane-
deforming proteins that employ F-BAR domains to bend membranes, or GTP as an 
energy source to bud vesicles from membranes, appear to be required for normal 
megakaryocyte development and platelet production. Gross disruptions in DMS 
structure are found in megakaryocytes isolated from either filamin A knockout, 
dynamin 2 knockout, or Cdc42-interacting protein 4 (CIP4) knockout mice. CIP4 is 
an F-BAR protein that causes membrane tubulation and preferentially binds to mem-
branes via its BAR domain and interacts with the Wiskott-Aldrich syndrome protein 
[33]. CIP4-/- mice have a moderately reduced platelet count with a 25 % decrease. 
Although megakaryocyte numbers and ploidy are fairly normal in CIP4-/- knockout 
mice, the megakaryocytes cultured from these mice are less effective in generating 
proplatelets in vitro. Dynamins are an extremely well-conserved large mechano-
chemical GTPases involved in vesicular transport and endocytosis, and mutations in 
dynamin 2 have been linked with low platelet count in humans. Dynamin-2-dependent 
endocytosis is essential for the development of megakaryocytes in mice [34]. The 
DMS has, in addition, been suggested to mature into the platelet open canalicular 
system, which operates as a channel for the release of platelet alpha- and dense-
granule contents. However, megakaryocytes from bovine, which have a highly devel-
oped DMS, generate platelets that do not form an OCS, suggesting the OCS is not 
necessarily a leftover membrane system of the DMS [30].

1.3  Platelet Formation

The precise mechanisms by which platelets are generated have been studied for well 
over a century. In 1906, James Homer Wright initiated a detailed study of how 
megakaryocytes give birth to platelets [35]. Numerous ideas have been proposed to 
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explain how megakaryocytes generate platelets. The DMS, explained in detail by 
Yamada in 1957, was originally hypothesized to demarcate preformed “platelet ter-
ritories” within the megakaryocyte cytoplasm [27]. Microscopists documented that 
mature megakaryocytes became packed with membranes and platelet-specific 
organelles and proposed that these membranes developed a system that defined 
fields for developing nascent platelets [36]. Release of individual platelets was pos-
tulated to take place by an enormous fragmentation of the megakaryocyte cyto-
plasm along DMS fracture lines located between these fields. The DMS model 
suggests that platelets assemble via an extensive internal membrane remodeling 
process [37]. Tubular membranes, which may initiate from invagination of the 
megakaryocyte plasma membrane, are expected to interconnect and branch, form-
ing a continuous system throughout. The fusion of neighboring tubules has been 
proposed as a means to produce a flat membrane that eventually envelopes the cyto-
plasm of an assembling platelet. Models trying to use the DMS to justify how the 
megakaryocyte cytoplasm becomes partitioned into platelet volumes and sur-
rounded by its own membrane have lost support because of multiple problems. For 
example, platelet territories inside the megakaryocyte cytoplasm do not contain 
microtubule rings, one of hallmark features of platelets in the resting state. If plate-
lets are assembled within the cytoplasm of the megakaryocyte via the DMS, then 
platelet fields should show signs of structural features of resting platelets, which is 
not the case [38]. Furthermore, there are no experiments on living megakaryocytes 
directly showing that platelet fields explosively shatter into bona fide platelets. On 
the contrary, experiments that focused on the DMS of megakaryocytes before and 
after retraction of proplatelets triggered by microtubule disassembling drugs sug-
gest this highly specialized membrane network may function mainly as a membrane 
reservoir that evaginates to deliver plasma membrane for the elaborate extension of 
proplatelets [39]. Radley and Haller have proposed that the name DMS may be a 
misnomer and have recommended “invagination membrane system” as a more 
appropriate name to depict this membrane system.

1.3.1  The Proplatelet Theory

The bulk of evidence supports the proplatelet hypothesis of platelet biogenesis. The 
term “proplatelet” is typically used to describe long cytoplasmic processes extending 
from megakaryocytes [40]. These processes are distinguished by numerous platelet-
sized swellings linked together by thin cytoplasmic bridges and are believed to cor-
respond to intermediate structures as megakaryocytes transition to platelets. In many 
ways, proplatelets can be thought of as the assembly lines of platelet production. The 
actual idea of platelets forming from these pseudopodia-like extensions took place 
when Wright recognized that platelets originate from megakaryocytes and described 
“the detachment of plate-like fragments or segments from pseudopods” extending 
from megakaryocytes [35]. Thiery and Bessis [41] and later Behnke [42] described 
the structure of these cytoplasmic processes emanating from megakaryocytes during 
platelet production in more detail. The classic “proplatelet theory” was established 
by Becker and De Bruyn, who suggested that megakaryocytes generate long 
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pseudopod-like extensions that later break apart to produce single platelets [40]. In 
this initial model, the DMS was still hypothesized to subdivide the megakaryocyte 
cytoplasm into platelet territories. Radley and Haller later described the “flow model” 
which proposed that platelets originated entirely from the interconnected platelet-
sized beads and proposed that the DMS did not function mainly to demarcate platelet 
fields but as a reservoir of surface membrane to be evaginated throughout proplatelet 
production [39]. Assembling platelets were presumed to become enclosed by mega-
karyocyte plasma membrane only as proplatelets were generated.

The majority of scientific data now supports a modified proplatelet model of 
platelet production. Proplatelets have been visualized: (1) in a wide variety of mam-
mals, including guinea pigs, cows, mice, rats, dogs, and humans [43–46]; (2) both 
in vivo and in vitro, and maturation of proplatelets produces platelets that manifest 
structural and functional similarities to blood platelets [43, 47]; (3) emanating from 
megakaryocytes in the bone marrow through seams in the endothelial lining where 
they have been proposed to be released into the blood circulation and undergo addi-
tional fragmentation into individual platelets [48–50]; and (4) to be missing in mice 
in which two individual hematopoietic transcription factors have been knocked out. 
These mice do not form proplatelets in culture and have a very low platelet count 
[51–53]. Altogether, these observations support an essential role for proplatelet for-
mation in platelet biogenesis.

1.3.2  Morphogenesis of Proplatelets

The discovery of thrombopoietin, the principal physiological controller of platelet 
generation, and the development of megakaryocyte cultures that faithfully reconsti-
tute platelet formation in vitro has made available systems to visualize and study 
megakaryocytes in the act of producing proplatelets. Direct visualization of living 
megakaryocytes reveals both spatial and temporal changes that lead to the assembly 
of proplatelets (Fig. 1.1) [54]. A massive transformation of the megakaryocyte 

Fig. 1.1 Structural 
features of proplatelets. 
Light microscope image of 
proplatelets formed by a 
megakaryocyte in culture. 
The proplatelets can reach 
millimeters in length and 
contain platelet- sized 
swellings that decorate 
their length, ultimately 
giving them a beads-on-a-
string appearance

J.E. Italiano Jr.



11

cytoplasm concentrates almost all of the intracellular components into proplatelet 
processes and their platelet-sized swellings, which during the final stages appear as 
beads linked by very thin cytoplasmic strings. This striking morphogenesis unfolds 
over 5–10 h and initiates with the erosion of one pole (Fig. 1.1) of the cytoplasm of 
the megakaryocyte. Thick extensions initially develop and then extend into thin 
tubes of a regular diameter of 2–4 μm. These slender tubules, in turn, go through a 
dynamic bending and branching event and form periodic densities along their 
length. Ultimately, the megakaryocyte is converted into a “naked” nuclei besieged 
by an extensive network of proplatelet extensions. Megakaryocyte maturation fin-
ishes when a rapid retraction divorces the proplatelet extensions from the cell body 
liberating the fragments into culture (Fig. 1.1). The ensuing rupture of the cytoplas-
mic bridges between platelet-sized swellings is thought to liberate individual plate-
lets into the blood circulation.

1.3.3  The Cytoskeletal Engine of Platelet Biogenesis

The cytoskeleton of the resting platelet, which functions as the bones and muscle of 
the cell, plays an essential role in preserving the disc shape of the mature, resting 
platelet and is the key driver of the shape change that transpires during the activation 
of platelets. This same set of cytoskeletal molecules supplies the force to power mor-
phological changes associated with the maturation of megakaryocytes and produc-
tion of platelets [55]. Three cytoskeletal polymer systems exist in megakaryocytes: 
actin, tubulin, and spectrin. These proteins reversibly polymerize into filaments. 
A body of experimental data supports a model of platelet generation in which micro-
tubules, actin filaments, and the spectrin membrane skeleton play key roles.

1.3.3.1  Microtubules Power Proplatelet Extension
Microtubules were first extensively studied in resting platelets. The marginal micro-
tubule coil is one of the most hallmark features of the resting platelet (Fig. 1.2b) 
[56]. αβ tubulin dimers polymerize into hollow microtubules under physiological 

a b c

Fig. 1.2 Production of proplatelets by a megakaryocyte. These images show a time-lapse sequence 
of a mouse megakaryocyte demonstrating the events that lead to generation of proplatelets in cul-
ture. (a) Platelet generation begins when the megakaryocyte cytoplasm begins to erode at one pole. 
(b) The majority of the cytoplasm has been transformed into multiple extensions that continue to 
elongate and develop platelet-sized swellings that decorate their length. These extensions are very 
dynamic and exhibit both bending and branching. (c) After the majority of the megakaryocyte 
cytoplasm has been transformed into proplatelets, the process ends in a massive retraction that 
causes the proplatelets to separate from the residual cell body containing a naked nuclei
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conditions, and tubulin is evenly separated between polymer and dimer fractions in 
resting platelets. In most cells, the αβ tubulin dimers are in a dynamic equilibrium 
with polymer such that reversible cycles of assembly disassembly of microtubules 
are observed. Microtubules are hollow polymers that are 24 nm in diameter and 
provide the force for many types of cell movements, such as the segregation of 
chromosomes during mitosis and the vesicular translocation of organelles and cargo 
throughout the cell. The ring of microtubules of the mature, resting platelet, initially 
described in the late 1960s by James White, has been depicted as a single microtu-
bule approximately 100 μm long and is coiled 8–12 times in the cortex of the plate-
let [56]. The main role of the microtubule coil is to maintain the disc shape of the 
resting platelet. Depolymerization of platelet microtubules with pharmaceuticals 
such as nocodazole, vincristine, or colchicine causes platelets to become spherical 
and lose their disc shape [56]. Chilling platelets to 4 °C also causes depolymeriza-
tion of the microtubule coil and loss of the disc shape. Moreover, molecular experi-
ments show that mice lacking the major hematopoietic β-tubulin isoform (β1 
tubulin) contain platelets that lack the hallmark disc shape and have defective 
microtubule coils. Knockout of the β1-tubulin gene in mice results in low platelet 
count with mice having platelet counts below 50 % of normal. β1-tubulin-deficient 
platelets are spherical in shape, and this appears to be caused by defective microtu-
bule coils with fewer microtubule coilings. Although normal platelets possess a 
microtubule coil that is made up of 8–12 coils, β1-tubulin knockout platelets contain 
only 2–3 coils [57]. Human β1-tubulin functional substitution (AG>CC) inducing 
both structural and functional platelet changes has been described [58]. The Q43P 
β1-tubulin variation was observed in 10.6 % of the normal population and in 24.2 % 
of 33 unrelated patients with undefined congenital macrothrombocytopenia. 
Ultrastructural evaluation by electron microscopy revealed enlarged spherical plate-
lets with an abnormal marginal band and structure. Platelets with the Q43P 
β1-tubulin variant showed a mild platelet phenotype, with reduced adenosine tri-
phosphate (ATP) secretion, thrombin-receptor-activating peptide-induced aggrega-
tion, and impaired attachment to collagen under flow conditions [59]. One possibility 
is that it could confer an evolutionary advantage and protective cardiovascular role 
given that a more than twofold prevalence of the β1-tubulin variant has been 
observed in healthy individuals not undergoing ischemic events. The microtubules 
that that are within the coil are decorated with proteins that regulate the stability of 
the polymer [60]. The microtubule motor proteins kinesin and cytoplasmic dynein 
are present in platelets, but their precise functions in resting and activated platelets 
are not fully understood.

Proplatelet production is dependent on microtubule-based forces as exposure of 
megakaryocytes to drugs that disassemble microtubules, such as vincristine or 
nocodazole, prevents proplatelet production. Microtubules are the main cytoskeletal 
structural components of the engine that powers proplatelet extension. Direct visu-
alization of the microtubule cytoskeletons of proplatelet-producing megakaryocytes 
provides insights as to how microtubules power platelet generation (Fig. 1.3) [55]. 
The microtubule cytoskeleton in megakaryocytes undergoes a spectacular reorgani-
zation during proplatelet production. In immature, round megakaryocytes that have 
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not started proplatelet production, microtubules extend from the cell center to the 
cortex. As thick extensions form during the beginning stages of proplatelet produc-
tion, membrane-associated and cortical microtubules merge into thick bundles posi-
tioned just under the plasma membrane of these structures. And once pseudopodia 
start to extend (at an average rate of 1 μm/min), microtubules form thick linear 
arrays that run along the whole length of the proplatelet processes (Fig. 1.3). The 
bundles of microtubules are thickest in the region of the proplatelet closest to the 
cell body of the megakaryocyte but thin down to bundles of approximately seven 
microtubules near proplatelet ends. The distal end of each proplatelet always has a 
platelet-sized bead that contains a microtubule bundle that loops just under the 
plasma membrane and reenters the shaft to form a teardrop-shaped structure. 
Because microtubule coils similar to those seen in resting blood platelets are 
observed only at the tips of proplatelets and not within the platelet-sized swellings 
found along the length of proplatelets, mature platelets are assembled principally at 
the ends of proplatelets.

Direct observation of the dynamics of microtubules in live megakaryocytes using 
green fluorescent protein (GFP) methodology has offered insights into how micro-
tubules provide the force to extend proplatelets [55]. End-binding protein three 
(EB3), a protein that is associated only with growing plus ends of microtubules, 
fused to GFP was retrovirally expressed in mouse megakaryocytes and used as a 
probe to track the plus end dynamics of microtubules. Immature megakaryocytes 
without proplatelets use a centrosome microtubule nucleation reaction, which 
appears as a projecting starburst pattern when observed with EB3-GFP. Microtubules 
polymerize only from the centrosomes and extend outward into the cell edge where 

Fig. 1.3 Microtubules 
provide the force to 
elongate proplatelets. 
Immunofluorescence 
staining of mouse 
megakaryocytes grown in 
culture and labeled with 
anti-β1-tubulin antibodies 
shows the localization of 
microtubules along 
proplatelets. The 
characteristic features of 
proplatelets, including the 
swelling, shaft, tip, and 
branch points, are 
highlighted
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they turn and run along the edge of the cell. But, just before proplatelet production 
starts, centrosome assembly ceases and microtubules start to concentrate into the 
cortex. Real-time fluorescence microscopy of proplatelet-producing megakaryo-
cytes expressing EB3-GFP shows that as proplatelets extend, microtubule assembly 
occurs constantly along the entire length of the proplatelet, including the swellings, 
shaft, and tip. The microtubule assembly rates (average of 10.2 μm/min) are approx-
imately tenfold more rapid than the proplatelet elongation rate, suggesting assembly 
and proplatelet elongation are not tightly linked. The EB 3-GFP experiments also 
revealed that microtubules assemble in both directions in proplatelets, e.g., both 
toward the tips and cell body, showing that the microtubules that make up the bun-
dles have a mixed polarity.

While microtubules are constantly assembling in proplatelets, assembly does 
not provide the force for proplatelet extension. Proplatelets continue to extend 
even when microtubule assembly is blocked by drugs that inhibit net microtubule 
polymerization, suggesting an alternate mechanism for proplatelet extension [55]. 
In line with this thinking, proplatelets have an intrinsic microtubule sliding mech-
anism. Cytoplasmic dynein, a minus end microtubule molecular motor protein, 
concentrates along the microtubules of the proplatelet and appears to directly pro-
vide force for microtubule sliding, since inhibition of cytoplasmic dynein through 
disruption of the dynactin complex prevents proplatelet production. The sliding of 
microtubules can also be reactivated in proplatelets that have been permeabilized 
with detergent. When ATP, which can provide the chemical energy to drive the 
enzymatic activity of molecular motors, is added, it activates proplatelet extension 
in permeabilized proplatelets that contain both cytoplasmic dynein and dynactin, 
its regulatory complex. A recent analysis has suggested six different types of 
behaviors characterize the elaboration of proplatelets: elongation, branching, 
pausing, fusions, fragmentations, and retractions. Although the average extension 
rate for proplatelets over time is 1 μm/min, elongation typically occurs in bursts 
and pauses. Surge rates greatly exceed the average rates and under shear flow, 
rates of >30 μm/min have been documented. These rates correlate well with the 
sliding rates of microtubules within the proplatelet microtubule bundles. 
Fluorescence recovery after photobleaching studies has shown that microtubule 
sliding powers proplatelet extension and is dependent on cytoplasmic dynein [61]. 
Thus, dynein-mediated microtubule sliding appears to be the major event in pow-
ering proplatelet elongation.

1.3.3.2  Transport of Organelles and Granules Along Proplatelets 
into Assembling Platelets

In addition to functioning as the major engine that powers proplatelet extension, the 
microtubules within proplatelets have a secondary function – the transport of organ-
elles, granules, and membrane into proplatelets and nascent platelets at proplatelet 
tips. Single, discrete organelles are transported from the body of the megakaryocyte 
into the proplatelets where they move back and forth until they are captured at pro-
platelet ends [62]. Electron microscopy and immunofluorescence studies demon-
strate that organelles are closely associated with microtubules, whereas actin 
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poisons do not reduce organelle movement. Thus, organelle motility seems to 
require microtubule-based mechanisms. Bidirectional organelle movement is trans-
mitted in part by the mixed polarity of microtubules within the proplatelet, as 
kinesin- coated beads move bidirectionally over the microtubule bundles of skinned 
proplatelets. Of the two major microtubule-based motors, cytoplasmic dynein and 
kinesin, only kinesin is localized in an arrangement comparable to organelles and is 
likely responsible for moving these cargo along microtubules [62]. It appears that a 
twofold mechanism of organelle motility occurs during proplatelet production. 
First, organelles and granules translocate along microtubules, and second, the 
microtubules can also slide bidirectionally in relation to other microtubules to indi-
rectly move organelles along proplatelets in a piggyback fashion.

1.3.3.3  Actin-Driven Bending and Branching of Proplatelets
Actin, at a very high concentration of 0.5 mM, is the most abundant of all the plate-
let proteins with approximately two million molecules per platelet [63]. Similar to 
tubulin, actin is in a dynamic polymer-monomer equilibrium. Approximately, 40 % 
of the actin subunits assemble to form the 2,000–5,000 actin filaments observed in 
the resting cell [64]. The rest of the cytoplasmic actin in the platelet is maintained 
in sequestration as a 1 to 1 complex with β4-thymosin [65] and is converted to fila-
ments during platelet activation to power cell spreading. A body of data indicates 
that the filaments of the resting platelet are cross-linked at various points into a rigid 
cytoplasmic network, as platelets contain very high amounts of proteins that cross- 
link actin including filamin and α-actinin [66, 67]. Both filamin and α-actinin exist 
as homodimers in solution. Filamin subunits are elongated molecules composed 
mainly of 24 repeats, each ~100 amino acids in length that are folded into IgG-like 
beta barrels [68, 69]. There are three filamin genes on chromosomes 3, 7, and 
X. Filamin A (X) [70] and filamin B are expressed in platelets with Filamin A pres-
ent at greater than tenfold excess to filamin B. Filamin is known to be a prototypical 
scaffolding protein that draws binding partners and arranges them next to the plasma 
membrane [71]. Some of the partners that bind filamin members include: the small 
GTPase, RalA, Rac, Rho, and Cdc42 with RalA binding in a GTP-dependent man-
ner [72]; the exchange factors Trio and Toll; and kinases such as PAK1. Critical to 
the structural organization of the resting platelet is a linkage between filamin and 
the cytoplasmic tail of the GPIbα subunit of the GPIb-IX-V complex. The second 
rod domain (repeats 17–20) of filamin has an attachment site for the cytoplasmic tail 
of GPIbα 33, and experiments have demonstrated that the majority of platelet fila-
min (≥90 %) is in complex with GPIbα [73]. This connection has three major con-
sequences. First, because a large fraction 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. Second, it positions filamin’s self-association domain and associated 
partner proteins at the membrane at the same time as presenting filamin’s actin bind-
ing sites into the cytoplasm. Third, because the filamin connections between GPIb- 
IX- V complex and actin filaments go through the holes of the spectrin lattice, it 
restrains the movement of the spectrin strands in this network and restrains the lat-
tice in compression. The FLN-GPIbα linkage is critical for the production of 
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discoid platelets from megakaryocytes as platelets lacking this connection are frag-
ile and large and produced in very low numbers. However, the role of the filamin- 
GPIbα linkage in platelet generation per se is not fully understood. Given that a 
small amount of Bernard-Soulier platelets assemble and release from megakaryo-
cytes, it can be argued that this linkage is a late event in the production process and 
is not per se essential for platelet release.

Each megakaryocyte has been predicted to produce thousands of platelets [74–
77]. Time-lapse imaging of platelet production from megakaryocytes cultured 
in vitro has shown that proplatelet ends are increased in an extremely dynamic man-
ner that repeatedly bends and branches the proplatelet shaft [54]. End amplification 
starts when a proplatelet shaft is bent into a sharp kink, which then folds back on 
itself, developing a loop in the microtubule bundle. The nascent loop then elongates, 
forming a new proplatelet shaft branching from the side of the original proplatelet. 
Loops lead the proplatelet end and establish the location where nascent platelets will 
develop and where platelet-specific contents are transported. In clear difference to 
the microtubule-based motor that extends proplatelets, actin-based power is used to 
bend the proplatelet in end amplification. Megakaryocytes exposed to the actin inhib-
itors, latrunculin or cytochalasin, can only extend lengthy, unbranched proplatelets 
that contain very few swellings along their length. Notwithstanding extensive analy-
sis of actin filament dynamics during platelet activation, how actin functions in this 
process and the molecular signals that direct bending have yet to be defined. 
Ultrastructural analysis via phalloidin staining and rapid freeze electron microscopy 
of megakaryocytes undergoing proplatelet production have shown that actin fila-
ments are dispersed throughout the proplatelet and are very abundant within swell-
ings and at proplatelet branch points. One possibility is that proplatelet bending and 
branching is powered by the actin nonmuscle motor myosin II. A genetic mutation in 
the nonmuscle myosin heavy chain-A gene MYH9 in humans results in a group of 
diseases comprising May-Hegglin anomaly and the Sebastian, Fechtner, and Epstein 
syndromes, characterized by low platelet count with giant platelets. Experiments 
also suggest that protein kinase Cα (PKCα) associates with concentrations of actin 
filaments in megakaryocytes that are exhibiting proplatelet production and inhibition 
of PKCα or integrin signaling pathways stop actin filament aggregation and proplate-
let production in megakaryocytes [78]. Since proplatelets extend but do not branch in 
the presence of the actin disassembly drug cytochalasin B, it is unexpected that the 
deletion of specific actin associated proteins from the megakaryocyte lineage leads 
to macrothrombocytopenia. It seems likely that the removal of actin-modulating pro-
teins alters and or increases filamentous actin and the cytoskeletal structure appears 
to have a dominant inhibitory effect on proplatelet generation and release. The dele-
tion of the actin cross-linking protein Filamin A in conditional mice whose mega-
karyocyte and platelet lineage lack Filamin A results in giant platelets in which 
platelet counts are reduced by 80–90 % [79]. Conditional mice in which the actin 
filament turnover protein cofilin-1 has been knocked out in the megakaryocyte lin-
eage also have macrothrombocytopenia with a platelet count reduced 60–80 % of 
normal. In contrast, mice in which the actin filament turnover protein ADF has been 
deleted have normal platelet counts and structure [80]. However, when ADF-/- mice 
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are bred with cofilin-1 knockout mice, platelet generation is drastically reduced and 
the structure and shape of platelets are highly variable. Mice that contain megakaryo-
cytes in which profilin 1, a small protein that stimulates polymerization of actin fila-
ments, has been deleted have giant platelets with decreased platelet counts [81]. 
Profilin-null platelets have an enlarged microtubule coil with microtubules that are 
hyper-acetylated, and in a number of ways, the profilin 1 knockout phenotype is very 
comparable to the phenotype of platelets in the Wiskott-Aldrich syndrome or in 
WASp knockout mice. Defective proplatelet generation has also been described in 
mice in which the small regulatory GTPases Rho, Cdc42, and Rac have been deleted 
in the megakaryocyte lineage [82, 83].

1.3.3.4  The Spectrin Membrane Skeleton
While the functions of actin filaments and microtubules in proplatelet generation 
have been significantly studied, our understanding of the role of the membrane skel-
eton has only recently been appreciated. The plasma membrane and OCS mem-
brane of the resting platelet are supported by an intricate cytoskeletal system. The 
platelet is the only other cell in addition to the red blood cell whose membrane 
skeleton has been visualized at high resolution. Like the red blood cell, the platelet 
membrane skeleton is also a self-assembly of extended spectrin strands that inter-
connect through their attachment to actin filaments creating triangular pores. 
Platelets contain approximately 2,000 spectrin molecules [64, 84, 85] that assemble 
into a network that coats the cytoplasmic surface of both the OCS and plasma mem-
brane. While much less is known about how the spectrin-actin network assembles 
and is connected to the plasma membrane in the platelet relative to the red blood 
cell, specific differences between the two membrane skeletons have been estab-
lished. First, the spectrin strands that make up the platelet membrane skeleton inter-
connect using the ends of long actin filaments instead of short actin oligomers [64]. 
These ends arrive at the membrane initiating from filaments in the cytoplasm. 
Hence, the spectrin lattice is organized into a continuous network by its association 
with actin filaments. Second, tropomodulins are not found at sufficiently high lev-
els, if at all, to have a role in the capping of the pointed ends of the platelet actin fila-
ments; instead, cell biological experiments have shown that a substantial number 
(~2,000) of these ends are free in the resting platelet. Third, although little tropo-
modulin protein is expressed, adducin is amply expressed and appears to cap many 
of the barbed ends of the filaments composing the resting actin cytoskeleton [86]. 
Adducin is a major component of the membrane skeleton forming a triad complex 
with actin and spectrin. Capping of barbed filament ends by adducin also functions 
to target them to the spectrin-based membrane skeleton, as the affinity of spectrin 
for adducin-actin complexes is much greater than for either actin or adducin alone 
[87–90]. High-resolution ultrastructural examination via electron microscopy shows 
that proplatelets contain a spectrin-based membrane skeleton comparable in struc-
ture to that of platelets [91]. Spectrin tetramer assembly is critical for the generation 
of the DMS and proplatelet extension, as expression of a spectrin tetramer- disrupting 
peptide in megakaryocytes blocks the progression of both processes. In addition, 
incorporation of this spectrin-disrupting peptide construct into a permeabilized 
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model system very quickly destabilizes proplatelet structure, causing massive swell-
ing as well as blebbing. Spectrin tetramers also appear to stabilize the barbell- 
shaped structures that give rise to individual platelets. Overall, these findings 
suggest an essential role for spectrin in distinct stages of megakaryocyte develop-
ment by its participation in the generation of the DMS and in the preservation of 
proplatelet structure.

1.3.4  Release of Individual Platelets

In vivo, proplatelets project into bone marrow sinusoids, where they are released 
and enter the blood. Junt et al. as well as Massberg and colleagues have used intra-
vital multiphoton microscopy to observe proplatelet generation in the opened cra-
nial marrow cavity of live mice [92, 93]. Fluorescently labeled megakaryocytes 
could be observed to extend proplatelets and liberate fragments of megakaryocytes 
into the marrow sinusoids of live mice. Remarkably, these megakaryocyte frag-
ments generally exceed the dimensions of platelets, implying that platelet morpho-
genesis persists in the blood circulation. Consistent with these findings, we have 
discovered a new intermediate stage in platelet production and release, which we 
called the preplatelet [94]. Preplatelets, which appear as “giant platelets,” are clas-
sified as discoid cells (3–10 μm) that still maintain the ability to convert into barbell- 
shaped proplatelets and undergo fission into platelets. Inhibitors of microtubule 
assembly prevent the conversion of preplatelets to barbells. Thus, the conversion of 
preplatelets to barbell proplatelets is driven by microtubule-powered forces. It is 
appealing to speculate that the preplatelet fission reaction is a major regulator of 
platelet size and that some giant platelet disorders (macrothrombocytopenias) may 
represent a failure to convert preplatelets into barbell proplatelets. Force constraints 
resulting from cortical microtubule band diameter and thickness appear to regulate 
barbell proplatelet generation, and platelet size is possibly limited by microtubule 
bundling, elastic bending, and actin-myosin-spectrin cortex forces [95]. It was 
recently shown that individual human platelets have the innate ability to duplicate 
and form new cell bodies that undergo fission into platelets [96]. The morphological 
resemblance between platelets that form new cell bodies and preplatelets is remark-
able. Whether the newly released platelets exhibit a preplatelet phenotype, which 
may permit them to generate barbell shapes and divide again, is unclear.
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2Transcriptional Regulation of Platelet 
Formation: Harnessing the Complexity 
for Efficient Platelet Production In Vitro

Marloes R. Tijssen, Thomas Moreau, and Cedric Ghevaert

Abstract
It is now common knowledge that specific repertoires of transcription factors 
(TFs) determine a cell’s protein content and thereby its phenotype. The expres-
sion of a given TF is not necessarily cell specific, and many TFs play a pivotal 
role in several different cell types. For example, TAL1, FLI1, RUNX1, ERG and 
GATA2 are important regulators of stem cells, but also play a vital role in mega-
karyopoiesis. Although the megakaryocyte (MK) and its closest relative, the red 
blood cell, share key TFs like GATA1 and NFE2, the bifurcation between the two 
lineages has been associated with pairs of TFs that act as a toggle switch (such 
as FLI1 and KLF1). This chapter will summarise the current knowledge of key 
transcriptional regulators of MK differentiation and how some of these TFs, 
despite being expressed in several cell types, can impose MK cell identity. Since 
the discovery of TPO in 1994, our knowledge of MK biology and differentiation 
has increased exponentially, but we still lack a deep understanding of what trig-
gers the transition from MK growth and maturation to proplatelet formation. We 
describe how some well-known TFs control the expression of proteins that play 
a pivotal role in the dramatic cytoplasmic and cytoskeletal events that accom-
pany proplatelet formation. Finally, we show how TFs can be harnessed in a 
powerful way to produce MKs and, potentially, platelets in vitro for future clini-
cal applications.
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2.1  Introduction

Although the role of platelets clearly extends well beyond their primary role in 
homeostasis, the main symptom of thrombocytopenia (low platelet count) or platelet 
dysfunction is bleeding. Human peripheral blood contains 150–450 × 109 platelets/L, 
and since platelets have a life span of 10 days, there is a substantial demand for con-
tinuous platelet production in the bone marrow (estimated to be around 1011 platelets 
per day). This process is tightly regulated, and the body has means to increase it 
when more platelets are needed, for example, in the case of increased platelet con-
sumption following a haemorrhage or infection. All blood cells originate from mul-
tipotent haematopoietic stem cells (HSCs) that can self- renew and differentiate into 
specialist cells. Platelets are derived from large polynucleated cells called the mega-
karyocytes (MKs) that are generated from HSCs. Although there is still a debate 
whether MKs descend directly from the HSCs, a specific population of stem cells, or 
go through the stage of a common myeloid progenitor first (see Sect. 2.2), we do 
have extensive knowledge on the transcription factors (TFs) involved in enforcing an 
MK cell fate. Once an MK has matured, it will ultimately release thousands of plate-
lets into the bloodstream. Despite researchers rather efficiently recapitulating the 
process of MK formation and maturation from stem cells in the laboratory, we can at 
present only harvest five to ten functional platelets per MK in vitro. It is possible that 
these in vitro-derived MKs are not given the right environment to produce higher 
numbers of platelets or that the in vitro- produced platelets are somehow activated 
and therefore non-functional and lost from the final harvest. Alternatively, we may be 
missing crucial cues in vitro for the final step of MK maturation or platelet forma-
tion. Therefore, the knowledge of the transcriptional regulation of MK differentiation 
is extremely relevant in order to understand how platelets are produced and to ulti-
mately harness that knowledge and translate it into the efficient in vitro production of 
platelets for clinical applications.

2.2  Haematopoietic Stem Cell Differentiation: 
About Heterogeneity, Stochastic and Directed Fate 
Decisions

The accepted central concept of “a stem cell” is that of a cell that possesses the abil-
ity to self-renew and is able to differentiate into lineage-restricted cells that become 
increasingly specialised until they reach the terminally differentiated fully mature 
cells. This concept was first demonstrated in the haematopoietic system in the 1950s 
through mouse models of bone marrow transplantation. Low numbers of stem cells 
could repopulate the bone marrow of a mouse with a compromised haematopoietic 
system and regenerate all haematopoietic cell types. The multiple observations 
resulting from this large body of work have produced strong support for a hierarchi-
cal model in which the long-term self-renewal potential of the HSCs is restricted 
upon differentiation into lineage progenitors that will eventually produce the termi-
nally differentiated mature blood and immune cells [1].
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However, the advent of cell sorting technologies and single-cell assays has 
allowed us to realise that even a well-defined HSC population is heterogeneous, 
with each cell possessing specific differentiation patterns and self-renewal proper-
ties. Fascinatingly, these properties appear to be largely intrinsically stable within 
the original HSC and its progeny (reviewed in [2]), although external stimuli (usu-
ally described under the blanket term of “niche”) can influence HSC behaviour 
(reviewed in [3]). This heterogeneity of HSC has been brought to light specifically 
in terms of MK differentiation by the demonstration by two independent groups of 
a previously undescribed subpopulation of HSCs which is “primed” to preferen-
tially differentiate to the MK lineage [4, 5]. This suggests HSCs do not necessarily 
need to go through the multipotent progenitor stage.

Despite a massive body of research into stem cell traits, the field is still divided 
with regard to the mechanism triggering the cell to stop self-renewing and to com-
mit to a certain cell fate. There is obvious evidence for both a “directed” decision 
(i.e. under the influence of both external stimuli and intrinsic cell characteristics) 
and a stochastic process. However, a stochastic cell fate decision might only appear 
to be so as a consequence of our current inability to look into the minute molecular 
details of each individual cell in order to identify the probabilistic outcome of cell 
differentiation. The orchestration of the outcome of differentiation is ultimately 
driven at the cellular level by the precise arrangement of TFs in a given progenitor 
which will trigger the expression of lineage-specific gene regulatory networks.

This paradigm is illustrated by the bipotent MK-erythroid progenitors (MEPs) 
that can develop either into an erythroblast or an MK for which they need to switch 
on a completely different gene repertoire. Erythrocytes reduce their cell size and 
condense their nucleus, which is finally expelled. MKs on the other hand become 
bigger, increase their DNA content, and form specific “granules”. Although the 
demonstration that pairs of TF “switches” may regulate the MEPs cell fate decision, 
the process by which the cell decides which TF to favour (and thereby the choice of 
pathway) is still unclear.

2.3  Regulation of Gene Expression: Multilayer Complexity

Each cell of the body contains the same genetic information, whilst its specific func-
tion and identity are defined by the restricted protein set that it contains and thereby 
its pattern of gene expression. Regardless of whether the cell fate decision is sto-
chastic or directed, it will be executed by changes in the gene expression profile of 
the cell. The regulation of each protein concentration in a specific cell is subject to 
a very complex multilayered regulation at the transcriptional, translational and pro-
tein structure levels. This includes epigenetic regulation which relates to the three- 
dimensional organisation of the chromatin and its accessibility to DNA-binding 
proteins that regulate gene transcription [6], non-coding RNA such as miRNA 
(which regulate degradation of mRNA or repress translation) [7] and long non- 
coding RNAs whose role in haematopoiesis (including erythroid/Mk maturation) is 
gradually being uncovered [8]. For example, although the level of TFs involved in 
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late MK differentiation and platelet formation (such as GATA1, FOG1, FLI1, TAL1, 
RUNX1 and NFE2) does not increase with polyploidisation, the transcripts of their 
target genes are upregulated [9] indicating that several nonmutually exclusive 
mechanisms (translational and/or post-translational regulation) might be at play. In 
addition, a recent publication showed that an extra dimension is added to this tran-
scriptional regulation by the lineage-specific expression of different isoforms from 
the same gene, conferring specific biological activity to the protein within a given 
cell type in the haematopoietic tree [10]. The mechanisms underlying lineage- 
specific alternative promoter use or splicing are still to be fully understood. 
Intriguingly, recent studies have shown that whilst devoid of nuclei, platelets are 
still endowed with gene expression control mechanisms including mRNA splicing 
in response to external cues and effective RNA interference machinery associated 
with miRNA expression [11, 12]. This chapter will, however, concentrate specifi-
cally on the role of TFs in MK differentiation and, ultimately, platelet production.

Expression of actively transcribed genes is generally initiated by binding of ubiq-
uitously expressed general TFs to the TATA sequence in the promoter of these genes. 
This leads to the recruitment of the transcription machinery consisting of other regu-
latory cofactors and RNA polymerases [13]. Specificity is introduced by the tight 
regulation of the expression of a repertoire of cell-type-specific TFs. These TFs rec-
ognise certain sequences in the DNA called motifs. These motifs are usually not long 
and appear many times in the DNA. Whether a TF will bind to its motif depends on 
the accessibility of the DNA and collaborative association with cofactors. To accom-
modate the large eukaryotic genome in the nucleus, the DNA is packed into chroma-
tin. It is organised in nucleosomes by histone proteins and repeating units of 
nucleosomes make up the chromatin. The cell uses modifications of the histone pro-
teins to regulate the tightness of the packaging and thereby DNA access to TFs and 
the transcriptional machinery. Interestingly, these modifications are inherited by 
daughter cells and are thus one of the ways to regulate cell-type specificity [14].

Complexes of different TFs can bind a single DNA element inducing transcrip-
tional activation or repression depending on the constituents of the complex [15] 
(Fig. 2.1). The crucial role of TFs in lineage specification from HSC to MK and sub-
sequent MK maturation is well documented [16], but the exact role that these TFs may 
play in enabling MKs to form platelets is not as clear. Some evidence can however be 
gleaned from existing data and will be discussed for individual key TFs in Sect. 2.5.

It was long thought that once a cell had gone down the path of differentiation, this 
decision was irreversible. However, as early cell nuclei transfer experiments sug-
gested [17] and the birth of Dolly the sheep in 1996 spectacularly demonstrated, the 
transfer of a somatic nucleus into an egg can reverse programme the cell back into 
development to make it pluripotent. More recently, the discovery that this reversal of 
a cell’s differentiation status (so-called reprogramming) can also be accomplished by 
overexpression of four TFs (thereby creating an “induced” pluripotent stem cell) 
earned Shinya Yamanaka a Nobel Prize [18]. It has become clear that overexpressing 
key TFs can not only reprogramme a somatic cell into a pluripotent cell, but that a 
somatic cell can be pushed into an alternative cell identity without necessarily going 
through the pluripotent stage (lateral programming) and that a similar approach can 
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force a pluripotent stem cell towards a specific stem cell fate (forward programming). 
The latter has great potential for the generation of cells from patients (enabling dis-
ease modelling) or the production of cells for clinical use and will also be discussed in 
the context of megakaryopoiesis and in vitro platelet production.

2.4  Making Platelets: The Megakaryocyte, Its Niche and Its 
DNA Content

2.4.1  MK Specification and Differentiation

The main driver of MK differentiation is the binding of thrombopoietin (TPO) to its 
receptor MPL [19]. The subsequent dimerisation of the receptor induces the auto-
phosphorylation of the Janus kinase 2 (JAK2). JAK2 phosphorylates a number of 

Fig. 2.1 Transcriptional regulation of gene expression. The specificity for spatio-temporal regula-
tion of gene expression is acquired by combinatorial binding of multiple transcription factors 
(TFs). TFs and co-activators bind at the promoter of a gene proximal to the transcription start site 
(TSS). The subsequent recruitment of the RNA polymerase-II and ubiquitous transcriptional 
machinery factors will initiate transcription. Sets of TFs binding on a distal DNA element are 
called cis-regulatory modules (CRMs). CRMs can be located several hundreds of kilobases (kb) or 
even more away from the promoter and still function as enhancers/repressors of gene expression 
through long-range DNA loop interaction. Gene expression is further regulated by the chromatin 
structure (opened euchromatin and closed heterochromatin) guided by epigenetic modifications 
involving histone modifications (e.g. acetylation and methylation of lysine residues on H3) and 
DNA methylation on cytosine which ultimately controls accessibility of TFs to their DNA-binding 
sequence. These mechanisms are illustrated here for the key megakaryocyte surface receptor gene 
integrin alpha-2b (ITGA2B) based on ChIP-Seq data [206, 244]
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downstream substrates leading to the activation of multiple signalling pathways 
including mitogen-activated protein kinases (MAPK), phosphoinositol-3 kinase 
(PI3K) and signal transducers and activators of transcription (STATs). The ultimate 
effect of the activation of these signalling pathways is induction and repression of 
gene expression and MK differentiation.

Besides TPO, other cytokines, chemokines and extracellular matrix proteins 
influence megakaryopoiesis [20, 21]. Noteworthy is the residual level of platelets 
(about 15 %) in Tpo or Mpl knockout mice probably driven by the interaction 
between the MK progenitor and the BM endothelial niche [22].

2.4.2  Triggers for Proplatelet Formation and Platelet Release: 
The Little Bit We Do Know

As the process of platelet formation is still debated, so is the trigger for this process. 
Although the role of TPO in MK maturation is undisputed, TPO seems dispensable 
for platelet formation and maybe even inhibits this process [23, 24]. Removal of 
growth factors commonly triggers cell death. Therefore, the dispensability of TPO 
may be related to the fact that proplatelet formation has been described as a form of 
compartmentalised caspase-dependent cell death. Overexpression of antiapoptotic 
molecules (BCL2 and BCL2L1 [BclxL]) or reduced expression of proapoptotic mem-
bers of the BCL2 family (BCL2L11 [Bim]) reduces platelet formation by MKs [25–
27] as does pharmacological inhibition of caspases [28, 29]. A recent study confirmed 
the central role played by BCL2L1 in platelet release from mature MKs, although in 
this particular study, mice with combined deletion of both proapoptotic BAK1 and 
BAX proteins showed no alteration of platelet formation [30]. Also, a lack of cas-
pase-9 or BCL2, in contrast to overexpression, does not seem to affect steady-state 
platelet formation [31, 32]. Together, these studies suggest that proplatelet formation 
does not require the activation of the intrinsic (mitochondrial) apoptosis pathway.

The location of the MK and interaction with its environment seem to be crucial 
for platelet formation. It is known that the relocation of immature MKs from the 
osteoblastic niche to the endothelial niche driven by chemotactic agents is essential 
for maturation and platelet production [21]. Contact with bone marrow endothelial 
cells (BMECs) induces further maturation and platelet formation [33]. The chemo-
kine CXCL12 (SDF1α) and growth factor FGF4 promote both MK migration and 
interaction with the BMECs, thereby promoting platelet production [22]. Interestingly, 
this interaction is enhanced by inflammatory cytokines, such as interleukin- 1 beta 
(IL-1B) [33, 34]. Furthermore, stimulation of the pro-inflammatory VEGFR1 path-
way leads to an upregulation of the CXCL12 receptor CXCR4 and increased in vivo 
platelet formation [35]. These findings suggest that increased interaction between 
MKs and stimulated endothelium is responsible for the thrombocytosis often 
observed in inflammation [36]. It is also clear that when MK migration is impaired, 
platelet formation is impaired too. This is true for Wiskott-Aldrich syndrome (WAS) 
where actin polymerisation is disturbed [37] and for thrombocytopenia induced by 
compounds like the kinase inhibitor dasatinib that decrease MK migration [38].
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In addition to this direct MK-to-endothelial cell contact, extracellular matrix pro-
teins influence proplatelet formation. Type I collagen inhibits proplatelet formation 
through integrin αIIβI [39]. Fibrinogen on the other hand promotes proplatelet for-
mation through interaction with glycoprotein IIB/IIIA (GPIIB/IIIA, integrin 
αIIbβ3). Mutations causing constitutive GPIIB/IIIA activation interfere with pro-
platelet formation and lead to the production of very large platelets (macrothrombo-
cytopenia) [40, 41]. There is also evidence that von Willebrand factor (vWF) binding 
to the GPIB/V/IX complex regulates proplatelet formation, which may be the rea-
son for the macrothrombocytopenia observed in patients with Bernard- Soulier syn-
drome who suffer from a defect in the GPIB/V/IX complex [42]. Platelet production 
seems therefore under control of several adhesive interactions between the MK, the 
BM vasculature and the extracellular matrix. However, these do not trigger the pro-
trusion of the proplatelet extensions into the sinusoids. For this, one would expect 
the presence of a compelling factor in the serum, which could be sphingosine 
1-phosphate [43, 44].

2.4.3  MK DNA Content: Does Ploidy Really Matter?

Maturation of MKs is accompanied by successive rounds of DNA replication with-
out cytokinesis (endomitosis), resulting in large polyploid cells with a lobulated 
nucleus. It has been hypothesised that polyploidisation is required to meet the 
MK’s vast need of protein synthesis and cell growth, as well as production of the 
demarcation membrane system which provides extra cell membrane supply for 
platelet formation [45]. This is supported by a study by Raslova et al. showing that 
all alleles of a series of MK-specific genes in cells ranging from 4N to 32N are 
functional and not epigenetically silenced [9]. However, a subsequent study, by the 
same authors, showed that multiple genes involved in platelet formation and DNA 
proliferation are regulated differently depending on ploidy levels [46]. Thus, spe-
cific gene regulatory processes are at work at different levels of ploidy to ensure 
the MK develops into a platelet-producing cell. Indeed, murine MKs with high 
ploidy have downregulated genes involved in DNA replication and upregulated 
genes involved in cytoskeletal dynamics, cell migration, G-protein signalling and 
platelet function [47].

Surprisingly, proplatelet formation is not strictly within the remit of the higher 
ploidy MKs. Both in vivo and in culture 2N or 4N MKs form proplatelets [48–50], 
and platelet numbers are similar in mouse backgrounds with different levels of BM 
MK polyploidy [51]. Therefore, although some cytoskeletal (TUBB1, MYH9, 
RAC1, RAP1B), transmembrane (GPIIIA, GP1BA and B) and signalling proteins 
(LAT and SRC family kinases) known to be involved in proplatelet formation are 
slightly more abundant in high-ploidy MKs, this appears not to affect platelet shed-
ding. However, instead of having an effect on its ability to produce platelets, the 
ploidy level of an individual MK might influence protein content. Platelets originat-
ing from high- ploidy MKs might be more easily activated than platelets generated 
from MKs with a lower ploidy [52].
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In keeping with the idea that platelet shedding is not necessarily coupled with 
ploidy, genes regulating platelet production, such as nuclear factor erythroid- 
derived 2 (NFE2, discussed below), are not involved in the regulation of polyploid-
isation [53], and inversely, genes that increase MK ploidy, such as cyclin D3 
(CCND3), do not modify the platelet count [54].

2.5  Transcription Factors Controlling the Megakaryocyte 
Cell Fate

2.5.1  The GATAs

2.5.1.1    GATA1 and GATA2
The six members of the GATA (globin transcription factor) family of TFs recognise 
[5′-(A/T)GATA(A/G)-3′] motifs for which they are named [55]. The defining fea-
ture of this family is the presence of two highly conserved Cys4 zinc fingers. The 
C-terminal finger binds DNA, whilst the N-terminal finger mediates the binding of 
cofactors [56] and may be involved in stabilising DNA binding [57]. The GATA 
N-terminal domain regulates target genes depending on the context of the cell type 
through its binding to co-activators. Interestingly, genes that have low sensitivity to 
GATA activation are more prominently affected by mutations affecting binding to 
co-activators [58].

GATA1–3 are known as the haematopoietic GATA factors although they have 
also been found to be expressed in other tissues. GATA3 is expressed in HSCs and 
lymphoid cells, but not in MKs. Both GATA1 and GATA2 are expressed in the 
MK lineage, erythroid progenitors, eosinophils and mast cells. Importantly, GATA 
factors are also endowed with pioneer activity – i.e. they can access their DNA 
target sites in compact chromatin and presumably bind to the genome before the 
binding of other factors, a phenomenon notably at play in the process of lineage 
anticipation [59].

GATA2 is essential for the appearance of early haematopoietic progenitor 
cells [60]. It is part of the “stem cell heptad” (together with TAL1, LYL1, LMO2, 
RUNX1, FLI1 and ERG) defined by overlapping occupancy in chromatin immu-
noprecipitation (ChIP) experiments combined with deep whole genome sequenc-
ing (ChIP-Seq) in the mouse haematopoietic progenitor cell-7 (HPC-7) cell line 
[61]. GATA2 is necessary for the early commitment to the red cell lineage. 
Subsequent induction of GATA1 expression in the red cell lineage leads to a 
rapid decrease of expression of GATA2 (the “GATA switch”) which is necessary 
to achieve terminal red cell maturation [62]. In the red cell lineage, GATA1-
binding sites appear “de novo” in the maturing erythroblasts, whilst in MKs, 
40 % of GATA1-binding sites correspond to sites already occupied by GATA2 in 
HSCs. These sites are enriched for TAL1 and strongly associated with gene 
induction [63]. Unlike the red cell lineage, GATA2 expression is maintained 
alongside GATA1 in the developing MKs with evidence that GATA2 can com-
pensate and reinforce MK identity in the absence of GATA1 [64, 65]. The 
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GATA1- and GATA2-bound sites in mature MKs do not overlap, however, with 
GATA1 sites found mostly in platelet-specific genes (and enriched for ETS factor 
motifs) and GATA2 sites corresponding to genes expressed in stem cells that are 
repressed in MKs [63].

GATA1 is expressed primarily in mature cell types, including red cells and MKs. 
GATA1 deficiency leads to a complete block of erythroid maturation, but mega-
karyopoiesis is not completely absent, presumably due to some compensation by 
overexpression of GATA2. However, GATA1 deficiency leads to a decrease in 
ploidy and abnormalities of certain features that are characteristic of MK terminal 
maturation (such as cytoplasmic granules) [66, 67]. Overexpression of some down-
stream targets of GATA1 can restore, at least in part, some of the MK phenotype: 
cyclin D1 (CCND1) overexpression increases ploidy, but not cytoplasmic matura-
tion [68], whereas overexpression of signal transducer and activator of transcription 
1 (STAT1) or IFN regulatory factor-1 (IFR1, its downstream effector) not only 
increases DNA content but also expression of platelet-specific genes.

A key role for the regulation of MK-specific genes expression by GATA1 is 
illustrated by human pathologies: for example, a point mutation in a GATA-binding 
site in the glycoprotein1B β subunit (GP1BB; CD42b) promoter proximal region 
causes a form of Bernard-Soulier syndrome [69].

The GATA1 gene locus is on the X chromosome (Xp11.23). X-linked muta-
tions of GATA1 present with a wide range of phenotypes. Patients have bleeding 
tendencies ranging in severity, associated in some instances, with red cell abnor-
malities. These patients show not only a decrease in the number of platelets, but 
their platelets also lack key features such as alpha granules [70]. The variety of 
phenotypes observed with GATA1 mutation relates to whether the mutation 
affects binding of GATA1 to the DNA itself or to cofactors such as FOG1 [71] 
and TAL1 [72].

2.5.1.2    FOG1 and Other Partners of GATA1
Friend of GATA1 (FOG1, encoded by the gene ZFPM1 on chromosome 16q24.2) 
does not bind to DNA, but binds to GATA1 and GATA2. It was originally identi-
fied as a GATA1 co-partner in yeast two-hybrid studies and shown to be a co-
activator of transcription for haematopoietic genes such as NFE2 and to play a 
role in both erythroid and MK development [56]. This was confirmed in Fog1 
knockout mice that die at mid-gestation with severe anaemia and absence of plate-
let production [73]. The loss of FOG1 leads to a decrease of GATA1 binding to its 
DNA targets and, crucially, prevents the association of the GATA1/FOG1 com-
plex with the nucleosome remodelling and deacetylase (NURD) complex. The 
formation of the “GATA1/FOG1/NURD” complex leads to the efficient regula-
tion of gene transcription necessary to enforce the lineage commitment and cell 
maturation [74, 75]. Loss of Fog1 in a conditional Mx-Cre mouse model leads to 
a much more extensive phenotype than the loss of Gata1 using the same Mx-Cre 
conditional approach. This is due to a deficient repression of Gata2 by GATA1 
and a complete loss of erythroid/MK commitment in progenitors and a skewing 
towards myeloid differentiation [76, 77]. Interestingly FOG1 can also inhibit 
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GATA1-driven transcription at certain promoter sites, which is mediated by bind-
ing of FOG1 to the corepressor C-terminal binding protein 2 (CTBP2) [78]. 
Overexpressing either wild-type GATA1 or a mutant GATA1V205G (which does 
not bind FOG1) in an erythroid- MK cell line deficient in endogenous GATA1 
(G1ME), Chlon et al. showed that GATA1V205G bound to genomic regions dis-
tinct from those bound by wild-type GATA1. In particular, in the absence of 
FOG1, wild-type GATA1 was less likely to bind to promoter regions, more likely 
to bind into regions of “closed chromatin” and less likely to bind to regions where 
concurrent ETS factor (see Sect. 2.5.4)-binding motifs are found. Crucially, over-
expression of GATA1V205G failed to induce transcription of MK genes, but 
instead led to overexpression of genes belonging to the myeloid lineage (particu-
larly mast cell genes). Therefore, binding of GATA1 to its cofactor FOG1 main-
tains erythroid/MK lineage fidelity [79].

In addition to FOG1, GATA1 combines with other TFs such as leukaemia/
lymphoma- related factor (LRF, encoded by ZBTB7A), TAL1 and CBFA2T3 (core- 
binding factor, runt domain, alpha subunit 2; translocated to 3, also known as 
ETO2). Interestingly, the association of TAL1 with GATA1 is only seen at genomic 
loci where GATA1 acts as an activator not as a repressor [75]. CBFA2T3 acts as a 
corepressor of GATA1-bound genes. It is only expressed in immature MKs where it 
presumably represses inappropriate early expression of a subset of genes expressed 
in terminally differentiated MKs [80], and therefore Cbfa2t3 knockdown promotes 
MK maturation. ChIP-Seq studies have been carried out in primary murine cells in 
order to look specifically at the erythroid/MK lineage bifurcation and have shown 
some key features of GATA1 association with other TFs. GATA1-binding sites in 
MKs are mostly distinct to those seen in erythroblasts. The genomic region around 
these GATA1-binding sites is enriched for ETS and RUNX motifs in the former, 
whilst they are enriched for KLF1-binding motifs in the latter. Whilst clearly the 
combination of GATA1 and FLI1 binding identifies genes that are actively tran-
scribed in MKs, the combination of GATA1 and ETS factor elements results in gene 
silencing in the erythroid lineage [63].

2.5.1.3    Down Syndrome and Megakaryopoiesis
Foetuses with trisomy 21 (Down syndrome) have haematological abnormalities 
characterised by an expansion of MK-erythroid progenitors in the foetal liver during 
the second trimester [81]. This expansion is dramatically increased in 5 % of chil-
dren with Down syndrome and develops into a transient clonal myeloproliferative 
disorder (TMD) characterised by an expansion of immature MKs which often 
undergoes spontaneous remission. This is the result of an acquired mutation on the 
X chromosome resulting in the production of a shorter isoform of GATA1, so-called 
GATA1s [82]. GATA1s lack the N-terminal transactivation domain and is normally 
co-expressed with full-length GATA1 [83]. Mice that express Gata1s only show 
MK proliferation with maturation arrest in the prenatal period [84], which is thought 
to be driven by the removal of the inhibitory activity of the GATA1 N-terminal 
domain on E2F [85]. Down syndrome patients can develop a specific type of child-
hood megakaryocytic leukaemia (DS AMKL) that has a much better prognosis than 
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other forms of AMKL. It is thought that it is the combination of GATA1s with over-
expression of other genes (such as ERG, see Sect. 2.5.4.2) through the trisomy 21 
that leads to DS AMKL.

2.5.2  TAL1

T-cell acute lymphocytic leukaemia 1 (TAL1, also called as SCL) is a basic-helix- 
loop-helix (bHLH) TF (encoded on chromosome 1p32). TAL1 functions as an obli-
gate heterodimer with the ubiquitously expressed bHLH TF E2A. It binds to its 
consensus sequence, the so-called E-box (CANNTG). In red cells it functions in a 
multiprotein complex, which also includes LMO2 (LIM domain only 2) and LIM 
domain-binding 1 (LDB1). Depending on other factors recruited to this complex 
(such as EP300, GFI1B, CBFA2T3 and KDM1A), it can function as an activator or 
repressor of transcription (summarised in [86]). As mentioned above, TAL1 binding 
in conjunction with GATA1 distinguishes active from repressed transcription sites. 
Furthermore, evolutionary conserved association of E-box and GATA motifs sepa-
rated by 9–12 base pairs has been documented in regulatory regions of several ery-
throid/MK genes including GATA1 itself [67]. A study of TAL1-binding sites in 
primary mouse erythroid and MK cells has shown very distinctive patterns of bind-
ing, which is conferred by the state of the chromatin (active/inactive) and interac-
tions with other TFs, particularly GATA1. The phenomenon of lineage anticipation 
was also clearly demonstrated in this study, with a significant number of MK genes 
bound by TAL1 in mature MKs, already bound by TAL1 in the HPC-7 haematopoi-
etic progenitor cell line [87].

TAL1 is essential for the emergence of all haematopoietic lineages, which has 
been demonstrated both in vivo (Tal1 knockout mice die between embryonic day 
8.5–10.5 due to a complete lack of blood formation) [88] and in vitro [89]. Although 
TAL1 is necessary for the emergence of HSCs, the use of Mx-Cre and Tie2-Cre 
conditional models has shown that TAL1 is dispensable for the maintenance of 
long-term repopulating stem cells and their multipotency, but is absolutely required 
for differentiation of the erythro-MK lineage [90, 91]. Knockdown of TAL1 trans-
lates into a lack of proliferation, polyploidisation and cytoplasmic maturation of the 
MKs and a reduced platelet number [92]. One of the targets of TAL1 is the cell- 
cycle regulator cyclin-dependent kinase inhibitor 1A (CDKN1A, p21) which is 
overexpressed upon knockdown of TAL1 expression [92]. Crucially, knockdown of 
CDKN1A in TAL1-mutant MKs restores the endomitotic cell-cycle progression, 
but only partially restores the cytoplasmic maturation necessary for the production 
of fully functional platelets. Thus, other targets of TAL1 are also responsible for the 
defects in these late stages of MK maturation. One of these targets may be myocyte 
enhancer factor 2C (MEF2C), as mice lacking MEF2C in the haematopoietic lin-
eage have reduced numbers of platelets with larger size and abnormal shape and 
granularity [93].

Other TAL1-interacting proteins include epigenetic modifier enzymes such as 
LSD1 (histone 3 lysine 4 demethylase), HDAC1 and HDAC2 (histone deacetylases) 
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and the corepressor molecule CoREST [94]. CoREST (REST corepressor 1, 
encoded by the RCOR1 gene) was recently identified as part of a genome-wide 
association study as a locus linked to platelet count in humans [95], and its role in 
haematopoietic lineage specification has been recently confirmed in a zebrafish 
model [96].

2.5.3  RUNX1

2.5.3.1    RUNX1 and Haematopoiesis
RUNX1 (runt-related transcription factor 1, aka AML1) is a member of the RUNT 
family of TFs and together with its cofactor core-binding factor, beta subunit 
(CBFB ) represents the most common mutational target in human acute leukaemia. 
RUNX1 plays an essential role in definitive HSC emergence from the aorta-gonad- 
mesonephros region during embryogenesis [97]. Therefore complete absence of 
RUNX1 in mice is embryonic lethal [98]. However, using a murine Mx-Cre condi-
tional system which allows the deletion of Runx1 from adult haematopoiesis, a 
clear role for RUNX1 was shown for the development of lymphocytes and MKs, 
whilst myelopoiesis and HSC function were preserved [99], similar to what is 
observed for TAL1. Runx1 deletion resulted in the accumulation of small immature 
MK progenitors within the bone marrow and a marked decrease in polyploidisation 
and cytoplasmic development of MKs, similarly to what is observed for GATA1 
deficiency.

2.5.3.2    Familial Platelet Disorder/AML
The complex role of RUNX1 in MK differentiation is illustrated by the autoso-
mal dominant human syndrome familial platelet disorder with propensity to 
develop acute myeloid leukaemia (FDP/AML) in which germline heterozygous 
RUNX1 mutations lead not only to thrombocytopenia but also to impaired plate-
let function, in addition to a high risk for the development of myelodysplasia 
and leukaemia [100]. In MKs cultured from FPD/AML patients’ stem cells, 
expression of non- muscle myosin is perturbed with persistent expression of 
MYH10 (non-muscle myosin IIb) and decreased expression of MYL9 and 
MYH9 (non-muscle myosin IIa) [101, 102]. Actin and myosin control branch-
ing of the proplatelet elongations and MYH9 alongside its regulator RHOA 
(RAS homolog family member A) restrain platelet formation. Consequently, 
mutations that reduce myosin IIa activity such as seen in the MYH9-related 
May-Hegglin syndrome lead to inappropriate platelet shedding causing macro-
thrombocytopenia [103, 104]. MYH10 specifically localises to the contractile 
ring separating the cell during mitosis, and its silencing by RUNX1 contributes 
to the transition from mitosis to endomitosis as the MKs mature [105]. Thus, 
RUNX1 regulates key constituents of the MK and platelet cytoskeleton and 
thereby affects features of late megakaryopoiesis such as polyploidisation and 
platelet formation.
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2.5.3.3    RUNX1 in Partnership
The role of RUNX1 in megakaryopoiesis is a perfect illustration of how TFs are part 
of a network of regulatory proteins with differential effects depending on the cel-
lular stage and crucially other TF partners. One publication analysed the dynamics 
of gene expression regulation during megakaryopoiesis using three cell line models: 
the erythroleukaemia K562 cell line, K562 cells induced towards the MK lineage 
using 12-O-tetradecanoylphorbol-13-acetate (TPA) and the megakaryoblastic CMK 
cell line, which reportedly represents a more mature MK type than the K562 cell 
line. Although the results have to be interpreted with caution due to the use of cell 
lines, the authors report that constitutive RUNX1-binding sites (i.e. present in K562 
cells prior to induction) were enriched for GATA1 motifs, whilst in the TPA-induced 
K562, de novo RUNX1-binding sites regulating the expression of MK-specific 
genes were enriched for the AP1 complex binding motif. In the CMK line, looking 
at genes more specifically expressed in the later stages of MK differentiation (such 
as RAB27B), the authors showed enrichment for the ETS binding motif. They 
therefore proposed a model whereby RUNX1 controls early MK differentiation 
genes in collaboration with GATA1, whilst for genes which are more typically 
expressed in later stages, RUNX1 regulation is effected in collaboration with FOS/
JUN family members and ETS TFs [106]. Another example of how RUNX1 can 
regulate the expression of the same gene, but with different partners, is exemplified 
by the analysis of the promoter for myeloproliferative leukaemia (MPL, virus onco-
gene, the TPO receptor) where RUNX1 interacts with the SIN3A corepressor com-
plex in haematopoietic stem and progenitor cells, whilst it forms a complex with the 
transcription activator EP300 (E1A-binding protein p300) on the same promoter in 
MKs [107]. The co-occupancy of RUNX1 and EP300 on the promoter region of 
multiple key MK genes was later confirmed in a genome-wide ChIP-Seq study 
using primary murine MKs [108].

2.5.4  ETS Factors

2.5.4.1    FLI1
The E26 transformation-specific (ETS) family of TFs contains more than 20 helix- 
loop- helix domain TFs. Friend leukaemia virus integration 1 (FLI1, encoded on 
chromosome 11q24) is involved in several types of malignancies such as Ewing’s 
sarcoma in humans [109] and erythroleukaemia in mice [110]. Evidence for its 
contribution to haematopoiesis comes from knockout mice. These mice die at day 
11.5 of embryogenesis of cerebral bleeds caused by a lack of vascular integrity. In 
those animals, megakaryopoiesis was clearly affected with an increase in MK 
forming colonies, accompanied by the production of small MKs that lack expres-
sion of maturity markers [111]. Forced expression of FLI1 induces MK differentia-
tion in K562 cells [112], and the overexpressed FLI1 binds to MK-specific gene 
promoters such as the promoter of ITGA2B (GPIIB, see Sect. 2.4.2) where it acts 
in synergy with GATA1 and FOG1 [113]. Inducible deletion of FLI1 in the 
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haematopoietic compartment showed a marked increase in bipotent MEPs, which, 
in colony assays, were biased towards the erythroid compartment [114]. This 
observation is consistent with the concept that FLI1 and EKLF act as a toggle 
switch in MEPs each favouring differentiation towards the MK or erythroid lin-
eage, respectively [115].

A lack of FLI1, however, does not seem to affect early commitment to the MK 
lineage as the number of ITGA2B-positive early MKs was only marginally 
decreased in knockdown studies [111]. It has in fact been shown that FLI1 acts in 
tandem with another ETS family TF GABPA (GA-binding protein TF alpha sub-
unit). GAPBA is composed of a DNA-binding α-subunit and a β-subunit responsi-
ble for nuclear localisation. As MK maturation progresses, the ratio of FLI1/GABPA 
increases. In keeping with this observation, GABPA regulates expression of early 
MK genes (including ITGA2B and MPL), whilst FLI1 binds to both early and late 
(GPIBA, GP9 [both part of the von Willebrand factor receptor complex GPIb-V-IX] 
and PF4 [platelet factor 4]) MK genes [116].

The key role of FLI1 in the terminal differentiation of MKs is illustrated in the 
Paris-Trousseau syndrome, an inherited disorder associated with an 11q chromo-
some deletion with thrombocytopenia and an increased tendency to bleed. 
Hemizygous loss of FLI1 due to the deletion underlies the disease [117]. Patients 
show a maturation block with microMKs on BM smears and typical abnormal gran-
ule formation [117, 118].

2.5.4.2    ERG
ERG (v-ets avian erythroblastosis virus E26 oncogene homolog) is another member 
of the ETS protein family and is the most closely related to FLI1. In the multipotent 
murine HPC-7 line, ERG genome-wide occupancy paralleled that of FLI1 [61]. 
Studies of ERG mutant mice have shown that it is essential for the establishment of 
definitive haematopoiesis and stem cell maintenance as well as production of plate-
lets [119]. ERG is a well-known oncogene: its expression level correlates with bad 
prognosis in myeloid leukaemias. In murine stem cells, ERG overexpression leads 
to both lymphoid leukaemia and myeloid leukaemia with erythromegakaryocytic 
characteristics [120, 121].

ERG is encoded by a gene on chromosome 21q22.3 and has been implicated in 
the development of DS AMKL. In a mouse model, overexpressed ERG was shown 
to synergise with GATA1s to potentiate the expansion of foetal MK-erythroid pro-
genitors [122]. These mice went on to develop frank leukaemia by 3 months of age. 
In a separate study, Erg overexpression was found to immortalise haematopoietic 
stem cells expressing Gata1s, but not full-length Gata1 [123]. Interestingly ChIP- 
Seq profiling in haematopoietic cells overexpressing Erg identified potential thera-
peutic targets such as the PIM1 kinase. PIM1 inhibition could potentially be used to 
treat leukaemias when the leukaemic blasts overexpress ERG [121]. AKT is overex-
pressed in DS AMKL, and it has been recently shown that AKT-induced MK apop-
tosis is inhibited by both ERG and GATA1s and that in fact GATA1s block MK 
differentiation induced by AKT and sustain long-term proliferation, which makes 
the AKT pathway another potential target for therapy in DS AMKL [124].
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2.5.4.3    ETV6
ETS variant 6 (ETV6, also called TEL) is another ETS family TF which is fre-
quently rearranged and fused to other partners in chromosomal translocations seen 
in leukaemia. Although Tel knockout mice die of vascular malformations by day 11 
post-fertilisation, blood formation in the embryo is largely unaffected [125]. 
However, in an inducible Tel knockout mouse model, deletion of Tel in the stem cell 
compartment using Mx-Cre resulted in a dramatic decrease of the HSCs content in 
the bone marrow, with a gradual recovery from the cells where the floxed allele was 
not excised. This indicates an absolute requirement for TEL in the maintenance of 
adult haematopoietic stem cells. Noticeably, following Mx-Cre induction, mature 
blood cells were unaffected except for a dramatic drop in the platelet count. In keep-
ing with this observation, excision of Tel in the MK-erythroid compartment using 
Cre expression driven by the Gata1 promoter had no effect on red cell production, 
but again caused a drop in the platelet count >50 %. This was accompanied by an 
increase in MK forming colonies, suggesting that TEL plays a role in MK matura-
tion rather than lineage commitment [126].

2.5.5  EVI1

Ecotropic virus integration site 1 (EVI1) is a member of the SET/PR domain family 
of TFs, and it contains a total of ten zinc finger motifs organised in two discrete 
domains, located at the N terminus and towards the C terminus, comprising seven 
(ZF1) and three (ZF2) repeats, respectively, which have distinct DNA-binding spec-
ificities [127].

The first evidence that EVI1 plays a role in megakaryopoiesis comes from patients 
with myeloid leukaemias. The MECOM locus on chromosome 3, encoding EVI1, is 
implicated in translocations in 4–6 % of all AML cases. These so-called 3q21q26 
syndrome leukaemias present with particular dysmorphic MKs and an elevated 
platelet count. This is thought to be caused by inhibition of cyclin A-dependent 
kinase inhibitor 2 (CDK2) expression mediated by the abnormal expression of EVI1 
[128]. EVI1 is expressed in haematopoietic progenitor cells and MKs. Cell line 
experiments have shown that EVI1 regulates expression of MK-specific genes. 
Ectopic expression in the human megakaryoblastic UT-7/GM cell line changes these 
cells into polynuclear large cells that express PF4 [129]. Knockdown of EVI1 in 
K562 cells reduces ITGA2B and ITGB3 expression after TPA treatment [130].

The evidence is further strengthened by animal models. Evi1 knockout mice die 
by day 10.5 of gestation due to widespread hypocellularity of the paraxial mesen-
chyme and haemorrhages. Conditional knockdown in Evi1 Mx-Cre mice has shown 
that EVI1 is essential for both embryonic and adult stem cell maintenance and 
repopulating activity. Lineage commitment appears conserved, but after Cre activa-
tion the mice developed mild thrombocytopenia and showed delayed platelet recov-
ery after 5FU administration [131]. The role of EVI in stem cell (and MK) biology 
may be mediated through the expression of GATA2 and RUNX1, which are both 
regulated by EVI1 [132, 133].
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Further evidence that EVI1 transcriptional regulation plays a key role in mega-
karyopoiesis comes from whole exome sequencing showing that a mutation creat-
ing an EVI1-binding site in the promoter of the RNA-binding motif protein 8A 
(RBM8A) gene underlies the thrombocytopenia with absent radii (TAR) syndrome 
[134]. In 80 % of a cohort of TAR patients, a single nucleotide polymorphism (SNP) 
was discovered in the 5′UTR of RBM8A. The SNP increases binding of EVI1 and 
leads to a reduction of transcription of RBM8A and the encoded protein Y14. TAR 
patients have low numbers of MKs in the BM, which seem to have a maturation 
defect [135]. In addition there is some evidence that platelet function may be abnor-
mal in these patients [136–138]. Therefore, one might speculate that EVI1 regula-
tion of RBM8A is crucial for late MK differentiation.

2.5.6  NFE2 and Related Transcription Factors

2.5.6.1    NFE2
NFE2 was first identified as a transcriptional regulator in erythroblasts where it 
binds to the β-globin locus in a region that contains the core symmetric AP-1 motif 
TCAT/C to which dimers of JUN and FOS subfamily proteins are bound. NFE2 is 
an obligate dimer between a large 45KDa subunit specifically expressed in haema-
topoietic cells (p45 NFE2, encoded on chromosome 12) and a choice of smaller, 
widely expressed, 18 KDa subunits belonging to the MAF family (p18). MAFK is 
the prominent p18 expressed in erythroblasts, whilst MAFG and MAFF predomi-
nate in MKs, which may dictate the binding site preference on DNA sequences and/
or p45 NFE2 activity [139]. Remarkably p45 Nfe2 knockout mice display a mild 
dyserythropoiesis, but completely lack circulating platelets. This is despite an 
apparent increased number of MKs in the BM [53]. It was therefore proposed that 
NFE2 acts as a regulator of proplatelet formation by promoting the final stage of 
maturation of MKs to the point where they are capable of platelet shedding. NFE2- 
deficient MKs can be grown in vitro in response to TPO, but are unusually large, 
and have a disorganised demarcation membrane and granules which are small and 
sparse indicating a late maturation block [140]. Knocking out MafG phenocopies 
the findings in the p45 Nfe2 knockout mice, confirming its specific role in mega-
karyopoiesis [141].

Overexpression of NFE2 has been reported in patients with all three subtypes of 
myeloproliferative neoplasms, independent of the presence or absence of the 
JAK2V617F mutation [142, 143]. When expressed ectopically in BM cells, NFE2 
also influences earlier stages of MK differentiation and allegedly enhances in vivo 
platelet production. However, transplantation of NFE2 overexpressing cells only 
accelerated platelet production and did not lead to an increase in the maximum level 
or total number of platelets detected in recipient blood [144].

The apparent role of NFE2 in proplatelet formation might be explained 
through the function of some of its direct transcriptional targets such as tubulin β1 
(TUBB1) [145], RAB27b [146], caspase 12 (CASP12) [147] and HSD3B1 (3-beta- 
hydroxysteroid dehydrogenase) [148]. Tubb1 knockout mice have thrombocytopenia 
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with spherical platelets [149], and a mutation in TUBB1 has been identified in a 
patient with congenital macrothrombocytopenia [150]. Mice with deficient RAB 
signalling have macrothrombocytopenia with few granules and abnormal MK mor-
phology, and RAB27B may coordinate granule transport during proplatelet forma-
tion [146]. Nfe2 null MKs fail to bind to fibrinogen in response to platelet agonists 
indicative of a defect in the signalling leading to activation of GPIIB/IIIA, and, 
similarly, Casp12 null platelets have a defect in GPIIB/IIIA which is a well-doc-
umented positive regulator of proplatelet formation [151]. Finally, HSD3B1 (an 
enzyme implicated in oestrogen metabolism) rescues proplatelet formation in Nfe2 
null MKs [148]. The authors conclude that MKs may secrete autocrine estradiol 
that regulates proplatelet formation. Additional studies have shown that oestrogens 
can induce MK differentiation [152, 153], but to our knowledge this has not been 
successfully applied to increase in vitro platelet formation.

2.5.6.2    BACH1 and BACH2
The NFE2 heterodimer binds to MARE (musculoaponeurotic fibrosarcoma onco-
gene recognition), a cis-regulatory element that can be bound by a variety of het-
erodimers consisting of MAF and p45-related proteins such as BACH1 (BTB and 
CNC homology 1) and BACH2, both of which are repressors of transcription. 
BACH1 (encoded on chromosome 21q22) is expressed in both the erythroid and 
MK compartment. In murine models, a lack of BACH1 does not affect platelet 
counts, but when Bach1 is overexpressed specifically in the erythroblasts and MKs 
using the Gata1 promoter, the mice showed thrombocytopenia, very similar to the 
Nfe2-deficient mice (including a defect in proplatelet formation), but without an 
effect on erythroid differentiation [154]. In this particular study, the authors showed 
that target genes of NFE2 (such as thromboxane A2 synthetase) were bound by 
BACH1 and their levels of expression reduced. Overexpression studies are difficult 
to interpret, but the authors propose that relative levels between p45 NFE2 and 
BACH1 may act as a rheostat favouring either erythroid or MK development.

2.5.7  SRF and MKL1

Serum response factor (SRF) is a ubiquitously expressed TF part of the MCM1- 
Agamous- Deficiens-SRF (MADS) family of TFs. SRF binds to CArG sites, the 
so-called serum response elements, which control more than 150 targets, including 
genes of the cytoskeleton [155]. Extracellular stimuli can activate SRF through two 
main signalling pathways: the MAP-kinase pathway through members of the ter-
nary complex factor (TCF) such as ELK1, SAP1 and SAP2 and the small GTPase 
pathways (Rho family members such as RHO, RAC and CDC42) via two main 
cofactors from the myocardin-related family, megakaryocytic leukaemia transloca-
tion 1 (MKL1, also called MAL) and MKL2 (MAL16). MKL1 was originally 
described as part of an in-frame translocation t(1,22)(p13;q13) which fuses MKL1 
(encoded on chromosome 22q13) with the protein RBM15 (also called OTT) and is 
frequently found in acute megakaryoblastic leukaemias occurring de novo in infancy 
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or in children older than 1 year, but only occasionally in Down syndrome patients 
[156–158]. MKL1 activity is regulated by its subcellular localisation. MKL1 binds 
to monomeric actin (G-actin) which traps it into the cytoplasm. Upon actin poly-
merisation and formation of F-actin, the pool of G-actin is depleted which promotes 
MKL1 nuclear localisation [159]. MKL1 expression increases during MK differen-
tiation [160], and its nuclear localisation increases in response to TPO or upon stim-
ulation of the RhoGTPase activation [161, 162].

Srf knockout mice fail to form mesoderm and therefore die early in development. 
However specific deletion of Srf in the MK compartment using a PF4-Cre system 
leads to macrothrombocytopenia with accumulation of abnormal low ploidy early 
MK progenitors. Mkl1 knockout mice also display thrombocytopenia [160, 163] 
although with a phenotype that is less severe than the one observed in Srf knockout 
mice, probably relating to a compensating role of Mkl2 [164].

In both cases, SRF and MKL1 depletion resulted in alterations in cytoskeletal 
proteins resulting in abnormalities of MK and platelet ultrastructures and functions. 
Matrix metalloproteinase 9 (MMP9) and MYL9 are both directly regulated by 
MKL1, and through dysregulation of the expression of these two proteins, MKL1 
deficiency leads to abnormalities of cell migration and proplatelet formation, 
respectively [161]. MKL1 has also an effect on MK polyploidisation, through dys-
regulation of RhoA. MK polyploidisation is dependent on RhoA inhibition [165]. 
RhoA activity is regulated by guanine exchange factors (GEFs) such as ECT2 and 
GEF-H1. Both of these GEFs are downregulated during MK polyploidisation: the 
first endomitotic division (from 2N to 4N) requires low levels of GEF-H1, whilst 
subsequent endodivisions require low levels of ECT2. MKL1 null MKs express 
persistently high levels of GEF-H1 preventing polyploidisation, reflected in the 
increase in 2N immature MKs found in the bone marrow of these mice [166].

Of note, RBM15, the other partner involved in the t(1,22) megakaryoblastic leu-
kaemias, is an RNA-binding protein, probably involved in transcriptional regula-
tion. RBM15 has been shown to play a role in megakaryopoiesis in its own right. 
Rbm15 conditional knockout mice show an increase in the myeloid and MK com-
partment [167]. RBM15 also plays a role in stem cell quiescence by controlling the 
production of an alternative dominant-negative isoform of the TPO receptor [168].

2.5.8  NFAT

The nuclear factor of activated T-cell (NFAT) family of TFs plays a role in a multi-
tude of developmental pathways including in the haematopoietic system. Calcineurin 
is a calcium-dependent phosphatase which, upon a sustained rise in intracellular 
calcium, dephosphorylates NFATs, which allows their entry into the nucleus. The 
two main NFATs expressed in MKs are NFATC1 and NFATC2 [169]. Calcium entry 
into MKs in response to collagen, for example, has been shown to induce calcineu-
rin/NFATs [170]. It is thought that NFATs negatively regulate megakaryopoiesis in 
two ways. First is the downregulation of cell cycling and induction of apoptosis. 
Pharmacological inhibition of calcineurin with cyclosporin A leads to 
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thrombocytosis in mice with accumulation of MKs showing an increase in cell 
cycling driven by enhanced transcription of CDK4 and G1 cyclins [171]. Second, 
NFATs have been shown to increase expression of FAS ligand (FASLG) on the 
surface of MKs, increasing apoptosis in the MKs and bystander cells expressing 
FAS [170].

Interestingly, NFATs may also be implicated in the pro-inflammatory role of 
platelets. FASLG expression on the surface of platelets has been shown to modulate 
inflammatory target cells [172]. The regulation of the expression of FASLG on 
platelets is effected through NFATC2, but modulated by another TF, namely, early 
growth factor 1 (EGR1) [173]. EGR1 itself has been shown to play a role in mega-
karyopoiesis including the regulation of the expression of the platelet signal trans-
duction protein Gαq [174].

The NFAT pathway appears to be involved in several MK pathologies. Two 
genes known to inhibit calcineurin (DSCR1 and DYRK1A) are situated on Chr21 
and are overexpressed in Down syndrome, probably contributing to the develop-
ment of the Down syndrome-associated TMD and AMKL [175, 176]. This was 
confirmed in a mouse model where overexpression of a single copy of Dscr1 repro-
duced the results obtained with cyclosporin A inhibition of calcineurin [171]. 
NFATs are also implicated in myeloproliferative diseases. FKBP5, another calci-
neurin inhibitor, was found to be upregulated in myelofibrosis [177]. Furthermore, 
in one patient with essential thrombocythaemia, a three-way translocation which 
created a breakpoint in NFATC2 was identified possibly contributing to the overp-
roliferation of MKs [178].

2.5.9  MEIS1 and Its Regulator GFI1B

Myeloid ecotropic viral integration site 1 (MEIS1) belongs to the TALE class of 
homeodomain TFs, characterised by three amino acid loop extensions between the 
α-helices of its homeodomain. It interacts with other homeodomain proteins, in 
particular PBX1 (pre-B-cell leukaemia homeobox 1) forming a DNA-binding het-
erodimer and cooperatively associates with HOX homeodomain proteins (such as 
HOXA9). Meis1 knockout mice are embryonically lethal due to impaired vasculo-
genesis and haematopoiesis alongside limb and eye defects [179].

MEIS1 plays a key role at the stem cell/progenitor stages, promoting appearance 
of definitive haematopoiesis and cellular self-renewal [180, 181]. However, MEIS1 
expression is also maintained specifically in the MK lineage [182]. Overexpression 
studies have shown a MEIS1-driven induction of a MK transcriptional programme 
[183] and a skewing towards the MK lineage rather than erythroid development 
[181]. The embryonic lethality and haemorrhages observed in the MEIS1-deficient 
animals are attributed to a defect in the separation of lymphatic from the blood ves-
sels secondary to a complete lack in the production of platelets [184].

Further evidence of the role of MEIS1 in the production of platelets was found in 
a GWAS study which identified the existence of a variant in a binding site for 
MEIS1 in the gene DNM3 associated with the regulation of platelet count and 
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volume [95]. This MEIS1 binding site falls within a region acting as an alternative 
promoter for DNM3 solely used in MKs [185]. DNM3 has since been confirmed as 
a key regulator of proplatelet formation [186].

The transcriptional repressor growth factor independence (GFI) has a clearly 
documented role in maintaining stem cell homeostasis [187], and its homolog 
GFI1B has been shown to play a role in the emergence of both erythroid and MK 
lineages in the foetal liver [188]. GFI1B and its cofactors lysine (K)-specific 
demethylase 1A (LSD1, encoded by the Kdm1A gene) and rest corepressor 1 
(RCOR1) have been identified in ChIP-Seq studies as key regulators of Meis1 [189]. 
The evidence that GFI1B plays a role in MK maturation has been recently further 
exemplified with the identification of a mutation creating a dominant-negative form 
of GFI1B leading to an autosomal dominant form of gray platelet syndrome [190].

2.5.10  MYB

MYB (myeloblastosis viral oncogene homolog, encoded on chromosome 6q22) clearly 
plays a role in megakaryopoiesis, but essentially at the early progenitor stage. Complete 
knockdown in the mouse leads to embryonic lethality due to a lack of red cell produc-
tion. However, in a murine model where the level of MYB activity has been reduced to 
10 % of normal rather than abolished, animals can reach adulthood and present with 
anaemia accompanied by a marked thrombocytosis [191]. Erythroid maturation is 
impaired due to failure to progress from the BFU-E to erythroblasts stage due to inhibi-
tion of the KIT receptor and persistence of “stem cell”-like TFs such as GATA2 and 
FLI1 [192]. Analysis of the MK compartment, however, shows an increase in the pro-
liferation of early progenitors, but low levels of c-Myb are still permissive of full MK 
maturation therefore leading to thrombocytosis. Interestingly, in dual Gata1low 
Myblow mice, the reduction in MYB only partially rescues the thrombocytopenia due 
to GATA1 deficiency, showing clearly separate, nonoverlapping roles for both TFs 
[193]. Recently, it was shown that one mechanism through which MYB drives ery-
throid versus MK differentiation is by the transactivation of miR-486-3p expression 
resulting in the downregulation of MAF (NFE2 subunit) [194].

2.5.11  It Is All About Networking

Although it is clear that the TFs described above play a role in MK differentiation, 
the level of complexity as to how they regulate gene expression is way beyond their 
individual function (Fig. 2.2) . Several of the TFs discussed above have been shown 
to interact with each other to regulate megakaryopoiesis, possibly in a linear hierar-
chy. For example, GATA1, GATA2 and TAL1 have been shown to regulate NFE2 
[195, 196]. TF biology has to be understood in the context of networks where each 
TFs will bind with a series of partners that will influence not only its DNA-binding 
characteristics but also its effect on transcription, i.e. activation or repression as is the 
case for the regulation of MPL transcription by RUNX1 (see Sect. 2.5.3.3) or the 
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selective binding of TAL1 to active GATA1 TF complexes (see Sect. 2.5.2) described 
above [107, 197]. In addition, TFs regulate not only expression of other partners with 
which they cooperate and physically associate but also their own expression levels. 
Even ubiquitously expressed TFs can regulate proteins specific for a given cell type 
probably through interactions with cell-type-specific transcription regulators, as a 
recent study for the ubiquitous TFs SP1 and SP3 indicates. SP1 and SP3 were shown 
to regulate proteins important for terminal MK maturation and platelet production 
and function [198]. Several approaches have been taken in order to get a glimpse of 
how these networks are organised, usually combining cellular data with bespoke 
statistical tools and in silico algorithms. One group took the approach of looking at 

Fig. 2.2 Transcription factors (TFs) and downstream targets regulating megakaryocyte (MK) 
differentiation. MKs differentiate in the bone marrow from the common erythroid and MK pro-
genitor (MEP), which is derived from the myeloid differentiation arm of the haematopoietic stem 
cell (HSC). The two TFs KLF1 and FLI1 act in the MEP as master switches to drive erythroid and 
MK commitment, respectively. Late MK differentiation involves endomitosis, cytoplasmic matu-
ration and proplatelet formation which are accompanied by a progressive journey from the bone 
marrow to the vascular niche where platelets are released into the circulation upon contact with the 
endothelial layer of the sinusoids. The MK differentiation wheel depicts the TFs (purple, obligate 
cofactor in brown) shown to play a role in these processes and the identified downstream targets 
performing this role (peripheral circles; green and red indicate positive and negative regulation, 
respectively, by the associated TF). Coloured surfaces represent the differentiation stages the tran-
scription factors have been implicated with. Further details can be found in the main text
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genome-wide expression arrays in 38 distinct populations of human haematopoietic 
cells and identified 80 “modules” of highly co-expressed genes. A small number of 
these modules were used specifically within a certain cell type, but most were 
“reused” across multiple lineages reflecting functional requirement for certain path-
ways in various cell states. TFs were also found to belong to certain “modules”, some 
of which were already known to play a regulatory role in the given cell state (e.g. a 
late erythroid module contains GATA1 and forkhead box O3 [FOXO3]) alongside 
novel TFs for the specific cell state (nuclear factor I/X [NFIX] and myelin transcrip-
tion factor 1 [MYT1] in the case in point). In silico analysis of putative TF motifs 
found in the promoter regions of genes belonging to certain modules combined with 
expression levels of TFs in each cell state allowed the design of putative hierarchical 
networks responsible for a cell state and subsequent transition of one cell type to the 
other [199]. Another group used a more functional approach by directly measuring 
TF activity using lentiviral vectors where luciferase expression is driven by a 
TF-dependent responsive element. This approach enables us to build a dynamic pic-
ture of several TF activities during differentiation. This particular approach was used 
in K562 cells that were subsequently differentiated towards the red cell or MK lin-
eage using hemin or TPA (aka PMA), respectively, recording TF activity for GATA1 
and GATA2, FLI1, NFE2, MYB, TAL1 and SPI1 (spleen focus forming virus provi-
ral integration oncogene 1, aka PU1). This data was used to build regulatory net-
works using bespoke software. The results, for example, confirmed the mutually 
activating interaction between TAL1 and GATA1 [200].

To add to this layer of complexity, just like other proteins, the level of expression 
of TFs is only one of the multiple facets by which cell fate is controlled. TF activity is 
also regulated by cell signalling. One of the prime examples of this is the phosphory-
lation of the STATs and MAP kinases in response to TPO, downstream of MPL and 
JAK2. The discovery by different groups in 2005 of a JAK2V617F mutation present 
in 50 % of patients with essential thrombocythaemia (ET) emphasised the importance 
of the JAK2 signalling pathway in MK growth and the production of platelets [201–
203]. There is evidence that not only MK growth but also the last steps of maturation 
are altered in ET. One study showed that culture-derived MKs from patients with ET 
had an increased ability to form proplatelets and that the number of proplatelet form-
ing MKs in culture correlated with the platelet count in the patient from whom the 
MKs were derived [204]. This has also been observed in a knock-in Jak2V617F 
mouse model of ET where higher phosphorylation of STATs and ERK1/2 was dem-
onstrated in bone marrow-derived MKs leading to altered expression profiles [205].

2.6  Gene Regulation: A Gateway into New Biological 
Discoveries

The advent of new generation sequencing and techniques such as ChIP allows us to 
identify where TFs bind in the genome (Fig. 2.3). As TF binding tends to cluster on 
sites that are critical for gene regulation, looking at multiple TFs simultaneously 
greatly improves the ability to infer biological relevance from a binding event. In a 
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published study, we looked at simultaneous binding of GATA1, GATA2, RUNX1, 
FLI1 and TAL1 in primary human MKs [206]. In keeping with the existence of TF 
networks that collaborate to regulate gene expression, simultaneous binding of all 
five in a given genomic region was particularly enriched, i.e. it occurred far more 
than would be expected by chance. The five TF-binding sites identified 151 “candi-
date” genes, some of which are already known to play a key role in megakaryopoi-
esis, whilst others are not. If one envisions a temporal hierarchy of TFs, it is likely 
that, amongst the list of genes for which expression is putatively controlled by these 
five TFs, there are proteins that are crucial in particular for the latter stages of MK 
maturation, including platelet formation. This is illustrated by the fact that, for 
seven out of nine genes selected from the 151 targets genes and not previously 
known to play a role in MKs, there was a clear thrombocyte phenotype upon mor-
pholino knockdown in zebrafish. Just as the genes identified in the study described 
above are now the subject of ongoing research, regulators of the very late stages of 
thrombopoiesis, in particular of the proplatelet formation process will potentially be 
revealed by studies centred on additional genes that are controlled by TFs that have 
got a clear effect on proplatelet formation (such as NFE2).

Fig. 2.3 The study of transcription factors (TFs) in megakaryocytes (MKs). The main technolo-
gies allowing the deciphering of gene regulatory networks and their control by TFs are indicated. 
Moving towards a better understanding of molecular mechanisms underlying the MK identity and 
platelet generation could be ultimately applied to improve in vitro platelet production for clinical 
development in transfusion medicine
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The tumbling costs of sequencing also allows us to look into far more detail at 
the genetic events that might underlie inherited platelet disorders. In particular, 
whereas most sequencing studies of pedigrees have in the past focused on exomes, 
non-coding regions (containing putative regulatory motifs) are now sequenced on 
an unprecedented scale (www.genomicsengland.co.uk/the-100000-genomes- 
project). TAR and the GATA-binding-related Bernard-Soulier syndrome may be 
only two of a series of inherited disorders where the causative mutation lies not in a 
coding, but in a regulatory region of the genome. Understanding how these genetic 
variants can lead to disease will further inform our knowledge of how MK matura-
tion is controlled at the transcriptional level.

The same reasoning applies to the understanding of how genetic variations affect 
gene transcription in healthy individuals. A recent GWAS study identified 68 loci 
associated with platelet count and volume [95]. Nine of these genes have TF activ-
ity, but are completely novel in the context of megakaryopoiesis. These novel fac-
tors may regulate genes that affect how platelets are formed.

2.7  Transcription Factors and the “Making” of Platelets 
for Clinical Use

2.7.1  The Clinical Need for Platelets Produced in the Laboratory

Thrombocytopenia in patients can be caused by bone marrow failure (inherited and 
acquired, such as post-cancer treatment) or peripheral bleeding (trauma or surgery), 
which potentially leads to life-threatening haemorrhages. Treatment relies on trans-
fusion of ABO and rhesus D-matched platelet concentrates from voluntary dona-
tions [207]. The increase in high-dose cancer therapy, advanced surgical procedures 
and the ageing population has led to a rising demand for platelets with over 4.5 
million platelet units transfused per year in Europe and the United States [208]. 
Platelet transfusion refractoriness in chronically transfused patients and multipa-
rous women necessitates the provision of HLA class 1-matched platelet units, 
sourced from genotyped recallable donors. The dependence on donations combined 
with the short shelf life of platelet concentrates (5–7 days) represents a logistical, 
financial and biosafety challenge for health organisations worldwide.

2.7.2  Harvesting Platelets from In Vitro-Produced MKs

Universally the platelet harvest from in vitro-derived MKs has been in single figures 
[209], whilst MKs in vivo are estimated to produce thousands of platelets per cell 
[210, 211]. Maximising platelet production in vitro from these MKs will be a condi-
tion without which production of platelets on the scale necessary for a clinically rel-
evant product (each platelet concentrate contains 3 × 1011 platelets) will remain a 
dream. The apparent shortfall in platelet formation might be due to our inability to 
re-create the niche signal (including shear) necessary for efficient proplatelet 
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formation and platelet release, although several approaches using 3D bioreactors have 
been published to that effect [212–214]. It is also worth mentioning that the evidence 
that platelets released in vitro are functional has been gathered using descriptive rather 
than quantitative assays with usually no comparison to platelets freshly isolated from 
donors. One way to address this issue is to functionally analyse the platelet progeny 
from in vitro-produced MKs in a mouse transplantation model. Nonobese diabetic-
severe combined immunodeficient-IL-2 receptor gamma knockout (NSG) mice com-
pletely lack an immune system, which makes them tolerant to human cells [215]. In 
vitro-grown MKs can be transplanted into irradiated NSG mice and have been shown 
to produce functional platelets that can be readily detected and functionally analysed 
by flow cytometry. Although some claim that platelet production happens in the first 
moments post-MK injection (seemingly in the lung vasculature), the particles detected 
are clearly heterogeneous, with a significant proportion of “platelets” not expressing 
the CD42 receptors [216] raising the question whether these particles represent cell 
debris. We have shown, however, that as from day 3 post-transplantation, a homoge-
neous population of human platelets appears in the murine peripheral blood, express-
ing both ITGA2B (CD41) and GP9 (CD42a) and showing the expected response to 
agonists [217]. Until we have mastered the production of platelets in vitro, the mouse 
transplantation model probably remains the most reliable way to interrogate the func-
tionality of the platelet progeny from in vitro-cultured MKs.

2.7.3  Developmental Differences in Megakaryocytes 
and Platelets: Embryos Are Not Adults

The development of the haematopoietic system during embryogenesis, the foetal in 
utero period and after birth has been studied in detail. “Primitive” haematopoiesis 
first arises in the yolk sack and is followed by the emergence of “definitive” HSCs in 
the aorta-gonad-mesonephros region, the colonisation of the foetal liver by the hae-
matopoietic system and finally, in the late stage of foetal development, the emer-
gence of the bone marrow as the principal site of haematopoiesis [218]. The evidence 
that the transition from foetal to adult haematopoiesis is relevant to megakaryopoie-
sis is exemplified by clinical observations. TMD, characterised by a transient expan-
sion of cells with megakaryoblastic features (see Sect. 2.5.1.3), is seen exclusively in 
the foetal/neonatal period in some children with Down syndrome. Patients with 
thrombocytopenia with absent radii (TAR) present in the neonatal period with skel-
etal abnormalities and low platelet count. The thrombocytopenia associated with 
TAR however often corrects in the first year of life, although for some patients, the 
correction can be only partial and occur much later on in life [219].

Understanding the differences in foetal and adult thrombopoiesis has also direct 
therapeutic implications. The lag time of platelet recovery following cord blood 
transplantation in comparison to transplantation with stem cells derived from adult 
donors is much longer. This is a prime example of the difference between neonatal 
and adult megakaryopoiesis and results in a much longer period of time during 
which patients are depending on platelet transfusions.
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These differences are also found at the cellular level. It is well known that precur-
sors isolated from the bone marrow have a higher proliferative potential when cul-
tured in vitro for MK production [220, 221]. Also, neonatal MKs are smaller and 
have a lower ploidy than adult MKs (similar to what is seen for hPSC-derived MKs) 
[222]. Differences between foetal and adult MKs have also emerged at molecular 
level which may explain some of the cellular features and clinical findings described 
above. GATA1 was shown to be overexpressed in CB-MKs compared to adult- 
derived MKs, which also correlated with increased response to TPO through the 
mTOR pathway [85]. The increase level of GATA1 in foetal MKs might explain the 
hypersensitivity of neonatal MKs to GATA1 mutations that underlie TMD.

2.7.4  MKs and Platelets from Human Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) can be maintained in vitro whilst retaining the 
capacity to differentiate towards virtually any cell type upon adequate stimulation 
[223–225]. The in vitro production of platelets from genetically defined hPSC lines 
could revolutionise transfusion medicine by providing a controllable source of plate-
lets [226]. Moreover, platelets are anucleate corpuscles that do not proliferate, thus 
allowing irradiation of the final transfusion product. This represents a marked safety 
advantage over other hPSC-derived cell therapies where there is an oncogenic risk 
associated with the chance of administering partially differentiated progenitor cells.

Two types of protocols are in existence to produce MKs from hPSCs. The first 
relies on external signals provided by cytokines or stromal cells to mimic embry-
onic development and direct sequential differentiation of hPSCs into MKs, a pro-
cess designated as “directed differentiation” (DD) [227–231]. These protocols are 
impaired by a lack of efficiency, low purity of the MKs and often rely on serum and 
xenogenic feeder cells. Use of serum or xenogenic feeders can present major regula-
tory issues for the production of a clinical-grade product. The emergence of the 
knowledge that cell identities can be manipulated by enforcing expression of spe-
cific TFs [232] has led investigators to explore the potential of “forward program-
ming” hPSCs towards the MK lineage. Forced expression of GATA1 or TAL1 alone 
in haematopoietic progenitors has been shown to bias differentiation towards MK 
and erythroid fates [233, 234]. Accordingly, exogenous expression of TAL1 in 
human embryonic stem cells has been reported to promote haematopoiesis and 
megakaryopoiesis [235, 236]. More recently, the combinatorial expression of TAL1 
with GATA2 was found to induce a haemogenic endothelial phenotype biased 
towards erythro-MK differentiation from hPSCs [237]. Proceeding from a methodi-
cally curated list of candidate genes, we found that the minimal combination of 
GATA1, FLI1 and TAL1 results in the highly efficient production of MKs from an 
array of hPSC lines in chemically-defined serum-free conditions and with minimum 
cytokine input [238]. None of these three TFs by itself or a combination of two 
could efficiently induce forward programming and impose MK identity to hPSCs. 
The proof of the power of the synergistic effect of key transcriptional controllers on 
cell fate is exemplified by the fact that forward programmed MKs using these three 
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TFs are >90 % pure, can be cryopreserved, maintained and amplified in vitro for up 
to 90 days exceeding a 100,000-fold cell yield. Gene expression arrays showed the 
acquisition of a genuine MK phenotype at the whole genome level and notably the 
appropriate expression of all key MK TFs and effectors discussed above.

Whilst very close phenotypically and at whole genome expression level to MKs 
derived from primary neonatal haematopoietic progenitors, MKs generated from 
hPSCs showed a distinct expression signature reminiscent of the “foetal MK profile” 
regardless of the method of production (directed differentiation or forward program-
ming) [239]. Bluteau et al. showed that this translated into functional differences in 
particular a reduction in the rate of proplatelet formation in the hPSC- derived MKs. 
Whether this foetal MK signature has functional consequences on their platelet prog-
eny is unknown. Recent studies in mice showed an extended life span of neonatal 
platelets and the existence of low ploidy platelet-forming MKs in the early embryo 
evocative of hPSC-derived MKs [240, 241]. There are also numerous studies on the 
function of platelets in newborns versus adult platelets (reviewed in [242]) which 
indicate that differences do exist, although the results are not consistent and the jury is 
still out as to the clinical significance of these differences. In the future, the manipula-
tion of the TF expression pattern could become a powerful approach to control devel-
opmental phenotype switches in MKs produced from different stem cell sources.

2.7.5  Disease Modelling

Beyond the production of platelets for clinical use, the development of protocols to 
generate large amount of MKs from hPSCs has opened new avenues of research in 
disease modelling. hPSCs can be readily derived from patients’ cells that carry spe-
cific mutations identified through genetic studies of pedigrees with inherited platelet 
disorders. The emergence of genome-editing technologies such as transcription 
activator-like endonucleases (TALENs) and Cas9/clustered regularly interspaced 
short palindromic repeats (CRISPR) also offers the opportunity to introduce spe-
cific mutations in the genome of an hPSC line from which the phenotype and MK 
output are known using a specific differentiation protocol. The latter approach has 
the advantage to eliminate potential bias of interpretation due to inter-donor cell line 
variability [243].

2.8  Concluding Remarks

Our knowledge of the key TFs that regulate megakaryopoiesis has grown exponen-
tially over the last 20 years. This has in part been driven by the analyses of the 
phenotype of murine models where TFs have been knocked down or overexpressed, 
quite often initially designed to study other cells than MKs (e.g. haematopoietic 
stem cells). Another important driver has been the advent of sequencing technolo-
gies (first Sanger sequencing followed by new generation sequencing), which has 
allowed us to identify mutations in TFs in pedigrees of human patients with 
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inherited platelet disorders. MKs represent only 0.01 % of the cells in the bone mar-
row, and it is only since TPO was discovered 20 years ago that we have been able to 
culture MKs in sufficient quantities to carry out the detailed cellular studies of how 
these TFs confer cell identity and which specific biological processes they control 
in the maturing MK. More recently, techniques such as ChIP-Seq have allowed us 
to get a glimpse of the true complexity of transcriptional regulation of the MK, 
which cannot be understood without putting each individual TF within large regula-
tory networks that interact with each other in order to confer cellular specificity on 
gene transcription. It is clear that understanding gene transcription in the MK will 
be key to unlock how specific cellular processes such as proplatelet formation are 
controlled which, in turn, will have great bearing on our ability to, at some point in 
the future, produce MKs and platelets in vitro for clinical use.
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Megakaryocytic Transcription Factors 
in Disease and Leukemia

Alan B. Cantor

Abstract
An understanding of the transcriptional regulation of megakaryopoiesis has 
lagged behind that of other hematopoietic lineages due to the rarity of these cells 
and the relatively recent development of systems to culture large numbers of 
megakaryocytes. However, significant progress has been made over the past few 
decades resulting in the identification of many key transcription factors involved 
in megakaryocyte specification and maturation. A number of important princi-
ples have emerged including physical and functional interactions among a core 
set of transcription factors including GATA, ETS, and RUNX family members, 
cross antagonistic network interactions with key erythroid-specific factors in cell 
fate determination of bipotential erythroid-megakaryocytic progenitor cells, and 
a surprising overlap with hematopoietic stem cell transcriptional regulators. A 
high proportion of genes encoding megakaryocytic transcription factors are 
mutated in human thrombopoiesis disorders, and a number of these are associ-
ated with leukemia predisposition. This chapter reviews the current knowledge 
about transcription factors involved in megakaryopoiesis, how they interact, and 
how their activities are influenced by cell signaling events. It also highlights the 
important role that dysregulation of these factors play in certain human platelet 
biogenesis disorders and leukemogenesis.

A.B. Cantor  
Division of Pediatric Hematology-Oncology,  
Boston Children’s Hospital/Dana-Farber Cancer Institute,  
Harvard Medical School, 300 Longwood Ave. Karp 7,  
Boston, MA 02115, USA 

Harvard Stem Cell Institute, Cambridge, MA 02138, USA
e-mail: alan.cantor@childrens.harvard.edu

3

mailto:alan.cantor@childrens.harvard.edu


62

3.1  Introduction

An understanding of the transcriptional control of megakaryopoiesis has lagged 
behind that of other blood lineages. This is due to the extreme rarity of megakaryo-
cytes within the bone marrow (representing only ~0.4 % of nucleated cells) and the 
relatively recent purification and cloning of the major megakaryocyte cytokine, 
thrombopoietin (TPO), which occurred in 1994. Earlier studies focused on 
megakaryocyte- specific gene promoter analysis using in vitro assays and trans-
formed megakaryocytic cell lines. Despite the limitations of these approaches, it 
was recognized early on that closely spaced binding sites for GATA and ETS family 
transcription factors played important roles in megakaryocyte-specific gene expres-
sion. Application of gene-targeting analysis in mice later confirmed the requirement 
for specific GATA and ETS family transcription factors for megakaryopoiesis 
in vivo. Additional transcription factors and cofactors, including Friend of GATA-1 
(FOG1; zfpm1), RUNX-1/CBFβ, SCL/TAL-1, GFI-1b, NF-E2 p45, MEIS1, and 
HOXA9, were subsequently identified and shown to play essential roles in mega-
karyopoiesis. Through biochemical and genetic studies, it became clear that some 
of these factors physically and functionally interact to form megakaryocyte-specific 
enhanceosome complexes and gene regulatory networks. In parallel to these basic 
studies, human genetic analyses revealed that many of the same transcription factors 
are mutated in familial platelet disorders (Table 3.1). Interestingly, mutations in a 
number of these factors also predispose to leukemia development. Close connec-
tions with hematopoietic stem cell (HSC) regulators were also noted. Current chal-
lenges to the field include better understanding how bone marrow niche cues and 
cell signaling pathways modulate megakaryocytic transcription factor complex 
assembly and activity. It will also be of interest to further understand why mutations 
in many megakaryocytic transcription factors predispose to leukemia and why there 
is such a large overlap between megakaryocyte and HSC transcriptional control.

This chapter will review the different known key megakaryocytic transcription 
factors and highlight where mutations lead to human disease. Interactions between 
sets of these factors and their roles in gene regulatory networks will be discussed. 
The influence of cell signaling pathways on megakaryocytic transcriptional control 
will be reviewed with particular emphasis on cues from bone marrow microenviron-
ments. The role of megakaryocytic transcription factors in the cell fate decision of 
erythroid-megakaryocytic progenitor cells will also be highlighted. Lastly, future 
directions and current challenges to the field will be discussed.

3.2  Specific Transcription Factors

3.2.1  GATA Family Transcription Factors

GATA family transcription factors are a phylogenetically conserved class of DNA 
binding proteins characterized by the presence of two (and sometimes one) C2H2- 
type closely spaced zinc fingers that recognize the core DNA element (T/A)
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GATA(A/G). GATA family transcription factors have been identified in organisms 
as diverse as fungi, nematodes, amphibians, insects, and mammals. Six GATA tran-
scription factor genes exist in mammals. GATA-1, GATA-2, and GATA-3 play roles 
within hematopoietic tissues, whereas GATA-4, GATA-5, and GATA-6 play roles in 
extra-hematopoietic tissues, although there are exceptions. Megakaryocytes express 
both GATA-1 and GATA-2.

3.2.1.1  GATA-1
GATA-1 was first identified as a protein that binds to key cis-regulatory elements 
within the beta-globin locus [40, 153]. GATA-1 is expressed at high levels in ery-
throid and megakaryocytic cells and at lower levels in eosinophils, mast cells, and 
multipotent progenitor cells [182]. Knockout of the GATA-1 gene in mice results in 
embryonic lethality between ~ embryonic day 10.5 and 11.5 (e10.5–11.5) days post- 
coitus (d.p.c.) due to severe anemia [45]. The first evidence for a functional role of 
GATA-1 in megakaryopoiesis came from studies of mice containing deletion of a 
megakaryocyte-specific cis-acting regulatory element upstream of the GATA-1 gene 
(GATA-1low mice) [132]. These mice escape the embryonic lethality from anemia 
seen in full knockout mice. However, they are severely thrombocytopenic having 
platelet counts about 15 % of wild-type littermates. Megakaryocytes from these 
mice have impaired cytoplasmic and nuclear maturation, small size, reduced modal 
ploidy, abnormal ultrastructural features, and decreased expression of many termi-
nal megakaryocyte marker genes including GPIbα, GPIbβ, PF4, c-mpl, and p45 
NF-E2 [132, 160]. Platelets derived from these mice have ultrastructural defects 
similar to the megakaryocytes they are derived from and have impaired in vitro 
platelet aggregation in response to adenosine diphosphate (ADP) and epinephrine 
[160]. One of the most remarkable features of GATA-1-deficient megakaryocytes is 
their dramatic hyperproliferation compared to wild type when cultured from fetal 
liver [160]. Adult GATA-1low mice also develop myelofibrosis as they age [158].

The far majority of megakaryocyte-specific genes that have been studied contain 
functionally important GATA binding sites in their promoters and/or enhancers. 
Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) has iden-
tified 4,722 GATA-1 chromatin occupancy peaks (614 within promoters) in primary 
human megakaryocytes [150]. In combination with the finding of GATA-1 germline 
mutations in human platelet disorders (see Sect. 3.2.1.4), these data indicate that 
GATA-1 is a central factor in megakaryopoiesis.

3.2.1.2  GATA-2
GATA-2 plays roles in early hematopoietic compartments, including hematopoietic 
stem and multipotential progenitor cells [152]. It is also expressed during early 
stages of committed erythroid and megakaryocytic precursor cells. It plays overlap-
ping roles with GATA-1 during early megakaryopoiesis, but is dispensable for late 
megakaryopoiesis [28]. GATA-1 exchanges for GATA-2 at many loci throughout 
the genome during megakaryocyte maturation [36], similar to what is observed dur-
ing erythropoiesis (reviewed in [16]). During this process, GATA-1 represses many 
early progenitor genes activated by GATA-2.
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3.2.1.3  ZFPM1 (Previously Called Friend of GATA-1 (FOG1))
Zfpm1 was first identified in a yeast two-hybrid screen for GATA-1 interacting pro-
teins in mouse erythroid cells [155] (for review, see [25]). It is a large molecule that 
contains nine multitype zinc fingers, four of which can independently bind to 
GATA-1 (via GATA-1’s N-terminal zinc finger) [24, 42]. Zfpm1 is highly expressed 
in erythroid and megakaryocytic cells. It does not bind DNA directly, but acts as an 
essential cofactor for GATA-1. Its mechanism of action remains incompletely 
understood. It enhances GATA-1 chromatin occupancy at some, but not all, sites 
[83, 115]. It acts as either a coactivator or corepressor in a context-dependent man-
ner. Part of its repressor activity depends upon its binding to the NuRD chromatin 
remodeling complex via an amino-terminal domain [58, 97]. Gene context- 
dependent activities of Zfpm1 in megakaryocyte versus erythroid cells depend on 
the combinatorial presence of ETS factors in megakaryocytic cells [164].

Zfpm1 antagonizes the cell fate decision of erythroid-megakaryocytic-mast cell 
multipotent progenitor cells for the mast cell lineage [23]. Loss of zfpm1 leads to 
marked mast cell-like outgrowth, whereas ectopic zfpm1 expression in developing 
mast cells (which normally downregulate Zfpm1 expression) reprograms them into 
the erythroid and megakaryocytic lineages [23]. This activity involves NuRD 
recruitment [97].

Mice containing targeted disruption of the Zfpm1 gene have a complete failure 
of megakaryopoiesis in addition to impaired erythropoiesis [154]. Whereas loss of 
other megakaryocytic transcription factor generally leads to impaired megakaryo-
cyte maturation, loss of zfpm1 is relatively unique in that it causes a complete devel-
opmental failure of the entire megakaryocyte lineage. The discrepancy in the 
relatively late megakaryocyte phenotype of GATA-1-deficient megakaryocytes 
(hyperproliferation and impaired late megakaryocyte maturation) and early pheno-
type of Zfpm1 null megakaryocytes (failure to develop the megakaryocyte lineage) 
is explained by overlapping Zfpm1-dependent roles of GATA-2 (early) and GATA-1 
(late) during megakaryopoiesis [28].

3.2.1.4  GATA Factor Mutations in Human Congenital 
Thrombocytopenias

Given the findings of GATA-1’s central role in megakaryopoiesis based on mouse 
genetic experiments and human megakaryocytic gene promoter analysis, it was not 
surprising to find germline GATA-1 gene mutations linked to human thrombopoiesis 
disorders. The first description was reported in 2000 and involved a family with 
X-linked macrothrombocytopenia and dyserythropoietic anemia (the GATA-1 gene 
is located on the X-chromosome in humans and mice) [106]. Affected members 
harbored a missense mutation that substitutes methionine for valine at codon 205. 
This amino acid resides within the amino-terminal zinc finger of GATA-1 and medi-
ates physical interaction with Zfpm1 [33]. There was no significant effect on DNA 
binding affinity based on electromobility shift assays. The female carrier had 
chronic thrombocytopenia, which worsened during pregnancy.

Since this initial description, a large number of other germline GATA-1 muta-
tions have been reported. These predominantly lead to X-linked 
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macrothrombocytopenia and varying degrees of dyserythropoietic anemia, 
 thalassemia, and/or congenital erythropoietic porphyria (for updated online review, 
see [30]). Substitutions of amino acids affecting Zfpm1 interaction (G208S, D218G, 
and D218Y) invariably lead to thrombocytopenia, the severity of which correlates 
with the degree of Zfpm1 binding loss [43, 44, 95]. The milder alleles have dys-
erythropoiesis, but no anemia. This suggests that the megakaryocytic lineage is 
more sensitive to changes in GATA-1/Zfpm1 interaction compared to the erythroid 
lineage.

Mutations that affect GATA-1 DNA binding are more likely to produce both 
thrombocytopenia and erythroid defects. GATA-1R216Q, which interferes with DNA 
binding at palindromic GATA sites, but does not affect Zfpm1 interaction, leads to 
an X-linked beta-thalassemia-like disorder with imbalance of beta- and alpha- 
globin chains, hemolysis, and reticulocytosis, as well as mild-moderate thrombocy-
topenia [8, 121, 175]. GATA-1R216W has a similar phenotype but, in addition, has 
features of congenital erythropoietic porphyria [117].

The GATA-1R216Q mutation was reported to cause an X-linked form of gray plate-
let syndrome with affected individuals having large hypogranular platelets contain-
ing abnormal vacuoles [156]. Detailed ultrastructural studies of platelets from 
patients with the GATA-1G208S mutation also showed hypogranular macrothrombo-
cytes with reduced number of definitive alpha granules, although some platelets had 
normal number of alpha granules [167, 168]. In addition to classical gray platelet 
syndrome, the GATA-1 mutant platelets had a number of bizarre ultrastructural fea-
tures including masses of dense tubular system channels, dense double membranes, 
“platelets within platelets,” and even “platelets within platelets within platelets.” It 
has been hypothesized that part of the defect may involve impaired separation of 
individual platelets from proplatelet processes. The dense granule number and mor-
phology appeared to be normal.

Cis-regulatory mutations involving GATA-1 binding sites have also been reported 
in human thrombopoietic disease. A germline mutation that disrupts a GATA-1 
binding site in the promoter of the platelet glycoprotein Ibβ gene results in Bernard- 
Soulier syndrome [87].

3.2.1.5  GATA-1 Mutations in Down Syndrome Transient 
Myeloproliferative Disorder and Acute Megakaryoblastic 
Leukemia

About 10 % of infants with Down syndrome are born with a clinically apparent 
transient myeloproliferative disorder with erythro-megakaryocytic features (previ-
ously called DS-TMD; now called Down syndrome transient abnormal myelopoiesis 
(DS-TAM) as per the latest nomenclature from the World Health Organization 
(WHO)) (for full reviews, see [22, 81, 91, 181]). Clinical manifestations are quite 
variable but typically reveal leukocytosis with excess circulating blasts, thrombocyto-
penia or thrombocytosis, and nucleated red blood cells on the peripheral blood smear. 
Hepatomegaly is common, and biopsy or autopsy frequently reveals hepatic mega-
karyocytic infiltration and fibrosis. In severe cases, there can be fulminant liver fail-
ure, jaundice, ascites, and respiratory failure [102]. Remarkably, DS-TAM resolves 
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spontaneously by about 3–4 months of age [46, 73, 94]. However, ~20–25 % of 
infants with clinically apparent DS-TAM who survive the newborn period subse-
quently develop acute megakaryoblastic leukemia (previously called DS-AMKL; 
now called myeloid leukemia associated with Down syndrome (ML-DS)) [46, 73, 
94, 104]. The mean age of diagnosis of ML-DS is 20 months (range 6–38 months). 
Overall, children with Down syndrome have about a 500-fold increased risk of 
megakaryoblastic leukemia compared to the general population [81].

In 2002, Crispino and colleagues reported that ML-DS cells harbor somatic 
mutations in GATA-1 [165]. This was quickly confirmed by a number of other 
research groups and was also shown to occur in DS-TAM cells [48, 55, 101, 120, 
172]. A wide variety of mutations have been described, but all involve exon 2 or 
rarely exon 3 [2]. These include missense, insertions, deletions, and splice-site 
mutations, and all lead to the introduction of a premature stop codon. However, 
translation initiates from a downstream in-frame “ATG” located at codon 84, gener-
ating a truncated GATA-1 protein product that lacks the first 83 amino acids (called 
“GATA-1s”) (Fig. 3.1). Low levels of GATA-1s are produced normally during 
development and decrease relative to full-length GATA-1 during erythroid matura-
tion [21, 88]. However, in DS-TAM and ML-DS cells, GATA-1s is produced exclu-
sively since the GATA-1 gene is located on the X-chromosome.

GATA-1s-producing mutations have been detected as early as 21 weeks of gestation 
[148]. In some cases, multiple GATA-1-generating mutations have been detected in the 
same individual at birth indicating an oligoclonal selection process [1, 124, 173]. 
Somatic GATA-1-producing mutations have only been found in Down syndrome indi-
viduals, with rare exceptions. Collectively, these findings indicate that GATA-1 muta-
tions are early in utero initiating events for ML-DS and are strongly selected for in a 
trisomy 21 genetic background. The basis for this selection is currently unknown.

ATG

GATA-1

GATA-1s

ATG

Exon 2 (3) mutations
nonsense 
splice-site
deletions
insertion

duplications

zfs* **
AD N C

N C

1 84

Fig. 3.1 Schematic diagram of truncating GATA-1 mutations in DS-TAM and ML-DS. Upper 
panel shows full-length GATA-1. Mutations in exon 2 (or rarely exon 3), indicated schematically 
by the asterisks, lead to the introduction of premature stop codons. In these cases, translation ini-
tiation occurs at a downstream ATG at codon 84. This generates a truncated protein that lacks the 
amino-terminal 83 amino acids. Low levels of this isoform, called “GATA-1s,” are generated under 
normal conditions. AD activation domain, C carboxyl terminal, N amino terminal, zfs zinc fingers 
(Reproduced with permission from Cantor [22])
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How GATA-1 mutations contribute to ML-DS remains incompletely  understood. 
Loss of the first 83 amino acids of GATA-1 results in reduced transcriptional acti-
vation capability in reporter assays. However, GATA-1s is able to rescue terminal 
erythroid maturation of a GATA-1 null erythroid cell line [166]. Mice engineered 
to exclusively produce GATA-1s in the germline have developmental stage-spe-
cific alterations in megakaryocyte proliferative control [84]. Megakaryocyte pro-
genitor cells from these animals markedly hyperproliferate during late yolk sac and 
early fetal liver stages of hematopoietic development but proliferate close to nor-
mal during late gestation and postnatal stages. The stage-specific effects of 
GATA-1s on megakaryocyte proliferative control may involve developmental dif-
ferences in insulin- like growth factor (IGF), mTOR, and/or type I interferon sig-
naling [74, 170].

GATA-1s generating mutations by themselves appear to be insufficient to cause 
leukemia. This is supported by the GATA-1s mouse knock-in studies and the 
descriptions of several families with germline GATA-1s-producing mutations (and 
no trisomy 21) whose affected members have not developed leukemia or had a clini-
cally apparent neonatal myeloproliferative disorder [57, 84, 88]. Trisomy 21 itself 
perturbs human hematopoiesis and likely contributes to the leukemogenesis beyond 
simply providing selective pressure for GATA-1s-containing clones [31, 90, 125, 
126, 157]. Data supporting specific roles for the chromosome 21 genes ERG [105, 
136, 137] and ETS2 [47, 136] and the microRNA miR-125b [75] have been 
presented.

Analysis of GATA-1 mutations in DS-TAM and ML-DS samples from the same 
patient universally reveals identical nucleotide changes in the ML-DS cells and in 
the DS-TAM cells (or at least a subpopulation of the DS-TAM cells) supporting a 
clonal evolution model of ML-DS. Indeed, a number of secondary mutations have 
been identified in the ML-DS cells and include chromosomal aberrations and copy 
number alterations such as trisomy 8, loss of material on chromosomes 5 and 7, gain 
of chromosome 21, dup(1q), del(16q), and other rarer alterations [12, 13]. Acquired 
missense mutations have been described in JAK1 [12], JAK2 [12], JAK3 [12, 92, 
162], TP53 [93], FLT3, and MPL. Application of genomic profiling and whole 
exome/genome sequencing has revealed a high proportion of acquired mutations in 
components of the cohesin complex and other epigenetic regulators [173]. 
Additional studies will be needed to fully elucidate how these mutations may coop-
erate with GATA-1s to promote ML-DS.

3.2.1.6  GATA-2 Mutations in Familial Myelodysplastic Syndrome 
and Acute Myelogenous Leukemia

Recently, germline heterozygous loss-of-function and/or dominant negative acting 
GATA-2 mutations have been identified as a cause of familial myelodysplastic syn-
drome/leukemia predisposition syndrome [35, 50, 60, 71, 111]. These patients can 
present with thrombocytopenia. Megakaryocytes from these patients can have an 
unusual morphology characterized by widely separated nuclei. Some affected indi-
viduals also have immunodeficiency and/or lymphedema (called MonoMAC or 
Emberger syndromes; for review, see [135]). Somatic-activating GATA-2 mutations 
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have been associated with transformation of chronic myelogenous leukemia to 
acute myeloid leukemia [178]. Thus, it is clear that tight regulation of GATA tran-
scription factor activity levels is critical for normal hematopoiesis.

3.2.2  ETS Family Transcription Factors

The E26 transformation-specific (ETS) transcription factors comprise a large family 
of transcriptional regulators that are defined by the presence of an “ETS” DNA 
binding domain that recognizes the core motif GGAA. As described earlier, tandem 
binding sites for ETS and GATA factors occur frequently in the cis-regulatory ele-
ments of megakaryocyte-specific genes [82]. There are over 30 different ETS fam-
ily members, and at least ten of them (FLI-1, ERG, ETS1, ETS2, GABPbα, ETV6/
TEL, PU.1, ELF1, ELF2, and ELK4) are expressed in megakaryocytes. Family 
members with the greatest evidence for roles in megakaryopoiesis and/or those 
mutated in human thrombopoietic disorders will be discussed in more detail.

3.2.2.1  FLI-1
FLI-1 is a member of the pointed domain subfamily of ETS factors. It plays a promi-
nent role in terminal megakaryocyte maturation, as well as in vascular development. 
FLI-1-/- mice die around e11.5 d.p.c. of embryogenesis due to severe hemorrhage that 
is likely due to both vascular and thrombopoiesis defects [52]. Megakaryocytes cul-
tured in collagen-based semisolid medium from the FLI-1−/− embryos have overall 
small size, high nuclear to cytoplasm ratio, hypolobulated nuclei, reduced number of 
α-granules, and disorganization of the platelet demarcation system. The embryos 
also have an increased number of megakaryocyte progenitors compared to wild type 
and heterozygous littermates, suggesting impaired megakaryocyte maturation. 
Inducible hematopoietic conditional knockout of FLI-1 in adult mice using the Mx1-
Cre system results in a mild thrombocytopenia with a decrease in the number of 
mature megakaryocytes [139]. These mice also have an increase in erythrocytic cells 
(see Sect. 3.6 for additional discussion). Interestingly, FLI-1 appears to be expressed 
monoallelically during early megakaryocyte maturation (CD41+CD42b- cells) and 
biallelically at later stages (CD41+CD42b+ cells) [122].

Jacobsen syndrome (OMIM 147791) and Paris-Trousseau disorder (OMIM 
188925) are overlapping contiguous gene deletion syndromes that are due to consti-
tutional heterozygous loss of a segment of human chromosome 11q23. These disor-
ders include macrothrombocytopenia with abnormal megakaryocyte morphology 
and other variable features such as congenital cardiac disease, trigonocephaly, 
developmental delay, and/or dysmorphic hands and feet depending on the extent of 
the chromosomal deletion. Bone marrow examination reveals a dimorphic popula-
tion of megakaryocytes with some showing marked dysmegakaryopoiesis including 
micromegakaryocytes and dying megakaryocytes [17]. Platelet survival is normal in 
these patients, indicating a predominant production defect. Platelets from these 
individuals can have giant α-granules, which are thought to arise from aberrant 
α-granule fusion during prolonged megakaryocyte bone marrow residence time.
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Both the FLI-1 and ETS-1 genes reside within the minimally deleted region. 
Favier and colleagues demonstrated that lentiviral expression of FLI-1 in CD34+ 
cells from patients with Paris-Trousseau disorder rescued their megakaryocytic 
defects in vitro, providing strong evidence that FLI-1 haploinsufficiency contrib-
utes to the platelet phenotype of this disorder [122]. They also proposed that 
monoallelic expression of FLI-1 in early megakaryopoiesis may account for the 
dimorphic megakaryocyte populations in these patients, since a subpopulation of 
the megakaryocytes would have no FLI-1 expression due to deletion on one allele 
and silencing of the other. Recently, FLI-1 gene point mutations resulting in 
 alterations in the DNA binding domain (p.Arg 337Trp, p.Tyr343Cys, and 
p.Asn331Thrfs−4) were identified in some individuals with mild thrombocytope-
nia and dense granule secretion defects [142]. An autosomal recessive platelet 
disorder with features of Paris- Trousseau was also recently described in a consan-
guineous family carrying a germline DNA binding domain FLI-1 germline muta-
tion (p. Arg324Trp) [141]. Collectively, these findings implicate FLI-1 as the 
likely causative genetic defect in the 11q23 deletion interval found in Jacobsen 
and Paris-Trousseau syndromes.

3.2.2.2  ERG
ERG is in the same ETS subfamily as FLI-1. It plays overlapping functional roles 
with FLI-1 during normal murine megakaryopoiesis [76]. The human ERG gene is 
located on chromosome 21. Overexpression of ERG, as well as FLI-1, immortalizes 
murine fetal liver megakaryocytic progenitor cells harboring GATA-1s mutations, 
but not wild-type GATA-1 [136]. Trisomy of ERG is required for the myelomega-
karyocytic hyperproliferation in the Ts65Dn mouse model of human trisomy 21 and 
leads to lineage priming of multilineage and megakaryocyte-erythroid progenitors 
[104, 105]. Based on these data, it has been proposed that ERG overexpression 
plays a role in the pathophysiology of DS-TAM and ML-DS.

3.2.2.3  ETV-6 (TEL)
ETV-6 is another member of the pointed domain containing ETS family 
 transcription factors. It heterodimerizes with FLI-1 [78, 79]. ETV-6 plays a 
 predominant role in gene repression. Conditional loss of ETV-6 in murine bone 
marrow impairs hematopoietic stem cell survival and specifically impairs mega-
karyocyte maturation [56]. Recently, three groups identified germline heterozy-
gous ETV-6 mutations in families with an autosomal dominant thrombocytopenia 
and leukemia predisposition syndrome [107, 151, 177]. The mutations reported 
to date involve the ETS DNA binding domain or a linker region between the 
pointed and DNA binding domain. The mutations typically have loss-of-function 
activity when measured in reporter assays. Megakaryocytes from these individu-
als are typically small and have hypolobulated nuclei and low amounts of cyto-
plasm. In addition to thrombocytopenia and increased risk of myelodysplastic 
syndrome and leukemia, these patients can also have myopathy, developmental 
delay, gastrointestinal motility difficulties, and possibly increased risk of inflam-
matory bowel disease.
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3.2.2.4  ETS-1
A number of studies have implicated the ETS factor ETS-1 in megakaryopoiesis. 
ETS-1 cooperates with GATA-1 in the transactivation of megakaryocyte-specific 
genes in reporter assays [34, 82, 86]. Overexpression of ETS-1 in human primary 
hematopoietic progenitor cells promotes megakaryopoiesis and blocks erythropoi-
esis [89]. ETS-1 binding contributes to GATA factor site selection in megakaryo-
cytic cells and correlates with histone H3 acetylation and gene activation [36].

3.2.2.5  GABPα
GABPα is another member of the pointed domain subfamily of ETS factors. It pref-
erentially occupies ETS binding sites during early stages of megakaryopoiesis and 
controls expression of early megakaryocyte genes [116]. GABPα-deficient murine 
fetal liver-derived megakaryocytes have reduced expression of early megakaryocyte 
genes (e.g., c-mpl and αIIb) in contrast to FLI-1-deficient megakaryocytes, which 
have reduced expression of late megakaryocyte genes (e.g., PF4, GPIbα, and GPIX). 
The relative ratio of GABPα to FLI-1 decreases during megakaryocyte maturation. 
Based on these findings, it has been proposed that different ETS family members 
play stage-specific roles during megakaryocyte maturation [63, 116].

3.2.3  Core Binding Factors

The core binding transcription factors consist of heterodimers of DNA binding 
alpha (CBFα) subunits (now called RUNX-1, RUNX-2, and RUNX-3) and a com-
mon non-DNA binding CBFβ subunit. In the absence of CBFβ, the CBFα subunits 
have relatively low DNA binding affinity. Interaction with CBFβ induces conforma-
tion changes that markedly enhance DNA binding affinity [64] and increases CBFα 
subunit protein stability [119].

3.2.3.1  RUNX-1 (Previously Called CBFα2, AML-1, and PEBPA2B)
RUNX-1 is one of the hematopoietic expressed RUNX factors. RUNX-1 conven-
tional knockout mice die between embryonic days 11.5 and 12.5 due to extensive 
central nervous system hemorrhage [163]. This is thought to be due to roles of 
RUNX-1 in vascular development. These mice also have complete failure of the 
definitive wave of hematopoiesis [163]. This is due to RUNX-1’s requirement for 
the transition of hemogenic endothelial cells to the first definitive hematopoietic 
stem cells (HSCs) in the aorta-gonad-mesonephros (AGM) region during embryo-
genesis [29, 80]. RUNX-1’s role in long-term hematopoietic stem cell maintenance 
remains controversial. Some studies have shown little consequences of RUNX-1 
loss on adult LT-HSC function, whereas others have demonstrated accelerated HSC 
exhaustion during aging [20, 67].

Conditional RUNX-1 loss in the hematopoietic system of mice leads to marked 
dysmegakaryopoiesis and thrombocytopenia [49, 65]. These mice have reduced 
numbers of megakaryocytes in their bone marrow. In addition, the knockout mega-
karyocytes have hypolobulated nuclei, low DNA ploidy, and low cytoplasm-nuclear 
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ratio, indicative of impaired megakaryocyte maturation. Heterozygous Vav-1-Cre 
RUNX-1 conditional knockout mice have mild thrombocytopenia [62]. Similar 
megakaryocyte defects are seen in mice containing CBFβ deficiency [145].

3.2.3.2  Familial Platelet Disorder with Propensity to Develop 
Leukemia

In humans, germline heterozygous mutations/deletions in the RUNX-1 gene cause 
the autosomal dominant disorder called “familial platelet disorder with propensity to 
develop leukemia (FPD/AML)” [OMIM 601399] [134]. Affected individuals have 
lifelong thrombocytopenia.  They also have bleeding symptoms that are typically out 
of proportion to their platelet count. This is due to functional platelet defects that 
include impaired in vitro aggregation to epinephrine and arachidonic acid, as well as 
impaired GPIIb- IIIa activation and pleckstrin phosphorylation [144]. Platelets from 
affected individuals can have a number of morphologic abnormalities including the 
presence of giant granules, inclusion of numerous vacuoles, unseparated proplate-
lets, and thin platelets [15]. The megakaryocytes are small and contain low cytoplas-
mic-nuclear ratio, hypolobulated nuclei, low DNA ploidy, and impaired proplatelet 
formation [15]. A number of direct RUNX-1 target genes have been identified 
including MYH9 [15], MYH10 [4], MYL9 [143], PKCtheta [144], platelet 12-lipox-
ygenase (ALOX12) [70], c-mpl [53, 63], and NR4A3 [14], among others.

Individuals with germline RUNX-1 mutations are predisposed to developing 
leukemia [112, 134]. Overall, they have ~35–50 % lifetime risk of developing 
leukemia. The leukemia is frequently preceded by a period of myelodysplastic 
syndrome (MDS). MDS/leukemia development occurs over a wide age range 
(8–72 years, reported). Both myeloid and lymphoid leukemias have been 
described. A wide range of acquired cytogenetic abnormalities has been described 
in the leukemias. These typically include common recurrent mutations found in 
human leukemias. A predominance of acquired CDC25 mutations was reported in 
one study [174].

3.2.3.3  Sporadic RUNX-1 Mutations in Myelodysplastic Syndrome
Somatic RUNX-1 mutations also occur in de novo MDS, particularly radiation and 
therapy-related cases (40–50 % of cases) [51, 180]. These mutations are associated 
with high incidence of leukemia transformation and poor survival [9, 32, 103, 147]. 
Clonal architecture studies in human AML indicate that RUNX-1 mutations often 
occur early in the disease process [98]. These observations and the findings of germ-
line RUNX-1 mutations in FPD/AML provide strong evidence that RUNX-1 muta-
tions can serve as early “driver” roles in human leukemogenesis. This may be 
related to recent work uncovering a requirement for RUNX-1 in the activation of 
DNA damage response pathways [5, 19, 66, 113, 114, 130, 171].

Interestingly, chromosomal translocations leading to the generation of a novel 
fusion molecule involving RUNX-1 and ETV-6 occur in the most common form of 
childhood pre-B-cell acute lymphoblastic leukemia. These translocations can occur 
in utero and, like the RUNX-1 and GATA-1 mutations, are early initiating events in 
leukemogenesis [41].
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3.2.4  TAL-1 (Also Called SCL)

TAL-1 is a member of the basic helix-loop-helix transcription factor family. It is 
highly expressed in megakaryocytic and erythroid cells. It forms obligate heterodi-
meric complexes with ubiquitously expressed E-proteins (such as E2A, E12, and 
E47) and binds to E-box motifs (sequence CANNTG). It forms a pentameric com-
plex along with E47, GATA-1, LDB-1, and LMO-2 in erythroid cells that form a 
bridge between GATA and E-box motifs spaced about nine base pairs apart [161]. It 
also interacts with the corepressor ETO-2 in erythroid and megakaryocytic cells 
[131]. TAL-1 is required during embryogenesis for the development of all hemato-
poietic lineages, likely through its role in specification of the ventral mesoderm in 
blood cell fate [118]. Loss of TAL-1 within the megakaryocytic lineage in mice 
impairs megakaryocyte proliferation, polyploidization, cytoplasmic maturation, 
and platelet release [27]. These effects are in part due to TAL-1’s direct role in 
repressing the cell cycle regulator p21. TAL-1, like some other megakaryocytic 
transcription factors, plays additional roles in vascular development [159]. 
Chromosomal translocations leading to ectopic expression of TAL-1 in the T-cell 
lineage cause T-cell acute lymphoblastic leukemia in humans [108].

3.2.5  NF-E2

NF-E2 is a heterodimeric transcription factor complex composed of two basic 
region-leucine zipper (bZip) domain containing proteins: a hematopoietic specific 
NF-E2 p45 protein and a ubiquitously expressed p18 small Maf family member 
(comprised of MafF, MafG, and MafK). It is a major regulator of late megakaryo-
cytic maturation. NF-E2 p45 null mice fail to produce platelets and succumb to 
hemorrhage in the neonatal period [133]. Similarly, compound MafK:MafG knock-
out mice have profound thrombocytopenia with impaired proplatelet formation 
[110]. A number of direct NF-E2 target genes have been identified in megakaryo-
cytes. These include thromboxane synthase, β1-tubulin, 3β-hydroxysteroid dehy-
drogenase (3β-HSD), caspase 12, and Rab27b. β1-tubulin is a megakaryocyte-specific 
tubulin gene that encodes a structural component of the platelet marginal band 
structure, which is responsible for maintaining platelet discoid shape. 3β-HSD cata-
lyzes autocrine estradiol biosynthesis within megakaryocytes and is important for 
proplatelet formation.

3.2.6  GFI-1b

GFI-1b is a member of the “growth factor independent” family of zinc finger tran-
scriptional repressors that were originally identified as proto-oncogenes through 
insertional mutagenesis screens. They function, in part, by recruiting the corepres-
sors LSD1 (KDM1) and coREST to chromatin via their SNAG domain [128]. 
GFI-1b is highly expressed in megakaryocyte and erythroid cells. GFI-1b null 
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mouse embryos die from hemorrhage at ~ e15 d.p.c [127]. Megakaryocytes cultured 
from fetal liver of the animals are small and have reduced expression of NF-E2 p45, 
von Willebrand factor, c-mpl, and glycoprotein IIb, indicating a block in matura-
tion. Definitive erythropoiesis is also marked impaired. In humans, germline domi-
nant negative acting mutations in GFI-1b cause a form of autosomal dominant gray 
platelet syndrome [3, 99, 140]. Affected members have macrothrombocytopenia, 
platelet dysfunction, and red blood cell anisopoikilocytosis. The megakaryocytes 
appear dysplastic with some having hypolobulated nuclei and others with multiple 
separated nuclei.

3.2.7  Homeodomain Transcription Factors

Several homeodomain-related transcription factors have specialized roles in mega-
karyopoiesis and are mutated in human thrombocytopenia disorders and leukemia.

3.2.7.1  MEIS1
MEIS1 is a member of the three amino acid loop extension (TALE) family of home-
odomain containing transcription factors and is highly expressed in megakaryo-
cytes. It is closely related to the PBX subfamily of homeodomain transcription 
factors and heterodimerizes with other HOX proteins such as HOXA9. MEIS1−/− 
mice die by e14.5 d.p.c. due to extensive hemorrhage [7, 54]. These animals have a 
complete failure of megakaryopoiesis at an early progenitor cell stage. MEIS/PBX 
complexes synergize with GATA-1 and ETS factors to directly regulate the platelet 
factor 4 (PF4) gene [109]. Retroviral insertion or chromosomal translocations 
involving MEIS1 or HOXA9 contribute to murine and human leukemogenesis.

3.2.7.2  HOXA11
Mutations in the HOXA11 gene cause congenital thrombocytopenia with radioulnar 
synostosis (CTRUS; OMIM # 605432), a rare form of human autosomal dominant 
thrombocytopenia associated with proximal fusion of the radius and ulna bones 
[149]. The mutations lead to impaired megakaryocyte differentiation in vitro [59]. 
Affected individuals may be at increased risk of bone marrow failure. HOXA11 is 
also involved in chromosomal translocations in human myeloid leukemias.

3.3  Megakaryocyte Enhanceosome Complex

A number of the transcription factors and cofactors discussed in the preceding sec-
tion physically and functionally interact during megakaryopoiesis. GATA-1 inter-
acts with RUNX-1 [38] and FLI-1 [37], in addition to its interactions with ZFPM-1 
and TAL-1 discussed earlier. RUNX-1 and FLI-1 directly interact and synergisti-
cally activate megakaryocyte-specific genes [63]. GATA-2 interacts with RUNX-1 
and ERG [169]. Genome-wide chromatin occupancy analysis in human CD34+ cell 
ex vivo differentiated megakaryocytes reveals marked enrichment for simultaneous 
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binding by GATA-1/GATA-2, TAL-1, RUNX-1, and FLI-1 at many hematopoietic 
gene regulatory cis-elements [150]. In fact, common occupancy by all five factors 
occurred much more frequently than binding of individual or subsets of factors. 
Collectively, these findings suggest that a large “enhanceosome” complex exists 
that includes GATA-1/GATA-2, ZFPM-1, TAL-1, RUNX-1, and FLI-1 (and possi-
bly additional factors), which is responsible for driving megakaryocytic cell identity 
and differentiation (Fig. 3.2). Whether other key megakaryocytic transcription fac-
tors, such as NF-E2, GFI-1b, MEIS1, and HOXA11, participate in all or some of 
these complexes or form completely independent complexes remains to be clearly 
defined. At least in human undifferentiated CD34+ stem/progenitor cells, GFI-1b 
and MEIS-1 appear to participate in separate complexes based on chromatin occu-
pancy analysis [169].

There is some evidence that megakaryocytic transcription factor complexes 
change during megakaryocyte differentiation. As discussed earlier, GABPα pre-
dominantly controls genes involved in early megakaryopoiesis, whereas the related 
ETS factor FLI-1 mostly regulates terminal maturation genes [116]. The author’s 
research group demonstrated physical interaction between RUNX-1 and FLI-1 that 
was enhanced during terminal megakaryocyte maturation [63]. Gel filtration chro-
matography studies documented large changes in the size of native complexes con-
taining RUNX-1, GATA-1, Zfpm-1, and FLI-1 during megakaryocyte maturation 
using a mouse cell line model [63]. Thus, it seems likely that megakaryocytic tran-
scription factor complexes change dynamically during megakaryocyte commitment 
and terminal maturation. Additional studies will be needed to further define these 
alterations and to determine their functional significance.

3.4  Cell Signaling Control of Megakaryocytic Transcription 
Factors

A major gap in understanding megakaryopoietic regulation involves how cell sig-
naling pathways intersect with the major megakaryocytic transcription factors 
described in Sect. 3.2. Some insights are beginning to emerge (Fig. 3.2). RUNX-1 
has been shown to be activated via direct extracellular signal-related kinases (ERK)-
mediated serine phosphorylation [146]. The author’s research group provided evi-
dence that RUNX-1 is also negatively modulated by src-family kinase 
(SFK)-mediated direct tyrosine phosphorylation and that this is counteracted by the 
non-receptor tyrosine phosphatase Shp2 (also called PTPN11) [62]. We have also 
shown that a serine dephosphorylation step on FLI-1 enhances its interaction and 
cooperativity with RUNX-1 [63]. RUNX-1 activity is also enhanced by cyclin- 
dependent kinases (CDK6 and CDK1) serine phosphorylation [176] and PRMT1- 
mediated arginine methylation [179]. The RAS-p38 MAP kinase pathway has been 
recently shown to positively regulate GATA-2 activity [69]. Thrombopoietin signal-
ing enhances HOXA9 nuclear transport during megakaryopoiesis [72]. Additional 
studies will be needed to fully integrate key cell signaling events with transcrip-
tional control of megakaryopoiesis.

A.B. Cantor



77

3.5  Control of Terminal Megakaryopoiesis via Bone Marrow 
Niche Signals

Terminal megakaryocyte maturation is spatially coordinated within the bone 
 marrow. Megakaryocytic precursor cells migrate to vascular sinusoidal niches 
where they make contact with the abluminal surface of specialized endothelial 
cells and undergo the final platelet-forming stages of maturation [6, 68]. It is 
tempting to speculate that key signaling events occur via this interaction that trig-
gers these final steps. Whether this occurs via direct modulation of megakaryo-
cytic transcription factors remains to be determined. However, the fact that 
deletion of several transcription factors impairs proplatelet formation suggests 
this as a possibility. An intriguing prospect is the involvement of Notch signaling 
pathways. Notch signaling occurs via direct cell-cell contacts and results in 
release of the Notch receptor intracellular cytoplasmic domain (ICD), which then 
translocates to the nucleus and acts as transcriptional cofactor. Mercher et al. 
showed that Notch signaling positively regulates megakaryopoiesis [96]. Several 
Notch ligands, including DLL1, DLL4, Jagged-1, and Jagged-2, are expressed on 
bone marrow vascular endothelial cells [18]. Notch signaling has been shown to 
modulate GATA-2 expression [123]. Further work will be needed to test the role 
of Notch signaling, as well as other signaling pathways, in terminal megakaryo-
cyte maturation in situ.

GATA-1,-2 RUNX-1

CBF-
b

ETS Factor
(FLI-1,
ETV6,

GABPa)   
TAL-1

Ldb1?Lmo2?

ERK SFK/SHP2 Ras/MAPKp38 Notch?

Fig. 3.2 Schematic diagram of megakaryocytic transcription factor “enhanceosome” complex. 
The GATA transcription factors (GATA-1, GATA-2) are shown in complex with ETS transcription 
factors (FLI-1, ETV6, and/or GABPα) and RUNX-1/CBFβ. These all likely involve direct protein- 
protein interactions. TAL-1 may interact with GATA factors indirectly via Ldb1 and Lmo2 based 
on studies in erythroid cells [161]. Signaling pathways known to modulate the indicated transcrip-
tion factors are indicated. ERK extracellular signal-regulated kinase, SFK src-family tyrosine 
kinase, SHP2 (PTPN11) non-receptor tyrosine phosphatase, MAPK mitogen-activated protein 
kinase
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3.6  Transcriptional Control of Megakaryocytic-Erythroid 
Bipotential Progenitor Cell Fate Decision

Megakaryocytes and erythroid cells are derived from a common bipotential pro-
genitor cell (MEP, megakaryocyte-erythroid progenitor). The mechanisms underly-
ing the cell fate decision of MEPs for the megakaryocyte versus erythroid lineages 
are not fully understood. However, there is growing evidence for involvement of 
gene regulatory networks involving some of the lineage-specific transcription fac-
tors discussed previously as well as microRNAs. KLF-1 (previously called EKLF) 
is a major erythroid-specific transcription factor. Starck et al. showed that FLI-1 
physically and functionally cross antagonizes KLF-1 during erythroid- 
megakaryocytic lineage choices [138]. More recently, Kuvardina et al. showed that 
RUNX-1, which cooperates with FLI-1 [63], directly represses expression of the 
KLF-1 gene during MEP commitment to the megakaryocytic lineage [77]. Thus, 
there is an interconnected regulatory loop involving the major megakaryocytic tran-
scription factors FLI-1 and RUNX-1 and the major erythroid transcription factor 
KLF-1 contributing to fate choice of MEPs. Interestingly, dysregulated expression 
of FLI-1 in the erythroid lineage via integration of the Friend murine leukemia virus 
(F-MuLV) leads to erythroleukemia in mice [10, 11].

The proto-oncogene transcription factor c-Myb plays a negative regulatory role 
during megakaryopoiesis and a positive role during erythroid differentiation [26, 39, 
100]. This activity requires interaction between c-Myb and the chromatin remodel-
ing factor p300 [129]. Lu et al. showed that the microRNA miR-150, which targets 
the 3′UTR of the c-Myb transcript, is markedly upregulated during megakaryocyte 
differentiation from human CD34+ cells [85]. However, it remains at low levels dur-
ing erythroid differentiation. They also showed that enhanced miR-150 expression 
promotes megakaryopoiesis at the expense of erythropoiesis, whereas reduced miR-
150 expression had the opposite effect. Thus, miR-150 via c-Myb, and possibly other 
target transcripts, contributes to megakaryocyte-erythroid cell fate choice.

3.7  Megakaryocytic Transcription Factors 
and Hematopoietic Stem Cells

Many of the key megakaryocytic transcription factors discussed in this chapter also 
play important roles in hematopoietic stem cell (HSC) ontogeny and maintenance 
(reviewed in [61]). This includes RUNX-1, ETV6, FLI-1, GATA-2, TAL-1, HOXA9, 
and MEIS1. Megakaryocyte and HSCs also share common cell signaling pathways 
(TPO signaling), cell surface markers (e.g., CD41 on embryonic HSCs), and vascu-
lar sinusoidal niche localization. The reason for the significant overlap between 
HSCs and megakaryocyte features is not clear, but may reflect their recently identi-
fied close hierarchical relationship. Interestingly, many of the same transcription 
factors shared between megakaryocytes and HSCs are recurrent targets of mutations 
or chromosomal translocations in human leukemia and leukemia predisposition 
syndromes.
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3.8  Summary and Future Directions

Considerable progress has been made over the past few decades in identifying the 
key transcription factors involved in megakaryocyte lineage specification and matu-
ration. Demonstration of physical and functional interaction among a number of 
these core factors, notably GATA, RUNX, and ETS family members, supports the 
concept of a megakaryocytic-specific enhanceosome-type complex. Network inter-
actions between these factors and key erythroid regulators are emerging as an 
underlying principle in fate determination of bipotent megakaryocyte-erythroid pro-
genitor cells. A surprisingly large proportion of transcription factors involved in 
normal megakaryopoiesis are mutated or involved in chromosomal translocations in 
human leukemias, and these frequently represent early initiating steps. Whether this 
is related to the relatively close relationship between megakaryocytes and HSCs 
will require further study. Major knowledge gaps in megakaryocyte transcription 
control that remain include how the assembly of megakaryocytic transcription fac-
tor complexes is controlled, how cell signaling pathways modulate megakaryocytic 
transcription factor activity, and how bone marrow spatial cues influence mega-
karyocyte transcriptional control. Answers to these questions are likely to enhance 
our knowledge of human thrombopoiesis disorders. They will also likely lead to 
practical advances in generating platelets from human embryonic stem (ES) and 
induced pluripotent stem (IPS) cells for clinical use. The current rapid development 
of new tools to address these questions in vivo promises that new insights are likely 
on the horizon.
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Abstract
The biogenesis of blood platelets is a process referred to as thrombopoiesis. 
Platelets are derived from large precursor cells residing in the bone marrow and 
are designated megakaryocytes. Mature megakaryocytes are mostly located 
juxtaposed to bone marrow sinusoids where they release long protrusions across 
the endothelial barrier into the blood stream where the final platelet biogenesis 
and sizing occurs. So far, it has remained unclear how bone marrow matrix pro-
teins and cell-cell contacts at the endothelial influence the maturation, migra-
tion and terminal differentiation of megakaryocytes and prevent premature 
platelet release into the bone marrow cavity. Here, we provide the current con-
cepts of a vascular niche for megakaryocytes and discuss relevant components 
of the microenvironment for platelet biogenesis. This includes matrix proteins 
fibronectin, vitronectin, collagens, and laminins and their receptors. In addition, 
we discuss the impact of chemokines, diffusable gases and lipids as well as 
altered conditions in extramedullary thrombopoiesis and malignancy. Finally, 
we discuss how platelet bioreactors can mimick this process to study the under-
lying mechanisms ex vivo.
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4.1  Introduction: Megakaryocytes and Niches

The biogenesis of blood platelets is a process referred to as thrombopoiesis. For 
more than 100 years, it has been known that they are derived from large cells resid-
ing in the bone marrow which have been coined megakaryocytes [117]. Despite 
being a rare population among the nucleated cells, they are readily recognized by 
their size, and their maturation stages have been identified by staining with spe-
cific dyes. Bone marrow biopsies provide a cell suspension that can be subjected 
to smears allowing quantitative and qualitative, mostly morphological, evaluation. 
However, the exact localization of megakaryocytes within the bone marrow, espe-
cially in respect to their maturation from hematopoietic stem and progenitor cells 
(HSC), their migration to the sinusoids, and their terminal release of platelets across 
the endothelial layer are still poorly understood.

With an increase in understanding that stem cells reside at specific compart-
ments within the bone marrow, this microenvironment has been named “niche,” 
originally in a seminal paper by Schofield [100] and since then evolved over more 
than three decades [64]. While this term has immediate connotative implications of 
an architectonic element, in respect to a biological specimen, “niche” can readily be 
understood as an “anatomic” structure. For the stem cell population, this has often 
been recognized as an “osteoblastic” or “endosteal” niche, emphasizing that at least 
one subpopulation of HSC resides at this structure, while other subpopulations are 
found perivascular or at the arteriolar niche [51, 55]. In general, almost all HSC are 
in contact with perivascular cells that produce CXCL12 and are thus referred to as 
CXCL12-abundant reticular (CAR) cells [105]. However, the microenvironment for 
stem cells might also be rather dynamic, allowing a quick response to damage or an 
increased demand of progenitor cells. Work in axolotl has clearly shown that limb 
amputation can generate de novo sites of (tissue) stem cells, induced or generated 
at the site of injury. “Niche” might therefore also mean that a certain surrounding 
of cell-cell, cell-matrix, and humoral factors (in addition to factors like interstitial 
pressure or oxygen pressure) provides the setting for any specific niche. This does 
clearly apply to the spatiotemporal changes within the developing organism.

For many cell types, characterization of such a “niche” might be of interest to 
better understand their natural habitat. For the liquid organ “blood,” the blood-bone 
marrow barrier is the fundamental frontier between the circulating blood and the 
compartment generating these cells from hematopoietic precursors. The outer lin-
ing of sinusoids in bone marrow, an overall discontinuous endothelium, has been 
recognized as the primary site for mature blood cells before they enter the blood 
stream. This site embedded by endothelial cells forming the sinusoids and its sub-
endothelial matrix composition, comprising collagens (mostly type IV), laminin, 
and cross- linking compounds like nidogen or perlecan, provides the basis with an 
overall normoxic oxygen condition.

Most mature megakaryocytes (MKs) line up to this site and are thus present at 
this “vascular niche.” A recent review provides an extended overview about factors 
that influence MK maturation [65]. This chapter summarizes information on how 
MK maturation and platelet biogenesis occurs within the bone marrow. Here, we 
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aim to provide current concepts that direct our thinking about this unidirectional 
maturation and that leads to the generation of hundreds of virtually identical blood 
platelets from a single MK.

4.2  Hematopoietic Niches

Osteoblastic cells are present at the lining of the endosteal surface and found to 
produce and release a variety of cytokines that might influence hematopoietic stem 
cells. In addition, transplantation experiments have implied that labeled HSCs tend 
to home at the sites near the endosteum, thus concluding that this site might be a 
niche for HSC. The importance of osteoblasts in regulating HSCs has been shown 
in elegant studies [52] (and references within), suggesting rather HSC maintenance 
than their formation. Osteoblasts express osteopontin, a glycoprotein that limits the 
amount of HSC in the niche and angiopoietin 1, that acts on its receptor Tie2 on 
HSC to support the long-term repopulating capacity. Ca2+ ions released by bone- 
degrading osteoclasts and sensed by G-protein-coupled receptors maintain HSC at 
the endosteal bone lining [3]. At least a subset of HSC express c-Mpl, the receptor 
for thrombopoietin which is required to bring quiescent stem cells into cycling, in 
addition to their well-known function as a lineage-specific cytokine for the mega-
karyocytic lineage. Patients lacking c-Mpl or having compound mutations that 
abrogate its function are typically born with a severe isolated thrombocytopenia 
(referred to as congenital amegakarocytic thrombocytopenia, CAMT) [7], but later 
develop into pancytopenia due to an exhausted stem cell pool that definitely requires 
hematopoietic stem cell transplantation as the only curative therapy [29] in addition 
to gene therapy (--> Chap. 20) [113].

However, a subset of HSCs must be associated with blood vessels in the bone 
marrow, as cytokines can induce a rapid transition of HSCs into the circulation 
[38, 58], these sinusoidal endothelial cells could maintain a HSC niche in extra-
medullary organs (like spleen, liver, lung) where there are no osteoblasts [111]. 
More recent evidence comes from studies showing that mobilized HSCs origi-
nate from both bone and vascular niches [13]. In humans, mobilization of HSC is 
mostly induced by G-CSF prior to apheresis of CD34-positive cells [33]. In addi-
tion, CXCR4 antagonists are applied to support the mobilization, indicating that 
CXCL12 (SDF-1) plays a pivotal role in keeping the HSC at their niche within the 
marrow [20, 114].

4.2.1  Components of the Microenvironment

In a multicellular organism with organs, specialized tissues, and cells, any cells of 
interest are somehow embedded in a variety of factors that ultimately might define 
their microenvironment. They comprise cell-cell and cell-matrix interactions, the 
presence of humoral factors (like cytokines or chemokines), or lipids. Finally, the 
oxygen concentration and the interstitial pressure influence this environment.
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For HSCs (or differentiating MKs), this is obviously the extracellular matrix 
which provides the physical scaffolding. Structural proteins include collagens, lam-
inins, fibronectin, as well as nidogen or perlecan. The most relevant for MK matura-
tion and platelet biogenesis are described in more detail below. At the endosteum, 
HSCs reside in the osteoblastic niche where osteopontin is considered a marker 
protein. There has been evidence that MKs can influence HSCs indirectly, as these 
home preferentially to MKs in irradiated mice and their engraftment is impaired 
when MKs are inhibited [37, 84]. More recently, two studies have shown that MKs 
have also a direct influence on HSC proliferation [14, 122]: Loss of CXCL4 (PF4) 
expressing MKs results in increased stem cell cycling and numbers, while FGF1 
produced by MKs enhances the recovery of HSC in mice after myeloablation. These 
findings imply that under steady-state conditions, MKs produce factors that fine- 
tune HSC proliferation.

At the vascular niche, the subendothelial layer has to be remodeled, and col-
lagen filaments are digested by matrix metalloproteases MMP2 and MMP9 [57]. 
These enzymes are specifically activated downstream of concentrated, specialized 
actin structures, referred to as podosomes and nodules [90, 96]. These structures 
are mainly found in vitro, when MKs are plated on matrix components, but they 
might indeed be challenging to visualize in situ during the transendothelial passage. 
This polarization is essential to prevent that proplatelet formation occurs within the 
marrow cavity. The lipid composition of the membrane seems to contribute to this 
process: the efflux of cholesterol in MKs is a negative regulator for platelet biogen-
esis [77].

4.2.2  Cell-Cell Contacts

Megakaryocytic cells are in direct contact with other cells, either by direct cell-cell 
contact or by indirect, paracrine mechanisms. Some of the guidance and repulsion 
proteins have been identified: Adiponectin is considered a negative regulator, pos-
sibly acting only on very early progenitor cells [106]. Semaphorin 7A (Sem7A) 
acts also negatively on the differentiation of CD34-positive HSC and early pro-
genitors to MKs, and colony formation is reduced in the presence of Sem7A. This 
effect is mediated by interaction with integrin β1 and also of clinical importance, 
as Sem7A is upregulated in about half of patients undergoing chemotherapy, which 
might explain the late engraftment of megakaryocytic progenitors [41]. In addition, 
the involvement of Wnt and Notch signaling has been shown [64]. When murine 
MKs are plated on the stromal cell line OP9 expressing the Notch ligand Delta-1, 
proplatelet formation is highly upregulated [72]. During final thrombopoiesis, MKs 
will reach the endothelial layers of the bone marrow sinusoids where they interact 
with VE-cadherins [5].

MKs also express receptor activator of nuclear factor kappa B ligand (RANKL) 
and modulate the osteoblast and osteoclast proliferation and differentiation. MKs 
thus have a direct, but complex impact on the metabolism of bone structure and 
density [44–46].
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4.3  The Term “Vascular Niche”

As indicated above, MKs and their progenitors are distributed throughout the 
hematopoietic bone marrow tissues. Any approach to define a population of MKs 
requires referral to anatomic structures, histological positioning, or immunohisto-
chemical stainings in a complex tissue. More recent advances have come from novel 
cutting techniques of bones, protocols that do not require decalcification, as well as 
substantially improved microscopy including secondary antibodies conjugated to 
next- generation fluorophores. The structure in mouse femur including the visualiza-
tion of niches within the bone marrow has recently been published in an extensive 
study [107]. Analysis of single (or at its best a series of consecutive) sections of one 
bone further restricts any option to analyze dynamic processes but solely allows us 
to quantify MK numbers or distances to other cells or vessels, always assuming that 
preparation and staining artifacts will not contribute significantly to skew results. 
The concept and the localization of a HSC niche are subject of many reviews [24, 
49, 64, 74] and are not further outlined here. Microanatomic locations have been 
described for bone or endosteal niche [25] and are often set in opposite to a “vascu-
lar niche” which is somehow close to vessels [50, 105] in [13]. This term has thus 
been used to describe cells that are associated with the vasculature, typically with 
sinusoids. Although this approach seems overall feasible, there is still debate how 
the relevant vessels need to be identified. Endoglin (CD105) is a coreceptor for 
TGF-beta and considered a bona fide marker for sinusoid vessels [108], where it is 
expressed in endothelial cells. However, it is also present in small cells within the 
marrow and might mark a subset of mesenchymal stem cells [9]. CD105 is absent 
from MKs and colocalization found in one study might be due to staining artifacts 
[89]. VEGFR3 has also been used to stain sinusoids [66, 92]. Best evidence might 
come from costaining of any marker with PECAM (CD31) or laminins that should 
lead to a substantial and meaningful overlap of signals. The megakaryocytic “vascu-
lar niche” as used in this chapter refers to the microenvironment that is juxtaposed 
or in close vicinity to the extraluminal site of these vessels. As other markers that 
might further refine this niche are up to now not yet identified, MKs that show direct 
contact to a vessel might be considered at this vascular niche. As the average dis-
tance between two sinusoids in femur sections is about 40–50 μm with MKs being 
20–30 μm in diameter, MKs that are without vessel contact might still be in this 
niche, while we will refer to them as “cavity” or interluminal MKs.

4.3.1  Considering a “Malignant Niche” or a “Vascular Niche” 
Post Irradiation

Many medical (pathological as well as iatrogenic) conditions have a major impact 
on the bone marrow. Chemotherapy (i.e., drugs like 5-fluorouracil) as well as total 
body irradiation alter the bone marrow cellularity, the extracellular matrix protein 
composition, as well as the microvasculature [30, 32]. Reports describe that MKs 
can secrete matrix proteins and this secretion might be upregulated in response to 
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irradiation or post injury [60, 66, 79, 122]. Typically, bone marrow sinusoids start 
to dilate immediately after lethal or sublethal irradiation [84]. These conditions are 
complex and discussed elsewhere [91].

4.4  Migration of Megakaryocytes: Gradients  
in the Bone Marrow

Hematopoietic stem and progenitor cells reside in specific microenvironments 
where they contribute to constitutive hematopoiesis as well as on the production 
of specific cell lines on demand. In addition, these cells are capable of leaving 
their tissue and migrate to other tissues. These have been shown by Massberg 
and colleagues demonstrating that hematopoietic stem cells contribute to immu-
nosurveillance and follow certain routes including the lymphatic vessels [43]. 
This circulation throughout the body clearly requires that cells migrate within 
the bone marrow to enter the blood stream somewhere across the endothelial lin-
ing of the blood-bone marrow barrier. Migration of cells is readily visualized by 
lymphocytes in lymph nodes or in the bone marrow where they crawl in and out of 
vessels. This is typically performed by intravital microscopy and has been facili-
tated by two- or multiphoton microscopy. Migration of other stem and progenitor 
cells is more difficult to address and typically only deduced indirectly. Often cell 
numbers in two distinct compartments are counted at two different time points, 
and absolute or relative numbers are determined and the difference translated into 
a number of “migrating cells.” MKs are overall sessile cells in the marrow when 
compared to lymphocytes [43], and migration of MKs has been analyzed from 
a proliferative osteoblastic niche to the capillary-rich vascular niche [20, 86]. 
Seminal work by Rafii’s group has shown this in the context of the humoral fac-
tors FGF-4 and CXCL12 that drive MKs toward the vascular niche and across the 
sinusoids into the blood stream [5]. Their major finding was that these drivers of 
migration are active even in the absence of the thrombopoietin (TPO)-c-Mpl axis 
and that coinjection of both chemokines can transiently restore platelet counts 
to normal in mice lacking either TPO or its receptor. CXCL12 also dynami-
cally mediates MK niche occupancy and thrombopoiesis [83]. This chemokine is 
expressed in highly levels by specialized CAR cells (CXCL12- abundant reticular 
cells) located at the sinusoids [87].

As mentioned above, the bone marrow endothelial barrier is discontinuous, but 
the endothelial cells still have interjunctional adhesion molecules, of which the 
VE-cadherins are prominent. Application of antibodies to VE-cadherins in mye-
loablative mice disrupted the vascular niche and reduced the number of mega-
karyocytic cells and interfered with the CXCL12/FGF4-mediated thrombopoiesis 
[5, 22].

There are many more cells that are now recognized to interact directly or 
indirectly with MKs. One of the first reports was the cell-cell interaction of MKs 
with plasma B-cells suggesting that MKs support their niche [115]. The impact 
of the B-cell lineage was further corroborated by demonstration that B-cell-
derived growth factor (BAFF, APRIL) expression within the megakaryocytic 
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lineage increases during their differentiation and mutually support thriving of 
both lineages [11, 12, 62, 116].

4.4.1  Humoral Factors and Gradients

The maturation of HSCs to MKs and platelets is predominantly regulated by throm-
bopoietin, a cytokine that primarily expands the stem cell pool and leads to differ-
entiation into the megakaryocytic lineage. Other cytokines, including interleukin 
(IL)-3, IL-6, or IL-11, can partly contribute, but they are overall much weaker, even 
when combined. MKs have several chemokine receptors on their surface, among 
which CXCR4 is expressed abundantly. CXCL12, the main ligand for CXCR4, 
shares many signaling events with TPO but has also distinct functions [34]. While 
fibroblast-growth factor 4 (FGF-4) pushes the migration of megakaryocytic precur-
sor cells to the endothelial layer, CXCL12 supports their transendothelial passage. 
The final step of platelet biogenesis might be directed by a sphingosine phosphate, 
a lipid metabolite whose expression is low in the bone marrow but enriched in the 
blood stream. Sphingosine phosphates are described to be global directors for the 
egression of lymphocytes [31], and recently it has been shown that MKs express 
the corresponding sphingosine receptors SPR1 and SPR2. Two studies from Steffen 
Massberg’s group provided elegant evidence that this gradient contributes to both 
the release of preplatelets and proplatelets into the circulation as well as their disin-
tegration to platelets in the blood stream [55, 121], as postulated before [10].

Finally, hypoxic conditions curb the maturation of MKs and reduce proplate-
let formation, suggesting that normoxic conditions at the vascular niche support 
the final release of proplatelets [76]. The mechanisms and receptors mediating this 
process are still mostly unknown, as the impact of distinct reactive oxygen species 
(ROS) on MK maturation and platelet biogenesis leads to activation of PI3K, ROS- 
p38 MAPK, and the FOXO3 transcription factor [16, 23].

4.5  Matrix Proteins and Megakaryocytes

HSCs have the capacity to proliferate and differentiate into all blood cells. The 
process of differentiation, however, is still ill-defined. A lack of certain cell types 
is typically associated with an elevated level of a lineage-specific growth factor 
(G-SCF, erythropoietin, thrombopoietin) that acts upon stem and precursor cells, 
most likely by transducing a variety of signals. These might include antiapoptotic 
signals, stimulate proliferation, and induce differentiation. The maturing cell has to 
leave the stem cell niche, sense the location of the vasculature, and finally egress 
into the circulation. Typically, very few immature cells are found in blood, like 
reticulocytes or band neutrophils, suggesting that final maturation is required for 
transition into the blood stream. The bone marrow compartment is full of matrix 
proteins that form a complex, three-dimensional network that supports the directed 
migration toward the endothelial barrier. Some of the main matrix components and 
their effect on MKs are described in the following section.
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4.5.1  Fibronectin

Fibronectin (FN) is a multi-domain dimeric glycoprotein of approximately 220 kDa 
produced by many types of cells that forms ECM when secreted [40]. It is com-
posed of an array of repeated modular structures: 12 FN type I repeat (FNI), 2 
type II repeats (FNII), 15 constitutively expressed and 2 alternatively spliced (EIIIA 
and EIIIB domains) type III repeats (FNIII), and a nonhomologous variable (V) 
or type III connecting segment (IIICS) region [8, 42, 93]. Three alternative splic-
ing sites (termed EDA, EDB, and IIICS in human or EIIIA, EIIIB, and V in rats) 
in FN mRNA allow 20 different isoforms of FN mRNA. EIIIA and EIIIB exons 
are included or excluded from the FN mRNA by exon skipping [54, 101]. Plasma 
FN (pFN) lacks both EIIIA and EIIIB segments and is a soluble form secreted by 
hepatocytes. It circulates in blood plasma at 300–400 μg/ml in a soluble, compact, 
and inactive form, with only one subunit containing a V domain. Cellular FN (cFN) 
is synthesized by many cell types, including fibroblasts, endothelial cells, chondro-
cytes, and myocytes. It contains variable proportions of EIIIA and EIIIB segments 
and is found as fibrils in the ECM [75]. The specific domains of FN can interact 
with multiple binding partners, including other extracellular matrix components 
(i.e., type I collagen, heparin, and chondroitin sulfate) and cell-surface receptors 
[88]. Differently from fibrillar collagens, FN in solution alone does not polymerize 
or form a three-dimensional matrix in the absence of cells. Both pFN and cFN are 
secreted in a soluble, compact form, which is maintained by intramolecular elec-
trostatic interactions between the FNI1–5, FNIII1–2, FNIII2–3, and FNIII12–14 domains. 
FN matrix assembly is a cell-mediated process. FN binding to cell-surface recep-
tors induces cytoskeletal reorganization at focal contacts on the cell periphery, 
which are rich in paxillin, vinculin, and integrins. Myosin II-dependent contractility 
results in receptor clustering and activation, causing the tethered FN molecules to 
become unfolded and exposing FN binding sites that allow FN-FN intermolecular 
interactions to occur [68]. Both platelets and MKs are involved in the process of 
FN-fibrillogenesis. Platelets assemble soluble FN when adsorbed on a polymerized 
fibrin matrix but not onto unprocessed fibrinogen [17]. Similarly, human MKs can 
polymerize FN upon adhesion onto type I collagen, but not onto fibrinogen-coated 
surface [67] (Fig. 4.1).

Fibronectin (FN) forms a reticulated network throughout the bone marrow, com-
parable to fibrinogen (Fig. 4.2a, b). Overall these studies demonstrate the impor-
tance of cytoskeleton and cell tensions in generating traction forces that induce 
conformational changes of the cell-surface-bound FN [103]. In the bone marrow, 
FN may modulate the migration and homing of cells to specific regions that pro-
mote maturation and the release of mature blood cells into the circulation [35]. 
Staining of mouse femur sections with an antibody recognizing FN demonstrates 
that this ECM is distributed throughout the marrow cavity, forming septa that may 
provide anchorage for migrating hematopoietic progenitor cells [82]. α4β1 (VLA4, 
very late antigen-4) and α5β1 (VLA5, very late antigen-4) are the major integrins 
involved in the binding of fibronectin in hematopoietic cells. In addition, MKs can 
bind fibronectin through functional αIIbβ3 and αvβ3 integrins [2]. A role for FN in 
MK maturation and platelet production is suggested by the expression of FN in fetal 
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liver-derived MKs before its expression in fetal hepatocytes [112]. Mature MKs 
derived from guinea pigs, mice, and humans synthesize FN with a level 7.5-fold 
greater than other bone marrow hematopoietic cells [18, 67, 98]. Interestingly, FN 
of megakaryocytic origin contains both EIIIA and EIIIB domains [67, 98]. FN is 
reported to play key roles in the proliferation, differentiation, and platelet release of 
megakaryocytic cells through FN receptors. FN sustains viability and expansion of 
CD34+ cells and MK-progenitors from human cord blood in the presence of cytokines 
[19, 36] and enhances the expansion and engraftibility of primitive murine hema-
topoietic stem cells [94]. Moreover, adhesion to fibronectin induces megakaryo-
cytic differentiation of JAS-REN cells, a megakaryocytic-erythroid cell line [119]. 
Engagement of α4β1 integrin enhanced MK growth in the presence of TPO [27]. FN 
was demonstrated to support, but not to enhance PPF in human cord blood- derived 
MKs [6], while increased PPF was observed in phorbol-12-myristate-13-acetate 
(PMA)-differentiated CHRF-288 cells when adhering to FN in vitro. Accelerated 
PPF was accompanied by increased extracellular signal-regulated protein kinase 1 
(ERK 1/ERK 2) and prevented using anti β1 integrin monoclonal antibodies, indi-
cating that adhesive interaction with FN via VLA-4 and VLA-5 was required for 
PPF [69]. Similarly, addition of soluble FN to cultured megakaryocytic UT-7/TPO 
cells increased PPF through ERK 1/ERK 2 and phosphoinositide 3-kinase (PI3K) 

Fibrin Collagen FN FN
FN
Heparin

70 kDa fragment

Cell

B A V

CS1
SS

Synergy RGD

4 5

Fig. 4.1 Fibronectin-megakaryocyte interaction in the bone marrow microenvironment. (a) 
Domain structure of fibronectin. Fibronectin consists of type I (rectangles), type II (ovals), and 
type III (circles) repeats. Sets of repeats constitute binding domains for fibrin, collagen, cells, and 
heparin as indicated. Three alternatively spliced segments, EIIIA, EIIIB, and V (or IIICS), are in 
yellow (Image adapted from J Cell Sci. 2003; 116:3269–76). (b) Assembly of FITC-labeled plasma 
fibronectin (green) by CD61 (red)-positive megakaryocyte adherent onto immobilized type I col-
lagen. Scale bar represents 5 μm (Image adapted from Blood 2011; 117:2476–83). (c) Confocal 
microscopy analysis of ex vivo MK-ECM interaction within the bone marrow shows that MK 
(CD41+, green) are surrounded by a fibrillar pericellular matrix mainly composed of fibronectin 
(red). Scale bar represents 10 μm (Adapted from Stem Cells 2014;32:926–937)
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c d
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Fig. 4.2 Localization of matrix proteins in the bone marrow. Megakaryocytes, stained with CD41 
(green) and sinusoids (CD105, red), are in close contact with distinct extracellular matrix proteins. 
However, the distribution pattern of those matrix proteins is diverse. (a) Fibronectin (FN, blue) is 
expressed to a lesser extent and shows a dotted-like pattern. (b) In contrast fibrinogen (fibrin, blue) 
is detectable in patches within the bone marrow but also colocalizes with MKs. (c) Collagen type 
I (blue) and (d) collagen type IV (blue) are abundantly expressed throughout the whole bone mar-
row and colocalize with sinusoids (red). Bone marrow endothelial sinusoids are negative for (e) 
laminin-α4 (blue), whereas they are positive for (f) laminin-α5 (blue). Scale bars represent 20 μm
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activation. Anti β1 antibody and the RGD (arginine- glycine-aspartate) peptide were 
demonstrated to inhibit FN-induced PPF [47].

Bone marrow (BM) fibrosis is the consequence of a reactive environment in 
several hematologic diseases. In general, fibrosis associated with hematological 
malignancies is characterized by fibroblast proliferation, increased angiogenesis, 
and abnormal MK accumulation. The latter event is an uncontrolled deposition of 
ECM components with excessive fibrous tissue formation in the BM. Two recent 
works [65, 99] demonstrated cell-intrinsic alterations in the mesenchymal stro-
mal cells (MSCs) derived from primary myelofibrosis (PMF) patient BM. Both 
researches demonstrated that, among the different components, FN expression 
and deposition significantly increased in PMF MSCs with respect to controls.

4.5.2  Vitronectin

Another member of the nectin superfamily is vitronectin which is structurally simi-
lar to FN. Vitronectin is a glycoprotein present in bone marrow, but also in plasma. 
MKs and platelets express αV-β3 integrin. This integrin is also found on endothelial 
cells where it contributes to platelet adhesion [28], most likely via kindlin- 2 [61]. 
Interestingly, antibodies against αV-β3 did not inhibit PPF of guinea pig MKs when 
plated on collagen type I [59].

4.5.3  Collagens

Collagens comprise the largest group of structural proteins. They form filaments 
composed of three homologous subunits and differ by their composition. Collagen 
type I fibers are present in the bone cortex as well as throughout the marrow in an 
elaborated, reticulated network (Fig. 4.2c). The characteristic motif is a tripeptide 
of glycine, followed by two proline residues of which the second is substrate to 
proline hydroxylases. Specific hydrogen bonds stabilize the trimeric structure and 
bring the melting temperature above 37 °C. This GPO motif comprises up to 10 % 
of all amino acids in both type I and type III collagens. The latter often accompanies 
type I fibers, but it is absent from bone cortex. Type IV has been described to be 
associated with the subendothelial basal lamina, but it is also present in the mar-
row cavity and can also partially colocalize with other collagens (Fig. 4.2d). It is 
less fiber forming and lacks the GPO motif present in type I and III. Collagens are 
widely used as agonists, but its use is hampered by two issues: first, each prepara-
tion is somewhat different, depending on the source and the purity and second, the 
solubility in physiological buffers is limited. Therefore, artificial collagen-related 
peptides (CRP) have been synthesized that concentrate the GPO motif, flanked by 
a potential cross-linker. Even here, typically every new preparation and lot needs 
to be tested and compared to a standard, as the degree of cross-linking can have 
an important impact on its reactivity. The GKO-(GPO)10-GKOG-motif is often 
used to mimic collagen, a sequence motif derived from types I or III. In contrast, a 
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GFOGER polypeptide is used to mimic domains present in collagen IV, and these 
peptides are typically recognized by α2-β1 integrins rather than by GPVI, which is 
the main receptor for CRP.

Several distinct collagen receptors are expressed throughout the megakaryocytic 
lineage up to platelets. The discoidin domain receptor-1 (DDR1) has been detected 
on early megakaryocytes and is believed to transmit negative signals [1]. Leukocyte- 
associated immunoglobulin receptor-1 (LAIR1) is found during MK maturation, but 
also absent from platelets. In contrast, glycoprotein VI (GPVI) is the major collagen 
receptor on platelets and responsible to transduce the activatory signal to a variety 
of stimulatory responses that ultimately lead to full platelet activation and aggrega-
tion [81]. In addition, the integrin heterodimer α2-β1 also binds to collagen. Mice 
lacking the α2-specific subunit show a delayed response to collagen, whereas high 
concentrations and collagen agonists like CRP or the snake venom convulxin can 
transmit full answers even in the absent of this receptor. Binding studies suggest that 
adhesive binding is rather mediated by the integrin, whereas the signaling occurs 
via GPVI. Both receptors are present on bone marrow MKs, but the signaling is 
substantially altered. They still can respond to CRP or convulxin, but the responses 
are overall weak. Indeed, in such assays MKs are incubated with these agonists in 
stirring conditions resulting in partial phosphorylation of Syk kinase or causing cal-
cium influx [71]. Collagen types I and IV have been attributed diametral effects on 
MK proplatelet formation (PPF). While collagen type IV, enriched at sinusoids, was 
reported to support PPF, type I can suppress or attenuate PPF. Using a combined 
approach of mice lacking specific collagen receptors or using wild-type MKs where 
the receptors have been blocked by antibodies, there is evidence that GPVI is the 
main receptor to transduce an inhibitory signal by collagen type I, while type IV 
competes for binding but does not inhibit PPF. Interestingly, although this inhibition 
is selectively dependent on the presence and expression of GPVI, it seems that the 
downstream signaling is distinct, as we failed to find phosphorylation of Syk in this 
context. Moreover, increasing concentrations of CRP could abrogate the inhibitory 
effect of type I, suggesting that different binding to GPVI or downstream signaling 
occurs during this final step of platelet biogenesis [102].

Finally, several collagen isotypes that are expressed at low, rather modulating 
concentrations that might fine-tune the network and several cross-linking proteins, 
including perlecan and nidogen, are present, but their role in platelet function is still 
poorly characterized.

4.5.4  Laminins

Laminins are critical components of basal membranes typically found in the suben-
dothelial layer. Laminins are heterotrimers, each comprising one out of five α, four 
β, and three distinct γ chains, and this composition determines the nomenclature. 
So far, 18 distinct laminins have been detected, most of them during embryogen-
esis [120]. The tissue specificity is mostly determined by expression of the specific 
α-chain. In the bone marrow, expression of α4 and α5 chains has been detected. 
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α4 is found at many larger vessels throughout the bone marrow, while α5 becomes 
expressed postnatally at rather specific vessel types. Thus, in mouse femur both 
types are readily found in smaller arterioles, whereas the mouse bone marrow sinu-
soids stain positive for laminin α5 (Fig. 4.2e, f).

There are mouse models that lack specific laminin genes: LAMA5-null animals 
are embryonic lethal [73]. In contrast, LAMA4-null mice are viable but show a 
deteriorated microvasculature during development, mice present with severe bleed-
ings during the embryonic and postnatal period. Platelet counts are reported to be 
reduced by half [110], suggesting that thrombopoiesis is markedly abrogated in the 
absence of α4-chain. Laminin α5 is overall upregulated throughout the vascular tree 
in these mice, showing an increased extravasation of T lymphocytes. Laminin α5 
might thus provide a stop signal for T lymphocyte extravasation through laminin 
α4 [39, 48]. The role of selective laminin isoform depletion needs to be studied in 
conditional animals, i.e., when conditional knockout mice are interbred with Cre 
mice that lead to gene ablation in endothelial cells [53].

Several surface receptors present on MKs and platelets have been reported to bind 
to laminin, but so far the integrin α6-β1 is considered the main receptor for laminin 
α4 and α5 (reviewed in [120]). Mice lacking the ITGA6 gene, which encodes the 
α6-integrin subunit, clearly show a marked reduction in arterial thrombosis in three 
different injury models, whereas the hemostatic function including the tail bleed-
ing time was unaltered [97]. A blocking antibody against α6-integrin in tumorigenic 
mice improved the overall survival due to new bone formation [56]. Recent evidence 
suggests that the α5-β1 integrin (which typically is referred to as the FN receptor) 
and αV-β3 (the vitronectin receptor) that are both expressed in the megakaryocytic 
lineage can specifically bind to laminin α5 isoforms [95]. More research is required 
to elucidate the role of laminins in megakaryopoiesis and platelet biogenesis.

4.5.5  Other Receptors: PECAM1

The platelet and endothelial cell adhesion molecule (PECAM, CD31) is expressed 
during the megakaryocytic differentiation [80]. As the name indicates, it is also 
present on endothelial cells and can be used as a marker for blood vessels. Mice 
lacking PECAM show an increased reactivity to collagen, suggesting that it acts 
as a negative regulator for megakaryocyte differentiation and maturation with the 
potential to fine-tune megakaryopoiesis [20, 118].

4.6  Extramedullary Hematopoiesis

A first pool of MKs is present during fetal hematopoiesis in the liver when hema-
topoiesis shifts from primitive to definitive. Fetal MKs are capable of producing 
platelets that circulate in the developing fetus and share most features with platelets 
in the adult organism, although some significant differences have been identified 
[63]. Obviously, the microenvironment in fetal liver is different from bone marrow 
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and platelet biogenesis with the consequent modification of two critical parameters: 
megakaryocytic cells derived from fetal HSC might be different in the first place 
and are in addition in a distinct compartment. This has been become obvious when 
platelets derived from preterm newborns are analyzed. These platelets show an 
overall reduced reactivity to agonists and are often referred to as “hyporeactive.” 
This becomes the more prominent the “younger” the preterm is [4]. However, this 
altered reactivity might rather be their physiological role at this gestational age, 
and so transfusion of platelets from adults (as provided in any standard platelet 
concentrate) into preterm newborns has been considered problematic with respect 
to number and the “improved” reactivity.

In malignant conditions, the capacity of the bone marrow environment might 
be limited for a full replenishment of all hematopoietic cells. This can happen in 
response to an advanced myelofibrosis as found in a subset of myeloproliferative 
disorders like essential thrombocythemia, polycythemia vera, or primary myelofi-
brosis. These are often grouped as “myeloproliferative disorders” with underlying 
mutations in Jak2, c-Mpl, or calreticulin that are mostly acquired can become clonal 
and finally develop into leukemic conditions [104]. Excessive presence of MKs is 
known to contribute to myelofibrosis by several mechanisms, including the release 
of TGF-β [15]. During leukemia, transformed blasts proliferate within or migrate 
into the bone marrow and restrict the space (and niches) required for steady- state 
hematopoiesis. Peripheral blood counts might thus reduce, and the progenitor cells 
might have found new environments outside the bone marrow, i.e., in the spleen, 
liver, or lung. Here again, MKs are in contact to an altered microenvironment and 
platelet function might be altered.

4.7  Rebuilding the “Vascular Niche” with Platelet 
Bioreactors

Engineering the vascular niche has proven to be an effective strategy for study-
ing in vitro megakaryopoiesis and platelet production, thanks to the resulting 
physiologic environment which is more effective than traditional culture systems 
(Fig. 4.3). Major advancements in the field have been achieved recently by three 
different three-dimensional (3D) models, two employing polydimethylsiloxane 
(PDMS), a cell-inert silicon-based organic polymer [26, 78, 109], and the other silk 
fibroin, a naturally derived protein extracted from Bombyx mori silkworm cocoons 
([85]; Di Buduo et al.). The system by Nakagawa et al. was made of poly-L-lactide-
co-epsilon-  caprolactone (PLCL), with a membrane scaffold composed of PDMS 
to support platelet release from MKs. The scaffolds allowed the use of two differ-
ent media flows: one to promote MK adhesion on the supporting membrane, and 
the second to allow platelets recover. The microfluidic bioreactor, devised by Thon 
et al., consists of transparent PDMS bonded to glass slides to ensure efficient gas 
exchange and to support high-resolution live-cell imaging. The device consists of 
an upper channel, filled with alginates and matrigel for MK seeding, and a lower 
channel for platelet collection. The channels were separated by a series of columns 
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to prevent MKs entering the upper channel from crossing into the lower channel 
upon fluid withdrawal while allowing proplatelet extension [109]. Pallotta et al. 
proposed a 3D model, in which the vascular niche environment was composed of 
organic silk- based vascular micro-tubes, coated with fibrinogen and von Willebrand 
factor embedded in a gel matrix of collagen to house MKs. Once seeded into the 
gel matrix, megakaryocytes were able to migrate toward the vascular micro-tubes 
in response to SDF-1α, extend proplatelets, and release platelets [85]. Advanced 
features of the silk have been exploited in the latest 3D human bone marrow niche 
tissue models for functional platelet production [21]. In this system Di Buduo et al. 
showed how silk vascular tubes can be embedded in a silk sponge mimicking the 
“spongy” structure of the bone marrow and support MK growth and platelet release 
into the perfused vascular tube lumen. Functionalization of silk with different ECM 
components present in the vascular niche in vivo supported MK function without 
loss of bioactivity [21]. Platelets released in the perfused silk vascular tube were 
morphologically similar to peripheral blood platelets and functional under specific 
physiologic activating stimuli. Finally, MK coculture with endothelial cells resulted 
in a significant increase in platelet production. Independently of the features and 
the architecture of the vascular niche model, all these approaches proved the pivotal 
role of vascular shear stress for proper platelet production [70].

IN VIVO EX VIVO
Bioreactor

Biocompatible
barrier

Platelet
collection

Megakaryocyte
seeding

PRESSURE FLOW:
-(Thon, 2014)
-(Nakagawa, 2013)

MEGAKARYOCYTE SOURCE:
-hHSCs (Di Buduo, 2015)
-hiPSCs (Thon, 2014)
-hiPSs, hESCs (Nakagawa, 2013)

BIOMATERIAL:
-silk (Di Buduo, 2015)
-PDMS (Thon, 2014)
-PDMS, PLCL (Nakagawa,2013)

MAIN FLOW:
-60 s-1 (Di Buduo, 2015)
-100 s-1 (Thon, 2014)
-0.14 dyne/cm2 (Nakagawa, 2013)

PeriosteumCortical
boneTrabecular

boneBone
marrow
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HSCs

Megakaryocyte migration

Blood flow

Basement membrane

Endothelial cells

Fig. 4.3 Schematic representation of in vivo vs ex vivo thrombopoiesis. In vivo: maturing mega-
karyocytes migrate toward bone marrow sinusoids prior to extend proplatelets. Proplatelets tra-
verse the basement membrane and extend, through the vascular endothelium, into the lumen of 
sinusoidal vessels where platelet particles, stemming from their terminal ends, are finally released. 
Ex vivo: all bioengineered tissue models mimicking the bone marrow environment are made of 
a biocompatible porous barrier supporting mature megakaryocyte function. Once in contact with 
the biomaterial, megakaryocytes extend proplatelets through the pores. Platelet release is finally 
prompted by media flow, mimicking the bloodstream, obtained by controlled electronic pumps. 
(hHSC human hematopoietic stem cell, hiPSC human-induced pluripotent stem cell, hESC human 
embryonic stem cell, PDMS polydimethylsiloxane, PLCL poly-L-lactide-co-epsilon-caprolactone)
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5Morphogenesis of Platelets 
in the Circulation

Matthew T. Rondina and Hansjörg Schwertz

Abstract
Platelets are defined as terminally differentiated cells incapable of more complex 
cell processes like cell division or fission processes. Therefore, megakaryocytes 
are viewed as the only parent cell producing mature platelets. Nevertheless, the 
cellular fragments, termed proplatelet extension, released by the megakaryocytes 
exceed platelet dimension, leaving the question if further maturation of platelets 
in the blood stream is a potential concept of platelet formation. In this chapter we 
will review established and emerging findings relevant to platelet morphogenesis 
in the circulation. Furthermore, some of the known regulatory mechanisms 
involved will be discussed and useful methods and tool to study platelet morpho-
genesis will be highlighted.
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5.1  Introduction

Platelets have been traditionally viewed as terminally differentiated cells incapable 
of undergoing cell division or fission processes. In this manner, platelet production 
has classically been thought of occurring solely in the megakaryocyte, the platelet 
parent cell. The megakaryocyte, during the final stages of proliferation and differen-
tiation, extends pseudopodia-like cytoplasmic protrusions referred to as proplatelet 
extensions [1, 2]. These cellular extensions are comprised of multiple cell body-like 
swellings being connected by thin, fusiform shafts. As demonstrated in both in vitro 
model systems [1] and in vivo live tracking approaches [3–5], proplatelet extensions 
then fragment into shorter sections or as single platelets that enter the circulation. It 
is important to note that most of the released fragments exceed platelet dimensions, 
suggesting that these fragments, also termed preplatelets [6], may retain the poten-
tial to undergo maturation in the circulation. Recent studies have also described the 
release of two different types of platelet progenitors into circulation. These platelet 
precursors are released via distinct intravascular protrusions that depend, in part, on 
physiologic or pathophysiologic conditions in the organism [4]. The morphogenesis 
of platelet precursors into mature platelets in the circulation was initially proposed 
in 1998 [7], and recent reports have contributed new findings to this field [6, 8], 
although many questions remain. In this chapter, we will review established and 
emerging findings relevant to platelet morphogenesis in the circulation, including 
the trafficking of megakaryocytes to the lung and the contribution of the pulmonary 
circulation to platelet production and release. In addition, we will briefly discuss 
some of the known regulatory mechanisms involved and highlight several methods 
and tools currently available and utilized to fill knowledge gaps in this field.

5.2  A Historical Review of Platelet Morphogenesis

In the past, distinct morphologic variations of normal platelets – not resembling the 
ordinary discoid phenotype but rather an elongated, fusiform appearance – have 
been observed in freshly prepared platelet-rich plasma from rats [7, 9–11], guinea 
pigs [12], and dogs [13]. Whether these elongated, fusiform cell bodies were plate-
lets that were directly shed from the cytoplasm of megakaryocytes or derived from 
existing platelets in the circulation, however, was unknown. The following para-
graph will highlight some of these publications, providing a more detailed insight 
into morphologies and hypothesis describing potential mechanisms regulating the 
formation of fusiform platelets and their fate in the circulation.

In 1990, Smith and colleagues described their finding that 15 % of platelets iso-
lated by cardiac puncture from the circulatory system of guinea pigs were elon-
gated, resembling beaded or cylindrical phenotypes [12]. These studies were 
performed under steady-state conditions of thrombopoiesis and provided initial, and 
intriguing, evidence to support the hypothesis that these elongated, fusiform plate-
lets may be of significant importance to platelet production and physiology. These 
investigators also found that they could aspirate individual fusiform platelets into 
micropipettes, suggesting these elongated platelets were of a single cellular body. 
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Moreover, elongated platelets did not fragment into smaller “mature” platelets dur-
ing aspiration, even under conditions mimicking physiologic shear, suggesting that 
the process by which this elongated, fusiform platelet morphed into single discoid 
platelets was a more complex and regulated process rather than being exclusively a 
shear-stress-mediated event.

Subsequently, in 1993, Behnke described his observations of the transformation 
of elongated, fusiform proplatelets to discoid platelets in the rat circulation using a 
variety of light, vital, and electron microscopic approaches [9]. Behnke described 
two very distinct and disparate platelet morphologic events. The first observation 
was made using live microscopy techniques to study isolated cells. In this manner, 
Behnke identified a roughly cylindrical platelet cell body that he measured to be 
approximately 12 μm long. During a 22-min observation period, this cell extended 
to almost three times its original length, became thinner, and formed cytoplasmic 
concentrations like pearls on a string. This same phenotypic transformation, where 
a cell developed pointed tips and then elongated until resembling a beaded and slen-
der phenotype, was also noted in later studies in rat and human cells [7]. At this 
time, Behnke speculated, based on other observations made decades earlier, that 
megakaryocytes trapped in lung capillaries might pinch these elongated cellular 
processes, leading to the release of proplatelets that developed into mature platelets. 
We will discuss the concept of platelet formation in the pulmonary vasculature 
niche in more detail below.

Behnke also put forth a model of platelet formation that was based on his identi-
fication of these elongated structures having varying degrees of curvatures. Some of 
the elongated, spindle-like platelets that Behnke observed appeared to curve suffi-
ciently to allow their ends to visually appear to touch. This platelet phenotype has 
also been observed in our laboratory by SEM (Fig. 5.1a). Behnke also observed 
crescent-shaped and ring-shaped platelet forms with elongated, beaded cell bodies, 
similar to morphologies we have detected in platelet preparations from human 
healthy donors (Fig. 5.1b, c). Based on his observations, Behnke postulated that 
these ring-shaped platelets may form when tips of the crescent-shaped cells fuse 
together. With further elongation, he speculated that the ring could subsequently be 
closed by veil-like membrane structures. This platelet morphology can also be 
detected in human platelets (Fig. 5.1d) and is visually distinct from quiescent discoid 
platelets (Fig. 5.1e). Based on Behnke’s model, the proposed succession of platelet 
developmental steps would progress from fusiform to ring and, finally, to discoid 
platelets, while logically, this sequence of events could obviously occur in the reverse 
manner, specifically that a discoid platelet first undergoes thinning of the central cell 
body with shifting of its content toward the outer perimeter. Under this alternative 
hypothesis, platelet morphological changes would result in a beaded ring formation 
(Fig. 5.1b, c) and ultimately the formation of a dumbbell-shaped cell (Fig. 5.1f). The 
precise order of this process, however, remains purely speculation, and additional 
single-cell experiments are needed to further understand these various platelet forms, 
the order of their formation, and the mechanisms regulating their formation.

Using transmission electron microscopy (TEM), Behnke went on to demonstrate 
that both fusiform proplatelets and mature platelets contain a microtubular cytoskel-
eton that is oriented in the long axis of the cell. Based on these and other 
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observations, investigators went on to hypothesize that the bundling and bending of 
the microtubules would lead to the formation of the marginal band, one of the hall-
mark structures of mature circulating platelets [1, 14, 15]. Currently, the concept of 
proplatelet formation and platelet maturation being microtubule dependent is gener-
ally accepted [6, 16]. Subsequent studies have gone on to demonstrate that microtu-
bule polymerization and sliding drive proplatelet elongation [17]. The importance 
of the platelet cytoskeleton and microtubule network will be discussed in more 
detail below.

5.3  Preplatelet and Platelet Progeny Formation

We recently reported that isolated discoid human platelets from healthy human vol-
unteers generate progeny. This occurs through a morphological process that involves 
platelet elongation and extension to beaded isoforms that resemble dumbbells or 
long proplatelet-extension-like processes [8]. At baseline, these platelets had typical 
discoid morphology, the typical marginal band formed by β-tubulin fibers, and a 
homogenous cell size distribution containing only very few large platelets (Fig. 5.2). 
During conditions where platelets were incubated for various times, however, the 
appearance of barbell-shaped platelets that contained two or more cell bodies was 
observed. Moreover, when confined in microfluidic-based media droplets, platelets 
underwent fission to generate daughter cells, a process we have termed progeny 
formation (Fig. 5.3 and [8]). Platelet counts also increased in transfusion bags dur-
ing storage, suggesting that under these settings, platelets undergo fission and 

a b c
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Fig. 5.1 Variations of platelet morphology. Platelets were isolated from healthy donors and either 
fixed immediately (e) or incubated for 6 h at 37 °C, fixed and subsequently analyzed by scanning 
electron microscopy (SEM). (a) Cell body with curving fusiform extension. (b, c) Complete rings 
with multiple cell body swellings. (d) Cell body with thin inner membrane veil. (e) Discoid platelet 
with some protrusions due to the preparation process. (f) Platelet dumbbell showing two cell bod-
ies connected by a thin elongated shaft. Scale bars = 1 μm
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progeny formation, thus increasing their number. Finally, when incubating freshly 
isolated platelets at low concentrations representative of thrombocytopenic condi-
tions in humans, the percentage of dumbbell or beaded platelets increased (Schwertz, 
unpublished observations).

At approximately the same time, in an elegant set of murine studies, Thon and 
colleagues discovered a new intermediate stage in platelet production, which they 
termed the preplatelet [6]. They defined the preplatelet as a circulating discoid cell 
that is larger than normal platelets (the normal size of circulating murine platelets is 
between 0.5 and 2 μm [18]) but which retains the capacity to elongate and extend 
into barbell-shaped proplatelets. Their finding that these larger cellular processes 

Fig. 5.2 Large platelets 
are rare in freshly isolated 
human cell preparations. 
The dot blot indicates TEM 
diameter measurements 
along the longest axis of 
freshly isolated platelets 
(baseline). The closed 
circles show a homogenous 
cell population that 
contains very few large 
platelets

Fig. 5.3 Individual platelets confined in media droplets produce daughter cells. Platelets were 
loaded into microdrops generated by microfluidics technique and examined at baseline or after 
incubation (cultured). The thin arrows point to a single platelet (baseline) or the same platelet that 
formed two new cell bodies (cultured). The thick arrows point to unique landmarks for character-
istic of this position on the microfluidic device
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circulate and are megakaryocyte derived is supported by the observation that bone 
marrow megakaryocytes extend and release fragments exceeding platelet dimen-
sions [3]. Using isolations of released proplatelets/preplatelets from mouse fetal 
liver-derived megakaryocyte cultures, these investigators found that preplatelets 
only developed an extended cell phenotype if their diameter was between 2 and 
10 μm, a larger size than mature murine platelets, suggesting that specific size 
restrictions might influence the formation of this platelet phenotype.

Thon and colleagues then isolated proplatelets, which are platelet precursors, 
from mice. Following fluorescent labeling of these proplatelets, they were subse-
quently transfused back into the mice. By recovering mature platelets from the cir-
culation post-infusion, they demonstrated that the infused labeled precursors 
generated individual, discoid, labeled platelets.

In both murine and human platelets, small, segmented constrictions located in the 
thin shafts connecting newly formed platelet cell bodies have been identified (Fig. 5.4 
and [6, 8]). These structures are consistent with cellular pinching actions and resem-
ble constriction furrows in dividing nucleated cells, suggesting perhaps that platelet 
cell body separation is regulated by more complex processes than shear stress alone. 
The observations by both groups may also be an explanation for the sub-megakaryo-
cyte size fragments described previously in human platelet-rich plasma [7].

Taken together, these two studies highlight the identification of new platelet mor-
phologies that may play a role in platelet production and/or maturation although 
many additional questions remain to be answered. For example, the size restriction 
for the development of extended platelets in a murine system may not be conserved 
across human platelets as ex vivo, human platelets of normal size (e.g., approxi-
mately 2–3 μm) are capable of forming new platelet extensions and beaded cell 
bodies [8]. In addition, large human platelets (>4 μm), which are thought to be 
younger, are infrequently observed in platelet preparations (Fig. 5.2 and Schwertz 
et al., unpublished observations), suggesting that the process of extension and new 
cell body formation might not be exclusively restricted to very young platelets. 

Fig. 5.4 Cell bodies of extended platelets are separated by segmented constrictions. A constricted 
region partially missing a well-defined cell membrane and resembling a cleavage furrow (arrow) 
is noted along the shaft of a cultured platelet. Scale bar = 500 nm (insert scale bar = 100 nm)
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Finally, while it remains unknown as to whether preplatelets develop into proplate-
lets in vivo, limitations in demonstrating this may be the result of the fragility of 
interconnecting shafts between platelet bodies, which when exposed to shear forces 
in the bloodstream might be severed. Additional studies will hopefully fill current 
knowledge gaps on the processes and mechanisms regulating these stages of platelet 
development.

5.4  Endogenous Factors That Influence Platelet 
Morphogenesis

It is a well-accepted concept that components of the cytoskeleton, namely, microtu-
bules (especially β-tubulin) as well as the actin cytoskeleton, are an integral part of 
proplatelet formation and thrombopoiesis [1, 14, 19, 20]. Below, we will briefly 
review these published studies highlighting the importance of the cytoskeleton for 
platelet morphogenesis.

5.4.1  Role of the Cytoskeleton in Platelet Morphology

The microtubular cytoskeleton is known to play an important role in megakaryocyte 
maturation, proplatelet formation, and platelet function [1, 14, 19, 20]. In the afore-
mentioned publication from 1993 [9], Behnke set the stage by asking how a fusi-
form platelet might be transformed into a discoid platelet with its defining marginal 
band of β-tubulin fibers. In fusiform proplatelet-like structures, the microtubules 
were observed to be arranged along the long cell axis [21]. Therefore, Behnke [9] 
and others [22] suggested that bending of the microtubular cytoskeleton could allow 
the tips of the platelet cell body to lie in close proximity, resulting in fusion and 
subsequent ring formation. It was further speculated that microtubule associated 
proteins might constrain the microtubules as a bundled structure together. Since 
these initial reports, ongoing work has filled in some of the intricate details related 
to the function of microtubules in proplatelet formation and platelet biology [6, 8, 
16, 17, 20].

For example, Thon and colleagues [6] incubated proplatelets at either 37 °C or 
4 °C to induce tubulin depolymerization and, in some experiments, again at 37 °C 
to induce tubulin repolymerization. Depolymerization of tubulin resulted in a shift 
in the morphology of the proplatelet population toward discoid phenotypes. 
However, in conditions where tubulin repolymerization was induced, this shift was 
reversed completely. Changes in microtubule organization were also directly visual-
ized by expressing GFP-labeled β1-tubulin in isolated released mouse proplatelet 
extensions. Using this technique, the authors were able to demonstrate that the oval 
marginal band of a preplatelet (≈7 μm in diameter) twisted around its center, leading 
to the formation of a barbell-shaped extended cell. The importance of the microtu-
bular cytoskeleton for preplatelet morphogenesis was further confirmed using phar-
macological manipulations of microtubules [6].
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In experiments with either human or murine platelets [6, 8], incubated in the 
presence of either taxol (a microtubule-stabilizing agent) or nocodazole (a tubulin 
depolymerizing substance), platelets and proplatelets were prevented from under-
going morphologic shifts to larger beaded cell bodies or preplatelets, respectively. 
Intriguingly, in the presence of these tubulin-destabilizing agents, platelets were 
observed with a phenotype described as “teardrop-like,” suggesting that these 
ordered cellular events may have been interrupted during the fission and morpho-
genesis process [8]. The results from these studies highlight that the dramatic reor-
ganization of the tubulin network during the conversion from discoid cell to 
dumbbell-shaped cell plays an essential role in platelet morphogenesis.

Actin is also an important regulator of both platelet spreading and filopodia for-
mation [15]. In ongoing studies, we have examined the effects of inhibiting actin 
polymerization on platelet progeny formation. In the presence of cytochalasin D, an 
inhibitor of actin polymerization, platelet progeny formation is blocked (Schwertz, 
unpublished observations), demonstrating the importance of actin and associated 
proteins in these processes. While our understanding of the mechanisms and cyto-
skeletal components regulating proplatelet and preplatelet development and platelet 
progeny formation is increasing, detailed mechanistic studies are still needed to 
better understand these processes in platelets and megakaryocytes.

5.5  Megakaryocyte Niches Outside the Bone Marrow: 
Implications for Extra-marrow Thrombopoiesis 
and Platelet Morphogenesis

The adult bone marrow is recognized traditionally as a major reservoir for mega-
karyocytes where they develop, like other cells from a master stem cell, and the site 
where platelet production may primarily occur [23]. Nevertheless, many of the con-
trol checkpoints and signaling events regulating thrombopoiesis are not contingent 
upon the bone marrow environment. In addition to the bone marrow niche, a grow-
ing body of human and experimental data has identified that megakaryocytes are 
found in mammalian lungs, which represents the largest capillary bed. Moreover, 
thrombopoiesis can occur under certain circumstances and settings in the lungs of 
human and nonhuman mammals, leading to platelet release [24]. Based on some 
historic studies of retrograde perfused rat lungs, it also seems reasonable to assume 
that circulating megakaryocytes can be trapped in the lung capillaries producing 
proplatelet extensions, leading to circulating platelet precursors [25].

The first description of megakaryocytes within the vascular niche of the lung 
has been attributed to Aschoff in 1893, where he suggested that megakaryocytes 
from the bone marrow migrate into the systemic circulation, lodge within the 
capillary bed of the lung due in part to their size, and then may release platelets 
[26] (and reviewed in [27]). Consistent with this initial finding, images of mega-
karyocytes migrating through openings in the endothelium that are 3–6 μm in 
diameter have been recorded [28]. While retention of megakaryocytes in the 
microvessels of the pulmonary circulation due to the size of these large cells may 
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be expected, other morphological and structural aspects of megakaryocytes may 
also contribute. For example, the cytoskeletal rigidity of megakaryocytes as well 
as megakaryocyte nuclear size and complexity may limit the deformability of 
these cells, promoting their conservation in the pulmonary vessels [24, 27]. 
Furthermore, platelets being morphed into beaded extensions can reach up to 
100 μm in length (Schwertz et al., unpublished observation), which might lead to 
a deposition in the lung capillary bed. In addition, the expression of adhesion 
molecules on the surface of megakaryocytes and platelet precursors may contrib-
ute to their adhesion to the pulmonary endothelium and subsequent retention 
within the lungs, although the evidence for this remains limited. These mecha-
nisms could also be attributed to preplatelets or barbell-shaped platelet morphing 
into mature discoid platelets. In settings of human disease where inflammatory 
insults or vascular injury activates the endothelium, expression of these molecules 
may be upregulated, promoting increased adhesion of megakaryocytes to the 
 pulmonary endothelium, megakaryocyte maturation, and platelet release [24, 29–
31]. Nevertheless, the precise morphological and structural features and signal-
ing pathways controlling megakaryocyte retention, or even morphogenesis of 
preplatelets and platelets in the lung, remain incompletely understood.

Driven by Aschoff’s observations and other lines of experimental evidence, 
subsequent investigations in humans and experimental model systems in vivo 
have consistently identified megakaryocytes within the pulmonary vasculature. 
For example, Howell and colleagues, in an early set of experiments, performed 
comparative counting of platelets in the arterial and venous circulation of anes-
thetized dogs and cats. These investigators concluded that new platelets are 
added to the capillary circulation of the lungs, pointing toward thrombopoiesis 
taking place in the lung. In addition, through histological examination, they iden-
tified “giant cells” within lung sections, morphological findings consistent with 
an interpretation that these cells were megakaryocytes [32]. These cells were 
also noted to have retained cytoplasm. Subsequent studies identified megakaryo-
cytes within the lungs of other nonhuman mammals, including rabbits, rats, and 
mice (reviewed in [24, 27, 33]).

Megakaryocyte numbers in the pulmonary vasculature are remarkably high with 
as many as 250,000 megakaryocytes traveling through the lung every hour [27]. 
Moreover, in experimental in vivo settings where thrombocytopenia is induced in 
rabbits, there is a three- to sixfold increase in the number of megakaryocytes 
detected histologically in the lungs (reviewed in [33]). While investigations utiliz-
ing immunostaining or hematoxylin and eosin staining (combined with light micros-
copy) concluded that megakaryocytes were rare in murine lungs [33], more recent 
ultrastructural-based studies identified intact megakaryocytes present under basal 
conditions in CB6FL/J mice [34], suggesting that demonstration of megakaryocytes 
may be influenced by detection techniques. In human lungs, megakaryocytes can be 
identified in necropsy studies and during routine diagnostic lung biopsies [30]. 
During human disease settings, including ALI/ARDS, disseminated intravascular 
coagulation, burns, and thrombosis, megakaryocyte numbers increase in the lung 
[24, 30, 35]. In addition, some microscopy-based investigations have noted cells 
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identified as megakaryocytes that have visible cytoplasmic extensions characteristic 
of proplatelet formation [36, 37].

Taken together, these established and emerging studies identify that megakaryo-
cytes circulating within the pulmonary vasculature may be retained in substantial 
numbers in the microvessels of the lung and may increase in number during disease 
settings (Fig. 5.5). In addition, this mechanism might also be true for proplatelet 
processes, preplatelets, or even dumbbell-shaped platelets undergoing morphogen-
esis, which have an increased size.

Nevertheless, important questions remain regarding how effectively platelet pro-
duction occurs by megakaryocytes retained in the lung and the relative contribute of 
this thrombopoiesis or platelet morphogenetic mechanisms to the circulating plate-
let pool. In human subjects where blood was sampled simultaneously from both 
pulmonary arterial vessels and the aorta, megakaryocytes are approximately tenfold 
more abundant in pulmonary arterial blood, with many of the megakaryocytes hav-
ing an intact cytoplasm (reviewed in [24]. Intriguingly, some of these megakaryo-
cytes identified and examined microscopically had cytoplasmic extensions that 
morphologically were consistent with proplatelet formation [36–38]. Approximately 
90 % of intact megakaryocytes that are found within blood samples taken from the 
pulmonary artery are retained within the lung vasculature, with only a fraction pass-
ing through into the systemic circulation. Advancements in imaging techniques and 
resolution and ongoing investigations of thrombopoiesis in extra- marrow niches 
should help shed additional light on this subject.

Fig. 5.5 Megakaryocytes 
traffic to, and are retained 
within, human lung 
microvessels. In these 
settings, megakaryocytes 
may release platelets, 
contributing to 
thrombopoiesis, although 
this process has not been 
formally demonstrated in 
the lungs of human 
subjects. In some human 
disease settings, such as 
ALI/ARDS, the number of 
megakaryocytes may 
increase, further leading to 
increased platelet 
production. The process of 
platelet genesis from 
megakaryocytes residing 
within the lung, however, 
remains incompletely 
understood
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Bierman measured platelets in humans during settings of cross-transfusion 
(where blood is removed from the right ventricle and then reintroduced into the 
pulmonary artery) and in the presence of epinephrine [39]. They found that both 
cross-transfusion and the administration of epinephrine led to immediate and large 
increases in platelets from the lung, leading them to conclude that the lungs are a 
significant reservoir for platelets and are involved both in their production and stor-
age. Intriguingly, calculations suggest that the average production of platelets each 
day could occur in human lungs, based on the volume of cytoplasm of trapped 
megakaryocytes in the pulmonary circulation [40]. Even more, computational mod-
eling suggested that physical fragmentation processes within the cytoplasm induce 
megakaryocytes to release all platelets into the circulation [41]. Earlier studies pro-
posed that this fragmentation process occurred along demarcation membrane sys-
tem (DMS) fracture lines and involved an extensive internal membrane reorganization 
process [42–44]. Subsequent investigations have cast some uncertainty on the DMS 
model for platelet production, suggesting instead that the DMS may function pri-
marily to provide plasma membrane for proplatelet formation. Currently, thrombo-
poiesis is thought to primarily occur through proplatelet formation, a process 
recently discovered to be mediated in part by shear forces (reviewed in [27]).

The force applied by circulating blood and the cross-sectional area of the vessel 
through which the blood is moving determines shear stress in the vasculature niche. 
In the human circulatory system, shear stresses may vary markedly based on flow 
rates and vascular diameters. For example, shear rates in bone marrow sinusoids are 
typically low, while in the circulation (including the pulmonary vasculature), shear 
rates may be up to fivefold higher and may increase further during human diseases 
or experimentally induced pathophysiologic conditions [45–47]. High shear rates, 
in vitro, accelerate platelet release from megakaryocytes [6, 48]. Thus, in the pul-
monary circulation, as compared to bone marrow sinusoids, the increased shear 
may stimulate platelet release from resident megakaryocytes and in addition accel-
erate the morphologic processes implied in pre- and proplatelet formation. 
Nevertheless, the precise molecular events involved in platelet release in response to 
shear, particularly in human lungs, remain incompletely understood. Alterations in 
this process in human diseases are even less well examined yet likely play important 
roles in both adaptive and maladaptive responses and influences clinical outcomes.

5.6  Toolsets and Techniques in the Evaluation of Platelet 
Morphogenesis

Many of the regulatory mechanisms involved in regulating these various stages of 
platelet morphogenesis remain poorly understood. Some of these limitations in 
knowledge may reflect the only recent development of more sophisticated tools and 
techniques for advances in this field.

The careful handling and isolation of platelets and proplatelets is requisite for 
reliable and valid experimental results as pre-analytical techniques may influence 
experimental outcomes. For example, the inadvertent activation of platelets or the 
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introduction of shear forces, either during blood sampling or isolation, may mark-
edly impair the detection of these various platelet morphologies. Best results may 
be achieved when passive, gravitational-force-based separation of platelets from 
platelet-rich plasma is utilized. In addition, as there has not yet been any identifica-
tion of surface or intracellular markers unique to these platelet precursors, it may be 
necessary, at times, to perform experiments using single-cell approaches. Traditional 
tools in single-cell systems are often either cell-culture coated or made from non- 
inert surfaces (i.e., glass coverslips). These properties can result in inadvertent, 
ex vivo platelet activation preventing morphogenesis (Schwertz, unpublished obser-
vations). New experimental techniques, such as the use of microfluidic techniques, 
may help overcome some of these obstacles [8]. One innovative technique is the use 
of controlled ultra low-flow conditions where single platelets can be confined in 
media drops enclosed by an oil-phase, preventing surface contact of the platelet cell 
bodies [8]. The drops can then be parked in a custom microfluidic device and ana-
lyzed using a confocal laser-scanning microscope setup with an environmental con-
trol chamber, to ensure constant temperature, CO2-concentration, and humidity. 
Thon and colleagues [49] recently described another very promising microfluidic- 
based technique. In this application, a microfluidic-based bioreactor mimics the 
bone marrow environment to produce proplatelet extensions and functional platelets 
from either mouse fetal liver-derived megakaryocytes or human-induced pluripo-
tent stem cell (hiPSC)-derived megakaryocytes. This technique allows for produc-
tion of large numbers of uniform platelets in vitro under carefully controlled 
conditions that may be manipulated.

Other emerging toolsets and techniques include the genetic manipulation of 
megakaryocytes and experiments investigating the role of protein synthesis, degra-
dation, and turnover in platelet morphogenesis. By targeting candidate genes 
involved in platelet morphogenesis in highly selected fashion, the molecular mecha-
nisms and pathways controlling platelet progeny formation and platelet morphogen-
esis may be further dissected. In addition, a deeper understanding of protein 
synthetic events in platelets and megakaryocytes will likely be integral to decipher-
ing the events regulating platelet morphogenesis. Investigations into whether plate-
lets synthesize membrane lipids and subsequently new double lipid layer membranes 
or if they reutilize the abundant membrane reservoir of the open canalicular system 
(OCS) during elongation and fission events will likely yield crucial new insights 
into these regulatory pathways. Platelets have been shown to possess requisite 
machinery for lipid metabolism and readily synthesize fatty acids [50, 51]. While 
initial seminal experiments in this area were performed approximately 45 years ago, 
current methods will enable investigators to get a more detailed picture of the lipid 
synthetic repertoire of human platelets.

In addition, it remains to be clarified if and how platelets can synthesize new 
organelles, such as mitochondria, α-granules, δ-granules, and even ribosomes. Live 
super-resolution microscopy techniques in conjunction with organelle tracking need 
to be developed to gain further knowledge about these cellular events. In particular, 
the accurate live staining of organelles might only be achievable when combining 
the techniques of in vitro platelet generation using bioreactors [49, 52, 53], with a 
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robust and reliable transfection technique of hiPSCs or megakaryocytes inducing 
labeled and organelle-specific proteins. More detailed functional tests to evaluate 
the responsiveness of newly formed platelets are needed to determine if these plate-
lets have altered functional responses. Studies using NOD-SCID mouse models [53, 
54] treated with human platelets, megakaryocytes, or hiPSCs may help determine if 
newly formed platelets represent a distinct population from those produced by 
megakaryocytes.

5.7  Summary

Studies performed over the last two decades have led to exciting new developments, 
demonstrating the complex dynamic interplay between proplatelets, preplatelets, 
platelets, and platelet progeny formation. Emerging evidence also implicates the role 
of extra-marrow thrombopoiesis in some settings. Nevertheless, many questions 
remain surrounding the precise sequence of events in these processes, the regulatory 
mechanisms and pathways involved, and how platelet morphogenesis and produc-
tion may be altered during human disease settings. Evolving tools and techniques 
will likely help advance this field further, filling in current knowledge gaps and 
bringing important new insights to the processes of platelet production events.
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Abstract
Following their release from megakaryocytes, platelets circulate as tiny sentinels 
of the vasculature. In this capacity, they are equipped with organelles and mem-
brane systems that contribute to many aspects of host defense including hemosta-
sis and thrombosis, inflammation, angiogenesis, and wound healing [1–5]. 
Prominent in their armory are granules, self-contained vesicular structures that 
store high concentrations of bioactive cargos. Granule cargos are released from 
activated platelets in a variety of physiological and pathophysiological settings 
and function to maintain the integrity of blood vessels [6–9]. The most prominent 
platelet organelles, dense granules and α-granules, are unique to platelets. 
However, platelets also contain a number of organelles such as lysosomes and 
mitochondria that are common to all eukaryotic cells. Although these organelles 
primarily serve housekeeping functions, there is evidence that they also partici-
pate more directly in maintenance of vascular integrity. In addition, as a conse-
quence of its unusual mode of biogenesis, the platelet is endowed with unique 
membrane systems including the open canalicular system (OCS) and dense tubu-
lar system (DTS) that course throughout its interior [10, 11]. These membrane 
systems also contribute to the function of platelets in host defense. This chapter 
will provide an overview of platelet contents with a focus on platelet granules.
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6.1  Introduction

Following their release from megakaryocytes, platelets circulate as tiny sentinels of 
the vasculature. In this capacity, they are equipped with organelles and membrane 
systems that contribute to many aspects of host defense including hemostasis and 
thrombosis, inflammation, angiogenesis, and wound healing [1–5]. Prominent in their 
armory are granules, self-contained vesicular structures that store high concentrations 
of bioactive cargos. Granule cargos are released from activated platelets in a variety of 
physiological and pathophysiological settings and function to maintain the integrity of 
blood vessels [6–9]. The most prominent platelet organelles, dense granules and 
α-granules, are unique to platelets. However, platelets also contain a number of organ-
elles such as lysosomes and mitochondria that are common to all eukaryotic cells. 
Although these organelles primarily serve housekeeping functions, there is evidence 
that they also participate more directly in maintenance of vascular integrity. In addi-
tion, as a consequence of its unusual mode of biogenesis, the platelet is endowed with 
unique membrane systems including the open canalicular system (OCS) and dense 
tubular system (DTS) that course throughout its interior [10, 11]. These membrane 
systems also contribute to the function of platelets in host defense. This chapter will 
provide an overview of platelet contents with a focus on platelet granules (Fig. 6.1).

6.2  Platelet Granules

Granules were first observed in platelets using light microscopy in the late nine-
teenth century [12]. However, it was not until the application of electron microscopy 
(EM) in the 1960s that platelets were imaged with adequate resolution to demon-
strate the diversity of their granules [13]. The first granules to be identified by elec-
tron microscopy were dense granules [13], which were easily detected on the basis 
of their intrinsic electron density. α-Granules were identified a year later as being 
distinct from dense granules and from typical lysosomes, which had been identified 
in many nucleated cells [14]. However, the distinction between α-granules and lyso-
somes remained controversial until the early 1980s, when electron microscopy 
coupled with cytochemistry was used to distinguish these granules types [15]. Thus, 
by convention, we think of platelets as having three categories of granules: dense 
granules, α-granules, and lysosomes.

6.2.1  Platelet Dense Granules

Platelet dense granules are lysosome-related organelles that are unique to plate-
lets [16]. Platelets contain an average of three to eight dense granules [17, 18]. 
These granules are approximately 150 nm in diameter and are so electron dense 
that they can be detected by whole mount electron microscopy in the absence of 
staining (Fig. 6.2). When chemically fixed and viewed by transmission electron 
microscopy (TEM), dense granules can give the appearance of a “bull’s-eye,” 
which represents the retraction of the electron-dense core from the granule 
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membrane during processing [17–19]. Less typical dense granule appearances 
include ringed forms on whole mount or TEM and dense granules with a “whip-
like” tail observed on whole mount EM [20]. More complex dense granule mor-
phologies have also been observed.

The luminal pH of dense granules is ~5.4, compared to a cytosolic pH of 7.2 [21]. 
The pH gradient across the dense granule membrane is maintained by a vesicular 
H+-ATPase proton pump (Fig. 6.3). This proton pump is essential for generating a 
luminal positive electrochemical gradient (ΔΨ) of 30–40 mV [22]. The electron gra-
dient powers transporters (described below) responsible for the substantial concen-
tration of cytosolic nucleotides and bioactive amines observed in dense granules 
(Table 6.1). In addition, to a high H+ content, platelet dense granules contain an 
extremely high calcium concentration (2.2 M), which renders these granules electron 
dense [23, 24]. Platelet dense granules also contain high concentrations of magne-
sium and potassium, which can be free or complexed to anions. These divalent cat-
ions have well-established functions in hemostasis and thrombosis. For example, 

Fig. 6.1 Platelet structure. 
TEM image of a human 
platelet (×23,000). Platelet 
α-granules (G), 
microtubules (MT), 
mitochondria (M), open 
canalicular system (OCS), 
dense bodies (DB), and 
glycogen (GLY) are 
identified (Adapted with 
permission from Ref. [10])

a b c

Fig. 6.2 Whole-mounted platelets viewed by TEM. (a) Dense bodies observed in platelets from healthy 
donors. (b) Platelets from HPS patient lacking dense bodies. (c) Dense bodies with one or two tails are 
observed in platelets from healthy donor (Figures were adapted from Ref. [19], with permission)
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calcium and magnesium participate in the binding of platelet adhesion receptors to 
their substrates [25–27]. Calcium and magnesium are also cofactors for several 
 coagulation proteins. Dense granule cations can be free or complexed to anions.

Abundant anions in platelet dense granules include adenine nucleotides, which 
are concentrated at ~653 mM ADP and ~436 mM ATP [24, 28–30]. Adenine nucle-
otides are thought to be transported into platelets via specific transporters that have 
been identified on dense granules including multidrug resistance protein 4 (MRP4) 
and vesicular nucleotide transport (VNUT or SCL17A9) (Fig. 6.3). MRP4 is a 
1325-amino acid member of the ATP-binding cassette transporter family [31–33]. 
These transporters include 12 transmembrane domains that form a channel, which 

Fig. 6.3 Schematic representation of dense granule contents. Platelet dense granules are the stor-
age unit for the ionic species (Ca2+, polyphosphate), adenine nucleotides (ADP and ATP), and 
bioactive amines including serotonin and histamine. A vesicular H+-ATPase proton pump (yellow) 
maintains a low intraluminal pH and a transmembrane electrochemical gradient. ADP and ATP are 
concentrated in dense granules via MRP4 (purple) and VNUT (gray). VMAT2 (green) is respon-
sible for the transfer of serotonin from cytosol into dense granules. Platelet dense granules also 
express several membrane proteins including LAMP-2 (blue) and CD63 (red)

Table 6.1 Platelet dense 
granule content

Type Examples

Ionic species Ca2+, Mg2+, K+, polyphosphate, 
pyrophosphate

Membrane proteins CD63 (granulophysin), LAMP-2,  
GPIb, αIIbβ3

Nucleotides ATP, GTP, ADP, GDP

Bioactive amines Serotonin, histamine

Transporter proteins MRP4, VNUT, VMAT2

R. Flaumenhaft and S. Koseoglu



137

facilitates transport of nucleotides across the plasma membrane [34]. VNUT is a 
430-amino acid membrane protein that contains 12 transmembrane domains [35]. It 
is found on ATP storage organelles in several cell types including chromaffin large 
dense-core vesicles and synaptic vesicles [36, 37]. VNUT was first predicted to 
reside on platelet dense granules based on their similarity to the large dense-core 
vesicles of chromaffin cells [38] and later found to reside on platelet dense granules 
[39]. An inhibitor of VNUT (glyoxylate) blocked ATP uptake into these 
megakaryocyte- like cells [39]. The relative contributions of VNUT and MRP4 in 
loading adenosine nucleotides into dense granules remain to be determined. ADP 
secreted from dense granules serves a critical role in stimulating platelet autocrine 
activation during hemostasis and thrombosis via stimulation of P2Y12, P2Y1, and 
P2X1 receptors on platelets [40–42].

Polyphosphate and pyrophosphates are present in dense granules in millimolar 
concentrations (in terms of Pi residues) and can complex calcium (Fig. 6.3). 
Although the length of polyphosphate chains within platelet dense granules varies, 
they are typically ~60–100 phosphate units long [43, 44]. How these polyphos-
phate chains come to reside in dense granules is unclear. It is likely that they are 
synthesized within dense granules rather than being transported. Although the 
mechanism by which polyphosphates are synthesized is not known, mice lacking 
inositol hexakisphosphate kinase 1 have reduced levels of polyphosphate [45], 
implicating inositol hexakisphosphate kinase 1 in their synthesis. The intraluminal 
source of phosphate for synthesizing polyphosphate chains has not been estab-
lished; however, it is worth noting that although cytosol contains high concentra-
tions of ATP and relatively little ADP, both ATP and ADP accumulate at high 
concentrations into dense granules. One possibility is that VNUT and/or MRP4 
transport primarily ATP into dense granules, and ATP is hydrolyzed to ADP intra-
luminally, generating phosphate substrates for synthesis of polyphosphate [39]. 
Platelet polyphosphates may potentiate activation of factor V and factor XI activa-
tion of thrombin during thrombosis [43, 46].

Platelet dense granules also contain several bioactive amines. Serotonin is pres-
ent in platelet dense granules at a concentration of ~0.5 M [47, 48]. Uptake of sero-
tonin into platelet granules is mediated by vesicular monoamine transporter 2 
(VMAT2) [49] (Fig. 6.3). Serotonin is first pumped into the cytosol from plasma by 
a serotonin transporter (SERT), and the electrochemical proton gradient across the 
dense granule membrane drives VMAT2-mediated uptake of serotonin from cytosol 
into platelet granules. VMAT2 also appears to mediate the uptake of histamine into 
dense granules [24, 50]. Platelet serotonin is an important mediator of vascular tone 
at sites of injury [48, 51–54].

The fact that the packing of nucleotides and bioactive amines to such high con-
centrations is dependent on transporters raises the question of how these transport-
ers are targeted to dense granule membranes. Many transporters contain targeting 
motifs within their primary amino acid sequence. For example, VMAT2 contains 
signals in its C-terminus for directing vesicular transport to dense granules [55]. 
The C-terminal dileucine motif is the best characterized of these signals, and site- 
directed mutagenesis studies have confirmed that the dileucine motif of VMAT2 is 
essential for its incorporation into the dense granule membrane [55]. In addition, the 
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C-terminus of VMAT2 contains an acidic motif including two serines that is required 
for retention in granule membranes [56]. Sorting signals also direct the trafficking 
of other integral membrane proteins to dense granules.

In addition to transporters, platelet dense granules contain several other mem-
brane proteins. Dense granule membranes express markers such as the tetraspanin 
CD63 (granulophysin) and lysosomal-associated membrane protein-2 (LAMP-2, 
CD107b) (Fig. 6.3). CD63 is a 238-amino acid member of the tetraspanin family, 
which is characterized by four membrane-spanning domains and extensive glyco-
sylation of its luminal/extracellular domains. CD63 functions in membrane traffick-
ing and assists in the delivery of membrane proteins to vesicles. It is expressed on 
the platelet surface following activation where it associates with αIIbβ3 [57, 58]. 
CD63 also participates in lipid raft formation on platelets [59]. LAMP-2 is a 410- 
amino acid, extensively glycosylated protein that contains a single transmembrane 
domain. LAMP-2 functions in maintaining the integrity of lysosomal and presum-
ably dense granule membranes as well as in trafficking. Site-directed mutagenesis 
of a tyrosine-based sorting signal on LAMP-2 resulted in mistargeting of the protein 
to the plasma membrane [55]. Adhesive receptors such as GPIb and αIIbβ3 have also 
been reported to reside on platelet dense granule membranes [60], although the 
contribution of this adhesion receptor pool to platelet function is unproven.

6.2.2  Platelet α-Granules

α-Granules constitute the largest granule population in platelets with 50–80 gran-
ules present in a single platelet (Fig. 6.4). α-Granules have a diameter of 200–
500 nm, comprise 10 % of platelet volume, and have a calculated surface area of 
14 μm2/platelet [61, 62]. The classic platelet α-granule as described by TEM pos-
sesses several features including (1) the peripheral membrane of the granule, (2) an 
electron-dense nucleoid that contains chemokines and proteoglycan, (3) a less 
electron- dense area adjacent to the nucleoid that contains fibrinogen, and (4) a 
peripheral electronlucent zone that contains von Willebrand factor (vWf) [61]. 
However, more recent imaging techniques have called into question whether or not 
this classic α-granule is representative of all α-granules. Electron tomography with 
three-dimensional reconstruction of the platelet interior demonstrates morphologi-
cally distinct α-granule populations [20]. Superresolution fluorescence microscopy 
has identified α-granules that appear not to have all the constituents of the classical 
α-granule [63]. These observations of α-granule heterogeneity have raised funda-
mental questions regarding the identity of α-granules. Thus, while granules with a 
classical appearance on electron microscopy and those that are stained with anti-
bodies to P-selectin, vWf, and fibrinogen on immunofluorescence can be positively 
identified as α-granules, the identification of other vesicular structures with alterna-
tive protein cargos is less easily categorized.

Platelet α-granules, like dense granules, are considered lysosome-related organ-
elles and share some similarities with dense granules. They have an acidic interior 
generated by a Ca2+- or Mg2+-sensitive H+-pumping ATPase. This pump is 
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responsible for generating an electrochemical gradient across the α-granule mem-
brane [64–66]. Platelet α-granules have been reported to contain high concentra-
tions of cations (14 mM Ca2+ and >60 mM Mg2+) [66], although not as high as dense 
granules. However, while dense granules are known for their high content of small 
molecules, α-granules are known for their abundant protein content (Table 6.2).

6.2.2.1  α-Granule Protein Content
The protein content of α-granules is diverse. The platelet α-granule proteome con-
sists of over 300 proteins including both membrane-bound proteins and soluble 
proteins that are secreted into the extracellular space [67, 68]. Although the majority 

a b c

d e f

g h i

Fig. 6.4 Double immunofluorescence microscopy of VEGF (a), endostatin (b), and an overlay (c) 
shows that VEGF and endostatin localize in different α-granules. Cargo separation is also observed 
using antibodies against bFGF (d), TSP-1, (e) and an overlay (f) as well as with antibodies against 
fibrinogen (g), von Willebrand factor (h), and an overlay (i) demonstrates the colocolization of 
these proteins (With permission from Ref. [81])
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of α-granule proteins are synthesized in megakaryocytes and trafficked into 
α-granules via the regulated secretory pathway (see Chap. 1), some proteins such as 
fibrinogen, IgG, and albumin are taken up by the receptor-mediated endocytosis. 
Platelet α-granules are capable of storing a large variety of proteins at very high 
concentrations and still maintaining the osmolarity of the granule equivalent to the 
cytosol. This concentration may be achieved via aggregation and multimerization 
(e.g., vWf, multimerin) of proteins during protein sorting [9]. Recent developments 
in proteomic technologies and immunodetection methods have enabled not only 
identification of the platelet α-granule cargos but also quantification of granule pro-
teins. These studies have shown that the most abundant proteins found in platelet 
α-granules are platelet factor 4 (PF4, CXCL4) (706 k copies/platelet), beta- 
thromboglobulin (479 k copies/platelet), thrombospondin 1 (101 k copies/platelet), 
fibrinogen (89 k copies/platelet), and factor XIII (83 k copies/platelet). However, 
α-granule cargo content is not static, and changes in α-granule cargos associated 
with disease states have been characterized [69–71].

6.2.2.2  Function of α-Granule Cargos
α-Granule proteins participate in a broad array of physiological functions includ-
ing hemostasis and thrombosis, inflammation, angiogenesis, wound repair, and anti-
microbial host defense. The supposition that α-granules serve an essential role in 
hemostasis and thrombosis was initially supported by the observation that patients 
with gray platelet syndrome, who lack normal α-granules, have a bleeding diathesis 
[72–77]. More recently, NBEAL2-deficient mice, whose platelets lack α-granules, 
were shown to have defects in hemostasis and thrombosis [78, 79]. Platelet proteins 
that contribute to hemostasis and thrombosis include prothrombotic proteins such as 
vWf, fibrinogen, factor V, factor IX, and factor XIII. α-Granules also contain antico-
agulant proteins such as antithrombin, protein S, and tissue factor pathway inhibitor 

Table 6.2 Examples of platelet alpha-granule contents

Type Examples

Integral membrane 
proteins

αIIbβ3, GPIbα-IX-V, GPVI, TLT-1, P-selectin, fibrocystin, CD109, 
Scamp2

Coagulants, 
anticoagulants, and 
fibrinolytic proteins

Factor V, factor IX, factor XIII, antithrombin, protein S, tissue factor 
pathway inhibitor, plasminogen, plasminogen activator inhibitor 1, 
α2-macroglobulin

Adhesion proteins Fibrinogen, von Willebrand factor, thrombospondin, LAMA5, ESAM

Chemokines CXCL1 (GRO-α), CXCL4 (PF4), CXCL5 (ENA−78), CXCL7 (PBP, 
β-TG, CTAP-III, NAP-2), CXCL8 (IL-8), CXCL12 (SDF-1α), CCL2 
(MCP-1), CCL3 (MIP-1α), and CCL5 (RANTES)

Growth factors VEGF, platelet-derived growth factor, fibroblast growth factor, 
epidermal growth factor, hepatocyte growth factor, and insulin-like 
growth factor, transforming growth factor β

Microbicidal proteins Thymosin-β4, thrombocidins 1 and 2 (from NAP-2)

Immune mediators Complement C3 precursor, complement C4 precursor, β1H Globulin, 
factor D, factor H, C1 inhibitor, IgG
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as well as components of the fibrinolytic system such as plasminogen and plasmino-
gen activator inhibitor. Angiogenic factors in α-granules include vascular endothelial 
growth factor, platelet-derived growth factor, fibroblast growth factor, and transform-
ing growth factor-beta among others. α-Granules also contain antiangiogenic fac-
tors such as endostatin and platelet factor 4 (PF4). The observation that α-granules 
contain both prothrombotic and antithrombotic as well as proangiogenic and anti-
angiogenic proteins raises the question of how cargos with opposing activities can 
be organized and released so as to effectively promote physiological processes. One 
possibility is that these cargos are physically separated into different α-granule sub-
populations that respond to distinct platelet agonists [63, 80, 81] (Fig. 6.4). A second 
hypothesis is that cargos are spatially separated within α-granules and the kinetics of 
their release differs [82]. These issues regarding the structural and functional organi-
zation of platelet α-granule cargos remain to be resolved.

As a role for platelets in inflammation and innate immunity has become increas-
ingly evident [83–86], the function of platelet α-granule cargos serve in this capac-
ity has become more prominent. Platelets are immune cells, and their α-granules 
contain many mediators of inflammation. Among the most abundant α-granule con-
tents are chemokines, which include CXCL1 (GRO-α), CXCL4 (PF4), CXCL5 
(ENA−78), CXCL7 (PBP, β-TG, CTAP-III, NAP-2), CXCL8 (IL-8), CXCL12 
(SDF-1α), CCL2 (MCP-1), CCL3 (MIP-1α), and CCL5 (RANTES) [87–89]. 
Several of these chemokines function in the development of atherosclerosis, in 
which platelets have been shown to serve an early role [86]. Platelets α-granules 
contain many mediators of the complement cascade such as complement C3, com-
plement C4 precursor, C1 inhibitor, factor H, and factor D [90]. Cargos that are 
directly microbicidal are also secreted from α-granules. Such microbicidal proteins 
include thymosin-β4 and thrombocidins 1 and 2, which are derived from NAP-2 
[84]. PF4 is essential for the ability of platelets to kill Plasmodium falciparum dur-
ing malarial infection [91–93].

Despite the large number of α-granule proteins and the diversity of their pro-
posed functions, few cargos are specific to platelets. In the vast majority of cases, 
α-granule cargo proteins are also constitutes of plasma or secreted by other cells. 
There are, however, a few proteins that are either specific for α-granules or that have 
α-granule-specific isoforms with special properties.

PF4 is found almost exclusively in platelets and is among the most abundant 
proteins in α-granules (16–25 % of the α-granule proteins, 706 k copies/platelet) 
[70, 94]. PF4 is a 70-amino acid protein derived from a 101-amino acid precursor 
that contains a CXCL motif and binds CXCR3. It is synthesized in megakaryocytes 
and subsequently transported into platelet granules by virtue of a Leu-Lys-Asn-Gly 
motif at the 45–48 position [95]. Although PF4 is mostly known for its strong affin-
ity for heparin (KD = 10–30 nM) and role in coagulation, recent studies demon-
strated a role for PF4 in a variety of physiological processes including control of 
angiogenesis, inflammation, and protection from infection [94, 96–99].

Von Willebrand factor has long been a marker of platelet α-granules. vWf is a 
2813-amino acid protein that circulates in plasma in multimers ranging in size from 
500 kDa to more than 10,000 kDa. vWf can be synthesized by both endothelial cells 
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and megakaryocytes. vWf stored in platelet α-granules constitutes 20 % of total 
vWf and is enriched in high-molecular-weight multimers [100–105]. It has been 
shown that vWf originating from platelets is structurally and functionally distinct 
from endothelial-derived vWf. In addition to being enriched in high-molecular- 
weight multimers, platelet-derived vWf has a different glycosylation pattern that 
increases its resistance to the protease ADAMTS13 and contributes to its hemostatic 
function in platelet-rich thrombi [105]. Studies in which normal bone marrow was 
transplanted into pigs with severe von Willebrand disease demonstrated that platelet 
vWf could partially compensate for lack of plasma vWf [106]. Conversely, normal 
thrombus formation was observed following gene transfer of vWf, resulting in its 
ectopic expression in the liver of mice with severe von Willebrand disease [107]. 
Taken together, these results suggest that α-granule vWf can contribute to, but is not 
necessary for, hemostasis and thrombus formation.

Factor V (FV) is an important coagulation factor whose activation to FVa plays 
a major role in the conversion of prothrombin to thrombin [108]. Approximately 
25 % of the total FV resides in platelets. Platelet FV is either synthesized by mega-
karyocytes or taken up from the plasma. In platelet α-granules FV strongly associ-
ates with a high-molecular-weight protein termed multimerin via disulfide linkages 
and other noncovalent interactions [109–112]. An average of 2 ng/106 platelets FV 
is found in α-granules interacting with about 17.1–19.9 ng/106 platelets multimerin. 
Upon platelet activation, the FV and multimerin complex slowly dissociates into the 
extracellular matrix. Although multimerin influences the packing of FV in 
α-granules, it is not crucial for FV storage as individuals with multimerin deficiency 
have normal FV storage [111–114]. FV acts as a cofactor in the prothrombinase 
complex. Compared to plasma FV, platelet FV is more heterogeneous and more 
resistant to activated protein C (APC) [112].

6.2.2.3  α-Granule Transmembrane Proteins
α-Granule transmembrane proteins also serve important functions in platelet biol-
ogy. P-selectin, TMEMs, and integrins reside on the platelet α-granule surface and 
translocate to the platelet plasma membrane surface upon platelet activation. These 
proteins contribute to platelet-platelet, platelet-leukocyte, and platelet-endothelial 
cell interactions. Most α-granule transmembrane receptors, such αIIbβ3 and GPIb, 
are also present on the plasma membrane of the resting platelet, and receptors from 
α-granules are thought to constitute a reserve pool. Other receptors, such as 
P-selectin CD109 and fibrocystin L, are sequestered in α-granules in resting plate-
lets, and their translocation to the plasma membrane serves as a sensitive indicator 
of platelet activation.

P-Selectin (CD62P) is perhaps the best-characterized protein found in the 
α-granule membrane. Tissue distribution of P-selectin is limited to platelets and 
endothelial cells. This 140-kDa molecule is composed of an N-terminal C-type lectin 
domain, an epidermal growth factor-like motif, a series of complement repeats, a 
transmembrane domain, and a C-terminal cytoplasmic tail [115, 116]. In resting 
platelets, the protein resides intraluminally but translocates to the extracellular sur-
face upon platelet activation. Once exposed on the platelet surface, the lectin domain 
of P-selectin interacts with PSGL-1 on immune cells, recruiting them to sites of 
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inflammation [117]. Selective knockdown of P-selectin in the hematopoietic cells 
compartment inhibits neutrophil recruitment to sites of inflammation, proving that 
platelet P-selectin is critical for this function [118]. Platelet P-selectin also functions 
in atherosclerosis and leukocyte recruitment during thrombus formation [119–121].

6.3  Platelet Lysosomes

A platelet typically contains 0–3 lysosomes, which are 200–250 nm in diameter 
and can be identified by cytochemical stains such as acid phosphatase or arylsul-
fatase [15]. Like lysosomes in other cell types, platelet lysosomes contain 
enzymes involved in degradation of proteins, carbohydrates, and lipids. The most 
abundant class is the acid hydrolases. Platelet lysosome contents are released 
during platelet activation in vivo following vascular injury [122, 123]. Lysosomal 
membranes contain LAMP-1, LAMP-2, and CD63 [15, 123]. These proteins are 
highly glycosylated, decorating the luminal lysosome surface and contributing to 
the protective function of the lysosomal membrane. The role of platelet lyso-
somes in hemostasis and thrombosis is not known, although some have suggested 
that enzymes released by lysosomes may serve a role in digestion and resolution 
of thrombi [124].

6.4  Platelet Membrane Systems

The platelet contains internal membranes that are distinct entities based on their 
ultrastructure, their function, and/or their origin in the megakaryocyte. This sec-
tion will focus on the two most well-studied systems of internal membranes, the 
open canalicular system and the dense tubular system. Other internal mem-
branes include Golgi complexes and rough endoplasmic reticulum, which are 
rare platelet vestiges of the nucleated megakaryocyte and are found primarily in 
the setting of pathological, rapid platelet turnover.

6.4.1  Open Canalicular System

The open canalicular system (OCS) is a membranous network of tunneling invagi-
nations of the platelet membrane. This network is highly interconnected within the 
platelet, and openings of the OCS onto the plasma membrane are dispersed through-
out the platelet surface [125–128]. The OCS can serve as a conduit for the release 
of cargos that are discharged into from granules [127]. Immunostaining has shown 
that the OCS is lined with syntaxin and SNAP-23, t-SNAREs that facilitate the 
fusion of granule membranes with membranes of the OCS [129]. In addition, the 
OCS can serve as a vehicle for the incorporation of substances into the platelet 
[127]. Perhaps the most obvious example of the role of the OCS in host defense is 
its ability to form engulfment vacuoles around bacteria [130]. α-Granules 
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subsequently release bactericidal cargo into the vacuole. Investigators have also 
shown that the OCS acts as a membrane reservoir, contributing membrane to the 
periphery of the platelet during spreading [126]. How this intricately interconnected 
system of tunnels disassembles in order to evaginate and incorporate into the grow-
ing plasma membrane of spread platelets remains speculative.

6.4.2  Dense Tubular System

The dense tubular system (DTS) is the major calcium-sequestering organelle in the 
platelet. It is thought to derive from ribosome-depleted endoplasmic reticulum from 
the megakaryocyte and consists of thin elongated membranes. The DTS is similar 
to the OCS in that it is a complex membrane system that courses through the platelet 
interior. However, lumens of the DTS and OCS are not interconnected. Nonetheless, 
the separate DTS and OCS membrane systems closely associate with one another in 
membrane complexes (Fig. 6.5). Unlike the OCS, the DTS is not open to the extra-
cellular space. In addition, the DTS is distinct on EM by virtue of its more electron- 
dense lumen (the OCS lumen is clear). This electron density is secondary to the high 
concentration of Ca2+ in the DTS. In response to platelet agonists that stimulate 
increased [Ca2+]i, the DTS changes morphology from thin elongated membranes to 
more vesicular structures [131, 132].

In the resting platelet, cytosolic calcium concentrations are maintained in the 
nanomolar range owing to the activity of pumps promoting calcium efflux from the 
cytosol. Sarco/endoplasmic reticulum Ca2+-ATPases (SERCA) located in the DTS 
serve a prominent role in maintaining this low level of cytosolic calcium. Following 
activation, the Ca2+-ATPases pump Ca2+ into the platelet cytosol following platelet 
activation [133], contributing to the rise in intracellular calcium. In this manner, the 
DTS serves a critical function in platelet activation.

T granules are related to the electron-dense tubular system. Although the T gran-
ule is not a well-established granule type, it appears to be distinct from α-granules 
in that it contains unique cargo, which is secreted upon platelet activation. The first 
T granule cargo to be identified was toll-like receptor 9 (TLR9) [140]. Immunogold 

a b c

Fig. 6.5 The DTS and OCS are highly intertwined membrane complexes. Shown are three-dimen-
sional reconstructions of the OCS (dark blue) and DTS (yellow) from resting vitrified platelets as 
imaged using cryoelectron microscopy (Adopted with permission from Ref. [20])
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EM has shown that protein disulfide isomerase (PDI), an ER-resident protein that is 
secreted upon platelet activation, is stored in and secreted from T granules [147, 
148]. Further studies are required to identify additional T granule cargos and clarify 
the relationship of this granule to the dense tubular system.

6.5  Other Membranous Structures in Platelets

6.5.1  Mitochondria

Platelets contain two to eight mitochondria per cell [134–137]. Mitochondria are 
dynamic organelles in shape, number, and size. Proteins of the dynamin-related pro-
tein 1 family, which function in mitochondrial scission and perhaps fusion, are 
enriched in platelets [138]. As in most cells, mitochondria within platelets function in 
energy metabolism, forming ATP primarily from fatty acids, palmitate, glucose, and 
glutamine. The transport of electrons across the inner membrane of the mitochondria 
creates a proton-motive force, providing energy for ATP production. However, plate-
let mitochondria have additional roles that are more specialized in platelets. Exposure 
to high concentrations of agonists results in activation of mitochondrial permeability 
transition (MPT) with ΔΨm collapse and increased production of reactive oxygen spe-
cies [135, 139–143]. ROS production contributes to platelet activation and to mito-
chondria-dependent phosphatidylserine exposure [135].

Platelet mitochondria can also function in apoptosis. Prosurvival proteins such as 
BCL-XL and BCL2 keep pro-apoptotic proteins such as BAK1 and BAX in check, 
thereby preventing apoptosis. When prosurvival pathways are overwhelmed, pro- 
apoptotic proteins translocate to the mitochondria, oligomerize and permeabilize 
the mitochondrial membrane. These events lead to collapse of ΔΨm and cytochrome 
c release with induction of apoptosis [144, 145]. Apoptosis has been invoked in 
controlling both megakaryopoiesis and platelet lifespan, underscoring the impor-
tance of mitochondria in platelet physiology.

6.5.2  Peroxisomes

Platelets also contain peroxisomes as indicated by staining of catalase [146]. 
Peroxisomes typically function in the breakdown of long chain and branched fatty 
acids. However, the significance of this organelle in platelet function is undetermined.

6.6  Perspective

It is not remarkable that given the distinct and extraordinary process of megakaryo-
poiesis, the platelet interior is so unusual: lacking a nucleus, filled with unique 
membrane systems, and replete with granules found in no other cell. Yet despite this 
bizarre process of formation, platelet contents are remarkably uniform among the 
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1011 platelets that are formed daily. While some mechanistic insight into how these 
organelles come to reside in platelets has been provided by live cell imaging [149], 
much remains to be learned about how organelles form in and are distributed by 
megakaryocytes. Basic questions regarding platelet granule contents and membrane 
systems remain to be definitively answered. Although much has been learnt about 
the mechanisms of membrane fusion leading to granule exocytosis [150–155], 
much remains to be learnt. Do α-granules represent a homogenous granule popula-
tion, or are they divided into subpopulations that possess different cargos? How are 
dense granule contents filled with adenosine nucleotides and polyphosphates? How 
does the OCS form during megakaryopoiesis and deconvolute to contribute to plate-
let spreading? Technical advances in electron microscopy and superresolution 
microscopy with three-dimensional reconstructions of the platelet interior and live 
cell imaging will propel our understanding of the organization of the platelet and 
thereby enable improved knowledge of platelet function.
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7Signalling Pathways Regulating  
Platelet Biogenesis

Alexandra Mazharian and Yotis A. Senis

Abstract

Platelet biogenesis is a complex process controlled by a combination of cell- 
extrinsic and cell-intrinsic factors. Cell-extrinsic factors include cytokines 
and growth factors, chemokines, extracellular matrix proteins, cell-cell inter-
actions and shear forces within the bone marrow milieu that act on mega-
karyocytes. Cell-intrinsic factors include receptors and associated signalling 
pathways, cytoskeletal structures, lipid and cation concentrations found 
within megakaryocytes. Collectively, these two sets of factors control the dif-
ferentiation, proliferation and survival of megakaryocytes and produce plate-
lets. Recent discoveries have greatly increased our understanding of the 
molecular mechanisms controlling platelet biogenesis; however, major gaps 
remain in our knowledge regarding signalling events regulating the transition 
from megakaryopoiesis to thrombopoiesis, the triggering of proplatelet for-
mation and platelet release and the inhibition of activation signals within 
megakaryocytes during the course of platelet biogenesis. A major step will be 
to map all of the signalling networks within megakaryocytes and elucidate 
their interconnectedness. In this chapter, we describe some of the major sig-
nalling pathways that regulate platelet biogenesis, novel modes of regulation 
and inhibitory mechanisms that prevent uncontrolled megakaryocyte and 
platelet activation. We also highlight key questions that remain to be 
addressed and propose potential mechanisms. It is only through a compre-
hensive understanding of how platelet biogenesis is regulated that we will be 
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able to identify key signalling nodes that can be targeted to modulate platelet 
homeostasis in health and disease.

7.1  Introduction

Megakaryocytes make up only 0.01 % of bone marrow cells, but produce approxi-
mately 100 billion platelets per day in an adult human. The normal platelet range is 
150–400 × 109/L in humans, and 600–1,200 × 109/L in mice, the model of choice for 
studying platelet production and function in vivo. The risk of pathological bleeding 
rises substantially when platelet counts fall below 50 × 109/L and thrombosis when 
counts rise above 70 % of normal [1, 2]. Thus, platelet production must be tightly 
regulated and coordinated with platelet clearance in order to maintain the blood 
platelet concentration within the normal range.

The process of thrombopoiesis or platelet production takes place in the bone 
marrow and to a lesser extent the spleen [3]. Prior to this happening, haematopoi-
etic stem cells (HSCs) must differentiate into megakaryocytes in a process referred 
to as megakaryopoiesis that culminates in the formation of mature polyploid 
megakaryocytes with the capacity to produce platelets [4]. Interestingly, mega-
karyocytes of any ploidy can produce platelets, although presumably the higher 
the ploidy, the more platelets that can ultimately be produced. An essential part of 
the process is for megakaryocytes to come into contact with sinusoidal blood ves-
sels where they can release the platelets into the circulation. This can come about 
by megakaryocytes either migrating towards blood vessels or developing adjacent 
to them [5, 6]. Once in contact with the abluminal surface of the blood vessel, 
megakaryocytes breach the outer lining of the vessel wall and extrude fragments 
into the lumen in a polarized manner. These large fragments further subdivide into 
preplatelets and eventually platelets within the circulation. Preplatelets and plate-
lets are ultimately shed from the tips of long filamentous projections, referred to 
as proplatelets that arise from the main body of the megakaryocyte and the mega-
karyocyte fragments that have entered the circulation [7, 8]. Again, proplatelets 
form in a polarized manner, away from the megakaryocyte and bone marrow, and 
towards the lumen of the blood vessel (Fig. 7.1). Although proplatelets can arise 
directly from megakaryocytes in vitro, it appears as though most platelets found 
in the circulation are derived from the large megakaryocyte fragments released 
into the circulation that further subdivide into platelets, rather than proplatelets 
that extend directly from the main body of the megakaryocyte. Further work is 
required to determine the proportions derived from both processes in vivo. Doing 
so has important implications for understanding the molecular basis of platelet 
production.

The processes of megakaryopoiesis and thrombopoiesis are regulated by cell- 
extrinsic and cell-intrinsic factors within sites of haematopoiesis and megakaryo-
cytes, respectively. Many of these factors have been elucidated, but suspect many 
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more remain undefined. Our inability to culture large numbers of platelets in vitro is 
evidence of our lack of understanding of the molecular mechanism controlling this 
process. Cell-extrinsic factors include any external stimuli that act on megakaryo-
cytes and their progenitors to regulate differentiation, proliferation, survival, cellu-
lar responses and platelet biogenesis. Cell-extrinsic factors can be broadly divided 
into cytokines and growth factors, chemokines, extracellular matrix (ECM) pro-
teins, cell-cell interactions and shear forces within sinusoidal blood vessels. All of 
these factors act directly on receptors on the megakaryocyte surface that transmit 
biochemical signals within megakaryocytes. Cell-intrinsic factors include all recep-
tors and associated signalling pathways; cytoskeletal proteins and structures that 
regulate the formation of signalling complexes and cellular responses; and lipid 
composition of membranes and cation concentrations within megakaryocytes. 
These two sets of factors are interrelated and work in conjunction to coordinate 
megakaryocyte development and function.

Megakaryocytes are continuously exposed to a myriad of stimuli within the 
bone marrow and spleen, but are somehow able to integrate these stimuli and 

Fig. 7.1 Schematic representation of platelet biogenesis in the bone marrow. Cross section of the 
bone marrow and sinusoidal blood vessel. Megakaryocytes (MKs) are exposed to a variety of cell- 
extrinsic factors, including cytokine and growth factors (Tpo, SCF, GM-CSF, IL-3, IL-6, IL-9, 
IL-11), chemokines (SDF-1α), extracellular matrix proteins (collagen, laminin, fibronectin, fibrin-
ogen and VWF), cell-cell interactions and shear forces within blood vessels. Large fragments of 
megakaryocytes are extruded into the blood vessels where they are exposed to shear forces, caus-
ing them to detach from the megakaryocyte body that remains in the bone marrow. Megakaryocytes 
form long filamentous projections called proplatelets from the tips of which preplatelets and plate-
lets are released.
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respond in an orderly manner. The single most important regulator of platelet pro-
duction is the cytokine thrombopoietin (Tpo), made in the liver and kidneys that 
signals via the tyrosine kinase-linked receptor Mpl [9]. Despite playing a central 
role in megakaryopoiesis, Tpo and Mpl play little or no role in the late stages of 
platelet biogenesis, and mice lacking either Tpo or Mpl still make megakaryocytes 
and platelets, albeit far fewer platelets than control mice (10–15 % of normal) [10–
12]. Other cytokines that contribute to the regulation of megakaryopoiesis and 
thrombopoiesis are stem cell factor (SCF), Interleukin (IL)-3, IL-6, IL-9, IL-11, 
granulocyte-macrophage colony-stimulating factor (GM-CSF) and erythropoietin 
(Epo), all of which signal in a similar manner, but are required at different stages 
of megakaryopoiesis [13]. The chemokine stromal cell-derived factor (SDF)-1α, 
also known as C-X-C motif chemokine ligand 12 (CXCL12), which signals via the 
G protein-coupled receptor (GPCR) CXCR4, plays a critical role in regulating 
megakaryocyte migration towards blood vessels [14–16]. The sphingolipid sphin-
gosine-1-phosphate (S1P), which signals via the GPCR S1P receptor 1 (S1PR1), 
works in concert with SDF-1α-CXCR4 to regulate proplatelet formation and shed-
ding of platelets into the circulation [17, 18]. Finally, shear forces play an impor-
tant role in regulating the rate of proplatelet extension, platelet shedding and 
release into the circulation [19]. However, it remains to be proven whether shear 
forces activate biochemical signalling pathways within megakaryocytes or whether 
the shear force itself is sufficient to induce mechanical shedding of platelets.

In the remainder of this chapter, we discuss four key aspects of cell-intrinsic 
factors that regulate platelet biogenesis. First, we discuss our current understand-
ing of Tpo signal transduction and how this regulates megakaryopoiesis. We also 
introduce the concept of developmental-functional switching that occurs when 
megakaryocytes stop developing and start producing platelets, which requires a 
different set of signalling events. Second, we discuss the importance of the Src 
family kinase (SFK)-Syk-PLCγ2 signalling axis to megakaryocyte development 
and platelet production (Fig. 7.2a). This signalling pathway is utilized by integ-
rins and immunoreceptor tyrosine-based activation motif (ITAM)-containing 
receptors involved in regulating cellular responses to ECM proteins. This sig-
nalling pathway is central to platelet activation, but it remains unclear how it is 
regulated in megakaryocytes, which are constantly in contact with highly throm-
bogenic ECMs in the bone marrow. Third, we discuss a relatively new and 
under-investigated area of megakaryocyte signal transduction, namely the role of 
protein-tyrosine phosphatases (PTPs) in regulating megakaryopoiesis and throm-
bopoiesis. We focus on the receptor-like PTP CD148 that plays a critical role in 
regulating SFKs in conjunction with C-terminal Src kinase (Csk) in platelets and 
presumably megakaryocytes [20] (Fig. 7.2b) and the immunoreceptor tyrosine-
based inhibition motif (ITIM)-containing receptor G6b-B, which signals via and 
regulates the non-transmembrane PTPs Shp1 and Shp2 (Fig. 7.3). Finally, we 
discuss signalling events regulating the terminal stages of platelet biogenesis, 
including megakaryocyte migration, proplatelet formation and platelet release, 
focusing mainly on the GPCRs CXCR4 and S1PR1 that have been implicated in 
regulating these processes.
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a b

Fig. 7.2 The Src family kinase (SFK)-Syk-PLCγ2-Ca2+ signalling pathway in megakaryocytes. 
(a) Many of the main primary activation receptors are expressed in platelets signalling via the Src 
family kinases (SFKs)-Syk-PLCγ2-Ca2+; however, it remains unclear how signals from these 
receptors are inhibited in megakaryocytes within the bone marrow. Dark green box in the cytoplas-
mic tail of the FcR γ-chain represents an immunoreceptor tyrosine-based activation motif (ITAM), 
and the light green box in the cytoplasmic tail of CLEC-2 a hem-ITAM domain. (b) A growing 
body of evidence has implicated the phosphatase-kinase pair CD148-Csk as a major regulator of 
SFKs in platelets and megakaryocytes.

Fig. 7.3 The G6b-B-Shp1/2 signalling complex is a critical regulator of platelet homeostasis. 
Phosphorylation of conserved tyrosine residues within the immunoreceptor tyrosine-based inhibition/
switch motif (ITIM, ITSM)-containing receptor G6b-B by Src family kinases (SFKs) provides a dock-
ing site for the structurally related tandem SH2 domain-containing protein-tyrosine phosphatases Shp1 
and Shp2. Docking to G6b-B acts to compartmentalize and activate Shp1 and Shp2, allowing them to 
dephosphorylate key substrates at the plasma membrane (PM), thus regulating signalling from activa-
tion receptors, including the immunoreceptor tyrosine-based activation (ITAM)-containing collagen 
receptor complex GPVI-FcR γ-chain and the hem-ITAM-containing podoplanin receptor CLEC-2.
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7.2  Tpo-Mpl Receptor Signal Transduction

Several cytokines are essential for optimal megakaryopoiesis, first and foremost being 
Tpo and additional ones being SCF, IL-3, IL-6, IL-11 and GM-CSF. All cytokines bind 
to and signal via structurally related type I cytokine receptors, which lack intrinsic cata-
lytic activity, instead relying on signalling proteins that interact with their cytoplasmic 
tails. There are three main signalling pathways activated downstream of all type I cyto-
kine receptors, including (1) the Jak-signal transducer and activator of transcription 
(STAT), (2) the Ras-mitogen-activated protein kinase (MAPK) and (3) the phosphati-
dylinositol 3-kinase (PI3K)-Akt pathways [21]. Additional signalling events include 
activation of suppressors of cytokine signalling (SOCS), which inhibit Jak-STAT sig-
nalling; SFKs which can be both activatory and inhibitory; the non-transmembrane 
PTPs Shp1 and Shp2, which both positively regulate megakaryocyte polyploidization, 
the latter by positively regulating the Ras- MAPK signalling [22]; and the lipid phos-
phatase SHIP1, which negatively regulates the PI3K-Akt pathway (Fig. 7.4).

Mpl is a typical type I cytokine receptor that is expressed throughout megakaryo-
poiesis [9, 23]. It is detected as early as HSCs and as late as terminally differentiated 

Fig. 7.4 Schematic representation of Mpl signalling. The three main signalling pathways acti-
vated downstream of the thrombopoietin (Tpo) Mpl are the Jak-STAT-SOCs, Ras-MAPK and 
PI3K-Akt pathways, all of which culminate in changes in transcription. Src family kinases (SFKs) 
and the protein-tyrosine phosphatase Shp2 also contribute to the regulation of Mpl signalling and 
transcriptional regulation.
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platelets. Structurally, it consists of two cytokine receptor homology domains in its 
extracellular region; a single transmembrane domain and a relatively long cytoplas-
mic tail containing binding sites for various signalling proteins, including the protein-
tyrosine kinase Jak2 that is constitutively associated with motifs in the juxtamembrane 
region and SH2 domain-containing adaptors and signalling proteins via phospho-
tyrosine residues in its cytoplasmic tail [24]. The receptor exists as a dimeric form on 
the surface of cells. Engagement of Tpo causes a conformational change in the cyto-
plasmic tails of adjacent Mpl monomers, bringing them into closer proximity and 
allowing Jak2 molecules to trans-phosphorylate one another and initiate signalling. 
Activation of Jak2 is one of the earliest and most important signalling events follow-
ing ligand engagement. Downstream targets of Jak2 include tyrosine residues in the 
cytoplasmic tail of Mpl which act as docking sites for STAT1, STAT3 and STAT5 
[25], and the adaptor protein Shc that in turn acts as a docking site for the adaptor 
Grb2 and the guanine nucleotide exchange factor (GEF) SOS, which activates the 
small G protein Ras and the downstream Raf-MAPK pathway that culminates in acti-
vation of transcription and gene expression. A recent landmark discovery was the 
demonstration that a gain-of-function mutation in Jak2 underlies many myeloprolif-
erative disorders. A valine to phenylalanine substitution at position 617 (V617F) in 
the Jak homology 2 pseudokinase domain of Jak2 was shown to be present in the 
majority of patients with polycythaemia vera (PV) [26]. This mutation results in 
increased Mpl signalling in megakaryocytes and platelets. The disease was subse-
quently recapitulated in knockin mouse models, expressing the same mutation [27, 
28]. Interestingly, Jak2 V617F results in increased platelet reactivity and predisposes 
both humans and mice to an increased risk of thrombotic complications, purportedly 
by priming platelets for activation by classical agonists, including collagen and 
thrombin.

MAPKs are divided into four structurally related subfamilies, including extracel-
lular signal-regulated kinase (Erk1/Erk2), Erk5, c-Jun N-terminal kinase (JNK) and 
p38, all of which contain a distinctive T-x-Y (threonine-x-tyrosine) motif that when 
phosphorylated on both residues locks the activation loop in an active conformation 
[29]. Phosphorylated MAPKs subsequently enter the nucleus where they phosphory-
late and activate key transcription factors, including Jun and Fos, key components of 
the AP-1 transcription factor complex, which regulates gene expression. The two 
most well-studied MAPKs in megakaryocytes are Erk1 and Erk2 [30]. Both play a 
critical role in regulating the development of human and mouse megakaryocytes 
in vitro, but this has yet to be definitively proven in vivo. In addition all of the studies 
to date were performed using inhibitors of MEK1 and MEK2, kinases upstream of 
Erk1 and Erk2, raising the question of non-specificity [31]. These inhibitors also do 
not differentiate between Erk1 and Erk2, thus the specific functions of each remain 
ambiguous. Knockout mouse studies demonstrate that both are required for haema-
topoiesis [32], but this has yet to be demonstrated in the megakaryocyte lineage. 
Recent findings suggest that Erk1 and Erk2 are essential for transmitting activation 
signals downstream of Mpl and that these signals must be inhibited in order for plate-
let biogenesis to take place [33]. This cannot simply be explained by Erk1/Erk2 
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being degraded in the final stages of megakaryocytopoiesis, because Erk1 and Erk2 
are important for transmitting activation signals downstream of integrin and ITAM-
containing receptors in platelets. Another MAPK activated downstream of Mpl is 
p38, resulting in induction of the transcription factor HoxB4 [34]. HoxA9 also trans-
locates from the cytoplasm to the cytosol, favouring HSC expansion [34].

Another critical signalling pathway activated downstream of Mpl is the PI3K- 
Akt pathway [35], blocking of which inhibits Tpo-mediated cell survival and prolif-
eration [36]. Upstream of PI3K is a complex consisting of the PTP Shp2, the 
scaffolding protein Gab/IRS and the p85 regulatory subunit of PI3K. Distal of Akt 
is the activation of the transcription factor FOXO3a, the cell cycle inhibitor p27 and 
glycogen synthase kinase 3β (GSK3β). PI3K isoforms α and β play important roles 
in transmitting activation signals downstream of integrin and ITAM-containing 
receptors in platelets [37], thus like MAPKs, PI3K and Akt must be inhibited at 
some point during platelet biogenesis and packaged into platelets in an inactivate 
state for later use.

Besides these three major signalling pathways, several other key signalling events 
are essential for optimal Mpl signalling. The SFK Lyn negatively regulates Mpl sig-
nalling by activating the lipid phosphatase SHIP-1, which inhibits signalling via the 
PI3K-Akt pathway. Mice lacking Lyn exhibit a complex platelet phenotype, includ-
ing mild thrombocytopenia after 10 weeks of age, secondary to enhanced inflamma-
tion, increased numbers of megakaryocyte progenitors and mature megakaryocytes 
in the bone marrow and aberrant platelet function [38]. The phenotype can be par-
tially explained by increased Mpl-mediated Erk1/Erk2 and Akt activation in Lyn-
deficient megakaryocytes. SHIP-1 phosphorylation is concomitantly decreased, 
suggesting that Lyn negatively regulates the Ras/MAPK and PI3K/Akt pathways in 
a SHIP-1-dependent manner. More recently, Lyn was implicated as a membrane cho-
lesterol sensor in megakaryocyte progenitors, linking platelet production with mem-
brane cholesterol levels and atherogenesis [39]. Increased membrane cholesterol 
accumulation in mouse megakaryocyte progenitors led to increased Mpl expression 
and signalling, platelet overproduction, arterial thrombosis and atherogenesis, in a 
hyper-cholesterolemic mouse model. Mechanistically, Lyn was proposed to be the 
dominant SFK mediating downregulation of Mpl via the E3 ubiquitin ligase Cbl 
[40]. Excessive membrane cholesterol accumulation led to decreased Lyn kinase 
activity and reduced Cbl-mediated downregulation of Mpl by Tpo.

The structurally related SH2 domain-containing non-transmembrane PTPs Shp1 
and Shp2 are positive regulators of megakaryocyte polyploidization [22]. This is 
mainly based on findings from Shp1 and Shp2 conditional knockout mice. Primary 
mouse megakaryocytes lacking either Shp1 or Shp2 exhibit dramatic block at the 
4N–8N transition in vitro. These effects are synergistic in primary mouse mega-
karyocytes lacking both Shp1 and Shp2, which exhibit an even more severe block in 
the 4N–8N transition. In addition, Shp1 and Shp2 double-deficient megakaryocytes 
fail to proliferate and survive as well as control megakaryocytes cultured under the 
same conditions [22] (Fig. 7.5a). In the case of Shp2, this could be explained by an 
attenuation of Mpl-mediated Erk1/Erk2 activation and integrin-mediated SFK and 
Erk1/Erk2 activation. However, the mechanism by which Shp2 positively regulates 
Ras-MAPK signalling remains ambiguous. This may be by negatively regulating a 
negative regulator of Ras activation, such as the dephosphorylation of a docking site 

A. Mazharian and Y.A. Senis



161

a

b

c

Fig. 7.5 (a) Distinct and overlapping features of G6b, Shp1, Shp2 and Shp1/Shp2 conditional KO 
and double-knockout (DKO) mice. Asterisk denotes phenocopy with G6b conditional KO mice. 
(b) Megakaryocyte-platelet immunoreceptor tyrosine-based inhibition motif (ITIM)-containing 
receptors: PECAM-1, G6b-B and LAIR-1. All three receptors have structural similarities, includ-
ing immunoglobulin domains in their extracellular regions and consensus ITIM and immunorecep-
tor tyrosine-based switch motifs (ITSMs) in their cytoplasmic tails that act as docking sites for 
SH2 domain-containing lipid and protein-tyrosine phosphatases (SHIP-1, Shp1 and Shp2) and 
kinases (Csk) upon tyrosine phosphorylation by Src family kinases. (c) Summary of the phenotype 
of G6b knockout (KO) mice.

7 Signalling Pathways Regulating Platelet Biogenesis



162

on the Mpl receptor or tyrosine residue that inhibits formation of the Shc-Grb2-SOS 
complex, but this remains to be proven. Less is known about the mechanism under-
lying how Shp1 positively regulates polyploidization. There is no evidence of aber-
rant Mpl or integrin signalling in Shp1-deficient megakaryocytes [22]. The current 
hypothesis is that Shp1 positively regulates the small G protein RhoA or some other 
component of the machinery controlling endomitosis in megakaryocytes.

Thus, despite the massive amount we already know about the Mpl signalling 
pathway, much remains to be elucidated.

7.3  The SFK-Syk-PLCγ2 Signalling Axis

Despite expressing the same repertoire of integrins and ITAM-containing receptors 
as platelets, megakaryocytes respond differently to ECM proteins compared with 
platelets. A case in point being collagen type I, which is highly abundant in the bone 
marrow and vessel wall, and one of the most powerful platelet agonists. Collagen 
engagement and cross-linking of the ITAM-containing GPVI-FcR γ-chain complex 
transmit a rapid and powerful activation signal within platelets that culminates in 
secretion, integrin activation and procoagulant activity. In addition to the GPVI 
receptor, platelets also express the integrin α2β1, which binds collagen with high 
affinity and increases the avidity to collagen. In contrast to the platelet response, 
collagen does not cause cultured primary mouse megakaryocytes secretion and 
inhibits proplatelet formation. The mechanism remains unclear, but it reported to be 
mediated via the integrin α2β1 [41, 42]. In addition to causing platelet activation, 
prolonged engagement of GPVI-FcR γ-chain by various GPVI agonists causes 
ectodomain shedding, internalization and degradation, but presumably this does not 
happen in megakaryocytes, despite being surrounded by collagen in the bone mar-
row. Again, the mechanism remains unknown.

In addition to the collagen receptors GPVI-FcR γ-chain and the integrin α2β1, 
megakaryocytes also express the integrin αIIbβ3, which is the most abundant recep-
tor on the platelet surface and is essential for platelet aggregation and thrombus 
formation. Ligands of αIIbβ3 include fibrinogen, fibronectin and VWF, all of which 
are present in the blood and bone marrow. Megakaryocytes also express the integ-
rins α6β1, which binds laminin, α5β1, which binds fibronectin and fibrinogen and 
αvβ3, which binds vitronectin and osteopontin, respectively, all of which found in 
the bone marrow. Interestingly, laminin has also been reported to bind to and cause 
activation of GPVI-FcR γ-chain in platelets [43]. Megakaryocytes also express the 
hem-ITAM-containing podoplanin receptor CLEC-2, which causes powerful plate-
let activation. Podoplanin is expressed in lymphatic endothelial cells and gets up-
regulated in other cell types under inflammatory conditions, so whether or not 
megakaryocytes come into contact with it in the bone marrow or spleen microenvi-
ronments may depend on the pathological condition.

All of the integrin and ITAM-containing receptors described above signal via the 
SFK-Syk-PLCγ2 axis (Fig. 7.2). Platelets in fact express very high levels of SFKs 
relative to all other cell types, thus presumably megakaryocytes do as well. 
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Interestingly, several of the SFKs are proto-oncogenes, yet it has yet to be defini-
tively proven how they are regulated in megakaryocytes and platelets for that matter 
[44].

7.4  Inhibitory ITIM-Containing Receptors and the  
PTPs Shp1 and Shp2

Two fundamental questions that remain unresolved regarding platelet biogenesis 
are as follows: (1) How are activation signals turned off in megakaryocyte frag-
ments that enter the circulation (2) What triggers proplatelet formation? If one sup-
poses that mature megakaryocytes express the same repertoire of surface receptors 
as platelets, as well as the same signalling molecules, one would expect megakaryo-
cytes to become activated in the bone marrow milieu where they are constantly 
exposed to a variety of platelet agonists, including collagen, fibronectin, laminin 
and Tpo, to name a few. In addition, it remains unclear what triggers megakaryo-
cytes to form proplatelets and undergo platelet biogenesis. Only a fraction of mega-
karyocytes undergo proplatelet formation in vitro, despite being exposed to Tpo and 
various other cytokines that drive megakaryopoiesis. A growing body of evidence 
suggest that a family of ITIM-containing receptors, including the collagen receptor 
LAIR-1, G6b-B and PECAM-1, as well as the non-transmembrane PTPs Shp1 and 
Shp2, play critical roles in regulating that activation status of megakaryocytes in the 
bone marrow and proplatelet formation [22, 45, 46].

ITIM-containing receptors were first reported as inhibitors of ITAM-containing 
receptor signalling in immune cells. Ligand-mediated co-clustering of the ITIM- 
containing FcγRIIb receptor with the ITAM-containing B cell receptor (BCR) was 
shown to inhibit signalling from the BCR. Mechanistically, this was elucidated to be 
caused by binding and compartmentalization of the SH2 domain-containing lipid 
phosphatase SHIP-1 to the plasma membrane, via the phosphorylated ITIM- 
containing FcγRIIb receptor, where it dephosphorylated PIP3 to PIP2 and disrupts 
interactions of PH domain-containing signalling proteins, such as Btk/Tec PTKs 
and the lipid hydrolase PLCγ2 with the plasma membrane, hence disrupting BCR 
signalling [47]. Several other ITIM-containing receptors have since been identified 
and shown to inhibit signalling from other ITAM-containing receptors, including 
CD19 and CD22 [48], PECAM-1, G6b-B and LAIR-1 (Fig. 7.5b). All of these 
receptors contain tandem ITIM domains or an ITIM and an immunoreceptor 
tyrosine- based switch motif (ITSM) in their cytoplasmic tails, which are separated 
by 12–24 amino acids. Phosphorylation of conserved tyrosine residues within the 
ITIM and ITSM acts as docking sites for the phosphatases SHIP1, Shp1 and Shp2 
and in some instances the inhibitory PTK Csk, all of which act to inhibit signal 
transduction. Thus, ITIM-containing receptors act as docking sites for inhibitory 
signalling proteins that bring them into close proximity with activation receptors 
that they can subsequently inhibit [49]. However, there is a growing body of evi-
dence that ITIM-containing receptors can also facilitate signalling from some 
receptors, such as integrins.
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PECAM-1 was the first and is the most highly investigated ITIM-containing 
receptor in platelets [50]; however, little is known about its role in regulating mega-
karyocyte development and function. It is highly expressed in platelets and endothe-
lial cells, but is also found in other haematopoietic and non-haematopoietic cells. 
There are estimated to be approximately 10,000 copies of PECAM-1 on the surface 
of resting human platelets. When PECAM-1 is first expressed in the megakaryocyte 
lineage has yet to be elucidated. Structurally, it consists of a large ectodomain, con-
taining six immunoglobulin (Ig) domains, a single transmembrane domain and an 
ITIM and ITSM in its cytoplasmic tail. Phosphorylation of the ITIM and ITSM by 
SFKs provides a docking site for Shp1 and Shp2, although Shp2 appears to bind 
preferentially. The ectodomain binds homophilically to PECAM-1 expressed on 
other platelets and endothelial cells, which are thought to limit platelet activation 
under normal and pathological conditions, much the same as prostaglandin I2 (PGI2) 
and nitric oxide (NO) released by endothelial cells, albeit to a lesser degree. 
Antibody- or PECAM-1-mediated cross-linking of PECAM-1 on the platelet sur-
face results in an increase in tyrosine phosphorylation of the ITIM and ITSM, asso-
ciation with Shp1 and Shp2 and inhibition of collagen and thrombin-mediated 
platelet activation and aggregation, suggesting PECAM-1 is an inhibitor of platelet 
activation [51]. Conversely, PECAM-1-deficient mouse platelets hyper-respond to 
collagen and thrombin in vitro, and exhibit increased thrombus formation in vivo, 
following laser-induced vessel injury [52]. Interestingly, PECAM-1-deficient plate-
lets spread less well than control platelets on a fibrinogen-coated surface and exhibit 
reduced clot retraction in vitro, suggesting that PECAM-1 is a positive regulator of 
αIIbβ3-mediated function and signalling [53]. Platelet counts are normal in unchal-
lenged PECAM-1-deficient mice, but the rate of platelet recovery is reduced follow-
ing anti-GPIbα antibody-mediated thrombocytopenia [46]. Megakaryocytes from 
these mice developed normally in vitro, but exhibited reduced migration towards an 
SDF-1α gradient, which could be explained by a lack of compartmentalization of 
the SDF-1α receptor CXCR4 to the leading edge of the megakaryocyte [46]. 
Mechanistically, it remains unresolved how it does so. No other defects have been 
reported, most likely due to a lack of investigation, rather than a lack of defects.

G6b-B is much smaller than PECAM-1, containing only a single Ig-variable 
domain in its extracellular region, a single transmembrane domain and a shorter 
cytoplasmic tail, containing a proline-rich juxtamembrane region, an ITIM and an 
ITSM (Fig. 7.5b). G6b-B is highly expressed in mature megakaryocytes and plate-
lets, with no detectable expression in HSCs, megakaryocyte progenitors and imma-
ture megakaryocytes [45]. There are estimated to be between 6,000–20,000 copies 
of G6b-B on the surface of human platelets, making it one of the most abundant 
platelet surface receptors. The ligand has yet to be identified. Interestingly, expres-
sion of G6b-B mirrors that of GPVI in the megakaryocyte lineage. The most well- 
documented function of G6b-B is as a negative regulator of signalling from the 
ITAM-containing collagen receptor complex GPVI-FcR γ-chain and the hem- 
ITAM- containing podoplanin receptor CLEC-2. Interestingly, antibody-mediated 
cross-linking of G6b-B inhibited CRP- and ADP-induced platelet aggregation, sug-
gesting it plays a broader role than just inhibiting ITAM-containing receptor 
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signalling. This hypothesis is supported by findings from G6b knockout (KO) mice, 
which exhibit a unique and complex platelet phenotype that provides important new 
insights into the molecular mechanism controlling platelet homeostasis. Mice lack-
ing G6b are severely macrothrombocytopenic, exhibit aberrant platelet activation 
and function, and have elevated megakaryocyte counts in the bone marrow and 
spleen (Fig. 7.5c). Elevated megakaryocyte counts in sites of haematopoiesis are 
most likely as a consequence of elevated Tpo levels in the plasma. The macrothrom-
bocytopenia is a consequence of an increase in platelet clearance and reduction in 
platelet production, resulting in a futile cycle and a net loss of platelets from the 
circulation [45]. Why platelets are rapidly cleared from the circulation remains to be 
conclusively determined. The leading hypothesis is that G6b-B-deficient platelets 
are in a primed, hyperactive state resulting in recognition and clearance by the 
mononuclear phagocyte system. This is supported by biochemical evidence demon-
strating increased basal Syk activity and enhanced shedding of the ectodomains of 
GPVI and GPIbα from the surface of resting G6b-B-deficient platelets and cultured 
megakaryocytes. There was however no evidence of increased P-selectin or phos-
phatidylserine (PS) exposure on the surface of resting G6b-B-deficient platelets and 
only a marginal increase in P-selectin expression on the surface of resting G6b-B- 
deficient megakaryocytes in vitro. Interestingly, platelets from G6b KO mice had 
increased levels of IgG and IgM on their surface, suggesting an autoimmune defect 
[45]. Platelet surface immunoglobulins are recognized by macrophages in the 
spleen, leading to phagocytosis, but it remains unclear what the antibodies are bind-
ing to on the platelet surface, whether they are recognizing ‘foreign’ epitopes 
exposed on the surface glycoproteins, whether this represents nonspecific binding 
or whether this is due to upregulation of Fc receptors in platelets.

One of the most striking features of the G6b KO phenotype is the dramatic reduc-
tion in proplatelet formation of G6b-B-deficient megakaryocytes on fibrinogen- and 
fibronectin-coated surfaces in vitro. Like control megakaryocytes, G6b-B-deficient 
megakaryocytes failed to form proplatelets on a collagen-coated surface, demon-
strating that G6b-B does not inhibit this process. These findings coincide with the 
reduction in platelet counts seen in G6b KO mice, suggesting that G6b-B and its 
putative ligand play some role in regulating this process. This is not due to a devel-
opmental defect, as G6b-B-deficient megakaryocytes differentiate and proliferate 
normally in vitro, from bone marrow-derived haematopoietic progenitors. No overt 
signalling defects were detected downstream of Mpl in G6b-B-deficient megakary-
ocytes. In addition to the dramatic reduction in proplatelet formation, G6b-B- 
deficient megakaryocytes failed to spread normally on fibrinogen-, fibronectin- and 
collagen-coated surfaces [45]. Integrin αIIbβ3 expression was normal in G6b-B- 
deficient megakaryocytes, whereas integrin α2β1 levels were reduced by >50 %, 
which may partially explain the reduced spreading on collagen. Mechanistically, 
SFK and Erk1/Erk2 activation were attenuated in fibrinogen-adhered G6b-B- 
deficient megakaryocytes, suggesting that G6b-B is a positive regulator of outside-
 in αIIbβ3 signalling, and underlies the fibrinogen- and fibronectin-spreading defects. 
It should be noted that the same phenotype was seen in G6b conventional and con-
ditional KO mice, suggesting that G6b-B is lineage specific [22].
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Interestingly, targeted deletion of Shp1 and/or Shp2 in the megakaryocyte lineage 
recapitulates many of the features of the G6b KO phenotype, suggesting G6b-B sig-
nals via and is an important regulator of Shp1 and Shp2 in megakaryocytes and plate-
lets [22]. Disruption of Shp1 and Shp2 expression had different phenotypic effects, 
indicating that both molecules may exert their effect through distinctive mechanisms 
(Fig. 7.5a). Although the Shp1 conditional KO showed normal platelet count and size, 
platelets from these mice exhibited an abnormal response to collagen due to decreased 
expression of the collagen receptor GPVI. On the other hand, the Shp2 conditional 
KO showed low platelet counts, a finding likely attributed to defective thrombopoiesis 
that was perhaps due to decreased integrin and Mpl signalling and increased platelet 
clearance. Interestingly, the Shp1/Shp2 double KO mice expressed a much more 
severe phenotype, indicating that these two molecules are intrinsically involved in the 
proliferation, survival and normal function of megakaryocytes. Although the platelet 
phenotype of the G6b-B mice is strikingly similar to the Shp1/Shp2 double KO, 
megakaryocytes in the G6b-B mice show normal development and intact Mpl signal-
ling, which is fundamentally affected in the Shp1/Shp2 double KO. This finding is 
extremely relevant for the further dissection of these pathways and their critical 
involvement in megakaryopoiesis.

Leukocyte-associated immunoglobulin (Ig)-like receptor-1 (LAIR-1) is a type I 
transmembrane glycoprotein of 287 amino acids containing a single extracellular 
C2-type Ig-like domain and two ITIMs in its cytoplasmic tail [54] (Fig. 7.5b). It is 
widely expressed on haematopoietic cells, including NK cells, T and B cells, mono-
cytes and dendritic cells, but not on platelets or non-haematopoietic cells [54–57]. 
It is also present on CD34+ haematopoietic progenitor cells [58–60] and human 
[61] and mouse megakaryocytes. LAIR-1 is structurally related to other inhibitory 
immunoglobulin superfamily members localized to the leukocyte receptor complex, 
suggesting that these molecules have evolved from a common ancestral gene [62]. 
Furthermore, the gene encoding GPVI is also located within the LCR complex. The 
extracellular domain of LAIR-1 is structurally related to the corresponding region 
of LAIR-2 (86 % sequence homology) although this lacks a transmembrane domain 
and is absent in the mouse genome.

Cross-linking of LAIR-1 using specific mAbs to the extracellular domain has 
shown that LAIR-1 has a broad inhibitory function on many cell types and against 
several classes of receptor. LAIR-1 has been shown to inhibit target cell lysis by 
resting and activated NK cells [63], the cytotoxic activity of effector T cells [56, 64], 
prevent the proliferation and induction of apoptosis in human myeloid leukaemia 
cell lines and primary leukaemia cell lines [65, 66] and inhibit differentiation of 
peripheral blood precursors to dendritic cells [67, 68]. These effects have been 
shown to be mediated through tyrosine phosphorylation of the conserved tyrosine 
residues leading to recruitment of the tyrosine phosphatases Shp1 and Shp2 [69] 
and the inhibitor of Src family kinases, Csk [70]. Collagen is the only known endog-
enous ligand for LAIR-1 thereby revealing a novel inhibitory function of the extra-
cellular matrix component in the immune system, possibly by setting a threshold for 
activation of cells that have migrated into tissue [71]. LAIR-1 binds with higher 
affinity to the same GPO repeat in collagen that mediates activation of GPVI [71].
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The inhibitory effect of LAIR-1 is likely to be mediated through phosphorylation 
of the conserved tyrosines in the two ITIM sequences that are present in its cytosolic 
tail. Cross-linking of phosphorylated LAIR-1 to GPVI mediates inhibition by the 
juxtaposition of one or more of these inhibitory proteins adjacent to the FcR γ-chain 
ITAM. LAIR-1 is phosphorylated upon activation by pervanadate and by the GPVI 
ligand convulxin in immature megakaryocytes. Thus, we hypothesize that collagen 
preferentially stimulates LAIR-1 phosphorylation in immature megakaryocytes in 
the bone marrow due to its high affinity for the ITIM-containing receptor and that 
this prevents activation of GPVI. This therefore helps to prevent premature pro-
platelet formation and platelet release. Although the inhibitory function of LAIR-1 
has been described in immune cells [72, 85], its physiological role in megakaryo-
cytes and platelet formation has not been explored.

7.5  GPCR Signalling During Platelet Biogenesis

Platelets express a variety of GPCRs that are essential for regulating platelet activa-
tion and thrombus formation following vascular injury that play little or no role in 
regulating platelet production. Examples include the Gq-coupled thrombin recep-
tors, protease-activated receptors (PAR) 1 and 4, the thromboxane A2 receptor 
(TxA2) TP, the ADP receptor P2Y1 and the Gi-coupled ADP receptor P2Y12. 
Targeted deletion or pharmacological inhibition of these receptors has no effect on 
platelet production. Conversely, there are examples of GPCRs that play important 
roles in regulating platelet biogenesis, but little or no role in platelet activation and 
thrombosis. Two of the best-studied GPCRs involved in platelet biogenesis are the 
Gαi-coupled SDF-1α (CXCL12) chemokine receptor CXCR4 (also referred to as 
fusin or CD184), which regulates megakaryocyte homing to the vascular niche [16], 
and the G-coupled S1P lipid receptor S1PR1 that reportedly regulates proplatelet 
formation and platelet release [17] (Fig. 7.6). Neither the CXCR4 nor the S1PR1 is 
confined to the megakaryocyte lineage and plays important roles in regulating leu-
kocyte homing and the immune response. Indeed, all of what we know about signal-
ling from both of these receptors has been derived from studies performed other cell 
types.

SDF-1α is expressed by a population of bone marrow stromal cells, which are 
adipo-osteogenic progenitors, and endothelial cells [73]. It has also been reported in 
megakaryocytes and gets packaged into α-granules in platelets making platelets a 
major source of SDF-1α in the vasculature. SDF-1α binds and signals via the 
GPCRs CXCR4 and CXCR7, the former being expressed throughout megakaryo-
poiesis, including platelets. Several physiological functions have been attributed to 
SDF-1α in megakaryocytes, including megakaryocyte chemotaxis, adhesion to 
endothelium and transmigration through the bone marrow endothelium [74]. It has 
also been implicated in regulating surface receptor expression in megakaryocytes.

Chemokine receptors such as CXCR4 are typically Gαi-coupled and act mainly 
by inhibiting adenylate cyclase, causing a reduction in intracellular cAMP and a 
reduction in PKA activation. Gαi has also been shown to bind directly to and 
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activate SFKs. The Ras-MAPK signalling pathway has also been shown to get acti-
vated downstream of Gαi in some cell types. Interestingly, in the case of CXCR4, 
three major signalling pathways have been shown to get activated downstream of 
CXCR4, including Jak-STAT, PI3K-Akt and the Ras-MAPK pathway [75, 76]. 
However, this needs to be verified in megakaryocytes. Furthermore, all three of 
these signalling pathways culminate in regulation of gene expression, which pre-
sumably is not necessary for regulating megakaryocyte migration and homing to the 
vascular niche within the bone marrow, which are the best described functions of 
SDF-1α and CXCR4 in megakaryocytes [74]. Interestingly, SDF-1α also mediates 
calcium fluxes within cells via CXCR4, suggesting that CXCR4 may also be Gq 
coupled. Gq-coupled receptors signals mainly via the activation of PLCβ, the gen-
eration of DAG and IP3, leading to an increase in intracellular Ca2+ and activation 
of PKC. β-arrestin is also recruited downstream of CXCR4 to control receptor traf-
ficking and desensitization. Thus, CXCR4 does more than just signal via the Gαi-
adenylate cyclase axis. It likely also couples to Gq and leads to activation of several 
prominent signalling pathways that not only regulate cellular responses but also 
regulate gene expression, perhaps preparing the megakaryocytes for proplatelet for-
mation and platelet release. A CXCR4 KO mouse model [77] and inhibitor 
(Plerixafor) [78, 79] are available that can be used to further investigate the function 
of CXCR4 in megakaryocyte function and platelet biogenesis. Knockout mouse 
models and pharmacological inhibitors are also available for many of the signalling 
pathways activated downstream of CXCR4 that can be employed to elucidate the 
main pathways regulating megakaryocyte migration and platelet production.

S1P is a blood-borne lipid mediator that is associated with lipoproteins, such as 
high density lipoprotein (HDL) [80]. It is generated in a variety of tissues, 

Fig. 7.6 Putative 
signalling pathways of the 
SDF-1α chemokine 
receptor CXCR4 and the 
sphingosine 1-phosphate 
receptor S1PR1. This is 
based on what is known 
from other cell types in 
which CXCR4 and S1PR1 
are expressed.
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including megakaryocytes and platelets, through a process that involves the release 
of sphingosine from ceramides by ceramidase and phosphorylation by sphingosine 
kinase to S1P. It can be dephosphorylated by sphingosine phosphatases and 
returned to sphingosine and irreversibly degraded by sphingosine phosphate lyase. 
S1P is much less abundant in tissues compared with the blood, establishing a gra-
dient that is important for immune cell trafficking, megakaryocyte chemotaxis and 
polarized platelet biogenesis into the blood. The receptor for S1P is the GPCR 
S1PR of which there are five subfamilies (S1PR1-5) [81]. S1PR1 is expressed in a 
variety of tissues, including megakaryocytes and platelets, and was recently 
reported to play a critical role in regulating proplatelet formation and platelet 
release. Like CXCR4, most of what we know about how S1PR1 signals was eluci-
date in other cell types, besides megakaryocytes and platelets [17, 86]. S1PR1 
activation is involved in immune cell regulation and development and is also 
involved in immune modulation and directly involved in suppression of innate 
immune responses from T cells [82]. Depending on the G protein coupled with the 
S1PR1, diverse cellular effects are achieved: Gαi and Gαo modulate cellular sur-
vival, proliferation and motility; Gα12 and Gα13 modulate cytoskeletal remodel-
ling and cell-shape changes and Gαq modulates several cellular effector functions. 
All the intracellular functions occur via the interaction with Gαi and Gαq: these 
two proteins recruit other proteins for downstream amplification of the signal. The 
main functions of S1P-S1PR1 system are (1) the PI3K-Akt signalling pathway 
increases the survival of lymphocytes and other immune cells by inhibiting apop-
tosis, and (2) PI3K and the GTPase Rac are responsible of the lymphocytes migra-
tion and their interactions with other cells or with connective tissue surfaces [8]. 
S1PR1-deficient thymocytes do not emigrate from the thymus, resulting in an 
increased numbers of mature thymocytes in the thymus and in medullary hyperpla-
sia, and few S1PR1-deficient T cells can be detected in the blood, lymph nodes, 
spleen or non-lymphoid organs in these mouse models [83]. In addition, it has been 
shown that the proliferation of immune cells is due to S1P-mediated signals via the 
GTPase Ras and Erk1/Erk2 pathway [84].

7.6  Summary

Our understanding of the molecular basis regulating platelet biogenesis has pro-
gressed substantially in the last 50 years. We know that Jak2; STAT1, STAT3 
and STAT5; PI3K and Akt; and Erk1/Erk2 MAPKs are involved in the primary 
signals that emanate from Mpl receptor. However, a number of other signalling 
proteins are also involved such as phosphatases Shp1 and Shp2 and the ITIM-
containing receptor G6b-B. But despite the progress, many questions remain: 
(1) how are activation signals turned off in megakaryocyte fragments that enter 
the circulation and (2) what triggers proplatelet formation? The years to come 
will provide new insights into how platelets develop and how this process is 
regulated.

7 Signalling Pathways Regulating Platelet Biogenesis
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8Rap GTPase Signaling in Platelets 
and Megakaryocytes

Wolfgang Bergmeier and Ellen C. O’Shaughnessy

Abstract

Platelets are essential for primary hemostasis and repair of the endothelium, but 
they also play a key role in the development of acute coronary syndromes and 
they contribute to cerebrovascular events [1, 2]. In humans, billions of platelets 
are produced by megakaryocytes and released into the blood stream every day. If 
they are not consumed in the hemostatic process, these platelets circulate for 
approximately 10 days before being destroyed by phagocytic cells in the spleen 
and the liver. While in circulation, platelets remain in a resting state even when 
exposed to high shear stress or small amounts of soluble agonists generated in 
the intact vasculature. Vascular injury, however, leads to exposure of platelets to 
strong agonists, rapid integrin activation, and thrombus formation.

8.1  Introduction

Platelets are essential for primary hemostasis and repair of the endothelium, but 
they also play a key role in the development of acute coronary syndromes and they 
contribute to cerebrovascular events [1, 2]. In humans, billions of platelets are pro-
duced by megakaryocytes and released into the blood stream every day. If they are 
not consumed in the hemostatic process, these platelets circulate for approximately 
10 days before being destroyed by phagocytic cells in the spleen and the liver. While 
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in circulation, platelets remain in a resting state even when exposed to high shear 
stress or small amounts of soluble agonists generated in the intact vasculature. 
Vascular injury, however, leads to exposure of platelets to strong agonists, rapid 
integrin activation, and thrombus formation.

Platelet thrombus formation is a complex process that occurs in several phases 
[1–3]: (1) transient platelet adhesion (tethering) to the extracellular matrix 
(ECM), (2) agonist-induced activation of intracellular signaling cascades, and 
(3) firm adhesion mediated by activated integrins, in particular the fibrinogen 
receptor αIIbβ3. The current model suggests that tethering and pre-activation of 
platelets is mediated by platelet GPIbα binding to its various ligands in the 
ECM. Platelet activation is then triggered by collagen exposed in the vessel wall 
and/or locally generated thrombin. The formation of stable thrombi further 
depends on co-stimulatory signaling provided by the second wave agonists, 
thromboxane A2 (TxA2) and ADP, which are released from activated platelets. 
Thrombin, TxA2, and ADP activate platelets through G protein-coupled recep-
tors (GPCRs). In contrast, collagen signaling is mainly driven by GPVI, an 
immunoglobulin-like receptor which signals through its association with the Fc 
receptor γ-chain [4]. Cellular stimulation through GPCRs and GPVI leads to the 
activation of phospholipase C (PLC) β2 and PLCγ2, respectively, which in turn 
mediate the generation of the second messengers, calcium (Ca2+) and diacylglyc-
erol (DAG). DAG is critical for protein kinase C (PKC) activation, a key event in 
platelet granule release and integrin activation. Platelets express at least 6 PKC 
isoforms, which have activating as well as inhibitory roles in platelet activation 
[5]. Ca2+ is critical to various platelet responses, including integrin activation 
(see below).

Small GTPases of the RAP family provide a critical link between the second 
messengers, Ca2+ and DAG, and surface-expressed integrins in platelets 
(reviewed in [6]). RAP GTPases act as molecular switches by cycling between 
an inactive GDP-bound form and an active GTP-bound form. They are tightly 
regulated by guanine nucleotide exchange factors (GEFs), which stimulate GTP 
loading, and GTPase activating proteins (GAPs), which catalyze GTP hydroly-
sis. Upon GTP binding, RAP GTPases undergo a conformational change that 
enables interactions with a variety of effector proteins, thus controlling a wide 
range of essential biochemical pathways in eukaryotic cells. The RAP protein 
family includes five members that are grouped into two subfamilies, RAP1 and 
RAP2. The role of RAP1 in cell signaling has been studied extensively (reviewed 
in [7, 8]). It is a well-known regulator of several aspects of cell adhesion, includ-
ing integrin-mediated cell adhesion and cadherin-mediated cell junction forma-
tion. RAP GTPases also regulate cellular differentiation and proliferation via 
pathways that involve the regulation of the mitogen-activated protein kinase 
(MAPK) cascade. RAP1 either interferes with Ras-mediated ERK MAPK acti-
vation or it activates ERK independently of Ras in a cell-context-dependent 
manner. Furthermore, a link between RAP GTPase signaling and actin dynam-
ics has been established, as activated RAP1, via its interaction with specific 
GEFs, can induce the activation of RAC small GTPases important for cytoskel-
etal rearrangement [9, 10].

W. Bergmeier and E.C. O’Shaughnessy



177

In this chapter, we will review existing literature on the role of RAP GTPases in 
platelet and megakaryocyte function, and we will briefly discuss some of the open 
questions regarding this important signaling pathway.

8.2  RAP Signaling in Platelets

8.2.1  Expression of RAP GTPases in Platelets

Platelets express all five RAP isoforms, RAP1A,B and RAP2A,B,C. RAP1B is the 
predominant isoform, both in human and mouse platelets. Early estimates suggested 
that RAP1B accounts for ~0.1 % of total protein and ~90 % of total RAP protein in 
platelets [11]. More recent studies utilizing unbiased proteome (Fig. 8.1) or tran-
scriptome (not shown) analysis largely confirmed these findings [12–14], putting 
the estimated number of RAP1B molecules per platelet at ~100–200,000 copies. 
Thus, these proteins are expressed at copy numbers greater than that of the main 
platelet integrin, αIIbβ3. Interestingly, the proteome studies also identified RAP1A 
as a highly expressed protein, especially in human platelets. The importance of this 
isoform for platelet function is currently unknown.

Unbiased expression profiling also provided much needed information on the 
RAP-GEFs and -GAPs expressed in human and mouse platelets. In both species, 
CalDAG-GEFI (RASGRP2) and RASA3 (GAP1IP4bp) are the predominant GEF and 
GAP, respectively. The copy numbers per platelet for other RAP-GEFs, such as 
PDZ-GEF1/2 and SOS1, are very low and likely not sufficient to have strong effects 
on the activity state of the very abundant RAP1 proteins. A similar conclusion can 

Fig. 8.1 Expression of RAP-GEFs, RAP-GAPs, and the various RAP and RAS GTPase family 
members in mouse and human platelets. Shown are copy numbers per platelet for the indicated 
small GTPases and their GEFs and GAPs, determined by proteome analysis [12, 13]
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be drawn for RAP-GAPs other than RASA3, such as RAP1GAP2 and RASA1. 
However, these low expressed GEFs and GAPs could play an important role in the 
regulation of distinct pools of RAP proteins, such as RAP2, which could be impor-
tant for cellular functions other than integrin activation (see below). In addition, 
they may provide limited backup in case CalDAG-GEFI or RASA3 expression/
function is impaired.

8.2.2  RAP GTPases and Platelet Signaling

8.2.2.1  Platelet Signaling Pathways Controlling RAP1 Activity
In the late 1990s and early 2000s, several groups demonstrated that RAP1 activation 
in platelets depends on two main signaling pathways. A calcium-dependent first 
wave of RAP1 activation, followed by a second phase of activation requiring signal-
ing by protein kinase C (PKC) and the Gαi-coupled receptor for ADP, P2Y12 [15–
18]. Importantly, the kinetics of RAP1 activation closely correlated with the kinetics 
of integrin-mediated aggregation, suggesting a critical role for RAP1 in the inside- 
out activation of αIIbβ3. Studies in megakaryocytes expressing low levels of 
CalDAG-GEFI [19] or mutant forms of RAP1B [20] provided the first genetic evi-
dence supporting a key role for RAP1 signaling in integrin activation. Shortly there-
after, this conclusion was confirmed by studies in mice deficient in Caldaggef1 or 
Rap1b, which showed a marked defect in integrin activation in stimulated platelets 
from the respective mice [21, 22]. CalDAG-GEFI is a RAP-GEF regulated by a pair 
of calcium-binding EF hands and a C1-like domain with hitherto unknown function. 
Our group went on to demonstrate that CalDAG-GEFI in mouse platelets is critical 
for calcium-dependent RAP1 activation and that full RAP1 activation in platelets 
depends on synergistic signaling by CalDAG-GEFI and PKC/P2Y12 [23–25]. 
Consistent with earlier studies with BAPTA-AM-treated platelets, RAP1 activation 
in platelets lacking CalDAG-GEFI was delayed but sustained. In contrast, RAP1 
activation in platelets lacking functional PKC or P2Y12 was fast but reversible. 
Together, these studies shaped a very simplified two-pathway model for RAP1 acti-
vation in stimulated platelets, where CalDAG-GEFI provides speed and sensitivity 
to the system, while PKC and P2Y12 are required to sustain the signal. Importantly, 
very similar findings were recently reported for human platelets from a patient with 
a loss-of-function point mutation in Caldaggef1 [26].

While these studies identified CalDAG-GEFI as a critical GEF for RAP1, the 
molecular nature of the RAP1 modulator operating downstream of P2Y12 was 
only recently established. Using unique mouse models, we were able to demon-
strate that signaling by P2Y12 leads to the inactivation of the RAP-GAP, RASA3 
[27]. Early biochemical studies demonstrated that RASA3 is highly expressed in 
human platelets, where it is located to the plasma membrane (PM) [28–30]. This 
interaction with the PM is mediated by a unique PH/Btk domain, which shows 
high affinity for phosphoinositol 4,5-biphosphate (PIP2) and phosphoinositol 
3,4,5-triphosphate (PIP3). Furthermore, proteome and transcriptome analyses 
confirmed that RASA3 is the highest expressed RAP-GAP in human and mouse 
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platelets [12–14]. To determine how RASA3 contributes to platelet function, we 
generated germline and megakaryocyte-specific Rasa3 knockout mice [27]. To 
our surprise, both strains of mice showed very high neonatal lethality due to 
almost complete thrombocytopenia, consistent with earlier findings in mice 
expressing a truncated version of the protein [31]. To circumvent this problem, we 
utilized mice with a point mutation in the C-terminus of RASA3 (H794L). This 
mouse strain, called hlb381 (Rasa3hlb), was identified in a forward genetic screen 
for modifiers of the platelet count [27]. Rasa3hlb mice were also very thrombocy-
topenic but did not show any neonatal lethality. In contrast to the knockout mice, 
however, significant numbers of platelets were detected in circulating blood 
(platelet count ~3–5 % of controls). Rasa3hlb platelets showed signs of pre-acti-
vation, such as increased baseline activation of RAP1 and αIIbβ3 integrin, and a 
markedly reduced survival in circulation. Interestingly, both pre-activation and 
reduced survival were normalized by concomitant deletion of Caldaggef1 in 
Rasa3hlb mice. Together, these studies suggest that RASA3 is critical to prevent 
unwanted platelet activation in circulating platelets, mediated by the highly sensi-
tive CalDAG-GEFI/RAP1 signaling module. At sites of vascular injury, however, 
negative feedback by RASA3 would impair hemostatic plug formation. To release 
this “brake,” adhering platelets rely on signaling via P2Y12 and phosphoinositide 
3-kinase (PI3K). The exact mechanism by which PI3K signaling affects RASA3 
function is currently unclear.

8.2.2.2  Platelet Responses Controlled by RAP1
Long before the studies identifying a critical role for calcium and PKC/P2Y12 sig-
naling in RAP1 activity regulation, it was demonstrated that the same pathways 
control a variety of cellular responses in platelets, including integrin inside-out acti-
vation [32–35], ERK MAPK signaling and TxA2 production [36–38], and secretion 
[32, 33, 39]. Together with the fact that active RAP1 is known to communicate with 
multiple target proteins (reviewed in [7, 8]), these findings suggested a more global 
role for RAP1 in platelet activation. As there were no patients with documented 
defects in RAP1 signaling or tools to specifically inhibit RAP1 signaling in human 
platelets, animal models, including knockout mice for Caldaggef1 or Rap1b and 
various dog breeds with mutations in Caldaggef1, were used to define the contribu-
tion of RAP1 to platelet activation [21–25, 40–44]. A result common to all studies 
was a marked defect in integrin inside-out activation and hemostatic plug formation. 
In Caldaggef1 mutant platelets, this integrin activation defect was most prominent 
when the cells were activated with ADP, collagen, TxA2 analog, or calcium iono-
phore. A much milder integrin activation defect was observed when mutant platelets 
were stimulated with thrombin or PAR4 receptor-activating peptide, suggesting that 
a CalDAG-GEFI-independent pathway provides significant backup under these 
conditions. This alternative pathway to integrin activation depends on signaling by 
PKC, as (1) Caldaggef1 mutant platelets showed a normal aggregation response to 
PKC stimulation with phorbol ester [21, 26, 43], and (2) inhibition of PKC abol-
ished integrin-mediated aggregation in Caldaggef1 knockout platelets [23]. 
Importantly, however, even when stimulated with high-dose thrombin or 
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PAR4- activating peptide, i.e., under conditions of strong PLC activation and DAG 
production, aggregation of Caldaggef1 knockout platelets occurred with a delay. 
The delay in aggregation was also observed in platelets with impaired function in 
both CalDAG-GEFI and RASA3 [27]. Deficiency in RASA3, however, led to a 
significant increase in integrin activation, confirming its important role as an inhibi-
tor of RAP1-dependent integrin activation.

In addition to integrin inside-out activation, CalDAG-GEFI/RAP1 signaling in 
platelets was shown to contribute to ERK MAPK signaling and TxA2 production 
[24], granule secretion [22–24, 41–43], integrin outside-in signaling [44], spreading 
and clot retraction [41, 42], cAMP metabolism [43], and phosphatidylserine expo-
sure and microvesiculation [45]. At this point, little is known about how active 
RAP1 can control these various cellular functions. Studies in heterologous cell sys-
tems suggested a critical role for RAP1-GTP-interacting adaptor molecule (RIAM) 
in RAP1-dependent αIIbβ3 activation [46, 47]. However, platelets from Riam 
knockout mice did not exhibit any integrin activation defect [48], suggesting that in 
platelets this process depends on a different adapter protein. Functional studies with 
Caldaggef1 knockout platelets identified a role for RAP1 in ERK MAPK [24] and 
RAC1 GTPase signaling [41]. These findings are in agreement with studies in other 
cell types, in which the MAP kinase kinase kinase, B-RAF (RAF1) [49, 50], and the 
RAC-GEFs, TIAM1 and VAV2 [9], were identified as downstream targets of RAP1. 
Confirmation that B-RAF and RAC-GEFs are part of the RAP1 signaling pathway 
in platelets is currently not available. It is also important to note that, at least in part, 
the observed defects could be secondary to a defect in integrin outside-in signaling, 
a well-established co-stimulatory signal for primary agonist receptors in platelets 
[51]. Studies with blocking antibodies against αIIbβ3 suggest that this is not the 
case for TxA2 production and granule release [24, 41], but genetic evidence is 
required to completely exclude this possibility.

8.2.2.3  RAP1 Signaling and Hemostatic Plug Formation
Given the central role of RAP1 in integrin activation and other platelet activation 
responses (see above), it is not surprising that hemostasis is impaired in all situa-
tions where this pathway is severely disrupted. Rap1b knockout mice exhibit ~five-
fold increased tail bleeding times, with >50 % of the mice not being able to control 
bleeding throughout the entire observation period [22]. A similar defect in primary 
hemostasis was reported for mice, dogs, and humans with mutations in CalDAG- 
GEFI [21, 26, 43] or P2Y12 [52–54]. Importantly, mice lacking Rap1b, Caldaggef1, 
or P2y12 were also strongly protected in several models of experimental thrombo-
sis. To investigate how the CalDAG-GEFI and P2Y12 pathways contribute to 
RAP1-dependent platelet adhesion in vivo, we compared thrombus formation at 
sites of vascular injury in Caldaggef1-/- and clopidogrel-treated wild-type (Wt) mice 
[25]. Consistent with the role of P2Y12 in sustained RAP1 activation, platelet adhe-
sion and thrombus growth occurred rapidly in Wt/clopidogrel mice, but forming 
thrombi were very unstable. In contrast, thrombi in Caldaggef1-/- mice grew very 
slowly, in particular under high shear stress conditions such as found in arterioles. 
Thus, while CalDAG-GEFI is important for the initiation of platelet adhesion, in 
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particular under high shear stress conditions, P2Y12 signaling is required to stabi-
lize the forming thrombus.

As outlined above, engagement of P2Y12 during platelet activation leads to sus-
tained RAP1 activation due to its inhibitory effect on RASA3 function [27]. In vivo, 
Rasa3 mutant platelets adhered more firmly to sites of vascular injury than Wt con-
trols. Furthermore, treatment with clopidogrel to inhibit P2Y12 signaling did not 
affect thrombus formation in Rasa3 mutant mice. Thus, with regard to RAP1- 
dependent integrin activation, Rasa3 mutant platelets are in a state of constitutive 
P2Y12 signaling, i.e., these platelets do not require feedback activation by P2Y12 
and are insensitive to inhibitors of this receptor.

8.2.3  Open Questions

While it is well established that RAP GTPases are critical for platelet function, 
many important questions still need to be addressed. For example, it is not clear if 
there are different pools of RAP GTPases that control the various cellular functions 
affected by this pathway? These pools could be defined by unique spatiotemporal 
activation signatures or simply by the fact that different isoforms control specific 
cellular responses. Studies in various mammalian cell types identified different 
pools of RAP GTPases, which simultaneously direct distinct cellular functions [55]. 
These individual pools of RAP protein seem to be regulated by specific RAP-GEFs 
and RAP-GAPs, which use unique anchoring mechanisms for targeting to specific 
cellular locations, such as the perinuclear region or the PM. However, platelets do 
not have a nucleus, and GEFs and GAPs other than CalDAG-GEFI and RASA3 are 
expressed at very low levels (see above).

It will also be important to address whether there is redundancy between the vari-
ous RAP GTPase isoforms, i.e., whether the residual activation response seen in 
Rap1b knockout mice is mediated by other RAP GTPases. For example, it was 
shown that RAP1A is activated upon stimulation of Rap1b-/- platelets [56]. One 
would expect that the highly homologous RAP1A isoform can perform similar 
functions as RAP1B and thus that platelet activation in Rap1a/b double knockout 
mice is more severely impaired than in Rap1b-/- mice. While RAP1A and RAP1B 
share ~90 % sequence homology, only a ~70 % homology exists between RAP1 and 
the various RAP2 isoforms. Compared to RAP1, RAP2 proteins are less sensitive to 
GAP inactivation and can mediate cellular responses distinct from those regulated 
by RAP1 [57, 58]. Consistent with the insensitivity of RAP2 to GAP-mediated inac-
tivation, we detected significant amounts of RAP2-GTP in resting mouse platelets 
[41]. Agonist-induced RAP2 activation, however, was also dependent on CalDAG- 
GEFI and P2Y12, suggesting that similar signaling pathways control the activity 
state of RAP1 and RAP2. Functional data on the role of RAP isoforms other than 
RAP1B in platelet activation is not available. The same is true for RAS GTPases 
that are expressed at low levels in platelets.

Much has yet to be learned about the activity regulation of CalDAG-GEFI and 
RASA3. For example, how does calcium binding to the EF hands affect 
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CalDAG- GEFI activity? What are the contributions of the C1 and C2 regulatory 
domains to the function of CalDAG-GEFI and RASA3, respectively? How does PI3 
kinase signaling affect RASA3 function? How important are posttranslational mod-
ifications, such as phosphorylation by protein kinase A [59, 60], for CalDAG-GEFI 
and RASA3 activity during platelet adhesion? And how can we improve our ability 
to measure the expression, localization, and activity of CalDAG-GEFI and 
RASA3 in platelets isolated from interesting animal models or from patients with 
changes in platelet number or function? Answering these fundamental questions 
may prove vital for our ability to diagnose and treat patients with defects in platelet 
function or number.

Lastly, the clinical relevance of impaired RAP1 signaling should be investigated 
in more detail. For example, it needs to be established if there are significant inter-
individual differences in the antagonistic balance between CalDAG-GEFI and 
RASA3. If yes, one should detect a high CalDAG-GEFI/RASA3 ratio in hyper- 
reactive platelets, while a low ratio should be identified in hypofunctional cells. In 
addition to measuring the expression of these proteins, novel assays should be 
developed that can easily determine the activity of CalDAG-GEFI, RASA3, or 
RAP1. With these tools in hand, one could screen patient populations with altered 
platelet function or number for defects in RAP1 signaling. The long-term benefit of 
this work could be a more personalized approach to thrombosis prevention, based 
on altered regulation of this important platelet signaling pathway.

8.3  RAP Signaling in Megakaryocytes

8.3.1  Subcellular Localization and Integrin Signaling

In light of the critical importance of RAP1 in platelet biology, it is perhaps surpris-
ing that no effect on platelet count has been seen in various animal models including 
mice deficient in Rap1b [22] or Caldaggef1 [21] and three different breeds of dogs 
with mutations in Caldaggef1 [43]. Many studies, however, have shown that RAP1 
signaling mediates αIIbβ3 activation also in megakaryocytes (MKs) [19, 20, 61–
63]. In human cord blood-derived MKs, RAP1 is expressed at very low levels in 
immature MKs and becomes much more pronounced in intermediate and mature 
MKs [63]. In addition, RAP1 is stored on internal, α-granule, membranes in resting 
cells, and upon thrombin stimulation, it is translocated to the PM in a dose- dependent 
manner. Using a novel confocal microscopy technique, Balduini et al. showed that 
active, GTP-bound RAP1 is found only on the PM. Though the authors do not 
address the activation of αIIbβ3 specifically, they do show that CD41 (αIIb) translo-
cates in a manner similar to active RAP1 and is co-localized within the spatial reso-
lution of their microscopy technique. Further, expression of constitutively active 
RAP1B (V12) enhanced fibrinogen binding to αIIbβ3 in primary murine mega-
karyocytes, while expression of RAP1GAP abrogated this effect nearly completely 
[20]. Disruption of the actin cytoskeleton by treatment with either cytochalasin D or 
latrunculin A blocked RAP1-mediated adhesion, suggesting that activation of 
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αIIbβ3 depends on cytoskeletal regulation. Interestingly, mix-induced turbulence 
lead to rapid and robust activation of RAP1 in megakaryocytic cell lines, and this 
effect did not depend on the actin cytoskeleton or any signaling pathways currently 
known to regulate RAP1 [61]. Though the mechanism underlying RAP1-mediated 
integrin activation in MKs has not been fully elucidated, it has been suggested that 
the RAP1-GEF, CalDAG-GEFI, and the RAP1 effector RIAM are involved. 
CalDAG-GEFI expression in murine embryonic stem cell-derived MKs enhanced 
agonist-induced activation of RAP1 and αIIbβ3 [19] while shRNA mediated knock 
down of RIAM attenuated αIIbβ3 activation [62]. Interestingly, αIIbβ3 activation in 
platelets was not affected in Riam-/- mice [48] suggesting potential differences in 
integrin activation between MKs and platelets.

8.3.2  RAP GTPases and Megakaryopoiesis

8.3.2.1  MAP Kinase Signaling
While MKs have served as a genetically tractable surrogate for the study of RAP1- 
mediated integrin activation in platelets, the requirement for αIIbβ3 activation in 
megakaryocyte biology is unclear. Nonetheless, several lines of evidence suggest that 
RAP1 may be involved in megakaryopoiesis and platelet production. RAP1 has been 
shown to mediate mitogen-activated protein kinase (MAPK) signaling in megakaryo-
cytes. Thrombopoietin, TPO, is a primary cytokine involved in megakaryocyte dif-
ferentiation and proplatelet formation [64, 65]. TPO binds the Mpl (myeloproliferative 
virus ligand) receptor and activates a host of signaling pathways including the canoni-
cal MAPK cascade, Raf-MEK-ERK. A series of studies in leukemia cell lines [66–70] 
and primary MKs derived from murine bone marrow/fetal liver cells [71] and human 
cord blood [72–76] have documented a role for ERK activation in MK differentiation, 
directed migration, polyploidy, and/or proplatelet formation (reviewed in [77]).

Initial efforts to elucidate the signaling pathways responsible for ERK phosphor-
ylation made use of human leukemia cell lines engineered to express the TPO 
receptor, Mpl [78–80]. In F36P-Mpl cells, exogenous expression of constitutively 
active RAS, a well-known activator of RAF-1 and thereby ERK, increased αIIb 
expression and polyploidy formation in response to TPO, while dominant negative 
RAS abrogated both TPO-induced effects [78]. Work in another megakaryoblastic 
cell line showed that, in addition to RAS, RAP1 can mediate ERK phosphorylation 
[79]. In TPO-differentiated UT7-Mpl cells, RAS-mediated activation of ERK via 
RAF-1 was required for rapid but transient MAPK activation, while RAP1 regula-
tion of B-RAF was responsible for sustained ERK phosphorylation. Interestingly, it 
has been shown that direct contact with stromal cells blocks megakaryocyte differ-
entiation in leukemic cell lines [81] and primary human CD34+ stem cell-derived 
MKs [82] in part through the suppression of ERK phosphorylation. It has been 
shown that stromal contact blocks differentiation of TPA stimulated K562 cells by 
preventing late-phase RAP1 activation and ERK phosphorylation with no observ-
able effect on RAS activity [82]. These data further strengthen the evidence that 
RAP1 is required for the sustained ERK activation necessary for MK 
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differentiation. Strikingly, genetic deletion of both Raf-1 and B-Raf in mouse mod-
els has shown that RAF-1 is dispensable for TPO-induced ERK phosphorylation 
and MK differentiation [83], while B-RAF is essential for TPO-mediated mega-
karyopoiesis [84]. These data suggest that RAP1 may be the predominant small 
GTPase responsible for ERK activation and megakaryopoiesis in vivo.

8.3.2.2  The RAP-RHO Connection
Many studies have demonstrated the importance of RHO-family GTPases in 
directed migration of MKs and proplatelet formation, consistent with the role of 
these proteins in polarization and cytoskeletal regulation [85–91]. In addition, 
extensive evidence from other cell types and platelets themselves has shown that 
RAP1 regulates the RHO-family GTPases CDC42 and RAC1 including in polariza-
tion and migration of T cells [92], axon-specification in neurons [93, 94], cell 
spreading and adhesion of platelets [41], directed migration of fibroblasts [95], and 
establishment of epithelial apical-basal polarity [96, 97]. Given the documented 
thrombocytopenia in RHO GTPase mutant mice [85] and the heavy integration of 
RAP1 and RHO-family GTPases in cytoskeletal regulation seen in a broad range of 
cell types (Reviewed in [98]), it is plausible and perhaps likely that such signaling 
networks are also critical for normal megakaryopoiesis.

8.3.2.3  Rasa3 Mutant Mice
Two studies identified the RAP-GAP, RASA3 as a major regulator of megakaryo-
cyte and platelet biology in vivo [27, 99]. RASA3 is a member of the GAP1 subfam-
ily with enzymatic activity toward both RAS and RAP1 [100]. Expression of a 
catalytically inactive Rasa3 mutant lacking exons 11 and 12 (Rasa3ΔGAP) is embry-
onic lethal at E12.5-E13.5 due to extensive bleeding [31]. To circumvent embryonic 
lethality, Molina-Oritz et al. used two strategies to study MKs expressing catalyti-
cally inactive RASA3: they made fetal liver cell (FLC) chimeras from wild-type and 
Rasa3ΔGAP mice in the Severe Combined Immune Deficient (SCID) background 
and they differentiated FLC in vitro in the presence of TPO [99]. Using FLC-derived 
megakaryocytes, they showed increased RAP1 activation in Rasa3ΔGAP cells while 
RAS activity was unaffected. Consistent with the role of RAP1 in integrin activa-
tion, they found enhanced αIIbβ3 activation, cell adhesion, and cell spreading in 
Rasa3ΔGAP MKs. Interestingly, increased adhesion was blocked by treatment with 
the RAP1 inhibitor GGTI-298. In addition to changes in integrin activation, they 
report large abnormalities in the actin cytoskeleton in which mutant cells fail to 
form stress fibers and instead exhibit extensive punctate structures. In SCID-
Rasa3ΔGAP chimeras, they found thrombocytopenia despite a significant increase 
in the number of MKs in the bone marrow (BM). MKs in these mice were mislocal-
ized within the bone marrow compared with SCID-Rasa3+/+ chimeras, and MKs 
from BM explants migrated more slowly and were spread more frequently and 
failed to form proplatelets when compared with wild-type controls. Taken together, 
these data suggest that loss of RASA3 GAP activity has profound implications on 
MK biology in general, and this effect is mediated, at least in part, by altered RAP1 
activity regulation.
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Work from our lab using both genetic deletion of Rasa3 in C57BL/6J mice and 
expression of a mutant RASA3 with a missense mutation (H794L, Rasa3hlb) that 
destabilizes the protein, resulting in a near complete loss of expression, also identi-
fied this GAP as a key regulator of platelet biology acting through RAP1 [27]. Mice 
lacking Rasa3 exhibited severe thrombocytopenia and significant expansion of MKs 
in the spleen and bone marrow, similar to what was reported by Molina-Ortiz et al. 
However, we observed no significant defects in Rasa3hlb/hlb megakaryocytes with 
respect to in vitro proplatelet formation, gross MK morphology, and ultrastructure 
or proliferation of BM-derived progenitors. These discrepancies may arise from 
differences in the animal models employed: FLC chimeras in the SCID background 
compared with genetic deletion/mutation in C57BL/6J mice or the Rasa3 mutant 
expressed (the H794L mutation results in a dramatic reduction in protein expression 
while inactivation of the catalytic domain produces a stable protein that may partici-
pate in GAP-independent functions yet to be identified). Future studies will be 
required to fully elucidate the role of RASA3 in MK biology; nonetheless, current 
work strongly suggests that increased RAP1 activation plays a role in MK differen-
tiation, migration, and/or proplatelet formation.

8.3.3  Open Questions

There is substantial evidence supporting the hypothesis that RAP GTPases contrib-
ute to megakaryopoiesis. However, direct proof is missing, as the peripheral platelet 
count in Rap1b knockout mice was normal and mice lacking multiple RAP isoforms 
have not been reported to date. On a molecular level, it needs to be established 
whether and how RAP GTPases affect MAPK and RHO GTPase signaling in mega-
karyocytes. Recent studies on the role of RASA3 in megakaryopoiesis are some-
what contradictory and incomplete. Studies in knockout rather than mutant mouse 
models may be required to fully understand the impact of uncontrolled RAP signal-
ing on platelet production. The effect of Rasa3 deficiency on MAPK and RHO 
GTPase signaling should be established. Aside from these mechanistic studies, it 
will be important to determine whether alterations in RAP signaling affect platelet 
production and/or platelet survival in humans.

8.4  Summary

RAP GTPases play a critical role in platelet biology (Fig. 8.2). They control various 
important platelet functions, such as integrin activation, TxA2 generation, granule 
release, and spreading/clot retraction. RAP1 activity itself is controlled by two main 
pathways: (1) fast but reversible RAP1 activation by CalDAG-GEFI in response to 
an increase in the cytosolic calcium concentration and (2) sustained activation due 
to inactivation of the RAP-GAP, RASA3, mediated downstream of the platelet 
receptor for ADP, P2Y12. Impaired expression/function of CalDAG-GEFI or 
P2Y12 markedly impairs platelet function and hemostatic plug formation. RASA3 
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deficiency causes platelet pre-activation and severe thrombocytopenia. While criti-
cal for platelet function, the contribution of RAP GTPases to megakaryopoiesis is 
less well characterized. Thrombocytopenia and impaired megakaryopoiesis were 
shown for mice lacking the RAP1 effector B-RAF or mice expressing a mutant form 
of RASA3. However, direct evidence for impaired megakaryopoiesis in RAP mutant 
mice is missing. Many open questions regarding the importance of individual RAP 
isoforms and the molecular details of RAP GTPase activity regulation in platelets 
and megakaryocytes remain unanswered. The clinical relevance of findings in ani-
mal models has to be established.
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Abstract

Platelets play vital roles in hemostasis, wound healing, and a range of other  
processes [1]. Their number is tightly controlled within narrow physiological 
ranges. This occurs through a dynamic balance between platelet production and 
consumption/clearance rates, so as to ensure that the total platelet mass remains 
constant. Megakaryocytes in the bone marrow produce around 100 billion plate-
lets per day. In a healthy individual, the majority of platelets are not consumed 
by hemostatic processes. It is therefore imperative that platelet lifespan is strictly 
regulated. Recent work has demonstrated that the survival of megakaryocytes 
and platelets is controlled by programmed cell death, apoptosis [2]. Both cell 
types possess a classical Bak- and Bax-mediated intrinsic, mitochondrial, apop-
tosis pathway that must be restrained in order for them to develop and survive. In 
addition, recent work has revealed that the glycosylation state of platelet surface 
proteins is an indicator of platelet age and that aged, desialylated platelets stimu-
late platelet production [3].

A.E. Au • E.C. Josefsson (*) 
Cancer & Haematology Division, The Walter and Eliza Hall Institute of Medical Research, 
1G Royal Parade, Parkville, VIC 3052, Australia 

Department of Medical Biology, The University of Melbourne, 1G Royal Parade,  
Melbourne, VIC 3052, Australia
e-mail: josefsson@wehi.edu.au 

M. Lebois 
Cancer & Haematology Division, The Walter and Eliza Hall Institute of Medical Research, 
1G Royal Parade, Parkville, VIC 3052, Australia

I. Pleines 
ACRF Chemical Biology Division and Department of Medical Biology, The Walter and Eliza 
Hall Institute of Medical Research, 1G Royal Parade, Parkville, VIC 3052, Australia

Department of Medical Biology, The University of Melbourne, 1G Royal Parade, Melbourne, 
VIC 3052, Australia

9

mailto:josefsson@wehi.edu.au


194

9.1  Summary

Platelets play vital roles in hemostasis, wound healing, and a range of other pro-
cesses [1]. Their number is tightly controlled within narrow physiological ranges. 
This occurs through a dynamic balance between platelet production and consump-
tion/clearance rates, so as to ensure that the total platelet mass remains constant. 
Megakaryocytes in the bone marrow produce around 100 billion platelets per day. 
In a healthy individual, the majority of platelets are not consumed by hemostatic 
processes. It is therefore imperative that platelet lifespan is strictly regulated. Recent 
work has demonstrated that the survival of megakaryocytes and platelets is con-
trolled by programmed cell death, apoptosis [2]. Both cell types possess a classical 
Bak- and Bax-mediated intrinsic, mitochondrial, apoptosis pathway that must be 
restrained in order for them to develop and survive. In addition, recent work has 
revealed that the glycosylation state of platelet surface proteins is an indicator of 
platelet age and that aged, desialylated platelets stimulate platelet production [3].

This chapter focuses on the molecular regulation of apoptosis in platelet and 
megakaryocyte survival, reviews acquired and inherited platelet disorders where 
this machinery could be of importance, examines implications of chemotherapy in 
targeting cell death pathways, as well as discusses alternative cell death paradigms 
that may exist in platelets and megakaryocytes.

9.2  Introduction

In humans, normal physiological platelet counts range from 150 to 450 × 109/L blood. 
Thrombocytopenia is diagnosed when platelet counts fall below 100 × 109/L, and 
emergency treatment, typically involving platelet transfusion, is necessary when 
platelet counts are diminished to levels below 30 × 109/L [4]. In recent years, throm-
bopoietin (TPO) mimetic drugs are increasingly being used in the clinic to drive plate-
let production and sustain platelet counts in patients with immune thrombocytopenia 
(ITP) [5]. The opposite extreme of thrombocytopenia is the production of excessive 
numbers of platelets which is referred to as thrombocythemia or thrombocytosis, 
being a primary disorder of the bone marrow or occurring secondary to other systemic 
conditions, respectively [6]. Abnormal circulating platelet counts can arise due to 
irregular platelet production by megakaryocytes, improper platelet destruction, and 
clearance by macrophages or a perturbation of the normal platelet lifespan in the cir-
culation. These events may transpire independently, coincidentally, or consecutively.

9.2.1  Platelet Storage and Transfusion

To circumvent bleeding complications, platelet concentrates are transfused into patients 
at high risk of bleeding, after chemo- or radiotherapy treatment or in other settings of 
severe thrombocytopenia or dysfunctional platelets. To be clinically effective, trans-
fused platelets must be able to circulate and to respond to an injury. Refrigerated plate-
lets, however, are rapidly cleared upon transfusion [7]. Storage at 37 °C on the other 
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hand leads to a prompt loss of platelet viability and function [8]. Significant effort has 
been made in attempt to optimize the storage and handling procedures of platelet con-
centrates. Hence, room temperature storage of platelet concentrates with agitation in 
bags (allowing for oxygen exchange) is the benchmark permitting platelet storage for 
5 days or slightly longer if followed by pathogen inactivation [9]. However, even under 
optimized conditions, there is a gradual loss of quality known as the platelet storage 
lesion (PSL) that correlates with reductions in both platelet survival and hemostatic 
activity posttransfusion [10]. The PSL shares features of both platelet activation and 
induction of multiple cell death pathways and is characterized by P-selectin exposure, 
surface receptor shedding, microparticle formation, as well as signs of apoptosis, 
including loss of mitochondrial outer membrane potential (MOMP), externalization of 
phosphatidylserine (PS), and caspase activation [8, 10–12].

9.2.2  Assessment of Platelet Turnover

The lifespan of platelets in circulation is relatively short, averaging approximately 
10 days in humans and 5 days in mice. Hence, a number of methods have been 
developed to assess platelet turnover. Measurements of platelet lifespan in humans 
were initially made with ex vivo radiolabeled platelets transfused into patients [13–
15]. Today this method is still being employed in clinical trials [16]; however, since 
this is a costly method requiring specialized expertise, less invasive indirect mea-
surements that allow an approximation of platelet turnover are now routinely used. 

Newly produced platelets contain RNA that is quickly lost as they circulate. As 
such, analysis of this young RNA positive population can help to distinguish defects 
in clearance from those of production [17, 18]. Another method is based on the level 
of platelet destruction and involves measurement of the plasma level of glycocali-
cin, the shed extracellular domain of platelet glycoprotein Ibα [19, 20]. In experi-
mental models, methods to determine platelet lifespan involve labeling with biotin, 
fluorescent dyes, or fluorescently conjugated antibodies [7, 21–25].

9.3  An Introduction to Apoptosis

It is now generally accepted that survival of megakaryocytes [26–30] and platelets 
[31] is regulated by intrinsic apoptosis, a form of programmed cell death [2]. This 
process plays a vital role in regulating cell numbers during hematopoiesis, allowing 
unwanted cells to be rapidly and furtively removed without triggering inflammation 
[32]. Kerr and colleagues initially characterized the apoptotic process by classical 
morphological features such as pyknosis (chromatin condensation), nuclear shrink-
age, and membrane blebbing [33]. In light of advancements in biochemical and 
genetic exploration of cell death, today, apoptosis is defined on a molecular level. 
The apoptotic process can be broadly separated into the intrinsic (mitochondrial 
non-receptor-mediated) and extrinsic (receptor-mediated) pathway of apoptosis.

Intrinsic apoptosis can be initiated by a vast range of non-receptor-mediated stim-
uli such as nutrient deprivation, cellular stress, or exposure to chemotherapeutic 
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agents, to name a few. For blood homeostasis to be effectively maintained, the apop-
totic process is tightly controlled by BCL-2 family members, which balance the pro-
motion or inhibition of apoptosis. The pro-death molecules Bak and Bax are the 
mediators of this pathway that ultimately dictate the fate of the cell. Bak and Bax are 
normally sequestered by five pro-survival BCL-2 proteins, namely, Bcl-2, Mcl- 1, Bcl-
xL, Bcl-w, and A1 [32]. However, upon conditions of cellular stress, a third group of 
BCL-2 proteins, the BH3-only proteins, can inhibit and displace the pro- survival pro-
teins. This in effect indirectly or directly [34–37] activates Bak and Bax to irreversibly 
cause MOMP, cytochrome c release, apoptosome assembly, caspase- 9 activation, cas-
pase-3/7 activation, and PS exposure (Fig. 9.1). The overexpression of pro-survival 
BCL-2 proteins has been identified as a mechanism for increased cell survival in 
certain malignancies and hence represents a potential target for cancer therapies.

The extrinsic arm of apoptosis involves the participation of death receptors. The 
execution of this pathway of apoptosis requires the association of ligands specific to 
death receptors on the cell surface, including the Fas receptor, and other death 
receptors of the tumor necrosis factor receptor (TNF) family. Activation of death 
receptors leads to downstream activation of caspase-8 and subsequent direct activa-
tion of effector caspase-3/7 in type 1 cells such as thymocytes [38] culminating in 
cell death. In type II cells, such as hepatocytes, Bid activation downstream of cas-
pase- 8 connects the extrinsic and intrinsic pathways, demonstrating cross talk 
between the two seemingly distinct pathways [39] (Fig. 9.1).

9.4  The Role of Apoptosis in Platelet Biology

The balance between pro-survival and pro-death proteins varies depending on cell 
type. Moreover, different components of the apoptotic cascade bear different impor-
tance in mediating apoptosis in different cell types. In the next section, we will 
explore mediators of apoptosis in platelets.

9.4.1  Regulation of Platelet Survival by Intrinsic Apoptosis

Apoptosis in platelets has been characterized in vitro by measuring cytochrome c 
release, caspase activation, and PS exposure [40]. Bcl-xL is the critical pro-survival 
protein required to maintain platelet in vivo survival [31, 41]. The first indication for 
this finding originated from Wagner and colleagues who described thrombocytope-
nia in mice after MMTV-Cre-mediated deletion of Bcl-x in the hematopoietic sys-
tem, skin, and various secretory tissues [42]. It has since been shown that 
megakaryocyte lineage-restricted Pf4-Cre-mediated deletion of Bcl-x in mice 
reduces platelet lifespan from ~5 days to ~5 h (Fig. 9.2a), with a resultant decrease 
in platelet counts to ~2 % of wild-type levels (Fig. 9.2b) [28, 43]. Accordingly, phar-
macological blockade of Bcl-xL with the BH3 mimetic drug ABT-737 [44] targeting 
Bcl-xL, Bcl-2, and Bcl-w, or its oral version navitoclax (ABT-263) [45], prompts 
platelet death [31, 40, 46] and leads to thrombocytopenia [31, 47, 48]. Conceivably, 
deletion of Bak significantly extends platelet lifespan (Fig. 9.2a) and causes 

A.E. Au et al.



197

thrombocytosis in mice (Fig. 9.2b) [28, 31]. However, loss of Bax does not signifi-
cantly influence platelet counts, indicating that Bak is the major player in regulating 
platelet lifespan at steady-state in vivo. Genetic deletion of Bak and Bax in mice 
doubles platelet lifespan [28] to the same extent as Bak deletion, rescues the throm-
bocytopenia caused by loss of Bcl-x [28, 30], and makes platelets resistant to the 
effects of ABT-737 [40]. In accordance with findings in mice, human genome- wide 
association studies (GWAS) have recently identified common variants in the BAK1 
gene associated with platelet count [49, 50].

Intrinsic
pathway

Extrinsic
pathwayBH3

Bcl-2

Bax Bak

Cytochrome c
release

Apoptosome

Apaf-1

Pro-caspases-3/7

Caspases-3/7Caspase-8

Fas receptor

FasL

Bak/Bax
MOMP

Pro-caspase-9

Bcl-2
Bcl-x
Bcl-w
Mcl-1
A1

L

Bid

PS exposure

Fig. 9.1 Intrinsic and extrinsic apoptosis pathways. The intrinsic or mitochondrial pathway of 
apoptosis can be activated by cellular stresses including growth factor deprivation and irradiation 
or by chemotherapeutic agents. Five pro-survival members of the BCL-2 family, namely, Bcl-2, 
Mcl-1, Bcl-xL, Bcl-w, and A1, operate by restraining Bak and Bax, the ultimate mediator of cell 
death. During apoptosis, BH3 proteins can inhibit and displace pro-survival proteins thereby 
directly or indirectly activating Bak and Bax to irreversibly cause mitochondrial outer membrane 
permeabilization (MOMP) leading to cytochrome c release, assembly of Apaf-1 and caspase-9 into 
the apoptosome and, subsequently, activation of caspase-9, caspase-3/7, as well as phosphatidyl-
serine (PS) exposure. The extrinsic, death receptor-mediated, apoptosis pathway is activated by 
ligand binding to cell surface receptors, including Fas receptor and other death receptors of the 
TNF receptor family. It culminates in the activation of caspase-8 and subsequent direct effector 
caspase-3/7 activation. Alternatively, in certain cell types, Bid activation connects the extrinsic and 
intrinsic pathways downstream of caspase-8 activation
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9.4.2  Roles for Other Bcl-2 Family Proteins in Regulating 
Platelet Lifespan

Do other pro-survival proteins play a role in regulating platelet survival? Platelets 
express Bcl-2, but in contrast to Bcl-x deficiency, lineage-specific deletion of Bcl-2 
does not affect platelet lifespan in mice [51]. Supporting this result, the newly 
developed Bcl-2 inhibitor venetoclax (ABT-199) efficiently stimulates killing of 
leukemic cells without provoking thrombocytopenia [52]. Interestingly, overexpres-
sion of BCL-2 extends platelet survival [53] albeit not to the same extent as Bak/Bax 
deletion. Pro-survival BCL-w is expressed in platelets [30], but it is unlikely to play 
a significant role in regulating platelet lifespan since systemic Bcl-w knockout mice 
have normal platelet counts [54, 55]. A1 has been detected in young human platelets 
based on RNA expression [8], but little is known about the importance of A1 in 
platelets. Systemic A1a knockout mice were not reported to display a platelet phe-
notype [56]. Since there is a quadruplication of the A1 gene locus in mice, recent 
studies employed constitutive as well as conditional expression of mi-shRNAs tar-
geting all A1 isoforms expressed in the mouse. Even though roles of A1 were found 
in lymphocytes and granulocytes, there was no evidence of an impact on platelet 
counts [57]. Finally, neither conditional deletion nor hematopoietic overexpression 
of Mcl-1 affected platelet lifespan [26, 29, 53]. The Mcl-1 protein is, however, 
known to have a brief half-life, in part due to rapid proteosomal degradation. Mcl-1 
is poorly expressed in mouse and human platelets [26, 28–31, 41] but could be 
detected in platelets after injection of proteasome inhibitor into mice [29] indicating 
that some remnant protein could potentially exist in young platelets. Thus, despite 
being anuclear, platelets are capable of undergoing mitochondrially driven apopto-
sis; however, their failure in sustaining Mcl-1 levels makes them distinct to most 
other cell types and largely dependent on pro-survival Bcl-xL (Fig. 9.3).

a
b

Fig. 9.2 Regulation of platelet lifespan in vivo. (a) Platelet survival curves in Bcl-xPf4∆/Pf4∆, Bcl- x+/

Pf4∆, control, and Bak−/− mice. Platelets were labeled via i.v. injection of a DyLight 488- conjugated 
anti-CD42c (GPIbβ) antibody (Data are presented as mean ± s.d. ©Josefsson et al. 2011. Originally 
published in Journal of Experimental Medicine. doi:10.1084/jem.20110750 [28]). (b) Platelet 
counts in Bak−/−, control, Bcl-x+/Pf4∆, and Bcl-xPf4∆/Pf4∆, mice at 7 weeks of age (©Josefsson et al. 
2011. Originally published in Journal of Experimental Medicine. doi:10.1084/jem.20110750 [28])
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Fig. 9.3 Apoptosis in megakaryocyte and platelet biology. Megakaryocytes possess functional 
Bak-/Bax-mediated intrinsic and FasL-inducible extrinsic apoptosis pathways. Megakaryocyte 
apoptosis can be triggered in response to chemotherapy or infection but must be restrained during 
megakaryocyte development and maturation in order to allow efficient platelet production. In con-
trast to megakaryocytes, platelets lack the Fas receptor. While limited information is available on 
the extrinsic pathway in platelets, strong evidence suggests that the intrinsic apoptosis pathway 
regulates platelet lifespan in the circulation (©Josefsson et al. 2014. Originally published in Nature 
Communications. doi:10.1038/ncomms4455 [27])
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The role of death-promoting BH3-only proteins in platelets is largely unex-
plored. Bim [30], Bid [27, 30], Bad [58], and Bik [59] have all been shown to be 
present in platelets. Puma [59] and Noxa [46] could not be detected, however Puma 
mRNA is present [60]. Kodama and colleagues took the approach of deleting both 
Bim and Bid in mice, but no effect on platelet count was observed [30]. So far, Bad 
is the only BH3-only protein that has been shown to play a role in influencing plate-
let lifespan: its deletion leading to a modest extension in platelet lifespan with con-
comitantly increased platelet counts [58]. Even though this effect is minor compared 
to Bak deletion, it is plausible that several BH3-only proteins are involved in trig-
gering platelet apoptosis, and future research on this front is needed.

9.4.3  Regulation of the Extrinsic Apoptosis Pathway in Platelets

Caspase-8 is the critical regulator of extrinsic apoptosis and was recently deleted 
in the megakaryocytic lineage without affecting platelet count or lifespan [27]. 
This brings into question whether platelets have a functional extrinsic apoptosis 
pathway. In addition to caspase-8, they do express Fas-associated death domain 
(FADD)  protein but failed to undergo classical extrinsic apoptosis after FasL stim-
ulation in vitro [27]. This is somewhat unsurprising since several groups have 
reported the Fas receptor to be absent in platelets [8, 27, 61]. There are, however, 
other death ligands including TNF-related apoptosis-inducing ligand (TRAIL) and 
TNF-α that bind TRAIL receptors and the TNF receptor-1, respectively [62]. 
Plenchette et al. showed that human platelets do not express TRAIL receptor 1 and 
2, while the expression of the decoy receptor DcR2 increased progressively during 
platelet storage [61]. Finally, two recent studies reported caspase-8 activation in 
platelets to be uncoupled from death receptor stimulation [63, 64]. Taken together, 
defined molecular insights into how caspase-8 is activated in platelets are currently 
lacking.

9.4.4  Apoptotic Caspases in Platelets

In addition to caspase-8, platelets contain caspase-9 and effector caspase-3 and. 
Even though activation of caspases is a hallmark of apoptosis, they are not needed 
for cell death and the apoptotic clearance of cells in vivo [65]. Deletion of caspase-9 
in hematopoietic cells did not affect platelet counts or lifespan at steady state; how-
ever, caspase-9-deficient platelets displayed significantly delayed PS-exposure 
in vitro after induction of intrinsic apoptosis [66]. Moreover, combined deletion of 
caspase-3 and caspase-7 or Apaf-1 in hematopoietic cells did not affect platelet 
counts at steady state [27] indicating that all three proteins are superfluous for regu-
lation of platelet lifespan. Nevertheless, it was recently shown that caspase activa-
tion is important to keep apoptosis immunologically silent. If Bak/Bax-mediated 
mitochondrial damage occurs in the absence of caspase activation, released mito-
chondrial DNA will trigger type-1 interferon production and cause a subsequent 
hematopoietic stem cell defect [67].
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9.4.5  Platelet Procoagulant Function

It has long been recognized that the phospholipid membrane presents as one of the 
main contributors to the procoagulant function of platelets. Lipid asymmetry of the 
phospholipid membrane bilayer is maintained largely in an ATP-dependent directional 
lipid transport manner, and the exposure of PS is often used as an indicator of plasma 
membrane rearrangement. During intense platelet activation, lipid asymmetry disrup-
tion leads to the surface exposure of PS, which under normal conditions typically dom-
inates the inner leaflet of the phospholipid bilayer [68]. These highly activated platelets 
are referred to as collagen- and thrombin-activated (COAT)/coated platelets [69] or 
sustained calcium-induced platelets (SCIP) [70]. Externalized PS assists in the assem-
bly of highly active tenase and prothrombin complexes, which accelerates two succes-
sive reactions of the coagulation cascade comprising activation of factor X which in 
turn catalyzes the formation of thrombin, the master regulator of the coagulation cas-
cade. The rapid loss of platelet asymmetry is regulated by proteins collectively referred 
to as protein scramblases [71, 72]. In platelets, two independent scramblase activation 
pathways exist, one of which is Ca2+-dependent (non-apoptotic pathway) and the sec-
ond being Ca2+-independent and caspase-dependent (apoptotic pathway).

In the Ca2+-dependent pathway of PS exposure, following platelet activation, the 
increase in cytosolic Ca2+ concentration leads to the reorganization of lipid asymmetry 
promoting increased scramblase activity. The lowering of Ca2+ levels conversely stops 
scrambling and restores lipid asymmetry. Therefore, a persistent elevation of Ca2+ levels 
is fundamental to initiate and complete restructuring of lipid asymmetry and subsequent 
stimulation of the coagulation cascade [73]. High levels of intracellular Ca2+, can be 
induced through store- or receptor-mediated processes, respectively (reviewed in [74]). 
Two proteins, namely, Stim1 and Orai1 have emerged as key players in store-operated 
Ca2+ entry (SOCE) in platelets. Accordingly, SOCE was absent in platelets from Stim1−/− 
and Orai1−/− mice upon activation [75]. On the other hand, Stim1Sax/+ mice that express 
mutant Stim1 displayed macrothrombocytopenia due to constantly elevated cytoplasmic 
Ca2+ levels, resulting in a pre-activated state and rapid clearance of the mutant platelets 
[76]. Moreover, it has been proposed that cyclophilin D prevents loss of ΔΨm in a pro-
cess now recognized as mitochondrial permeability transition (MPT)-mediated regulated 
necrosis [77–79]. Accordingly, cyclophilin D-deficient mice have reduced ability to 
expose PS upon strong activation by dual agonist convulxin/thrombin [77]. Interestingly, 
a mutation in TMEM16F has been found in Scott syndrome patients that have impaired 
PS externalization on platelets leading to minor hemorrhagic complications [80–82]. 
TMEM16F has since been identified as a key player in mediating Ca2+-dependent phos-
pholipid scrambling [80]. This phenotype was recapitulated in TMEM16F knockout 
mice reported to have impaired scramblase activity and abnormal hemostasis [83].

The exposure of PS is often regarded as a hallmark of apoptosis and presents as 
an “eat-me signal” for recognition and engulfment by macrophages [84]. As 
described, platelets contain many of the main components of the intrinsic apoptotic 
machinery. When stimulated to undergo apoptosis via treatment with ABT-737 or 
navitoclax, platelets externalize PS in a dose- and temporal time-dependent fashion 
[41, 48]. These platelets are procoagulant and therefore support thrombin genera-
tion [40]. Accordingly, Bak−/−Bax−/− platelets stimulated to undergo apoptosis by 
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exposure to ABT-737 failed to induce surface exposure of PS and to promote throm-
bin generation [40]. Meanwhile, prominent PS exposure was detected in Bak−/−Bax−/− 
platelets through intense activation using convulxin/thrombin thereby supporting 
the notion that two distinct pathways of PS exposure are evident in platelets [40]. 
Recently, the Xk-related protein 8 (Xkr8) has been identified as an enzyme pivotal 
for catalyzing caspase-dependent apoptosis-induced lipid scrambling [85].

9.5  Platelet Lifespan and Glycosylation

In addition to intrinsic apoptosis, platelet survival in the circulation also depends on 
the level of glycosylation of surface proteins [86]. In vertebrates, glycosylated sur-
face proteins are normally capped with terminal sialic acid. Removal of sialic acid 
(desialylation) unmasks the underlying sugar, galactose. It has long been recog-
nized that platelets lose sialic acid during storage [87, 88] and that cleavage of ter-
minal sialic acid, by the bacterially derived enzyme neuraminidase (sialidase), 
causes swift platelet clearance in mice and rabbits [89–91]. Modifications in glyco-
sylation after refrigerated storage of platelets [92] or in mice lacking the sialyltrans-
ferase ST3GalIV [93] lead to recognition and subsequent platelet clearance by the 
hepatic Ashwell-Morell receptor, a complex composed of asialoglycoprotein recep-
tor (ASGPR) 1 and 2. Platelets also lose sialic acid as they age in the circulation [94] 
evidenced by microthrombocytosis in Asgpr2−/− mice despite increased levels of 
platelet surface terminal β-galactose [3]. Interestingly, it was recently shown that 
this removal system drives hepatic TPO mRNA expression via janus kinase 2 
(JAK2) and signal transducer and activator of transcription 3 (STAT3), thereby reg-
ulating megakaryopoiesis [3]. Whether there is a direct link between the regulation 
of intrinsic apoptosis and altered platelet surface sialic acid content is unclear. 
Notably, apoptotic platelets are primarily cleared in the liver [41]; however, the 
exact mechanism remains to be established.

9.6  The Role of Apoptosis in Megakaryocyte Biology

9.6.1  Regulation of Megakaryocyte Survival by Intrinsic 
Apoptosis

Cultured mature bone marrow or fetal liver-derived megakaryocytes undergo apop-
tosis and fail to produce proplatelets after genetic loss of Bcl-x, or in response to 
ABT-737, and are fully apoptosis-resistant in the absence of Bak/Bax [28]. A simi-
lar effect on viability and proplatelet formation was seen after treatment of mature 
megakaryocytes with the topoisomerase II inhibitor etoposide [28]. In vivo, 
megakaryocyte- restricted deletion of Bcl-x led to severe macrothrombocytopenia, 
with release of atypical large vacuolar megakaryocytic fragments in the bone mar-
row sinusoids. Hence, mature megakaryocytes depend on the function of pro- 
survival Bcl-xL, to proceed safely through the process of platelet shedding [28]. 
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However, loss of Bcl-xL did not affect the growth and maturation of megakaryo-
cytes, suggesting redundancy with other pro-survival proteins. Single or dual 
megakaryocyte- specific deletion of pro-survival Mcl-1 and Bcl-2 did not influence 
megakaryopoiesis, platelet production, or platelet lifespan [26, 29, 51]. 
Thrombocytopenia in Bclx− deficient mice was not affected by additional genetic 
loss or pharmacological inhibition of Bcl-2 [51]. However, genetic deletion of both 
Mcl-1 and Bcl-x in megakaryocytes resulted in pre-weaning lethality [26], rescued 
by ablation of Bak and Bax [29]. Megakaryopoiesis in Bcl-x/Mcl-1− deficient E12.5 
embryos was severely compromised, where megakaryocytes were reduced in num-
ber and size and these animals presented with hemorrhage. A few Bcl-x− deficient 
mice with one functional Mcl-1 allele reached adulthood. These mice revealed a 
subpopulation of pyknotic, caspase-3-positive megakaryocytes in bone marrow and 
spleen with cytoplasmic vacuolization. In order to induce full-blown megakaryo-
cyte apoptosis in vivo, adult conditional Mcl-1-deficient mice were treated with 
ABT-737 (inhibiting Bcl-xL, Bcl-2, and Bcl-w), resulting in ablation of megakaryo-
cytes and platelets. 2.5 h postinjection apoptotic megakaryocytes could be detected 
with cytoplasmic vacuolization (Fig. 9.4a), pyknotic and dysmorphic nucleus, accu-
mulation of short filamentous bundles, and fragmentation of the plasma membrane. 
Taken together, these studies indicate that the combination of pro-survival Bcl-xL 
and Mcl-1 is essential for the viability of the megakaryocytic lineage, while Bcl-2 
is dispensable (Fig. 9.3).

9.6.2  Regulation of Megakaryocyte Survival by Extrinsic 
Apoptosis

In contrast to platelets, megakaryocytes possess a functional FasL-inducible extrinsic 
apoptosis pathway [27, 97]. Activation of this pathway in mature megakaryocytes 
in vitro led to membrane blebbing (Fig. 9.4c), reduced viability, effector caspase-3/7 
activation, and reduced proplatelet formation. This effect was blocked by genetic cas-
pase-8 deletion or nonfunctional Fas receptor [27]. Moreover, loss of Bak/Bax failed 
to protect FasL-treated megakaryocytes against caspase-3/7 activation or rescue via-
bility and proplatelet formation indicating that megakaryocytes are type I cells, 
namely, the apoptotic signal mediated by caspase-8 does not require augmentation 
through the intrinsic apoptosis pathway to induce cell death (Fig. 9.3). In addition to 
Fas, TRAIL and TRAIL receptor 2 have also been shown to be expressed during 
human megakaryocyte development [98]. Blockage of the extrinsic apoptosis path-
way in mice (megakaryocyte lineage-specific loss of caspase-8) did not affect platelet 
counts, platelet lifespan, or platelet production [27]. Since apoptosis had initially been 
suggested to promote platelet production [99, 100], investigations were taken to 
examine the effect of disabling the intrinsic and extrinsic apoptotic pathways in the 
megakaryocyte lineage by conditional loss of Bak/Bax and caspase-8. Strikingly, 
platelet production was normal in these triple knockout mice, and the extension of 
platelet lifespan observed in Bak/Bax mice was not further prolonged in the absence 
of caspase-8 [27]. Thus, apoptosis is dispensable for platelet biogenesis in mice.
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9.7  Chemotherapy Treatment Targeting Apoptosis

During chemotherapy treatment, the targeting of Bcl-xL produces dose-limiting 
thrombocytopenia which is particularly deleterious in hematological malignancies 
where thrombocytopenia is a consequence of the disease at the late stage. This led to 
the development of agents that specifically target Bcl-2. Venetoclax [52] is one such 

  A: Intrinsic apoptosis  C: Extrinsic apoptosis

 B: ITP patient D: HIV patient

Vacuolization Blebbing

Fig. 9.4 Morphological features of megakaryocyte apoptosis. (a) Representative transmission 
electron microscopy image of a megakaryocyte undergoing intrinsic apoptosis in vivo induced by 
genetic loss of Mcl-1 and pharmacological inhibition of Bcl-xL (ABT-737). Cytoplasmic vacuol-
ization is visible 2.5 h posttreatment (This research was originally published in Blood. Debrincat 
et al. [26]. © the American Society of Hematology). (b) Mature megakaryocyte from ITP patient 
showing ultrastructural features of para-apoptosis. Signs of cytoplasmic vacuolization are evident. 
The thick, enlarged peripheral margin in the cytoplasm lacks organelles (This research was origi-
nally published in Blood. Houwerzijl et al. [95]. © the American Society of Hematology). (c) 
Time-lapse microscopy of cultured mouse bone marrow megakaryocytes undergoing extrinsic 
apoptosis induced by cross-linked FasL. Cell permeable MitoTracker Red FM was used as a via-
bility stain (red). Blebbing was followed by decreased red intensity as FasL-treated megakaryo-
cytes died and became positive for the nuclear stain DAPI (blue) (© Josefsson et al. 2014. 
Originally published in Nature Communications. doi:10.1038/ncomms4455 [27]) (d) A blebbing 
megakaryocyte from an AIDS patient’s marrow (Reprinted from Zucker-Franklin et al. [96]. 
Copyright 1989, with permission from Elsevier)
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agent that is currently used in clinical trials for treatment of a range of hematological 
malignancies with little impact on platelet counts [52, 101]. Despite dose- limiting 
thrombocytopenia, Bcl-xL antagonism has shown encouraging results in certain solid 
tumors [102, 103], and Bcl-xL-specific BH3 mimetics [104–106] were recently devel-
oped. As expected, they cause thrombocytopenia and can induce apoptosis in mega-
karyocytes in vitro [51]. Radiotherapy and myelosuppressive chemotherapy cause 
thrombocytopenia by directly targeting megakaryocytes and their progenitor cells to 
undergo apoptosis as evidenced by bone marrow chimeric mice deficient in Bak/Bax 
being resistant to carboplatin-induced thrombocytopenia. In light of the developments 
of new BH3 mimetics targeting different pro-survival proteins, it is important to care-
fully dissect out the molecular mechanism regulating apoptosis in the megakaryocytic 
lineage. Combination trials with Bcl-xL inhibition and kinase inhibitors (MEK, RAF, 
and BRAF) are underway for advanced or metastatic solid tumors, and it will be 
imperative to closely monitor platelet counts, since both platelet production and plate-
let survival may be affected. As evidence indicates, the combined targeting of Mcl-1 
and Bcl-xL is likely to be detrimental to the megakaryocytic lineage [26, 29].

9.8  Implications of Extended Platelet Survival in Disease

In disease settings such as myeloproliferative neoplasms, can the increase in platelet 
counts due to increased progenitor proliferation be attributed to the overexpression 
of pro-survival proteins in platelets, which prolongs platelet lifespan? This is an 
interesting question since as previously described (Sect. 9.4), overexpression of 
BCL-2 in blood cells [53] or mice deficient in Bak and Bax [28, 31] have extended 
platelet lifespan. In megakaryoblastic cells, studies have demonstrated enhanced 
Bcl-xL and Mcl-1 expression triggered by TPO through the JAK/STAT5 pathway 
[29, 107] and the same pro-survival proteins were shown to regulate survival in 
JAK2V617F mutant megakaryoblastic cell lines [108]. Additionally, bone marrow 
megakaryocytes from essential thrombocythemia patients showed increased Bcl-xL 
expression [109]. Conversely, in ITP patients with low platelet counts, can platelet 
lifespan in circulation be extended therapeutically by administration of TPO mimet-
ics? A study by Mitchell et al. recently invalidated this theory under chronic TPO- 
mimetic stimulation, but potentially it could be a contributing factor in the early 
phase of treatment [110]. Clearly, further investigations are needed to validate 
whether overexpression of pro-survival proteins contributes to increased mega-
karyocyte survival and/or extended platelet lifespan in disease settings with 
increased platelet count, and, importantly, whether platelet lifespan can be manipu-
lated therapeutically to counter thrombocytopenia.

9.9  Acquired Thrombocytopenias Associated 
with Apoptosis

Thrombocytopenia induced by bacteria and viruses has been associated with mega-
karyocyte and platelet apoptosis. Platelets from dengue-virus-infected patients 
[111] and from Escherichia coli and Staphylococcus bacterial-infected sepsis 
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patients [112] exhibit increased signs of apoptosis as do platelets exposed to 
Helicobacter pylori in vitro [113]. One of the mechanisms put forward for the fast 
clearance of platelets in sepsis is bacterial desialylation of platelet surface proteins 
and hepatic removal by the Ashwell-Morell receptor [114] (Sect. 9.5). 
Megakaryocytes have been shown to undergo apoptosis in dengue-virus- [115] and 
HIV-infected [116] patients, and ultrastructural features of megakaryocytes from 
AIDS patients have been shown to include membrane blebbing [96] (Fig. 9.4d), one 
of the hallmarks of apoptosis. Megakaryocytes have also been shown to die after 
infection with lymphocytic choriomeningitis virus (LCMV) [117], a murine model 
of HIV. In this model, combined genetic ablation of caspase-8/Bak/Bax could pro-
tect megakaryocytes, but not platelets [27]. Thus, megakaryocytes undergo apopto-
sis in LCMV-infected mice.

ITP is an autoimmune disorder characterized by low platelet counts due to accel-
erated platelet destruction and impaired platelet production. Platelets are targeted by 
antibodies and cleared by macrophages in the spleen and liver, or they are directly 
lysed by cytotoxic T cells [118]. Two case reports exist where platelet desialylation 
had occurred and sialidase inhibition had a positive outcome [119, 120]. Sialidase 
inhibition was recently put forward as a potential new treatment option for thrombo-
cytopenia [121], and future studies will determine its clinical significance. Houwerzijl 
et al. classified megakaryocytes from ITP and myelodysplastic syndrome (MDS) 
patients into apoptotic, para-apoptotic, and necrosis-like based on platelet ultrastuc-
tural characteristics [95, 122]. Figure 9.4b shows a megakaryocyte from an ITP 
patient with vacuolization of the cytoplasm (termed para-apoptosis) [95], a feature 
also seen in mouse megakaryocytes undergoing intrinsic apoptosis (Fig. 9.4a).

An increased number of denuded megakaryocyte nuclei have been detected in 
the bone marrow of AIDS [96] and MDS patients [123] and post-chemotherapy 
treatment [124]. It was suggested that denuded nuclei, surrounded by a thin ring of 
cytoplasm, are the remnant products leftover in the bone marrow after functional 
platelet release into the circulation. In AIDS patients, an accumulation of nuclei was 
speculated to be due to impaired macrophage clearance [96]. An increased number 
of bone marrow megakaryocytic denuded nuclei can be observed in mice with 
megakaryocytes unable to undergo intrinsic apoptosis in the absence of Bak/Bax 
[28] indicative of inefficient clearance and subsequent accumulation. Furthermore, 
in vitro, denuded nuclei have been shown to become annexin V-positive post- 
proplatelet formation [28]. Hence, it is conceivable that leftover denuded nuclei 
undergo apoptosis allowing swift recognition and clearance by macrophages.

9.10  Megakaryocyte and Platelet Survival in Inherited 
Thrombocytopenias

Congenital platelet disorders (CPDs) are a heterogenous group of conditions. They 
are rare and may only be described in single or a handful of families. The classifica-
tion of CPDs is varied; however, more recently, CPDs have been classified based on 
the molecular classification of these syndromes [125]. Broadly, CPD can manifest as 
thrombocytopenia or thrombocytopathy (platelet functional defects/abnormalities) 
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leading to impaired clot formation. Unlike thrombocytopenic disorders, platelet 
functional defects can often occur together with normal platelet counts. In the follow-
ing section, we will present thrombocytopenic CPDs that have been allied with alter-
ation of platelet lifespan and cell death events in megakaryocytes and/or platelets.

9.10.1  Direct Links to the Apoptotic Machinery

Thrombocytopenia Cargeeg (Thrombocytopenia-4) (THC4) is a rare autosomal 
dominant disease causing mild thrombocytopenia. It was first found to affect a sin-
gle family in New Zealand for seven generations [126]. THC4 is caused by a G41S 
mutation of the cytochrome c (CYCS) gene. Interestingly, despite being a ubiqui-
tously expressed protein, the only clinical phenotype apparent in THC4 patients was 
related to disrupted thrombopoiesis. In THC4, whereas patients have the same pro-
portion of immature platelets as control patients, the absolute number of immature 
platelets is lower in affected individuals indicative of a platelet production defect. 
This was attributed to increased activity of cytochrome c leading to the premature 
ectopic release of platelets within the bone marrow space [126] with no indication 
on whether megakaryocyte survival was affected. More recently, a second naturally 
occurring mutation Y48H in CYCS was described in an Italian family by De Rocco 
and colleagues [127]. Irrespective of which somatic cytochrome c mutation, platelet 
size or morphology was not disrupted, and once again, the only disease phenotype 
observed was that related to impaired thrombopoiesis. In this study, it was addition-
ally reported that mutations in CYCS also changed cellular bioenergetics [127] sug-
gesting a potentially complex mechanism underlying cytochrome c mutation and its 
effects on megakaryocyte maturation and platelet production.

9.10.2  Indications of Increased Death in Megakaryocytes

MYH9-related disorders are autosomal dominantly inherited and encompass disor-
ders that were previously classified as May-Hegglin anomaly, Fechtner syndrome, 
Sebastian syndrome, as well as Epstein syndrome. MYH9-related disorders are 
caused by mutations in the MYH9 gene that encodes non-muscle myosin heavy 
chain IIa (NMMHC-IIA) [128]. NMMHC-IIA is an important component of the 
contractile cytoskeleton in platelets, megakaryocytes, as well as other tissues. 
Therefore, disruption of the MYH9 leads to perturbation in the interactions of 
NMMHC-IIA to its binding partners or in the stability of protein itself [129]. While 
the mechanism behind poor platelet production in MYH9 disorders has not been 
fully elucidated, increased non-apoptotic cell death in megakaryocytes has been 
suggested to occur in Myh9Δ mice [130]. Meanwhile, platelet lifespan has been 
reported to be unaltered [131, 132].

Gray platelet syndrome (GPS) is a genetically heterogenous disorder caused by 
an autosomal recessive or dominant mutation in the NBEAL2 gene. First described 
in 1971, platelets appeared large, misshaped, and deficient both of alpha granules 
and proteins synthesized within megakaryocytes. In the dominant form of GPS, 
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dense granule deficiency has also been documented [133]. Defective alpha granule 
synthesis in GPS has been suggested to be due to the inability of NBEAL2-deficient 
megakaryocytes to efficiently package endogenously produced proteins into alpha 
granules [134]. In Nbeal2−/− mice, platelet lifespan was reported to be similar to that 
of control mice [135]. Interestingly, Kahr et al. has proposed a model in which sur-
vival of cultured Nbeal2−/− megakaryocytes may be affected thereby providing a 
potential explanation for the decreased platelet counts in GPS patients [136].

9.10.3  Indications of Increased Platelet Turnover

Filamin A deficiency caused by mutations in the FLNA gene can lead to a wide 
spectrum of diseases with the most prevalent two phenotypes being periventricular 
heterotopia and otopalatodigital syndromes [137]. Despite thrombocytopenia peri-
odically occurring in filaminopathies, not much follow-up work on platelet survival 
has been done, and information on platelet size and counts are lacking [138]. In 
platelets, filamin A (FlnA) plays an important role in interactions between platelets 
and the vessel wall, particularly under conditions of high shear [139]. Accordingly, 
patients that have FlnA mutations display a variety of functional platelet disorders 
[140]. By generating FlnAloxp Pf4-Cre mice, Begonja et al. showed that FlnA-null 
megakaryocytes produced large fragile platelets that were rapidly cleared by mac-
rophages leading to thrombocytopenia [141].

Bernard-Soulier syndrome (BSS) is an autosomal recessive inherited platelet dis-
order. It causes variable degrees of thrombocytopenia and is characterized by mac-
rothrombocytopenia and a prolonged bleeding time [142]. BSS patients exhibit a 
decreased or complete absence of the GPIb/IX/V complex on the platelet surface 
resulting in impaired interactions of platelets with vWF and thrombin. Historically 
it was proposed that the diminished expression of this receptor complex led to the 
rapid removal of platelets [143, 144] despite platelet lifespan itself not being effected 
[145]. Indeed, studies using GPIbβ−/− mice as a model for BSS showed that platelet 
lifespan was no different from the control [146]. Collectively, this suggests that the 
major reason for the thrombocytopenia in BSS is a platelet production defect. 
However, other studies also showed that the existence of autologous labeled plate-
lets was halved in BSS patients [147], proposing that there might be an additional 
component of increased platelet turnover. Moreover, newly emerging evidence sug-
gests that apart from a defect in the GPIb/IX/V complex, intrinsic membrane abnor-
malities are present in BSS patients whereby total platelet phospholipid content was 
elevated, a notion that correlates with its enlarged size [148, 149]. It was further 
described that, in contrast to the control, a large proportion of activated platelets 
from BSS patients did not expose PS despite Δψm disruption, suggestive of a 
PS-independent mode of cell death in BSS platelets that could underlie shortened 
platelet survival in BSS [149].

DiGeorge or velocardiofacial syndrome (DGS/VCFS) is caused by a hemizygous 
mutation of chromosome 22q11.2 passed down in an autosomal recessive pattern. 
Clinical features of DGS/VCFS include mild macrothrombocytopenia, cardiac abnor-
malities, impaired learning abilities, velopharyngeal insufficiency, immunodeficiency, 
facial dimorphisms, as well as thymic hypoplasia [150]. By and large, the features of 
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this disorder are ascribable to haploinsufficiency of the TBX1 gene, as evident in 
Tbx−/− mice [151], yet it is not fully clear how platelet counts are affected in this dis-
order. Given the location of the TBX1 gene, which lies in relatively close proximity to 
the GPIBB gene, it has been proposed that the deletion of chromosome 22q11.2 may 
lead to a reduction in GPIβ expression. Indeed, validating this theory, the expression 
of GPIβ on platelets in thrombocytopenic patients with 22q11.2 mutations is less than 
that observed in controls [152]. As such, it has been postulated that a similar reduction 
of platelet lifespan seen in BSS patients may also occur in DGS/VCFS [153], although 
specific experimental evidence for this is lacking.

Type 2b von Willebrand disease (VWD2) is an autosomal dominant inherited 
congenital disorder arising from gain-of-function mutations in the VWF gene. This 
disease is characterized by an irregularly increased affinity of vWF to GPIb/IX/V on 
platelets. As a result, spontaneous platelet binding to vWF is enhanced leading to 
the rapid clearance of platelet aggregates. This mechanism is supported in mouse 
models of VWD2 in which macrophages were reported to show accelerated uptake 
of vWF/platelet complexes [154]. Additionally, studies performed in a small cohort 
of patients suggest that thrombocytopenia in VWD2 can also be partly due to 
impaired megakaryopoiesis, and they also reported that platelets from patients 
showed increased PARP cleavage compared to control [155].

Wiskott-Aldrich syndrome (WAS) is an X-linked disorder caused by hemizygous 
mutations in the WAS gene encoding the WAS protein (WASp). WASp plays a fun-
damental role in actin polymerization in hematopoietic cells and controls rearrange-
ment of the actin cytoskeleton in response to cellular activation [156]. Functional 
disruption of WASp causes a myriad of effects leading to microthrombocytopenia, 
immunodeficiency, recurrent infections, eczema, and malignant lymphoma [157]. 
X-linked thrombocytopenia (XLT) which occasionally causes mild eczema and 
infections is a variant of WAS [158]. In WAS, the rapid clearance of platelets in 
human patients is proposed to be the main mechanism causing thrombocytopenia. 
This was corroborated in studies of WASp−/− mice whereby increased phagocytosis 
of isolated platelets was observed [159]. Moreover, high levels of antiplatelet anti-
bodies were detected in WASp−/− mice; a separate line of evidence of rapid in vivo 
platelet clearance [160]. Clearly, evidence behind thrombocytopenia in WAS is 
associated with increased phagocytosis, yet studies also indicate that this may not 
be the sole contributing factor. For instance, shortened intrinsic platelet survival has 
been detected in WAS patients [161]. Moreover, mice deficient in the WASp-
interacting protein Profilin1 (Pln−/−) were reported to display a WAS-like pheno-
type. In Pln−/− mice, thrombocytopenia was attributed to hampered platelet 
production as well as to reduced platelet lifespan [162] demonstrating the complex-
ity behind thrombocytopenia in this syndrome.

9.11  Controversies on the Role of Apoptosis 
in Thrombopoiesis

It has been described that in the absence of Bak/Bax, few mice survive into adulthood. 
These surviving mice have thrombocytopenia in addition to numerous developmental 
defects and accumulation of excess cells within the hematopoietic and central nervous 
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systems [163]. Hematopoietic loss of Bak/Bax [28], deletion of Bim [164], or overex-
pression of BCL-2 [165] in the hematopoietic compartment leads to thrombocytope-
nia and accumulation of lymphoid cells. The substantial drop in platelet counts was 
speculated in the late 1990s to be caused by impaired apoptosis thereby preventing 
efficient platelet shedding from megakaryocytes [164]. A series of publications fol-
lowed in support of this notion [99, 100, 166], and localized caspase activation was 
identified during in vitro platelet production [100]. Nevertheless, more recent studies 
in genetically modified mice have demonstrated that deletion of Bim/Bid [30] or con-
ditional loss of Bak/Bax [28, 30] in the megakaryocytic lineage is not associated with 
thrombocytopenia and splenectomy reverses the thrombocytopenia observed in mice 
lacking Bak/Bax in the hematopoietic system [28]. Furthermore, the reduced platelet 
counts in vav-BCL-2 mice was lately shown to be largely due to expansion of the 
lymphoid compartment, since these mice had normal platelet counts on a B and T 
cell-deficient Rag-1−/− background [53]. Combined conditional blockade of intrinsic 
and extrinsic apoptosis pathways was recently achieved in mice, and platelet produc-
tion was found to be normal both at steady state and under conditions of stress [27]. 
Recent advancement in knowledge provided by these new mouse models leaves little 
support to the previous theory that shedding from megakaryocytes depends on apop-
tosis. Recently, a IL-1α-dependent megakaryocyte rupture process was identified in 
response to acute platelet needs [97]. This inflammatory-associated response was 
shown to be morphologically and temporally different from the typical FasL-induced 
apoptosis, with no evidence of membrane blebbing, PS exposure, or TUNEL-positive 
staining, while caspase-3 was activated [97].

Still, there are unresolved questions such as the reason for the abnormal platelet 
production observed after Pf4-driven transgenic overexpression of Bcl-xL in megakary-
ocytes and platelets [166]. These mice were described to have normal platelet counts, 
but a defect in response to stress-induced thrombocytopenia and decreased in vitro 
proplatelet formation. Interestingly, Bcl-xL was recently shown to have additional 
death-unrelated metabolic functions [167]: and when overexpressed, stimulates 
autophagy [168]. Other examples are the two cytochrome c mutations [126, 127] caus-
ing a mild thrombocytopenia in patients with intramedullary platelet release [126] 
(Sect. 9.10). Enhanced intrinsic apoptosis activity was originally hypothesized to be 
the underlying reason for this abnormality and more recently effects on cellular bioen-
ergetics have also been suggested [127, 169]. Thus, future studies are needed to gain 
mechanistic insights into how the described conditions influence platelet production.

9.12  Alternative Cell Death Pathways Implicated 
in Thrombopoiesis

In addition to intrinsic and extrinsic apoptosis, further, alternative cell death path-
ways might be of relevance in megakaryopoiesis and thrombopoiesis such as necro-
sis, necroptosis, pyroptosis, parthanatos, and autophagy [79].

Necrosis is not well defined on a molecular level and is mostly based on morpho-
logical characteristics including swelling of organelles, increased cell volume, and 
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permeabilization of the plasma membrane. MPT-mediated regulated necrosis 
requires cyclophilin D, a component of the permeability transition pore complex. 
Mice deficient in cyclophilin D have normal platelet counts but exhibit a platelet 
functional defect with reduced procoagulant function (Sect. 9.4) [77, 78]. Necroptosis 
is a newly discovered pathway of programmed necrosis [79], with links to inflamma-
tion, that requires the protein receptor-interacting serine/threonine- protein kinase 3 
(RIPK3) and mixed lineage kinase domain-like (MLKL) and is induced by death 
receptors, interferons, toll-like receptors, and intracellular RNA and DNA sensors. 
Since Mlkl-deficient mice displayed no hematopoietic anomalies [170], necroptosis 
is likely to be dispensable for thrombopoiesis at steady state. Pyroptosis is another 
inflammatory cell death pathway characterized by cellular swelling and plasma 
membrane permeabilization. Pyroptosis occurs after inflammasome stimulation, 
leading to caspase-1 and/or caspase-11 activation. Limited information is available 
on the role of pyroptosis in megakaryocytes, but dengue infection has been shown to 
trigger functional inflammasome assembly in platelets [171]. Continuous turnover of 
intracellular components by autophagy is necessary to preserve cellular homeostasis 
in all tissues, and there has been a recent spark in the interest surrounding the role of 
autophagy in megakaryocytes [172] and platelets [173–175]. Since genetic loss of 
Atg7 in hematopoietic cells led to macrothrombocytopenia in mice [172], future 
molecular mechanistic insights into the role of autophagy and regulated necrosis 
[176] in megakaryopoiesis and platelet production will be of particular interest.
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10Platelet Functions Beyond Hemostasis

Rick Kapur and John W. Semple

Abstract
Platelets are small cellular fragments lacking a nucleus, derived from megakary-
ocytes, and are well known to have a major role in maintaining hemostasis. Apart 
from this well-established role, it is now becoming evident that platelets also 
have other important functions, besides hemostasis, during infection and inflam-
mation. This chapter will focus on these nonhemostatic functions of platelets, in 
general, outlined as “platelets versus pathogens” and “platelet-target cell com-
munication.” Platelets actively contribute to protection against invading patho-
gens and are capable of regulating immune functions in various target cells, all 
through an array of sophisticated mechanisms. These relatively novel features 
will be discussed, demonstrating an important multifunctional role of platelets in 
an inflammatory setting.
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10.1  Introduction

Platelets are small (~2–4 μm in diameter) anucleate cellular fragments derived from 
bone marrow-resident megakaryocytes (~50–100 μm in diameter) and are classi-
cally known to be indispensable for hemostasis [1]. Platelet generation is a complex 
and highly regulated process [2], especially considering the multifunctional aspects 
of platelets. The importance of this tight regulation is demonstrated in vivo, where it 
is essential to prevent bleedings under conditions when platelet counts are low, but 
it is also imperative to prevent serious organ damage and vascular occlusion due to 
elevated platelet counts. It is becoming increasingly clear that platelets are involved 
in several other functional processes, apart from their well-known role in hemosta-
sis, in both health and disease [1, 3–9]. These nonhemostatic functions, generally 
outlined as “platelets versus pathogens” and “platelet-target cell communication,” 
will be highlighted in this chapter and will shed light on the versatile role of plate-
lets in an inflammatory setting.

10.2  Platelets Versus Pathogens

10.2.1  Pathogen Recognition by Platelets

Platelets have the ability to “sense danger,” such as pathogens or damage in case of 
sterile inflammation, as they express functional immune receptors called pattern rec-
ognition receptors. These include Ig- or complement receptors and Toll-like recep-
tors (TLRs) [1]. Via these receptors, platelets are able to bind invading pathogens 
and microbes, including their derived materials. Pathogens first encounter TLRs on 
professional phagocytes, such as neutrophils, dendritic cells (DCs), or macrophages 
[1, 10, 11]. TLRs are germ line-encoded proteins, capable of binding various infec-
tious molecular structures and potently stimulate innate immune mechanisms [1, 
10, 11]. Many groups have reported the expression of TLRs 1–9 on human as well 
as on murine platelets, and some of these TLRs have been shown to be functional 
[1]. For instance, TLR4, which has been shown to mediate lipopolysaccharide (LPS, 
a gram-negative endotoxin)-induced thrombocytopenia and TNF-α production 
in vivo [12–18]. Engagement of TLR2 in human platelets by Pam3CSK4, a synthetic 
ligand mimicking bacterial lipopeptide, was shown to induce a thromboinflamma-
tory response through activation of phosphoinositide 3-kinase [19]. Platelet TLR2 
and TLR4 were also shown to be of importance in a study regarding periodontitis, 
which is associated with an increased risk for cardiovascular diseases [20]. The 
periodontopathogens involved (A. actinomycetemcomitans and P. gingivalis) were 
shown to induce expression of CD40L, known to mediate thrombotic and inflamma-
tory processes, on human platelets via TLR2 and TLR4 [20]. Recently, new insights 
have emerged regarding platelet TLR3 and TRLR7, as human platelets expressing 
TLR3 were shown to respond to poly I:C, indicating an effect on innate immune 
responses when detecting viral dsRNA [21]. Platelet TLR7 was shown to mediate 
host survival and platelet counts during infection with encephalomyocarditis virus 
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(EMCV) in mice, independently of thrombosis [22]. In contrast, platelet TLR9 
seems to be important as sensor of internal danger signals, rather than external sig-
nals. It was shown that platelet TLR9 was functionally associated with oxidative 
stress, innate immunity, and thrombosis, as carboxy(alkylpyrrole) protein adducts, 
altered-self ligands produced during oxidative stress, through engagement of plate-
let TLR9, could enhance platelet activation, granule secretion, aggregation in vitro, 
and thrombosis in vivo [23]. Not many studies have been conducted investigating 
the role of TLRs on megakaryocytes. It was shown that endotoxemia could increase 
thrombopoietin (TPO) levels in vivo, accompanied by an increase in circulating 
young reticulated platelets with enhanced platelet-neutrophil aggregates [24]. In 
addition, the bone marrow treated with LPS demonstrated increased TPO levels, 
implicating a key role of infection and inflammation in thrombopoiesis [25]. Also, 
TLR4-knockout mice displayed decreased circulating platelet counts and reticu-
lated platelets, suggesting TLR4 to be of importance in platelet production [12, 26]. 
A lot of evidence has accumulated over the years suggesting an important role for 
platelets as pathogen sensors within the blood, due to their expression of several 
receptors without any clear relation to hemostatic functions.

10.2.2  Pathogen Retainment by Platelets

Platelets are capable of harboring pathogens on their plasma membrane as well as 
internally [4, 27], as has been demonstrated for viruses [27, 28], bacteria [29–31], 
and parasites [5]. Platelets were also shown to be involved in acute and chronic 
hepatic disease due to hepatitis B virus, via upregulation of virus-specific CD8+ T 
cells and nonspecific inflammatory cells into the liver [32]. Interestingly, activated 
platelets were shown to surround or encapsulate Staphylococcus aureus, driving the 
pathogens into clusters resulting in reduced bacterial growth [33]. This occurred 
through secretion of the antimicrobial peptide β-defensin and signaling of neutrophil 
extracellular trap (NET) formation [33], which has now shown to be involved in 
many pathologies including thrombosis, transfusion-related acute lung injury, sickle 
cell disease, storage of red blood cells, and very recently diabetes [34–40]. Bacteria 
(methicillin-resistant Staphylococcus aureus and Bacillus cereus) were also trapped 
on the hepatic Kupffer cells, which were dependent upon interactions with platelet-
adhesion receptor GP1b [6]. In that study, infected GP1bα-deficient mice suffered 
more endothelial cell and Kupffer cell damage and displayed more vascular leakage 
and rapid mortality [6]. Activation of platelets during sepsis can contribute to dissem-
inated intravascular coagulation, which can lead to blood vessel occlusion, increased 
ischemia, and multiple organ failure, and it can also contribute to stimulation of 
pro- and anti-inflammatory cytokine production [41]. This platelet activation is evi-
dent from increased surface P-selectin expression [42, 43] and increased levels of 
triggering receptor expressed on myeloid cells-like transcript-1 [44] or PF-4 in mice 
[45]. During sepsis, neutrophils were also shown to be activated by platelet TLR4, 
causing the release of NETs, which subsequently trapped bacteria in blood vessels 
primarily of liver sinusoids and lung capillaries [7]. It was proposed that platelets 
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act as circulating sentinels, sensing infectious agents and presenting them to neu-
trophils and/or the reticuloendothelial system [14–18]. Although platelet- dependent 
NET formation is an effective strategy in trapping bacteria, it may be detrimental as it 
may occur at the expense of injury to the host. When LPS- activated neutrophils come 
into contact with endothelium, there is little damage; however, if bound neutrophils 
encounter LPS-bearing platelets, neutrophil activation is enhanced resulting in NET 
formation together with reactive oxygen species release, which damages the underly-
ing endothelium [7]. Furthermore, it was demonstrated that neutrophils are able to 
scan platelets for activation in the bloodstream via P-selectin ligand signaling, result-
ing in inflammation [8]. Also, platelet P-selectin, soluble or cellular, was found to 
trigger NET formation in mice through binding to neutrophil P-selectin glycoprotein 
ligand-1 (PSGL-1) [46]. Recently, in diabetes, in which neutrophils are more sus-
ceptible to NET formation, NETs were found to impair wound healing. Therefore, it 
was suggested that cleaving NETs or inhibiting NET formation may improve wound 
healing and reduce inflammation in diabetes [40].

10.2.3  Pathogen Elimination by Platelets

Platelets have been implicated to be involved in the clearance of bacterial infections. In 
infective endocarditis, for instance, thrombin-stimulated platelets were shown to facili-
tate clearance of streptococci [47]. Additionally, in mice infected with P. gingivalis, 
platelet TLR2 was implicated in the formation of platelet-neutrophil aggregates [19], 
and later it was demonstrated that phagocytosis of periodontopathogens mediated by 
neutrophils was dependent upon platelets, plasma factors, and TLR2 [48]. It was ele-
gantly shown by McMorran and colleagues that activated platelets can kill the malarial 
parasite Plasmodium falciparum inside the red blood cell [5]. In a follow- up study, it 
was further elucidated that the mechanism of this platelet-mediated parasite killing was 
dependent upon platelet factor 4 (PF4 or CXCL4) and the erythrocyte Duffy-antigen 
receptor (Fy) [49]. This implies that in Duffy-negative individuals, thus lacking Fy, 
platelets would be incapable of eliminating this intraerythrocytic malarial parasite.

10.2.4  Pathogen Escape from Platelets

On the other hand, viruses and bacteria appear to have developed countermeasures 
to evade these immune responses elicited by platelets. This can be supported by 
the fact that acute viral or bacterial infections often lead to low platelet counts or 
thrombocytopenia. This has frequently been observed in immune thrombocytopenia 
(ITP), an autoimmune bleeding disease in which platelets are destroyed [50]. The 
pathogenesis of infection-related platelet targeting is incompletely understood, but 
several mechanisms have been described. These include molecular mimicry between 
viral/bacterial antigens and platelet antigens, resulting in cross-reactive autoanti-
body generation [51–55]. In addition, ITP patients infected with the gram-nega-
tive bacteria Helicobacter pylori demonstrated increased platelet counts following 
Helicobacter pylori-eradication therapy [56]. Similarly, the gram-negative bacterial 
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endotoxin LPS also enhanced antiplatelet antibody-mediated platelet phagocytosis 
in vitro [15], as well as an increased platelet clearance in vivo, when antiplatelet 
antibodies and LPS were coinjected in mice [57]. Furthermore, C-reactive protein 
(CRP) was found to be a novel serum factor which potentiated antibody-mediated 
platelet destruction both in vitro as well as in vivo in mice [58]. CRP is an acute- 
phase protein, also present in healthy individuals, but known to vastly increase dur-
ing acute bacterial or viral infections. CRP was found to be increased in children 
suffering from ITP and treatment with IVIg was correlated with increased platelet 
counts, with decreased levels of CRP, and with reduced clinical bleeding severity 
[58]. Interestingly, an elevated CRP value at diagnosis appeared to be predictive for 
slower platelet count recovery after 3 months [58]. From a functional perspective, 
the mechanism appeared to be independent of the platelet FcγRIIA but occurred via 
platelet oxidation triggered by antiplatelet antibodies and the phagocyte NADPH 
oxidase system, resulting in platelet-membrane phosphorylcholine exposure, to 
which CRP could bind and then subsequently enhance antibody-mediated platelet 
phagocytosis through interaction with FcγR [58].

10.3  Platelet-Target Cell Communication

10.3.1  Platelet Release of Mediators

CD40L (CD40L/CD154) and CD40, besides their role in costimulation and perhaps 
thrombotic diseases [59], are also relevant in platelet immune reactions. When plate-
lets are activated, most of their expressed CD40L is released, generating the solu-
ble form (sCD40L), which is in fact the vast majority of all sCD40L in circulation 
[60]. Platelet CD40L can engage with endothelial cell-CD40 (in the membrane), 
which results in a cascade of inflammatory reactions leading to the release of several 
adhesion molecules including VCAM1, ICAM1, and CCL2 [61]. Platelet-secreted 
sCD40L, when interacting with CD40 positive vascular cells (including endothelial 
cells), can enhance the expression of adhesion molecules like P-selectin and E-selectin 
and stimulate the release of tissue factor and IL-6 [62, 63]. Therefore, a central role 
for platelet CD40L-CD40 interactions between endothelium/coagulation and inflam-
mation is becoming apparent. Additionally, platelet- derived CD40L was shown to 
enhance CD8+ T cell responses and to stimulate T cell responses following infection 
with Listeria monocytogenes [64, 65], demonstrating a clear link between innate and 
adaptive immunity. Platelet CD40L was also shown to bind to dendritic cells (DCs) 
and thereby impair their differentiation, suppress the pro-inflammatory cytokines 
IL-12p70 and TNF by DCs, and increase IL-10 production by DCs [66]. Furthermore, 
activated platelets were shown to enhance lymphocyte adhesion to endothelial cells 
[67] and facilitate homing of lymphocytes in high endothelial venules [68] and migra-
tion toward inflammatory environments. Also, platelets can enable B cell differen-
tiation and Ab class switching via their CD40L [69, 70]. Several other signaling 
pathways have been linked to platelet activation via the CD40L-CD40 axis, including 
NF-kB [71–76], illustrating that platelets have in fact several strategies for modulating 
adaptive immune responses through their CD40L and/or their derived sCD40L.
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Platelets have many different cytokines and chemokines in their system, all differ-
ently impacting hemostasis and wound repair [77], and also pro-inflammatory and 
anti-inflammatory reactions, for instance, the immunosuppressant TGF-β [78]. 
Platelets appear to control the levels of TGF-β as is evident from patients suffering 
from immune thrombocytopenia (ITP), where low levels of TGF-β were observed 
during active disease, on one hand, but those levels normalized again upon treatment 
which increased platelet counts, on the other hand [79, 80]. Most of the platelet che-
mokines and cytokines are located within the different platelet granules. The α gran-
ules contain several immunomodulatory soluble factors, like chemokines, which 
included PF (CXCL4), RANTES (CCL5), β-thromboglobulin (β-TG, an isoform of 
CXCL7), and MIP-1α (CCL3) [81]. Platelet activation triggers release of these che-
mokines causing a diverse response of cellular interactions and responses. PF-4, for 
instance, renders monocytes resistant to apoptosis and stimulates their differentiation 
into macrophages [82]. Besides that, PF-4 is capable of enhancing neutrophil adhe-
sion to unstimulated endothelial cells and of release of granule content [83]. In con-
trast, platelet-derived β-TGs, which are proteolytic products of inactive precursors, 
can either stimulate or inhibit neutrophil activity [84]. Also, platelet- derived MIP-1α 
can enhance histamine release from basophils [85] and is chemotactic for T cells [86].

10.3.2  Platelet Microparticle Shedding

Platelet microparticles (also referred to as microvesicles) are small extracellular 
vesicles produced by cell cytoplasmic blebbing and fission. Originally, they were 
described as “dust” released from activated platelets which supported thrombin 
generation, even without the presence of intact platelets [87]. Generally, the size 
of microparticles ranges from ~100 to 1,000 nm in diameter, although the major-
ity are ~200 nm, and they are distinct from exosomes, which are ~50–100 nm in 
diameter and thus smaller in size and originating from multivesicular bodies via 
exocytosis [88]. The minimal experimental requirements for the definitions of 
extracellular vesicles and their functions are described by the International Society 
for Extracellular Vesicles [89]. Platelets appear to be particularly effective in the 
formation of microparticles, as compared to other cell types, as was demonstrated 
by the high abundance of platelet microparticles in circulation using cryotransmis-
sion electron microscopy and gold nanospheres conjugated to antibodies against the 
platelet CD41 [90]. Microparticle formation is associated with elevated intracellular 
calcium levels, cytoskeletal rearrangement, and membrane phosphatidylserine (PS) 
exposure [91], which supports coagulation considering its anionic properties, but 
platelet microparticles express modest levels of tissue factor (TF) and seem to be less 
procoagulant than monocyte-derived microparticles, which express PS as well as TF 
[92]. Examination of platelet activation under physiological flow conditions revealed 
elongated membrane strands (up to 250 μM) emerging from platelets, so- called 
flow-induced protrusions (FLIPRs) [93]. FLIPRs also expose PS, recruit mono-
cytes and neutrophils, and appear to shed off PS+ microparticles [93]. Interestingly, 
PS-microparticles have also been described in body fluids [90, 94–96], demonstrat-
ing the complexity of platelet microparticle production. It has been challenging to 
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properly assess microparticles in biological fluids, due to their small dimensions. 
Platelet microparticles have been described in various inflammatory conditions, 
in which platelets become activated [97, 98], and their clinically their levels were 
often associated with disease progression. For example, in blood and synovial fluid 
of patients suffering from rheumatoid arthritis (RA), platelet microparticles were 
found to be elevated [9, 99–102]. Using a murine model of RA, it was demonstrated 
that depletion of platelets attenuates inflammation [9, 103]. However, microparticles 
are observed in sterile, as well as in inflammatory diseases, making it unclear what 
triggers the platelets to produce microparticles. Several activation pathways may be 
driving the production of microparticles during inflammation, such as apoptosis, 
high shear forces, or platelet receptor signaling. The disease setting, at least partly, 
determines the route leading to microparticle formation, as in RA activation of the 
collagen receptor glycoprotein VI (GPVI) is a trigger, while in sepsis microparti-
cles are produced via TLR-4 signaling through LPS [9, 104]. Both these signals, 
however, are accompanied by an increase in IL-1, indicating their role in enhancing 
inflammation. Additionally, signaling of immune complexes, consisting of bacterial 
components and well-conserved epitopes expressed by influenza viruses, through the 
platelet FcγRIIA [105, 106], was shown to lead to the production of microparticles.

From a functional perspective, platelet microparticles are thought to facilitate cell-
cell communication. The platelet microparticle cargo is substantial and can consist of 
various cytokines and chemokines (e.g., IL-1, RANTES), potent lipid mediators (e.g., 
thromboxane A2), enzymes (e.g., inducible NO synthase), surface receptors (e.g., 
CD40L), autoantigens (e.g., citrullinated fibrinogen), nucleic acids (e.g., microRNA), 
transcription factors (e.g., PPARγ, RuvB-like2, STAT3, STAT5a), and interestingly 
even respiratory competent mitochondria, all of them potentially targeting and impact-
ing a cell [96–98, 107–110]. As the microparticles can express PS and surface recep-
tors, they interact with other cells through integrin and via the PS-binding proteins 
lactadherin [111] and developmental endothelial locus-1  (Del- 1) [112]. These pro-
teins appear to be involved in microparticle clearance and microparticle interaction 
with other cells, as Del-1 -/- and lactadherin -/- mice express elevated levels of plasma 
microparticles [111, 112]. Transcription factors transported within platelet micropar-
ticles can enable transcellular effects, such as PPARγ, which was demonstrated to be 
transported inside platelet microparticles and transferred to monocytes where it elic-
ited transcellular effects [109]. Currently, however, more research is required to estab-
lish if specific internalization signals are required beyond the initial contact between 
microparticles and the cellular recipient. Microparticles appear to be important bio-
markers in inflammatory disorders, but, further, delineation of their function, mecha-
nisms of their generation, and technical improvements in their assessment are 
warranted, in order to better understand their role in health and disease.

10.3.3  Platelet RNA Transfer

Platelets are known to express and secrete many different molecules during 
platelet activation, and they do so via different signaling mechanisms [81, 
113–115]. These molecules have different origins, such as those inherited from 
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megakaryocytes, adsorbed from plasma or synthesized de novo. Despite being 
anucleate, platelets have been shown to express significant amounts of RNA, 
including mRNAs (e.g., (pre)mature RNA), structural and catalytic RNAs (e.g., 
ribosomal and tRNA), regulatory RNAs (e.g., microRNA), and noncoding RNA 
(e.g., antisense RNA) [107, 116–131]. Moreover, it was described that platelets 
also possess the molecular machinery for mRNA translation into proteins and 
that they are able to transfer RNA to recipient cells, in order to regulate cel-
lular functions, such as platelet microRNA-223 transfer to human umbilical 
vein endothelial cells [107, 127–129, 131]. As mentioned before, intercellular 
transfer of platelet RNA to target cells can occur via platelet microparticles. 
However, the content of platelet RNA transcript does not fully match to the 
platelet proteome content [132]. These molecular tools have opened up a new 
area of investigation of platelet mRNA and its impact on platelet function in 
both health and disease [133].

10.3.4  Platelet MHC Class I Signaling

Major histocompatibility complex (MHC) class I molecules are present on both 
the platelet plasma membrane and intracellularly [134]. The MHC class I mol-
ecules on the platelet plasma membrane are mainly adsorbed from plasma and 
basically consist of denatured H chains. The platelet-membrane MHC class I 
molecules appear to be somewhat instable, as they can passively dissociate from 
the platelet during storage or can be eluted from the membrane due to chloro-
quine diphosphate or acid treatment, without affecting the platelet membrane 
integrity [135–141]. Interestingly, denatured MHC class I can elicit faulty inter-
actions with CD8+ T cells, anergizing Cytotoxic T-lymphocytes (CTLs), follow-
ing transfusions. For instance, allogeneic platelet MHC class I molecules are 
incapable of stimulating CTL-mediated cytotoxicity on their own [141] but can 
facilitate the so- called transfusion effect, an immunosuppressive-like reaction 
to transfused blood cells. CBA mice transfused with allogeneic BALB/c plate-
lets accepted donor- specific skin grafts, in contrast to nontransfused recipients 
[142]. This implies that allogeneic platelets may inhibit T cell-mediated cytotox-
icity reactions, like skin graft rejections. On the other hand, intracellular platelet 
MHC class I molecules are associated with α granules and generally consist 
of intact integral membrane proteins associated with β2-microglobulin [143]. 
Furthermore, it was also demonstrated that platelets contain the entire protea-
some system, including TAP molecules, but the endoplasmic reticulum is absent. 
In syngeneic settings, platelet activation can lead to expression of nascent MHC 
class I molecules, which are capable of presenting antigens to CD8+ T cells. 
Activated platelets were shown to present malarial peptides to malaria-specific T 
cells, resulting in enhanced immunity against the parasite [144]. Therefore, the 
type of platelet MHC class I (platelet plasma membrane-bound or intracellularly) 
will determine the effect on T cells (suppression or activation).

A summary of the key nonhemostatic functions of platelets is summarized in 
Fig. 10.1.
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Fig. 10.1 The key roles of platelets in modulating inflammatory processes. 1 Platelets can uptake 
infectious agents, and, via the expression of TLR, they can activate neutrophils to, for example, secrete 
NETs. 2 Platelet CD40L expression allows them to interact with different cells of the immune system 
and either activate (arrows) and/or suppress (T bar) them. 3 Intact platelet MHC class I molecules are 
located intracellularly but upon activation are expressed and can activate antigen (e.g., malaria)-specific 
CD8+ T cells. On the other hand, the MHC class I molecules on the surface of resting platelet are dena-
tured and lead to CD8+ T cell inhibition. 4 Platelets release Platelet Microparticles (PMPs) under a 
variety of stress conditions and these PMPs can carry multiple cargos to other cells and sites of inflam-
mation. 5 Platelets contain many different pro-inflammatory and anti-inflammatory cytokines and che-
mokines and upon activation can release them to the extracellular space. 6 Immune interactions with 
platelets can lead to severe thrombocytopenic states such as in the case of sepsis, where infections can 
bind to platelets and cause their sequestration and/or destruction or immune thrombocytopenia (ITP) 
where the combination of antibody and infectious particles or CRP leads to increased platelet destruc-
tion. 7 Platelets contain several different species of RNA and these can be exported via PMPs of mRNAs 
can be translated into nascent protein synthesis. The culmination of these events makes platelets a for-
midable immunomodulatory host (Reproduced from reference [3])

 Conclusions
Platelets have traditionally been viewed as primary regulators of hemostasis and 
thrombin generation. However, it has become increasingly clear that platelets 
have multiple functions in inflammation and immunity. Platelets can not only 
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enforce sophisticated protection mechanisms against invading pathogens but are 
also capable of impacting immune functions in a large variety of recipient cells. 
They do so by utilizing numerous mechanisms, via diverse surface molecules, 
through secretion of several pro- and inflammatory mediators and shedding of 
platelet microparticles carrying a heterogeneous cargo. These relatively novel 
aspects have shed new light on platelet functions beyond hemostasis.
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11Mouse Models for Platelet Production 
and Function

Markus Bender and Bernhard Nieswandt

Abstract
Highly polyploid, mature bone marrow megakaryocytes convert their cytoplasm 
into long protrusions (proplatelets) which extend into the lumen of a vessel in 
bone marrow sinusoids where so-called pre-platelets are released and final plate-
let shaping and sizing occurs in the bloodstream. Platelets never undergo firm 
adhesion in the circulation, and only at sites of vascular injury, the adhesion 
potential becomes evident. This is critical for the formation of a platelet plug 
which seals the vessel and limits excessive blood loss, but is also a key step in the 
pathogenesis of ischemic cardio- and cerebrovascular diseases which represent 
the leading causes of death and severe disability worldwide. Static as well as 
shear stress-dependent in vitro assays helped us to identify and better understand 
the role of proteins and pathways in platelet biogenesis and function. However, 
in vitro experiments only provide limited mechanistic information as they cannot 
completely mimic these complex processes. The generation of genetically modi-
fied mice and the availability of large-scale mouse knockout programs producing 
a continuous resource of targeted mutations in all protein-encoding genes has 
been a major step forward in order to investigate these processes under in vivo 
conditions. Furthermore, the establishment of multiple assays to analyze platelet 
production and function, in combination with improved imaging techniques, 
such as intravital two-photon microscopy, helped us to better understand the 
underlying mechanisms. This chapter summarizes the most important mouse 
models that contributed significantly to our current knowledge.
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11.1  Introduction

The formation of anucleated blood platelets from their bone marrow resident 
 precursors, the megakaryocytes (MKs), is a unique process and only found in mam-
malian physiology. Terminally differentiated, polyploid MKs are the largest cells 
evolving from hematopoietic stem cells. MKs contain a highly organized cytoplasm 
with a membranous network, the demarcation membrane system (DMS), which 
converts into cytoplasmic protrusions during proplatelet formation [1]. The tips of 
these proplatelet protrusions extend into the lumen of bone marrow sinusoids and 
are shed by shear forces generated by the blood flow.

Platelets are essential players in thrombosis and hemostasis, as they “survey” the 
integrity of the vascular system. After vessel wall injury, they rapidly adhere to 
exposed components of the extracellular matrix and form a hemostatic plug. However, 
in disease states, uncontrolled thrombus formation may occur and cause irreversible 
occlusion of the vessel resulting in, e.g., myocardial infarction or stroke [2, 3], which 
are the leading causes of disability and mortality in the Western world [4]. Despite 
recent advances, there is still a strong demand for the development and production of 
selective, powerful, yet safe antithrombotic drugs targeting platelet receptor or sig-
naling proteins to prevent and treat these thrombotic events [5, 6].

Under conditions of high shear, as found in small arteries, arterioles, and moder-
ately stenosed vessels, the initial tethering of platelets to the extracellular matrix 
(ECM) is mediated by the interaction between the platelet receptor glycoprotein (GP)
Ib and collagen-bound von Willebrand factor (vWF) (Fig. 11.1). The binding of GPIb 
to vWF has a fast off-rate and does not allow stable platelet adhesion but retains plate-
lets in close contact to the vessel wall, allowing continuous platelet rolling in the direc-
tion of blood flow. While translocating along the vessel wall, platelets establish contacts 
with exposed subendothelial extracellular matrix components, such as collagen. GPVI 
binds collagen and triggers intracellular signals that shift platelet integrins to a high-
affinity state and induce granule release. Released adenosine diphosphate (ADP) and 
synthesized thromboxane A2 (TxA2) contribute, together with locally produced 
thrombin, to the reinforcement of platelet activation by stimulating G-protein-coupled 
receptors [7]. All these signaling pathways synergize to induce complex cellular 
responses, such as activation of integrins, release of granule contents, and coagulant 
activity [8, 9]. Finally, firm platelet adhesion to the extracellular matrix is mediated by 
inside-out upregulation of β1- and β3-integrin affinity resulting in the recruitment, acti-
vation, and incorporation of additional platelets into the growing thrombus [9].

In vitro studies have been very important to understand the contribution of multiple 
factors and detailed mechanisms to MK maturation, thrombopoiesis, platelet function, 
and thrombus formation. The advantages of in vitro systems are the relatively low 
costs, quick performance, and the well-controlled experimental setup. Moreover, new 
devices allow, e.g., to apply shear stress resembling the blood flow or to perform high-
throughput screenings. However, in vitro studies have limitations and their findings are 
difficult to directly correlate with the in vivo situation. They cannot mimic the myriad 
of hemodynamic and localized cellular and molecular interactions that occur during 
the generation and propagation of thrombi in vivo. In the past decade, one major 
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breakthrough in murine platelet studies was the real- time observation on how platelets 
are produced into the circulation by intravital two-photon microscopy [10–12]. 
Similarly, much effort has been spent on the development of animal models specific 
for platelet-related hemostatic and thrombotic processes. Moreover, it is now possible 
to observe in vivo single cell–cell interaction or the contribution of different factors in 
a growing thrombus by advanced imaging techniques [13].

Mice are the most frequently used species in thrombosis research because of 
their small size, high fertility, exceptional reproductive capacity, and the similarity 
to humans in anatomy, physiology, and genetics [14]. Moreover, different genetic 
methods allow targeted manipulations in the mouse genome and have been excep-
tionally successful in unraveling protein function in platelets. The complete 
sequence and analysis of the mouse genome facilitated the ability to manipulate the 
mouse genome and establish a large number of mouse mutants from public 

Fig. 11.1 Simplified model of thrombus formation. At sites of vessel wall injury, platelet tether-
ing is mediated by the reversible GPIb–von Willebrand factor (vWF) interaction which enables 
GPVI dimerization and subsequently binding to collagen. GPVI is the major platelet-activating 
receptor and mediates inside-out integrin activation, which is essential for firm platelet adhesion 
and aggregation. Released adenosine diphosphate (ADP) and thromboxane A2 (TxA2) reinforce 
platelet activation and drive thrombus growth. In addition, GPVI-stimulated platelets facilitate 
coagulation and inflammation by releasing inorganic polyphosphates (PolyP). Furthermore, GPVI- 
activated platelets release microparticles and expose negatively charged phosphatidylserine (PS) 
on their surface providing high-affinity binding sites for key coagulation factors (not shown), thus 
enabling the generation of thrombin (not shown) which in turn supports coagulation and thrombus 
growth
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resources. In addition, a major step forward in platelet research was the generation 
of platelet factor 4 (Pf4)-Cre transgenic mice, carrying the Cre recombinase under 
the control of the Pf4 promoter, which replaced the inducible, non-platelet-specific 
Mx-Cre/loxP system [15] and allows the generation of lineage-restricted gene 
knockouts for studying MK and platelet function in vivo [16]. The latest major 
advance in this area is the CRISPR (clustered, regularly interspaced, short palin-
dromic repeats)/Cas9 system which represents a highly efficient technology for 
genome editing of mouse zygotes that will greatly accelerate in vivo studies [17, 18].

Although 95 % of the mouse genome is similar to the human genome, making 
mouse genetic research particularly applicable to human disease, one has to be cau-
tious with directly extrapolating data obtained from studies in mice to the human 
system [14, 19]. Mice have roughly three to four times more platelets than humans. 
Mouse platelets are about 50 % smaller in volume and the life span of a circulating 
mouse platelet is also approximately half as compared to a human platelet (5 vs. 
10 days). It was also reported that mouse platelets display a higher granule hetero-
geneity which might be a consequence of different membrane partitioning [20]. 
Another striking difference is the alternative use of protease-activated receptors 
(PARs) and the absence of FcγRIIa receptor on mouse platelets. However, in gen-
eral, the similarities between mouse and human exceed by far the differences.

It has to be considered that there are differences among mouse strains regarding 
platelet counts and their response to vascular injury. Genetic variation has been 
observed in the integrin α2-subunit for the FVB mouse strain [21]. Therefore, it is 
generally recommended to establish congenic colonies, although backcross breed-
ing is cost intensive and time consuming.

Besides mice, zebrafish, rabbits, pigs, dogs, and nonhuman primates have been 
used to analyze platelet function and to perform thrombosis models. Particularly, 
the latter have been used to test promising antithrombotic agents. Nevertheless, 
basic platelet research will continue to primarily use in vivo mouse models.

In the following, we will summarize results obtained by analysis of genetically 
modified mice with altered platelet biogenesis or function.

11.2  Mouse Models for Platelet Production

11.2.1  Role of the TPO/c-mpl Axis on Megakaryocyte and Platelet 
Development

The discovery of the growth factor thrombopoietin (TPO) in 1994 was a major 
achievement in the understanding of the regulation of platelet formation [22]. TPO 
is crucial for platelet biogenesis by inducing MK production. It was shown that TPO 
has an effect on MK maturation and injection into mice results in an increase of 
platelet and MK numbers [23]. TPO acts via the receptor c-Mpl on hematopoietic 
stem cells and primitive MK progenitors. Mice deficient for either TPO or the TPO 
receptor, c-Mpl, display a drop of platelet and MK numbers down to 10–15 % as 
compared to controls [24, 25]. Interestingly, these mice do not suffer from any 
major bleedings, although bleeding time is threefold to fourfold prolonged. The 
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ultrastructure of MKs and platelets as well as platelet function is normal in these 
animals [26]. However, the number of MK progenitor cells is reduced in Tpo−/−- and 
c-Mpl−/− mice [25, 27]. These data suggest that the TPO/c-Mpl axis is required to 
stimulate the production of MKs and platelets in normal numbers [28]. Recent stud-
ies on mice with megakaryocyte-/platelet-specific (Pf4-Cre/loxP system) deficiency 
in Mpl or Jak2 (essential mediator of TPO signaling) further revealed that the key 
regulatory step controlled by TPO/Mpl is to stimulate MK-biased stem and progeni-
tor cells and thereby to determine the number of committed megakaryocytic pro-
genitors and undifferentiated megakaryocytic precursors [29–31].

The mechanisms regulating steady-state TPO production have been controver-
sially discussed for years. The prevailing model that the circulating TPO concen-
tration is inversely proportional to the “Mpl mass” contributed by the total number 
of MKs and platelets was challenged by an elegant use of mouse models lacking 
asialoglycoprotein receptor 2 (ASGPR2) and sialyltransferase ST3GalIV. This 
study revealed that the hepatic Ashwell–Morell receptor recognizes circulating 
desialylated, senile platelets under steady-state conditions and functions as a direct 
feedback pathway between senile platelet removal and hepatic TPO mRNA expres-
sion and secretion. Together, this study identified desialylated, senile platelets and 
the Ashwell–Morell receptor as the physiological ligand-receptor pair regulating 
steady-state hepatic TPO production, thereby regulating platelet production [32].

11.2.2  Role of Apoptosis in Megakaryocytes and Platelets

The intrinsic apoptosis pathway is known to be another mechanism to regulate plate-
let life span [33]. Considerable evidence has accumulated suggesting that localized 
caspase activation in MKs is causal to proplatelet formation [34, 35]. However, with 
the help of genetically modified mouse lines, more recent data revealed that apopto-
sis is not required for platelet production and rather has to be restrained by MKs [36]. 
MK-specific deletions of the essential mediators of the extrinsic (Caspase-8) and 
intrinsic (BAK/BAX) apoptosis pathways do not impair thrombopoiesis [37]. 
Interestingly, mice lacking Bak and Bax in the hematopoietic system are protected 
against thrombocytopenia induced by the chemotherapeutic agent carboplatin. These 
data indicate that MKs do not activate the intrinsic pathway for platelet formation but 
rather progress safely through proplatelet formation and platelet shedding. In con-
trast, mice with a MK-specific deletion of the anti- apoptotic protein Bcl-xL, exhibit 
severe thrombocytopenia owing to a dramatically reduced platelet life span. 
Megakaryopoiesis is dramatically increased in these mice [36].

Taken together, it has been shown by using multiple animal knockout models that 
the intrinsic and extrinsic apoptosis pathways are dispensable for thrombopoiesis.

11.2.3  Role of Transcription Factors in Megakaryopoiesis

Over the years, numerous transcription factors have been identified that control 
megakaryocytic differentiation. These factors include GATA-1, GATA-2, friend of 
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GATA-1 (FOG-1), nuclear factor-erythroid 2 (NF-E2), RUNX-1, SCL/Tal1, FLI-1, 
and others. How these transcription factors act together to coordinate MK matura-
tion is complex and remains incompletely understood. In the following, only some 
animal models for transcription factors will be mentioned. For a comprehensive 
overview, please see references Schulze et al. and Tijssen et al. [38, 39] or Chaps. 2 
and 3 in this book.

The X chromosome-linked transcription factor GATA-1 is expressed specifically 
in erythroid, mast, MK, and eosinophil lineages, as well as in hematopoietic pro-
genitors, and is a key transcription factor regulating MK maturation. GATA-1- 
deficient mice have been shown to die during embryonic development (E10.5–11.5) 
and the lack of the transcription factor leads to MK hyperproliferation and the cells 
fail to undergo terminal differentiation or produce platelets [40–42]. Subsequently, 
sequences upstream of the GATA-1 locus were modified in embryonic stem cells 
resulting in generation of mice with a selective loss of MK GATA-1 expression, but 
sufficient GATA-1 levels in erythroid cells to avoid lethal anemia. The mutant mice 
have markedly reduced platelet counts, associated with deregulated MK prolifera-
tion and severely impaired cytoplasmic maturation. These results revealed a critical 
role for GATA-1 in MK development and platelet biogenesis [43]. In humans, muta-
tions in the transcription factor GATA-1 gene were found in a series of families 
resulting in GATA1-related thrombocytopenia with dyserythropoiesis [44].

FOG-1 is an essential cofactor that acts via the formation of a heterodimer with 
transcription factors of the GATA family and thereby regulates transcriptional activity. 
Loss of FOG-1 leads to an ablation of the megakaryocytic lineage at a very early stage 
pointing to an absolute requirement for FOG during early megakaryopoiesis [45].

The heterodimer formation of FOG-1 with GATA proteins is essential to activate 
expression of genes such as the transcription factor NF-E2. p45 NF-E2−/− mice lack 
circulating platelets and die of hemorrhage where less than 10 % of the live-born 
homozygotes survive to adulthood. The highly abundant MKs of these mice show a 
disorganized DMS and a late-stage maturation arrest [46, 47]. This suggests that 
NF-E2 acts downstream of GATA-1.

RUNX1−/− mice die between embryonic day E11.5–12.5 and it was shown that 
Runx1 is essential for definitive hematopoiesis of all lineages [48, 49]. Inducible 
RUNX1 loss (Mx-Cre/loxP) results in impaired MK differentiation and an 80 % 
reduced platelet count [50, 51]. In humans, a propensity to develop myeloid leukemia 
is linked to mutations or intragenic deletion of one allele of the RUNX1 gene [52, 53].

Together, animal models provided us more insight into how transcription factors 
regulate hematopoiesis, and disturbances of transcriptional regulation may lead to 
human diseases, such as platelet disorder or myeloproliferative neoplasms.

11.2.4  Role of the Cytoskeleton and Cytoskeletal Regulatory 
Proteins in Platelet Production

Cytoskeletal rearrangement in MKs is primarily crucial in the terminal phase of 
platelet production [54, 55]. The mature MK with the highly organized DMS 
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converts the mass into cytoplasmic protrusions, the so-called proplatelets. The 
extension of cytoplasmic protrusions from MKs is mechanically driven by microtu-
bule sliding (--> Chap. 1) [56, 57].

In the past decade, the analysis of various mouse lines lacking cytoskeleton 
 regulatory proteins deepened our understanding of the contribution of cytoskeletal 
components in proplatelet formation, platelet release, and size determination.

Mice lacking β1-tubulin produce approximately 60 % less platelets than wild- 
type control animals, and the cells display functional defects, and are spherical with 
fewer microtubule coilings around the platelet periphery [58]. Similarly, mutations 
in human β1-tubulin result in an autosomal dominant macrothrombocytopenia [59]. 
Profilin 1 (Pfn1), historically well known as an actin-regulating protein, was recently 
reported to play a role in the regulation of microtubule dynamics. Mice with a MK/
platelet-specific profilin 1 deficiency display a microthrombocytopenia due to 
accelerated turnover of platelets and premature platelet release into the bone mar-
row. The small platelets in these mice contain abnormally organized microtubules 
that are refractory to depolymerization. Interestingly, a similar observation was 
made in platelets of Wiskott–Aldrich syndrome (WAS) patients but not in WAS 
protein-deficient mouse platelets indicating that the platelet phenotype in WAS 
patients might be based on aberrant profilin 1 activity in these cells [12]. Other pro-
teins were also described to play a role in microtubule dynamics and platelet forma-
tion. Mice deficient in the tubulin-binding protein RanBP10 have normal platelet 
numbers, but the cells show altered microtubule filament numbers and localization 
that translates into defective agonist-induced granule release and CD62P exposure 
[60]. A more dramatic phenotype was observed in MKs specifically lacking the 
small GTPases Rac1 and Cdc42. This combined deletion results in a macrothrom-
bocytopenia with abnormal platelet morphology and impaired platelet function. 
Double-deficient bone marrow MKs mature normally in vivo but display highly 
abnormal morphology and uncontrolled fragmentation due to severely defective 
tubulin organization [61].

However, not only tubulin reorganization but also actin filament turnover was 
shown to be important for proper proplatelet formation. Actin-depolymerizing fac-
tor (ADF) and n-cofilin are regulators of actin depolymerization and severing. MK-/
platelet-specific ADF/n-cofilin-deficient mice suffer from a massive MK hyperpla-
sia and thrombocytopenia. The analysis of the ultrastructure of bone marrow MKs 
revealed actin accumulation and that fetal-liver cell-derived MKs fail to produce 
normal proplatelets [62].

Filamin A is a crucial protein that cross-links actin filaments and links membrane 
receptors such as the adhesion receptor GPIb to the actin network. Filamin A constitu-
tive deficiency results in embryonic lethality. Mice conditionally lacking filamin A 
via the GATA1-Cre/loxP system display a macrothrombocytopenia, altered surface 
distribution of GPIbα, multiple platelet function defects, and increased tail bleeding 
times [63]. Subsequent studies on mice in which filamin A was deleted by the PF4-
Cre/loxP system also show a severe macrothrombocytopenia due to removal of plate-
lets by macrophages. Further, megakaryopoiesis is increased and mutant proplatelets 
release premature platelets [64]. Similarly, platelet counts are decreased, and platelet 
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shape and function altered in patients with filaminopathy A caused by dominant 
mutations of the X-linked filamin A gene [65, 66]. Together, these studies showed that 
filamin A has diverse and versatile functions in MKs and platelets and that mutations 
in this gene can lead to human diseases. Another human disorder related to an actin-
regulatory protein is the Wiskott–Aldrich syndrome (WAS) which is a rare disorder 
caused by mutations in the WAS protein (WASp) resulting in protein loss. WAS is 
characterized by the triad, microthrombocytopenia, eczema, and immunodeficiency. 
WASp interacts with many intracellular proteins and regulates actin polymerization. 
Interestingly, Wasp−/− mice do not completely reproduce the clinical symptoms 
described for WAS patients, particularly with respect to the severe microthrombocy-
topenia. Wasp−/−- mice exhibit only a mildly reduced platelet count and platelets are 
normal in size [67]. As mentioned before, however, Pfn1−/− mice display a micro-
thrombocytopenia, thereby strongly resembling the platelet phenotype of WAS 
patients [12]. May–Hegglin anomaly, Fechtner syndrome, Sebastian platelet syn-
drome, and Epstein syndrome constitute a group of disorders with autosomal domi-
nant inheritance and mutations in the MYH9 gene encoding the non-muscle myosin 
heavy-chain II protein. Several mutations in this gene lead to premature release of 
platelets from the bone marrow, macrothrombocytopenia, and cytoplasmic inclusion 
bodies in leukocytes. Besides macrothrombocytopenia, some patients develop addi-
tional non-hematologic manifestations such as renal failure, hearing loss, and prese-
nile cataracts [44, 68]. Mouse models of MYH9-related diseases have been generated 
to better understand the molecular basis of these syndromes. Mice carrying mutations 
in the Myh9 gene reproduce the human phenotype, for instance, with respect to the 
platelet defects [69]. Thus, these mouse models can serve as important in vivo models 
for studying the pathomechanisms underlying MYH9-related disorders [69, 70].

Taken together, research on human megakaryopoiesis has been limited by tech-
nical problems in obtaining sufficient quantities of megakaryocytic cells for experi-
mental purposes. Animal models help us to better analyze and understand the 
complex process of megakaryocyte maturation and platelet production. In addition, 
new imaging techniques, such as two-photon microscopy of the bone marrow, light- 
sheet microscopy of intact bone, and immunofluorescence staining on whole fem-
ora cryosections, allow us a detailed temporal and spatial analysis of the mouse 
bone marrow. In summary, these technical advances will enable the knowledge 
transfer between the mouse and the human system to finally better diagnose and 
treat patients with defects in megakaryo- and thrombopoiesis.

11.3  Mouse Models to Study Platelet Function

In the following sections of this chapter, a short overview will be given of the tech-
nical aspects of assays to determine the hemostatic function and in vivo thrombus 
formation. After this, we will summarize mouse models that significantly contrib-
uted to a better understanding of platelet biology. We will mainly focus on the most 
important membrane receptors and partially on their direct signaling pathways and 
provide cross-references when certain topics were only briefly addressed.
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11.3.1  Animal Models to Assess Hemostasis

The major challenge in the development of antithrombotic agents has been the dem-
onstration of strong efficacy, but at the same time providing a high safety level 
meaning only minor or ideally no increase in bleeding tendency. The tail-tip bleed-
ing assay is a widely used model to determine the overall hemostatic function in 
mice. Typical parameters that are measured include time to cessation of bleeding, 
blood volume loss, rebleeding, and animal survival after challenge. Three models 
are mainly used after tail-cutting: immersion into warm saline, collecting blood 
with a Whatman paper, or tail observation (Fig. 11.2). However, the bleeding time 
model is well known for its considerable variation, even between different groups 
with the same mouse genotype. Therefore, multiple factors have to be considered: 
(I) The genetic background can influence the inter-animal variability. 129S1/SvmJ, 
BALB/c mice C57BL/6JBomTac, and, to a certain extent, C57BL/6NCrl mice 
showed almost no blood loss or inter-animal variability in the tail-tip bleeding 
model, whereas C57BL/6JCrl and C57BL/6JOlaHsd mice had a clearly higher total 
blood loss with significantly higher inter-animal variability [71]. (II) Furthermore, 
it was reported that gender plays an important role in this model since male mice 
tend to bleed longer than their female counterparts. (III) Finally, age, weight, the 
anesthetic drug, and the way of tail-cutting are factors that have to be considered 
[72]. In general, it is highly recommended to perform those experiments with an 
operator blinded to the mouse genotype. Interestingly, bleeding times tend to be 
normal in a variety of mice deficient for coagulation factors and are rather pro-
longed in mice deficient for platelet proteins [72, 73]. It is tempting to speculate that 
vessel spasm and a platelet plug are able to control bleeding from a mouse tail vein 
with its low blood pressure [72]. Taken together, the murine tail-tip assay is cur-
rently the most frequently used assay to determine the hemostatic function in mice.

a b

Fig. 11.2 Models to assess hemostasis in mice. (a) Immersion of clipped tail tip into warm saline; 
(b) collection of blood drops with a Whatman paper. Left, control mouse; right, mouse was injected 
with 100 μg blocking αIIbβ3 (GPIIbIIIa) antibody Fab fragments prior to experiment. Bleeding 
was manually stopped after 20 min
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11.3.2  Experimental In Vivo Thrombosis Models

In parallel, many experimental models have been established to allow in vivo obser-
vation and kinetic analysis of thrombus formation. Arterial lesions can be induced 
in different parts of the vascular bed and by different methods [74] (Fig. 11.3):

(I) One widely used assay is the laser-injury model that injures the endothelium 
of the microcirculation and triggers thrombus formation in the range of minutes; 
however, these thrombi do typically not completely occlude the vessel [75]. This 

a b

c

d

Fig. 11.3 Arterial thrombosis models. (a) Top, overview microscopic setup image of laser- 
induced thrombosis model; middle, preparation of the cremaster; bottom, scheme of the isolated 
cremaster. (b) FeCl3-induced mesenteric arteriole thrombosis model. (c) FeCl3-induced carotid 
artery thrombosis model. Doppler flow probe measures blood flow. Arrow indicates FeCl3-soaked 
filter paper. (d) Mechanically injured (e.g., compression with forceps) abdominal aorta. Doppler 
flow probe measures blood flow
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model allows simultaneous observation, e.g., of platelet deposition, tissue factor 
accumulation, and fibrin generation after laser-induced endothelial injury in a single 
developing thrombus [75]. Moreover, the laser power and exposure time can be 
adjusted which allows different types and levels of injury. Here, Plcγ2−/− mice dis-
play defective thrombus formation in superficial lesions but productive thrombosis 
after a more severe laser injury. In contrast, resistance to thrombus formation was 
observed in Gαq−/− mice after superficial and severe injuries in the laser-induced 
mesenteric artery model of thrombosis [76]. These data demonstrate that in this 
thrombosis model the severity of laser-induced injury determines the pathway of 
platelet activation at the site of injury. (II) Endothelial rupture can be mechanically 
induced in large arteries (e.g., aorta, carotid artery, femoral artery), either by direct 
damage of the luminal side of the vessel using a guide wire [77, 78] or indirectly by 
compression or ligation of the vessel using forceps or a filament [79, 80] or by a 
combination of these two methods [81]. It was shown that GPVI-deficient or GPVI- 
depleted mice are completely protected from occlusive thrombus formation after 
mechanical injury of large arteries by measuring the blood flow with a Doppler flow 
probe [82]. (III) Another common procedure to induce endothelial injury is direct, 
topical application of ferric chloride (FeCl3), dropwise or with mounting a soaked 
filter paper onto the adventitial surface of an artery. Here, thrombus formation can 
be analyzed by direct mesenteric blood vessel visualization using intravital micros-
copy or a Doppler flow probe to monitor carotid artery occlusion. Ultrastructural 
analysis revealed that FeCl3 diffused through the vessel wall, resulting in endothe-
lial cell denudation and exposure of basement membrane components. In addition, 
numerous ferric ion-filled spherical bodies with large amounts of tissue factor 
appeared on the endothelial cells enabling platelet adhesion and aggregation [83]. It 
has been suggested that in the FeCl3-induced injury model after severe injury, 
thrombus formation is mainly triggered by tissue factor exposure and thrombin gen-
eration [84]. Thus, possibly high concentrations of tissue factor and thrombin can 
bypass the collagen-dependent activation pathway in platelets. However, a role of 
the collagen-GPVI-induced pathway can be observed in this model by using moder-
ate concentrations and exposure times of FeCl3 [82]. Another chemical method to 
trigger arterial thrombosis is the intravenous injection of the photoreactive sub-
stance Rose Bengal, which rapidly accumulates in the membranes of endothelial 
and other cells. Subsequently, an arterial segment is exposed to green light (540 nm) 
that triggers a photochemical reaction, resulting in the formation of reactive oxygen 
species and damage of the endothelium [85, 86].

It has to be mentioned that each arterial thrombosis model has its specific advan-
tages and limitations (Table 11.1). All models are normally performed in healthy 
mice which are not prone to atherothrombosis, whereas arterial thrombosis in 
humans typically occurs in diseased vessels. Nonetheless, studies of in vivo throm-
bus formation offer much more information than in vitro studies and help to better 
understand the molecular mechanisms involved in fatal occlusive thrombus forma-
tion in humans.

In general, it is highly recommended to use established protocols and more than 
one model to study the significance of certain platelet receptors and signaling 
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pathways in arterial thrombus formation since high variability in the experimental 
protocols has caused controversial results and discussions on the relevance of indi-
vidual molecules and pathways for intravascular thrombus formation.

11.3.3  Platelet Adhesion and Activation

11.3.3.1  GPIb: vWF
Platelet adhesion and rolling at sites of vascular injury is mediated by GPIb-vWF 
reversible interactions. GPIb is part of the GPIb/V/IX complex, and besides inter-
acting with vWF to initiate thrombus formation, it also binds other ligands, includ-
ing P-selectin, macrophage antigen 1 (Mac-1), and coagulation factor XII and 
thrombin. In humans, the lack or dysfunction of GPIb/V/IX is associated with a rare 
congenital bleeding disorder, the Bernard–Soulier syndrome (BSS), which is char-
acterized by a bleeding phenotype, thrombocytopenia, and giant platelets (--> Chap. 
14) [88]. Mice deficient in GPIbα [89] or GPIbβ [90] lack the entire receptor com-
plex and reflect the human BSS accompanied with severe bleeding. Notably, no 
mutations within the GP5 gene have been described in BSS patients and GPV defi-
ciency in mice do not cause a BSS-like phenotype [91].

The essential role of GPIb in arterial thrombus formation was revealed by in vivo 
studies in mice. Transgenic mice in which the extracellular domain of GPIbα was 

Table 11.1 Summary of widely used in vivo thrombus formation models

Type of injury

Determination 
of thrombus 
formation Vascular bed

Pathway of platelet 
activation Information

Laser injury Intravital 
microscopy

Microcirculation Laser power and 
exposure time 
(superficial vs. 
severe injury) 
dependent

No complete 
vessel 
occlusion

Mechanical 
injury:

Doppler flow 
probe, intravital 
microscopy

Aorta, carotid 
artery, femoral 
artery

GPVI dependent

  Compression 
by forceps

  Ligation with 
filament

  Guide wire

Chemical injury 
with ferric 
chloride

Intravital 
microscopy, 
Doppler flow 
probe

Carotid artery, 
mesenteric 
arterioles, femoral 
artery

Severe injury: 
tissue factor and 
thrombin 
dependent

Moderate injury: 
GPVI dependent

Note: Photochemical injury with Rose Bengal was not included into the table
For further information, see also Day et al. [74] and Westrick et al. [87]
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replaced by the human interleukin-4 (IL-4) receptor ectodomain show severely pro-
longed tail bleeding [92] and are profoundly protected from vessel occlusion follow-
ing chemical injury of mesenteric arterioles [93]. Absence of the GPIb ligand vWF 
leads to prolonged bleeding times, defective thrombus formation in chemically 
injured arterioles, and sometimes even to spontaneous bleeding in newborns [94]. 
The antithrombotic effect in GPIb mutant mice is more profound than that seen in 
Vwf−/− mice suggesting that also other ligands of GPIb may be involved in thrombus 
formation [93]. Similarly, inhibition of the vWF-binding site on GPIb with Fab frag-
ments of the antibody p0p/B in wild-type mice exhibits abolished platelet adhesion to 
the injured carotid artery and these mice are protected from occlusive thrombus for-
mation in vivo, again confirming a mandatory role of the receptor in this process [78].

The antithrombotic potential of targeting the vWF-GPIb axis has also been dem-
onstrated in other animal models. For example, treatment of baboons with an anti- 
vWF antibody [95] or the application of Fab fragments of a blocking anti-GPIb 
antibody [96] exerts strong antithrombotic effects, whereas bleeding times are not 
or only moderately prolonged.

GPIb-vWF interaction induces intracellular signaling events that eventually 
lead to weak integrin activation, and phospholipase D1 (PLD1) seems to play a 
central function in this process [97]. Platelets from Pld1−/− mice display impaired 
activation in response to major agonists and defective GPIb-dependent aggregate 
formation under high shear conditions. These defects result in protection from arte-
rial thrombosis without affecting tail bleeding times [97]. In line with these find-
ings, inhibition of PLD isoforms with the small molecule PLD inhibitor, 
5-fluoro-2-indolyl des-chlorohalopemide (FIPI), reproduces this protection in 
wild-type mice [98].

Ultra-large vWF (>20 million Da) is the most thrombogenic form of vWF and is 
cleaved to smaller, less thrombogenic forms by the multidomain structured 185 kDa 
protein a disintegrin-like and metalloprotease with thrombospondin type I repeats-13 
(ADAMTS13) in the plasma. Analysis of genetically modified mice revealed that 
ADAMTS13 downregulates platelet adhesion and aggregation in vivo, and 
ADAMTS13 deficiency can induce enhanced thrombus formation at the site of vas-
cular lesions. This shows that ADAMTS13 regulates vWF size and is a major mod-
ulator of thrombus growth in vivo [99]. Another strategy to passivate GPIb function 
could be the controlled downregulation of the receptor from the platelet surface. A 
disintegrin and metalloproteinase 17 (ADAM17) has been identified as the major 
sheddase to mediate GPIbα proteolysis in vitro and in vivo [100, 101]. Based on 
these results, one may speculate that the direct selective activation of ADAM17 in 
platelets might have strong antithrombotic potential.

11.3.3.2  GPVI
The major activating collagen receptor on the platelet surface is GPVI. GPVI is a 
MK-/platelet-specific transmembrane type I receptor that non-covalently associates 
with the FcR γ-chain. Upon ligand-induced GPVI clustering, the immunoreceptor 
tyrosine-based activation motif (ITAM) becomes tyrosine phosphorylated and initi-
ates a series of phosphorylation events finally resulting in cellular activation [102].
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A few patients with GPVI-related defects caused by autoantibody-induced 
receptor loss [103], compound heterozygous [104, 105], or homozygous mutations 
[106] have been reported suffering only from a mild bleeding tendency, but their 
platelets are unresponsive to collagen. Interestingly, this phenotype could be repro-
duced in different mouse models of GPVI deficiency or with blocking anti-GPVI 
antibody Fab fragments (reviewed in [102]), revealing that GPVI is largely dispens-
able for normal hemostasis but has a predominant role in the formation of experi-
mental arterial thrombi in vivo. Although some controversies exist concerning the 
functional role of GPVI in certain thrombosis models [82, 83], the vast majority of 
analyses emphasized a prominent role of the receptor in thrombus formation in 
injured arteries or on ruptured atherosclerotic lesions [102]. It can be summarized 
that thrombus formation in the mechanically injured aorta and the FeCl3-injured 
carotid artery are strongly dependent on functional GPVI signaling. However, lon-
ger exposure time or high concentration of FeCl3 generates large amounts of throm-
bin which overcomes the importance of GPVI signaling [81, 82]. Moreover, mice 
deficient for GPVI were reported to display normal thrombus formation after laser- 
induced injury in small vessels. These data suggest that the initiating event can 
determine the relative importance of GPVI-mediated versus thrombin-mediated 
platelet activation in thrombus formation [84].

Over the last years, several other experimental strategies have been developed to 
interfere with GPVI function. One promising approach turned out to be the direct 
blockade of the ligand-binding site on platelet GPVI by a monovalent agent, such as 
an antibody Fab fragment, without altering its surface expression. This approach was 
efficient to inhibit collagen-induced thrombus formation ex vivo in rats and cyno-
molgus monkeys [107–109] and occlusive thrombus formation in injured arteries 
in vivo in mice and rats [78, 107] without causing a significant bleeding defect. 
Another targeting strategy may be based on the observation that GPVI can be specifi-
cally and irreversibly removed from circulating platelets in vivo by antibody treat-
ment. Monoclonal anti-GPVI antibody injection in mice results in an acquired GPVI 
deficiency [110, 111] similar to that seen in patients with anti-GPVI autoantibodies 
and lasted for several days. However, this effect is accompanied by a short transient 
thrombocytopenia and reduced protease-activated receptor (PAR) 4 activity at early 
time points after treatment [112]. These mice display only moderately increased 
bleeding times, but a long-term antithrombotic protection in different experimental 
arterial thrombosis models. Interestingly, antibody-induced removal of GPVI could 
also be reproduced in human platelets circulating in NOD/SCID mice, demonstrat-
ing that this mechanism could be a powerful antithrombotic strategy in humans 
[113]. GPVI can principally be downregulated by internalization followed by degra-
dation, or ectodomain shedding, both of which require signaling through the FcR 
γ-chain ITAM [114]. In vitro studies revealed ADAM10 and ADAM17 as the GPVI 
sheddases in platelets depending on the shedding-inducing stimulus, whereby 
ADAM10 seems to play the major role [101, 115]. However, the targeted (“therapeu-
tic”) downregulation of GPVI in vivo appears to occur through a more complex 
mechanism, since the antibody-induced GPVI downregulation is not prevented in 
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mice with ADAM10/ADAM17 double-deficient platelets [101]. It has to be noted 
that an anti-GPVI therapy principally has to be carefully evaluated since anti-GPVI 
treatment severely compromises hemostasis in mice lacking CLEC-2 [116], integrin 
α2β1, or wild-type mice concomitantly treated with aspirin [80]. This indicates that 
other receptors can compensate for defective GPVI function in hemostasis and might 
explain the observed mild bleeding tendencies in humans and mice lacking 
GPVI. These findings could be very important with regard to potential anti-GPVI 
treatment of patients with other inherited or acquired platelet defects. Another pos-
sible strategy relies on the competitive inhibition of GPVI binding sites on its sub-
strate collagen by a soluble dimeric GPVI-Fc fusion protein [117]. The antithrombotic 
potential of GPVI-Fc fusion proteins, however, seems to be less efficient in different 
arteriole injury models as compared to direct targeting of GPVI [118].

11.3.3.3  Integrin α2β1
Another major collagen receptor on the platelet surface is integrin α2β1 which plays 
an important but not essential role for the platelet adhesion on the matrix protein. 
Integrin α2-deficient mice display normal tail bleeding times and are able to form 
occlusive thrombi in injured arteries, although this was in one case reported to be 
delayed compared to the wild type [119–122]. This rather mild defect can be 
explained by multiple integrin–ligand interactions contributing to platelet adhesion at 
sites of injury since also mice lacking the β1 integrin (β1(fl/fl)/Mx-cre+) show largely 
unaltered platelet adhesion and aggregation in injured vessels [119]. The dominant 
integrin on the platelet surface, αIIbβ3, mediates platelet aggregation through binding 
of plasma fibrinogen and serves as the principal receptor for platelet adhesion to the 
ECM in vivo. The mandatory role of αIIbβ3 for hemostasis and thrombosis is well 
documented in humans and in experimental animals (reviewed in [9]). The shift of 
integrin αIIbβ3 from a low- to a high-affinity state is considered the final common 
pathway of platelet activation.

11.3.3.4  G-Protein-Coupled Receptors: PAR-3/PAR-4, P2Y1/P2Y12, 
and TP

Following initial adhesion and activation of platelets on the subendothelial ECM via 
GPIb and GPVI, respectively, thrombus growth requires locally produced and 
released soluble agonists, including thrombin, ADP, thromboxane A2 (TxA2), ATP, 
and epinephrine, which amplify the signaling response and recruit circulating plate-
lets to the thrombus. Platelet activation by thrombin is largely mediated by members 
of the PAR family, with PAR-1 and PAR-4 being expressed in human platelets and 
PAR-3 and PAR-4 in mouse platelets [123]. Absence of PAR-3 in mice causes a 
markedly delayed and reduced, but not absent, response to thrombin and a protec-
tion against FeCl3-induced thrombosis of mesenteric arterioles [124, 125]. PAR-4-
deficient platelets show a similar degree of protection in this model, but these cells 
are completely resistant to thrombin [125, 126].

ADP is released from dense granules of activated cells and potentiates many 
platelet responses. Platelets express two different ADP receptors, P2Y1 and P2Y12. 
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In vivo, P2Y1-null mice have moderately increased bleeding times and are resistant 
against collagen/epinephrine- or ADP-induced thromboembolism [127]. P2Y12- 
deficient animals revealed a prolonged bleeding time and are protected from arterial 
thrombosis as measured in the FeCl3 model [128]. These findings identified P2Y12 
as the major ADP receptor amplifying platelet activation. TxA2 is produced by plate-
lets from arachidonic acid via the cyclooxygenase pathway. Thromboxane- prostanoid 
(TP)-null mice show prolonged bleeding times and display delayed aggregation in 
response to collagen [129]. Platelet activation via G-protein-coupled receptors, such 
as P2Y1/P2Y12, TP, and PAR-1/PAR-3/PAR-4, involves three major G-protein-
mediated signaling pathways that are initiated by activation of the G proteins: Gq, 
G12/G13, and Gi (see also review [130]). Mouse platelets that lack Gαq fail to aggre-
gate and secrete their granule contents in response to thrombin, ADP, and TxA2. 
Accordingly, these mice display massively prolonged bleeding times and are pro-
tected from thrombus formation [131]. Mice deficient in Gα13 show a markedly 
increased bleeding time and fail to form stable occlusive thrombi in a model of 
carotid artery injury [132]. These data demonstrate that Gα13 is essentially required 
for thrombus formation, whereas Gα12 is dispensable for this process [132].

11.3.3.5  Munc13-4 and NBEAL2
Members of the Munc family control the fusion potential of granules with the 
membrane. Munc13-4 (Unc13d) was shown to be an important regulator of platelet 
granule secretion with in vivo implications [133, 134]. Mice lacking this protein 
show impaired hemostatic function and reduced platelet aggregation and thrombus 
formation in vitro and ex vivo. All of these deficits can be rescued by addition of 
ADP, demonstrating that Munc13-4 is crucial for ADP secretion from dense gran-
ules [134, 135]. On the other hand, mutations in NBEAL2 have been linked to the 
gray platelet syndrome (GPS) [136–138], a rare bleeding disorder characterized by 
macrothrombocytopenia, with platelets lacking α-granules. Nbeal2-deficient 
murine platelets reproduce all hallmarks of GPS platelets in that they lack 
α-granules and display impaired adhesion, aggregation, and coagulant activity 
ex vivo which translates into defective hemostasis and arterial thrombus formation 
[139, 140].

11.3.3.6  Passivators of Platelet Signaling
Nitric oxide and prostacyclin are well-known exogenous inhibitors of platelet activa-
tion. In the past few years, analysis of genetically modified mice identified several 
other molecules that dampen platelet signaling. Constitutive signaling through GPVI 
is thought to be prevented by immunoreceptor tyrosine-based inhibition motif (ITIM) 
containing receptors, such as PECAM-1, CEACAM1/2, or G6b-B and the action of 
protein-tyrosine phosphatases (--> Chap. 7) [141, 142]. Moreover, intracellular pro-
teins, such as SLAP/SLAP2 [143] or CLP-36 [144], have been shown to act as nega-
tive regulators of GPVI/FcR γ-chain-mediated signaling in platelets. Mice lacking 
the endothelial cell-specific adhesion molecule (ESAM) [145] develop larger thrombi 
in vivo as compared to control mice. These results show that platelet proteins can 
function as signaling passivators to avoid marked platelet hyperreactivity.
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11.3.4  Thrombus Formation and Coagulation

11.3.4.1  αIIbβ3, Fibrinogen, and αIIbβ3 Regulators
Platelet aggregation is essential for the formation of the hemostatic plug at sites of 
vascular injury. This process is primarily mediated by αIIbβ3. Inherited deficiency 
or dysfunction of integrin αIIbβ3 in humans results in a disorder termed Glanzmann 
thrombasthenia, characterized by defective platelet aggregation and a severe bleed-
ing diathesis [146]. Mice lacking either the αIIb (GPIIb) or β3 (GPIIIa) integrin 
subunit display a similar phenotype, namely, defective platelet aggregation and clot 
retraction in vitro, as well as a severe bleeding phenotype and defective experimen-
tal thrombus formation in vivo [147, 148]. Fibrinogen is a ligand of αIIbβ3 and 
bridges adjacent, activated platelets. Fibrinogen-null mice develop overt bleeding 
after birth and show neither platelet aggregation nor blood clotting in vitro [149]. 
Thus, fibrinogen is necessary for a permanent linkage of activated neighboring 
platelets, whereas vWF is necessary for thrombus growth once local shear rates 
become high. However, vWF alone is not sufficient to achieve stable platelet aggre-
gation, supporting the hypothesis that concurrent binding of vWF to αIIbβ3 and 
GPIbα allows initial interplatelet contacts [150].

Many intracellular proteins have been identified to be involved in integrin regula-
tion, among which talin-1 and kindlin-3 are crucial as shown by the analysis of the 
respective knockout mouse platelets. Both proteins bind to integrin β tails and are 
indispensable for integrin inside-out activation in platelets [151–153]. The defective 
integrin activation in those platelets translates into abolished thrombus formation in 
FeCl3-injured vessels and infinite bleeding times in vivo. Several mutations in 
KINDLIN-3 have been identified in humans resulting in a rare disorder called leu-
kocyte adhesion deficiency type III (LAD-III) [154–156] with defective inside-out 
activation of hematopoietic cells causing among other defects severe bleeding.

Besides talin-1 and kindlin-3, the small GTPase Rap1 [157] and the balance 
between CalDAG-GEFI [158] and RASA3 [159] play essential roles in platelet 
aggregation and stable thrombus formation. However, the Rap1-GTP-interacting 
adaptor molecule (RIAM) seems to be dispensable for this process in platelets as 
shown by a RIAM knockout approach [160].

In addition to integrins, a wide range of other receptors on the platelet surface 
have been reported to further stabilize the thrombus, such as ephrins/Eph kinases, 
junctional adhesion molecules (JAMs), SEM4D, CD150, or CD84 [161]. A role for 
the latter one could, however, not be confirmed by studies on CD84-deficient mice 
[162]. A comprehensive discussion of the proteins involved in thrombus stability is 
beyond the scope of this book chapter and is discussed in detail in the review by 
Brass LF et al. [161].

11.3.4.2  Coagulation Factors
At sites of vascular injury, exposed tissue factor (TF) triggers local thrombin gen-
eration, which is further supported by the exposure of negatively charged phospha-
tidylserine on the platelet surface, providing a platform for the prothrombinase 
complex [163] and the release of inorganic polyphosphates which trigger the 
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intrinsic pathway of coagulation through the activation of coagulation factor XII 
(FXII) [164]. It has been demonstrated that mice lacking FXII are protected against 
collagen- and epinephrine-induced thromboembolism and show defective thrombus 
formation and stabilization. However, they do not exhibit prolonged bleeding times 
or spontaneous bleedings [165]. Similarly, mice deficient in the FXII substrate FXI 
were similarly protected from vessel-occluding fibrin-rich clot formation, suggest-
ing that FXII indeed contributes to pathological clotting through the “intrinsic path-
way”. In accordance with this finding, absence of FXI was previously demonstrated 
to protect mice from occlusion of the carotid artery in a FeCl3 model [166, 167]. 
Taken together, coagulation factor-deficient mice, such as FXI [167] and FXII 
[165], subjected to the bleeding time model show normal hemostatic function. In 
contrast, blood coagulation FX deficiency in mice causes partial embryonic lethal-
ity and fatal neonatal bleeding [168], FVII deficiency causes fatal postnatal bleed-
ing [169], and also FVIII deficiency causes increased bleeding [170].

 Conclusion

The mouse is the premier animal model for biomedical research since the com-
plete sequence of the mouse genome is available and made it possible to easily 
manipulate the mouse genome. Moreover, investigators have access to a large 
number of mouse mutants from public resources that are readily available for 
analysis. The generation of the Pf4-Cre transgenic mouse line was a major break-
through to produce MK-/platelet-lineage-restricted knockouts. These tools allow 
us to get new insights into how platelets are produced and how they contribute to 
hemostasis and arterial thrombosis, but also provide tools to study their (patho-)
physiological roles beyond these classical functions, i.e., in the orchestration of 
inflammatory processes.

Further studies will very likely include, besides classic knockout mice, mutant 
mice with functionally altered proteins to better mimic the situation in patients. 
Mouse models can help to take data obtained from genome-wide association 
study (GWAS) to the next level by investigating the function of associated genes 
in vivo [171]. In addition, the introduction of the CRISPR/Cas9 technique will 
allow very efficient genome editing of mouse zygotes that will greatly accelerate 
in vivo studies in the future.

Acknowledgments Prof. Dr. Bernhard Nieswandt holds a Chair of Experimental Biomedicine at 
the University Clinic and Rudolf Virchow Center, Würzburg Germany. This work was supported 
by the Deutsche Forschungsgemeinschaft (SFB688) and the Rudolf Virchow Centre.

Dr. Markus Bender is supported by the Deutsche Forschungsgemeinschaft (DFG) as a group 
leader in the Emmy Noether program of the DFG (BE 5084/3-1).

References

 1. Hartwig J, Italiano J (2003) The birth of the platelet. J Thromb Haemost: JTH 1:1580–1586
 2. Jackson S (2011) Arterial thrombosis – insidious, unpredictable and deadly. Nat Med 17: 

1423–1436

M. Bender and B. Nieswandt



257

 3. Nieswandt B, Pleines I, Bender M (2011) Platelet adhesion and activation mechanisms in 
arterial thrombosis and ischaemic stroke. J Thromb Haemost: JTH 9(Suppl 1):92–104

 4. Lopez A, Mathers C, Ezzati M, Jamison D, Murray C (2006) Global burden of disease and 
risk factors. World Bank, Washington, DC

 5. Hagedorn I, Vögtle T, Nieswandt B (2010) Arterial thrombus formation. Novel mechanisms 
and targets. Hamostaseologie 30:127–135

 6. Stoll G, Kleinschnitz C, Nieswandt B (2008) Molecular mechanisms of thrombus formation 
in ischemic stroke: novel insights and targets for treatment. Blood 112:3555–3562

 7. Varga-Szabo D, Pleines I, Nieswandt B (2008) Cell adhesion mechanisms in platelets. 
Arterioscler Thromb Vasc Biol 28:403–412

 8. Varga-Szabo D, Braun A, Nieswandt B (2009) Calcium signaling in platelets. J Thromb 
Haemost: JTH 7:1057–1066

 9. Nieswandt B, Varga-Szabo D, Elvers M (2009) Integrins in platelet activation. J Thromb 
Haemost: JTH 7(Suppl 1):206–209

 10. Junt T et al (2007) Dynamic visualization of thrombopoiesis within bone marrow. Science 
(New York, NY) 317:1767–1770

 11. Zhang L et al (2012) A novel role of sphingosine 1-phosphate receptor S1pr1 in mouse 
thrombopoiesis. J Exp Med 209:2165–2181

 12. Bender M et al (2014) Megakaryocyte-specific Profilin1-deficiency alters microtubule stabil-
ity and causes a Wiskott-Aldrich syndrome-like platelet defect. Nat Commun 5:4746

 13. Stalker T et al (2013) Hierarchical organization in the hemostatic response and its relation-
ship to the platelet-signaling network. Blood 121:1875–1885

 14. Sachs U, Nieswandt B (2007) In vivo thrombus formation in murine models. Circ Res 100: 
979–991

 15. Kühn R, Schwenk F, Aguet M, Rajewsky K (1995) Inducible gene targeting in mice. Science 
(New York, NY) 269:1427–1429

 16. Tiedt R, Schomber T, Hao-Shen H, Skoda R (2007) Pf4-Cre transgenic mice allow the gen-
eration of lineage-restricted gene knockouts for studying megakaryocyte and platelet func-
tion in vivo. Blood 109:1503–1506

 17. Sander J, Joung J (2014) CRISPR-Cas systems for editing, regulating and targeting genomes. 
Nat Biotechnol 32:347–355

 18. Wang H et al (2013) One-step generation of mice carrying mutations in multiple genes by 
CRISPR/Cas-mediated genome engineering. Cell 153:910–918

 19. Kim I, Shin J, Seong J (2010) Mouse phenogenomics, toolbox for functional annotation of 
human genome. BMB Rep 43:79–90

 20. Schmitt A, Guichard J, Massé J, Debili N, Cramer E (2001) Of mice and men: comparison of 
the ultrastructure of megakaryocytes and platelets. Exp Hematol 29:1295–1302

 21. Li T-T et al (2004) Genetic variation responsible for mouse strain differences in integrin alpha 
2 expression is associated with altered platelet responses to collagen. Blood 103: 
3396–3402

 22. Kuter D (2014) Milestones in understanding platelet production: a historical overview. Br 
J Haematol 165:248–258

 23. Hitchcock I, Kaushansky K (2014) Thrombopoietin from beginning to end. Br J Haematol 
165:259–268

 24. Gurney A, Carver-Moore K, de Sauvage F, Moore M (1994) Thrombocytopenia in c-mpl- 
deficient mice. Science (New York, NY) 265:1445–1447

 25. de Sauvage F et al (1996) Physiological regulation of early and late stages of megakaryocy-
topoiesis by thrombopoietin. J Exp Med 183:651–656

 26. Bunting S et al (1997) Normal platelets and megakaryocytes are produced in vivo in the 
absence of thrombopoietin. Blood 90:3423–3429

 27. Carver-Moore K et al (1996) Low levels of erythroid and myeloid progenitors in 
thrombopoietin- and c-mpl-deficient mice. Blood 88:803–808

 28. de Sauvage F, Villeval J, Shivdasani R (1998) Regulation of megakaryocytopoiesis and plate-
let production: lessons from animal models. J Lab Clin Med 131:496–501

11 Mouse Models for Platelet Production and Function



258

 29. Ng A et al (2014) Mpl expression on megakaryocytes and platelets is dispensable for throm-
bopoiesis but essential to prevent myeloproliferation. Proc Natl Acad Sci U S A 111: 
5884–5889

 30. Meyer S et al (2014) Genetic studies reveal an unexpected negative regulatory role for Jak2 in 
thrombopoiesis. Blood 124:2280–2284

 31. Skoda R (2014) Less Jak2 makes more platelets. Blood 124:2168–2169
 32. Grozovsky R et al (2015) The Ashwell-Morell receptor regulates hepatic thrombopoietin pro-

duction via JAK2-STAT3 signaling. Nat Med 21:47–54
 33. Kile B (2014) The role of apoptosis in megakaryocytes and platelets. Br J Haematol 

165:217–226
 34. De Botton S et al (2002) Platelet formation is the consequence of caspase activation within 

megakaryocytes. Blood 100:1310–1317
 35. Clarke M, Savill J, Jones D, Noble B, Brown S (2003) Compartmentalized megakaryocyte 

death generates functional platelets committed to caspase-independent death. J Cell Biol 
160:577–587

 36. Josefsson E et al (2011) Megakaryocytes possess a functional intrinsic apoptosis pathway 
that must be restrained to survive and produce platelets. J Exp Med 208:2017–2031

 37. Josefsson E et al (2014) Platelet production proceeds independently of the intrinsic and 
extrinsic apoptosis pathways. Nat Commun 5:3455

 38. Schulze H, Shivdasani R (2004) Molecular mechanisms of megakaryocyte differentiation. 
Semin Thromb Hemost 30:389–398

 39. Tijssen M, Ghevaert C (2013) Transcription factors in late megakaryopoiesis and related 
platelet disorders. J Thromb Haemost: JTH 11:593–604

 40. Fujiwara Y, Browne C, Cunniff K, Goff S, Orkin S (1996) Arrested development of embry-
onic red cell precursors in mouse embryos lacking transcription factor GATA-1. Proc Natl 
Acad Sci U S A 93:12355–12358

 41. Pevny L et al (1991) Erythroid differentiation in chimaeric mice blocked by a targeted muta-
tion in the gene for transcription factor GATA-1. Nature 349:257–260

 42. Pevny L et al (1995) Development of hematopoietic cells lacking transcription factor GATA- 
1. Development 121:163–172

 43. Shivdasani R, Fujiwara Y, McDevitt M, Orkin S (1997) A lineage-selective knockout estab-
lishes the critical role of transcription factor GATA-1 in megakaryocyte growth and platelet 
development. EMBO J 16:3965–3973

 44. Nurden A (2005) Qualitative disorders of platelets and megakaryocytes. J Thromb Haemost: 
JTH 3:1773–1782

 45. Tsang A, Fujiwara Y, Hom D, Orkin S (1998) Failure of megakaryopoiesis and arrested eryth-
ropoiesis in mice lacking the GATA-1 transcriptional cofactor FOG. Genes Dev 
12:1176–1188

 46. Shivdasani R et al (1995) Transcription factor NF-E2 is required for platelet formation inde-
pendent of the actions of thrombopoietin/MGDF in megakaryocyte development. Cell 
81:695–704

 47. Shivdasani R, Orkin S (1995) Erythropoiesis and globin gene expression in mice lacking the 
transcription factor NF-E2. Proc Natl Acad Sci U S A 92:8690–8694

 48. Okuda T, van Deursen J, Hiebert S, Grosveld G, Downing J (1996) AML1, the target of mul-
tiple chromosomal translocations in human leukemia, is essential for normal fetal liver hema-
topoiesis. Cell 84:321–330

 49. Wang Q et al (1996) Disruption of the Cbfa2 gene causes necrosis and hemorrhaging in the 
central nervous system and blocks definitive hematopoiesis. Proc Natl Acad Sci U S A 
93:3444–3449

 50. Ichikawa M et al (2004) AML-1 is required for megakaryocytic maturation and lymphocytic 
differentiation, but not for maintenance of hematopoietic stem cells in adult hematopoiesis. 
Nat Med 10:299–304

 51. Growney J et al (2005) Loss of Runx1 perturbs adult hematopoiesis and is associated with a 
myeloproliferative phenotype. Blood 106:494–504

M. Bender and B. Nieswandt



259

 52. Michaud J et al (2002) In vitro analyses of known and novel RUNX1/AML1 mutations in 
dominant familial platelet disorder with predisposition to acute myelogenous leukemia: 
implications for mechanisms of pathogenesis. Blood 99:1364–1372

 53. Song W et al (1999) Haploinsufficiency of CBFA2 causes familial thrombocytopenia with 
propensity to develop acute myelogenous leukaemia. Nat Genet 23:166–175

 54. Hartwig J, Italiano J (2006) Cytoskeletal mechanisms for platelet production. Blood Cells 
Mol Dis 36:99–103

 55. Machlus K, Italiano J (2013) The incredible journey: from megakaryocyte development to 
platelet formation. J Cell Biol 201:785–796

 56. Bender M et al (2014) Microtubule sliding drives proplatelet elongation and is dependent on 
cytoplasmic dynein. Blood 125:860–868

 57. Patel S et al (2005) Differential roles of microtubule assembly and sliding in proplatelet for-
mation by megakaryocytes. Blood 106:4076–4085

 58. Schwer H et al (2001) A lineage-restricted and divergent beta-tubulin isoform is essential for 
the biogenesis, structure and function of blood platelets. Curr Biol: CB 11:579–586

 59. Kunishima S, Kobayashi R, Itoh T, Hamaguchi M, Saito H (2009) Mutation of the beta1- 
tubulin gene associated with congenital macrothrombocytopenia affecting microtubule 
assembly. Blood 113:458–461

 60. Kunert S et al (2009) The microtubule modulator RanBP10 plays a critical role in regulation 
of platelet discoid shape and degranulation. Blood 114:5532–5540

 61. Pleines I et al (2013) Defective tubulin organization and proplatelet formation in murine 
megakaryocytes lacking Rac1 and Cdc42. Blood 122:3178–3187

 62. Bender M et al (2010) ADF/n-cofilin-dependent actin turnover determines platelet formation 
and sizing. Blood 116:1767–1775

 63. Falet H et al (2010) A novel interaction between FlnA and Syk regulates platelet ITAM- 
mediated receptor signaling and function. J Exp Med 207:1967–1979

 64. Jurak Begonja A, Hoffmeister K, Hartwig J, Falet H (2011) FlnA-null megakaryocytes pre-
maturely release large and fragile platelets that circulate poorly. Blood 118:2285–2295

 65. Nurden P et al (2011) Thrombocytopenia resulting from mutations in filamin A can be 
expressed as an isolated syndrome. Blood 118:5928–5937

 66. Berrou E et al (2013) Heterogeneity of platelet functional alterations in patients with filamin 
A mutations. Arterioscler Thromb Vasc Biol 33:8

 67. Snapper S et al (1998) Wiskott-Aldrich syndrome protein-deficient mice reveal a role for 
WASP in T but not B cell activation. Immunity 9:81–91

 68. Althaus K, Greinacher A (2009) MYH9-related platelet disorders. Semin Thromb Hemost 
35:189–203

 69. Zhang Y et al (2012) Mouse models of MYH9-related disease: mutations in nonmuscle myo-
sin II-A. Blood 119:238–250

 70. Chen Z et al (2007) The May-Hegglin anomaly gene MYH9 is a negative regulator of platelet 
biogenesis modulated by the Rho-ROCK pathway. Blood 110:171–179

 71. Schiviz A et al (2014) Influence of genetic background on bleeding phenotype in the tail-tip 
bleeding model and recommendations for standardization: communication from the SSC of 
the ISTH. J Thromb Haemost: JTH 12:1940–1942

 72. Greene T et al (2010) Towards a standardization of the murine tail bleeding model. J Thromb 
Haemost: JTH 8:2820–2822

 73. Broze G, Yin Z, Lasky N (2001) A tail vein bleeding time model and delayed bleeding in 
hemophiliac mice. Thromb Haemost 85:747–748

 74. Day S, Reeve J, Myers D, Fay W (2004) Murine thrombosis models. Thromb Haemost 
92:486–494

 75. Falati S, Gross P, Merrill-Skoloff G, Furie B, Furie B (2002) Real-time in vivo imaging of 
platelets, tissue factor and fibrin during arterial thrombus formation in the mouse. Nat Med 
8:1175–1181

 76. Nonne C et al (2005) Importance of platelet phospholipase Cgamma2 signaling in arterial 
thrombosis as a function of lesion severity. Arterioscler Thromb Vasc Biol 25:1293–1298

11 Mouse Models for Platelet Production and Function



260

 77. Konishi H et al (2002) Platelets activated by collagen through immunoreceptor tyrosine- 
based activation motif play pivotal role in initiation and generation of neointimal hyperplasia 
after vascular injury. Circulation 105:912–916

 78. Massberg S et al (2003) A crucial role of glycoprotein VI for platelet recruitment to the 
injured arterial wall in vivo. J Exp Med 197:41–49

 79. Massberg S et al (2002) A critical role of platelet adhesion in the initiation of atherosclerotic 
lesion formation. J Exp Med 196:887–896

 80. Grüner S et al (2004) Anti-glycoprotein VI treatment severely compromises hemostasis in mice 
with reduced alpha2beta1 levels or concomitant aspirin therapy. Circulation 110:2946–2951

 81. Mangin P et al (2006) Thrombin overcomes the thrombosis defect associated with platelet 
GPVI/FcRgamma deficiency. Blood 107:4346–4353

 82. Bender M, Hagedorn I, Nieswandt B (2011) Genetic and antibody-induced glycoprotein VI 
deficiency equally protects mice from mechanically and FeCl(3) -induced thrombosis. 
J Thromb Haemost: JTH 9:1423–1426

 83. Eckly A et al (2011) Mechanisms underlying FeCl3-induced arterial thrombosis. J Thromb 
Haemost: JTH 9:779–789

 84. Dubois C, Panicot-Dubois L, Merrill-Skoloff G, Furie B, Furie B (2006) Glycoprotein 
VI-dependent and -independent pathways of thrombus formation in vivo. Blood 107:3902–3906

 85. Matsuno H, Uematsu T, Nagashima S, Nakashima M (1991) Photochemically induced 
thrombosis model in rat femoral artery and evaluation of effects of heparin and tissue-type 
plasminogen activator with use of this model. J Pharmacol Methods 25:303–317

 86. Kikuchi S, Umemura K, Kondo K, Saniabadi A, Nakashima M (1998) Photochemically 
induced endothelial injury in the mouse as a screening model for inhibitors of vascular inti-
mal thickening. Arterioscler Thromb Vasc Biol 18:1069–1078

 87. Westrick R, Winn M, Eitzman D (2007) Murine models of vascular thrombosis (Eitzman 
series). Arterioscler Thromb Vasc Biol 27:2079–2093

 88. Canobbio I, Balduini C, Torti M (2004) Signalling through the platelet glycoprotein Ib-V-IX 
complex. Cell Signal 16:1329–1344

 89. Ware J, Russell S, Ruggeri Z (2000) Generation and rescue of a murine model of platelet 
dysfunction: the Bernard-Soulier syndrome. Proc Natl Acad Sci U S A 97:2803–2808

 90. Kato K et al (2004) Genetic deletion of mouse platelet glycoprotein Ibbeta produces a 
Bernard-Soulier phenotype with increased alpha-granule size. Blood 104:2339–2344

 91. Kahn M et al (1999) Glycoprotein V-deficient platelets have undiminished thrombin respon-
siveness and do not exhibit a Bernard-Soulier phenotype. Blood 94:4112–4121

 92. Kanaji T, Russell S, Ware J (2002) Amelioration of the macrothrombocytopenia associated 
with the murine Bernard-Soulier syndrome. Blood 100:2102–2107

 93. Bergmeier W et al (2006) The role of platelet adhesion receptor GPIbalpha far exceeds that 
of its main ligand, von Willebrand factor, in arterial thrombosis. Proc Natl Acad Sci U S A 
103:16900–16905

 94. Denis C et al (1998) A mouse model of severe von Willebrand disease: defects in hemostasis 
and thrombosis. Proc Natl Acad Sci U S A 95:9524–9529

 95. Wu D et al (2002) Inhibition of the von Willebrand (VWF)-collagen interaction by an antihu-
man VWF monoclonal antibody results in abolition of in vivo arterial platelet thrombus for-
mation in baboons. Blood 99:3623–3628

 96. Cauwenberghs N et al (2000) Antithrombotic effect of platelet glycoprotein Ib-blocking 
monoclonal antibody Fab fragments in nonhuman primates. Arterioscler Thromb Vasc Biol 
20:1347–1353

 97. Elvers M et al (2010) Impaired alpha(IIb)beta(3) integrin activation and shear-dependent 
thrombus formation in mice lacking phospholipase D1. Sci Signal 3:ra1

 98. Stegner D et al (2013) Pharmacological inhibition of phospholipase D protects mice from 
occlusive thrombus formation and ischemic stroke – brief report. Arterioscler Thromb Vasc 
Biol 33:2212–2217

 99. Banno F et al (2009) The distal carboxyl-terminal domains of ADAMTS13 are required for 
regulation of in vivo thrombus formation. Blood 113:5323–5329

M. Bender and B. Nieswandt



261

 100. Bergmeier W et al (2004) Tumor necrosis factor-alpha-converting enzyme (ADAM17) medi-
ates GPIbalpha shedding from platelets in vitro and in vivo. Circ Res 95:677–683

 101. Bender M et al (2010) Differentially regulated GPVI ectodomain shedding by multiple 
platelet- expressed proteinases. Blood 116:3347–3355

 102. Dütting S, Bender M, Nieswandt B (2012) Platelet GPVI: a target for antithrombotic ther-
apy?! Trends Pharmacol Sci 33:583–590

 103. Arthur J, Dunkley S, Andrews R (2007) Platelet glycoprotein VI-related clinical defects. Br 
J Haematol 139:363–372

 104. Dumont B et al (2009) Absence of collagen-induced platelet activation caused by compound 
heterozygous GPVI mutations. Blood 114:1900–1903

 105. Hermans C et al (2009) A compound heterozygous mutation in glycoprotein VI in a patient 
with a bleeding disorder. J Thromb Haemost: JTH 7:1356–1363

 106. Matus V et al (2013) An adenine insertion in exon 6 of human GP6 generates a truncated 
protein associated with a bleeding disorder in four Chilean families. J Thromb Haemost: JTH 
11:1751–1759

 107. Li H et al (2007) The Fab fragment of a novel anti-GPVI monoclonal antibody, OM4, reduces 
in vivo thrombosis without bleeding risk in rats. Arterioscler Thromb Vasc Biol 27: 
1199–1205

 108. Matsumoto Y et al (2006) Ex vivo evaluation of anti-GPVI antibody in cynomolgus mon-
keys: dissociation between anti-platelet aggregatory effect and bleeding time. Thromb 
Haemost 96:167–175

 109. Ohlmann P et al (2008) Ex vivo inhibition of thrombus formation by an anti-glycoprotein VI 
Fab fragment in non-human primates without modification of glycoprotein VI expression. 
J Thromb Haemost: JTH 6:1003–1011

 110. Nieswandt B et al (2001) Long-term antithrombotic protection by in vivo depletion of platelet 
glycoprotein VI in mice. J Exp Med 193:459–469

 111. Schulte V et al (2003) Targeting of the collagen-binding site on glycoprotein VI is not essen-
tial for in vivo depletion of the receptor. Blood 101:3948–3952

 112. Schulte V et al (2006) Two-phase antithrombotic protection after anti-glycoprotein VI treat-
ment in mice. Arterioscler Thromb Vasc Biol 26:1640–1647

 113. Boylan B, Berndt M, Kahn M, Newman P (2006) Activation-independent, antibody- mediated 
removal of GPVI from circulating human platelets: development of a novel NOD/SCID 
mouse model to evaluate the in vivo effectiveness of anti-human platelet agents. Blood 
108:908–914

 114. Rabie T et al (2007) Diverging signaling events control the pathway of GPVI down- regulation 
in vivo. Blood 110:529–535

 115. Gardiner E et al (2007) Controlled shedding of platelet glycoprotein (GP)VI and GPIb-IX-V 
by ADAM family metalloproteinases. J Thromb Haemost: JTH 5:1530–1537

 116. Bender M et al (2013) Combined in vivo depletion of glycoprotein VI and C-type lectin-like 
receptor 2 severely compromises hemostasis and abrogates arterial thrombosis in mice. 
Arterioscler Thromb Vasc Biol 33:926–934

 117. Massberg S et al (2004) Soluble glycoprotein VI dimer inhibits platelet adhesion and aggre-
gation to the injured vessel wall in vivo. FASEB J: Off Publ Fed Am Soc Exp Biol 
18:397–399

 118. Grüner S et al (2005) Relative antithrombotic effect of soluble GPVI dimer compared with 
anti-GPVI antibodies in mice. Blood 105:1492–1499

 119. Grüner S et al (2003) Multiple integrin-ligand interactions synergize in shear-resistant plate-
let adhesion at sites of arterial injury in vivo. Blood 102:4021–4027

 120. Holtkötter O et al (2002) Integrin alpha 2-deficient mice develop normally, are fertile, but 
display partially defective platelet interaction with collagen. J Biol Chem 277: 
10789–10794

 121. Chen J, Diacovo T, Grenache D, Santoro S, Zutter M (2002) The alpha(2) integrin subunit- 
deficient mouse: a multifaceted phenotype including defects of branching morphogenesis and 
hemostasis. Am J Pathol 161:337–344

11 Mouse Models for Platelet Production and Function



262

 122. He L et al (2003) The contributions of the alpha 2 beta 1 integrin to vascular thrombosis 
in vivo. Blood 102:3652–3657

 123. Coughlin S (2001) Protease-activated receptors in vascular biology. Thromb Haemost 
86:298–307

 124. Kahn M et al (1998) A dual thrombin receptor system for platelet activation. Nature 
394:690–694

 125. Weiss E, Hamilton J, Lease K, Coughlin S (2002) Protection against thrombosis in mice lack-
ing PAR3. Blood 100:3240–3244

 126. Sambrano G, Weiss E, Zheng Y, Huang W, Coughlin S (2001) Role of thrombin signalling in 
platelets in haemostasis and thrombosis. Nature 413:74–78

 127. Léon C et al (1999) Defective platelet aggregation and increased resistance to thrombosis in 
purinergic P2Y(1) receptor-null mice. J Clin Invest 104:1731–1737

 128. Andre P et al (2003) P2Y12 regulates platelet adhesion/activation, thrombus growth, and 
thrombus stability in injured arteries. J Clin Invest 112:398–406

 129. Thomas D et al (1998) Coagulation defects and altered hemodynamic responses in mice lack-
ing receptors for thromboxane A2. J Clin Invest 102:1994–2001

 130. Offermanns S (2006) Activation of platelet function through G protein-coupled receptors. 
Circ Res 99:1293–1304

 131. Offermanns S, Toombs C, Hu Y, Simon M (1997) Defective platelet activation in G alpha(q)-
deficient mice. Nature 389:183–186

 132. Moers A et al (2003) G13 is an essential mediator of platelet activation in hemostasis and 
thrombosis. Nat Med 9:1418–1422

 133. Shirakawa R et al (2004) Munc13-4 is a GTP-Rab27-binding protein regulating dense core 
granule secretion in platelets. J Biol Chem 279:10730–10737

 134. Ren Q et al (2010) Munc13-4 is a limiting factor in the pathway required for platelet granule 
release and hemostasis. Blood 116:869–877

 135. Savage J et al (2013) Munc13-4 is critical for thrombosis through regulating release of ADP 
from platelets. J Thromb Haemost: JTH 11:771–775

 136. Albers C et al (2011) Exome sequencing identifies NBEAL2 as the causative gene for gray 
platelet syndrome. Nat Genet 43:735–737

 137. Kahr W et al (2011) Mutations in NBEAL2, encoding a BEACH protein, cause gray platelet 
syndrome. Nat Genet 43:738–740

 138. Gunay-Aygun M et al (2011) NBEAL2 is mutated in gray platelet syndrome and is required 
for biogenesis of platelet α-granules. Nat Genet 43:732–734

 139. Deppermann C et al (2013) Gray platelet syndrome and defective thrombo-inflammation in 
Nbeal2-deficient mice. J Clin Invest 123:3331–3342

 140. Kahr W et al (2013) Abnormal megakaryocyte development and platelet function in Nbeal2 
(-/-) mice. Blood 122:3349–3358

 141. Gibbins J (2002) The negative regulation of platelet function: extending the role of the 
ITIM. Trends Cardiovasc Med 12:213–219

 142. Senis Y (2013) Protein-tyrosine phosphatases: a new frontier in platelet signal transduction. 
J Thromb Haemost: JTH 11:1800–1813

 143. Cherpokova D et al (2015) SLAP/SLAP2 prevent excessive platelet (hem)ITAM signaling in 
thrombosis and ischemic stroke in mice. Blood 125:185–194

 144. Gupta S et al (2012) CLP36 is a negative regulator of glycoprotein VI signaling in platelets. 
Circ Res 111:1410–1420

 145. Stalker T et al (2009) Endothelial cell specific adhesion molecule (ESAM) localizes to 
platelet- platelet contacts and regulates thrombus formation in vivo. J Thromb Haemost: JTH 
7:1886–1896

 146. Nurden A (2006) Glanzmann thrombasthenia. Orphanet J Rare Dis 1:10
 147. Hodivala-Dilke K et al (1999) Beta3-integrin-deficient mice are a model for Glanzmann 

thrombasthenia showing placental defects and reduced survival. J Clin Invest 103:229–238
 148. Tronik-Le Roux D et al (2000) Thrombasthenic mice generated by replacement of the integ-

rin alpha(IIb) gene: demonstration that transcriptional activation of this megakaryocytic 
locus precedes lineage commitment. Blood 96:1399–1408

M. Bender and B. Nieswandt



263

 149. Suh T et al (1995) Resolution of spontaneous bleeding events but failure of pregnancy in 
fibrinogen-deficient mice. Genes Dev 9:2020–2033

 150. Ni H et al (2000) Persistence of platelet thrombus formation in arterioles of mice lacking both 
von Willebrand factor and fibrinogen. J Clin Invest 106:385–392

 151. Moser M, Nieswandt B, Ussar S, Pozgajova M, Fässler R (2008) Kindlin-3 is essential for 
integrin activation and platelet aggregation. Nat Med 14:325–330

 152. Petrich B et al (2007) Talin is required for integrin-mediated platelet function in hemostasis 
and thrombosis. J Exp Med 204:3103–3111

 153. Tadokoro S et al (2003) Talin binding to integrin beta tails: a final common step in integrin 
activation. Science (New York, NY) 302:103–106

 154. Malinin N et al (2009) A point mutation in KINDLIN3 ablates activation of three integrin 
subfamilies in humans. Nat Med 15:313–318

 155. Mory A et al (2008) Kindlin-3: a new gene involved in the pathogenesis of LAD-III. Blood 
112:2591

 156. Svensson L et al (2009) Leukocyte adhesion deficiency-III is caused by mutations in 
KINDLIN3 affecting integrin activation. Nat Med 15:306–312

 157. Chrzanowska-Wodnicka M, Smyth S, Schoenwaelder S, Fischer T, White G (2005) Rap1b is 
required for normal platelet function and hemostasis in mice. J Clin Invest 115:680–687

 158. Crittenden J et al (2004) CalDAG-GEFI integrates signaling for platelet aggregation and 
thrombus formation. Nat Med 10:982–986

 159. Stefanini L et al (2015) RASA3 is a critical inhibitor of RAP1-dependent platelet activation. 
J Clin Invest 125:1419–1432

 160. Stritt S et al (2015) Rap1-GTP-interacting adaptor molecule (RIAM) is dispensable for plate-
let integrin activation and function in mice. Blood 125:219–222

 161. Brass L, Zhu L, Stalker T (2005) Minding the gaps to promote thrombus growth and stability. 
J Clin Invest 115:3385–3392

 162. Hofmann S et al (2014) Mice lacking the SLAM family member CD84 display unaltered 
platelet function in hemostasis and thrombosis. PLoS One 9:e115306

 163. Heemskerk J, Mattheij N, Cosemans JME (2013) Platelet-based coagulation: different popu-
lations, different functions. J Thromb Haemost: JTH 11:2–16

 164. Müller F et al (2009) Platelet polyphosphates are proinflammatory and procoagulant media-
tors in vivo. Cell 139:1143–1156

 165. Renné T et al (2005) Defective thrombus formation in mice lacking coagulation factor XII. J 
Exp Med 202:271–281

 166. Müller F, Gailani D, Renné T (2011) Factor XI and XII as antithrombotic targets. Curr Opin 
Hematol 18:349–355

 167. Wang X et al (2005) Effects of factor IX or factor XI deficiency on ferric chloride-induced 
carotid artery occlusion in mice. J Thromb Haemost: JTH 3:695–702

 168. Dewerchin M et al (2000) Blood coagulation factor X deficiency causes partial embryonic 
lethality and fatal neonatal bleeding in mice. Thromb Haemost 83:185–190

 169. Rosen E et al (1997) Mice lacking factor VII develop normally but suffer fatal perinatal 
bleeding. Nature 390:290–294

 170. Bi L et al (1996) Further characterization of factor VIII-deficient mice created by gene target-
ing: RNA and protein studies. Blood 88:3446–3450

 171. Cox R, Church C (2011) Mouse models and the interpretation of human GWAS in type 2 
diabetes and obesity. Dis Model Mech 4:155–164

11 Mouse Models for Platelet Production and Function



Part III

Platelets in Health and Disease



267© Springer International Publishing Switzerland 2016
H. Schulze, J. Italiano (eds.), Molecular and Cellular Biology of Platelet Formation, 
DOI 10.1007/978-3-319-39562-3_12

Fetal and Neonatal Megakaryopoiesis 
and Platelet Biology

Christof Dame, Viola Lorenz, and Martha Sola-Visner

Abstract
Megakaryopoiesis and platelet biology undergo significant changes during develop-
ment. Major differences in fetal/neonatal compared to adult megakaryopoiesis 
include the smaller size of neonatal megakaryocytes, their cytoplasmic maturity 
despite lower ploidy levels, and the tenfold higher proliferative rate of neonatal 
megakaryocyte progenitors. Such differences are accompanied by relatively high 
thrombopoietin (Thpo) plasma levels in fetuses and neonates and a higher sensitiv-
ity of neonatal megakaryocyte progenitors to Thpo in vitro. Particularly during the 
first week after birth, neonatal platelets are hyporesponsive to most agonists, a find-
ing that is most pronounced in very preterm infants. Interestingly, this platelet hypo-
reactivity is compensated by a number of factors in neonatal blood that enhance 
primary hemostasis, such as higher hematocrit values, higher von Willebrand factor 
(vWF) concentrations, and predominance of ultralong vWF polymers in the blood 
of neonates. This delicate balance at each step of fetal development is required for 
optimal hemostasis and also for the proper development of the vascular and hema-
topoietic system, particularly in the bone marrow. The delicate neonatal hemostatic 
balance is easily disturbed, especially by inflammatory conditions that can cause 
significant bleeding, often with high mortality or severe long-term sequelae. 
Research on the developmental biology of megakaryopoiesis has led to the discov-
ery of the molecular mechanisms of various inherited thrombocytopenias, such as 
congenital amegakaryocytic thrombocytopenia, thrombocytopenia-absent radii 
syndrome, and Down syndrome-associated transient myeloproliferative disorder.
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12.1  Introduction

Over the last two decades, a mounting body of evidence has supported the existence 
of substantial differences between fetal/neonatal and adult megakaryocytes and plate-
lets, both regarding their morphology and biology. Developmental stage- specific dif-
ferences are ontogenetically important, because they allow the fetus to generate rising 
platelet counts while the blood volume is rapidly expanding, in a time period charac-
terized by extraordinary growth. The developmental stage- specific functional charac-
teristics of fetal and neonatal platelets are part of a delicate balance between platelets 
and coagulation factors that provides optimal hemostasis. There is early evidence in 
support of the fact that transfusion of adult donor platelets might result in a prothrom-
botic phenotype in neonates. As developmental processes are easily to disturb, sick 
neonates, in particular very-low-birth- weight infants (birth weight <1500 g), are at 
high risk of thrombocytopenia. The pathogenesis of some inherited disorders of 
megakaryopoiesis, including those that selectively affect fetuses and neonates (but not 
adults), could be elucidated in recent years by identifying the underlying molecular 
mechanisms. Beyond newborn medicine, a better understanding of the biology of the 
megakaryocytes that originate from cord blood-derived stem cells may be important 
to optimize engraftment in adult recipients of cord blood stem cell transplants. These 
considerations are the rationale underlying the focus of this chapter exclusively on 
fetal and neonatal megakaryopoiesis and platelet biology.

12.2  Cellular Development of Megakaryopoiesis 
in the Human Embryo, Fetus, and Neonate

12.2.1  Sites of Embryonic, Fetal, and Neonatal Megakaryopoiesis

In the murine embryo, hematopoiesis starts shortly after the onset of gastrulation in 
the blood islands of the yolk sac (YS) [74]. Here, primitive hematopoietic and endo-
thelial precursors originate from a common progenitor cell, the hemangioblast [51], 
from which the megakaryocyte lineage also initiates [102]. In the murine embryo, 
megakaryocyte (MK) progenitors are first detected at low numbers by the early- to 
mid-neural plate stages and then increase exclusively within the YS (Fig. 12.1a). After 
the onset of circulation, low numbers of MK progenitors are found in the embryo 
proper and in the blood stream. By day E10.5 of gestation, the number of megakaryo-
cyte colony-forming cells (Meg-CFCs) starts to decrease in the YS and to increase in 
the fetal liver (Fig. 12.1b). At that stage, colonies containing both primitive erythroid 
(βH1-globin-positive) and megakaryocyte (glycoprotein GPIbβ- positive) cells are 
identified, indicating the existence of bipotential primitive megakaryocyte- erythroid 
progenitors (MEP), in addition to pure erythroid or MK colonies. MK maturation 
within these colonies is evident by the production of proplatelets (Fig. 12.1c) [102].

Two recent murine studies have shown that the first platelet-forming cells of the 
YS are not polyploid MKs, but diploid platelet-forming cells (DPFC) [88]. DPFC 
appear in the yolk sac at E8.5 and produce the first platelets at E9.5, whereas the ter-
minal differentiation of MKs is accomplished in the fetal liver by E16.5, representing 
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a replacement of platelet production from DPFC to MK derived. It has also been 
shown that DPFC formation and thrombopoiesis are thrombopoietin (Thpo) indepen-
dent in vitro and in vivo, as Thpo-receptor-deficient animals (c-mpl−/−) have normal 
DPFC and peripheral blood (PB) platelet numbers at E10.5 (Fig. 12.2) [87].

In humans, the yolk sac also appears to be the first hematopoietic site [74]. MKs 
have been observed in the YS by 5 weeks of gestation [42] and are found in the 
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Fig. 12.1 Meg-CFCs and bipotential MEPs emerge during murine embryonic hematopoiesis. (a) 
Formation of acetylcholinesterase-positive MK colonies from individual embryonic tissues by stage. 
The inset (i) shows an acetylcholinesterase-positive colony; notably, this marker cannot be used in 
human MK colonies because they do not express the receptor. (b) Formation of primitive erythroid, 
megakaryocyte, and bipotential primitive megakaryocyte/erythroid progenitor (MEP) colonies from 
plated whole embryos (PS-LNP) and yolk sac (HF-46 sp) as determined by immunohistochemistry. 
(c) Erythroid and megakaryocyte progenitor-derived colonies by immunohistochemical staining. 
Top: primitive erythroid (i), megakaryocyte (ii), and bipotential primitive MEP (iii) colonies from 
neural plate-stage cultures stained with primitive erythroid-specific βH1-globin (blue) and mega-
karyocyte-specific GPIbβ (pink) antibodies. Bottom: erythroid (v), megakaryocyte (vi), and bipoten-
tial definitive MEP (vii) colonies from E9.5 to E10.5 yolk sac stained with pan-erythroid Ter119 
(blue) and with GPIbβ (pink) antibodies. Boxed areas in panels iii and vii highlight proplatelet forma-
tion at 100× shown in panels iv and viii, respectively. Arrowheads indicate proplatelet formation in 
panels ii and vi. Scale bars represent 10 μm [102] (Reproduced with permission of Blood)
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connective tissue and in the vessels of almost every organ at 8 weeks of gestation. 
The transition to hepatic hematopoiesis is thought to involve migration of stem cells 
from the YS to the liver [73]. MKs are present in the liver by 8 weeks of gestation 
(Fig. 12.3a) and in the spleen by 10 weeks [9, 62]. Every stage of MK development 
is found in the liver phase, but the cells are smaller and of lower ploidy than adult 
MKs [27, 37, 58]. Fetal bone marrow (BM) hematopoiesis has been documented as 
early as 10 weeks of gestation, when MKs constitute 0.58 % of the nucleated cells 
(this percentage increases to 1.2 % by week 22) [16]. By 19 weeks of gestation, 
hematopoiesis is well established in the fetal BM (Fig. 12.3b) [1, 30, 57, 58].

12.2.2  Fetal Megakaryocyte Progenitors

In humans, studies culturing Meg-CFCs derived from term and preterm cord blood 
(CB), fetal blood (18–22 weeks of gestation), or fetal BM have documented a sig-
nificantly higher proliferative potential of fetal/neonatal MK progenitors, compared 
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Fig. 12.2 Thrombopoietin (Thpo) is dispensable for DPFC formation and thrombopoiesis. (a) (i) 
Flow cytometric analysis of diploid platelet-forming cells (DPFC, red) and yolk sac (YS) hemato-
poietic progenitor cells (HPC, blue) showed that both cells express c-Mpl on their surface. (ii) The 
thrombopoietin (Thpo) expression analysis at embryonic day E10.5 by qRT-PCR showed that it 
was expressed in the YS at 30 % of the adult level. (b) E10.5 YS DPFC and HPC were cultured for 
72 h in the presence or absence of Thpo. DPCF numbers were not increased, but Thpo stimulation 
is critical for MK formation from HPCs. (c) In whole mount preparations of YS E10.5 of c-mpl−/− 
CD41highCD42D+ DPFC (arrow) and platelets (arrow head) are visible. (d, e) Quantifications 
reveal that in c-mpl−/− embryos (E10.5) DPFCs and circulating peripheral blood (PB) platelet are 
present in wild-type numbers [87] (Reproduced with permission of Blood)
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to their adult counterparts. In Meg-CFCs assays, fetal Meg-CFCs generate signifi-
cantly larger colonies, containing more MKs than adult Meg-CFCs [82, 111]. 
Furthermore, a high proliferative potential cell-megakaryocyte (HPPC-MK) that 
gives rise to large, unifocal colonies containing >300 cells has been found in fetal 
BM [13, 81]. This cell, not observed in adult BM cultures, may represent a more 
primitive MK progenitor. When cultured in liquid systems, neonatal progenitors 
(CD34+ cells) derived from cord blood (CB) give rise to tenfold more MKs than 
adult progenitors cultured under identical conditions (Fig. 12.4a) [69, 85].

The concentration of circulating MK progenitors, similar to other hematopoietic 
progenitors, decreases with advancing gestational age [19, 78, 91]. This has been 
thought to reflect the progressive transfer of progenitors from the liver to the BM.

12.2.3  Fetal and Neonatal Megakaryocytes

Regardless of the source of MKs (blood, fetal liver, bone marrow) and the techniques 
used (cultured MKs or histologic studies of tissue samples), fetal MKs are substantially 
smaller and have lower ploidy levels than adult MKs (Fig. 12.4b, c). During human 
gestation, a shift toward larger megakaryocytes occurs. Despite this shift, however, 
78 % of MKs in the bone marrow of fetuses at 7–8 months’ gestation have a ploidy of 
8N or less, compared with only 33 % of the MKs in adult BM [70]. In the marrow of 
preterm infants, MKs are also smaller than in adult bone marrow samples [96].

The mechanisms underlying the small size of neonatal MKs are not clearly under-
stood, but likely involve a combination of cell-intrinsic factors and factors in the 
fetal/neonatal microenvironment. In studies transplanting neonatal liver cells or adult 

a b

Fig. 12.3 Megakaryocytes in the developing human liver and bone marrow. (a) Liver smear from 
an 8-weeks-old human embryo (14 mm CR length). An early megakaryocyte with basophilic cyto-
plasm is seen in the upper left part and a mature megakaryocyte with eight nuclei is located in the 
middle of the picture (H&E, × 1000). (b) Femoral bone marrow from a 22-weeks-old human fetus. 
At the right, a bone trabecula is surrounded by osteoblasts. At the left is an arteriole. At the upper 
center a sinusoid is seen, containing erythrocytes, and a megakaryocyte with a large lobulated 
nucleus and well-demarcated granular cytoplasm (Methacylate Giemsa, × 1250) [62] (Reproduced 
with permission of Springer, Heidelberg)
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bone marrow cells from green fluorescent protein (GFP) transgenic mice into wild-
type adult recipients, MKs derived from neonatal liver were significantly larger and 
of higher ploidy than neonatal MKs in their original environment [95]. However, 
they were still smaller than posttransplant MKs derived from adult BM cells. In vitro 
studies culturing CB hematopoietic progenitor (CD34+) cells in adult BM stromal 
conditioned media also yielded MKs with higher ploidy levels than those cultured in 
fetal BM stromal or in unconditioned serum-free media [85]. Taken together, these 
findings suggest that environmental factors influence the size and ploidy of MKs, but 
cell-intrinsic factors limit the ultimate size and ploidy that neonatal MKs achieve.

Given the small size and low-ploidy or fetal/neonatal MKs, these were tradition-
ally considered to be immature compared to adult MKs [11]. However, it was shown 
that CB-derived MKs have significantly higher levels of CD42b expression (GPIbα, 
a marker of mature MKs) than peripheral blood (PB)-derived MKs [32, 66]. Further 
analysis of CD42b expression at different ploidy levels revealed that these differ-
ences were particularly pronounced among low-ploidy MKs (Fig. 12.5a, b). 
Neonatal MKs also contained α-granules, consistent with a mature cytoplasm 
(Fig. 12.5c), and electron microscopic examination of flow-sorted 2N/4N mega-
karyocytes confirmed that most CB-derived 2N/4N megakaryocytes were cytoplas-
mically mature (58 %), compared with only 23 % of PB-derived MKs with the same 
ploidy (Fig. 12.5d), thus demonstrating that neonatal MKs undergo full cytoplasmic 
maturation without polyploidization. The net result of this process is the production 
of large numbers of low-ploidy but highly mature MKs, with which fetuses and 
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Fig. 12.4 Differences between fetal/neonatal and adult megakaryocyte proliferation, size, and 
ploidy. (a) Megakaryocytes progenitors isolated from umbilical cord blood (CB) are highly pro-
liferative and generate tenfold more megakaryocytes than adult peripheral blood (PB) progenitors 
in an in vitro liquid culture system. However, CB-derived megakaryocytes are much smaller in 
size (b) and have lower ploidy levels measured by flow cytometry (c) than PB-derived mega-
karyocytes [69] (Reproduced with permission of Current Opinion in Hematology) 
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Fig. 12.5 Cytoplasmic maturation of CB-megakaryocytes (CB-MKs). Megakaryocyte poly-
ploidization and cytoplasmic maturation of different sources were analyzed by flow cytometry and 
immunofluorescence at day 14 of culture. (a) Compared to PB-MKs, CB-MKs exhibited signifi-
cantly higher percentages of CD42b+ (mature) cells at each ploidy level. The bars represent the 
means ±SEM of three independent experiments. *P < 0.05. (b) When the intensity of CD42b stain-
ing was measured by fluorescence, CB-MKs exhibited almost equally intense expression at all 
ploidy levels. In contrast, among PB-MKs, the intensity of the staining increased gradually in 
parallel to the ploidy level. (c) Like mature PB-MKs, low-ploidy CB-MKs formed α-granules co- 
expressing P-selectin and vWF, as indicated by immunofluorescence staining. (d) Human MKs of 
different ploidy levels were flow sorted after antihuman CD41-FITC and Hoechst 33342 staining 
and examined by transmission electron microscopy. Left: representative flow-sorted 2N/4N 
CB-MK. The majority of MKs were mature and exhibited abundant platelet granules and a well- 
developed double membrane system. Middle: in contrast, 77 % of flow-sorted 2N/4N PB-MKs 
were immature, as evidenced by the absence of a DMS and the paucity of granules (Gr) seen in this 
representative electron ultramicrograph. These immature forms also exhibited multivesicular bod-
ies (MVBs) and dense compartments (DCs), representing the precursors of platelet granules and of 
the DMS, respectively. Right: 54 % of all flow-sorted 8N PB-MKs were ultrastructurally similar to 
the mature neonatal 2N/4N MKs, although they were larger [69] (Author’s own material, 
 reproduced with permission of Blood)
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neonates populate their rapidly expanding BM space and blood volume while main-
taining normal platelet counts.

More recently, the timing of the transition from a neonatal to an adult phenotype 
has been studied [41]. This study showed that neonates have MKs of uniform and 
small size, which diverge into separate clusters of smaller and larger cells beginning 
at 2 years, and finally transit to larger (adult-like) MKs by 4 years.

12.2.4  Molecular Mechanisms for the Cellular Characteristics 
of Fetal and Neonatal Megakaryocytes

At the molecular level, these developmental differences were associated with higher 
expression levels of the Thpo receptor (c-Mpl) and upregulated Thpo signaling 
through Janus kinase 2 (Jak2) and mTOR (mammalian target of rapamycin) in neo-
natal MKs. The protein level of the GATA1 transcription factor was also threefold 
higher in CB- vs. PB-MKs (Fig. 12.6). The high GATA1 level was consistent with 
the high cytoplasmic maturation of neonatal MKs, since overexpression of 
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Fig. 12.6 Differences in GATA1 protein expression levels in cord blood (CB) vs. peripheral 
blood (PB) megakaryocytes (MKs). (a) GATA1 protein in CB- and PB-derived MKs was measured 
by Western blot analysis using an antibody targeting the N-terminal motif, which only recognizes 
full-length GATA1. *P < 0.05 (b) An antibody recognizing the C-terminal motif was then used to 
differentiate between the full-length GATA1 and GATA1s. Only the levels of full-length GATA1 
were significantly higher in CB-MKs compared with PB-MKs. *P < 0.05. The bars represent the 
means ± SEM of 4 independent experiments, and the immunoblots show representative results of 
each set of experiments [69] (Author’s won material, reproduced with permission of Blood) 

C. Dame et al.



275

GATA1 in murine adult MKs accelerates and enhances its maturation [50]. However, 
GATA1 overexpression also promoted polyploidization in murine adult MKs, an 
effect not seen in human neonatal MKs. Transcriptome analyses of neonatal- and 
fetal-derived vs. adult PB-derived MKs found no changes in GATA1 mRNA expres-
sion levels during development, but an enrichment in downstream targets of 
GATA1 in fetal MKs [10]. Further studies evaluating downstream targets of GATA1 
revealed that CB-MKs had elevated protein levels of cyclin D1, but low levels of its 
partner Cdk4 (cyclin-dependent kinase 4). Interestingly, in a prior study, the overex-
pression of cyclin D1 in the absence of Cdk4 overexpression resulted in a paradoxi-
cal decrease in MK ploidy and size [76]. Thus, the combination of elevated GATA1 
and cyclin D1 levels with low Cdk4 could be one of the mechanisms mediating the 
high cytoplasmic maturation without polyploidization of neonatal MKs, although 
this remains to be tested.

Clinically, a better understanding of the molecular mechanisms underlying the 
developmental differences in megakaryopoiesis is essential to elucidate the patho-
genesis of a number of MK and platelet disorders that exclusively, or more severely, 
affect neonates. These disorders include the trisomy 21 (Down syndrome)-associ-
ated transient myeloproliferative disorder (DS-TMD), which exclusively affects 
fetuses and neonates and resolves spontaneously by 4 months of age, and the 
thrombocytopenia- absent radius (TAR, MIM #274000) syndrome, in which the 
thrombocytopenia improves significantly by 1 year of age [39, 46]. Genetically, 
DS-TMD results from the combination of trisomy 21 and a GATA1 mutation lead-
ing to the exclusive expression of a short GATA1 isoform, termed GATA1s [15], 
which lacks the N-terminal transactivation domain. The reason why this combina-
tion leads to a myeloproliferative disorder only during fetal and neonatal (but not 
adult) life has been elucidated. In 2010, Klusmann and colleagues found an upregu-
lation of insulin-like growth factor (IGF) signaling in human DS-AMKL (Down 
syndrome – acute megakaryoblastic leukemia) cells, as well as in a mouse model of 
DS-AMKL [63]. Following this observation, it was found that fetal (but not adult) 
MK progenitors are dependent on IGF signaling, which activates the E2F transcrip-
tional network through mTOR. In normal fetal MK progenitors, full-length GATA1 
restricts the IGF-mediated activation of the E2F transcription network to coordinate 
proliferation and differentiation. However, in the absence of full-length GATA1 
(i.e., in mutated GATA1s), the overactive IGF signaling is “uncontrolled” and leads 
to unrestricted proliferation of fetal MK progenitors and to the transformation into 
DS-TMD. More recently, a separate study showed a significant upregulation of type 
1 interferon (IFN) – responsive genes in both murine and human BM – compared to 
fetal liver-MK progenitors [110]. Importantly, exogenous IFNα markedly reduced 
the hyperproliferation of fetal liver MKs obtained from GATA1s mice. Conversely, 
genetic or pharmacologic neutralization of IFN signaling increased the proliferation 
of MK progenitors in the BM of adult GATA1s mice. These observations suggested 
that increased type 1 IFN signaling in the adult bone marrow abolishes the develop-
mental stage-specific effects of GATA1s and possibly contributes to the spontane-
ous resolution of DS-TMD. Taken together, these studies have shed light on the 
mechanisms underlying the developmental stage-specific effects of GATA1s muta-
tions on fetal/neonatal megakaryopoiesis.
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Finally, micro-RNAs (miRNAs) have been increasingly recognized as key regula-
tors of multiple steps in the process of megakaryopoiesis, and significant differences 
have been reported between neonatal and adult megakaryocytes in their miRNA 
expression profiles, particularly involving let-7 family members and miR-9 [10, 38]. 
The exact contribution of these miRNA profiles to the developmental differences 
between fetal/neonatal and adult megakaryocytes is the subject of ongoing research.

12.3  Regulation of Fetal and Neonatal Megakaryopoiesis 
and Platelet Production

Thpo is the primary humoral regulator of megakaryopoiesis from fetal life onward 
and induces lineage-restricted MK progenitor proliferation, differentiation of those 
committed progenitors to megakaryoblasts, and subsequent differentiation of these 
cells into mature MKs [31, 61]. However, Thpo is not required for proplatelet for-
mation and platelet release, since mutant mice lacking c-Mpl on mature MKs and 
platelets exhibit even elevated platelet counts [80].

Particularly during the hepatic period of human fetal hematopoiesis, THPO is 
produced at the site of megakaryopoiesis (Fig. 12.7a). As early as by 8 weeks of 
gestation, THPO mRNA expression is detected in the human liver [98]. Between 17 
and 36 weeks of gestation, the liver contributes more than 90 % to the combined 
THPO mRNA expression in the liver, kidneys, and spleen as calculated by semi-
quantitative RT-PCR analysis [109]. The liver remains the primary site of THPO 
production in parenchymal organs throughout the entire life [7], but THPO is sub-
sequently also locally produced in BM stroma cells [100]. In some fetal BM speci-
mens, THPO mRNA expression levels were as high as in the corresponding liver or 
kidneys, suggesting that THPO may play a role in the ontogeny of medullary 
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Fig. 12.7 (a) Organ distribution of THPO mRNA expression in human fetuses and preterm neo-
nates. The amount of THPO mRNA (per microgram of total RNA) was equal in the liver, spleen, 
and bone marrow, slightly lower in the kidney, and significantly lower in the lung (not shown). 
When adjusted for grams of tissue, THPO mRNA levels were highest in the liver. Considering the 
total amount of THPO mRNA produced in the liver, kidney, and spleen (in total defined as 100 %), 
the liver accounted for 95.3 % [109]. (Author’s won material, reproduced with permission from by 
Blood). (b) Age-related changes in THPO serum concentrations in healthy children (Data obtained 
from Ishiguro et al. [53])

C. Dame et al.



277

megakaryopoiesis [109]. This hypothesis deserves further attention, because in 
another context Thpo contributes to the accumulation and persistence of plasma 
cells in murine BM niches [108]. Indeed, THPO gene expression in BM stromal 
cells increases in response to thrombocytopenia [79]. At the molecular level, vari-
ous platelet granular proteins are involved in the regulation of this process. Primary 
cultures of adult BM indicate that platelet-derived growth factor (PDGF), fibroblast 
growth factor 2 (FGF2), and interleukin-11 (IL11) increase THPO expression, 
while transforming growth factor β (TGFβ), platelet factor 4 (PF4), and thrombos-
pondin (TSP) lead to a diminished THPO expression in stroma cells [100].

Besides the putative developmental role of THPO in regulating the seeding of 
hematopoietic stem cells (HSC) in the developing BM niches, patients with con-
genital amegakaryocytic thrombocytopenia (CAMT; MIM #604498) provide evi-
dence of the pivotal role of THPO in maintaining HSCs in the BM [6, 52]. Patients 
with homozygous or compound heterozygous mutations in the MPL gene exhibit 
pancytopenia early in life, with subsequent need for BM transplantation if the muta-
tions result in total deficiency of MPL signaling (CAMT Type 1) [6].

Under steady-state conditions, hepatic THPO production is thought to be mainly 
constitutive [40]. This concept of end-cell-mediated regulation of circulating THPO 
concentrations results from the observation that hepatic THPO mRNA expression 
does normally not change in thrombocytopenia and that THPO protein concentra-
tions depend on the mass of c-Mpl-bearing cells, in particular platelets and MK 
progenitor cells. Most recently, new evidence indicated that the hepatic Ashwell- 
Morell receptor (AMR) can bind aged, desialylated platelets and thereby induce 
hepatic THPO transcription and translation [45]. While this mechanism has specific 
implications in certain platelet disorders (e.g., infections by neuraminidase- 
producing organisms and certain immune thrombocytopenias), its role in develop-
mental megakaryopoiesis is still unknown.

Considering the putative role of THPO in establishing medullary megakaryopoi-
esis, it is of interest that healthy, nonthrombocytopenic neonates exhibit higher 
THPO plasma concentrations than adults. Normal CB THPO concentrations are 
<300 pg/ml in plasma samples and <320 pg/ml in serum samples (2 SD above the 
mean) [28]. Some studies reported higher THPO concentrations in preterm com-
pared to term neonates, but this finding has not been confirmed in the majority of the 
studies [28]. Relevant developmental changes in circulating THPO concentrations 
during gestation were excluded by the longitudinal analysis of fetal blood samples 
[22, 59, 86, 89]. During the neonatal period, however, THPO plasma concentrations 
exhibit a characteristic course (Fig. 12.7b). Starting from a median concentration of 
124 pg/mL (range 48–225 pg/mL) at birth, THPO concentrations increase and peak 
by day 2–5, before they decrease by the end of the neonatal period to levels that are 
only slightly higher than those found in infants [53].

Notably, the responsiveness of human BM-derived Meg-CFCs to recombinant 
human THPO (rTHPO) is also age-dependent. A higher in vitro and in vivo sensitiv-
ity of neonatal Meg-CFCs has been demonstrated in comparison to adult Meg-CFCs 
(Fig. 12.8) [96, 97]. A possible mechanism might be the higher expression of c-mpl 
in CB-derived MKs compared to those derived from adult BM [69]. As mentioned 
above, the higher rTHPO concentrations and responsiveness did not support the 
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polyploidization of neonatal MKs [85], although rTHPO increased the ploidy of 
adult MKs. Thus, the developmental differences in the response to THPO may play 
a critical role in thrombocytopenia. While adults upregulate thrombopoiesis by 
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Fig. 12.8 Response of neonatal progenitors to rTHPO in vitro and in vivo. (a) In vitro responsive-
ness of human bone marrow-derived MK progenitors to increasing concentrations of recombinant 
human THPO. The MK progenitors originated either from nonthrombocytopenic neonates (NT), 
thrombocytopenic neonates (T), or nonthrombocytopenic adults were cultured in a collagen-based 
semisolid system with different concentrations of human THPO [97]. (Author’s won work, repro-
duced with permission by the British Journal of hematology). (b) Dose-response of Pegylated-
recombinant human megakaryocyte growth and development factor (PEG-rHuMGDF, a THPO 
derivative) on the blood platelet concentration in newborn rhesus monkeys treated with different 
daily subcutaneous injections of placebo or PEG-rHuMGDF. The platelet count increased on day 
6 of treatment, peaked on day 11, and returned to baseline by day 23 (Sola MC et al., Pediatr Res 
2000; 47(2):208–214; author’s own work, reproduced with permission by Pediatric Research)
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increasing the number and size of their MKs in response to elevated THPO concen-
trations, the neonatal response to thrombocytopenia is limited to increasing the 
number and proliferative rate of MK progenitors. This may explain the limited abil-
ity of neonates to correct thrombocytopenia in situations of drastically increased 
demand, i.e., bacterial sepsis. This conclusion is supported by current data on the 
immature platelet fraction (IPF), a novel measure of newly released platelets that 
are still reticulated and contain high amounts of RNA. As expected based on the 
THPO concentrations, IPF values in nonthrombocytopenic neonates are higher than 
in children and adults [23]. But in very-low-birth-weight infants with severe throm-
bocytopenia due to sepsis or necrotizing enterocolitis, the IPF numbers are decreased 
by approximately 50 % [26].

12.4  Platelet Function in Neonates

The first evidence of developmental differences in platelet function between neo-
nates and adults came from platelet aggregation studies in full-term CB-derived 
platelet-rich plasma. These studies demonstrated that platelets from neonatal CB 
are less responsive than adult platelets to agonists such as adenosine diphosphate 
(ADP), epinephrine, collagen, thrombin, and thromboxane analogues [56]. 
Similar results were obtained in flow cytometric platelet activation studies, which 
showed decreased expression of surface activation markers in neonatal platelets 
stimulated with thrombin, ADP, and epinephrine [56, 94]. Different mechanisms 
account for the hyporeactivity of neonatal platelets to various agents [2]: The 
hyporesponsiveness to epinephrine is due to fewer α2-adrenergic receptors, the 
binding sites for epinephrine [20]; the reduced response to collagen likely results 
from impaired calcium mobilization [43]; and the decreased response to throm-
boxane results from differences in signaling downstream from the receptor in 
neonatal platelets [55].

Surprisingly, while the hypofunctional platelet phenotype in vitro would pre-
dict a bleeding tendency, healthy full-term neonates display enhanced primary 
hemostasis, compared to older children or adults. Bleeding times performed on 
healthy term neonates are shorter than bleeding times in adults [4]. Similarly, 
studies using the platelet function analyzer (PFA-100®, an in vitro test of primary 
hemostasis) found that CB samples from term neonates exhibited shorter closure 
times than samples from older children or adults [12, 54]. Overall, these studies 
point toward an enhanced platelet/vessel wall interaction in neonates, likely 
related to the higher hematocrit levels, higher mean corpuscular volumes, higher 
von Willebrand Factor (vWF) concentrations [5], and predominance of longer 
vWF polymers in the blood of neonates, all of which enhance primary hemosta-
sis and compensate for the hyporeactivity of neonatal platelets. Using a Cone and 
Platelet Analyzer, which examines whole blood platelet adhesion and aggrega-
tion on an extracellular matrix-coated plate under physiological arterial flow 
conditions, healthy full-term neonatal platelets also demonstrated more exten-
sive adhesion properties than adult platelets, a finding mediated by the higher 
amounts and enhanced adhesive activity of vWF in neonatal plasma [92]. Taken 
together, the available evidence strongly suggests that the in vitro platelet 
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hyporeactivity of healthy full-term infants is an integral part of a carefully 
 balanced and well-functioning neonatal hemostatic system, rather than a devel-
opmental deficiency.

Since the neonates with the highest bleeding risk are those born preterm, particu-
larly at less than 30 weeks of gestation, studies of platelet function and hemostatic 
balance in this subset of infants are of particular clinical importance. At the time of 
birth, the in vitro platelet hyporeactivity is more pronounced in preterm infants 
compared to term infants. These differences are most evident among infants born at 
the lowest gestational ages (i.e., <30 weeks), suggesting a correlation between 
platelet reactivity and gestational age [94, 103]. Two studies using the Cone and 
Platelet Analyzer also found that platelets from healthy preterm infants exhibited 
decreased platelet adhesion compared with platelets from term infants (although it 
was still better than in healthy adults) [67, 68] and that adherence correlated with 
gestational age in the first 48 h after birth. Importantly, these differences in platelet 
adhesion were not related to lower levels of vWF antigen or ristocetin cofactor 
activity in preterm compared to term infants, suggesting that they are due to intrin-
sic platelet function developmental differences [68]. Consistent with these findings, 
bleeding times performed on the first day of life were longer in preterm compared 
to term infants, with neonates born at <33 weeks of gestation exhibiting bleeding 
times twice as long as those from term neonates [33].

In regard to the duration of the neonatal hyporeactive phenotype, it is clear that 
the platelet hyporeactivity is still present 3–4 days after birth in term as well as 
preterm infants [8]. After that, the results of available studies have been somewhat 
inconsistent, with some reporting prolonged platelet hyporeactivity [48, 94], but 
most observing significant improvement to full normalization in the platelet func-
tion of term as well as preterm infants by day 10–14 after birth [8, 94, 103]. The 
latter are consistent with the finding that, by day 10, all infants have shorter bleeding 
times than at birth, and gestational age-dependent differences present on the first 
day have disappeared. Little or no further shortening of the bleeding time occurs 
between days 10 and 30 [33].

12.5  Thrombocytopenia in Preterm and Term Neonates

Thrombocytopenia is a frequent problem among sick term and preterm neonates. 
In most cases, thrombocytopenia results from acquired processes, and most 
resolve with time and/or treatment of the underlying illness. In neonates, throm-
bocytopenia has traditionally been defined as a platelet count <150 × 109/L and 
has been classified as mild (100–150 × 109/L), moderate (50–99 × 109/L), and 
severe (<50 × 109/L). Based on those definitions, large studies in unselected popu-
lations established an overall incidence of neonatal thrombocytopenia of 0.7–
0.9 % [35, 104]. However, when focusing on neonates admitted to the neonatal 
intensive care unit (NICU), the incidence of thrombocytopenia is much higher, 
ranging from 18 to 35 % [17, 72, 83]. The incidence of thrombocytopenia is also 
inversely correlated to the gestational age, so that the most immature neonates are 
the most frequently affected. In extremely low-birth-weight infants (<1000 g), the 
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incidence of thrombocytopenia reaches up to 73 % [18]. However, there is debate 
on the lower reference range of platelet counts after a very large cohort that 
included more than 47,000 neonates between 23 and 42 weeks of gestation has 
been examined. Using automated blood cell counters, the 5th percentile for plate-
let counts in infants born ≤32 weeks of gestation was 104 × 109/L and 123 × 109/L 
for late preterm and term neonates [107].

The reasons underlying the predisposition of preterm neonates to develop throm-
bocytopenia are not entirely clear, but may be associated with the above reported 
developmental stage-specific differences in megakaryopoiesis and platelet biology 
compared to children and adults. The clinically most important issue remains that 
the critical platelet count for spontaneous bleeding is not known, especially for very 
preterm infants. Currently, it is thought that the risk for bleeding increases if the 
platelet count falls below 20 × 109/L [3].

When clinically approaching a neonate with thrombocytopenia, five key points 
may be helpful diagnostic clues (Table 12.1): (a) time of onset of thrombocytopenia, 
delineating “early onset” (within 72 h after birth) and “late onset”; (b) the clinical 
aspect (“sick” vs. “otherwise healthy”); (c) the severity and the kinetics of thrombo-
cytopenia (<50 × 109/L, fast drop in platelet numbers of more than 50 × 109/L per d); 
(d) the likelihood of maternal, placental, or fetal/neonatal cause [24]; and (e) dys-
morphic stigmata or malformations suggestive of multisystem disorders.

The most common etiology of transient mild early-onset thrombocytopenia in 
non-septic appearing neonates (particularly those born preterm) is placental insuf-
ficiency. Thrombocytopenia associated with chronic (or acute) intrauterine hypoxia 
(preeclampsia, HELLP syndrome, maternal diabetes, or intrauterine growth restric-
tion) typically resolves within 3–10 days and is associated with decreased numbers 
of circulating MK progenitors and IPF, suggesting decreased platelet production 
[25, 78]. Notably, the platelet reactivity in response to in vitro agonists is reduced at 
birth in infants with intrauterine growth restriction (IUGR) due to maternal hyper-
tension or preeclampsia if compared to age-matched infants with nonhypertensive 
IUGR [75].

However, in an ill-appearing term or preterm neonate or in a neonate with abnor-
mal liver enzymes and/or coagulation tests, early-onset thrombocytopenia of any 
severity should prompt an evaluation for bacterial (i.e., Group B streptococci) or 
viral sepsis (i.e., HSV, cytomegalovirus), parasitic, or fungal infections (i.e., toxo-
plasma gondii, candida). The most common cause of congenital viral infection is 
CMV. This virus directly affects megakaryopoiesis by infecting BM stromal cells 
[99] as well as MKs [21].

There are also other specific disorders with reduced megakaryopoiesis (i.e., 
severe fetal/neonatal hemolytic disease due to anti-Kell, anti-D, or anti-c anti-
bodies, nonimmune hydrops, maternal medications) or increased platelet con-
sumption (i.e., Kasabach-Merritt syndrome) to consider, if the neonate exhibits 
thrombocytopenia. After perinatal asphyxia, disseminated intravascular coagula-
tion (DIC) may cause severe early-onset thrombocytopenia. The pathopyhsiol-
ogy of these and other acquired thrombocytopenias (i.e., associated with 
thrombosis, hypersplenism), which can affect both neonates and adults, is 
explained in Chaps. 15 and 16.

12 Fetal and Neonatal Megakaryopoiesis and Platelet Biology

http://dx.doi.org/10.1007/978-3-319-39562-3_15
http://dx.doi.org/10.1007/978-3-319-39562-3_16


282

Severe early-onset thrombocytopenia in an otherwise healthy or mildly symp-
tomatic infant should always trigger suspicion for neonatal immune-mediated 
thrombocytopenia. There are two forms of immune thrombocytopenia: (a) allo- and 
(b) auto-/isoimmune.

Fetal and neonatal alloimmune thrombocytopenia (FAIT/NAIT) results from 
an incompatibility between parental platelet antigens. After the mother has been 
sensitized to paternal antigens expressed on the fetal platelets, the resulting IgG 
antibodies cross the placenta, enter the fetal circulation, and coat the fetal plate-
lets, so that their removal from the circulation is triggered. Almost all human 
platelet antigens (HPA) are due to a single nucleotide polymorphism in genes 
that encode for a glycoprotein on the platelet membrane. NAIT occurs with a 
frequency of 1:1000 in Caucasians, and most frequently alloantibodies are 
directed against HPA-1a (approx. 80 %) or against HPA-5b (approx. 20 %). In 
contrast, HPA-4 is most frequently implicated among Asians [44]. Less fre-
quently, cases of NAIT are mediated by antibodies against HPA-3, HPA-2, and 
HPA-6 [60, 64, 105, 106]. FAIT can manifest as early as 16–20 weeks of gesta-
tion and – in contrast to fetal hemolytic disease – already in the first pregnancy. 
Intracranial hemorrhage, which often manifests itself already during gestation 
with subsequent severe brain damage, posthemorrhagic hydrocephalus, and/or 
periventricular leukomalacia resulting in severe lifelong disabilities, is the most 
perilous complication of FAIT/NAIT and occurs in 10–30 % of cases [14]. 
Interestingly, the likelihood of clinical manifestation of FAIT in a given risk 

Table 12.1 Classification of neonatal thrombocytopenias based on the time of onset and disease 
severity

Onset
Clinical 
aspect

Severity of 
thrombocytopenia Differential diagnosis

Early onset 
(<72 h)

“Not 
sick”

Mild to moderate Chronic intrauterine hypoxia 
(preeclampsia, diabetes, intrauterine 
growth restriction)

Immune (allo- or autoimmune)

Genetic disordersa

Thrombosis (renal vein, sagittal sinus)

Severe Alloimmune

Genetic disordersa

“Sick” Variable Infections (bacterial, viral)

Congenital infections (TORCH)

Perinatal asphyxia

Late onset 
(>72 h)

“Not 
sick”

Variable Drug-induced thrombocytopenia

Thrombosis (renal vein, sagittal sinus)

“Sick” Moderate to severe Sepsis (bacterial, viral, fungal) and 
necrotizing enterocolitis

Metabolic disordersa

Adapted from Saxonhouse and Sola-Visner. NeoReviews.org, 2009
TORCH: Toxoplasma, rubella, cytomegalovirus, herpes simplex virus
aCongenital thrombocytopenia
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constellation of parental platelet incompatibility is associated with the presence 
of certain human leukocyte antigens (HLA type). For example, HPA-1a alloim-
munization is 140 times more frequent in HLA DRB3*01:01- and HLA-
DQB1*02:01-positive women than in women who are negative for these HLA 
types [65]. HPA-5b-associated fetal/neonatal thrombocytopenia is more frequent 
in HLA-DRw6 women [60, 84]. These associations deserve further attention in 
research on developmental platelet biology.

Autoimmune thrombocytopenia in the fetus and neonate results from the trans-
placental transfer of maternal autoantibodies in chronic immune thrombocytopenia 
or other maternal autoimmune disorders (i.e., systemic lupus erythematodes or 
Sjögren syndrome). Neonatal thrombocytopenia is present in about 10–50 % of 
cases at risk, with an overall incidence of 1:10,000 to 1: 15,000 live births. While 
neonatal platelet counts are often normal at birth, the nadir occurs between day 2 
and 5. Platelet counts <20 × 109/L were found in <2 % of affected infants. Significant 
bleeding occurs in less than 1 % of the entire group [90].

In sick infants, early- and late-onset sepsis or necrotizing enterocolitis (NEC) are 
the most frequent causes of thrombocytopenia. Infection-induced thrombocytope-
nia usually lasts an average of 6 days (range 1–10 days) and must be treated appro-
priately. Sepsis-induced thrombocytopenia is mainly due to increased platelet 
consumption, secondary to either endothelial damage with subsequent platelet 
adhesion and aggregation, bacterial-induced degradation of the platelet anti- 
apoptotic protein Bcl-xL, platelet removal by the reticulo-endothelial system or by 
the hepatic Ashwell-Morrell receptor, and/or immune-mediated platelet destruction 
[47, 101]. However, megakaryopoiesis can be also significantly inhibited [26], and 
a small number of neonates with late-onset sepsis or NEC develop severe thrombo-
cytopenia that persists longer than 2 weeks [77]. Sepsis accounts for approximately 
one-third of NICU patients that qualify as very-high platelet users (i.e., >20 transfu-
sions) [34].

Inherited thrombocytopenias are a clinically and genetically very heteroge-
neous group of rare diseases that are often diagnosed beyond the neonatal 
period. Currently, mutations in more than 30 genes have been found to be impli-
cated, affecting megakaryopoiesis, platelet formation and turnover, and platelet 
function [93]. Inherited thrombocytopenia can result from an isolated blood 
disorder, but also be a part of a complex multisystem disease. Over the past two 
decades, the knowledge of the underlying molecular mechanisms has rapidly 
increased, and a separate chapter of this textbook is dedicated to inherited 
thrombocytopenias (see Chap. 14). While a classification of inherited thrombo-
cytopenias based on pathophysiological mechanisms is most desirable, current 
diagnostic approaches still primarily consider (a) the size of platelets and (b) the 
presence of specific clinical signs associated with thrombocytopenia. Inherited 
thrombocytopenias, such as CAMT, TAR syndrome, and DS-TMD/AMKL (all 
with normal platelet size/volume), have been already integrated in our chapter 
because their mechanisms are directly linked to developmental stage-specific 
characteristics of fetal and neonatal megakaryopoiesis and platelet biology. 
Table 12.2 summarizes inherited thrombocytopenias that are typically diag-
nosed during the neonatal period or during infancy. The reference number in the 
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Table 12.2 Inherited thrombocytopenia, typically diagnosed in the neonatal period or early 
infancy

OMIM # Gene Inheritance Clinical and laboratory signs

Normal platelet size

T21 190685 GATA1 IC Down syndrome with TMD/AMKL

CAMT 604498 MPL AR Development of pancytopenia

TAR 274000 RBM8A IC/Digenic Bilateral absent radii

CTRUS 605432 HOXA11 AD Radioulnar synostosis, development 
of pancytopenia

HHS 305000 DKC1 X Microcephaly, cerebellar hypoplasia, 
intrauterine growth restriction, 
immunodeficiency

TERT AR

RTEL1 AR

TINF2 AD

Large platelet size

T13, T18 ?/PACAP IC Pätau syndrome, Edwards syndrome

MYH9-RD 155100 MYH9 AD Neutrophil inclusions of myosin-9; 
deafness, cataract, glomerulonephritis, 
and others

153650

153640

605249

GPS 139090 NBEAL2 AR Pale platelets, α-granule deficiency

GFI1B AD

BBS 231200 GP1BA AR Defective GPIb/IX/V complex

GP1BB

GP9

XLTDA/XLTT GATA1 X Dyserythropoiesis, anemia, 
thalassemia

DGS/VCFS 188400 GP1BB AD Cardiac malformation, thymus 
hypoplasia, immunodeficiency, facial 
dysmorphia, hypocalcemia

192430

JBS, TCPT 147791 FLI1 AD Dysmorphia, cardiac malformation, 
mental retardation188025

FLNA-RT 300017 FLNA X Periventricular nodular heterotopia

Small platelet size

WAS 301000 WAS X Immunodeficiency, eczema, 
autoimmune disorders, predisposition 
for malignancies

XLT 313900 THC1 X Autoimmune disorders

Disorders: T13, T18, T21 (trisomy 13, 18, 21). CAMT congenital amegakaryocytic thrombocyto-
penia, TAR thrombocytopenia-absent radii syndrome, CTRUS congenital thrombocytopenia with 
radioulnar synostosis, HHS Hoyeraal-Hreidarsson syndrome, MYH9-RD MYH9-related diseases, 
formerly May-Hegglin anomaly, Epstein-, Fechtner-, Sebastian-platelet syndrome, GPS Gray 
platelet syndrome, BBS Bernard-Soulier syndrome, XLTDA X-linked thrombocytopenia and dys-
erythropoietic anemia, XLTT X-linked thrombocytopenia and thalassemia, DGS DiGeorge syn-
drome, VCFS velo-cardio-facial syndrome, JBS Jacobson syndrome, TCPT Paris-Trousseau 
syndrome, FLNA-RT Filamin-A-related thrombocytopenia, WAS Wiskott-Aldrich syndrome, XLT 
X-linked thrombocytopenia
Inheritance: IC incidental occurrence, AD autosomal dominant, AR autosomal recessive, X 
X-chromosomal
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online library of Mendelian Inheritance in Man (OMIM) is provided for further 
reading, particularly on clinical details that are far from the scope of this text-
book. Notably, developmental disorders of the bone and the central nervous 
system are frequently associated with inherited thrombocytopenias. This impli-
cates the interaction of cells and chemokines involved in megakaryopoiesis and 
bone development [71], but also of normal THPO/Mpl signaling in the develop-
ing brain [29, 36, 49].

In summary, developmental differences in megakaryopoiesis and platelet func-
tion are important in clinical decision making regarding the diagnostic approach to 
thrombocytopenia and its management, particularly in sick preterm and term neo-
nates. The potential developmental mismatch associated with transfusing adult 
platelets into the neonatal environment, particularly when the neonatal thrombocy-
topenia is associated with inflammatory conditions, is a topic that deserves future 
clinical and experimental research.
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13Platelets in Ischemic Stroke

Deya Cherpokova and Bernhard Nieswandt

Abstract
Ischemic stroke is among the leading causes of mortality and permanent disabil-
ity worldwide. Treatment approaches in acute stroke patients aim at rapid recan-
alization of occluded extra- and intracranial vessels. However, progressive stroke 
can still develop in patients despite successful recanalization, a process termed 
“reperfusion injury”. It has long been recognized that pathological platelet activ-
ity essentially contributes to initiation and progression of ischemic stroke. 
However, the exact mechanisms and signaling pathways governing the detrimen-
tal effects of platelets in reperfusion injury have remained elusive. This chapter 
summarizes recent experimental data which have revealed that the pathophysiol-
ogy of ischemic stroke critically depends on the activity of the von Willebrand 
factor receptor glycoprotein (GP)Ib and the major collagen receptor GPVI which 
are both involved in early platelet adhesion and activation. By contrast, 
 interference with GPIIb/IIIa-dependent platelet aggregation and thrombus for-
mation does not improve the outcome of acute brain ischemia and dramatically 
increases the susceptibility to intracranial hemorrhage. Furthermore, this chapter 
focuses on recent experimental data documenting a complex cascade of patho-
logical events, involving interactions between platelets, immune cells, endothe-
lial cells and the contact activation system in ischemic stroke progression. The 
potential translational impact of several key findings is briefly discussed.
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13.1  Introduction

Stroke is the second leading cause of death and represents the primary reason for 
permanent disability worldwide [27]. Intracranial hemorrhage accounts for approxi-
mately 20 % of all strokes, whereas about 80 % result from cerebral ischemia 
induced by thromboembolism to the brain, mostly derived from extracranial artery 
stenosis or atrial fibrillation [36]. Focal occlusion of a major or multiple smaller 
intracranial vessels leads to severe impairment or cessation of the blood flow in the 
downstream cerebral vasculature which initiates a cascade of pathophysiological 
processes, eventually resulting in infarct growth. Therefore, the primary therapeutic 
goal is the rapid recanalization of occluded intracerebral vessels. Current therapeu-
tic options for acute ischemic stroke are limited to immediate thrombolysis within 
4.5 h of stroke onset by recombinant tissue plasminogen activator (tPA) [26] and 
more recently, mechanical thrombectomy [32]. Despite successful vessel recanali-
zation, a significant number of patients suffer from progressive infarct growth, a 
process referred to as “reperfusion injury” [18, 64].

In recent years, rodent models of experimental stroke have considerably advanced 
our understanding of the complex pathophysiology underlying ischemic stroke. 
Several experimental stroke models have been established that cover different 
aspects of the complex and heterogeneous nature of human stroke [11]. In experi-
mental stroke research, transient middle cerebral artery occlusion (tMCAO) by an 
intraluminal thread and subsequent withdrawing of the filament is considered to be 
the model which most closely reflects the pathology of reperfusion injury [64]. This 
model has therefore been instrumental in elucidating principal pathomechanisms 
that govern secondary infarct growth in the downstream microvasculature, while 
translation of therapeutic approaches from the animal model to patient care has 
proved challenging due to different variables [11]. In the tMCAO model, a silicon- 
coated thread is advanced through the carotid artery up to the origin of the middle 
cerebral artery (MCA), thereby reducing cerebral flow by >90 % and causing an 
MCA infarction. Removal of the filament after an occlusion time of 30–60 min 
allows reperfusion of the MCA territory, however, progressive strokes develops 
within the following 24 h which strongly resembles the reperfusion injury observed 
in human patients. All experimental studies summarized in this chapter refer to 
results obtained using the tMCAO model.

Although the exact mechanisms by which platelets contribute to the develop-
ment of brain infarction are still poorly understood, compelling experimental evi-
dence suggests that acute ischemic stroke does not solely result from local thrombotic 
vessel occlusion. Rather, ischemic stroke has been increasingly recognized as a 
complex disease in which platelets orchestrate multiple molecular and cellular 
interactions, involving immune cells, endothelial cells and the contact activation 
system, finally leading to disruption of the blood-brain barrier and neurological 
damage. The observations that both thrombotic and inflammatory processes govern 
stroke progression in the ischemic brain led to the novel concept of “thrombo- 
inflammation” [57, 65].
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This chapter will summarize recent progress that has been made in understand-
ing the pathophysiological role of platelet receptors, downstream signaling path-
ways as well as the intrinsic coagulation system and T cells in experimental cerebral 
ischemia.

13.2  Platelet Adhesion and Activation Receptors

The initial capture of circulating platelets to exposed components of the extracel-
lular matrix (ECM) at sites of vascular injury is mediated by the interaction of 
the glycoprotein (GP) Ib-V-IX receptor complex with von Willebrand factor 
(VWF) immobilized on collagen [59]. GPIbα-VWF interactions are essential for 
initial platelet tethering under conditions of high shear flow (>500 s−1), found e.g. 
in stenosed arteries, but cannot mediate firm platelet adhesion to the ECM and 
lead instead to rapid deceleration of the cells [59]. This in turn enables the inter-
action of collagen with GPVI, the central activating platelet collagen receptor 
[56], which initiates an intracellular signaling cascade, eventually culminating in 
powerful cellular activation characterized by a rise in cytosolic Ca2+ concentra-
tion, cytoskeletal rearrangements, mobilization of alpha and dense granules and 
subsequent release of secondary platelet agonists, including adenosine diphos-
phate (ADP) and thromboxane A2 (TxA2). These agonists together with locally 
generated thrombin act on G protein-coupled receptors (GPCRs) and thus rein-
force cellular activation and recruit additional circulating platelets. Finally, the 
extra- and intracellular signaling events induce the conformational change of 
integrin adhesion receptors, most notably αIIbβ3 (GPIIb/IIIa), from a low to a 
high affinity state, thereby mediating firm platelet adhesion, aggregation and 
thrombus growth [69].

Remarkably, however, recent studies on the involvement of platelet receptor- 
ligand interactions in acute experimental stroke in mice have demonstrated that 
interference with early steps of platelet adhesion and activation, but notably not 
aggregation, significantly reduces infarct growth without adverse effects on intra-
cranial bleeding [42]. These findings emphasize that the mechanisms by which 
platelets contribute to stroke development may at least partially differ from those 
involved in classical thrombus formation.

13.2.1  GPIb

GPIb is part of the GPIb-V-IX complex and binds to several ligands, including 
VWF, P-selectin, thrombospondin, macrophage antigen 1 (Mac-1), the coagulation 
factors XI, XII, thrombin and high-molecular-weight kininogen [3]. In humans, 
lack or dysfunction of GPIb-V-IX is associated with a rare autosomal recessive 
disorder, the Bernard-Soulier syndrome, which is characterized by a bleeding phe-
notype, thrombocytopenia and giant platelets [3].
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A critical role of GPIb in arterial thrombus formation and the antithrombotic 
potential of the GPIb-VWF axis have been well documented in different experimental 
arterial thrombosis models in mice [7, 23, 50] and baboons [15, 70]. Notably, GPIb 
has only recently emerged as a promising potential target for powerful and safe pre-
vention and treatment of acute stroke. In the mouse tMCAO model, both the prophy-
lactic (1 h before tMCAO) and the therapeutic administration of an anti- GPIbα Fab 
fragment that blocks the VWF binding site on GPIbα (p0p/B) resulted in a marked 
protection from stroke development which was accompanied by a significantly better 
functional outcome [42]. Importantly, GPIbα-blockade was not associated with an 
increased incidence of intracranial bleeding despite prolonged tail bleeding times in 
Fab-treated mice [42]. Significantly, treatment of aged and comorbid animals (e.g. 
atherosclerotic Ldlr-/-, diabetic or hypertensive mice) with p0p/B Fab fragments pro-
vided a comparable protection from reperfusion injury, thus substantiating the notion 
that GPIbα-blockade may have important therapeutic implications in the future for 
patients with accompanying common cardiovascular diseases [47].

Notably, transgenic mice in which the extracellular domain of GPIbα was 
replaced by the α-subunit of the human IL-4 receptor [38] displayed a significant 
decrease in infarct size without any signs of intracranial hemorrhage [20]. Likewise, 
VWF-deficient mice developed significantly smaller infarcts than wild-type control 
animals and accordingly, neurological scores assessing motor function and coordi-
nation were considerably better [43]. Of note, VWF-deficiency did not increase the 
risk of intracranial bleeding after focal cerebral ischemia, emphasizing that interfer-
ence with the GPIb-VWF axis during stroke may indeed provide a safe and effective 
antithrombotic approach. Reconstitution of plasma VWF by hydrodynamic gene 
transfer restored the susceptibility of Vwf-/- mice to ischemic stroke [19, 43]. 
Reconstitution experiments further revealed that the binding sites on VWF for GPIb 
(A1-domain) and collagen, but not that for GPIIb/IIIa, are essential for stroke devel-
opment [19]. The importance of the GPIbα binding site on VWF for stroke progres-
sion has been supported by a recent study in which both the prophylactic and 
therapeutic pharmacological blockade of the A1-domain on VWF by a divalent 
humanized nanobodies in guinea pigs prevented acute thrombotic occlusion without 
inducing intracranial hemorrhage in two different models of experimental stroke 
[51]. Indeed, significant effort has been made in recent years in developing agents 
which block VWF-GPIbα or VWF-collagen interactions. The therapeutic potential 
of some of these inhibitors has been demonstrated in the prevention of VWF-
mediated thrombosis in different experimental disease models [21].

Importantly, VWF levels have been identified as a predictive factor for long-term 
mortality after acute stroke [14]. However, not only VWF levels, but also its activity 
essentially contributes to the risk of stroke. VWF is a large, multimeric protein (up to 
20,000 kDa) synthesized in endothelial cells and megakaryocytes that is highly throm-
bogenic and gets rapidly cleaved in the plasma to less active VWF by the enzyme A 
disintegrin and metalloprotease with thrombospondin type 1 repeats 13 (ADAMTS13) 
which thereby critically controls VWF activity. ADAMTS13- deficiency in mice 
severely worsened ischemic brain damage characterized by increased accumulation 
of thrombi and inflammatory cells [28, 72]. Conversely, intravenous administration of 

D. Cherpokova and B. Nieswandt



297

recombinant ADAMTS13 into mice 10 min prior to reperfusion reduced infarct size 
and improved functional outcome after focal cerebral ischemia [72]. Mutations in the 
ADAMTS13 gene as found in patients with hereditary thrombotic thrombocytopenic 
purpura (TTP) or autoantibodies against ADAMTS13 as detected in most patients 
with acquired TTP are associated with an increased risk of thrombotic occlusion of 
microvessels in different organs, including the brain [73].

In further support of a crucial role of the GPIb-VWF axis in stroke development, 
mice lacking phospholipase D1 (PLD1) which transduces signaling downstream of 
VWF-occupied GPIb and thus modulates GPIb-dependent GPIIb/IIIa activation and 
platelet adhesion under high shear conditions were markedly protected from isch-
emic stroke without any signs of increased intracranial bleeding [25]. Similarly, 
pharmacological inhibition of PLD isoforms by the small molecule PLD inhibitor, 
5-fluoro-2-indolyl des-chlorohalopemide (FIPI), reproduced this profound protec-
tion, thus confirming the notion that interference with the GPIb-VWF axis and 
modulators of the downstream signaling cascade may indeed become a potential 
approach for future treatment strategies in ischemic stroke [62].

13.2.2  GPVI

The central platelet collagen receptor GPVI is a megakaryocyte-/platelet-specific 
transmembrane type I receptor that is non-covalently associated with the FcRγ- 
chain which contains an immunoreceptor tyrosine-based activation motif (ITAM) 
[56]. GPVI can be specifically and irreversibly removed from the surface of circu-
lating platelets by antibodies in both humans [10] and mice [55]. In the latter, GPVI 
immunodepletion leads to a prolonged GPVI-knockout-like phenotype accompa-
nied by a long-term antithrombotic protection in models of experimental arterial 
thrombosis [50]. Likewise, GPVI-depleted mice developed significantly smaller 
infarcts in the tMCAO model and GPVI depletion did not increase the risk of intra-
cranial hemorrhage [42]. Contrariwise, elevated GPVI expression and a pronounced 
hyperreactivity in the GPVI signaling pathway in platelets translated into a dramatic 
increase in infarct volume and severely worsened neurological outcome in SLAP/
SLAP2-deficient mice [17], thus further emphasizing the role of GPVI as a critical 
modulator of stroke severity. Similarly, increased GPVI expression levels have been 
linked to an increased risk of stroke occurrence in humans [8] and indirect evidence 
for increased GPVI activity has been provided by detection of elevated levels of 
soluble GPVI in patients suffering from acute ischemic stroke [2].

Current GPVI targeting strategies under development focus on three different 
approaches, including blockade of the GPVI-collagen interaction, immunodeple-
tion of GPVI via monoclonal antibodies and interference with key signaling mole-
cules downstream of GPVI, such as the tyrosine kinase Syk [63]. For instance, mice 
with megakaryocyte-/platelet-specific deficiency in Syk displayed a marked protec-
tion from ischemic stroke and likewise, pharmacolgocial inhibition of Syk improved 
clinical outcome [67]. However, recently demonstrated functional redundancies 
between GPVI and the second ITAM-bearing receptor in mouse platelets C-type 
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lectin-like receptor 2 (CLEC-2) in hemostasis [6] and maintenance of the vascular 
integrity during inflammation [9] emphasize the importance of evaluating the func-
tional status of CLEC-2 prior to and during GPVI targeting. This requirement obvi-
ously also applies to currently tested therapeutic agents which block common 
downstream signaling proteins, including Syk inhibitors.

13.2.3  GPIIb/IIIa

In sharp contrast to the promising results obtained in experimental stroke models 
after blockade of GPIb and depletion of GPVI, treatment of mice 1 h before tMCAO 
with F(ab′)2 fragments of an anti-GPIIb/IIIa antibody, which prevent platelet aggre-
gation, was associated with increased mortality due to intracranial hemorrhages 
[42]. Furthermore, infarct volumes in the surviving animals were similar to those in 
control animals [42], thereby clearly excluding interference with final steps of plate-
let aggregation via GPIIb/IIIa as a safe and effective approach in stroke therapy. 
Importantly, treatment of stroke patients with the GPIIb/IIIa inhibitors abciximab 
[1] or tirofiban [39] did not improve stroke outcome and additionally resulted in 
increased incidence of fatal intracranial bleedings, which eventually led to the pre-
mature termination of a large international phase III trial assessing the effects of 
abciximab in acute stroke patients [1].

Strikingly, defective platelet dense granule secretion [61] or absence of alpha gran-
ules [24] were associated with a marked protection from acute ischemic stroke in 
mice, but clearly not with increased intracranial hemorrhage, thus demonstrating a 
critical role of the platelet secretome in infarct progression, but likely not in the main-
tenance of vascular integrity in thrombo-inflammatory conditions in the ischemic 
brain. Likewise, mice deficient in key components of the machinery mediating store-
operated Ca2+ entry were less susceptible to secondary infarct growth [12, 68]. Further 
studies evaluating the role of platelets in experimental models of focal cerebral isch-
emia identified that reduction of platelet counts is not protective in stroke, since only 
approximately 10 % of normal platelet counts were still sufficient to mediate full brain 
infarction and were sufficient to prevent bleeding [52]. By contrast, intracranial hem-
orrhage occurred in severely thrombocytopenic mice (peripheral platelet counts of 
less than 2.5 % of control) [31], revealing that platelets fulfill essential functions in the 
maintenance of the integrity of the blood-brain barrier during acute brain ischemia.

13.3  The Intrinsic Coagulation System

Platelet activation leads to a marked increase in cytosolic Ca2+ concentration and 
subsequent surface exposure of negatively charged procoagulant phosphatidylser-
ine (PS) which provides high-affinity binding sites for coagulation factors, serves as 
a membrane substrate for the tenase and prothrombinase complexes and thus facili-
tates rapid thrombin generation [34]. On the other hand, activated platelets release 
negatively charged inorganic polyphosphates (PolyP) that potently activate 
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coagulation factor XII (FXII, Hageman factor) – the starting point of the intrinsic 
coagulation pathway [54]. FXII has been identified as a crucial regulator of throm-
botic-inflammatory processes. F12-/- mice displayed, similarly to FXII- deficient 
humans, unaltered hemostatic functions and were protected in different models of 
occlusive arterial thrombosis [58]. Likewise, both genetic FXII-deficiency [41] and 
pharmacological inhibition of activated FXII (FXIIa) by the inhibitor rHA- infestin- 4 
before tMCAO [33] mediated a profound reduction in infarct size without increas-
ing the susceptibility to intracranial hemorrhage, thus providing first experimental 
evidence that FXII may become a novel target for stroke treatment and prevention. 
Meanwhile, several FXII and FXIIa inhibitors have been developed and their mode 
of action, in particular in different animal models of thrombosis and ischemia-reper-
fusion injury, is currently a subject of intense research [40].

Besides its central function in initiating the intrinsic coagulation (contact activa-
tion) systems, FXIIa plays a pivotal role as a starting point for the kallikrein-kinin 
system which culminates in the generation of the pro-inflammatory peptide hor-
mone bradykinin [53]. FXIIa converts plasma prekallikrein into the active form of 
the protease plasma kallikrein (PK). Both genetic PK-deficiency and the therapeutic 
treatment of mice with an anti-PK antibody up to 3 h after induction of tMCAO 
resulted in smaller infarcts, reduced tissue permeability and edema formation and 
less immune cell infiltration without increasing the risk of intracranial bleeding 
[30]. Similarly, deficiency in plasma kininogen, which is cleaved by PK upon acti-
vation of the contact system, induced a marked protection from microvascular 
thrombosis, blood-brain-barrier disruption and inflammation without affecting 
hemostatic function in mice [48]. Finally, deletion of the bradykinin receptor B1 
(B1R) or its blockade by a selective B1R-inhibitor administered 1 h after tMCAO 
ameliorated intracerebral thrombosis and edema formation in mice [4]. Importantly, 
therapeutic administration of a C1-esterase inhibitor (C1Inh), which is a major 
endogenous regulator of the contact system by blocking FXII and PK, equally 
reduced microvascular thrombosis and blood-brain-barrier damage and inflamma-
tion in mice and rats following focal cerebral ischemia [22, 29, 35, 66]. Of note, 
C1Inh has been approved for many years now for treatment of C1Inh-deficiency in 
the setting of hereditary or acquired angioedema which from a translational per-
spective may facilitate approval for different indications [5]. Collectively, these 
findings in experimental stroke research support the notion that interference with 
key components of the contact activation systems could become an effective and 
safe approach for the treatment of thrombo-inflammatory disease conditions.

13.4  Platelet-Immune Cell Interactions in Early Stroke 
Development

Ischemic stroke leads to recruitment of immune cells which participate in the patho-
physiological processes that occur both in the acute phase after disease onset and at 
later stages. The contribution of the immune system to stroke severity, progression 
and functional outcome as well as the complex interactions of immune cells with 
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other cell types in the ischemic brain have been reviewed elsewhere [16, 37]. Here, 
we specifically focus on the emerging role of T cells and on their platelet-dependent 
functions in reperfusion injury of the ischemic brain. Studies in Rag1-/- [44, 71] and 
Rag2-/- [49, 60] mice, which both lack mature T and B cells, demonstrated that these 
animals are protected from focal cerebral ischemia. Adoptive transfer experiments 
revealed that susceptibility to stroke progression in the tMCAO model was fully 
restored after infusion of wild-type T cells, but not after reconstitution of the B cell 
population [44, 71]. Remarkably, the detrimental function of T cells in acute isch-
emic stroke has been demonstrated to occur independently of antigen recognition or 
co-stimulation [44]. In line with these findings, administration of FTY720 (fingoli-
mod) to mice prior to reperfusion in the tMCAO model significantly reduced infarct 
size and improved neurological outcome [46]. FTY720 is a modulator of 
sphingosine- 1-phosphate receptors that prevents egress of lymphocytes from lym-
phoid organs and it is approved for treatment of relapsing multiple sclerosis [13]. Of 
note, a recent pilot study with acute stroke patients demonstrated that thrombolysis 
in combination with FTY720 treatment was superior to thrombolysis alone in the 
prevention of reperfusion injury progression [74]. These experimental and clinical 
data reveal that immune modulation may have an important (supportive) function in 
stroke therapy, but clearly, further investigations on the exact mode of action are 
required.

Importantly, platelet adhesion on collagen under flow conditions and occlusion 
times in the ferric chloride-injured mesenteric arterioles were unaltered in Rag1-/- 
mice [44], demonstrating that the protection from stroke progression in this mouse 
model cannot be ascribed to altered thrombus formation. However, evidence for a 
functional cross-talk between platelets and T cells in ischemic brain damage came 
from an experimental study which revealed that adoptive transfer of T cells into plate-
let-depleted Rag1-/- mice is not detrimental [45]. Collectively, these experimental data 
led to the introduction of the concept of “thrombo-inflammation” (Fig. 13.1) in the 
progression of ischemic stroke [57, 65]. The mechanisms underlying the deleterious 
effects of platelet-T cell interactions in reperfusion injury of the brain are only begin-
ning to be understood and highlight the importance of further investigations to eluci-
date the role of both cell types in thrombo-inflammatory brain infarction.

13.5  Concluding Remarks

In recent years, experimental stroke research has established an important role for 
receptors involved in platelet adhesion and activation in the progression of reperfu-
sion injury. These findings in experimental animal models strongly suggest that 
interference with early steps of platelet activation could become a novel therapeutic 
approach in acute ischemic stroke. However, further studies are required to prove if 
the promising experimental data are likely to have important implications in patient 
care in the future. Likewise, a better understanding of the concerted action of plate-
lets and immune cells in acute brain infarction may as well provide the basis for the 
development of safe and effective anti-thrombo-inflammatory therapies.
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Fig. 13.1 Mechanisms governing thrombus formation and thrombo-inflammatory responses. 
VWF-GPIb interactions are essential for platelet tethering at the site of vascular injury. 
Additionally, GPIb has been implicated in immune cell recruitment during inflammatory 
responses. The central activating collagen receptor on the platelet surface GPVI critically con-
tributes to platelet activation and supports granule release which mediates the release of ADP 
and TxA2 that together with locally generated thrombin potentiate cellular activation. 
Furthermore, strong platelet activation via engagement of GPVI eventually leads to the exposure 
of procoagulant phosphatidylserine (PS) and the secretion of inorganic polyphosphates (PolyP) 
which triggers coagulation and activates FXII, respectively. GPVI signaling may also induce 
immune cell recruitment and fuel inflammation via microparticle formation. Integrin αIIbβ3 is 
indispensable for stable thrombus formation which may lead to vascular occlusion in diseased 
vessels and subsequent ischemia. Reperfusion of a previously occluded cerebral vessel can para-
doxically induce reperfusion injury characterized by damage to the surrounding tissue and plate-
let recruitment to the site of injury. Importantly, downstream signaling events may differ from 
those culminating in thrombus formation. For example, activation of FXII can also promote the 
synthesis of the pro-inflammatory mediator bradykinin which triggers a profound thrombo-
inflammatory response, such as found in ischemic stroke. The mechanisms underlying T cell 
recruitment and function as well as the downstream effector signaling cascade in this thrombo-
inflammatory setting are still poorly understood. TF tissue factor
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and Platelet Biogenesis from Studies 
of Inherited Thrombocytopenias
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Abstract
Inherited thrombocytopenias (ITs) are clinically and genetically heterogeneous 
disorders characterized by defects in megakaryopoiesis and platelet biogene-
sis. Patients with ITs have a variable degree or even no bleeding symptoms 
because of low platelet count that can be associated with platelet dysfunction. 
ITs have been described as an isolated blood disorder but can also be part of a 
multisystem disorder. Mutations in more than 30 genes have already been 
shown to be implicated in ITs and will be recapitulated in this review. Because 
of that complexity, detailed clinical and laboratory investigations are needed 
for diagnosis of ITs. However, confirmed diagnosis can usually only be made 
by genetic analysis. In this review paper, a focus is made on the major contri-
butions of next-generation sequencing approaches to the genetic landscape of 
ITs. Numerous novel, often unexpected, genes have been identified; still more 
are expected, as about 50 % of the IT cases received not yet a genetic diagnosis. 
In addition, the phenotypic spectrum associated with a single gene also con-
stantly gains in complexity as illustrated with some examples. All these factors 
make genotype-phenotype correlations particularly difficult. Finally, we high-
light some functional genetic approaches that increasingly appear important to 
understand the role of novel genes in defective megakaryopoiesis and platelet 
biogenesis.
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14.1  Megakaryopoiesis and Platelet Biogenesis

Megakaryopoiesis starts with the commitment of hematopoietic stem cells to the 
myeloid lineage and subsequent differentiation into the bipotent megakaryocyte- 
erythroid progenitor cells. These progenitor cells undergo a complex process of 
megakaryocyte (MK) commitment, proliferation, and maturation to become 
proplatelet- forming MKs (--> Chap. 1) [1]. Finally, platelets arise from cytoplasmic 
fragmentation of proplatelet-forming MKs and play an essential role in primary 
hemostasis and other processes such as inflammation, angiogenesis, wound healing, 
or cancer. Different molecular pathways are known to tightly regulate megakaryo-
poiesis and platelet production as main regulators thrombopoietin (TPO) and diverse 
lineage-specific transcription factors [2]. TPO is the growth factor necessary for all 
stages of MK development. TPO signaling goes via its receptor MPL (c-MPL) and 
is supported by additional growth factors such as interleukin (IL)-3, stem cell factor, 
IL-1 alpha, IL-6, and IL-11 [1]. Cell type-specific transcription factors such as 
GATA1, FLI1, RUNX1, and GFI1B play an essential role in MK lineage commit-
ment through regulation of gene expression [3]. Proplatelet-forming MKs arise 
from immature MKs or megakaryoblasts. During maturation, megakaryoblasts 
undergo endomitosis and become polyploid [4]. They undergo repeated rounds of 
DNA replication without cell division and usually result in a very large MK with a 
single nucleus and DNA contents up to 128N. The MKs start showing a budding 
lobulated shape filled with granules, cytoskeletal proteins, and demarcation mem-
brane system [5]. MK maturation is further characterized by the progressive forma-
tion and appearance of three main types of secretion granules: alpha (α) granules, 
dense (δ) granules, and lysosomes (--> Chap. 6). Next, the proplatelet-forming MK 
undergoes a cytoskeletal rearrangement that results in proplatelet formation. 
Proplatelets are long, branching cytoplasmic extensions, which fragment at their 
end to finally form platelets. Cytoskeletal proteins are important during platelet 
formation; microtubules, actin filaments, and other cytoskeletal proteins play an 
essential role in transporting platelet granules along these proplatelet extensions. 
These proplatelets extend into the bone marrow sinusoids, where they fragment into 
platelets (--> Chap. 4) [1, 6]. The fragmentation of the MK cytoplasm into proplate-
lets is regulated via different processes including apoptosis (--> Chap. 9) [7] though 
a role of apoptosis for platelet production is still a controversial matter [8] that 
requires more studies.

14.2  Thrombocytopenia: Phenotype Analysis and Genetics

A normal platelet count ranges between 150 and 450 × 109/L. Defects in megakaryo-
poiesis with decreased platelet production or increased platelet destruction can lead 
to abnormal low platelet counts, termed thrombocytopenia. Both inherited (pri-
mary) and acquired (secondary) thrombocytopenia do exist. In this review, only 
inherited thrombocytopenias (ITs) are discussed in detail, while the acquired causes 
are the topic of Chap. 15. ITs are a heterogeneous group of diseases characterized 
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by variable expressivity of the bleeding tendency because of low platelet counts that 
can also be associated with abnormal platelet function. ITs have been shown to 
result from defects in transcription regulation, TPO signaling, cytoskeletal organi-
zation, apoptosis, granule trafficking, and receptor signaling [9]. Examples of these 
defects are discussed in more detail in the next parts.

IT patients with bleeding typically present with mucocutaneous bleeding symp-
toms such as easy bruising, purpura, gingival bleeding, and sand epistaxis, usually 
already obvious after birth or during early childhood [3]. Milder cases only develop 
bleeding problems after trauma or surgery. Spontaneous life-threatening bleeding 
complications such as intracranial hemorrhage and gastrointestinal or genitourinary 
bleeding are rare [10]. Female patients can have menorrhagia and bleeding during 
pregnancy and labor. Diagnostics of ITs is challenging and requires laboratory tech-
niques such as platelet functional and morphological studies that are often addition-
ally hampered by the (very) low platelet count. The first laboratory test for 
thrombocytopenia screening is the measurement of platelet count with the mean 
platelet volume and a peripheral blood smear. Different laboratory investigations 
are possible to study platelet functional defects such as measurement of platelet 
aggregation tests, ATP secretion, flow cytometry to quantify expression of platelet 
receptors, platelet adhesion by the platelet function analyzer (PFA-100®, Siemens 
Healthcare Diagnostics, Marburg, Germany), and electron microscopy that have 
been standardized to further analyze defects in platelet function and/or morphology 
[5]. Misdiagnosis can result in inappropriate treatments with serious consequences, 
as some forms predispose to other illnesses, such as leukemia or kidney failure, etc. 
Moreover, the platelet count in specific disorders can be increased by medical treat-
ment, and patients can receive drugs instead of platelet transfusions [11, 12]. It is 
difficult to estimate the prevalence of IT, but numbers are expected to be higher than 
assumed due to the lack of genetic diagnostic confirmation of the exact type of 
thrombocytopenia.

ITs are considered as a highly heterogeneous group of diseases that can be inher-
ited in an autosomal recessive, autosomal dominant, or X-linked manner. It is 
important to examine the family history and assess for other clinical phenotypes, as 
ITs are not only a blood-specific disorder but it can also occur as a component of a 
multisystem disorder [10]. The presence of skeletal, renal, dysmorphic, ocular, 
audiological, neurological, endocrinological, cardiac, and immune problems asso-
ciated with bleeding is suggestive of multisystem disorders. Sanger sequencing of 
potential candidate gene defects was the standard approach for genetic diagnosis of 
ITs. A major step forward in the field of genetics for ITs was made during the last 
3 years using new-generation genetic approaches that resulted in the discovery of 
novel genes such as NBEAL2, RBM8A, and ACTN1-GFI1B-ETV6 for some well- 
known ITs that cause gray platelet syndrome, thrombocytopenia-absent radius syn-
drome, and autosomal dominant thrombocytopenias, respectively. In the future, 
Sanger sequencing for genetic diagnosis will be replaced by a targeted next- 
generation sequencing (NGS) approach that will allow the simultaneous screening 
of all known platelet genes that cause thrombocytopenia [13]. Genome-wide and 
whole-exome sequencing studies are likely to help in the further screening of ITs 
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for which all known genetic causes have been excluded as to date about 50 % of ITs 
still receive no genetic diagnosis [14]. More than 20 genes have already been found 
to explain ITs [14], and it is expected that many more will be discovered. In order 
to facilitate gene discovery by NGS technologies, the analysis of large case collec-
tions recruited through consortia of investigators will require the analysis of shared 
data through systematic phenotype coding in order to facilitate the identification of 
similarities between unrelated cases. For this purpose, a novel approach using 
Human Phenotype Ontology (HPO) terms was recently developed to standardize 
the annotation of detailed clinical and laboratory characteristics of bleeding and 
platelet disorder cases [10, 15]. HPO coding also allows the description of non- 
hematological terms to describe multisystem disorders. Cluster analyses are then 
used to characterize groups of cases with similar HPO terms and variants in the 
same genes [10]. For this review, an overview of currently known ITs will be pre-
sented as being a blood-specific or part of a multisystem disorder (Table 14.1).

14.3  IT as an Isolated Blood Disorder

14.3.1  Transcription Factor GATA1

GATA1 is the founding member of the GATA family of transcription factors and is 
required for megakaryocyte and erythrocyte differentiation [16]. Hemizygous 
(X-linked) loss-of-function mutations in N-terminal zinc finger of GATA1 have been 
identified in patients with macrothrombocytopenia and result in abnormal binding to 
DNA or its transcriptional cofactor FOG1. GATA1 regulates megakaryocyte prolif-
eration and differentiation, and dysmegakaryopoiesis with hyperproliferation of 
immature hypolobulated MKs is described in the bone marrow of GATA1-defective 
patients [16, 17]. The mutations can be associated with dyserythropoiesis, anemia, 
beta-thalassemia, or congenital erythropoietic porphyria depending on the missense 
variant [17]. GATA1 defects also result in dysfunctional and large platelets with 
reduced platelet aggregation responses and a paucity of alpha granules.

14.3.2  Transcription Factor RUNX1

RUNX1 is a member of the RUNT family of transcription factors and is a master 
regulator of hematopoiesis. Autosomal dominant mutations in the RUNX1 (or 
CBFA2) gene cause familial platelet disorder with associated myeloid leukemia 
(FPD-AML) [18]. The disease is characterized by thrombocytopenia, impaired 
platelet function with abnormal aggregations, and reduced ATP secretion. Depending 
on whether the mutation is haploinsufficient or dominant negative, patients are at 
risk to develop leukemia [18]. RUNX1 has been shown to cooperate with FLI1 in 
the late stages of megakaryopoiesis. Interestingly, it was recently suggested to use 
retained MYH10 protein expression in patients’ platelets as a diagnostic biomarker 
for underlying RUNX1 and FLI1 defects [19].
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14.3.3  Transcription Factor GFI1B

GFI1B is a transcription factor that was recently identified by NGS as important for 
normal human erythropoiesis and megakaryocyte development. A nonsense muta-
tion in the GFI1B gene was described in a family with autosomal dominant gray 
platelet syndrome, because of the deficiency of α-granules in platelets. This muta-
tion resulted in a GFI1B variant that inhibited the transcriptional activity of the 
nonmutant GFI1B in a dominant-negative manner [20]. Similar as described for 
GATA1 deficiency, bone marrow megakaryocytes remain immature, and patients 
can develop myelofibrosis. Autosomal dominant mutations in GFI1B were in two 
other reported cases to result in mild clinical bleeding symptoms with macrothrom-
bocytopenia, red cell anisopoikilocytosis, and platelet dysfunction with strongly 
reduced numbers of α-granules and decreased platelet aggregation responses to all 
agonists except ristocetin [21, 22].

14.3.4  Transcription Factor ETV6

Germline missense mutations in ETV6 gene identified by NGS were shown to coseg-
regate with the dominant transmission of thrombocytopenia and hematologic malig-
nancy in three unrelated kindreds, defining a new hereditary syndrome featuring 
thrombocytopenia with susceptibility to diverse hematologic neoplasms [23, 24]. 
Functional studies show that the mutations abrogate DNA binding, alter subcellular 
localization, decrease transcriptional repression in a dominant-negative fashion, and 
impair MK maturation and platelet biogenesis. The identification of germline predis-
position to leukemia, myelodysplastic syndrome (MDS), or dyserythropoietic anemia 
informs the diagnosis and medical management of at-risk individuals. The exact role 
of ETV6 in megakaryopoiesis and platelet biogenesis is not yet known.

14.3.5  Growth Factor TPO and Its Receptor MPL

TPO is the main growth factor for MK and platelet formation and binds to the MPL 
receptor to regulate the different steps of megakaryopoiesis. Congenital amegakaryo-
cytic thrombocytopenia (CAMT) is an autosomal recessive disorder caused by muta-
tions in the MPL gene. CAMT is characterized by severe hypomegakaryocytic 
thrombocytopenia during the first year of life and typically develops into pancytope-
nia leading to bone marrow failure in later childhood and anemia prior to leukopenia. 
The disease can be fatal unless treated with hematopoietic stem cell transplantation. 
Since patients have strongly reduced MKs in their bone marrow, plasma TPO levels 
are high [25]. TPO has been shown to induce endomitosis as well as being respon-
sible for stimulating the expression of characteristic cell surface proteins including 
integrin alpha2b/beta3 and glycoprotein Ibalpha during MK maturation. TPO is con-
stitutively produced in the liver and stimulates in synergy with other cytokines’ MK 
maturation. TPO acts via different downstream signaling pathways that include 
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mitogen-activated protein kinase (MAPK), Janus kinase- signal transducers and acti-
vators of transcription (JAK-STAT), and phosphoinositol- 3- kinase (PI3K) [1, 25].

14.3.6  Gene with Undefined Function: ANKRD26

Variants in the 5′ UTR of the ANKRD26 gene cause autosomal dominant thrombo-
cytopenia [26]. Recently, the underlying causative mechanism was resolved as vari-
ants in the 5′ UTR of ANKRD26 result in loss of RUNX1 and FLI1 transcription 
factor binding. The interaction with these transcription factors is responsible for 
silencing the ANKRD26 gene during later stages of megakaryopoiesis and platelet 
development. Without silencing, the persistent expression results in increased sig-
naling via the TPO-MPL pathway with impaired proplatelet formation from MKs 
[26]. The disease causes a mild bleeding tendency with relatively small platelets 
that have deficient α-granules [26].

14.3.7  Cytoskeletal Regulatory Gene TUBB1

Tubulin beta1 (TUBB1) is the major tubulin isoform within platelet and MK microtu-
bules. The marginal microtubule band maintains normal platelet morphology and is 
important as linkage between the membrane skeleton and the cytoskeletal actin filaments. 
α- and β-tubulins form heterodimers that are assembled in microtubules. An autosomal 
dominant missense mutation in the TUBB1 gene was found to cause macrothrombocyto-
penia without bleeding symptoms. A defect in platelet formation was expected, but 
aggregation and morphology studies for this patient showed normal platelets [27].

14.3.8  Cytoskeletal Regulatory Gene WAS

WASP is encoded by the WAS gene that is selectively expressed in hematopoietic 
cells and plays an essential role as regulator of the actin cytoskeleton to maintain 
normal platelet function. Mutations in the WAS gene cause the X-linked disorder 
Wiskott-Aldrich syndrome (WAS). The syndrome is characterized by microthrom-
bocytopenia with dysfunctional platelets, but patients also often have primary 
immunodeficiency. WAS patients often also have neutropenia associated with severe 
immune dysfunction with susceptibility to infections, eczema, autoimmune dis-
eases, and malignancies [28]. Severely affected patients die without hematopoietic 
stem cell transplantation.

14.3.9  Cytoskeletal Regulatory Gene ACNT1

Exome sequencing discovered a new pathology related to a defective cytoskeletal orga-
nization [29]. They found a missense variant in the ACTN1 gene that causes autosomal 
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dominant macrothrombocytopenia with a modest bleeding tendency. ACTN1 defi-
ciency seems to be the most frequent cause of dominant IT [10]. The ACTN1 gene 
encodes for the α-actinin-1 protein and is a member of the actin cross- linking protein 
family. ACTN1 is mainly expressed in platelets and MKs. The disease is characterized 
by enlarged platelets with normal subcellular structures and function [29].

14.3.10  Apoptosis Regulatory Gene CYCS

Cytochrome C is involved in the initiation of the intrinsic pathway of apoptosis. It 
is localized at the inner membrane of mitochondria, and upon release it leads to 
apoptosome formation and activates the caspase cascade. Autosomal dominant mis-
sense mutations were found in the CYCS gene in two studies that report dominant 
IT without platelet dysfunction or bleeding [30, 31]. The cytochrome C variant 
caused by this mutation was able to enhance apoptotic activity in vitro.

14.3.11  Glycoprotein Receptor GPIb/GPIX/GPV

Bernard-Soulier syndrome (BSS) is characterized by defective platelet adhesion 
caused by mutations in GP1BA, GP1BB, or GP9, the genes that code for the GPIb/
GPIX/GPV platelet glycoprotein receptor. The three subunits are all type 1 trans-
membrane proteins containing leucine-rich repeat domains. GPIb/GPIX/GPV is the 
main receptor for the von Willebrand factor (VWF), which is important in clot for-
mation. BSS is an autosomal recessive disorder with moderate to severe macro-
thrombocytopenia, decreased platelet survival, and often a spontaneous bleeding 
tendency. The platelets show no response to VWF or ristocetin. The underlying 
molecular mechanism for the defect in megakaryopoiesis that is linked to defective 
GPIb/GPIX/GPV signaling is not yet elucidated [32].

Autosomal dominant “Mediterranean” macrothrombocytopenia is caused by a 
monoallelic c.515C>T transition in the GP1BA gene, which is previously reported as 
the “Bolzano variant” [33]. The genetic mutation results in an Ala156Val amino acid 
substitution in the GP1BA gene, which is suspected to cause an abnormal conformation 
of the receptor and reduces the ability to interact with VWF. The disorder is character-
ized by mild or no clinical bleeding symptoms and normal platelet function. Platelets are 
enlarged and have a reduced level of GPIb/GPIX/GPV platelet expression.

14.3.12  Von Willebrand Factor VWD2B and Platelet-Type VWD

Von Willebrand disease type 2B (VWD2B) is an autosomal dominant disorder 
caused by mutations in the VWF gene, while platelet-type VWD is the result of 
specific dominant mutations in the GP1BA gene [34]. Mutations in both genes result 
in an increased affinity of VWF to platelet GPIb. These gain-of-function mutations 
are associated with an increased platelet aggregation and increased proteolysis of 
VWF subunits causing a decrease of large VWF multimers. The disease is 
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characterized by macrothrombocytopenia and bleeding diathesis [34]. The VWD 
type 2 has typical mutations localized within or near the A1 domain of the VWF 
gene; this domain helps platelet GPIbα-binding [34].

14.3.13  BEACH Domain Protein NBEAL2

Autosomal recessive mutations were found in the NBEAL2 gene by different NGS 
approaches as cause for the gray platelet syndrome [35–37]. This disorder causes 
macrothrombocytopenia with enlarged dysfunctional platelets and the absence of 
α-granules. Additionally, many patients develop myelofibrosis. The underlying 
mechanism of NBEAL2 defects in megakaryopoiesis is unknown, but it is expected 
to regulate MK maturation and the trafficking of α-granules.

14.4  IT as Part of a Multisystem Disorder

14.4.1  Transcription Factor FLI1

The FLI1 (Friend leukemia virus integration) proto-oncogene is a member of the 
ETS gene family of winged helix-turn-helix transcription factors that bind the 
purine-rich consensus sequence GGA(A/T). FLI1 is localized on chromosome 
11q24 and is mainly expressed in the hematopoietic lineages and vascular endothe-
lial cells. The Paris-Trousseau syndrome (previously called Jacobsen syndrome) is 
caused by 11q chromosomal deletions [38, 39]. A large study of 110 patients 
showed that nearly all patients with 11q deletion have thrombocytopenia and plate-
let dysfunction with giant α-granules and an increased bleeding tendency [39]. 
Bone marrow investigation also showed dysmegakaryopoiesis with defects in MK 
maturation. The disease is also associated with other clinical phenotypes such as 
gastrointestinal and genitourinary problems, mental retardation, ophthalmologic 
problems, heart defects, gross and fine motor delays, and infections of the upper 
respiratory system in at least a large subset in patients depending on the size of the 
chromosomal deletion [38, 39].

14.4.2  Exon Junction Complex Member RBM8A

Thrombocytopenia with absent radius (TAR) syndrome is characterized by bilat-
eral radial aplasia with preservation of the thumbs. Additional skeletal abnormali-
ties, including more complex upper or lower limb malformations and phocomelia, 
are also observed. Further, common non-skeletal defects are capillary hemangio-
mata, facial dysmorphism, gastroenteritis, cow’s milk intolerance, renal and car-
diac defects, shortness, and macrocephaly. Patients suffering with TAR syndrome 
have hypomegakaryocytosis and thrombocytopenia [40]. During the first year of 
life, thrombocytopenia and bleeding tendency are typically severe and might lead 
to fatal hemorrhages, which diminish in frequency and severity with age. 
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Interestingly, TAR is associated with high levels of TPO and defective TPO sig-
naling despite that they have a normal MPL gene [40]. Recently, exome sequenc-
ing revealed that a null mutation in the RBM8A gene in combination with two 
low-frequency single nucleotide polymorphisms causes TAR syndrome [41]. The 
RBM8A gene encodes for the exon junction complex subunit Y14, which performs 
essential RNA-processing tasks, but a role in defective TPO signaling or MK biol-
ogy remains completely unknown. The two noncoding single nucleotide polymor-
phisms are hypomorphic mutations affecting the regulatory regions of the RBM8A 
gene, and patients with TAR syndrome have a lower expression of Y14 in their 
platelets [41].

14.4.3  Cytoskeletal Regulatory Gene MYH9

Myosin heavy chain (MYH) IIA proteins are abundantly present in platelets. They 
play an important role in proplatelet formation and contribute to changes in platelet 
shape after activation. The cytoskeletal protein MYH9 contains a myosin headlike 
and a tail domain. The headlike domain interacts with actin and hydrolyses 
ATP. Autosomal dominant mutations in the MYH9 gene cause MYH9-related dis-
eases such as May-Hegglin, Sebastian, Fechtner, and Epstein syndromes [10, 42, 
43]. MYH9-related diseases are characterized by thrombocytopenia with giant 
platelets. Clinical phenotype variability has been described as patients are also at 
risk to develop proteinuric nephropathy, cataract, and/or deafness, and the disease 
can be associated with Döhle-like leukocyte inclusions [10, 42, 43].

14.4.4  Cytoskeletal Regulatory Gene FLNA

Filamin A (FLNA) plays an essential role in stabilization of actin filament networks 
and anchoring some adhesion receptors of platelet and MK membranes to the cytoskel-
eton. The FLNA gene is located on chromosome Xq28, and this filamin isoform is 
predominantly expressed in platelets. Mutations in the FLNA gene are responsible for 
a spectrum of disorders, including brain malformations with periventricular nodular 
heterotopia [44]. Some patients are also described with macrothrombocytopenia with 
enlarged α-granules [45]. The exact role of FLNA in MK maturation and platelet bio-
genesis is not known. In addition, platelet dysfunction heterogeneity is described with 
main findings as reduced secretion, aggregation, and defective platelet adhesion [45].

14.4.5  Apoptosis Regulator PACAP

Patients with a trisomy 18p have three gene copies of the PACAP gene (coding for 
the pituitary adenylyl cyclase-activating peptide) and present with severe bleeding 
problems, dysfunctional platelets, and mild thrombocytopenia in addition to severe 
mental retardation and endocrinological defects [46]. PACAP binds to the 
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Gs-coupled VPAC1 receptor, which is expressed in MKs and platelets. Patients 
have elevated PACAP plasma concentrations, which cause inactivation of platelets 
via activation of the cAMP pathway [46]. Stimulation of the VPAC1 signaling path-
way results in decreased MK maturation and platelet formation [46, 47]. PACAP is 
a protective factor against apoptosis in megakaryocytes via stimulation of the NF-kB 
pathway [47].

14.4.6  Lysosomal Proteins NPC1 and GBA

Autosomal recessive mutations in the NPC1 gene cause the lysosomal storage 
disease Niemann-Pick type C1 [48]. The disease is characterized by defects in 
the sphingomyelin/cholesterol metabolism. Additionally in some cases, the dis-
ease is associated with thrombocytopenia, anemia, and petechial rash. NPC1 is 
expressed in platelets and MKs and plays a role in platelet function and forma-
tion. Patients have reduced aggregation, diminished P-selectin expression and 
ATP secretion with morphological abnormal α-granules, and reduced δ-granules 
[48]. A defective cholesterol metabolism was suggested to interfere with normal 
megakaryopoiesis and granule formation, but further studies are needed to sup-
port this hypothesis.

Gaucher disease is caused by autosomal recessive mutations in the GBA (gluco-
sidase, beta, acid) gene and results from deficient activity of the lysosomal enzyme 
beta-glucosidase or glucocerebrosidase. Gaucher disease is associated with hepato-
splenomegaly, cytopenias, and skeletal complications and in some forms involves 
the central nervous system [49]. Patients can have bleedings that include mucosal 
and surgical hemorrhages due to thrombocytopenia, abnormal platelet function, 
reduced production of coagulation factors, and activation of fibrinolysis, but none of 
these defects have been studied in detail.

14.4.7  Calcium Sensor STIM1

Defects in the store-operated Ca2+ release-activated Ca2+ (CRAC) channel due to 
dominant gain-of-function mutations in the STIM1 gene that codes for the Ca2+-
sensing protein stromal interaction molecule 1 lead to thrombocytopenia in 
patients with the Stormorken syndrome. The CRAC channel is important and 
regulates critical cellular functions such as cell growth and differentiation, gene 
expression, and Ca2+ homeostasis. Clinical symptoms associated with Stormorken 
syndrome are bleeding diathesis, thrombocytopenia, miosis, and tubular myopa-
thy [50], but its exact role in megakaryopoiesis is not studied. However, mice 
expressing an activating EF hand mutant of Stim1 have macrothrombocytopenia 
and an associated bleeding disorder [51]. This study showed that basal [Ca2+]i 
levels were increased in platelets, resulting in a preactivation state with a selec-
tive unresponsiveness to ITAM-coupled agonists and increased platelet 
consumption.
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14.5  Functional Genetics to Understand the Role of Gene 
Defects in Thrombocytopenia

From a mechanistic perspective, ITs can be the result from mutations in genes 
with diverse functions, although for many the exact function in megakaryocytes 
and platelets still remains unclear as indicated above for several disorders. Animal 
(mostly knockout mice and CD41+ transgenic zebrafish) and stem cell approaches 
have shown to be useful to study the role of such genes in megakaryopoiesis and 
platelet biogenesis. Bone marrow- and peripheral blood-derived CD34+ hemato-
poietic stem cells (HSCs) from patients are useful as a tool for ex vivo models of 
megakaryopoiesis and the production of functional platelets. Such models have 
delivered important insights in novel molecular mechanisms of megakaryopoie-
sis, disease modeling, and correcting relevant disease defects. More recently, in 
addition to HSCs, also inducible pluripotent stem cells (iPS) from patients have 
been used to uncover novel molecular mechanisms of megakaryopoiesis, disease 
modeling, and correcting relevant diseases [52–55]. Moreover, efforts to derive 
megakaryocytes and platelets from pluripotent stem cells foster the opportunity of 
a revolutionary cellular therapy for the future treatment of multiple platelet-asso-
ciated diseases.

 Conclusion
Though the list of genes responsible for ITs is rapidly growing, about 50 % of IT 
patients still receive no genetic diagnosis. The identification of molecular defects 
in patients with IT has improved our understanding of normal megakaryocyte and 
platelet biology, as well as mechanisms of hemostasis and thrombosis. The utili-
zation of NGS approaches will potentially revolutionize not on the current diag-
nosis via functional platelet testing of IT with only a blood disease but possibly 
also the rapid identification of individuals with increased risk of bleeding often 
hidden but in association with other clinical phenotypes. Future medical DNA 
sequencing is also expected to give clinicians important information regarding the 
genetic phenotype of the IT in their patients to improve early diagnosis.
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15Acquired Thrombocytopenia
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Abstract

In this chapter, we will discuss the most frequently acquired disorders which 
should be considered in the differential diagnosis when a patient presents with a 
low platelet count. We will particularly focus on the mechanisms of platelet 
destruction in immune-mediated thrombocytopenias.

In this chapter, we will discuss the most frequently acquired disorders which should 
be considered in the differential diagnosis when a patient presents with a low plate-
let count. We will particularly focus on the mechanisms of platelet destruction in 
immune-mediated thrombocytopenias.

15.1  Physiology of Platelet Production

15.1.1  Normal Platelet Production

Platelets are produced from megakaryocytes in the bone marrow. The exact steps 
leading from megakaryocytes to mature platelets are discussed in Chap. 1.

The average platelet life span in humans is 7–10 days. After their formation from 
bone marrow megakaryocytes, platelets are distributed in two compartments: (1) the 

mailto:tamam.bakchoul@med.uni-tuebingen.de
mailto:greinach@uni-greifswald.de
http://dx.doi.org/10.1007/978-3-319-39562-3_1


328

stationary compartment in the spleen comprising about one third of the whole plate-
let mass and (2) circulating platelets representing the remaining two thirds. The 
platelet count in the peripheral blood is the final result of the relative rate between 
platelet production, their distribution into the two compartments, consumption due 
to adhesion to vessel wall damage or formation of platelet aggregates, and clear-
ance. Daily production of more than 100 × 109 platelets is necessary to maintain 
steady state of normal platelet count (150–350 × 109/L) in the peripheral blood.

The number of circulating platelets is regulated mainly by thrombopoietin 
(TPO), a growth factor which is produced in the liver in a constant amount in steady 
state [31, 56, 57]. TPO binds to megakaryocytes and hematopoietic stem cells via 
its receptor c-Mpl resulting in megakaryocyte proliferation and differentiation, ulti-
mately resulting in platelet production [56]. c-Mpl is also expressed on mature 
platelets, which bind and clear TPO from the circulation [114]. As a consequence, 
the level of free TPO is regulated primarily by the number of circulating platelets, 
the platelet life span, and the megakaryocyte mass [57]. TPO levels in thrombocy-
topenic patients vary largely depending on the etiology of the disorder [18]. While 
patients with aplastic anemia show a decreased megakaryocyte mass despite high 
levels of free TPO, immune thrombocytopenia patients have low-normal levels of 
TPO and an expanded megakaryocyte mass [19, 84, 103]. Also the Ashwell-Morell 
receptor on murine hepatocytes binds platelets that have lost sialic acid residues on 
their surface as a result of cell aging. This binding activates a JAK-STAT signaling 
pathway, resulting in increased hepatic TPO mRNA and TPO production [46].

A second more rapid mechanism is platelet release from megakaryocytes via a 
rupture mechanism induced by interleukin-1α (IL-1α). This yields higher platelet 
numbers independently of TPO and may occur during situations of acute platelet 
need [79]. More detailed information on regulation of platelet life span can be found 
in Chap. 9.

15.1.2  Thrombocytopenia

Thrombocytopenia occurs when platelet loss and/or consumption in the circulation 
exceed their production from megakaryocytes in the bone marrow. The following 
five mechanisms can be distinguished although more than one of them often con-
tribute to thrombocytopenia in the individual patient: (1) hemodilution, (2) platelet 
consumption, (3) decreased platelet production, (4) increased sequestration of 
platelets, and (5) immune-mediated destruction of platelets.

15.1.2.1  Hemodilution and Platelet Consumption
Acquired thrombocytopenia due to hemodilution is a frequent finding in the early 
postoperative phase, mostly combined with platelet consumption [100]. A platelet 
count decline of 30–70 % occurs universally following major surgery. Such 
hemodilution- associated thrombocytopenia is most prominent after cardiac surgery 
[109]. At the same time, platelets are consumed in the hemostatic process at the 
wound site. This platelet count fall is abrupt and occurs within a few hours follow-
ing surgery, an effect which correlates with the magnitude of tissue trauma. An 
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important characteristic of the post-surgery platelet count is that it usually continues 
to decline over the next 1 or 2 days, with the postoperative nadir (lowest platelet 
count value) usually occurring at a median of postoperative day 2, with a range 
between postoperative days 1–4 [94, 107]. Due to the lower perioperative platelet 
numbers, more thrombopoietin becomes available to stimulate megakaryocytes, 
which, however, require several days to produce platelets after receiving the TPO 
signal. According to the observed kinetic in platelet count in ITP patients and 
healthy volunteer after application of TPO analogues, platelet count increases after 
7–10 days [108]. Until the platelet count increases, platelets are further consumed 
at an increased rate at the side of tissue injury to provide sufficient hemostasis. 
Subsequently, there is a rise in the platelet count as response to the increased TPO 
signal that peaks at approximately day 14, at levels often two to three times the 
patient’s preoperative platelet count value, before it returns to baseline over the next 
2 weeks (~day 28) (Fig. 15.1a). This time pattern can be effectively used to differ-
entiate a normal platelet count decrease after major surgery from immune-mediated 
thrombocytopenias, especially the adverse drug effect of heparin-induced thrombo-
cytopenia (HIT) (Fig. 15.1b; see section “Heparin-Induced Thrombocytopenia”).

15.1.2.2  Impaired Platelet Production
An acquired decrease in platelet production can be caused by generalized marrow 
disorders (most common) resulting in pancytopenia or isolated megakaryocytic 
disorders.

Nonneoplastic Disorders
Thrombocytopenia usually accompanies nonneoplastic hypoproliferative stem cell 
disorders such as aplastic anemia, chemotherapy-induced pancytopenia, and non-
immune drug-induced aplasia [75]. Sometimes, isolated thrombocytopenia is a pre-
cursor of these disorders. Acquired thrombocytopenia is frequently observed in 
patients having myelodysplasia (MDS). Isolated, refractory thrombocytopenia 
might be even the initial presentation in up to 3 % of patients with MDS [48]. 
Peripheral blood cell morphologic clues pointing to a diagnosis of MDS include red 
cell macrocytosis, leukocyte left shift, various leukocyte abnormalities (e.g., hypo-
granular neutrophils, pseudo-Pelger-Huet anomaly, etc.), and hypogranular, 
enlarged platelets.

Neoplastic Disorders
Primary neoplastic disorders of the bone marrow such as acute myeloid and acute 
lymphoid leukemia, as well as many chronic lymphoproliferative disorders, such as 
chronic lymphoid leukemia, hairy-cell leukemia, non-Hodgkin’s lymphoma, adult 
T-cell leukemia and lymphoma, multiple myeloma, and Waldenström macroglobu-
linemia, are commonly associated with thrombocytopenia [27, 53]. Usually, pancy-
topenia and the presence of circulating malignant cells point to the diagnosis.

Thrombocytopenia can also be secondary to infiltration of the bone marrow by 
non-hematologic metastatic malignancies and infectious organisms. Peripheral 
blood features include normoblasts (nucleated red cells), teardrop red cells, and 
leukopenia usually with leukocyte left shift [64]. Often thrombocytopenia is a 
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composite of impaired megakaryocyte numbers and enhanced platelet consumption 
due to activation of the clotting system. Especially infiltration of the bone marrow 
by adenocarcinoma cells is often associated with massive clotting activation and/or 
disseminated intravascular coagulopathy and consecutive enhanced consumption of 
platelets.
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Fig. 15.1 Platelet count courses in patients undergoing major surgery. (a) Typical course: the gray 
background area shows the mean +− 2 SD of the platelet count course after cardiopulmonary 
bypass surgery as an example. (b) Platelet count course in patients who developed heparin-induced 
thrombocytopenia after surgery: the solid line indicates a platelet count pattern typical for early- 
and late-onset complications in a surgical patient. The first decrease in platelet counts is caused by 
major surgery (compare with (a)). After initial start of platelet count recovery, late-onset nonim-
mune complications cause a gradual decrease of platelet counts. Besides HIT, other immune-medi-
ated thrombocytopenias are posttransfusion purpura (HIT) and drug-dependent thrombocytopenia 
(quinine type). Both show typically a platelet count decrease to values below 10,000/μL, while in 
HIT the platelet count nadir is usually above 20,000/μL
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Nutrition and Alcohol
Impaired platelet production can be caused by vitamin B12 or folic acid deficiency 
[16]. Vitamin deficiency induces defective DNA synthesis resulting in low ploidy of 
megakaryocytes that produce a reduced number of large platelets [16]. The combi-
nation of large, heterogeneous red cells together with large platelets should prompt 
exclusion of vitamin B12 or folate deficiency. A transient platelet count decline is 
also observed approximately 1 week after beginning iron replacement therapy in 
anemic patients, most likely due to a shift of stem cells to erythropoiesis.

Another example of acquired thrombocytopenia is induced by heavy and pro-
longed alcohol consumption. Bone marrow aspirates of these patients show reduced 
megakaryocyte numbers and sometimes vacuolation of normoblasts and promyelo-
cytes [60]. The platelet count rises 2–3 days after cessation of alcohol consumption, 
usually with “rebound” thrombocytosis.

Viral Infections and Parasites
Viral infections commonly cause acute thrombocytopenia, in part through decreased 
platelet production [33]. A prominent role for direct megakaryocyte infection has 
been best shown for HIV infection [118]. However, viral infections can also trigger 
platelet-reactive autoantibodies which can produce severe immune thrombocytope-
nia (see section “Immune Thrombocytopenia”). A special mechanism underlies 
dengue virus infection [13]. The manifestation of dengue in its severe form of hem-
orrhagic fever only occurs after a second infection. Although the virus is infecting 
platelets and megakaryocytes, it is likely that an immune-mediated mechanism 
causes typical dengue-associated hemorrhagic fever with antibodies (cross-)react-
ing with platelets, which have been induced during the first infection episode [32].

Parasite infections, especially malaria, can induce thrombocytopenia caused by 
consumption of platelets, which bind to the infected erythrocytes [71]. These platelet- 
erythrocyte aggregates are likely the cause of cerebral manifestations of malaria.

Isolated Megakaryocytic Disorders
Acquired amegakaryocytic thrombocytopenia is a rare disorder characterized by 
isolated thrombocytopenia associated with a total or marked reduction in mega-
karyocytes. Sometimes, subsequent progression to aplastic anemia or MDS occurs. 
The pathogenesis of the disorder is heterogeneous, with at least three different 
implicated mechanisms: an intrinsic stem cell defect (defective growth of mega-
karyocyte precursors), T-cell-mediated suppression of megakaryocyte development, 
and autoantibodies directed against megakaryocyte precursors. The fact that many 
patients benefit from immunosuppressive treatment suggests an important role of 
the immune system in the pathophysiology of this disorder.

15.1.2.3  Platelet Sequestration

Hypersplenism
In a case of hypersplenism, reduction in one or more of cell lines of the peripheral 
blood is frequently observed due to sequestration within the enlarged spleen. Often, 
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the degree of anemia is not as marked as neutropenia and thrombocytopenia. The 
proportion of platelets within the enlarged spleen can be as high as ~90 %, leading to 
thrombocytopenia which usually develops subacutely or chronically, rather than 
acutely [6, 50]. In patients with advanced cirrhosis, thrombocytopenia is further 
aggravated by impaired platelet production due to reduced production of TPO and 
cirrhosis-associated subclinical disseminated intravascular coagulopathy (see section 
“Disseminated Intravascular Coagulation”). Treatment of splenomegaly- associated 
thrombocytopenia is usually not required, as the platelet count rarely declines to 
clinically relevant low levels. If these patients require interventions or chemotherapy, 
platelet transfusion often does not lead to a sufficient platelet count increase.

Hypothermia
Another mechanism for increased platelet sequestration is hypothermia which is 
used in various clinical settings to inhibit ischemia-related organ damage [29, 104]. 
Platelet activation and thrombocytopenia have been described as potential side 
effects of hypothermia. Data from animal model suggests that the platelet agonist 
ADP may play a key role in hypothermia-induced platelet activation [82]. Platelet 
kinetic studies in cooled dogs demonstrated reversible hepatic (potentially via the 
Ashwell receptor) and splenic platelet sequestration. Hypothermia-mediated throm-
bocytopenia is transient and corrects with rewarming [82].

15.1.2.4  Increased Platelet Consumption
The loss of platelets during major bleeding is an obvious cause of thrombocytope-
nia. Especially in trauma patients, this is combined with increased consumption at 
the site of tissue damage. An interesting debate is whether the high platelet counts 
in humans 150–400,000/μL have been developed during evolution to compensate 
for an increased requirement of platelets during massive trauma or whether this 
rather indicates that platelets have other important roles besides hemostasis, e.g., in 
innate immunity (Chap. 10). In the non-bleeding patient, reduced platelet survival 
due to increased platelet consumption is usually caused by platelet activation such 
as in DIC or sepsis.

Disseminated Intravascular Coagulation
Disseminated intravascular coagulopathy (DIC) is an acquired syndrome character-
ized by intravascular activation of coagulation with loss of localization, arising 
from different causes, e.g., sepsis, trauma, organ destruction (e.g., in severe pancre-
atitis), tumors, severe hepatic failure, and other causes [37]. The complex patho-
physiology comprises a massive inflammatory response of the host that provokes 
increased tissue factor release, which then results in systemic activation of the coag-
ulation system and consecutive hyperfibrinolysis. Consumption of platelets in DIC 
is thought to be responsible for the associated thrombocytopenia. Clinically, patients 
present usually with bleeding combined with microthrombi (e.g., digital ischemia). 
The most severe form occurs during infection with meningococci resulting in 
Waterhouse-Friderichsen syndrome. Therapy should focus on managing the under-
lying cause of DIC [86]. Patients with mild DIC and no evidence of bleeding require 
no further treatment of their clotting system when thrombosis prophylaxis is part of 
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the standard therapy [54, 89]. A platelet transfusion trigger of 50 × 109/L should be 
considered in DIC although this recommendation is expert opinion based and not 
supported by valid studies.

Sepsis
Approximately 50 % of patients with systemic bacterial or fungal infections present 
with thrombocytopenia. Platelet counts in septic patients are generally mildly to 
moderately reduced, and bleeding as a result of the low platelet count is infrequent 
[76]. The mechanisms for thrombocytopenia in septicemia in the absence of DIC 
are uncertain but could include chemokine-induced macrophage ingestion of plate-
lets or direct activation of platelets by endogenous mediators of inflammation or 
certain microbial products [34, 97, 105]. Prompt recognition and treatment of the 
infection is most important, as platelet count recovery tends to parallel the resolu-
tion of the infection. Prophylactic platelet transfusions are generally not required 
unless the platelet count falls to less than 10 × 109/L. However, in patients with 
comorbid clinical features such as concomitant coagulopathy or renal failure, this 
threshold should be individually assessed. The use of anticoagulants in septic 
patients is controversial. Heparin may benefit a subset of septic patients with clini-
cal evidence of DIC and microvascular thrombosis as it can decrease further platelet 
consumption due to excess thrombin generation.

HIV Infection
Many potential mechanisms could explain thrombocytopenia in patients infected 
with HIV [80, 90]. These include immune platelet destruction, impaired platelet 
production secondary to HIV infection of megakaryocytes, drug-induced myelo-
suppression, HIV-associated thrombotic microangiopathy, hypersplenism, and mar-
row infiltration by tumors or opportunistic infections. Immune mechanisms for 
platelet destruction include antibodies that cross-react with GPIIb/IIIa complexes 
(molecular mimicry; see section “Immune Thrombocytopenia”). Anti-HIV chemo-
therapy (e.g., zidovudine, HAART) often raises the platelet count in patients with 
HIV-associated thrombocytopenia [81, 83].

Hepatitis C Infection
In chronic hepatitis C infection, thrombocytopenia is frequent. It can be caused by 
liver cirrhosis (see above) and splenomegaly, more often antibodies induced by the 
virus cross-react with platelets, thereby mediating immune thrombocytopenia [26, 
30]. Until recently, thrombocytopenia often limited treatment of hepatitis C with 
interferon, as interferon itself my cause thrombocytopenia with critical low platelet 
counts, which required cessation of treatment [15, 102]. This is less an issue with 
the new antiviral drugs for treatment of hepatitis C.

Hemophagocytic Lymphohistiocytosis
Secondary or acquired hemophagocytic lymphohistiocytosis (HLH) is associated 
with lymphomas, infection (especially Epstein-Barr virus, but also HIV), immuno-
suppressive drugs (e.g., transplant recipients), or autoimmune disorders [49, 51, 117]. 
In the macrophage activation (or hemophagocytic) syndrome, nonmalignant 
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macrophages phagocytose red cells, granulocytes, and platelets, resulting in pan- or 
line-specific cytopenia. Thrombocytopenia is frequently present and may be compli-
cated by bleeding especially due to the concomitant hypofibrinogenemia. Cardinal 
symptoms are fever (due to hypercytokinemia), hepatosplenomegaly (accumulation 
of macrophages), bi- or pancytopenia (hemophagocytosis in the bone marrow), ele-
vated triglyceride levels (inhibition of lipoprotein lipase by elevated TNF-alpha lev-
els), elevated ferritin levels (increased secretion from the macrophages), and low 
fibrinogen levels (release of tissue plasminogen activator from activated monocytes).

Bone marrow examination shows numerous well-differentiated macrophages 
actively phagocytosing hematopoietic cells [49]. Treatment of HLH includes sup-
pression of hyper-inflammation and reduction of activated cells by immunosuppres-
sive therapy [1, 74, 101].

Envenomation
Venomous snake bite frequently produces a profound consumptive coagulopathy 
that can be accompanied by thrombocytopenia [67, 115]. Although most toxins in 
snake venom activate the clotting cascade, some of them can activate platelets 
directly via collagen receptor glycoprotein (GP) VI such as convulxin, via CLEC-2 
such as rhodocytin, or via von Willebrand receptor GPIb such as bilinexin [63, 116]. 
Venom-induced consumptive coagulopathy is usually only complicated by bleed-
ing. However, a subgroup of patients develops features that resemble thrombotic 
microangiopathy, with renal failure, microangiopathic hemolysis, and thrombocyto-
penia which may persist longer than the coagulopathy [67]. The most important 
treatment is to administer antivenom as soon as possible.

Pulmonary Embolism
Thrombocytopenia can accompany pulmonary embolism. The low platelet count 
presumably results from thrombin-induced platelet activation and/or platelet accre-
tion within the emboli [73, 112]. More severe thrombocytopenia occurs in patients 
who develop DIC secondary to pulmonary embolism. An important differential 
diagnosis in patients who develop pulmonary embolism or deep-vein thrombosis 
associated with thrombocytopenia during treatment with heparin is HIT (see section 
“Heparin-Induced Thrombocytopenia”).

Cardiovascular Disorders and Devices
Valvular heart diseases, especially aortic valve stenosis, can induce variable severity 
of thrombocytopenia most likely due to increased platelet activation. However, the 
major cause of increased bleeding in these patients is acquired von Willebrand syn-
drome due to accelerated clearance of the largest multimers rather than low platelet 
counts [9, 111]. Artificial heart valve-associated thrombocytopenia is often caused 
either by infection of the valve or by a paravalvular leak which produces shear 
stress-induced activation of platelets [62, 106].

Extracorporeal and intravascular devices are frequently responsible for thrombo-
cytopenia in patients with heart diseases. They can induce a decreased platelet count 
through a variety of mechanisms, including platelet activation at prothrombotic 
 surfaces, high shear stress leading to shear-induced platelet activation, increased 
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thrombin generation, and, finally, mechanical alterations of platelets [98]. For 
instance, during cardiopulmonary bypass (CPB), there is extensive contact between 
heparin-anticoagulated blood and the synthetic surfaces of the extracorporeal perfu-
sion device (blood oxygenator). Typically, the platelet count falls in patients under-
going CPB by 33–50 %, initially due to hemodilution, aggravated by losses within 
the extracorporeal perfusion device, hypothermia, and consumption at the side of 
bleeding [99]. Another example of device-associated thrombocytopenia is induced 
by intra-aortic balloon pumps. Approximately half of the patients who received this 
device show a decrease in platelet count of about 30–40 % from the initial value 
[88]. Thrombocytopenia is also very frequent in patients with cardiac assist devices, 
which are designed to support left, right, or biventricular function. All of these 
devices activate platelets, and several of them mechanically destroy platelets. 
Although thrombocytopenia is most likely caused by the device itself, improving 
hemodynamic function frequently alleviates platelet consumption [44].

In addition to the reduction in platelet numbers, activation of platelets and 
enhanced cleavage of platelet receptors (e.g., by shear-activated ADAMTS 17) 
induce platelet function defects. They are more relevant for bleeding complications 
than the moderately reduced platelet count.

Non-cardiovascular Devices
Hemodialysis, extracorporeal oxygenation (ECMO), chronic veno-venous renal 
replacement therapy, and plasmapheresis (with or without immunoadsorption) can 
all induce a mild to moderate decrease in platelet count [2]. A more pronounced 
decrease may result from increased thrombin generation due to insufficient antico-
agulation. Therefore, anticoagulant regimen should be monitored and reassessed in 
patients in whom platelet counts decrease more than expected. However, in case of 
an abrupt decline in platelet count by more than 50 % within the second week after 
start of extracorporeal treatment devices, HIT should be considered, especially if 
new clots occur in the device [113].

Microangiopathic Hemolysis
The main feature of microangiopathic hemolytic anemias is Coombs test-negative 
hemolysis (red cell fragments, increased lactate dehydrogenase, reticulocytosis) 
and thrombocytopenia, with a variable component of neurologic or renal dysfunc-
tion and fever [95]. Some disorders are well characterized, e.g., thrombotic throm-
bocytopenic purpura (TTP) associated with autoantibodies against ADAMTS13 (a 
disintegrin and metalloprotease with thrombospondin-1-like repeats) or hereditary 
deficiency of this enzyme [36]. The platelet count in TTP often falls below 30,000 
platelets/μL [23]. The other two syndromes are the hemolytic-uremic syndrome 
(HUS) associated with toxin-associated diarrheal syndrome (typical form) or hered-
itary abnormalities of complement (atypical form, aHUS) and the HELLP syndrome 
[52, 87]. The HELLP syndrome is a pregnancy-related complication with hemoly-
sis, elevated liver enzymes, and low platelet counts.

Distinguishing between these different disorders may be difficult because of 
extensive overlap in symptoms. Patients with TTP generally present acutely or sub-
acutely with fatigue and malaise, with variable neurologic symptoms that may range 
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from mild personality changes to paresthesia. Renal insufficiency may or may not 
be present. In contrast, typical HUS follows infection with enteropathogenic E. coli 
and often is preceded by bloody diarrhea and abdominal pain. Renal insufficiency is 
usually the most prominent component of typical HUS. aHUS presents in a similar 
manner like TTP, but it may demonstrate a more chronic presentation with progres-
sive renal insufficiency, low grade of anemia, and thrombocytopenia. Neurologic 
defects are less common in aHUS than in TTP. aHUS is often caused by hereditary 
or (rarely) acquired defects in the complement system. The HELLP syndrome is 
always associated with pregnancy; most important is differentiation between TTP 
and HELLP in pregnant women with acute severe thrombocytopenia [14].

Plasma exchange is the standard of care for TTP [93]. The exchange of 1.5 
plasma volumes per day is a standard initial treatment. However, patients with an 
inadequate response may benefit from larger exchange volumes or more frequent 
exchanges. Plasma exchange should be continued daily until the platelet count and 
fragmented cells reach normal levels, LDH normalizes, and symptoms have 
resolved. TTP patients may also benefit from the use of B-cell depletion medication 
such as anti-CD20 (rituximab), especially those patients who do not respond rapidly 
to plasma exchange [92]. Platelet transfusion is not sufficient to treat immune- 
mediated TTP. Treatment of typical HUS is generally supportive; it was long 
assumed that the use of antibiotics may lead to increased toxin release and worse 
outcome; however, during an epidemic outbreak of typical HUS, antibiotic treat-
ment was associated with reduced morbidity [28, 40]. A benefit for plasma exchange 
in typical HUS has not been demonstrated, while immunoadsorption using protein 
G columns (IgG depletion) resulted in rapid improvement of severe neurological 
symptoms and renal dysfunction [43]. Response rates to plasma exchange in patients 
with aHUS are also not as robust as in TTP. Eculizumab, an antibody blocking 
complement C5, has shown efficacy in patients with aHUS [59]. Eculizumab should 
be initiated promptly in patients with a high likelihood for aHUS, i.e., thrombotic 
microangiopathy without severe ADAMTS13 deficiency, with no Shiga toxin- 
producing E. coli infection, or who do not respond to plasma exchange.

15.1.2.5  Increased Platelet Destruction
Compared to platelet consumption, increased platelet destruction indicates reduced 
platelet life span that is caused by platelet-reactive antibodies, such as autoantibod-
ies, alloantibodies, or drug-dependent antibodies. The involved antibodies usually 
target platelet surface GPs. In contrast to most of the other causes of thrombocyto-
penia discussed above, platelet counts decrease significantly, and severe thrombo-
cytopenia (<20 × 109/L) is often present [23]. With the exception of TTP, 
mucocutaneous bleeding is the predominant symptom in patients with platelet 
counts below 10–20,000/L.

Immune Thrombocytopenia
Immune thrombocytopenia (ITP, previously referred to as idiopathic thrombocyto-
penic purpura) is an autoimmune disorder characterized by isolated thrombocytope-
nia [21, 85]. The incidence of ITP in adults is approximately 2–4 per 100,000/year  
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[35, 55, 78, 91]. The low platelet count in ITP is thought to be caused by 
increased destruction of platelets opsonized by antiplatelet autoantibodies [22, 47, 
68, 69]. Antiplatelet autoantibodies can induce a decrease in platelet count by dif-
ferent mechanisms, or any combination of the following: Fc-dependent and 
Fc-independent phagocytosis of antibody-coated platelets, complement activation, 
and direct lysis of platelets. ITP can also be caused in part by immune-mediated 
impairment of platelet production. T-cell cytotoxicity, abnormalities in megakaryo-
cytopoiesis, and impaired platelet production have been shown as contributing 
 factors in ITP [12, 68].

The clinical course of ITP is variable and to some extent age dependent. While 
the great majority of children with ITP will have a brief and uneventful course with 
spontaneous remission, most adult patients experience chronic ITP which can be 
associated with clinically significant bleeding. However, the risk of severe bleeding 
and especially intracranial hemorrhage is low in younger patients [21, 25], but 
increases with age and in the presence of comorbidities. Patients older than 60 years 
with chronic ITP and symptomatic bleeding have the highest risk for intracranial 
hemorrhage.

The diagnosis of ITP rests on a consistent clinical history, physical examination, 
and exclusion of other causes of thrombocytopenia. Leukocyte counts and hemo-
globin are characteristically normal unless thrombocytopenic bleeding has resulted 
in anemia. Examination of the peripheral blood film should be performed to exclude 
pseudothrombocytopenia, microangiopathic hemolytic anemia (fragmented red 
cells), or abnormalities suggestive of other disorders. The mean platelet volume 
may be increased in patients with ITP. However, ITP patients always show a hetero-
geneous platelet population with up to ~40 % enlarged platelets. If more than 60 % 
large or even giant platelets (less than two platelets fit into one red blood cell) are 
present, hereditary macrothrombocytopenia (see Chap. 14) is much more likely the 
underlying cause of thrombocytopenia. Bone marrow examination is not required 
routinely and is generally not useful for diagnosing ITP, but should be performed to 
exclude other causes of thrombocytopenia when atypical features such as unex-
plained anemia, lymphadenopathy, or splenomegaly are present. Megakaryocyte 
number is typically normal or increased in the marrow of patients with ITP. The role 
of laboratory investigations for platelet-reactive autoantibodies in the diagnostic 
workup of ITP is a matter of debate [70]. Because of low sensitivity reported in 
prospective studies, the routine use of platelet autoantibody testing has not been 
endorsed in guidelines; however, recent studies showed an important impact of the 
glycoprotein specificity on the patient’s responsiveness to particular treatments, 
especially IVIG [17]. The clinical value of antibody testing in ITP is currently best 
established in patients with several potential causes for a low platelet count, e.g., in 
case of underlying CLL. Due to the high specificity of glycoprotein-specific platelet 
autoantibody tests, a positive test makes ITP very likely.

The main therapeutic goal in ITP is to minimize the risk of severe bleeding. This 
can be achieved by preventing platelet destruction and managing the patient toward 
a rapid and persistent rise in platelet count. As discussed above, ITP represents a 
heterogeneous spectrum of clinical presentations and pathophysiologic events 
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creating the need for individualized patient management. Treatment protocols are 
not restricted to a particular group of drugs. Conventional therapeutic options 
include corticosteroids, intravenous immunoglobulins (IVIG), and anti-D-immuno-
globulin (Anti-D) as first-line treatments [65, 85]. Corticosteroids suppress nonspe-
cifically T- and B-cell responses and typically require continuing drug exposure for 
usually three to six cycles to achieve a significant improvement in platelet count or 
reduced bleeding symptoms. While high-dose dexamethasone administered at 2- to 
4-week intervals has been reported to be associated with durable responses in some 
patients (and may be more effective than daily prednisone) [66], no significant dif-
ference exists in the long-term response rates between the various drugs of this 
group. Anti-D is an effective treatment for ITP patients who express the RhD anti-
gen on their red blood cells. The mechanism of action of anti-D in ITP remains 
highly speculative, and it should be used with caution due to the risk of undesired 
reactions related to intravascular hemolysis. Second-line treatments include ritux-
imab and splenectomy to inhibit antibody production by depletion of B cells and to 
prevent accelerated platelet destruction, respectively [5, 77, 96]. TPO receptor ago-
nists increase platelet production through activation of TPO receptors on mega-
karyocytes and hematopoietic progenitor cells: two TPO receptor agonists were 
shown to be effective in ITP treatment, romiplostim and eltrombopag [18, 58] (see 
Chap. 18). Only recently, the temporary use of TPO agonists was reported to induce 
prolonged remission in some patients [38]. It is intriguing, yet unproven, to specu-
late that overexpression of platelet antigens via increased production might restore 
self- tolerance. Still, a word of caution should be said. Despite the well-documented 
short-term efficacy and safety, except for bone marrow fibrosis [39], long-term 
safety and efficacy data 5 years of treatment, are still limited [72].

Drug-Induced Immune Thrombocytopenia
More than 300 drugs have been implicated in drug-induced immune thrombocyto-
penia (DITP). A systematic review of individual patient data found that the most 
commonly reported drugs with a definite or probable causal relation to thrombocy-
topenia were quinidine, quinine, rifampin, and trimethoprim-sulfamethoxazole. The 
most common drug involved in DITP is, however, heparin. As it is caused by a dif-
ferent mechanism, we will discuss heparin-induced thrombocytopenia (HIT) 
separately.

DITP may be induced by several pathogenic mechanisms [7]:

 1. Quinine-type mechanism: The classic drug-dependent antibodies (DDAbs) 
attach tightly to platelets only in the presence of the sensitizing drug and most 
often target GPIIb/IIIa or GPIb/IX/V. The mechanisms by which quinine-type 
DDAbs form and react with platelets have been intensely studied [20]. A model 
for the interaction between drug and platelets was proposed suggesting patients 
have autoantibodies with only weak reactivity for platelet GP epitopes in the 
absence of drug, but that this reactivity is significantly enhanced through bridg-
ing interactions by drug binding between both the protein and antibody [8]; the 
resultant sandwich entraps a drug at the antigen-antibody interface and greatly 
increases antibody binding energy for the GP autoepitope.
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 2. Neoepitope mechanism (such as GPIIb/IIIa inhibitors, tirofiban, and eptifiba-
tide): Interactions between drug and membrane proteins are speculated to induce 
conformational changes in the protein structure that elicit DDAbs in certain indi-
viduals. With both mechanisms, when the drug is cleared from the circulation 
and the conformation of the platelet protein reverts to its native state, DDAbs, 
although still present, can no longer bind and destroy the platelets. Rarely, anti-
bodies are triggered by GPIIb/IIIa inhibitors which cause pronounced thrombo-
cytopenia about one week after cessation of the drug. These antibodies cross-react 
with the GP in its native form.

 3. Hapten mechanism: Small molecules (low molecular weight, <5000 Da, e.g., 
penicillin and some cephalosporins) require a covalent coupling to a larger car-
rier protein, mostly GPIIb/IIIa, to elicit drug-specific antibodies, which then bind 
to the small molecule drug rather than to the platelet protein.

 4. Autoantibody mechanism: These antibodies are induced after drug exposure 
(especially gold therapy), but are not dependent on the presence of the drug for 
their binding to platelets.

 5. Drug-specific mechanism (such as abciximab): This drug is a chimeric (mouse- 
human) monoclonal antibody Fab fragment specific for GPIIIa and used primar-
ily to prevent platelet aggregate formation. Drug-specific antibodies that appear 
to recognize murine sequences in the complimentary determining region 3 
(CDR3) of abciximab are responsible for this type of DITP.

The diagnosis of DITP is based on five clinical criteria [4]: (1) exposure to the 
candidate drug preceded thrombocytopenia; (2) recovery from thrombocytopenia 
was complete and sustained after discontinuing candidate drug; (3) candidate drug 
was the only drug used before the onset of thrombocytopenia, or other drugs were 
continued or reintroduced after discontinuation of the candidate drug with a sus-
tained normal platelet count; (4) other causes for thrombocytopenia were excluded; 
and (5) reexposure to the candidate drug resulted in recurrent thrombocytopenia. 
Evidence is considered definite if criteria 1, 2, 3, and 4 are met; probable if criteria 
1, 2, and 3 are met; possible if criterion 1 only is met; and unlikely if criterion 1 is 
not met.

DITP often occurs in hospitalized patients who are taking multiple medications 
and who have comorbidities that can also cause thrombocytopenia. Therefore, relat-
ing thrombocytopenia to a particular drug depending solely on clinical information 
is difficult. Specialized laboratory testing for antibodies that bind to platelets in the 
presence of drugs or a drug metabolite has been developed [3]. Although such 
assays are only available for a limited number of drugs and drug metabolites, they 
may provide useful confirmation of DITP.

DITP is characteristically severe with median nadir platelet counts of <20 × 109/L 
and a high risk of hemorrhage. Treatment for DITP involves discontinuation of 
the offending drug (in a case of multiple medications, all drugs started within the 
last 2 weeks should be stopped (especially antibiotics) and replaced). The platelet 
count usually starts to recover after four to five half-lives of the responsible drug or 
drug metabolite. High doses of IVIG can be given to patients with severe 
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thrombocytopenia and bleeding as well as to those at high risk of bleeding. Platelet 
transfusion is generally ineffective as long as the drug or its metabolite(s) is present 
in plasma. Rare forms of DITPs are induced by food ingredients, such as quinine 
containing beverages or walnuts. Diagnosis of DITP requires usually a high grade 
of clinical suspicion and careful “detective” workup to identify the causative drug.

Heparin-Induced Thrombocytopenia
Antibodies against multimolecular complexes of platelet factor 4 (PF4) and heparin 
are responsible for heparin-induced thrombocytopenia (HIT) [41]. Binding of HIT 
antibodies to Fc receptors on monocytes and platelets causes intravascular cellular 
activation leading to elevated levels of circulating microparticles and an intensely 
prothrombotic state. The incidence of HIT varies widely between patient groups, 
with reported incidences of 0.2–5.0 % [41]. The risk of HIT associated with low 
molecular weight heparin (LMWH) is five- to tenfold lower than with unfraction-
ated heparin (UFH), and the incidence of HIT is approximately threefold greater in 
surgical than in medical patients. Despite the occurrence of thrombocytopenia, 
bleeding is extremely rare in HIT. In contrast, thrombosis develops in 40–50 % of 
unmanaged patients with HIT.

The clinical symptoms include a decrease in platelet counts by >50 % and/or new 
thromboembolic complications [45]. As a general rule, the clinical symptoms mani-
fest between days 5 and 14 after initiation of heparin. An exception is rapid-onset 
HIT, in which patients with recent heparin exposure (usually within the last 30 days) 
and preexisting HIT antibodies may manifest clinical HIT within hours of heparin 
re-exposure. Uncommonly, HIT may develop 2–3 weeks after heparin exposure 
(delayed-onset HIT) [110]. In these patients, the antibodies have gained autoreactiv-
ity, i.e., they recognize PF4 bound to endogenous glycosaminoglycans on platelets 
and therefore activate platelets even in the absence of heparin. Rarely, HIT can 
manifest as an autoimmune disorder without any exposure to heparin, so-called 
spontaneous or autoimmune HIT [42]. The autoantibodies in these patients are 
often triggered by a preceding infection or major surgery which may be explained 
by a cross-reactivity of the antibodies to PF4/bacteria polyanion complexes or 
endogenous PF4/DNA complexes. The resulting antibodies are high titer, and, in 
contrast to typical HIT antibodies, they can persist for months.

Two approaches can help the treating physician to confirm or rule out HIT: (a) 
systematic assessment of the clinical presentation using scoring systems that deter-
mine the pretest probability of HIT and (b) in vitro demonstration of anti-PF4/hepa-
rin antibodies [11].

Several clinical scoring systems have been developed to assist with determining 
the pretest probability of HIT. The most commonly used is the 4Ts system 
(Thrombocytopenia, Timing, Thrombosis, and oTher; see Table 15.1) [61]. This 
system has been shown to have a high negative predictive value (i.e., a low score is 
useful in ruling out HIT), but its effectiveness is limited by modest interobserver 
agreement and a relatively low positive predictive value. Another system is the HIT 
expert probability score [24], but the clinical experience with this system is not as 
extensive. While a low 4T score (<4 points) makes HIT unlikely, in case of missing 
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information (e.g., start of heparin) or comorbidity also causing thrombocytopenia, 
the 4Ts score may be falsely low. This is the reason that HIT may be the underlying 
cause in 2–3 % of patients with low score. In these situations, laboratory testing for 
heparin-dependent antibodies is a mainstay of the diagnosis.

Two different classes of assays are available: immunoassays, to detect binding of 
anti-PF4/heparin antibodies, and functional laboratory assays, to investigate the 
capability of antibodies in the patient serum/plasma to activate platelets in the pres-
ence of heparin [10].

Two main types of immunoassays are available: enzyme-linked immunosor-
bent assays (ELISAs) and particle-based assays. The sensitivity of the PF4/hepa-
rin ELISA approaches 100 %, and thus a negative test is useful in excluding 
HIT. Difficulties concerning its use include long turnaround time in institutions in 
which it is not performed daily and its low specificity and positive predictive 
value, particularly in the post-cardiac surgery setting. Several approaches can be 
performed to increase specificity: (1) considering the level of positivity (optical 
density), (2) the use of an ELISA that detects only anti-PF4/heparin IgG, and (3) 
the addition of a confirmatory step performed in the presence of high heparin 
concentrations.

The clinically most relevant antibodies against PF4/heparin complexes are those 
that have the capability to activate platelets. This can be investigated using func-
tional assays using platelet of normal donors in the presence of patient sera/plasma 
and heparin. The readout is platelet activation, and the specificity can be increased 
by inhibition of platelet activation by adding heparin in excess (100 IU/mL, proving 
the heparin dependency) and by showing Fcγ receptor IIa-dependent activation 
using a blocking monoclonal antibody (clone IV.3). Although functional assays have 
improved specificity compared with the ELISA, they are technically challenging, 

Table 15.1 The 4Ts scoring system to evaluate the pretest risk for HIT

4Ts 2 points 1 point 0 point

Thrombocytopenia Platelet count fall 
>50 % and platelet 
nadir ≥20

Platelet count fall 
30–50 % or platelet 
nadir 10–19

Platelet count fall 
<30 % or platelet 
nadir <10

Timing of platelet count 
fall

Clear onset between 
days 5 and 10 or 
platelet fall ≤1 daya

Onset after day 10 
or fall ≤1 daya

Platelet count fall 
<4 days or 
>14 days after 
exposure

Thrombosis or other 
sequelae

New thrombosisb 
(confirmed)

Suspected 
thrombosis (not 
proven)

None

OTher causes for 
thrombocytopenia

None apparent Possible Definite

The resulting clinical probability score is divided into high (6–8 points), intermediate (4–5 points), 
and low (≤3 points)
aIn case of prior heparin exposure within 30–100 days ago)
bAlso skin necrosis, acute systemic reaction post-intravenous unfractionated heparin (UFH) bolus, 
progressive or recurrent thrombosis, non-necrotizing (erythematous) skin lesions
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requiring washed donor platelets and, for the SRA, radioisotopes. Because of these 
considerations, it is recommended to use an algorithm including the clinical feature 
and laboratory investigation in the management of HIT-suspected cases (Fig. 15.2). 
By at least intermediate probability for HIT immunoassays for PF4/heparin antibod-
ies should be performed. Depending on the obtained results (OD higher than 1.0, 
inhibition by high concentration of heparin), functional assays should be also per-
formed. The diagnosis of HIT can only be confirmed by in vitro demonstration of 
platelet-activating anti-PF4/heparin antibodies using functional assays.

The cornerstone of the management of HIT is immediate discontinuation of hepa-
rin when the disease is suspected, even before laboratory test results are reported 
[10]. Anticoagulation using one of the non-heparin anticoagulants in therapeutic dose 
should be initiated even in patients with no thrombosis, because of the ongoing high 
risk of thrombosis, and continued until platelet counts have normalized (i.e., until a 
stable plateau is reached for two consecutive days). Patients with HIT and thrombosis 
should receive at least 3 months of therapeutic dose anticoagulation. Warfarin must 

HIT

Thrombocytopenia or Thrombosis under Heparin: 
HIT should be suspected 

PF4/heparin IgG immunoassay

Evaluate clinical probability of HIT by a systematic scoring system

Low*

HighIntermediate

Replace heparin and initiate laboratory investigations

Positive

Functional assay:

PositiveNegative

HIT very unlikely 
Continue heparin

Check other reasons 
for thrombocytopenia

Switch to therapeutic 
dose of 

non-heparin anticoagulant
Exclude DVT

Negative

HIT unlikely

Fig. 15.2 A suggested approach to diagnosis and initial management of patients with suspected 
HIT. This approach to the diagnosis and initial management of patients with suspected HIT is 
based on clinical assessment supported by complementary laboratory investigations. As indetermi-
nate results may be occasionally obtained using laboratory tests, reevaluating the clinical probabil-
ity of HIT in an individual patient may be helpful to overcome some diagnostic uncertainty. * The 
4T score might be falsely low in case of missing data on preceding platelet counts or start of hepa-
rin, or the patient might have comorbidities causing thrombocytopenia. In these situations, labora-
tory tests may show clinically relevant PF4/heparin antibodies despite a low 4T score, and a PF4/
heparin ELISA is justified despite a low score
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be avoided in acute HIT. It may be started once the platelet count has reached a stable 
plateau, but only overlapping with an alternative parenteral anticoagulant.

HIT antibodies are transient and typically disappear within 3 months. When 
patients are re-exposed thereafter to heparin, only rarely an anamnestic immune 
response will occur, and if so, it requires again at least 5 days until HIT develops. 
This allows controlled reexposure to heparin during cardiac surgery in patients with 
a history of HIT. Before and after surgery, however, alternative anticoagulants 
should be used.

15.1.3  Future Perspectives

As outlined in this chapter, a decreased platelet count is a sensitive indication for 
disturbed homeostasis. As it may be the first symptom of severe disease, acquired 
thrombocytopenia requires prompt clinical attention and further diagnostic work-
up. Gaining new insights into pathological states of the immune and coagulation 
systems is of major relevance to improve the quality of patient care. Recent data 
make it highly likely that endogenous coagulation and platelet proteins are involved 
in pathogen host defense and may act as a danger label for the immune system. 
Further understanding of these mechanisms bears the possibility to identify new 
strategies for anti-infection treatment, but also for prevention of thrombocytopenia 
as a side effect of infection and autoimmune disease.
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16Megakaryocytes and Platelet Production 
During Viral Infection
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Abstract
It is now recognized that megakaryocytes and platelets have further functions 
beyond hemostasis and thrombosis. In particular they have been shown to play 
a role in infection, both in viral pathogenesis and in the host defense against 
viral infections. Although unproven it is very likely that viral immune-evasion 
mechanisms also function in platelets. Platelets can also serve as vehicles that 
bind and spread viruses within the infected organism. The intricate interplay 
between viruses on one side and megakaryocytes and platelets on the other is 
poorly understood. In fact many viruses that are pathogenic for humans cause 
thrombocytopenia, a drop in platelet numbers, and diminished platelet function 
resulting in thrombosis and bleeding. These include important viral pathogens 
with a worldwide distribution such as human immunodeficiency virus (HIV) 
and viral hemorrhagic fever (VHF) viruses. The mechanisms of HIV-induced 
 thrombocytopenia have been studied quite extensively. In contrast, the mecha-
nisms underlying thrombocytopenia after infection with VHF viruses are less 
well known. We comparatively describe what is known about how two quite 
different viruses, HIV and VHF-inducing hantaviruses, cause thrombocytopenia.

16.1  Introduction

In addition to hemostasis and thrombosis, it has become apparent that megakaryo-
cytes and platelets can also react to pathogens and play an important role in both 
innate and adaptive immunity [37, 61] (Chap. 10). In fact, thrombosis/hemostasis 
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and immune function of platelets overlap to a certain extent although the response 
of platelets to immune versus thrombotic stimulation can be quite different [19, 53]. 
They have been shown to contribute to the host defense against viral infections and 
viral pathogenesis [4, 20, 69], and it is probable that viral immune-evasion mecha-
nisms function in platelets. Quite often platelet-virus and megakaryocyte-virus inter-
actions result in loss of platelets or diminished platelet function thereby contributing 
to virus-associated thrombosis and bleeding [25]. Viruses have been reported to hide 
within platelets in order to disseminate within the organism in a Trojan horse strat-
egy. Numerous viruses modulate the function of megakaryocytes, and some viruses 
replicate in megakaryocytes or even platelets [63]. Platelets normally assist antivi-
ral responses; however, in the context of specific infectious pathogens, they may 
also cause pathology. In order to understand virus-associated thrombocytopenia, the 
causative mechanisms need to be explored in detail for each individual virus.

Worldwide the most prominent viral pathogens known to be associated with 
platelet abnormalities are human immunodeficiency virus (HIV) and viral hem-
orrhagic fever (VHF) viruses. In humans HIV causes severe immune suppression 
that – if untreated – leads to acquired immunodeficiency syndrome (AIDS). HIV 
belongs to the subgroup Lentivirinae of the virus family Retroviridae and is a small 
and very compact enveloped virus. Besides regulatory proteins, it encodes structural 
proteins such as the envelope proteins gp120 and gp41. For entry into host cells, 
fusion of the viral envelope with the membrane of the host cells is required. For 
this purpose HIV interacts not only with CD4, its main receptor, but also with co- 
receptors such as CXCR4 and CCR5 [30]. Whereas only approximately 10 % of all  
HIV-infected individuals develop chronic thrombocytopenia, 60 % of patients with 
AIDS do so [22]. In some cases thrombocytopenia represents the first manifestation 
of HIV infection and may result in severe bleeding later on. In accordance with an 
antiviral function of platelets, platelet counts inversely correlate with viral load [54].

VHF comprises a group of distinct zoonotic pathogens that all typically cause fever 
and bleeding [71]. Platelets play a crucial role in the pathogenesis of VHF, which 
is defined as a syndrome by acute fever, vascular hyperpermeability, and reduced 
numbers of platelets [48]. VHF has pathological aspects in common with sepsis and 
systemic inflammatory response syndrome (SIRS) such as platelet dysfunction. In 
severe cases, disseminated intravascular coagulation (DIC), shock, and death are 
observed. Although VHF viruses belong to different virus families (Flaviviridae, 
Bunyaviridae, Arenaviridae, Filoviridae and Rhabdoviridae), they share some com-
mon features such as a single-stranded RNA genome and replication in the cyto-
plasm. Whereas humans represent dead-end hosts that are incidentally infected, the 
natural host range includes rodents and bats, with arthropods serving as vectors for 
some of these viruses. Consequently, their geographic distribution is determined by 
the habitats of their natural host. Intriguingly, all VHF viruses target certain cell types 
including professional antigen-presenting cells, i.e., dendritic cells (DCs) and macro-
phages. Other target cells are endothelial cells and cells of the hematopoietic system 
such as megakaryocytes and platelets. The VHF-inducing hantaviruses belong to the 
virus family Bunyaviridae. They are transmitted to humans by aerosols derived from 
persistently infected but asymptomatic natural hosts, i.e., small mammals such as 
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rodents [18]. Hantavirus species in Europe and Asia cause hemorrhagic fever with 
renal syndrome (HFRS), whereas hantavirus species in the Americas are associated 
with hantavirus cardiopulmonary syndrome (HCPS). However, kidney failure and 
cardiopulmonary dysfunction can occur in both clinical syndromes although to dif-
ferent extents indicating that HFRS and HCPS are pathogenically closely related 
[15]. The case fatality rate of human hantavirus infection varies from less than 1 % to 
more than 50 % [31, 36]. Immunological mechanisms play a major role in hantavi-
rus-induced disruption of the endothelial barrier [58, 59]. As with most other types of 
VHF, there are no specific antivirals or approved vaccines available for hantaviruses.

This book chapter is a comparative pandect of the current knowledge on how two 
very different viruses, HIV, a very prominent and extensively researched pathogen, 
and VHF-inducing hantaviruses, which are much less well known, decrease platelet 
numbers and function.

16.2  Viral Interference with Platelet Production

The platelet counts in healthy individuals range from 150,000 to 450,000 platelets 
per microliter. Symptoms such as petechiae, purpura, epistaxis, or bruising are first 
signs of abnormally low numbers of platelets, which is called thrombocytopenia. 
There are two different types of pathogenic cascades that lead to thrombocytopenia 
in the peripheral blood of virus-infected individuals. There can be either increased 
platelet destruction or decreased platelet production. Decreased platelet production 
may be a consequence of viral infection and subsequent elimination of hematopoi-
etic cells such as hematopoietic progenitor cells (HPCs) in the bone marrow. In addi-
tion viruses may target the bone marrow megakaryocytes which, when mature, give 
rise to platelets. Finally, viral infection can modulate the microenvironment in the 
bone marrow in such a way that it no longer supports growth and survival of HPCs.

16.2.1  Viral Infection of HPCs

HPCs represent a heterogeneous cell population that comprises pluripotent CD34+ 
hematopoietic stem cells (HSCs) as well as more differentiated but still multipo-
tent progenitor cells (MPP) derived from HSCs. In turn MPPs develop into com-
mon lymphoid progenitors (CLPs) or common myeloid progenitors (CMPs). The 
latter give rise to the megakaryocyte lineage that finally produces platelets (Chap. 
1). Viruses may target HPCs that are subsequently eliminated thereby decreasing 
hematopoiesis in general, leading to pancytopenia. For example, deficiencies in all 
hematopoietic lineages are observed in some HIV-infected patients resulting not only 
in reduced platelet production but also in anemia and neutropenia [57]. Indeed deple-
tion of HPCs is observed in HIV-infected individuals, in particular CD34+ CD4+ 
cells despite showing no sign of HIV infection [7]. Additionally, in vitro growth 
of HPCs derived from HIV-infected individuals is impaired [39, 72]. The fact that 
HPCs express the HIV receptors CD4, CCR5, and CXCR4 suggests that they are 
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susceptible to HIV infection. However, only a low fraction of HPCs can be infected 
with HIV in vitro and only under certain experimental conditions [22]. Moreover, 
HIV is only detected in HPCs in a low percentage of HIV-infected patients [46]. 
Thus, it is unlikely that HIV infection of HPCs plays a major role in elimination of 
bone marrow-derived progenitor cells and the pancytopenia resulting thereof.

Other mechanisms may contribute to pancytopenia observed during HIV infec-
tion. For example, HIV-encoded proteins such as gp120 and trans-activator of tran-
scription (Tat) protein sensitize even uninfected T cells to CD95-mediated apoptosis 
[9, 68]. The HIV-1-encoded gp120 molecule, a glycoprotein inserted in the viral 
envelope that is required for HIV entry into the host cells, is shed in relatively large 
amounts in the spleen and lymph nodes in vivo [56]. HIV-encoded Tat serves mul-
tiple functions in the viral life cycle and plays a critical role in viral replication. A 
soluble form of Tat is released from productively infected cells and is able to enter 
neighboring cells. HIV gp120 also induces apoptosis in HPCs [8, 41, 73]. Thus, 
soluble HIV-encoded proteins can also affect proliferation and survival in unin-
fected HPCs thereby contributing to decreased platelet production in HIV patients.

16.2.2  Viral Infection of Megakaryocytic Cells

It is possible that viruses infect more differentiated cells such as cells of the mega-
karyocytic lineage which, when mature, are responsible for the release of high 
numbers of platelets into the circulation. In fact megakaryocytes express the CD4 
receptor for HIV [35]. Similarly, CD61 (β3 integrin), CD18 (β2 integrin), and CD55 
(decay accelerating factor, DAF) which represent important receptors for patho-
genic hantaviruses are also expressed on megakaryocytic cells [40, 50, 52]. It has 
been found that megakaryocytes isolated from HIV-infected individuals harbor 
viral genomes [75]. Moreover, HIV is able to replicate in megakaryocytic cells after 
infection in vitro [14, 55].

Pathogenic hantaviruses also target megakaryocytic cells, whereas apathogenic 
hantaviruses do not infect this cell type [40]. Intriguingly, after induction of differen-
tiation, hantavirus replication in megakaryocytic cells is increased without changes 
in cell survival or differentiation, in contrast to HIV. This argues against the possibil-
ity that pathogenic hantaviruses affect platelet production by directly eliminating or 
functionally impairing differentiating megakaryocytic cells. However, expression of 
HLA class I molecules, the target structures for cytotoxic T cells (CTLs), is increased. 
This could lead to more efficient elimination of hantavirus- infected megakaryocytic 
cells by CTLs. On the other hand, increased expression of HLA class I molecules 
on megakaryocytic cells may inhibit attack by NK cells. Clinical observations argue 
against elimination of hantavirus-infected megakaryocytes by immune cells [16]. 
The levels of thrombopoietin (TPO), the main regulator of thrombopoiesis, as well 
as the immature platelet fraction and the mean platelet volume all point toward 
increased thrombopoiesis during HFRS. Thus, despite its presence in the bone mar-
row, pathogenic hantaviruses do not seem to interfere with platelet production, and 
hantavirus-induced thrombocytopenia is thus most likely caused by increased plate-
let destruction. However, the underlying mechanisms are unclear at the moment.
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16.2.3  Viral Modulation of the Microenvironment  
in the Bone Marrow

Platelet production is not only decreased after viral infection and elimination of 
hematopoietic cells. It is also possible that viruses alter the microenvironment in 
the bone marrow in such a way that growth and development of hematopoietic 
cells is dysregulated (Chap. 4). Besides HPCs stromal cells at all stages of dif-
ferentiation are found in the bone marrow. They represent a mixture of different 
cell types that migrate from the blood to the bone marrow such as endothelial 
cells, fibroblasts, osteoblasts, and osteoclasts. In addition, immune cells such as 
macrophages, DCs, and lymphocytes (both T and B) are found. These stromal 
cells produce important hematopoietic growth factors that regulate survival, pro-
liferation, and differentiation of HSCs. Stromal cells from healthy individuals 
that have been infected with HIV in vitro are unable to support the growth of 
uninfected HPCs [6, 23, 60]. HIV infects bone marrow microvascular endothe-
lial cells, an important element of the microenvironment in the bone marrow 
[47]. As pathogenic hantaviruses have a strong tropism for endothelial cells, they 
probably also infect endothelial cells in the bone marrow, although this has not 
yet been demonstrated. In addition to endothelial cells, HIV infects other cell 
types of the bone marrow stroma including macrophages, fibroblasts, and T cells. 
The virus-associated disruption of the normal cytokine milieu generated by the 
microenvironment in the bone marrow strongly contributes to the pancytopenia 
observed in HIV-infected patients. In contrast to HIV, pathogenic hantaviruses 
do not cause pancytopenia and, therefore, are unlikely to modulate the microen-
vironment in the bone marrow in such a way that proliferation and differentiation 
of HPCs is disturbed.

16.3  Virus-Induced Platelet Destruction

Virus-induced platelet destruction in the periphery is another mechanism 
besides decreased platelet production that can result in thrombocytopenia. 
Thrombocytopenic purpura in early HIV infection results from autoimmune 
destruction based on molecular mimicry [10, 26, 32], whereas at the late stage, 
thrombocytopenia is thought to be due to a defective thrombopoiesis. Molecular 
mimicry describes the situation in which a host protein shares epitope(s) with a pro-
tein encoded by an invading microbe. In essence, antibodies directed against HIV 
epitopes cross-react with glycoproteins on platelets and cause lysis. For example, 
antibodies directed against a variable epitope region within HIV-1 protein Nef also 
recognized GPIIIa49-66, an immunodominant epitope of the β3 (glycoprotein IIIa 
[GPIIIa]) integrin [38]. Interestingly, the anti-GPIIIa49-66 antibody isolated from 
HIV-infected individuals can inhibit megakaryocyte differentiation in vitro through 
β3 integrin signaling [49].

Signs of peripheral platelet destruction are observed in hantavirus-infected 
individuals [16] and in a humanized mouse model of hantavirus infection [33]. 
However, the underlying mechanism is unknown. Neutrophils can clear activated 
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platelets from the circulation [42]. Stimulation of both neutrophils and platelets 
further increases the number of neutrophil-platelet adhesive events and results in 
large numbers of platelets binding to each single neutrophil [12]. Blocking of the β2 
integrin complex CD11b/CD18 on neutrophils strongly reduces the percentage of 
neutrophils coated with platelets. Intriguingly, after blockade of both P-selectin and 
CD11b/18, the stimulated increase in the percentage of neutrophils binding platelets 
and the number of platelets bound per neutrophil is further reduced. Thus, seques-
tration of platelets in hantavirus-infected patients could be due to the following 
scenario: Hantaviruses bind to human platelets via β3 integrin [21]. Subsequently, 
the hantavirus-coated platelets could be bridged to phagocytic cells such as macro-
phages or neutrophils through β2 integrins, a receptor for pathogenic hantaviruses 
on leukocytes [52]. These bridged platelets could then be phagocytosed. In line 
with such a mechanism, in a mouse model of severe fever with thrombocytopenia 
syndrome (SFTS), which is caused by another member of the Bunyaviridae, SFTS 
virus adhered to platelets and facilitated phagocytosis and clearance of platelets 
by splenic macrophages [29]. However, the precise mechanism of hantaviruses-
induced platelet destruction has yet to be elucidated.

16.4  Activation of Platelets During Viral Infections

Virus-induced activation of platelets per se can result in platelet consumption, i.e., 
disseminated intravascular coagulation, or in platelet sequestration in the spleen 
and liver followed by their clearance [28]. The latter involves adhesion of acti-
vated platelets to neutrophils and their subsequent internalization. Adhesion is 
dependent on CD62P (P-selectin), a marker of platelet activation, and on the β2 
integrin complex CD11b/CD18, which allows more efficient binding to neutro-
phils, resulting in phagocytosis of bound platelets [43]. Adhesion of activated 
platelets causes neutrophil degranulation [43] or triggers the release of neutrophil 
extracellular traps [45].

How viruses activate platelets is mostly unclear. Platelets may be activated indi-
rectly, i.e., by cytokines released after stimulation of other immune cells that sense 
pathogens, or directly by viral pathogen-associated molecular patterns that stimu-
late platelet-associated pattern recognition receptors (PRRs). In line with the lat-
ter view, platelets harbor many PRRs, mainly Toll-like receptors, similar to core 
immune cells such as DCs and macrophages but unlike erythrocytes [1, 3, 62, 74]. 
In fact platelets may represent prime pathogen sensors, especially in the light of 
their abundance and ubiquitous distribution. Lack of a nucleus would seem to pre-
clude their function in platelets; however, it has been shown that platelets trans-
fer PRRs to special compartments resulting in novel PRR organization and PRR 
signaling [65]. Moreover, platelets express FcγRIIa, which functions as a receptor 
for the Fc-portion of IgG and mediates platelet activation after binding IgG-coated 
pathogens [2]. Taken together, direct virus-induced platelet activation can be a con-
ditio sine qua non for the survival of the infected host but at the same time may also 
contribute to pathogenesis [34].
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Intriguingly, HIV can activate infected as well as uninfected platelets [13]. The 
soluble form of HIV-encoded Tat, which is released from productively infected 
cells, has been identified as a trigger of platelet activation [67]. Moreover, activated 
platelets are detected in HIV-infected individuals especially in AIDS patients. After 
antiretroviral therapy, almost complete normalization of enhanced platelet activa-
tion occurred [27, 44]. In the case of HIV, activated platelets have been demon-
strated to perform antiviral functions. For example, activated platelets release the 
chemokine CXCL4 which in turn suppresses spread of HIV in cultured T cells and 
acts as a broad spectrum antiviral against HIV [5, 64].

It has been postulated that pathogenic hantaviruses prevent activation of platelets 
by binding and stabilizing inactive β3 integrin [21]. Moreover, platelets derived 
from patients with HFRS show decreased platelet aggregation in vitro [17]. 
Similarly, circulating platelets derived from HFRS patients showed decreased func-
tion as compared to circulating platelets from follow-up patients [16]. On the other 
hand, increased levels of soluble P-selectin and GPVI were observed in hantavirus- 
infected patients indicative of platelet activation in vivo [16]. It is unlikely, how-
ever, that hantavirus-exposed platelets are per se resistant to activation by direct 
or indirect mechanisms. Thus, it is possible that during hantavirus infection, plate-
lets become refractory after stimulation in vivo and cannot subsequently be fully 
restimulated in vitro.

16.5  Platelets as Vehicles of Viral Dissemination

HIV binds to platelets through interaction of its gp120 with fibronectin on the sur-
face of platelets [51]. Platelets express HIV co-receptors including CXCR4 [13]. In 
addition, dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN), a C-type 
lectin receptor that is expressed on both macrophages and dendritic cells, is detect-
able on platelets [11].

DC-SIGN acts as an attachment molecule for many viruses [30]. Moreover, after 
ligation of DC-SIGN by HIV on DCs, viral particles are internalized and transferred 
into an intracellular compartment, in which the virus remains infectious for several 
days. From this safe storage compartment, the virus can be relocated to the cell 
surface to productively infect susceptible cells such as CD4 T cells [66]. Such a 
reversible storage mechanism may also act in other DC-SIGN expressing cell types 
such as platelets and for other DC-SIGN binding viruses.

Platelets loaded with viral particles in safe storage compartments may act as car-
riers that help to disseminate viruses within the infected organisms. For example, 
analysis of platelets derived from HIV-infected patients has indeed demonstrated 
that HIV is internalized by platelets, thereby sheltering the virus particles from 
effector components of the host immune system [76]. Internalization exclusively 
occurs within platelets with an activated phenotype [70]. Whether pathogenic 
hantaviruses attach to DC-SIGN has not been reported. However, it is known that 
pathogenic hantaviruses bind to platelets via a β3 integrin-dependent mechanism 
[21, 24]. At the time being, it is unclear whether pathogenic hantaviruses are also 
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internalized by platelets. Both HIV and pathogenic hantaviruses, however, do not 
productively replicate in platelets.

16.6  Concluding Remarks

Many life-threatening viral infections result in decreased peripheral blood platelet 
counts. The underlying mechanisms are multiple, however, and need to be eluci-
dated for each viral infection. Thrombocytopenia plays a crucial role in the patho-
genesis of VHF. Thus, it is of utmost importance to understand how VHF viruses, 
which belong to different virus families, decrease platelet numbers, especially as 
there are no specific antiviral drugs available for VHF treatment. It is likely but 
not yet proven that platelets are involved in host defense against VHF viruses. This 
would imply that platelets are activated prior to their consumption, destruction, or 
sequestration to fulfill their tasks as immune cells. In this light VHF-associated 
thrombocytopenia would be the consequence and end point of a massive immune 
response involving platelets which overlaps with the other important platelet func-
tions such as hemostasis and thrombosis.
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17Diagnosis of Inherited and Acquired 
Platelet Disorders

Tamam Bakchoul and Harald Schulze

Abstract
In this chapter we will focus on current laboratory methods to identify platelet 
function tests to identify the underlying (genetic) defect, allowing to apply the 
best possible treatment options. There are many reviews written on platelet func-
tion assays, especially on drug-induced defects or on drug monitoring, as used in 
many point-of-care applications [1–3]. Here, we will focus less on the methods 
underlying the distinct platelet function assays, but rather discuss methods to 
identify inherited thrombocytopathies.

17.1  Aim of This Chapter

In this chapter we will focus on current laboratory methods to identify platelet func-
tion tests to identify the underlying (genetic) defect, allowing to apply the best pos-
sible treatment options. There are many reviews written on platelet function assays, 
especially on drug-induced defects or on drug monitoring, as used in many point-
of- care applications [1–3]. Here, we will focus less on the methods underlying the 
distinct platelet function assays, but rather discuss methods to identify inherited 
thrombocytopathies.
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17.2  Overview: Prerequisites and Preanalytics

The platelet concentration in peripheral blood is an essential parameter and is pro-
vided by all automated blood cell counters. Even with small counters, red blood 
cells, leukocytes, and platelets are measured. The latter cell type, however, is prone 
to false results, mostly, as platelets become activated when in contact with an injured 
vessel, which is intrinsic to a typical blood withdrawal at the antecubital vein. In 
addition, fully pre-evacuated tubes like Vacutainers® force the withdrawn blood 
against the tube wall before resuspension in anticoagulants. This becomes of special 
interest when blood of neonatal or young pediatric patients is analyzed, as blood is 
typically withdrawn by dropping blood into these tubes from cranial veins or veins 
on the back of hands or feet. While it is well established that platelet numbers and 
function are different in neonates, newborn, and children [4] and Chap. 12, the lack 
of adequate healthy controls makes it difficult to interpret results in these patients.

Classical anticoagulants like EDTA or citrate, prefilled as concentrated solutions 
into the collecting tubes, might interact with platelet surface receptors and can cause 
agglutination and activation. This is not uncommon when EDTA tubes are used. 
Pseudo-thrombocytopenia can readily be excluded, when a blood smear from that 
tube is stained and platelet aggregates are present.

In addition, when platelet function is to be analyzed, preanalytics become even 
more critical [5, 6]. Tubes should not be stored in the cold (fridge), as this causes 
receptor clustering and can lead to preactivation of platelets [7, 8]. This activation 
can be masked, when tubes are transported across campus or towns and subjected to 
extreme changes in temperature.

When screening tests like the PFA-100, VerifyNow, Cone or Plate Analyzer, etc., 
imply a bleeding defect, especially due a prolonged closure time, non-platelet- 
mediated causes have to be excluded. Many drugs cause a platelet function defect. 
Indeed, an “aspirin-like defect” attributes an observed phenotype to the intake of 
this medication. Of note, physicians need to specifically ask for intake of acetyl sali-
cylic acid (ASA), indomethacin, or other non-steroidal anti-inflammatory drugs, as 
patients often do not consider these medications as “drugs.” Platelets are anucleated 
and therefore not able of protein resynthesis. Drugs like ASA irreversibly inhibit 
enzymes for the rest of the platelet’s life span. Thus, for optimal platelet function 
testing, patients should avoid these drugs for at least 7–10 days.

In addition, some foods or food supplements have an impact on platelet function. 
Lists with commonly used food are available and should be shown in case of an 
unknown bleeding cause.

In addition, any coagulation-based bleeding diathesis needs to be excluded. 
While the complete lack of most clotting factor is readily recognized by using 
 routine assays, more complex alterations of several factors simultaneously requires 
more substantiated testing.

Bleeding can also be due to altered vWF expression or function which needs to 
be excluded. Multimer analysis is typically performed in specialized laboratories 
[9, 10].

Bleeding scores are used to evaluate and grade the severity. Standardized 
sheets can be highly informative but require compliance by both physician and 
patient. Detailed questions allow a better differential diagnosis but also request 
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more time, in an often tightly packed clinical day. In Germany, bleeding scores 
are adopted from questionnaires for diagnosis of vWD or the pQB [11]. The 
human phenotype ontology (HPO) coding has recently been used to standardize 
hematological and non-hematological features [12]. This score is supposed to 
help in identifying patients sharing similar phenotypes for future studies [13]. 
However, a full HPO coding is quite time consuming and still dependent on the 
reporting physician or scientist. Nevertheless, standardized bleeding scores will 
be essential in the future to identify similarities in databases and registries within 
countries or in international databases like the BRIDGE-BPD consortium [13].

17.3  Investigations for Platelet Count and Morphology

The initial laboratory investigation should include an automated complete blood 
count and peripheral blood smear analysis, which can guide further laboratory 
investigations. As indicated above, pseudo-thrombocytopenia must be excluded. 
Furthermore, the overall appearance of the platelet morphology, especially the size 
and the staining pattern, is readily recognized, even by less experienced physicians 
and investigators.

17.3.1  Blood Count Analyzer

Automated impedance and optical platelet-counting methods provide accurate 
platelet counts within a broad range. However, less accuracy can be produced 
when platelet counts are <50 × 109/L or most importantly when platelets are sig-
nificantly large. In these situations, manual counting using a hemocytometer or 
immuno- counting using flow cytometer should be considered [14]. It is impor-
tant to remember that neither the absence nor the presence of thrombocytope-
nia does rule out an additional platelet dysfunction. Some inherited platelet 
disorders are characterized by both decreased platelet numbers and abnormal 
function [15].

17.3.2  The Mean Platelet Volume (MPV)

Most automated cell counters provide MPV of measured platelets in whole blood 
samples. Of note, MPV is strongly dependent on the used machine, and this param-
eter should always be communicated with the associated reference range. MPV is 
further influenced by the type of blood sample collection (citrated or EDTA antico-
agulant) and storage conditions (duration and temperature) [14]. Assuming that 
these are standardized, obtaining an accurate MPV can still be problematic for sam-
ples with macrothrombocytopenia, as very large platelets might not be detected in 
the correct gate. Evaluation of the platelet diameter using Wright’s or May- 
Grünwald- Giemsa staining of blood smear is very helpful in this case. Of note, 
storage of blood samples anticoagulated with EDTA for longer than 24 may increase 
platelet volume.

17 Diagnosis of Inherited and Acquired Platelet Disorders



366

17.3.3  Evaluation of Blood Smears

Platelet morphology can be easily assessed using a Wright- or May-Grünwald- 
Giemsa-stained blood smear. This method provides additional information about 
platelet number, size, clumping, and granularity, as well as the morphology of eryth-
rocytes and granulocytes. The platelet diameter can be quantified using ocular microm-
eter or computer-assisted image analysis. A mean platelet diameter (MPD) >3.7 μm 
indicates an inherited thrombocytopenia with giant platelets, e.g., biallelic Bernard-
Soulier syndrome and MYH9-related disorders (Fig. 17.1a). In contrast, an MPD 
<2.6 μm is suggestive for thrombocytopenia with X-chromosomal-linked thrombocy-
topenia (XLT), and Wiskott-Aldrich syndrome (WAS). Therefore, MPD can be help-
ful to distinguish inherited thrombocytopenia from ITP. The intensity of platelet 
staining is also important for the interoperation of platelet morphology. Pale appear-
ance can be caused by a reduced number of alpha granules and indicates alpha storage 
pool deficiencies (e.g., gray platelet syndrome). Also, the white blood cell morphology 
requires attention, because small blue staining inclusion bodies in polymorphonuclear 
leukocytes suggest strongly for MYH9-related thrombocytopenia.

17.3.4  Immunofluorescence Microscopy

The diagnosis of hereditary thrombocytopenias and platelet function disorders is 
overall challenging, and recent studies suggest that about half of patients with a 
manifest bleeding diathesis remain without a substantiated diagnosis, despite exten-
sive laboratory platelet function testings [16]. Especially in pediatric patients, the 
required blood volume is often problematic. Immunofluorescence microscopy is a 
promising technology that facilitates the diagnosis of hereditary platelet disorders 
by combining basic and widely available preanalytical methods with centralized 
cutting-edge morphological techniques.

Blood smears are prepared by standard method, air-dried, and shipped by regular 
mail. In the reference laboratory, blood smears are fixed and permeabilized before 
incubation with a panel of antibodies against specific proteins affected in various 
platelet disorders. The choice of the antigen panel to be tested is driven by a few basic 
elements: (a) platelet size and possible other information derived from examination 
of blood cell morphology and (b) key features of patients’ personal and family his-
tory. Antibody binding is then detected by fluorophore-labeled secondary antibodies. 
Blood smears are examined by immunofluorescence microscopy, and the expression 
of the protein of interest is assessed in comparison to a normal control sample, stained 
in parallel. Using this method, expression of the functionally relevant membrane gly-
coprotein complexes GPIIb/IIIa or GPIb/V/IX can be investigated for the diagnosis 
of Glanzmann’s thrombasthenia and Bernard-Soulier syndrome, respectively 
(Fig. 17.1b). In addition, abnormal expression of alpha or delta granule markers may 
direct the follow-up step in the diagnostic algorithm to test for alpha or delta storage 
pool diseases, respectively. Finally, subcellular localization of non-muscle myosin 
heavy chain IIA in granulocytes provides an important finding for the diagnosis of 
MYH9 disorders [17], and ß1-tubulin-related macrothrombocytopenia is typically 
characterized by the absence of this ß-tubulin isoform from the platelet marginal 
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Fig. 17.1 Light microscopy and immunofluorescence features of hereditary thrombocytopenias. 
(a) The slide shows the blood smear of a patient with MYH9-related thrombocytopenia. In the 
granulocytes inclusion bodies consisting of non-muscle myosin heavy chain IIA, stain light blue. 
The inclusion bodies are much better visualized by immunofluorescence (red). (b) Platelet from a 
patient with Bernard-Soulier Syndrome is shown. For immunofluorescence, platelets stained posi-
tive for von Willebrand factor (red) but not for glycoprotein Ibα (green)
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zone [18]. The biggest advantage of this method is that the preanalytical require-
ments for making a blood smear are minimal and widely available. Subsequent tech-
niques, namely, fixation procedures, platelet permeabilization, and use of appropriate 
antibodies, can be performed at specialized centers. This approach makes it feasible 
to provide testing for a large proportion of known platelet disorders to neonates and 
young children due to the minimal sample requirements.

17.4  Platelet Function Assays

Platelet function defects can be assessed using several distinct laboratory tests. 
Many of these assays determine one or more of the biological functions: adhesion, 
secretion, or aggregation, either as an endpoint or as a dynamic measurement.

17.4.1  Screening Assays

Several methods have been introduced for the use as screening tests in routine laborato-
ries such as PFA-100 and PFA-200, VerifyNow, Plateletworks, Impact-CPA, Placar 
PRT-7000, thromboelastography (TEG), and thromboelastometry (Rotem). While these 
assays are easy to perform with very short turnaround time, they lack the specificity and 
are very labile and sensitive for hematocrit, platelet count, etc. In addition, vWD should 
also be considered as a potential reason for prolonged closure time in PFA-100.

17.4.2  Light Transmission Aggregometry (LTA)

This method measures in a real-time fashion platelet aggregation enabling the 
assessment of several key functions. The change in light transparency of a rapidly 
stirred sample of citrated platelet-rich plasma (PRP) at 37 °C is measured photo-
metrically and recorded. The curves derived by LTA can be divided into three major 
stages (Fig. 17.2) [1]: shape change, the addition of agonists leads to a change in 
platelet form from a discoid to a more spherical shape, with extended filopodia, 
resulting in a transient, small decrease in light transmission, followed by [2] a “first 
wave,” reversible aggregation (fibrinogen-dependent), and [3] the “second wave,” 
which indicates an irreversible aggregation due to TxA2 formation and secretion of 
granule contents. Typically, the maximum increase in light transmission (% aggrega-
tion) is documented. Platelet agglutination stimulated by ristocetin, which changes 
the conformation of plasma vWF allowing it to bind to GPIbα, can also be measured 
and allows the identification of Bernard-Soulier syndrome or subtypes of vWD. LTA 
is currently considered to be the best practice (“gold standard”) for individual clini-
cal laboratories and an achievable goal. However, this method is significantly 
impacted by differences in sample collection and preparation. Standardization of 
LTA has recently been addressed in published guidelines and recommendations [19]. 
Moreover, due to the overall large volume required, it is not applicable for young 
children or patients with a profound thrombocytopenia. Standardizing preanalytical 
and analytical variables can improve the consistency of results (Table 17.1).
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Table 17.1 Selected suggestions to improve the performance of light transmission aggregometry

Preanalytical No medications that affect platelet function for 7–10 days

Blood sampling after a short period of rest, refrained from smoking or 
caffeine

Blood collection by atraumatic venipuncture with minimal tourniquet 
pressure into buffered citrate anticoagulant

Do not use first few mLs of the drawn blood

Preparation PRP: centrifuging of whole blood samples at 200 g for 10 min without brake

PRP should be allowed to rest at room temperature for 15 min before testing

Analysis Testing should be completed within 4 h of blood collection

After addition of the agonist, the aggregation response should be monitored 
for a minimum of 3–5 min

A standard panel with agonist concentrations should be chosen

Basic lists should include at least ADP, collagen, epinephrine, arachidonic 
acid, and ristocetin

In case of abnormal finding, an extended agonist panel should be used to 
retest with higher concentrations or investigate additional agonists such as 
thromboxane mimetics, thrombin receptor activation peptides, or convulxin

Interpretation Aggregation curves should be examined for the quality of the baseline, the 
presence of shape change, the length of the lag phase, the slope of the 
aggregation curve, the maximum percent aggregation, and the presence of 
deaggregation

Fig. 17.2 Light Transmission Aggregometry (LTA). The figure illustrates an example for aggre-
gation curves from a patient with storage pool disease (green) compared to healthy control (red 
curve). Aggregation was induced by ADP. Blue line is the curve in absence of any agonist. Normal 
curves derived by LTA can be divided into three major stages: shape change, first and second wave  

Shape change

1. Phase

2. Phase
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17.4.3  Whole Blood Aggregometry (WBA)

Platelet function is measured as a change in electrical impedance between two elec-
trodes due to platelet adhesion and aggregation in response to agonists. Adherent 
platelets increase the impedance, which is displayed as an aggregation curve. The 
most important advantages of WBA are that less amounts of blood are required and 
that there is less manipulation of the sample. Fully automated aggregometers with 
disposable electrodes are also available (Multiplate analyzer). Agonist responsive-
ness differs between LTA and WBA, and direct comparison studies of the two meth-
odologies are still required [20, 21].

17.4.4  ATP Release

Recent studies indicate that LTA alone is not sensitive enough to identify all patients 
with secretion defects [22]. Therefore, measurement of released nucleotides from 
platelet dense granules is usually performed as an adjunct to aggregation studies 
using a lumino-aggregometer, which detects light emitted from freshly released 
ATP reacting with the bioluminescent reagent luciferin/luciferase [23, 24].  
A decreased ATP release indicates abnormalities of platelet dense granule number, 
content, or secretion dynamic. However, abnormal results do not differentiate 
between abnormalities of dense granule per se and disorders of secretion. 
Semiquantification of platelet dense granules can be determined by immunofluores-
cence microscopy to identify patients with decreased ATP release secondary to 
decreased numbers of dense granules. Platelet counts and size play an important 
role in this assay. Alternative methods for the measurement of total nucleotide con-
tent and release can be performed by luminometry or high-performance liquid chro-
matography. Uptake and release of mepacrine or radiolabeled serotonin can also be 
used to evaluate dense granule secretion.

17.4.5  Flow Cytometry

This method is essential to confirm or rule out the diagnosis of Bernard-Soulier 
syndrome or Glanzmann’s thrombasthenia. Specific monoclonal antibodies are 
used to quantitate the appropriate membrane glycoprotein receptor density (GPIb/
IX/V and GPIIb/IIIa, respectively). Flow cytometry can also be employed to iden-
tify quantitative abnormalities of receptors for collagen (GPVI, integrin α2β1), 
fibronectin (integrin α5β1), or laminin (integrin α6β1) or to measure the exposure of 
anionic phospholipids like phosphatidylserine as a pro-coagulative surface by add-
ing fluorophore-labeled annexin V [24, 25].

The activation of platelets by standardized agonists can also be measured by 
flow cytometry. Most guidelines recommend ADP and TRAP with one suboptimal 
and an optimal concentration each [6, 26]. Further agonists like collagen-related 
peptide or the thromboxane analog U46619 (alone or in combination with ADP) 
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are typically used when the initial screening was not informative. Three readouts 
are readily possible: (a) the fluorophore-labeled antibody PAC-1 recognizes only 
the activated GPIIb/IIIa receptor and provides information on inside-out signaling 
of this major integrin. (b) CD62P (P-selectin) is expressed on the membrane of 
alpha granules and almost absent on the surface of resting platelets. Agonists typi-
cally cause a release of granules and this increase is measured. (c) Expression of 
the lysosomal marker protein CD63 is a marker for lysosomal and granule storage 
or release defects.

The storage pool disorders can often be identified by a defective loading or 
release of the dye mepacrine which binds preferentially to dense granules but also 
to uncharacterized membranes. The decrease is measured after an indicated time 
(endpoint) or followed kinetically over 5–10 min. Similarly, signal transduction 
defects that affect a reduced calcium influx can be measured by loading platelets 
with dyes that bind selectively to divalent cations like Fluo-3 or Fura-2. In general, 
these assays are mostly restricted to specialized laboratory, although the basic flow 
cytometric assay is a robust assay. However, recording of data is often more com-
plicated, as several procedures (MFI values, percentage positive cells over thresh-
old or a semiquantitative comparison to standardized beads) are used that are 
difficult to compare.

17.5  Antibody Binding Assays

17.5.1  Laboratory Assays for Platelet-Reactive 
Allo- and Autoantibodies

Laboratory investigations for antibody-mediated thrombocytopenia involve iden-
tification and classification of antibodies present in patient sera or attached to 
patient platelets. Table 17.2 summarizes the available types of platelet antibody 
testing and applications in disorders such as neonatal alloimmune thrombocytope-
nia, post- transfusion purpura, multiple platelet transfusion refractoriness, immune 
thrombocytopenia, and drug-induced thrombocytopenia. For more information of 
the pathophysiology and clinical manifestation of these diseases, please refer to 
Chap. 15.

17.5.2  Laboratory Assays for Heparin-Induced 
Thrombocytopenia (HIT)

As HIT can often not be excluded on clinical grounds, laboratory testing for heparin- 
dependent antibodies is a mainstay of the diagnosis (see Chap. 15). Two different 
classes of assays are currently available: immunoassays that detect binding of anti-
 PF4/heparin antibodies and functional laboratory assays that investigate the capa-
bility of antibodies in the patient’s serum/plasma to activate platelets in the presence 
of heparin.
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17.5.3  Immunoassays

In order to detect the pathogen antibodies responsible for HIT, the target antigen 
(complexes of PF4 and heparin or polyanion) is bound onto a solid phase, e.g., 
microtiter plate wells in enzyme immune absorbent assays (EIA assays) or mic-
roparticles in bead-based assays, to which patient’s serum or plasma is added. In 
EIAs, a color change is used to detect anti-PF4/heparin antibodies binding in a 

Table 17.2 Methods used to test for platelet antibodies

Test Description Application Advantages Disadvantages

Indirect platelet antibody tests

Flow 
cytometry

Uses whole 
platelet from 
donors with 
known HPAs

Identify platelet 
specific 
antibodies in 
patient serum 
or plasma

Detects some 
antibodies that 
cannot be 
detected by 
glycoprotein- 
specific tests
More sensitive 
for labile and 
low density 
antigens

Not recommended for 
ITP
Results reported 
qualitatively
Does not identify 
specific antibody target

MAIPA Glycoprotein 
specific (specific 
for antibodies to 
HPAs)
Uses captured 
platelet 
glycoproteins 
from lysed 
platelets as 
source of known 
HPAs

Preferred for 
antibody 
identification in 
NAIT (using 
maternal 
serum)

No reactivity 
from non-HPA 
antibodies 
(HLA, blood 
group)

Clinical utility of 
antibody titer is 
controversial
Commercial kits detect 
only common platelet 
antibodies
Low titer and low 
avidity antibodies may 
not be detected

Direct platelet antibody tests

Flow 
cytometry

Uses whole 
platelet from 
patient

Identify 
antibodies on 
patient platelets 
for diagnosis of 
ITP

Easy to perform
High sensitivity

Detects any platelet 
associated antibody
Low specificity, often 
positive in non-ITP

MAIPA Detects 
glycoprotein- 
specific antibody 
by eluting bound 
antibody from 
patient platelets 
or using 
solubilized 
patient platelets 
with bound 
autoantibodies

Identify 
antibodies 
bound to 
platelet specific 
glycoproteins 
for diagnosis of 
ITP

More sensitive 
and specific 
than indirect 
tests for 
autoantibody 
detection

Sensitivity is 
compromised by severe 
thrombocytopenia
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semiquantitative fashion. The intensity of color change is proportional to the amount 
of bound antibodies and measured as optical density (OD). Although ELISAs have 
excellent negative predictive value to rule out HIT, their specificity is lower (40–
80 %), depending on the assay and patient cohorts, accounting for the high rate of 
false-positive results. Several strategies have been suggested to reduce overdiagno-
sis (false-positive results) of HIT. These include (1) the use of ELISAs that exclu-
sively detect IgG antibodies, (2) the implementation of an inhibition step using a 
high heparin concentration, and (3) the consideration of the OD magnitude. These 
approaches have been shown to increase of the predictive capability of the IgG 
ELISA for the presence of platelet-activating (clinically relevant) antibodies. 
However, this advantage varied among the studies, probably due to differences in 
study design and patient demography (for more details, see review [27]).

Another drawback of most immunoassays is that they cannot detect antibodies 
directed against heparin-dependent antigens other than PF4, with the exception of 
those which use platelet lysate. Some of the platelet-activating antibodies against 
other chemokines such as interleukin-8 (IL-8) or neutrophil-activating peptide 2 
(NAP-2) may induce symptoms resembling clinical HIT [28].

Particle-based immunoassays detect anti-PF4/heparin antibodies either through 
the agglutination of particles, which can be evaluated visually in the gel centrifuga-
tion assay PaGIA, the membrane filter assay “HealthTEST Heparin/Platelet factor 
4 Antibody Assay,” or using lateral flow technology as in the lateral flow immunoas-
say for the detection of HIT antibodies (LFI-HIT). Some particle-based immunoas-
says are suitable for automated laboratories such as HemosIL® HIT-Ab and 
HemosIL® AcuStar HIT-Ab and HemosIL® AcuStar HIT-IgG. A summary of the 
performance characteristics of the immunoassays is presented in Table 17.3.

17.5.4  Functional Assays

The clinically most relevant antibodies against PF4/heparin complexes are those 
which have the capability to activate platelets. This can be investigated using func-
tional assays that are based on assessing platelet activation of normal donors in the 
presence of patient sera/plasma and heparin. Two groups of functional assays can be 
distinguished: (i) assays using whole blood or platelet-rich plasma (PRP) and (ii) 
assays using washed platelets. The readout for all assays is platelet activation. The 
specificity of all functional assays can be increased by inhibition of platelet activa-
tion after adding heparin in excess (100 IU/mL; proving heparin dependency) and 
by showing Fcγ receptor IIa-dependent activation using a blocking monoclonal 
antibody (clone IV.3). Assays that use washed platelet are currently considered the 
“gold standard” for the diagnosis of platelet-activating antibodies. Most commonly 
the heparin-induced platelet activation (HIPA) assay and the SRA [38, 39] are used. 
Both assays employ washed platelets and detect their activation by heparin- 
dependent antibodies by visually observing formation of platelet aggregates or 
release of serotonin, respectively, and have similar operating characteristics. 
Although both functional assays are generally considered very specific for 
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diagnosing HIT, they have several disadvantages and limitations. These assays are 
time intensive, which limits their usefulness in upfront clinical decision-making. 
They also require highly skilled laboratory technicians as well as platelets from 
healthy donors. Moreover, the SRA relay on the use of radioisotopes, which most 
clinical laboratories are now trying to avoid due to regulations and safety issues.

17.6  Target Gene Sequencing, Panel-Based Sequencing 
and Genome-Wide Studies

The complete sequencing of the human genome has led to two features affecting 
platelet function analysis: first, sequencing methods have become cheap due to the 
development of several independent next-generation sequencing (NGS) platforms. 
Second, a reference sequence of the human genome is available for virtually all 
known genes. With an increasing annotation of coding genes, as well as noncoding 
regions (including intronic sequences, promoters, enhancers, and regulatory 
microRNAs), genetic variants that are causative for disorders are identified and 
deposited in variant databases like the dbSNP or the ExAC variant databases. With 
an increasing input from population studies like the UK10K project, where nearly 
10,000 individuals are sequenced by whole exome sequencing (WES) or whole 
genome sequencing (WGS) [40] and whole genome association studies (WGAS), 
pathogenic and non-pathogenic variants can be attributed to a low or high platelet 
number of mean platelet volume [41]. Variants are put to their relative occurrence in 
a certain population (typically Caucasians) and connected with a minor allele fre-
quency (MAF) that somehow defines a single nucleotide polymorphism (SNP) with 
a MAF of more than 1 % or a “classical” mutation with a MAF of less than 1 %, 
although these numbers are a matter of debate. Of note, new variants in functional 
genes related to megakaryopoiesis and platelet formation are now described with a 
speed that exceeds by far the possibility to perform functional assays and to corre-
late variants and functions or clinical “phenotypes.” In the light that about one-third 
of genetic mutations described in the current literature might not be pathogenic, 
there is a high risk of making quick conclusions from sequencing results to the 
genetic cause underlying a rare bleeding defect. This becomes additionally prob-
lematic when genetic counseling in families occurs or risks are evaluated that are 
based on reported, but not necessarily causative variants.

Nevertheless, the unambiguous identification of a genetic mutation that causes a 
bleeding disease like Glanzmann’s thrombasthenia is helpful for prognosis of bleed-
ing tendency or optimized therapeutic options. Identifying mutations in MYH9 
additionally gives information of an increased risk for cataract, deafness, or kidney 
problems. Finally, mutations in genes like ANKRD26, ETV6, or RUNX1 that 
explain a defect in platelet number or function also lead to a predisposition for 
developing leukemia [42–44]. Thus, these “accidental” findings might bear the bur-
den for the clinician that the patient might not want to be confronted with it at this 
moment or in general. This is best regulated by the informed consent sheets that the 
patient has to read, understand, and sign prior to a complex analysis and which is 
typically required by all local ethical boards.
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Thus, the speed of advancement might not be determined by the new technology 
platforms or the management of “big data” or their analysis, but by a careful perfor-
mance of experiments that characterize genetic variants by functional assays and 
compliant reporting of groups worldwide of whether a new (or a reported) variant is 
pathogenic of benign.

Panel-based sequencing is currently performed to restrict the number of ana-
lyzed genes to a more or less characterized minimal dataset. The current chip by the 
ThromboGenomics consortium in the UK comprises 75 genes with known function 
in coagulation and platelet production or function. The application of a large cohort 
of healthy donors has led to identification of 114 novel missense variants in the 
GPIIb/IIIa genes compared to 111 variants reported in the literature so far [45]. The 
authors highlight the challenges in predicting the clinical significance of these 
newly identified variants. It is expected that an updated ThromboGenomics chip 
will go from a research-based analysis of coagulation and platelet genes into the 
routine diagnosis at hemostaseologic centers in the UK.

Taken together, there is a need for updating current regulations to integrate clini-
cal data and information with functional testing and genetic data from state-of-the 
art technologies. Thus, these revolutionized methods are currently still a challenge 
and their implementation requires exchange of data and experiences between basic 
scientists, geneticists, and finally the clinicians who report and discuss the conse-
quences of an identified genetic variant with the patient.
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Cellular Therapies for Wiskott-Aldrich 
Syndrome

Christian J. Braun and Christoph Klein

Abstract
Wiskott-Aldrich syndrome (WAS) is an X-linked inherited rare disease caused 
by mutations of the WAS gene and affecting various subsets of the hematopoi-
etic system. Affected patients experience severe bleedings, autoimmunity, 
immunodeficiency, and an increased risk of hematopoietic malignancies. 
Since several decades, patients with WAS have been treated successfully 
using allogeneic hematopoietic stem cell transplantation – this procedure may 
however be associated with significant morbidity as well as mortality, in par-
ticular in case of HLA-disparity. Hematopoietic stem cell gene therapy has 
been developed as an alternative, but oncogene activation secondary to inser-
tional mutagenesis can lead to oncogenesis. More recent therapeutic 
approaches include the use of self-inactivating lentiviral vectors, promising a 
better safety-to-risk ratio. Therapeutic efficacy and safety are currently being 
assessed. New methods of genomic engineering employing zinc finger nucle-
ases, TALENs, and CRISPR-Cas as tools may offer new perspectives to site-
specific genomic repair of disease-causing mutations.
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18.1  Wiskott-Aldrich Syndrome (WAS)

Wiskott-Aldrich syndrome (WAS) is an X-linked recessive inherited disease of the 
hematopoietic system caused by mutations in the WAS gene [24]. Even though the 
clinical triad of bleeding symptoms (due to microthrombocytopenia), eczema (due 
to autoimmunity), and severe recurring infections (due to immunodeficiency) is 
usually pathognomonic for severe WAS, this combination only occurs in about 30 % 
of all WAS patients [69]. The life expectation of patients with severe clinical symp-
toms is about 10 years of age due to hemorrhage, overwhelming infections, or seri-
ous infections. The Bavarian pediatrician Alfred Wiskott was the first who published 
a case study correctly describing the clinical presentation of three young brothers 
with classical symptoms of WAS as a novel “hereditary thrombopathy” [81]. The 
American pediatrician Robert Aldrich demonstrated the X-linked mode of inheri-
tance in a family with many affected males over multiple generations [2].

The clinical severity of WAS can range from an isolated thrombocytopenia with 
mild or no eczema and infections (the so-called X-linked thrombocytopenia, XLT) 
to the classic WAS [51]. The so-called X-linked neutropenia is rare and presents 
clinically as an isolated neutropenia without microthrombocytopenia [25].

WAS is a rare disease with about four cases per million live male births in the 
United States [56].

18.2  From Gene Mutations to Functional Impairments 
of Hematopoietic Cells

18.2.1  WASP Is a Key Regulator of Actin Polymerization

The expression of the WAS gene is restricted to cells of the hematopoietic system 
[55]. The gene product WASP is involved in the transduction of signals from cell 
surface receptors to the actin cytoskeleton and in the initiation of subsequent actin 
polymerization [70]. The so-called VCA region of WASP (V: verprolin-homology, 
C: cofilin-homology, A: acidic region) can bind to an actin monomer and to the 
Arp2/3 complex [73] – Arp2/3 activation by WASP is thought to initiate actin 
polymerization [58, 74]. The EVH1/WH1 domain of WASP can bind to so-called 
WIP proteins (a family of “WASP-interacting proteins”) [60, 80]. Interaction with 
WIP proteins is thought to modulate WASP activity. The EVH1/WH1 domain is a 
hotspot for genetic mutations [80]. The GTPase-binding domain (GBD) of WASP 
interacts with the VCA domain and, as a result, can interfere with the activation of 
the Arp2/3 complex and with actin polymerization [54]. In detail, binding of GTP-
Cdc42 to GBD leads to protein conformation changes of WASP and increases its 
binding affinity to Arp2/3 [35, 64]. Correlation of WAS gene mutations and a clini-
cal phenotype is not always clear, but generally patients without any gene expres-
sion or with a mostly truncated protein expression are affected by a more severe 
WAS phenotype than patients with full- length mutated protein expression [32, 33]. 
Functional impairment or subnormal expression levels of WASP lead to a disturbed 
polymerization of actin [6].
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18.2.2  A Disturbed Actin Polymerization Leads to Broad 
Functional Impairments of Hematopoietic Cells

WASP is expressed only in the hematopoietic system (in all cell lineages except 
erythrocytes) – this includes not only mature cells of adults but already the earliest 
hematopoietic progenitor cells during fetal development [41, 55]. Female carriers of 
WAS gene mutations experience a nonrandom inactivation of their X chromosomes 
[38]. Sometimes new mutations in the hematopoietic cells of WAS patients restore 
WASP expression – this can occur in more than 10 % of patients’ peripheral blood 
cells, and sometimes even multiple different reversion mutants can be detected to 
the same patient [23], which underlines the evolutionary pressure against WAS 
mutations and the cellular advantage of expressing a functional WASP.

Multiple functions of innate immune system cells are affected by WAS muta-
tions. Firstly, functional actin polymerization (mediated in part by WASP) is 
required for the formation of the so-called phagocytic cup, an actin-dense structure 
at the plasma membrane of phagocytes that form prior to the ingestion of foreign 
material [79]. Hematopoietic cells of the innate immune system therefore exhibit a 
severely impaired phagocytosis if WASP is not functional. Secondly, polymeriza-
tion of actin is necessary for cellular movement mediated by the formation of podo-
somes [16], lamellipodia, and filopodia [5, 77] – contributing to the cellular 
migration defect observed in WAS patients [9]. Cytotoxic activity of NK cells is 
impaired in WAS patients due to problems assembling the NK cell immunological 
synapse [49, 50]. WASP-deficient neutrophils show a reduced integrin- dependent 
activation of degranulation and respiratory burst [86].

Furthermore, cellular and humoral functions of the adaptive immunity cells are 
impaired in WAS. In T cells, WASP is important for the formation of the T-cell 
immunological synapse [26] leading to an impairment of T-cell receptor (TCR)-
mediated signaling and T-cell proliferation. In B cells, certain subsets are more 
affected by mutations in WAS than others: especially circulating mature B cells 
and splenic marginal zone precursors/B cells deplete selectively [43, 77]. 
Furthermore, the B-cell receptor (BCR)-mediated signaling is impaired, which 
probably weakens B-cell activation. WAS patients typically show very high levels 
of IgE [32, 62].

18.2.3  Platelet Disturbances in WAS

Microthrombocytopenia is a very characteristic and persistent feature for WAS and 
can usually be found (even if the general disease phenotype is very mild). Despite 
this prominence many parts of the pathophysiology still remain unclear. Interestingly, 
mutant WASP is usually not expressed in platelets (even if it is expressed in other 
cells of the hematopoietic system), most likely as a result of diminished protein 
stability [66]. Platelet numbers and also platelet size rise after splenectomy. This 
evidences that destruction of WASP-negative platelets in the spleen contributes to 
the disease phenotype [39]. Interestingly WASP deficiency in mice (as opposed to 
humans) only leads to a very mild phenotype of microthrombocytopenia – most 
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likely because smaller mouse platelets might not be cleared as effectively by the 
spleen [68, 85]. Isotope studies however suggested that insufficient platelet produc-
tion in WAS patients might contribute to thrombocytopenia [65]. There is some 
evidence that megakaryocytes, which normally reside in the extravascular space of 
the bone marrow, depend on the transendothelial projection of cellular processes 
into the blood vessel lumen for effective platelet formation [15, 75]. It is also pos-
sible that megakaryocytes fail to respond appropriately to activating intercellular 
signals due to actin polymerization defects [3, 31].

18.2.4  WAS in Autoimmunity and Cancer Formation

Autoimmunity (like colitis, vasculitis, autoimmunity-mediated cytopenias) is a very 
common symptom in severe WAS [18]. The actual pathophysiological mechanism 
for this is still not absolutely clear. There is some evidence from mouse experiments 
that WASP may be necessary for normal maturation of T cells (including the nega-
tive selection of autoreactive T cells) [85].

The development of malignancies is a relatively frequent event in WAS (13 % of 154 
patients with a mean age of 9.5 years [69]). Lymphomas are the most frequent malig-
nancy. Impairment of tumor surveillance mechanisms (especially NK cells) and suscep-
tibility to EBV infections (EBV-associated Burkitt lymphoma is frequent in WAS 
patients) probably contribute to this susceptibility [14]. Whether WASP deficiency 
directly affects the maintenance of genomic integrity is currently under investigation.

18.3  Clinical Diagnostics

Since WAS is an X-linked, recessive disease, it mostly affects males (there are only 
a few reported cases of affected heterozygous females with a nonrandom inactiva-
tion of the healthy X chromosome [8]). The diagnosis of WAS or XLT should there-
fore be considered primarily in males showing classical symptoms (eczema, 
bleeding, severe and recurrent infections, autoimmunity, lymphoma).

18.3.1  Laboratory Diagnostics

Microthrombocytopenia can be diagnosed in peripheral blood smears; blood cell 
counts confirm thrombocytopenia and low mean platelet volume. Serum immuno-
globulin levels typically show an elevated IgE, while IgM, IgA, and IgG are typi-
cally low (but can also be normal or even elevated). Vaccination titers show 
diminished responses even after multiple rounds of immunizations in particular 
development of anti-polysaccharide antibodies is decreased, autoantibodies against 
neutrophils and platelets can sometimes be detected, and T-cell proliferation assays 
show reduced responses to T-cell receptor induced signals. WASp expression can be 
assayed using flow cytometry or Western blot assays [14].
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18.3.2  Genetic Analysis

Sanger sequencing of the WAS gene can provide the ultimate proof for the diagnosis 
of WAS. It typically includes sequencing of all exons including exon-intron bound-
aries (which make the discovery of splice site mutations possible). Genetic testing 
can also be used for identification of female carriers, for prenatal testing [67], and 
for preimplantation genetic diagnosis [63] (depending on legal and ethical 
restrictions).

18.4  Clinical Classifications

After the diagnosis of WAS has been made, a clinical scoring system can help to 
decide about different treatment alternatives. Zhou et al introduced a scoring system 
based on clinical features in 1997 [87]. It ranges between 1 (very mild symptoms) 
and 5 (severe symptoms of WAS) and depends on the presence of clinical symptoms 
and thrombocytopenia (Table 18.1). A WAS score of 3 and higher is considered 
“classic WAS.” Recent study data suggests that very young patients with a higher 
WAS score may have a high risk of early mortality and might benefit from early 
hematopoietic stem cell transplantation (HSCT) [40].

Table 18.1 Clinical WAS score (According to Zhu et al. [87])

Autoimmune 
disease Platelets Eczema Infections Malignancies

1 None Thrombocytopenia 
and small platelets

None None None

2 None Thrombocytopenia 
and small platelets

Mild and 
transient

Minor (with 
and without)

None

3 None Thrombocytopenia 
and small platelets

Persistent but 
manageable 
(and/or 
infections)

Recurrent 
infections 
(and/or 
eczema)

None

4 None Thrombocytopenia 
and small platelets

Persistent, hard 
to control (and/
or infections)

Frequent 
life-
threatening 
infections 
(and/or 
eczema)

None

5 And/or 
malignancies

Thrombocytopenia 
and small platelets

Persistent, hard 
to control (and/
or infections, 
autoimmune 
disease, 
malignancies)

Frequent 
life-threatening 
infections (and/
or eczema, 
autoimmune 
disease, 
malignancies)

And/or 
autoimmune 
disease
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18.5  Therapy

18.5.1  Supportive Therapy

18.5.1.1  Thrombocytopenia and Bleeding
Thrombocytopenia and bleeding are the most frequent symptoms of WAS and 
XLT. Splenectomy is a classical supportive treatment [32, 48] – platelet numbers 
usually improve following this procedure (unless platelet autoantibodies prevent 
this). Previously, splenectomy has been a classical supportive treatment option 
[32, 48]. However, splenectomy is associated with an increased risk of sepsis due 
to encapsulated organisms such as S. pneumoniae and H. influenzae and is cur-
rently rarely done. Splenectomized patients should therefore be vaccinated prior 
to the procedure, and a lifelong antibiotic prophylaxis has to be considered [22]. 
Intravenous immunoglobulin (IVIG) administration does not seem to improve 
platelet counts significantly [42]. Irradiated and cytomegalovirus-negative plate-
let transfusions can support WAS patients during severe bleeding episodes and if 
at high risk of bleeding (e.g., perioperative) [14].

18.5.1.2  Infections
The most important prophylaxis for the prevention of severe infections is the regular 
supplementation with IVIG for every patient with recurring infections, abnormally 
low immunoglobulin levels, and vaccination nonresponses. Some patients with a 
history of severe bacterial infections might benefit from antibiotic prophylaxis 
(especially for patients with recurring sinus and lung infections). Live vaccinations 
have to be avoided, but patients should be immunized with conjugated and uncon-
jugated “dead” vaccines. Manifest infections should be treated early and with 
broad-spectrum antibiotics [14].

18.5.1.3  Autoimmunity
WAS patients suffering from autoimmunity often benefit from immunosuppression: 
Corticosteroids are widely utilized (but can have severe side effects like growth 
retardation, weight gain, glaucoma, muscle weakness, stomach ulcers, diabetes, 
body fat distribution changes, opportunistic infections). Some patients profit from 
Some patients benefit from immunosuppressive drugs.

18.5.2  Stem Cell Transplantation

Allogeneic hematopoietic stem cell transplantation can provide a definitive cure 
for patients with WAS. If no HLA-matched sibling donor (MSD) or HLA-
matched family donor (MRD) is available, search for non-related HLA-matched 
donors (MUDs) should be started. If an HLA-identical sibling donor, an MRD, 
or an MUD is available, HSCT should strongly be considered, since HSCT from 
HLA matched donors now results in high survival rates [46]. In the absence of an 
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HLA-compatible donor, transplantation of WAS patients from T-cell-depleted 
partially HLA-mismatched family donors (MMFD) can be a treatment alterna-
tive. However, this approach has historically resulted in a much lower survival 
than matched donor transplantation [27, 28, 30, 36, 46, 53], mostly because of 
non-engraftment, graft rejection, and severe graft-versus-host disease (GvHD). 
Mixed chimerism after transplantation is frequently associated with persistent 
symptoms of WAS (especially low lymphocyte counts, autoimmunity, and throm-
bocytopenia) [46]. Age at HSCT seems to be an important predictor of outcome: 
WAS patients undergoing unrelated donor HSCT at an age younger than 5 years 
have comparable outcomes to children transplanted from matched siblings 
donors [52].

18.5.3  Molecular Therapy for WAS

18.5.3.1  Primary Immunodeficiencies (PIDs): At the Forefront 
of Clinical Gene Therapy

Hematopoietic stem cell gene therapy (GT) is an emerging option for curative 
treatment in WAS and other primary immunodeficiencies (PIDs). Gene therapy 
for PIDs can potentially compensate for some of the biggest shortcomings in 
HSCT: GvHD,  serious side effects from strong cytotoxic conditioning regi-
ments, and potentially costs. PIDs are at the forefront for clinical application of 
GT for multiple reasons (a more detailed discussion can be found in [59]): (1) 
PIDs are very well studied, deep knowledge is available about the molecular 
pathophysiology, and spontaneous somatic reversion of the underlying mutation 
in certain cellular subsets demonstrated growth advantage and reversion of dis-
ease, (2) even small numbers of engrafted cells can be enough to achieve symp-
tom control due to a proliferative advantage of corrected cells, and (3) 
hematopoietic cells can be grown and manipulated in vitro. Clinical trials for GT 
in PIDs have been performed for X-linked severe combined immunodeficiency 
(SCID-X1), adenosine deaminase deficiency (SCID-ADA), chronic granuloma-
tous disease (CGD), and WAS.

18.5.3.2  Gene Transfer Technologies
Retroviral vectors for gene transfer have been essential for the development of 
clinical gene therapy: production (even in larger batches) is relatively easy, due to 
their stable integration into the host genome, they promise long-term transgene 
expression, hematopoietic cells can efficiently be transduced, and – due to safety 
precautions and a split genome – standard retroviral vectors for gene therapy have 
been shown to be non-replicating. There is a traditional separation of so-called cis 
and trans elements within the genetic structure of a retrovirus. While cis regions 
are biologically active as nucleic acids (e.g., LTRs, long-terminal repeats, and 
identical sequences of DNA that repeat many times and are important for the regu-
lation of viral integration into the host genome, transcriptional activity, viral 
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packaging, and reverse transcription), trans regions (e.g., env, a protein that forms 
the viral envelope) are coding for viral proteins. Most retroviral gene vectors have 
split genomes with a clear separation of cis and trans regions on different DNA 
plasmids, therefore preventing the production of replication competent viral parti-
cles. The ability of retroviral vector to integrate into the host genome can affect the 
expression of neighboring genes (insertional mutagenesis (IM)). The most frequent 
IM is the transactivation of an endogenous oncogene by the inserted viral LTR – 
either by directly acting as a transcriptional enhancer/promoter, by activating an 
endogenous enhancer/promoter that then consecutively activates the expression of 
a cellular oncogene, or by forming a transgene/oncogene chimeric transcript. 
Silencing of a cellular (tumor suppressor) transcript less frequently contributes to 
oncogenesis (since usually biallelic silencing is required for loss of the tumor 
suppressor).

Self-inactivating (SIN) retroviral vectors were developed to reduce the possibil-
ity of oncogene transactivation by introducing deletions in the 3′ LTR covering the 
LTR promoter and enhancer [4, 57, 76, 82, 83]. Upon reverse transcription and 
genomic integration, the SIN carries the SIN LTR at both the 3′ and at the 5′ flank 
of the transgene [83]. Transgene transcription is driven by an internal promoter 
(which typically leads to weaker expression levels if compared to standard LTRs 
and can be cell specific) [47]. This then theoretically minimizes the risk of cellular 
(oncogene) transactivation around the insertion site and therefore IM. Lentiviruses 
are more complex than retroviruses and contain additional open reading frames that 
encode for additional genes (such as rev, which mediates nuclear export of viral 
mRNA, and tat, which acts as a viral transcription factor). Some of these additional 
proteins are considered factors that subsequently moved away from the actual viral 
backbone to helper plasmids in order to increase biosafety and to make room for 
larger transgenes [37]. The overall insertion site pattern of lentiviral vectors is dif-
ferent from that of γ-retroviral vectors. Lentiviral vectors appear to have a some-
what broader integration spectrum into actively transcribed genes than γ-retroviral 
vectors [1] and furthermore seem to lack most of the transcription start site (TSS) 
affinity of γ-retrovirus and somewhat randomly integrate throughout the entire gene 
[57]. The use of SIN lentiviral vectors still carries the risk of growth factor transac-
tivation as demonstrated recently in a gene therapy trial for ß-thalassemia in which 
a growth-promoting gene (HMGA2) was activated transcriptionally after IM render-
ing HMGA2 mRNA insensitive to degradation by let-7 microRNAs – the general 
belief however is that the risk of leukomogenesis is much lower in SIN lentiviral GT 
than in γ-retroviral GT (Fig. 18.1).

18.5.3.3  Clinical Trials for Wiskott-Aldrich Syndrome
WAS patients have been enrolled into GT trials using standard γ-retrovirus [11, 
12] as well as recently SIN Lentivirus [1], whereas the time of observation after 
GT is much longer for the classic γ-retrovirus group. A strong increase in the 
proportion of WASP-positive peripheral lymphoid cells was seen in patients after 
γ-retrovirus GT, which confirms the hypothesis of a proliferative advantage of 
gene-corrected cells [10]. An overall increase of platelet counts was noted as 
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well, along with a normalization of platelet size and a cessation of the bleeding 
diathesis. IVIG substitution could be discontinued in some patients, and T-cell 
proliferative responses improved along with a normalization of T-cell receptor 
(TCR) Vß repertoire usage. Many patients had not been able to form immuno-
logical synapses between NK cells and tumor cells in vitro pre-GT – this 
improved significantly over time after GT. Furthermore, clinical signs of autoim-
munity (like eczema, autoimmune cytopenias, and colitis) resolved after therapy. 
Severe infections were less frequent after therapy. Analysis of the clonal dynam-
ics of hematopoietic repopulation was carried out using standard and nonrestric-
tive (nr) linear amplification-mediated polymerase chain reaction (LAM-PCR) 
high-throughput sequencing of peripheral blood and also bone marrow samples 
[29]. Shortly after infusion of genetically modified HSC GT a highly polyclonal 
repopulation was observed. Of note, a fluctuating pattern of clones with targeted 
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oncogenes contributed to hematopoiesis, initially without malignant transforma-
tion. Years after GT, a total of 8 patients developed leukemia. T cell acute lym-
phoblastic leukemia (T-ALL) was associated with retroviral vector integration in 
close proximity to the T-ALL oncogene LMO2 locus. Two patients additionally 
developed acute myeloid leukemia (AML) shortly after or even during their 
maintenance therapy for their T-ALL, now with dominant insertion sites close or 
within MN1 and MDS1 (both genes had been associated in AML before). One 
patient was diagnosed with primary AML. These data clearly show that GT for 
WAS can be very effective in improving the symptoms of WAS, but also that the 
use of classic γ-retrovirus vectors is associated with a high degree of genotoxic 
side effects [11, 13].

Results from the first SIN lentiviral trial for GT in WAS patients were published 
in 2013 for three patients with a median observation time of 25 months [1]. All three 
patients showed increasing expression levels of WASP in their peripheral blood 
lymphocytes and platelets (even though platelet counts at the time of publication 
had not reached physiological levels yet); eczema as well as an existing bleeding 
diathesis improved in all patients. Two patients experienced severe infections within 
the first 6 months after GT, but overall frequency and severity of infections decreased 
over time. Fluctuating viral insertion patterns were noted, without evidence for 
clonal outgrowth. These results are promising in view of efficacy and toxicity, but 
long term long-term observations are still pending for WAS patients treated with 
SIN lentiviral GT.

18.6  Gene Engineering: True Mutational Correction Instead 
of Mere Overexpression?

Despite all advanced toward safer and more effective gene therapy using retro- 
and lentiviral systems, the random insertion of viral DNA into the genome will 
probably always be associated with some risk of genotoxicity. This is why at least 
in theory the actual repair of a disease-causing mutation would be much more 
desirable than the mere overexpression of a transgene. This could potentially rees-
tablish a fully physiological expression of the targeted gene: accessible for epi-
genetic regulations, expressed from a natural promoter, and without affecting 
other regions of the genome. The development of three new techniques for genome 
engineering has provoked a lot of hope that a targeted genome repair may soon be 
feasible.

18.6.1  Zinc Finger Nucleases (ZFNs)

ZFNs are artificially produced enzymes that are capable of cutting genomic 
DNA. These enzymes are fusion products of a zinc finger DNA-binding domain and 
a DNA cleavage domain. Zinc finger domains can be designed in such a way that 
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they only bind a defined DNA sequence, which is then cut by the attached zinc fin-
ger nuclease. A pair of ZFNs targeted to the same region of the genome is able to 
produce double-strand breaks (DSBs). A provided DNA strand, which shares 
homology with the targeted DNA sequence, can act as a template for homologous 
recombination (HR) – part of the cellular DNA repair machinery (Fig. 18.2a). 
Enzymes involved in HR search for DNA sequences similar to the region affected 
by the DSB. If such a template is found, the DSB is filled up with the DNA template 
sequence (regardless of whether this fragment actually contains the original 
sequence or not) [17, 34].

18.6.2  Transcription Activator-Like Effector Nuclease (TALENs)

TALENS are artificial fusion enzymes between a transcription activator-like (TAL) 
effector DNA-binding domain and a DNA cleavage domain. TAL domains were 
initially derived from Xanthomonas bacteria. These proteins are able to recognize 
and subsequently bind certain nucleotide sequences in DNA. Targeting a genomic 
region with multiple TALENs can lead to DSBs that – in close similarity to ZFNs – 
can be used to edit the genome and potentially repair disease-causing mutations  
[7, 19, 20, 45] (Fig. 18.2b).

18.6.3  Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR)

CRISPRs are DNA loci containing short repetitions of base sequences. Together 
with CRISPR-associated genes (Cas-genes), they can be found in many bacteria and 
most archaea. This naturally occurring system has been adapted for genome engi-
neering (Fig. 18.2c). A short RNA molecule (the so-called guide RNA) is used to 
target the bacterial Cas9 endonuclease to specific genomic loci of choice. Cutting of 
Cas9 produces DSBs; these can then be exploited (again in analogy to ZFNs and 
TALENs) to alter genomic DNA sequences [21, 61, 78].

18.7  Induced Pluripotent Stem Cells (iPSCs): A Better Disease 
Model System and a Therapeutic Approach?

A pluripotent stem cell has the potency to differentiate into any cell of the human 
body. The best-characterized pluripotent stem cell is the embryonic stem cell (ESC). 
ESCs can be derived from the inner mass of an embryo and then be kept in a culture 
dish. Since the use of human ESCs cells is very limited by ethical consideration, it 
has been a major breakthrough when cells with a similar phenotype were first 
derived from adult somatic cells. These so-called induced pluripotent stem cells 
(iPSCs) can be obtained by a forced expression of four transcription factors (Oct4, 
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Sox2, Klf4, and c-Myc) in differentiated cells [71, 72]. iPSC lines derived from 
patients can be dedifferentiated into somatic tissue cells and be used to model 
human disease [84]. Furthermore, disease-causing mutations in patient-derived 
iPSCs can be repaired making use of HR, re-differentiated, for example, into HSCs 
and used HSCT (depending on the underlying disease) (Fig. 18.2d). This would 
then help to overcome the bottleneck of too few healthy donors for HSCT and also 
the problem of GvHD. Limitations of this approach however include general safety 
concerns of genetic reprogramming and weak efficacy of deriving transplantable 
HSCs from iPSCs [44].
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Fig. 18.2 Methods of genome engineering (a) ZFNs, (b) TALENs, (c) CRISPR-Cas9, (d) and the 
use of induced pluripotent stem cells (iPSCs) for research and therapy (Modified from Mikkers 
et al. [44])
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Abstract
Blood transfusions are the oldest contemporary form of cell therapy and remain the 
standard treatment for anemia and thrombocytopenia. Due to the enucleate nature 
of the cells, patients that require erythrocyte or platelet transfusions must rely on a 
constant supply of blood donors. Aging populations and other demographic trends, 
however, make this dependency unsustainable. Consequently, investigators have 
sought other sources for these cell types. Despite only being discovered 10 years 
ago, induced pluripotent stem cells (iPSCs) have quickly gained the imagination of 
researchers seeking new clinical treatments for an assortment of diseases, includ-
ing hematopathologies. The appeal of iPSCs is that they permit the conversion of 
any cell in the body to another type. This cell reprogramming makes it possible to 
conduct autologous transplantation by taking cells such as fibroblasts from the 
patient and converting them to erythrocytes or platelets before reintroduction. 
iPSCs also allow for investigations on hematopoiesis that were previously impos-
sible, as they enable each intermediate step in the development of a blood cell to be 
controlled and therefore studied in greater detail. In this chapter, we review the 
basics about cell reprogramming to the iPSC state and the application of this tech-
nology to generating erythrocytes and platelets ex vivo.

19.1  Introduction

There is perhaps no more anticipation about new medical treatments than those of 
stem cell therapies. These treatments have the promise to correct diseased cells and 
supply healthy ones indefinitely. The excitement over stem cell therapies has 
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intensified with the discovery of embryonic stem cells (ESCs) and more recently 
induced pluripotent stem cells (iPSCs) [1, 2]. Yet stem cell therapies date well 
before these stem cells, including those of hematopoietic stem cells (HSCs) [3]. 
HSCs have the potential to differentiate into all hematopoietic and lymphatic lin-
eages, thus providing sustenance to patients whose bodies fail to supply sufficient 
or healthy blood. This method is so standard that globally nearly 100 million blood 
units are collected annually from donors, a total that exceeds the amount used in 
transfusions [4, 5]. Despite the abundance of blood supplies, however, there is fear 
that blood donations are not sustainable. Already, many countries, especially 
poorer ones, are undersupplied [6]. Even developed countries are not immune to 
this worry, with some anticipating a blood donor shortage as high as 20 % within a 
generation [7]. In addition, transfusions are not without risk, as immune rejections 
due to their allogeneic nature can trigger morbidity and mortality [8]. Autologous 
transplantations are therefore preferred, but these are rarely viable for several rea-
sons. First, the HSC constituency of peripheral blood is only 1 % (and only 0.1 % 
in cord blood), which implies that an extraordinary amount of blood from the 
patient must be harvested [9]. While HSCs can be expanded, they cannot be 
expanded indefinitely. Furthermore, for patients with genetic diseases such as 
sickle cell anemia and thalassemia, genome editing of the HSCs is required before 
their reintroduction, but this task is not trivial. Thus, alternative sources of blood 
cells are being explored.

Pluripotent stem cells (PSCs), which include ESCs and iPSCs, are one example 
of an alternative source. Unlike HSCs, which are the progenitors of all hematopoi-
etic cells, PSCs have the potential to differentiate into any cell of the body, putting 
them above HSCs in the developmental hierarchy. Furthermore, PSCs are far easier 
to expand and to have their genomes edited [10]. Finally, while ESCs can only be 
used for allogeneic transplantation, because they are derived from the blastocyst 
stage and thus unavailable from adult donors, iPSCs, on the other hand, can be har-
vested from adults, including, most importantly, the patient, which means that 
unlike ESCs, they have autologous transplantation potential.

The creation of iPSCs is arguably the most poignant demonstration of cell repro-
gramming. In effect, their invention demonstrated that any cell in the human body 
could be reprogrammed to the pluripotent state from which it can then be differen-
tiated into a desired lineage. In other words, by mastering the mechanisms of cell 
reprogramming, any cell in the body can be refashioned into another, including 
blood cells. Additionally, PSCs can be expanded indefinitely, which means their sup-
ply is not exhausted with use. The implications of this property for blood donations, 
especially of enucleated cell types such as erythrocytes and platelets, are immense. 
However, while in principle one can generate iPSCs from a patient, the reality makes 
this strategy infeasible both in terms of time and cost [11]. Accordingly, a great deal 
of international collaboration is underway to build iPSC banks that accumulate cell 
lines of homozygous HLA haplotypes [12]. Matching HLAs between donors and 
recipient should mitigate many of the concerns about transplant rejection seen cur-
rently in cell therapies like blood transfusion.

P. Karagiannis et al.



401

The challenge for researchers then is to develop effective protocols that both 
acquire iPSCs and differentiate them into the desired cell type. Here we consider the 
derivation of the two most common blood cells transfused, erythrocytes and plate-
lets, from iPSCs, by reviewing how differentiated cells are reverted to the pluripo-
tent state and from there redirected to the hematopoietic lineage. To accomplish this 
goal, researchers are learning intricate details about hematopoiesis, including the 
iterations that lead a cell to its final hematopoietic fate.

19.2  iPS Cells and Development

The origin of any somatic cell in the body can be traced to the zygote. Upon its 
formation, the zygote immediately commences a series of events that gradually nar-
rows the number of potential lineages until the cell reaches its final differentiated 
state. In Waddington’s famed landscape, the fate of the cell is visualized as rolling 
down a valley, passing through lesser degrees of lineage potential until its end point, 
with gravity preventing the cell from returning to a more primitive state (Fig. 19.1). 
This image is an effective visual of the then contemporary view that differentiation 
was irreversible. John Gurdon’s Nobel Prize winning work changed that perception, 
however, as he showed that the nuclear transfer of the somatic cell could reprogram 
an oocyte [13]. This work is the foundation for animal cloning, including Dolly and 
other mammal cells, and for the invention of iPSCs [14, 15].

Reprogramming 
factors

Fig. 19.1 In Waddington’s landscape, development is represented as a valley in which a cell 
(circles) descends to its final state. During the descent, the number of cell types into which a cell 
can differentiate reduces. The landscape assumes that development is irreversible. The induction 
of reprogramming factors shows, however, that a cell can return to the top of the valley from which 
it can descend to a different fate
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Cell reprogramming took another leap with the isolation of ESCs from mouse 
embryo and eventually from human embryo (mESCs and hESCs, respectively). 
When injected into a blastocyst, ESCs can differentiate into the three germ layers, 
demonstrating their pluripotency. Pluripotency allows for the genome of these 
cells to be included into offspring, inviting the creation of chimeric mice, which 
has since opened the door to new models for disease pathogenesis, body develop-
ment, and cell therapies. In contrast, HSCs possess only multipotency, which lim-
its their differentiation potential to hematopoietic lineages. However, because 
their isolation requires the destruction of the embryo, hESCs are wrought in con-
troversy, and ambiguous policies have discouraged many scientists from consid-
ering their use [16].

The isolation of human iPSCs (hiPSCs) circumvents many of these problems. 
The first iPSCs were made using mouse cells (miPSCs). Takahashi and Yamanaka 
reverted the somatic state of mouse fibroblasts to the pluripotent state by inducing 
four transcription factors, Oct4, Sox2, Klf4, and c-Myc (OSKM) [17]. A year later, 
they and another group did the same with human fibroblasts and the same OSKM 
concoction [1, 18]. Importantly, iPSCs are functionally equivalent to ESCs and thus 
can be used for essentially the same applications. Modifying the genome of iPSCs 
and then differentiating and transplanting the modified cells into mouse models are 
a proven effective cell therapy for several mutant-based diseases. Coincidently, the 
first proof of concept of iPSC-based cell therapy was demonstrated using a sickle 
cell anemia mouse model, as Hanna et al. reprogrammed fibroblasts into iPSCs that 
carry the sickle cell anemia mutant [19]. The authors then partitioned the iPSCs into 
two groups and modified the globin genes in one. The edited and nonedited iPSCs 
were differentiated into HSCs and transplanted into the diseased mice. Mice that 
received the corrected cells showed recovery, while those that did not remained ill. 
A similar strategy using hiPSCs has also been demonstrated [20, 21]. Within a few 
years of the first iPSC report, an exhaustive number of other somatic cells from 
several mammalian species have been reprogrammed to the pluripotent state (see 
Stadtfeld and Hochedlinger [22] for a list), including human peripheral and cord 
blood [23]. Additionally, a large number of iPSC-based human disease models have 
been created, including many for hematopathologies [24, 25].

One striking feature about iPSCs is the remarkable simplicity with which they 
can be made, as only the induction of OSKM is sufficient. Since the first iPSC 
reports, it has been demonstrated that OSKM is not necessary for reprogramming, 
suggesting redundancy in the pluripotency network. For example, Yu et al. managed 
to reprogram fibroblasts to the pluripotent state when substituting Klf4 and c-Myc 
with Nanog and Lin28, and Montserrat et al. showed that Oct4 can be replaced with 
Gata3 for the reprogramming [18, 26]. These are only a few examples of the many 
concoctions that can reprogram a cell to the pluripotent state.

Along with the different reprogramming factors, there are a number of induction 
methods that can be used for the reprogramming (Table 19.1). The original OSKM 
protocol involved the integration of retroviruses into the host chromatin. This 
approach risks mutagenesis and is therefore unsuitable for clinical treatment. 
Investigators have sought ways to excise the insertion, such as by piggyBac 
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transposon, but these methods are laborious [27]. Accordingly, nonintegrating mea-
sures to induce the reprogramming have been considered. Such examples include 
episomal plasmids, which offer the best efficiency-to-safety ratio, Sendai virus, 
which is RNA based, or the use of synthesized RNA or proteins [28–33]. Hou et al. 
managed to reprogram cells using only small molecules [34]. Small molecules are 
attractive because of their cost and relatively easy standardization, which are crucial 
considerations for the industrialization of iPSC technology [35]. These nonintegrat-
ing methods all have their advantages and disadvantages, but none outmatch the 
reprogramming efficiency of retroviruses.

Despite Waddington’s landscape, it would be naïve to think that reprogramming 
is a simple reversal of the events that differentiate a pluripotent cell to its final state. 
mESCs are equivalent to cells in the blastocyst, which then proceed to the epiblast 
at which point gastrulation begins with the formation of the primitive streak. For the 
primitive streak to branch to the three germ lines, ectoderm, endoderm, and meso-
derm, an epithelial-to-mesenchymal transition (ETM) must occur. The early phase 
of reprogramming depends on the reversal of this transition, a mesenchymal-to-
epithelial transition (MET), and the initial gene targets of the reprogramming fac-
tors are regulators of MET [36–38]. Polo et al. decomposed the reprogramming 
process into two waves [39]. In the first wave, the expression of genes associated 
with pluripotency, metabolism, and cytoskeleton organization is upregulated, while 
those associated with development are downregulated. It is only in the second wave, 
which appears several days after the first, when genes that promote stem cell main-
tenance and embryonic development are upregulated. To be fully reprogrammed to 
the pluripotent state, a cell must complete these two waves. The success rate of 
reprogramming is relatively paltry, with only <1 % reaching a stable pluripotent 
state [15]. Interestingly, Tanabe et al. showed that a much higher percentage of cells 
initiate the reprogramming process, suggesting that many cells undergo partial 
reprogramming but fail completion [40]. This observation reflects the theory that 
reprogramming can be divided into sequential stochastic and deterministic phases 
[41]. Cells in the stochastic phase are heterogeneous, indicating that disparate 
mechanisms may be at play, but once they enter the deterministic phase, gene 
expressions synchronize, beginning with the expression of Nanog and Oct4 [41].

It is assumed that the transition between the two phases depends on a rate- 
limiting step that once passed essentially assures cells will not fall refractory to the 
reprogramming factors. This rate-limiting step may be attributed to epigenetic 
changes in the cell. Chromatin remodeling is extensive during the reprogramming 
process, and Oct4 and Nanog are both hypermethylated until the late stages of 
reprogramming [39, 42, 43]. Papp and Plath thus postulated demethylation of these 

Table 19.1 Brief list of reprogramming vehicles

Method Examples

Integration Lentivirus, retrovirus

Nonintegration, DNA based Episomes and other plasmids

Nonintegration, RNA based Sendai virus

Nonintegration, nucleotide free Small molecules such as inhibitors
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genes is the defining event that transitions cells to the deterministic phase [44]. 
Consistent with this conclusion, it has been reported that vitamin C, a small mole-
cule that regulates histone demethylation, enhances the reprogramming efficiency 
[45–47]. Another possible epigenetic factor is chromatin modifications, as these 
occur with the initiation of reprogramming [42].

One challenge in identifying this rate-limiting step is that cell lines, be they ESCs 
or iPSCs, have variations in their transcriptome and epigenome. These differences 
may indicate that different stem cells may use different mechanisms to exercise 
their stemness [48]. One possible explanation for these differences, at least in the 
case of iPSCs, is that reprogramming to the pluripotent state must follow different 
routes due to the variable nature of different somatic cells even of the same type.

19.3  iPSCs to Somatic Cells

Reprogramming cells into iPSCs is only one half of the challenge in generating 
erythrocytes and platelets ex vivo. Once iPSCs are acquired, they must be perturbed 
toward the desired hematopoietic lineage. Thus, the conversion of iPSCs to erythro-
cytes and platelets requires comprehensive understanding of hematopoiesis.

All hematopoietic cells are progeny of the mesoderm. Before proceeding to the 
three germ layers, murine ESCs form the epiblast. Epiblast cells are also pluripo-
tent, and epiblast stem cells (EpiSCs) have been generated in the lab [49, 50]. 
Although both ESCs and EpiSCs are pluripotent, their pluripotency differs, leading 
to the categorization of two states: naïve pluripotency and primed pluripotency 
[51]. Primed pluripotent cells have less pluripotency, as they show lineage bias, 
which causes a heterogeneous nature in their development. Thus, a population of 
primed PSCs is, due to its heterogeneity, more apt to respond variably to common 
reprogramming induction. In contrast, a naïve PSC population, because it is homo-
geneous, should result in a more homogeneous response. This difference is impor-
tant when considering clinical application, as any cell therapy must have predictable 
behavior. Furthermore, this difference is pertinent when considering murine and 
human PSCs: murine PSCs, including mESCs and miPSCs, show properties indic-
ative of the naïve pluripotent state, whereas human PSCs have attributes of the 
primed state.

The primary factors for mesoderm induction are BMP4, Wnt3, and FGF2 
[52–55]. As an attribute to how the naïve or primed state influences the differen-
tiation protocol, BMP4 promotes the differentiation of EpiSCs but stabilizes the 
undifferentiated state of ESCs. FGF2 makes cells sensitive to VEGF, which is 
thought to stimulate the hematopoietic lineage [56, 57]. HSCs are marked as 
CD34+ cells; however these cells are not specific to the hematopoietic lineage. 
Vodyanik et al. have recommended CD34+43+ cells instead [58].

The classical model of hematopoiesis begins with HSCs at the apex (Fig. 19.2, 
solid arrows). In the next iteration, the lymphoid and myeloid pathways separate. 
The differentiation of megakaryocytes and erythrocytes is assumed to be the prod-
uct of a bipotent progenitor, megakaryocyte-erythrocyte progenitor (MEP), which is 
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marked by a large increase in the expression of GATA1 and NF-E2 [59]. Human 
MEP cells are equivalent to CD41a+CD235a+ [58, 60, 61]. This model is appealing 
in that it shows clearly bifurcations for all hematopoietic lineages. At the same time, 
these bifurcations demonstrate the large risk of heterogeneous populations when 
deriving megakaryocytes and erythrocytes, since it would be very easy for a sub-
population of HSCs (or any other starting point) to diverge toward the wrong lin-
eage. In the ideal differentiation protocol, the original cell would be derived into the 
desired cell type in just one step.

Later studies have demonstrated that the classical model is an overly simplistic 
description. Hematopoiesis has been deconstructed into two sequential phases, 
primitive hematopoiesis and definitive hematopoiesis. HSCs emerge through 
definitive hematopoiesis, which happens at E10.5, 3 days after primitive hema-
topoiesis [62]. The earlier phase occurs in the yolk sac and generates nucleated 
erythrocytes, erythroblasts and progenitors of definitive erythrocytes (or defini-
tive type of erythroblasts), and megakaryocytes [63]. Definitive hematopoiesis 
occurs in multiple regions, but the HSCs will converge at the fetal liver where 
they are expanded before settling at their final destination [64]. This phase will 
also see the appearance of enucleated erythrocytes, which have different glo-
bins from the aforementioned nucleated ones [65]. Several studies have shown 

HSS
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Fig. 19.2 In the classical model of hematopoiesis (solid arrows), megakaryocytes are derived 
from the bipotent progenitor MEP. MEP is preceded by a series of intermediate steps. Red lines 
show the megakaryocyte lineage; black lines show other lineages. Several studies have indicated, 
however, that there exists a megakaryocyte progenitor with self-renewing capability that is a direct 
intermediate of HSC. The existence of this progenitor may provide a simpler and efficient pathway 
for differentiation of megakaryocytes in the lab (dotted arrows). Circular arrows indicate self- 
renewing capability
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that HSCs and definitive erythrocytes bud off endothelial cells, indicating that 
an endothelial- hematopoietic transition is crucial for hematopoiesis to occur [66, 
67]. These endothelial cells are referred to as “hemogenic endothelium” and 
are recognized by the expression of the transcription factor RUNX1 [68]. Like 
erythrocytes, megakaryocytes have been observed in both phases, but of different 
ploidy [69]. Megakaryocytes generated during primitive hematopoiesis are only 
diploids and unlikely to be the primary source of platelets in the adult body [70], 
whereas fully mature megakaryocytes with maximal platelet generation capability 
are polyploidy.

These insights have suggested that the different hematopoietic lineages cannot 
be partitioned easily. Doulatov et al. showed that myeloid lineages can appear in cell 
populations that should, according to the classical model, be lymphoid committed 
[71]. More interesting, Morita et al. showed that HSCs themselves could be divided 
into subpopulations that have different potentials for the erythrocyte and mega-
karyocyte lineages [72]. Sanjuan-Pla went further showing that one subpopulation 
is primed for platelet-specific gene expressions, suggesting it could be possible to 
differentiate megakaryocytes directly from HSCs [73]. Indeed, these cells were 
cloned by Yamamoto et al., who reported a megakaryocyte population that had self-
renewing ability and were the daughter cells of HSCs [74]. This direct lineage com-
mitment suggests that HSCs can be differentiated into megakaryocytes that 
autonomously expand using a minimal number of steps in the culture medium, thus 
significantly increasing the probability of a homogenous population of unipotent 
platelet progenitors (Fig. 19.2, dashed arrows). This progenitor population may 
therefore make an ideal source for platelet generation.

19.4  Thrombopoiesis

Even before the creation of iPSCs, there was extensive effort to generate platelets 
ex vivo. Patients suffering from thrombocytopenia will normally be treated with 
blood transfusions. However, the body recycles its platelet population every 10 days, 
which demands patients receive transfusions regularly [75]. In addition, platelets 
must be stored at room temperature, which gives them extraordinarily high risk of 
bacterial contamination and thus a shelf life of only a few days (in Japan the limit is 
4 days) [76]. Depending on donors then is perpetually taxing, since donors must be 
recruited continuously.

One possible solution would be to maintain platelets in a progenitor state that 
has a much longer shelf life. All platelets are the progeny of megakaryocytes, 
and megakaryocytes that produce functional platelets are marked as 
CD41a+CD42b+. The primary factor in this development is thrombopoietin 
(TPO), as it directs MEP to the megakaryocyte lineage [77]. The importance of 
TPO is recognized by the fact that the first report on in vitro platelet generation 
was made soon after its discovery [78]. Knockout of TPO or its receptor, c-MPL, 
is associated with severe thrombocytopenia and also a significant decrease in 
mature platelets [79].
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Platelets are the end products of membrane protrusions from megakaryocytes, 
called proplatelets, which extend into the sinusoidal vessels where they are eviscer-
ated by blood flow. A single megakaryocyte will generate thousands of platelets 
before its membrane is exhausted and the remaining cell body is degraded [80]. To 
produce such a large number of platelets, megakaryocytes must produce an extraor-
dinary amount of membrane. It has been observed that megakaryocytes undergo not 
mitosis, but endomitosis, a phenomenon that increases both cell volume, such that a 
single megakaryocyte can become 0.1 mm wide, and the surface area/volume ratio, 
which explains the additional membrane for platelet construction [81]. Endomitosis 
is accompanied by an increase in ploidy, as mature megakaryocytes will have up to 
128 N DNA content [82]. The ploidy is believed to positively correlate with the 
number of platelets generated from a single megakaryocyte [83, 84]. Accordingly, 
investigators have sought ways to promote endomitosis and ploidy when pursuing 
ex vivo platelet generation.

Crucial for the cell to enter endomitosis is inhibition of myosin II. This inhibition 
is achieved by RUNX1, which prevents formation of the cleavage furrow [85]. Two 
other molecules may also be promising targets to enhance endomitosis; GEF-H1 
and ECT2 are downregulated sequentially during this phenomenon; GEF-H1 during 
the 2 N-4 N transition and ECT2 thereafter [86]. Endomitosis in megakaryocytes 
is accompanied by a new intracellular structure, the invaginated membrane sys-
tem (IMS). The IMS acts as the membrane reservoir for the platelet intermediate, 
proplatelets [81]. Although it exists throughout the cell, the IMS begins its forma-
tion in one region of the megakaryocyte and spreads using WASP-WAVE signal-
ing, which initiates actin assembly [87–89]. This initial region is marked by GPIbα 
of the GPIb-V-IX complex, which also marks the shifting of the megakaryocyte 
from the osteoblast niche, where it is expanded, to the perivascular niche, where 
it is matured, a shift promoted by the cytokine SDF1 and its receptor CXCR4 [90, 
91]. It is in the perivascular niche where megakaryocytes begin to display proplate-
lets in correspondence with several extracellular matrix proteins, including von 
Willebrand factor (vWF), fibrinogen, fibronectin, and VCAM-1. Fibrinogen, fibro-
nectin, and VCAM-1 promote proplatelet formation, while vWF is thought vital for 
platelet function [92–97].

Proplatelets can be imagined as a long chain of swellings linked by a thin chain. 
Once proplatelets enter the bloodstream, blood flow will eviscerate them at these 
links, with each swelling having the necessary components for a functional platelet 
[98]. Proplatelets are dynamics structures, with cytoskeletal proteins constantly 
transporting material to cause constant rearrangement with the believed aim of max-
imizing platelet production [99, 100]. A megakaryocyte will continue to extend 
proplatelets until it has no more membrane and hence be degraded. Thus, once 
megakaryocytes are fully matured, the mechanism for platelet production can be 
viewed as a reductive process until the proper size of a platelet is acquired. How the 
system knows when to stop rearranging its membrane constituents once the size of 
a platelet is acquired is unknown.

Proplatelets are directed to the sinusoidal vessels by sphingosine 1-phosphate 
(S1P) and its receptor, S1pr1. Deficiencies in either of these molecules have no effect 
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on megakaryocyte development, including IMS or proplatelet formation. Instead, 
deficiency results in proplatelets that extend randomly and do not localize toward the 
bloodstream [101]. However, the S1P gradient only attracts the proplatelets to the 
vessels; it does not allow the proplatelets to breach the endothelial wall and enter the 
vessels. For this purpose, podosomes on the membrane surface are used. These podo-
somes are also dependent on WASP signaling [102].

The above is a brief description of the key events that occur in order for sci-
entists to perturb an HSC into platelet-generating megakaryocytes. Research has 
shown that megakaryocytes derived from PSCs, such as human iPSCs, share 
more in common with megakaryocytes from cord blood than they do with mega-
karyocytes from peripheral blood, meaning they are generally smaller in size and 
shed fewer platelets [84, 103–105]. While these characteristics may ostensibly 
seem disadvantageous, because much of our understanding about thrombopoie-
sis in humans comes from cord blood sources, it suggests that cord blood-based 
studies on the maturation mechanisms of megakaryocytes can be extrapolated to 
iPSC-based systems.

Because human ESCs predate human iPSCs by almost 10 years and that the 
differentiation processes are essentially identical, the initial studies on ESC-
derived megakaryocytes provide important insights for later experiments that 
used iPSCs. Gaur et al. were the first to derive megakaryocytes from ESCs, but 
with very modest success, as the megakaryocytes were only of 32 N ploidy and 
the expansion of the stem cells was very poor, with less than one megakaryocyte 
being acquired on average per ESC used [106]. Using TPO, SCF, and one addi-
tional cytokine, IL-11, Lu et al. reported the derivation of functional platelets 
from ESCs, but again the number was unacceptably low for clinical purposes 
[107]. Takayama et al. discovered that a saclike structure generated during the 
culturing with VEGF could create a more suitable environment for megakaryo-
cyte expansion and maturation, as they found that these structures had higher 
numbers of megakaryocytes that secreted functional platelets than did other 
regions in the culture [108]. These studies have provided a basis for the derivation 
of functional platelets from human iPSCs.

The work by Yamamoto et al. [74] described above indicated the existence of 
megakaryocytes with self-renewing capacity. Searching for these cells, Nakamura 
et al. reported the differentiation of hiPSCs to immortalized megakaryocytes, which 
are megakaryocytes that have extended the normal life span of approximately 
2 months to nearly half a year [109]. Key to this discovery was the dynamic control 
of c-Myc expression (Fig. 19.3). Although c-Myc is among the original OSKM fac-
tors, it is actually not part of the core pluripotency network [110, 111]. Rather, it is 
believed to act as an amplifier of gene expression and considered essential only in 
the first wave of the reprogramming [112–114]. It has also been associated with 
partial reprogramming [115, 116]. In megakaryocyte development, c-Myc overex-
pression has been observed to increase expansion, but at the cost of maturation, as 
these cells have smaller ploidy [117]. Therefore, Nakamura et al. sought to tempo-
rally control the c-Myc expression to exploit its expansion synergy without compro-
mising maturation.
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To do so, they used a destabilization domain vector system to control the c-Myc 
expression. This system also incorporated BMI1, a polycomb complex component, 
which was used to control the expressions of ARF and INK4A, and BCL-Xl, which 
was used to suppress the expression of caspases. ARF and INK4A are two apop-
totic factors that have been shown to affect MK maturity, while caspase- dependent 
apoptosis is stimulated by c-Myc [118]. Importantly, BCL-XL had to be added in 
series to the culture, 2–3 weeks after introducing c-Myc and BMI1, as mixing all 
three together did not result in megakaryocytes that shed functional platelets. 
Suppressing the expression of these molecules was accompanied by an increase in 
the expressions of GATA1 and NF-E2. Feng et al. showed that small molecules 
could also be used to regulate the c-Myc expression and achieve similar platelet 
output [119].

Lee et al. have estimated that platelet generation ex vivo for adequate therapy 
will require expanding one HSC into several hundred megakaryocytes and from 
there acquiring several hundred platelets from one megakaryocyte [120]. iPSC- 
derived megakaryocytes, including immortalized megakaryocytes, however, fall 
well short of these targets. Furthermore, the platelets that are shed typically tend to 
be larger and are less responsive. Therefore, researchers have designed bioreactors 
that recapitulate the natural microenvironment to enhance megakaryocyte expan-
sion and maturation.

TPO

HSCs

Human  iPSCs

PlateletsErythrocytes

C-MYC
Overexpression

Platelets
or RBCs
production

Self -replicating 
Megakaryocytes 

Self -replicating 
Erythroblasts 

iPSC
Expansion

Fig. 19.3 iPSC systems have helped uncover self-replicating erythroblasts and megakaryocytes 
that are direct intermediates of HSCs. The key to the maintenance of either progenitor is the tem-
porally controlled overexpression of c-Myc. These systems have the potential to respectively pro-
vide sufficient numbers of erythrocytes and platelets as alternatives to blood donations for 
transfusions. Round arrows indicate cells with self-renewing capability
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One method is to switch the culturing from two dimensions to three, which 
by increasing the surface area of the culture could increase yields since pro-
platelets would have more endothelium with which to interact. Bioreactors that 
incorporate flow and proteins representative of the osteoblast and perivascular 
niches show benefits to ex vivo generation. For example, coating the surface 
with factors such as TPO or vWF promote both MK expansion and maturation 
and was shown to increase the number of platelets generated [121, 122]. The 
osteoblast niche is a relatively hypoxic environment, thus lowering the oxygen 
content could help expand MKs [123]. It has been speculated that hypoxia sup-
presses the expression of VCAM1, which is part of the signaling pathway regu-
lated by SDF-1, and thus prevents mobilization to the perivascular niche for 
maturation [124]. Aryl hydrocarbon receptors have been shown to regulate 
HSC expansion too [125]. StemRegenin 1 is a small molecule that antagonizes 
the receptor and can increase expansion significantly [126]. Other factors that 
could improve platelet output are the chemical physical composition of the 
bioreactor, mild hyperthermia, and metalloproteinase inhibitors. Scaffolds 
made of aminated nanofibers were seen to expand HSCs, as did the elasticity 
of the substrate used for culturing [127, 128]. Hyperthermia was found to 
increase the MK yield, although not the MK ploidy and the molecular mecha-
nism responsible remains unknown [129]. Di Buduo et al. recapitulated the 
bone marrow niche using an artificial scaffold made from silk. This setup pro-
duced functional platelets and modeled multiple steps in thrombopoiesis, 
including alterations that lead to disease states [130].

Finally, the most important factor in increasing the platelet count may be shear 
stress. Again, the final step to platelet formation depends on blood flow shearing 
proplatelets into smaller and smaller size. Incorporating shear stress into the biore-
actor design was found to significantly increase both the number of platelets formed 
and rate of production [131]. Interestingly, the angle of the flow may be an impor-
tant parameter, as different angles were found to have different platelet outputs, with 
one study concluding 60° as best [132].

19.5  Erythropoiesis

The count of erythrocytes in the body exceeds that of platelets and any other cell 
type. Erythrocytes have a longer life span than platelets, reaching 120 days in 
humans. They also have some unique properties that complicate their ex vivo 
generation. For one, the development of erythrocytes involves the transition from 
a nucleated to enucleated state [133]. This transition requires a number of mor-
phological changes and is completed by the activation of macrophages that 
degrade organelles [134–137]. Antithetical to platelet maturation, which sees an 
enormous increase in the size of megakaryocytes, erythrocyte maturation is 
designed to shrink the size of the cell in order to optimize travel in blood, with 
fully mature erythrocytes being about 35 % smaller than when they first enter the 
bloodstream [138].
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Although hematopoiesis is proving much more complicated than the hierarchy 
seen in the classical model, which shows that erythrocytes and megakaryocytes are 
derived from a common bipotent progenitor, it is nevertheless clear that erythropoi-
esis and thrombopoiesis share much in common. In the case of erythropoiesis, 
erythropoietin (EPO) is the primary cytokine and acts through its receptor 
EPOR. EPO stimulates antiapoptotic factors, including BCL-Xl, which has an 
important role in heme synthesis along with the aforementioned derivation of 
immortalized megakaryocytes, while at the same time EPO inhibits pro-apoptotic 
factors [139, 140]. Strengthening the overlap between the two processes, it has also 
been found that the TPO-c-Mpl signaling axis has a critical role in erythrocyte 
development [141].

How or even if EPO leads to enucleated erythrocytes is unclear, but this ques-
tion can be explored by differentiating stem cells. Miharada et al. showed that 
including mifepristone, an antagonist of glucocorticoid receptors that promote the 
expansion of HSCs, into an EPO culture increases the yield of enucleated cells 
[142, 143]. The first derivation of erythrocytes using hPSCs comes from Lu et al. 
and Lapillonne et al., who, respectively, started with hESCs and hiPSCs. These 
cells were shown to be safe and effective for transfusions into humans [144, 145]. 
However, the amount of cells transfused was only 1 % that of a normal transfusion, 
and the erythrocytes showed a much higher proportion of globulins consistent with 
fetal blood, not adult blood. Although anemia does not occur in adult patients with 
fetal hemoglobin, fetal blood does have a higher affinity for oxygen and is thus less 
efficient at oxygen delivery [4, 146].

Adult hemoglobin is composed of two α–globins and two β–globin subunits 
(HbA), whereas fetal hemoglobin is composed of two α–globins and two γ–globin 
subunits (HbF). The fetus benefits from the higher oxygen affinity to acquire the 
mother’s oxygen [147]. Changes in globin expressions are hallmarks of different 
stages of erythropoiesis. Why proper switching does not occur efficiently in eryth-
rocytes derived from ESCs or iPSCs despite enucleation is not clear, but remains a 
persistent problem in the field [148–150]. Sankaran et al. reported that deficiency of 
BCL11A causes a switching failure to occur in mice [151]. Consistent with that 
report, Ochi et al. found that erythroid cells derived from PSCs have lower expres-
sion of BCL11A [152]. To compensate for this problem, the incorporation of organic 
compounds into erythrocytes has been proposed to manipulate the hemoglobin 
affinity, but these methods are highly experimental [153].

It should not be surprising based on the late bifurcation in erythrocyte and plate-
let lineage in the classic model that there exists immortalized erythroblasts, which 
mirrors the aforementioned immortalized megakaryocytes. Kurita et al. prepared 
immortalized erythroid progenitor cells that differentiate into enucleated erythro-
cytes [154]. However, the function of these cells was not tested. On the other hand, 
our lab was able to generate immortalized erythroblasts using iPSCs based on the 
same c-Myc strategy we used to prepare immortalized megakaryocytes (Fig. 19.3) 
[155]. Here too, temporal control of c-Myc was key, as was the simultaneous trans-
duction of c-Myc and BCL-Xl. Unexpectedly, whereas TPO was insufficient to 
produce immortalized megakaryocytes with the simultaneous transduction of 
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c-Myc and BCL-Xl, EPO was sufficient to produce immortalized erythroblasts. 
The erythrocytes produced from these cells showed good circulation when trans-
fused into mice.

 Conclusion

Despite the success of blood transfusions, there remains a critical proportion of the 
patient population that does not benefit from these treatments, and the expected 
shortage of blood donors in the near future demands alternative blood sources be 
considered. Scientists are therefore investigating ways to prepare blood cells in the 
lab by mastering the mechanisms driving hematopoiesis. Recent discoveries have 
shown that subpopulations of HSCs show much earlier markings of megakaryo-
cyte and erythrocyte lineage than previously thought. Isolating these subpopula-
tions may offer an effective way to generating platelets and erythrocytes ex vivo, 
which could provide a steady source of blood cells that is independent of blood 
donations. The remarkable ability of PSCs to proliferate indefinitely and retain the 
capacity to differentiate into any cell type gives them incredible potential for such 
work. iPSCs especially are attractive, because the source of these cells is readily 
abundant and can be made using patient cells, which makes them both an excellent 
tool for disease modeling and autologous transplantation. Moreover, iPSCs are the 
foundation of immortalized erythroblasts and immortalized megakaryocytes, two 
cell types with self-renewal capacity. Although the level of self-renewal does not 
match that of PSCs, these unipotent progenitors exclusively lead to erythrocyte and 
platelet lineage, respectively, abrogating fears about contamination, which makes 
them ideal candidates for the generation of clinically relevant erythrocytes and 
platelets. As the numbers generated of these two cells approach levels for adequate 
patient care, there is great optimism that these iPSC-based technologies will 
become the standard source for blood transfusions.
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Abstract
Platelets are the central players controlling blood hemostasis. Deregulation of 
their function leads to various bleeding disorders in human patients with some-
times life- threatening symptoms. To develop therapeutic approaches for these 
patients, we have to understand the mechanisms behind the diseases.

20.1 Gene Modifications in Megakaryocytes and Platelets

Platelets are the central players controlling blood hemostasis. Deregulation of their 
function leads to various bleeding disorders in human patients with sometimes life-
threatening symptoms. To develop therapeutic approaches for these patients, we 
have to understand the mechanisms behind the diseases.

Murine models can be employed to study the physiological role of disease-
related proteins. One of the widely used models is the gene knockout. Alternatively, 
genes can be introduced into the genome as transgenic cassettes or can be inserted 
into the locus of a cellular gene by knock-in approaches. Thanks to new gene target-
ing methods that developed in the last few years, gene modification can be intro-
duced much faster than the classical homologous recombination. However, germline 
modification can be laborious and time consuming. In many cases, scientists wish 
for faster models and target the adult cells rather than developing a new mouse 
model with the appropriate modification. However, as platelets are anuclear cells 
and do not contain a DNA genome, their genetic modification is difficult. Therefore, 
the gene has to be introduced at earlier stages such as the MK progenitors or the 
hematopoietic stem cells (HSC). For the full reconstitution of the hematopoietic 
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system after transplantation, long-term HSC have to be modified. In addition, the 
modification has to be stable and transmitted faithfully onto the daughter cells after 
cell division. Therefore, in general, integrating vectors, such as the retroviral vec-
tors, will be employed for these approaches.

In this chapter we will introduce the different gene modification strategies and 
models that can be employed to modify megakaryopoiesis and platelets. Many of 
these approaches are widely used in biological science; however, we will elucidate 
their use with a special emphasis on their performance in platelet biology.

20.2 Germline Modifications: Knockout Models

To study the function of genes and pathways in development or disease, model sys-
tems with gene deletion (gene knockout) are used. The knockout approach is based 
on the removal of an important segment of the gene that leads to the disruption of 
the open reading frame, with the consequent abolition of the expression of a func-
tional gene product. The deletion can be permanent (constitutive) or inducible (con-
ditional) when the effect is desired in a temporal and tissue-specific manner. The 
knockout technology has allowed for the development of numerous mouse strains 
and cell lines in which it is possible to study gene functions, signaling pathways, 
and disease modeling. These genetic modifications are introduced mainly at the 
embryonic stem cells level. Huge efforts have been invested with the aim of engi-
neering more accurate models since the first knockouts were published.

Modifications introduced in embryonic stem (ES) cells can generate a geneti-
cally modified mouse due to their capacity to colonize the germ line and to develop 
a complete organism (mouse) postimplantation in a foster mother [162]. Mainly 
male ES cell lines are modified, since the XY karyotype appears to be more stable 
in culture and generate many more offspring than female karyotype [103, 116]. 
During the modification and prior to implantation, ES cells are most commonly 
cultured on mitotically inactive feeder cells (MEFs) in order to maintain their germ-
line properties after genetic manipulation, although there are some feeder-indepen-
dent ES lines that show high germline competence [107, 215].

Genetic modification of ES cells in classical knockouts is performed by homolo-
gous recombination [29, 177, 211]; by taking advantage of the cellular repair 
machinery, it is possible to align and target a donor engineered plasmid with the 
corresponding region of homology within the genome, inducing recombination and 
the replacement of the wild-type genetic locus, by (usually) a drug resistance gene, 
leading to the removal of an essential DNA region of a gene, disrupting the gene’s 
open reading frame [73] (Fig. 20.1a). Targeting constructs usually contain the cod-
ing sequence of a positive drug selection marker to enrich for the population that has 
successfully recombined with the target sequence. This resistance gene is mostly 
the neomycin resistance gene (neoR), which is an aminoglycoside phosphotransfer-
ase that interferes with protein synthesis in eukaryotic cells. In the targeting plas-
mid, the recombinant DNA segment is flanked by two arms which are homologous 
with the target sequence of the gene to be deleted [180]. Although only 2 kb are 
required, 6–14 kb of homology regions are typically used [119]. However, in cases 
where the mutation to be introduced leads to the replacement of an essential exon 
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Fig. 20.1 Homologous recombination. (a) Constitutive knockout. The targeting vector contains 
an internal cassette including the neomycin-resistant gene and a polyA sequence (shown in yel-
low), flanked by two homology arms (gray boxes) which are able to recombine with the targeted 
wild-type locus within the genome. The HSV-tk is included as a negative selection marker. After 
recombination, the neoR cassette is inserted in the targeted locus replacing the wild-type sequence 
and therefore disrupting the coding sequence of the wild-type gene. (b) Conditional knockout. In 
the first step, the targeting vector is used to generate an embryonic stem cell which contains, 
flanked with two loxP sites, the coding sequence of the exons to be deleted (shown in black boxes); 
the promoter-neo resistance gene cassette (NeoR, yellow box) is flanked by Frt sites. The neoR can 
be removed by the administration of the Flp recombinase. After the generation of the mice with the 
engineered genomic locus, these mice can be bred to mice expressing the Cre recombinase. These 
mice can express Cre in all tissues, in a tissue-specific or inducible manner

by the neoR without including a polyadenylation signal, downstream exons of the 
gene could be also transcribed and spliced. To avoid this problem, neoR is often 
transcribed in the direction opposite to the wild-type gene. In these cases, a strong 
promoter drives the expression of the neoR. The inverted orientation of the neoR also 
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ensures that the strong promoter will have no transcriptional effect on any genes 
downstream of the knockout [73, 134].

To increase the accuracy of selection, in most cases the donor plasmids also 
include a negative selection marker outside of the homology arms in order to dis-
card random integrated clones (Mansour et al. 1988) (Fig. 20.1a). For example, the 
herpes simplex virus thymidine kinase (HSV-tk) can be used for negative selection, 
as it phosphorylates drugs like ganciclovir or FIAU (1-[2′-deoxy-2′-fluoro- β-D-
arabinofuranosyl]-5-iodouracil) into cytotoxic compounds in HSV-tk-positive cells, 
thereby eliminating random integrated recombinant clones [73, 134].

Many methods can be used for the introduction of the DNA into the ES cells, 
including calcium phosphate precipitation, electroporation, and nuclear microin-
jection [116]. However, regardless of the low rate of stable recombinants obtained 
by electroporation (10−5–10−2), it is the most often used technique, because large 
amounts of cells can be transfected. In contrast, nuclear microinjection has the 
advantages of being the more efficient method (10–20 % of the cells become sta-
bly transformed) [116] and leading to a better targeting ratio (1:15 targeted recom-
binants to random integration [73]). To identify clones with the desired 
recombination event, screenings are needed, usually by Southern blot and PCR 
analysis. Clones with random integration of the complete vector are excluded 
upon drug treatment. Once a stem cell with the designated genetic alteration is 
identified, the ES cell clone is expanded and injected into a blastocyst and 
implanted into a foster mother. The mice obtained from the mating of chimeric 
mice with the wild-type mice will be either wild type or heterozygous for the tar-
geted mutation, and these heterozygous mice must be bred to homozygosity in the 
descendent [13].

20.3 Conditional Knockout Systems

In some cases, constitutive knockout mouse models die at early fetal-embryonic 
stages or offspring are not viable because the permanent deletion of the respective 
gene may be detrimental to early stages in development. To overcome this problem, 
gene deletion has to take place at later stages of development or even in the adult 
mouse. To achieve this, knockout systems were developed in which a spatial-tem-
poral targeting is possible. These new knockout systems are based on the work of 
Sternberg and Hamilton who, by studying the bacteriophage Pl site-specific recom-
bination, identified the two important elements for the recombination event in a 
bacterial-free system [183]: a site called loxP, a 34 base-pair sequence containing 
two 13 base-pair inverted repeats, separated by an eight base-pair spacer region 
[81], which must be present in both sites of the recombining cassette. The other ele-
ment identified was an enzyme that mediates the recombination event codified by 
the PI gene called Cre (cyclization recombination or cause recombination). Cre 
recombinase is a protein of 343 amino acids with two distinct domains. The amino 
terminal domain contains residues 20–129 and it is formed by five alpha helixes; 
two of which make contact with the loxP sites. The carboxy-terminal domain of the 
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enzyme consists of 132–341 amino acids and harbors the active site of the enzyme 
[68]. Under this premise, any cassette or gene flanked by two loxP sites and in the 
presence of the Cre enzyme would recombine and be excised [42] (Fig. 20.1b). In 
this approach, cassettes for which recombining is desirable very often contain a 
selection marker and mark the germline-modified mice with floxed alleles (cur-
rently phenotypically wild type). These mice have to be bred to Cre-expressing 
mice to allow the generation of the knockout and open up the possibility of tissue-
specific and inducible knockouts. To achieve this, the Cre has to be expressed in a 
tissue-specific manner, e.g., expression of the Cre is controlled by a tissue-specific 
promoter or knocked into the locus of a tissue-specific gene, or in an inducible man-
ner when expressed by an inducible promoter.

Another attractive feature of the Cre system is that several types of recombina-
tion events can be produced depending on whether the loxP sites are placed in the 
same DNA molecule (recombination in cis) or in different molecules (recombina-
tion in trans). Besides, the loxP site orientation is important, since it is possible to 
generate insertions, inversions, translocations, and single point mutations. If the 
two loxP sites have the same orientation, the DNA region situated between these 
loxP sites is deleted during recombination. If the orientation of the two loxP sites is 
opposed to each other, recombination leads to the inversion of the region comprised 
by the two sites; when the loxP sites are both integrated in different places in the 
genome, recombination in trans induces chromosomal rearrangements. However, 
these rearrangements are not so easy to generate and therefore require accurate 
selection methods [13]. A rare event, but also possible, is the generation of inser-
tions, if one loxP site is integrated in the genome and the other is carried by a cir-
cular plasmid; in this case, an insertion of the sequence carried by the plasmid can 
be generated. To increase the frequency of such an event, mutant lox sites can be 
used [11].

Although less often used than the Cre recombination system, other recombi-
nases are characterized. In this context, O’Gorman and collaborators in 1991 
described a recombination system based on the site-specific recombinase, FLP-1 
from Saccharomyces cerevisiae [146], which can also mediate recombination 
events in embryonic stem cells [26, 47]. The Flp recombinase (flippase) consists 
of a 13-kDa NH2-terminal domain (p13) and a larger 32-kDa COOH-terminal 
domain (p32) with the major determinants for DNA binding and was originally 
isolated by Broach and Hicks [24]. The nucleotide sequence of the flippase recog-
nition target (FRT) site is 34-bp long. The site contains two palindromic sequences 
of 13 bp each, separated by a central and asymmetric sequence of 8 bp, or spacer, 
which defines the orientation of the site. The recombinase binds the palindromic 
sequences, whereas the spacer is the site of DNA break, exchange, and ligation 
[40, 196].

Similarly to the Cre-LoxP recombinase system, the position and orientation of 
the two FRT sites will also determine the outcome of the FLP-mediated recombina-
tion. FLP excises DNA fragments as a circular molecule, when the DNA target 
region is located between two FRT sites having the same orientation. The excision 
reaction is reversible; however, the reintegration of the excised circle into the linear 
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product is kinetically less favorable than excision of the circle, and excision prod-
ucts may accumulate with time [196]. Inversions of DNA segments can be gener-
ated, when they are located between two FRT sites in opposite orientation. FLP can 
also mediate recombination between two FRT sites located on different or nonho-
mologous chromosomes; if this is the case, FLP will exchange the chromosomal 
sequences located downstream of the sites, leading to a reciprocal translocation. To 
insert a circle into a linear chromosome or to generate an inversion event, FRT vari-
ants can also be engineered to allow a single and irreversible single-stranded recom-
bination (SSR) event [104].

By sequencing the 7-kb immC region from four P1-related phages, Sauer and 
McDermott identified a novel DNA tyrosine recombinase from the phage D6, which 
is closely related to the P1 Cre recombinase, including the capacity of recombina-
tion in mammalian cells, but differs from Cre in their DNA recognition site [166]. In 
this case, the Dre recombinase presents DNA specificity for a 32-bp DNA site, 
called rox, and no host bacterial proteins are required for efficient Dre-mediated site-
specific DNA recombination. Later on Anastassiadis and collaborators developed a 
more sophisticated Dre system, called “Dre-PBD,” which provided an efficient and 
tightly controlled system for the inducible expression of Dre recombinase activity in 
mammalian cells. In their study, they generated a Dre recombinase fused to the PBD 
(progesterone ligand-binding domain) in a targeting construct, using a PBD that had 
been truncated at the C-terminus in order to induce the recombination event in a 
RU486-dependent manner in both the fibroblast and ES reporter cells [6, 7].

20.4  Spatial-Temporal and Tissue-Specific Knockouts to 
Model Platelet Disease

Cre expression can be tissue specific or temporally controlled based on the expres-
sion from inducible promoters (e.g., tet-responsive promoter) or by the generation 
of ligand-dependent chimeric Cre recombinases (e.g., tamoxifen inducible) 
(Fig. 20.2).

One inducible model was developed by Feil and collaborators [51, 52] who fused 
the Cre recombinase to the mutated human estrogen receptor (ER) ligand-binding 
domain (LBD), and therefore, expression of Cre can be regulated by the addition of 
tamoxifen [52]. Tamoxifen is administered to the mice either by injection or via 
their food. This inducible system, for example, has been used to study the condi-
tional ablation of Gata-1 [70]. Another model is based on the combination of the 
Cre-loxP system with tetracycline-mediated regulation of gene expression 
(Fig. 20.2b). This approach allowed the spatially and temporally controlled expres-
sion of the Cre recombinase. In this inducible model, Utomo and collaborators, for 
example, used the retinoblastoma (RB) or the whey acidic protein (WAP) promoters 
to drive expression of the rtTA (for tissue-specific expression), while the Cre expres-
sion was controlled by the tetO-hCMV promoter (for temporal induction). Without 
doxycycline, rtTA is inactive and unable to induce transcription of Cre. In the pres-
ence of doxycycline, rtTA binds to the tetO-hCMV promoter leading to Cre expres-
sion [197]. Making use of the transgenic mouse expressing the rtTA from the CMV 

L.J.L. Rey and U. Modlich



427

d  Lineage-specific and doxycyclin-inducible Cre

Tissue specific expression

rtTA

rtTA
(Inactive)

Temporal specific expression

Dox+

Cre

rtTA
(Active)

b  Tamoxifen-inducible Cre  

Cre LBD

LBD
Cre

LBD
Cre

LBD
Cre

HSP90

Inactive 
Cre

Administration 
of tamoxifen

HSP90

Active Cre

LBD
Cre

MX1
promoter

a  Interferone-inducible: MX1-Cre  

c  MK-specific: platelet-factor 4 promoter-Cre 

Codon 
optimized

Administration 
of doxycycline

Administration of 
poly iC

Cre

Cre

Cre

Cre

Cre

Cre

Cre

nls Cre myc
Tag

pA

Promoter

Lineage-specific 
promoter

Tet-inducible
Promoter

Cre

Cre

Cre

Cre

Cre

Cre
Cre

Cre

HSP90
HSP90

LBD
Cre

LBD
Cre

Cre

CreCre

Cre

Cre Cre

Pf4P

INF   inducible 
promoter 
α β
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pl-pC (synthetic double-stranded RNA polyinosinic-polycytidylic acid) which activates the cells’ 
immune response and induced interferon. Mice carrying the floxed targeted gene will only develop the 
targeted mutation, once the Cre is expressed after the administration of the pl-pC [102]. (b) Tamoxifen-
inducible Cre. The Cre recombinase is fused with the estrogen receptor ligand-binding domain (LBD), 
and to avoid permanent induction by the endogenous steroids, an internal mutation is introduced in the 
LBD domain to keep the affinity just for synthetic hormones. One modification of this model was per-
formed by Feil and colleagues, where, by the introduction of the point mutation G521R, the induction of 
the LBD domain became sensitive to tamoxifen. In a non-induced state, the Cre is expressed but remains 
inactive by the binding of the LBD to a heat shock protein (HSP90). After administration of tamoxifen, 
LBD is not bound anymore, and Cre becomes active to mediate the recombination event [52]. (c) 
Megakaryocyte-specific platelet factor 4 promoter Cre. In this model, the rat platelet factor 4 promoter 
drives the expression of the Cre, which has been fused to a nuclear localization signal and a myc-tag. The 
coding sequence is followed by a polyadenylation signal (polyA). Because of the use of a promoter frag-
ment of a megakaryocyte- specific gene, Cre is expected to be expressed only in the megakaryocyte lin-
eage [190]. (d) Lineage-specific and doxycycline-inducible Cre. This approach allows the spatial and 
temporal control of the Cre expression by the use of a tissue-specific promoter driving the expression of 
the reverse tetracycline-controlled transactivator protein (rtTA), which remains inactive until doxycycline 
is administrated. Once doxycycline is present, it binds to the rtTA, allowing by this the induction of the 
Tet-inducible promoter and therefore the expression of Cre [197]
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promoter, the efficient expression of a miR downregulating the Bcl-XL antiapop-
totic gene induced thrombocytopenias in mice [187]. Bcl-XL is known to be essen-
tial for maintaining platelet survival [98] The rtTA can also be expressed in a 
MK-specific fashion [144]. In one mouse model, the rtTA is expressed by a 1.1-kb 
fragment of the rat Pf4 promoter previously described by Ravid and colleagues 
[159] (Fig. 20.2d). Using the Pf4-rtTa mouse, e.g., the role of Survivin in mega-
karyopoiesis and platelets was studied [118].

In another inducible approach developed by Kühn and colleagues, the expression 
of the Cre recombinase was placed under the control of the Mx1 promoter. The 
myxovirus resistance 1 (Mx1) promoter can be transiently activated in many tissues 
upon administration of interferon (IFN-α and IFN-β) [83] or by a synthetic double-
stranded RNA polyinosinic-polycytidylic acid, also called pI-pC or poly(I:C), 
which induces the cells’ response to viral infections and, in doing so, induces type 
1 interferons. Therefore, those mice carrying a floxed target gene and a Mx1-Cre 
transgene will only develop the targeted modification after the administration of 
interferons or the poly(I:C) compound [102] (Fig. 20.2a).

Besides the transgenic approaches, Cre can also be delivered by viral vectors. 
Anton and Graham developed a replication-deficient human adenovirus type 5 vec-
tor expressing the Cre recombinase gene under the control of the human cytomega-
lovirus immediate-early promoter (CMV, vector named AdCre). Transient 
expression of Cre after coinfection of 293 cells with the AdCre and adenoviral vec-
tor carrying the luciferase cDNA whose expression was blocked by the presence of 
an external floxed DNA sequence turned on luciferase expression after excision of 
this floxed sequence [9]. Following this initial demonstration of the concept, AdCre 
has been exploited for in vivo Cre delivery into different tissues [4], or for ex vivo 
delivery, for example, into T cells [218].

The most widely used application of the Cre-inducible system for the study of 
gene function in platelets is the transgenic mouse expressing Cre under the control of 
the murine platelet factor 4 (Pf4) promoter generated by Tiedt et al. [190] (Fig. 20.2c). 
In this mouse, a codon-optimized Cre was inserted in the position of the first exon and 
expressed from the murine Pf4 promoter that was included as transgenic cassette into 
the mouse genome. The upstream and downstream sequence consists of about 100 kb 
in total, also containing four reading frames of further genes (Cxcl5, Cxcl7 (Ppbp, 
pro-platelet basic protein),Cxcl3, and Cxcl15). Functionality and specificity of the 
Cre recombinase in the Pf4-Cre mouse were tested by breeding to the Rosa26 LacZ 
reporter strain [179] and to the β1-flox/flox mouse [63]. Tiedt et al. demonstrate the 
megakaryocyte-specific LacZ expression and the prevention of the lethal phenotype 
of the complete (constitutive) integrin β1 knockout by the lineage-specific deletion of 
the integrin β1 only in megakaryopoiesis. In contrast, Calaminus and collaborators 
analyzed the specificity of the Pf4-Cre mouse by intercrossing to a reporter line 
(Rosa26-tdRFP, Pf4-Cre) and reported significant levels of recombination in both 
fetal liver and bone marrow HSCs. They also demonstrate that Cre activity under the 
Pf4 promoter extends to other blood cell lineages (myeloid and lymphoid) and up to 
50 % in the HSC compartment [28]. However, in a very similar approach by Ng et al., 
analyzing Pf4-Cre mice crossed with mice carrying a floxed Rosa EYFP locus they 
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did not detect recombination outside the megakaryocytic lineage [143]. Most recently, 
Pertuy and colleagues [154] detected intestinal epithelial cells in the distal colon to 
have recombined their floxed genomic locus under the Pf4-Cre conditions. 
Furthermore, 80 % of the Apc flox/flox;Pf4-cre mice developed APC depletion-
induced tumors. In the blood, they only very rarely detected recombined cells 
(~0.3 %). Positive cells were found as a subset of tissue-infiltrating leukocytes, which 
were positive for F4/80 and therefore part of the monocyte/macrophage lineage. The 
activation of immune cells from the spleen with PMA also increased the number of 
cells that underwent Cre-mediated recombination, as measured by the GFP reporter 
expression.

In addition to Pf4, CD41 (integrin alpha 2b, glycoprotein IIb) is also a suitable 
marker for adult megakaryocytes and platelets, and a CD41-Cre transgenic mouse 
was generated. In a first approach, ~5-kb sequence of the murine GPIIb gene (2.5 kb 
of the upstream and 2.8 kb containing the first exon and intron sequences) was used 
to express nls-Cre in transgenic mice [49] and crossed with a Rosa26 reporter mouse. 
In agreement with CD41 expression during the hematopoietic development, recombi-
nation could be detected in the yolk sac (day 8.5), AGM and dorsal aorta (day 9.5), 
and the fetal liver which at day 12.5 contained ~60 % recombined hematopoietic cells. 
Surprisingly, in the adult hematopoiesis in 2-month-old mice, recombined cells con-
tribute with below 5 %. This was a very surprising observation and could be explained 
in two ways: (1) only a subset of the CD41-positive fetal HSC give rise to the defini-
tive adult HSC, and/or (2) a second wave of fetal HSC arises that does not undergo a 
CD41-positive stage. In the same study, a Cre knock-in into the first exon of the 
endogenous alpha 2b locus was performed which unexpectedly did not mark the 
embryonic and fetal hematopoiesis to the same extent. In an independent approach to 
generate a CD41-Cre mouse [145], using a 2.7-kb upstream fragment of the murine 
alpha 2b gene to drive expression of Cre with a nuclear localization signal (nls-Cre), 
a restriction of recombination events to the adult megakaryocytic lineage was reported; 
however, fetal hematopoiesis was not analyzed in depth in this study. Another trans-
genic mouse utilized a 2.7-kb fragment of the alpha 2b promoter to drive the thymi-
dine kinase (tk) gene which could delete tk-positive cells by the application of 
ganciclovir. In this study, thrombocytopenia could be induced by ganciclovir under-
lining the functionality of the CD41 promoter fragment in adult megakaryopoiesis 
[194]. In the meantime, also a CD41 knock-in mouse was generated expressing the 
yellow fluorescent protein (YFP) from the endogenous CD41 locus and confirming 
the specific expression of CD41 in megakaryopoiesis in the adult mouse [222].

20.5 Transgenic Models

In the transgenic approaches, genes are introduced into the genome for overexpres-
sion. In general, they are not at their physiological location in the genome, and 
expression is not controlled by their physiological promoter. In some cases a pro-
moter fragment of the same gene is used. Therefore, mice are provided by an addi-
tional gene copy, sometimes even with multiple gene copies. Constructs for 
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generating transgenic mice usually consist of a promoter/enhancer region with tran-
scriptional start site, introns (for improved transgene expression in mouse lines), 
protein-coding sequence (cDNA) from the gene of interest, and a polyA sequence. 
The protein-coding sequence (cDNA) has to contain the translation start site, the 
ATG start codon, sometimes with a Kozak consensus sequence placed in front. The 
entire transgene element is usually excised from the vector backbone before zygote 
injection. The inclusion of protein tag sequences to the transgene, like VSV-g, 
6xHis, HA, V5, or Myc epitopes, can be helpful to detect the transgene expression 
as specific antibodies to these epitopes are available. This strategy allows differen-
tiating endogenous versus transgenic expression.

Transgenic mice are generated by microinjecting the transgenic construct into a 
fertilized oocyte, zygote, or spermatogoneal stem cells, by the use of retro- and len-
tivirus vectors [32, 84, 94] or by transfecting a transgenic construct into the mouse 
embryonic stem (ES) cells and then injected into the mouse blastocysts [199]. 
Transgenic approaches can also be used to analyze tissue-specific or developmental 
stage-specific gene expression by introducing reporter genes, such as β-galactosidase 
(lacZ) or green fluorescent protein (GFP), under the control of a specific gene pro-
moter, whose expression can be followed or tracked during development [36].

One extensively used approach when studying megakaryopoiesis is the transgenic 
mouse with megakaryocyte-specific transgene expression driven by the platelet fac-
tor 4 promoter (Pf4) developed by Ravid and colleagues as was already introduced in 
this chapter, Sect. 20.4 (rat Pf4 promoter [159]). The targeting plasmid was con-
structed by fusing 1,104 bases of the 5′ upstream sequence of the rat Pf4 promoter, 
the cap site to +20 bp, Kozak sequence, and the coding DNA. In contrast to what has 
been shown in more recent studies using the murine Pf4 promoter consisting of a 
longer sequence [28], transgenic mice generated with the rat Pf4 promoter expressed 
the β-galactosidase gene exclusively in the platelets and megakaryocytes, but not in 
the erythrocytes and leukocytes blood cell lineages in the adult mouse. Analysis in 
other tissues also revealed the lack of transgene expression in the brain, heart, intes-
tine, kidney, liver, lung, and skeletal muscle in the adult mouse.

Few years later, in 1996, Thompson and collaborators expressed a c-Myc ERT 
fusion from the Pf4 promoter [188]. They found the overexpression of c-Myc in 
megakaryocytes of transgenic mice to increase the fraction of proliferating mega-
karyocytes, but not to change the erythroid or myelomonocytic lineages. When they 
tested whether the changes in megakaryocytes differentiation were associated with 
changes in Cyclin A and D3 expression (since Cyclin A is essential for the entry into 
S phase and Cyclin D3 is essential for the development of polyploid megakaryo-
cytes), they observed that Cyclin D3 was downregulated, while the level of Cyclin A 
was slightly upregulated, concluding that cultured megakaryocytes overexpressing 
c-Myc were induced to proliferate, but have a limited potential to fully differentiate.

Transgenic mouse models have also been used to study hemophilia, e.g., hemo-
philia A. Yarovoi and collaborators generated transgenic FVIII expressing mice, 
with the aim to correct the FVIII circulating levels in hemophilic mice, by targeting 
the expression of coagulation FVIII into the alpha granules of the platelets [214]. 
This is an alternative approach to avoid the immune responses and development of 
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inhibitors against recombinant FVIII in hemophilic patients. They used the GP1b 
alpha promoter to drive the expression of B-domain-deleted FVIII fused with the 
alpha granule sorting signal targeting of the von Willebrand factor (vWF). They 
were able to show that in the transgenic mouse model, targeted FVIII can be ectopi-
cally expressed not just in developing megakaryocytes but also in circulating plate-
lets within their alpha granules. This report is the first evidence that platelets can be 
potentially used as carrier cells for the transport of therapeutic proteins, since from 
these modified platelets, the transgenic coagulation factor VIII was released and 
corrected the bleeding time in FVIIInull mice. In another model, Kufrin and col-
leagues generated transgenic mice using 1.2 kb from the murine Pf4 promoter to 
express the urokinase plasminogen activator (uPA) [101]. Transgenic mice pre-
sented with altered platelet biology and bleeding diathesis, similarly to what is 
observed in patients with Quebec platelet disorder; mice were also resistant to 
developing occlusive arterial thrombi in a FeCl3-induced carotid artery thrombosis 
model. As these mice did not develop bleeding symptoms under steady state condi-
tions, the antithrombotic effect was local after platelet activation. The transfusion of 
urokinase-expressing platelets into wild-type mice also prevented thrombus forma-
tion in the transfused mice. This model demonstrates the possibility to genetically 
modify megakaryocytes to alter platelet function from a pro-thrombotic to anti-
thrombotic phenotype.

20.6  Mouse Transgenesis with the Sleeping Beauty 
Transposon System (SBTS)

Another alternative for the generation of transgenic mice is the modifications of ES 
cells by the sleeping beauty transposon system. In contrast to retroviral vectors 
which have the problem to be recognized as foreign genetic material and are often 
silenced [89, 110, 113], transposon-mediated transgenesis encounters this problem 
less frequently.

Transposons were discovered in 1940 by Barbara McClintock who later on 
would earn the Nobel Prize for the discovery. These elements are known as DNA 
segments which are able to move or “jump” within the genome by a cut and paste 
mechanism. Ubiquitously found in nature, these elements are part of the genome of 
basically all living organisms; but they were not used as a vehicle for gene delivery, 
until 1997, when Ivics and collaborators demonstrated that, by eliminating the inac-
tivating mutations of one ancient transposon system, sleeping beauty, a Tc1-like 
transposon from fish, they could reactivate the transposase, and transposition in 
human cells was possible [86].

The SBTS technology offers a nonviral system for gene delivery as an alternative 
for transient and long-term expression. The transposable elements (sleeping beauty, 
but also others such as piggyBac transposon derived from the cabbage looper moth 
or the frog prince transposon derived from the leopard frog) contain a single gene 
encoding the transposase, which is flanked by terminal inverted repeats (IR/DRs), 
each one containing two binding sites for the transposase. For gene therapy 
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purposes, the transposase gene within the element can be replaced by a therapeutic 
gene. The sleeping beauty transposon in a plasmid provides only transient expres-
sion of a transgene from a promoter, unless the transgene is transposed for integra-
tion into the host genome. Therefore, for long-term expression, the SBTS consists 
of two components: a transposon containing a gene expression cassette and the 
coding sequence for the transposase enzyme which is usually provided in trans on a 
different plasmid than the transposon. The transposase binds the IR/DR domains 
flanking the transgene and forms a synaptic complex, in which the transposon forms 
a loop and the inverted repeats are paired. Finally, the transposon is excised from the 
donor plasmid and integrates into the genome. In doing so, the SBTS works on a cut 
and paste mechanism [88].

There are several methods for delivery of the transposon system into a cell in 
culture (with electroporation or transfection) or in a tissue (e.g., by hydrodynamic 
injection) [12]. For animal transgenesis, pronuclear microinjection of sleeping 
beauty transposons is performed. In recent papers, Ivics and Izsvác describe a 
method for the use of the SBTS system by the co-injection of the synthetic mRNA 
encoding the hyperactive transposase SB100X, together with a circular DNA plas-
mid carrying the transposon into the pronuclei of fertilized oocytes of rodents [87].

20.7 Knock-In Mouse Models

Knock-in models are based on the targeted insertion of a new gene in a particular 
locus, by using homologous recombination in embryonic stem cells. In this case, 
instead of a loss of function by deleting an important segment of a gene, a gain of 
function from a new coding sequence is desired. In addition, targeted mutations can 
also be achieved by the replacement of the wild-type sequence by a mutated version 
within a targeting construct. If the knock-in of a mutant gene was to be inducible, a 
stop cassette flanked by loxP recombination sites is inserted in front of the mutant 
gene of interest, thereby preventing its expression. By expression of the recombinase 
(Cre, Flp, Dre), the stop cassette is excised and the mutant cDNA is expressed [158].

One well-known example in platelet research is the expression of the human gly-
coprotein IB alpha (GPIBA) gene from the murine locus. By disrupting the coding 
sequence of the murine GPIba gene, Ware and collaborators generated a murine 
model resembling the hallmark characteristics of the human Bernard-Soulier syn-
drome. In the next step, by replacing the missing murine gene with the human version 
of the GPIba gene, they were able to rescue the murine Bernard-Soulier phenotype 
and by this strategy demonstrated a direct link between the expression of a GPIb-
IX-V complex with a normal megakaryopoiesis and platelet morphogenesis [205].

Zhang and colleagues developed a CD41-YFP mouse containing YFP-labeled 
megakaryocytes and platelets. In this case the yellow fluorescent protein (eYFP) 
cDNA was inserted just after the start site of the GPIIb gene by homologous recom-
bination into embryonic stem cells [222]. In a different model, by inserting the 
cDNA of the green fluorescent protein (GFP) into the growth factor-independent 1b 
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(Gfi1b) gene locus, Vassen and collaborators were able to track the expression pat-
tern of Gfi1b in erythroid cells, megakaryocytes, and their progenitor cells [200].

20.8 In Vivo Models Using Viral Vectors for Gene Transfer

For gene delivery into adult stem cells which cannot be cultured for prolonged 
times, transfer vectors have been developed that are derived from viruses and take 
advantage of the viral characteristics to infect target cells more easily than the non-
viral transfer systems. For the stable integration of genetic material and therefore 
the long-term modification of cells, retroviral vectors are the transfer system of 
choice. They transduce their target cells by receptor-mediated binding and uptake 
and integrate their genome utilizing their viral integrase. By deletion of the viral 
coding genes from the wild-type viral genome, vectors were generated that cannot 
replicate and give space to transfer coding sequences of other genes of interest into 
cells (Fig. 20.3).

The most advanced retroviral vectors are derived from the gammaretroviral 
murine leukemia viruses [114, 123, 209] and the human immunodeficiency virus 
(HIV) [45, 139], known as the lentiviral vectors. Other retroviral vector systems are 
developed from the equine infectious anemia viruses (EIAV) [45, 127], the simian 
immunodeficiency viruses (SIV) [142], foamy viruses [192], and alpharetroviruses 
[184]. The simplest genome carries the gammaretrovirus, and all their genes are 
shared by the other members of the retrovirus family: (1) the group-specific antigen 
(gag), which encodes for the matrix, capsid, and nucleocapsid, (2) the pol gene 
(codes for the protease, reverse transcriptase, and integrase), and (3) the viral enve-
lope (env). In the case of the complex lentivirus, additional genes are encoded in the 
viral RNA such as the rev gene and other accessory genes. The interaction of the 
Rev with the rev responsive element (RRE) contained in the viral RNA mediates the 
nuclear RNA export [115, 157]. To produce retroviral vectors, the viral genes are 
placed on the so-called helper plasmids which for the production of viral vector 
particles are cotransfected into the packaging cell lines [121, 216]. Packaging cells 
are cell lines that by expressing all necessary viral proteins produce the viral parti-
cles and release them into the cell culture supernatant.

Retroviral particles have a diameter of 100 nm and consist of an enveloped 
nucleocapsid and two copies of single-stranded RNA. The viral RNA contains a 5′ 
cap structure and a 3′ polyA tail. After infection of the target cells, the RNA is con-
verted into double-stranded DNA by the reverse transcriptase and with the help of 
the integrase inserted into the host genome.

The integrated provirus contains two long terminal repeats (LTRs) on each site. 
The LTRs, contain the viral enhancer and promoter (in the unique U3 region), the 
cap and polyadenylation signals (in the R-region), and the attachment site (att). The 
retroviral 5′ untranslated region consists of the R- and U5-region, the attachment 
site (att), the primer binding site (PBS), and the packaging signal (ψ). R-region, att, 
PBS, and ψ are equally essential for the replicating virus and the vector as they 
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a  Proviral genome structure of the human immunodeficiency virus 
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Fig. 20.3 Viral vector development. (a) Proviral genome structure of the human immunodeficiency 
virus. The proviral genome is flanked by long terminal repeats (LTR) (in black boxes) that provide 
the transcriptional control (by enhancer-promoter elements), start, and polyadenylation signals. The 
leader region contains the primer binding site (PBS) for the initiation of the reverse transcription, the 
splice donor site (SD), as well as the packaging signal Ψ. Downstream of the viral coding sequence 
is differentiated into gag (coding for structural protein matrix (MA), capsid (CA), nucleocaspid (NC) 
and P6 protein), the pol (coding for replication enzymes, PR, protease; RT, reverse transcriptase; IN, 
integrase), and env (envelope protein). The lentiviral genome contains accessory proteins (viral infec-
tivity factor (vif), viral protein r (vpr), viral protein u (vpu), regulator of expression of virion proteins 
(rev), transactivator of transcription (tat), and negative factor (nef)) that are generated by alternative 
splicing and promote the maintenance of the viral infectivity. (b) Architecture of a lentiviral vector. 
For therapeutic purposes, the genome of the virus is modified, in order to generate replication-defi-
cient viral particles. The gag, pol, and envelop proteins are removed and replaced by the coding 
sequence of the transgene. Elements like PBS, SD, Ψ, and splice acceptor (SA) are retained in the 
vector to guarantee packaging of the viral RNA (Ψ) and the initiation of reverse transcription (PBS). 
(c) Helper plasmids for viral production. For the generation of infectious viral particles, proteins like 
gag, pol, env, and rev are delivered in trans (from different expression plasmids). This allows the 
packaging and assembly of all structural proteins needed, but, because the RNA of these plasmids 
lack the packaging signal, just the RNA coding the transgene is packaged in the viral particles

mediate the packaging of the viral RNA (ψ), the initiation of the reverse transcrip-
tion (PBS), and the integration (att). In contrast, enhancer and promoter sequences 
in the U3-regions can be deleted, and instead, a promoter can be inserted in an 
internal position just upstream of the cDNA. Retroviral vectors with this architec-
ture are named self-inactivating (SIN) vectors because during the production the 
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viral RNA is transcribed from the 5′LTR, but the deletion in the 3′LTR is copied to 
the 5′ position during the RT. For this reason, the U3-region is deleted in the inte-
grated viral vector genome [99, 217, 224]. The SIN configuration minimizes the 
chance of replication-competent viral particles to occur during the treatment with 
gene vectors and allows the use of lineage-specific or inducible promoters in an 
internal position to express the transgene.

Retroviral vectors enter the cells by binding to specific cell surface molecules 
which are predefined by the viral envelope protein. Therefore, the tropisms of viral 
vectors can be modulated by the envelope protein [16]. For example, the murine 
ecotropic retrovirus binds the mCAT receptor, and the amphotropic virus binds the 
PIT-2 receptor. HIV-derived lentivirus recognizes CD4 and CXCR4/CXCR5 on the 
surface of T cells, but by pseudotyping with the vesicular stomatitis virus glycopro-
tein (VSVG), which binds the LDL receptor [53], the tropisms for transduction are 
very broad.

After entering the cell, the viral particle undergoes uncoating and the viral 
RNA is released but hidden in the pre-integration complex (PIC). The reverse 
transcriptase contained in the particle mediates the generation of the double-
stranded DNA. The PIC travels along microtubules to the nuclear membrane. In 
the case of lentiviral vectors, the DNA can enter the nucleus via the nuclear pore, 
while gammaretroviral vectors rely on the breakdown of the nuclear membrane 
during mitosis [122]. As HSCs are only slowly cycling, lentiviral vectors are 
favored over gammaretroviral vectors for HSC transduction [66]. The integration 
of the double-stranded viral DNA is mediated by the integrase. The attachment to 
the genomic DNA is determined by specific tethering factors which bind to the 
integrases (LEDGF for lentiviruses [35], BET proteins for the gammaretroviruses 
[69, 41, 171]). These specific interactions explain the typical integration site pref-
erences of the different members of the retoviruses; gammaretrovirus prefers to 
integrate into promoter regions and CpG islands, while lentivirus integrates within 
genes. Both of them tend to target actively transcribed gene regions [168]. In con-
trast alpha and foamy viruses integrate more randomly and therefore less often 
close to or in genes [126, 193].

To avoid integration-associated adverse reactions, lentiviral vector can also be 
used in a non-integrative form. However, the lentiviral genome will then not per-
sist but will be diluted with increasing cell divisions. These lentiviral vectors con-
tain an integrase with a mutation in the catalytic domain (D64, D116, E152) [156, 
213]. Therefore, after entering in the nucleus, the lentiviral genomes stay in a 
non-integrated, episomal form, as one or two LTR circles [204]. These circles also 
form during the normal life cycle of lentiviruses but are considered to be nonpro-
ductive and will not integrate at later times either. Still, the transgene can be tran-
scribed and produced, and therefore, integration-deficient lentiviral vectors 
(iDLVs) are very interesting delivery tools for transient expression, as they deliver 
the DNA to the cells via the lentiviral entry mechanism, e.g., for the delivery of 
reprogramming or transdifferentiating factors, transposase, zing finger nucleases, 
Cre, or Flp [111, 181].
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20.9  Models for Megakaryopoiesis and Platelets Using 
Retroviral Vectors

As platelets do not contain a nucleus and a cellular genome, the application of gene 
transfer methods to platelets directly is limited. Therefore, genetic modifications 
must be performed at earlier stages in platelet differentiation, either in the progeni-
tor cells or in the HSC. By transplantation of HSC into conditioned recipients, the 
hematopoiesis of the recipient mouse can be modified. Depending on the donor 
chimerism and transduction rates before transplantation, gammaretro-/lentiviral 
gene transfer to HSC allows the expression of ectopic proteins throughout the entire 
hematopoiesis.
For the analysis of gene functions in megakaryopoiesis and platelets, however, it 
may be important to restrict expression to the megakaryocytic lineage. By using 
tissue-specific promoters in retro-/lentiviral vectors, it is possible to direct expres-
sion to a certain blood lineage (Fig. 20.4). In the case of megakaryopoiesis, pro-
moter fragments of MK-specific genes can be used. This concept has been 
demonstrated by using fragments of the platelet factor 4 (Pf4) [64, 65], GPIIb [220], 
or GPIba promoters [147, 148], as internal promoters in retro- or lentiviral vectors, 
summarized in Table 20.1.

The specificity from the MK promoters is mediated by typical transcription fac-
tor binding sites and regulatory regions. One study performed by Lemarchandel et 
al. [106] identified two important consensus sequences within the human glycopro-
tein IIB promoter (GPIIB), also identified later in the platelet factor 4 promoter (Pf4) 
[125, 160], in the glycoprotein IX promoter (GP9) [17], and in the glycoprotein VI 
promoter (GP6) [55]. One of these sequences, a −55 GATA binding site, and the 
second one, located at −40, contain an Ets consensus sequence. These two binding 
elements were also identified in the glycoprotein 1b alpha promoter (GP1bα) [74]. 
A further study performed by [150] identified Meis1/Pbx as important transcription 
factors for the megakaryocyte-specific expression of the platelet factor 4 gene.

As all MK-specific promoters share similar binding sites, ideally, one consensus 
sequence for expression in MK could be determined and a synthetic promoter gen-
erated similarly to the approach published for hepatocyte-specific expression [138]. 
However, the promoter regulates only transcription, but RNA abundance is also 
controlled by posttranscriptional regulation via microRNAs. This concept has been 
successfully exploited by Brown, Gentner, and Naldini [25, 58] by introducing miR 
target sequences into the RNA transcribed from the vector after integration. They 
could demonstrate the successful detargeting of protein expression from antigen-
presenting cells or HSC after lentiviral transduction [8, 60]. With high numbers of 
integrated vector copies, and as result of high levels of transcribed RNA containing 
the miR target sites, these could even delete miR from the system by excessing miR 
binding, inducing a miR knockout situation [59].

The importance of lineage-restricted expression was convincingly demon-
strated in our study correcting the thrombocytopenia caused by Mpl deficiency in 
the Mpl−/− mouse. Human patients with MPL deficiency present with the hema-
tological disorder named congenital amegakaryocytic thrombocytopenia (CAMT, 
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c  Lineage-specific expression of GFP using lentiviral vectors 
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Fig. 20.4 Lentiviral vector for lineage-specific expression. (a) Lineage-specific lentiviral vector. 
The enhancer/promoter in the U3 region of the LTR is deleted (∆U3). This modification allows the 
use of an internal cellular promoter to control the expression of the gene of interest, in this case 
eGFP (wPre, woodchuck hepatitis virus posttranscriptional regulatory element; SD, splice donor; 
SA, splice acceptor; RRE, rev responsive element; cPPT, central polypurine tract) (Modified from 
[77]). (b) Bone Marrow Transplantation model (BMT). For genetic modification in the hematopoi-
etic stem cells (HSC) with lentiviral vectors, first the lineage marker-negative cells were isolated 
from the bone marrow of donor mice. Cells were cultured for 36 h for prestimulation with cyto-
kines and then transduced by addition of VSVG pseudotyped lentiviral particles to the medium on 
retronectin-coated wells. Transduced cells were then transplanted into lethally irradiated recipient 
mice. (c) Lineage-specific GFP expression in the blood cell. Six weeks after transplantation, blood 
cells were analyzed by flow cytometry for eGFP expression. With the use of GP1b alpha promoter 
as internal promoter in the lentiviral vector, lineage-specific expression of eGFP was achieved: 
97 % of the platelets expressed eGFP compare to the leukocytes (6.7 %) and erythrocytes (3.5 %). 
Using the ubiquitously expressing PGK (phosphoglycerate kinase) promoter as control, eGFP 
expression was observed in all blood cells without lineage specificity (30.4 % 50.5 %, and 24.9 % 
in platelets, leukocytes, and erythrocytes, respectively) (Data from D. Heckl, U. Modlich et al.)

20 Strategies for the Gene Modification of Megakaryopoiesis and Platelets



438

Table 20.1 Examples of studies utilizing gammaretro- or lentiviral gene transfer

Gene Vect. Promoter Model Outcome Reference

Hemophilia A models expressing FVIII

Human 
B-domain 
deleted FVIII

SIV-LV CMV CB-CD34+, 
transplantation 
into Nod/Scid 
mice

~10 % human 
engraftment, 
efficient FVIII 
expression 
(1.2–3.5 ng/ml, 
1–3 % of normal 
levels

[97]

eGFP, human 
B-domain 
deleted FVIII

SIV-LV hGPIba 
(−258 to 
+330) 
hGPIIb 
(−554 to 
+33)

In vitro cell 
lines, − CD34+ 
in vitro MK 
differentiation, 
BMT in 
hemophilia A 
mouse modela

Platelet-specific 
expression, 
FVIII expression 
detected

[149]

Human 
B-domain 
deleted FVIII

LV hGPIIb 
(−889 to 
+35)

BMT in 
hemophilia A 
mouse model

Sustained FVIII 
expression, 
correction of 
hemorrhagic 
symptoms, no 
inhibitors

[173]

Human 
inactivation 
resistant FVIII 
(IR8), human and 
canine B-domain 
deleted FVIII 
(hBF8, cBF8)

LV mPf4 
(−120 to 
+82)

BMT in 
hemophilia A 
mouse model

Improved 
clotting, IR8 
more effective 
than hBF8, 
except for the 
cremaster 
model, probably 
because of 
delayed onset

[65]

Human 
B-domain 
deleted FVIII

LV hGPIIb 
(−889 to 
+35)

BMT in 
pre-immunized 
FVIIInull mice

Platelet-specific 
delivery 
improves the 
phenotype

[100]

Human/porcine 
B-domain 
deleted FVIII 
hybrid

SIV-LV, 
LV

CMV, 
EF1a, 
yeast PGK

BMT in 
hemophilia A 
mouse model

SIV-LV with 
CMV promoter 
selected as the 
best performing 
vector

[91]

Human 
B-domain 
deleted FVIII 
fused to the 
VWF D domain

LV hGPIIb 
(−889 to 
+35) 
hGPIIb 
(−673 to 
+35)

Hemophilia A 
dog modelb

Sustained 
long-term 
correction of the 
bleeding 
phenotype, 
granule targeting

[46]

Human and 
canine B-domain 
deleted FVIII

LV mPf4 
(−1,120 to 
+82)

BMT in 
hemophilia A 
mouse model

Canine more 
active than 
human, but also 
increases 
apoptosis in MK

[64]
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Table 20.1 (continued)

Gene Vect. Promoter Model Outcome Reference

Human 
B-domain 
deleted 
FVIII- 
MGMT(P140K)

LV hGPIIb 
(−889 to 
+35)

BMT in 
hemophilia A 
mouse model 
non-
myeloablative 
preconditioning

Enrichment to 
mean 5 % FVIII 
expression in 
platelets by BG/
BCNU treatment

[169]

Human 
B-domain 
deleted FVIII

LV hGPIIb 
(−889 to 
+35)

CD34+ into 
NSG or 
NSGF8KO mice

Improved 
hemostasis in 
NSGF8KO 
mice, lo 
contribution of 
human platelets

[172]

Human 
B-domain 
deleted FVIII

LV MND or 
EF-1α-
short, 
hGPIba

Intraosseal 
injection, 
hemophilia A 
mice

Long-term 
expression, 
platelet-specific 
(in the case of 
hGPIba), 
phenotype 
correction

[202]

Hemophilia A models expressing FVIIa

Activated FVII, 
insertion of two 
RKR motives 
into the factor X 
activation-
cleavage site

SIV-LV hGPIba 
(−58 to 
+330)

BMT in 
hemophilia A 
mouse model

Correction of 
bleeding 
phenotype in 
mice with 
hemophilia A in 
the presence of 
neutralizing 
antibodies

[147]

Hemophilia B models expressing factor IX

hFIX-PGK.
MGMT

LV Beta 
globin 
locus 
control 
region, 
reverse 
orientation

BMT in 
hemophilia B 
mouse modelc

Erythrocyte-
specific 
expression of 
FIX, (>500 ng/
ml by vector 
copy number 
1–2)

[33]

hFIX LV hGPIIb 
(−889 to 
+35)

BMT in 
hemophilia B 
mouse model

Release from the 
platelets, 
phenotype 
correction

[220]

hFIX LV hGPIIb 
(−889 to 
+35)

BMT in 
hemophilia B 
mouse model

Sustained 
phenotype 
correction in 
serial 
transplants, no 
inhibitors 
developed

[34]

(continued)
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Table 20.1 (continued)

Gene Vect. Promoter Model Outcome Reference

Models expressing cell surface receptors

Human integrin 
beta3

GV hGPIIb 
(−889 to 
+35)

CD34+ cells of 
Glanzmann’s 
thrombasthenia 
patients with 
RSΔ9β3 and 
EAY115Cβ3 
mutations

Ex vivo 
phenotype 
correction

[208]

Human 
GPIIb-
MGMT(P140K)

LV hGPIIb 
(−889 to 
+35)

BMT in the 
αIIbβ3 deficient 
dog modeld

Improved 
hemostatic 
function, 
enrichment of 
transduced by 
drug selection

[50]

Human GPIBa, 
HA tagged

LV hGPIIb 
(−889 to 
+35)

DAMI cells, 
CD34+ cells

Detection of the 
GPIBa on the 
cell surface

[174]

Human GPIBA LV hGPIIb 
(−889 to 
+35)

BMT in mouse 
model for 
Bernard-Soulier 
syndromee

Phenotype 
correction, 70 % 
of the platelets 
pos.

[93]

Murine Mpl GV mMpl 
(−2,085 to 
+42)

BMT in wt mice, 
Mpl-/- cells into 
wt recipients

Lineage-specific 
Mpl expression 
prevents toxicity 
of ectopic 
expression

[206]

Murine Mpl LV mMpl 
(−2,085 to 
+42) hMpl 
(−770 to + 
44) hGPIba 
(−258 to 
+330)

BMT in the 
Mpl-deficient 
mouse modelf

Correction of 
aplastic anemia 
and 
thrombocytopenia

[77]

Vectors: LV HIV-based lentiviral vector, SIV-LV Simian immunodeficiency virus-based lentiviral 
vector, GV Gammaretroviral vector, MGMT(P140K) human O(6)-methylguanine- 
DNA-methyltransferase(P140K)
Promoters: hGPIba human glycoprotein Ib alpha, hGPIIb human glycoprotein IIb, also known as 
integrin alpha 2b and CD41, mPf4 murine platelet factor 4, EF1a elongation factor 1 alpha, CMV 
cytomegalovirus, PGK phosphoglycerate kinase, MND modified MoMuLV promoter with myelo-
proliferative sarcoma virus enhancer, Mpl myeloproliferative leukemia oncogene, also known as 
the receptor for thrombopoietin
Mouse models
aBi et al. [18]
bLozier et al. [112]
cWang et al. [203]
dLipscomb et al. [108]
eWare et al. [205]
fAlexander et al. [5]
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[14, 198]. The gammaretro- or lentiviral overexpression of Mpl by ubiquitous pro-
moters (viral promoter or the phosphoglycerate kinase (PGK) promoter) severely 
disturbed the balance between Mpl and its ligand thrombopoietin (Thpo). As a 
consequence, Thpo levels were reduced, causing severe thrombocytopenia in 
wild-type mice [206]. This occurred against all expectations, as Mpl is also a 
proto-oncogene, and therefore, high levels of expression will also cause activation 
of the downstream pathways and induce cell proliferation. The hyperproliferative 
phase, however, was only transient, and mice did not succumb due to myeloprolif-
erative disorders but because of severe pancytopenia. Only the restricted expres-
sion of Mpl by the Mpl promoters and also the GPIba promoter allowed the 
correction of the thrombocytopenia without side effects. As Thpo/Mpl signaling is 
also essential for the maintenance of HSC, the phenotypic picture of CAMT is the 
aplastic anemia. Mpl expression from the GPIba or Mpl promoter also rescued the 
HSC defect [77]. In this respect, the GPIba promoter demonstrated surprisingly 
high activity in HSC similar to the MPL promoter.

A 2-kb fragment of the murine Mpl promoter was characterized [223] and has 
also been used to express Mpl in the Mpl−/− mouse by transgenic approaches [105, 
189]. Due to the transfer technology generating the transgenic mice, in the study by 
Lannutti et al. 38 copies of the expression cassette were detected. Nevertheless, Mpl 
expression levels were lower than the endogenous levels in wild-type mice, but 
surprisingly, platelet counts were elevated (thrombocytosis). This can be explained 
by the high Thpo levels in Mpl−/− mice that strongly activate Mpl also when 
expressed at low levels. All these studies in the Mpl−/− mouse model highlight the 
importance to achieve physiological transgene expression levels to guarantee that 
phenotypes in murine models reflect the biological relevant situation.

20.10  Modification of Megakaryopoiesis by Adeno-
Associated Vectors

The adeno-associated viral (AAV) vectors are developed from nonpathogenic 
human parvoviruses. They are small, non-enveloped viral vectors that carry a single-
stranded DNA genome of about 5 kb (for review, see [27]). The AAV particles enter 
the cells by receptor-mediated uptake and their genomes persist as non-integrated 
episomes. For productive infectious cycles, the wild-type AAV depends on the coin-
fection with helper viruses such as adenoviruses. For the generation of vectors, simi-
lar to the retroviral system, all AAV-specific genes are removed and supplied to the 
producer cells by plasmid cotransfection. In the residual AAV genome, only the 
inverted terminal repeats (ITR) are left which do not contain enhancer/promoter 
sequences but have to flank the genomic information for productive packaging.

AAV vectors come in different serotypes that determine the tropism of infection, 
and some cells are rather resistant to AAV transduction including megakaryoblastic 
cell lines. However, by the use of a bispecific F(ab′)2 complex to megakaryocyte-
specific receptors, transduction of megakaryoblastic cell lines and primary MK 
could be achieved [15]. AAV vectors can also display proteins on their capsid 
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mediating vector binding to cell surface receptors and subsequent uptake [136]. In 
general, gene transfer by AAV vectors to dividing cells is transient and as the genome 
does not integrate, normally not applied to HSC. By in vivo vector delivery and 
targeting of post-mitotic hepatocytes, however, thrombopoietic growth factors or 
coagulation factors can be expressed with long-term impact on the in vivo pheno-
type. This concept is exploited for the treatment of hemophilia and discussed below.

20.11  Study of Gene Function in Human Platelets in 
Humanized Mouse Models

Species-specific differences make it desirable to analyze gene function directly in 
human rather than murine cells. To study gene functions, human HSC can be trans-
duced and differentiated. Clinical trials aiming for the correction of monogenetic 
diseases of the blood system rely on the long-term modification by stable integra-
tion of the therapeutic gene and also the long-term engraftment of the modified 
HSC. Therefore, in vitro transduction protocols for human CD34+ cells are well 
developed and the transplantation and engraftment in humanized mouse models 
extensively studied [165, 212]. One hurdle is the efficient transduction of CD34+ 
cells without the loss of their repopulating potential. To induce proliferation by 
maintaining stemness in vitro, combinations of cytokines are applied (stem cell fac-
tor (SCF), thrombopoietin (THPO), Fms-like tyrosine kinase 3 ligand (FLT3L) 
[167]), or SCF, THPO, Angptl5 and insulin growth factor binding protein 2 [219]. 
In addition, small drugs can be added, e.g., the aryl hydrocarbon receptor antagonist 
Stemregenin (SR1) [20] and prostaglandin E2 [57]. All these methods are well 
suited to support in vitro genetic modifications of CD34+ cells. Retroviral transduc-
tion of CD34+ human hematopoietic cells can be further improved by the use of 
more suitable envelope proteins such as the baboon retroviral envelope [62], by 
displaying specific scFv on the envelope [23, 96] or by the inhibition of pathways 
responsible for blocking lentiviral transduction [155].

There are different immune-deficient mouse strains available as recipients that 
engraft human cell and establish human hematopoiesis in vivo including mega-
karyopoiesis and platelet release. The most widely used models are the NOD/SCID 
and NOD/SCID, IL2rg−/− (NOD.Cg-PrkdcscidIl2rgtm1Wjl, NSG) mouse strains [176]. 
There are other mice developed on different genetic backgrounds, the NOD.cg-
PrkdcscidIl2rgtm1Sug (NOG), and Rag−/−, IL2rg−/− (C;129S4- Rag2tm1.1Flv, BRG) mice 
[175]. In general, all models allow the analysis of human hematopoiesis, but with 
differences in lineage contributions of human cells. So far NSG mice show the high-
est human chimerism in the BM and supported human B, T, and NK cell develop-
ment most efficiently [44].

Human platelets in the mouse are, however, difficult to obtain for reasons that are 
not well understood. In a recent study aiming for platelet-directed expression of 
human FVIII, the highest levels of human platelets within murine blood of NSG 
mice was detected 2–3 weeks after human HSPC transplantation (~50 %) and levels 
declined substantially after 5 weeks dropping to 1 % human contribution to the 
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platelet pool after 7 months [172]. The major thrombopoietic cytokine THPO is not 
completely crossreactive between human and mouse with lower activity of the 
murine Thpo on the human MPL receptor. Replacing the murine Thpo gene by 
human THPO by a knock-in strategy in BRG mice supports human HSC engraft-
ment and maintenance due to MPL signaling in HSC. However, THPO knock-in 
mice are thrombocytopenic due to lower cytokine levels (heterozygous) or complete 
lack of the murine Thpo (homozygous), and because the human THPO levels appear 
not to be sufficiently high to support human thrombopoiesis or replace the murine 
cytokine on murine platelets [163]. This finding demonstrates that the only murine 
environment may lack some of the important regulating factors for human mega-
karyopoiesis and platelet release.

20.12 Gene Therapy Approaches for Bleeding Disorders

Hematopoietic stem cell gene therapy has been employed in the clinic for the treat-
ment of monogenetic hematopoietic disorders with severe disease courses with 
great therapeutic success [3, 31, 56, 72, 152]. This therapy is based on the isolation 
of autologous HSC, their in vitro genetic modification, and subsequent re-transplan-
tation into the patient. For the long-term correction of hematopoiesis the gene cor-
rection also has to persist. Therefore, currently retro- or lentiviral vectors are the 
transfer systems of choice. Transduction with these vectors delivers the defective 
gene as an additional copy to the genome.

Although the concept of HSC-directed gene therapy is well established, the ther-
apy-associated risks for the patients are still very high. These include the risk associ-
ated with the pre-transplant conditioning or insufficient engraftment of HSC that 
underwent in vitro cytokine stimulation and transductions, and the long-term pros-
pect to develop leukemia due to insertional mutagenesis [30, 95]. Therefore, at pres-
ent, transplantation of gene-modified HSC is only applied in patients with no other 
treatment options. However, in principle gene therapy could also cure bleeding disor-
ders such as Glanzmann’s thrombasthenia (GT) or Bernard-Soulier syndrome. Gene 
therapy for the treatment of Wiskott-Aldrich syndrome has been performed [21, 22] 
and is discussed in detail in the chapter by Braun and Klein in this book (Chapter 18).

Before gene therapy can be translated into the clinics, therapy efficacy has to be 
demonstrated in preclinical animal models. By using lentiviral vectors for expres-
sion of human GPIBA and transplantation of transduced HSC, the thrombocyto-
pathia in the murine GPIba−/− mouse, a model for Bernard-Soulier syndrome, was 
corrected [93]. The treatment improved platelet counts, shortened the bleeding 
times, and normalized the platelet volume. In this study, expression from the self-
inactivating lentiviral vector was driven by the human aIIb integrin promoter, pro-
viding specificity of expression to megakaryocytes and platelets. The correction 
showed an efficiency similar to that of the transgenic expression of the human 
GPIBa in GPIba−/− mice [205]. Gene therapy approaches were also developed to 
treat GT and tested in the Great Pyrenees dog model [50]. In these dogs, the inher-
ited disorder is based on a 14-bp insertion in exon 13 of the GPIIb (integrin alpha 
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2b) gene [108]. The dogs develop symptoms similar to human GT patients and thus 
provide a very good model to study the human disease. Due to bleeding complica-
tions observed in previous transplantation trials in this canine model of GT, the 
transplantation of transduced peripheral blood CD34+ cells followed a non-mye-
loablative pretransplant conditioning with 100-cGy total body irradiation or 4-mg/
kg busulfan [50]. As a consequence of the non-myeloablative precondition, the 
donor chimerism after transplantation was expected to be low, but could be increased 
by selection for the co-expressed drug resistance gene MGMTP140K by treatment 
with O6-benzylguanine and carmustine. The contribution of gene-corrected platelets 
was enriched to 10 % which remained stable over the observation period of up to 
5 years in one of the dogs. Unfortunately, no information on the enrichment of 
donor cells in the BM or HSC level was provided.

The concept of enrichment of transduced cells by drug selection has been devel-
oped over the last 20 years [124, 132] and now successfully conduced in a clinical 
trial to treat glioblastoma patients who underwent autologous blood stem cell trans-
plantation [2]. The enrichment of gene-modified cells post transplantation will 
allow reducing the toxicity of precondition regimes and may, therefore, open up the 
possibility to perform gene therapy treatment in patients with monogenetic disor-
ders of the blood system presenting with milder phenotypes. However, it has to be 
kept in mind that cytotoxic drug selection is also accompanied by substantial side 
effects to patients. In addition, treatment with allogenic BM transplantation is one 
therapeutic option for GT (type I) with severe disease presentation [39, 201, 207] or 
also for Bernard-Soulier patients [161]; however, this is still the exception to the 
normal treatment.

The transplantation of gene-modified HSC targeting expression into platelets has 
also been explored for the treatment of hemophilias A and B. Platelet-specific expres-
sion of FVIII of FIX would supply the necessary clotting factors to the side where the 
coagulation process takes place. To ensure storage of these factors into the secretory 
alpha granules of platelets, fusion proteins with the vWF protein have been gener-
ated. Besides gene therapy, hemophilia is well treatable by substitution of the miss-
ing clotting factors with FVIII and FIX; however, in some cases, patients develop 
autoantibodies against the synthetic factors, especially FVIII. In these cases, the con-
ventional treatment is ineffective, and platelet-directed delivery by gene therapy may 
solve these issues as the clotting factors are hidden within the platelet granules and 
therefore not recognized by the immune system. However, also the non-targeted 
expression in all blood cells from an ubiquitously active promoter in the lentiviral 
context can cure hemophilia by transduction and transplantation of HSC [91].

In the past, however, gene therapy approaches for the treatment of hemophilia 
have mostly been directed toward gene transfer to the liver using AAV or lentiviral 
vectors [78]. In a clinical trial run by the St. Jude Children’s Hospital, Memphis, 
USA, and by the University Hospital London, UK, a single application of AAV type 
vector, serotype 8, coding for the human FIX gene resulted in long-term (up to 
4 years reported) expression of ~6 % of the normal FIX levels in the blood which 
was sufficiently high to reduce disease symptoms and in some cases even made the 
patients independent of any further replacement therapies [140, 141]. After AAV 
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vector gene transfer, the genomic information is kept in a non-integrated, episomal 
form. This prevents any risk of interfering with the host genome, but it also does not 
persist on a long-term basis, as the episomes will not replicate with the cellular 
genome. As hepatocytes rarely divide, the episomal information may persist. In an 
approach making use of non-integrating lentiviral vectors, this has further been 
proven [117]. Immune recognition of the transduced liver cells or the viral capsid 
proteins is the major obstacle at the moment that has to be overcome by improved 
vector technology.

20.13  Advanced Technologies for Targeted Genetic 
Modifications and Gene Knockouts

In the recent years, methodologies have developed that allow side-specific modifi-
cation in the genome by zinc finger nucleases (ZFN), transcription activator-like 
effector nucleases (TALEN) [19, 37, 133] or, most recently, the CRISPR/Cas9 
approach [90, 137]. These technologies have in common that they target the genome 
by recognition sequences; in the case of ZFN and TALEN DNA-binding domains 
and in the CRISPR/Cas9 system, target site selection is determined by the guide 
RNA [43]. After binding to the target site, a DNA double-strand break is induced 
that can then be repaired by nonhomologous end joining, which is error-prone and 
results in nucleotide insertions or deletions, or by homologous recombination which 
allows the insertion of a new sequence. In this case, the homologous region has to 
be provided as a separate DNA template to the cells.

The CRISPR system was developed from the type II clustered, regularly inter-
spaced, short palindromic repeats (CRISPR)/Cas9 system in bacteria where it serves 
as part of the adaptive immunity against viruses and plasmids. In this original sys-
tem, the endonuclease Cas9 is guided to the DNA location by two RNAs CRISPR 
RNA (crRNA):transactivating crRNA (tracrRNA), which in the synthetic system 
are joined to a single guide RNA [90]. In the CRISPR system, therefore, the recog-
nition is mediated by nucleotides, unlike the ZNF and TALEN systems which bind 
the DNA by protein-nucleotide interaction (DNA binding by zinc finger proteins or 
TAL proteins). This major difference also explains the easy use of the CRISPR/Cas9 
system because the recognition sequence of the guide RNA can just be copied from 
the genomic sequence around the desired location following the Watson and Crick 
base pairing. However, also TAL proteins work on the two amino acids/one nucleo-
tide base and can be rather flexibly designed. For the DNA cleavage, endonucleases 
are employed. In the case of ZNF and TALEN, the endonuclease FokI is used. Fok1 
assembles from two inactive monomers when they meet at the desired site identified 
by two independent TAL or zinc finger arrays. In contrast, the Cas9 endonuclease is 
recruited by only one single-guide RNA, and therefore, the specificity is lower com-
pared to the “double”-guided strategy. To overcome this limitation, a double Cas9 
nickase system has also been developed [54, 67, 195]. By delivering more than one 
guide RNA together with the Cas9 endonuclease, multiple sites can be targeted in 
one cell (so-called multiplexing). Ideally, all players for this application can be 
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encoded on one construct [92, 164]. By using lentiviral vectors for the delivery of 
the CRISPR/Cas9 into murine HSC, the multiplex approach has been successfully 
employed for a genetic screen of deletion mutants in murine leukemia [75].

A common feature of these three systems is the need to bring in all players into 
the same cells: The two ZFNs or TALENs in these two systems, or the guide RNA 
and Cas9 enzyme for the CRISPR/Cas9 system; when a homologous recombina-
tion in the targeted locus is desired, the homologous DNA as template for the 
recombination is also required. In some cells, such as pluripotent cells, transfection 
by electroporation can be performed. As pluripotent cells are long lived in their 
undifferentiated state, correct recombinants can be selected for these cells. 
However, in primary stem cells, such as HSC, this is a difficult task. In recent stud-
ies by the groups of L. Naldini and D. Kohn, proof-of-concept studies demon-
strated the successful correction of the IL2RG gene or correction of the sickle cell 
mutation in the beta-globin gene, respectively, by ZFN-mediated approaches in 
human HSC of patients with the respective diseases and their subsequent transplan-
tation into NSG mice [57, 80]. They developed protocols based on the delivery by 
integration-deficient lentiviral vectors (iDLV) and RNA electroporation. Similarly, 
this has been employed for the delivery into T cells [128]. Still, the use of targeted 
genome modification for mouse models based on the transplantation of in vitro-
modified primary HSC is challenging; however, for the introduction of mutations 
in pluripotent stem cells and for the generation of mouse models with germline 
modifications or iPSC-based disease models, these new technologies open up new 
avenues in research.

20.14 Overcoming Unwanted Effects of Genetic Modification

Every genetic modification alters the genome and can induce unwanted (side) 
effects. In clinical gene therapy, this can lead to severe adverse events with life-
threatening complications [210]. Furthermore, when working with animal models, 
the researcher wishes to obtain physiological models without skewed phenotypes. 
In both cases, gene transfer technologies have advanced very far and offer good 
strategies to overcome limitations.

The integration of expression cassettes into the genome containing enhancers/pro-
moters can interfere with the regulation of neighboring genes by insertional mutagen-
esis. In this respect, this is independent of the transfer system used. However, with a 
higher likelihood to integrate into gene dense regions, into actively transcribed genes 
and close to promoters, which is characteristic for gammaretroviral vectors, the risk 
is increasing. As these vectors are derived from replicating viruses that were selected 
on the basis of good expression to ensure rapid spread, these regions in the genome 
are favored. The potentially most dangerous interaction from a vector is mediated by 
its enhancer/promoter through upregulating gene expression from cellular promoters 
(“enhancer interaction”). In the case of vector integrations close to proto-oncogenes, 
this has led to the development of leukemias in human gene therapy patients [22, 71, 
82, 182] and animal models [129, 131, 170]. In fact, gammaretroviruses and 
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gammaretroviral vectors are potent tools for gene fishing approaches by selecting 
insertional mutants [120, 191]. By deleting the viral enhancers/promoters and mov-
ing the promoter into the internal position, the insertional mutagenic (genotoxic) 
potential is reduced [130]. Lentiviral vectors have a slightly different integration pref-
erence and therefore less often interact with cellular promoters due to a further dis-
tance to them. On the other hand, lentiviral vectors tend to integrate into introns of 
genes and can, by splicing-mediated interaction, alter gene transcription. 
Downregulation of gene expression was observed after the integration of a lentiviral 
SIN vector with the megakaryocyte-specific GPIba promoter as internal promoter 
into the 8th intron of the early B-cell factor 1 (Ebf1) gene [76]. Haploinsufficiency of 
Ebf1 caused B-cell leukemia with a block in B-cell development. The GPIba pro-
moter is widely used for megakaryocyte-specific expression. The promoter fragment 
(−258 to +330) spanning the entire first exon and first intron contains splice sites from 
the exon-intron boundaries. Splice interference generates transcripts with insufficient 
polyadenylation, which are, therefore, subjected to nonsense-mediated RNA decay. 
To overcome this problem, SIN vectors with cellular promoters devoid of unneces-
sary splice sites should be employed. Furthermore, some other vector platform may 
target integration into less active chromatin, for example, the alpharetroviral vectors 
or the nonviral sleeping beauty transposon system.

Another drawback in gene modification can be the silencing of transgene expres-
sion by epigenetic effects [10, 48]. This is especially problematic when introducing 
modifications into pluripotent cells. One option to avoid position effects is the tar-
geting of so-called safe harbors, one of which is the AAVS1 locus, by use of the 
ZNF or TALEN approaches. The adeno-associated virus integration site 1 is located 
on chromosome 19, within the first intron of the PPP1R12C gene encoding the pro-
tein phosphatase 1 regulatory subunit 12. This region harbors open chromatin and is 
flanked by insulator elements that shield the inserted gene from activation from the 
outside. Gene expression from transgenic cassettes inserted into this locus was 
found to be active and not to have any effects on the host cell. Alternatively, other 
locations in the genome could be defined as “safe,” for example, the murine Rosa26 
locus. Recently the group of M. Sadelain has defined criteria for a safe harbor as 
follows: (1) the distance to the next 5′ end of a gene to be at least 50 kb and (2) 
>300 kb away from cancer-related genes and (3) microRNAs, (4) to be located out-
side transcription units and (5) ultraconserved elements in the human genome [153]. 
When accepting these criteria, any cell with genetic modifications that fits this defi-
nition would be considered safely modified.

Alternatively, the expression cassette can be flanked by insulators. The best stud-
ied insulator is chicken hypersensitive site 4, derived from the chicken globin locus 
[38, 61]. Unfortunately, so far insulators cannot completely shut off interactions 
with the genome, but research in defining new and more accurate insulators is ongo-
ing [109]. Besides, genetic elements are being investigated that allow for faithful 
expression from an inserted transgenic cassette by use of the ubiquitous chromatin 
opening (UCOE) element [221]. Until recently, this element was rather large, also 
containing additional splice sites, but more recent research has optimized the UCOE 
element [135].
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20.15  Pluripotent Cells That Mimic Human 
Thrombocytopathias

The discovery of the technology to reprogram somatic cells to pluripotent cells, the 
so-called induced pluripotent stem cells (iPSC) by the seminal work of S. Yamanaka 
[186], has opened new options for the development of disease models. iPSC can be 
differentiated to megakaryocytes and platelets allowing us to study all intermediate 
steps in vitro. This makes it also possible to study gene functions directly in human 
cells, which is especially helpful if no suitable murine models exist, for example, 
when the murine phenotype does not or only partially reflects the human disease. 
One example is the murine Was knockout mouse which mimicks leukopenia and 
defects in T cell activation similar to human WAS patients, but mice also show 
altered B-cell responses and do not develop eczema or hematopoietic malignancies 
[178]. In addition, Was−/− mice have chronic colitis that is rarely found in human 
WAS patients. In respect to the defects in platelets, Was knockout mice only have 
moderate thrombocytopenia and no reduced platelet volumes. By utilizing iPS cells 
reprogrammed from human patients, the WAS deficient phenotype and underlying 
mechanisms can now be studied [85]. Similarly, iPS cells of GT patients have been 
generated, differentiated into platelets and their functionality compared to patient-
derived platelets from peripheral blood [151]. By a gene correction approach deliv-
ering the defective alpha 2b gene via recombination into the AAVS1safe harbor 
locus, alphaIIb expression could be reestablished [185]. In this study, GPIIb was 
expressed under the control of the GPIba promoter, reaching the same expression 
levels as in equally differentiated wild-type iPS cells. Although these are very 
promising results, the regulation by the transgenic expression cassette can only par-
tially mimic the physiological regulation. In a study to correct MPL deficiency in 
human MPL−/− iPS cells (CAMT iPS cells), MPL was expressed by a classical 
gammaretroviral vector with functional LTRs [79]. The expression levels in this 
approach did not accurately resemble the normal levels and in agreement with that 
the authors describe skewed differentiation in MPL overexpressing MPL−/− iPS 
cells. When aiming to correct defects in iPS cells or to overexpress genes, the con-
trolled expression during all steps of differentiation, also avoiding potential silenc-
ing, has to be guaranteed and will be a challenge for the future [1].
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