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Platelet transfusion products and the necessity of in vitro platelet 

generation 

 

The generation of platelet transfusion products is specifically demanding due to a 

limited product storage time of five to seven days. Also, platelet transfusion 

products have to be stored at room temperature, increasing the risk of bacterial 

contamination. To address this risk, bacterial testing or pathogen reduction 

treatment has to be applied. Bacterial testing requires time which could result in 

situations where a platelet transfusion product is administered to a patient before 

results from bacterial testing are known. Thus, platelet units putatively containing 

inoculum are transfused1;2. Pathogen reduction treatment on the other hand has 

been shown to decrease the quality of the transfusion product3;4. Furthermore, 

platelet transfusion products can contain residual amounts of leukocytes thereby 

triggering antibody generation against the human leukocyte antigen (HLA) in the 

host5;6. Current systems for the generation of platelet transfusion products use 

leukoreduction to reduce the amount of residual leukocytes, but platelets 

themselves can also cause immunization due to their surface antigens. Next to 

HLA, platelets carry specific human platelet antigens (HPA)7. HPAs are platelet 

glycoproteins (GP), with the GPIIb/GPIIIa complex carrying the majority of all 

currently known HPAs8. Both HLA and HPA can cause alloimmunization and 

platelet refractoriness, leading to inefficient platelet transfusions.  

 

Taking these obstacles into account, being able to generate platelets in vitro 

would be highly beneficial. It would allow blood banks to cater towards specific 

demands, diminish the risk of immunization through leukocytes and prevent 

bacterial contamination. Furthermore, in vitro systems allow for the generation of 

tailor-made, HLA and HPA-matched platelets to reduce the risk of 

alloimmunization. However, the processes leading to the generation of functional 

platelets from megakaryocytes are not well understood resulting in insufficient  

production of platelets in current culture systems9.  
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If the proteins contributing to megakaryopoiesis and platelet generation are better 

understood, it will be possible to exploit their expression and improve in vitro 

culture systems for efficient platelet production. This thesis characterizes the role 

of three proteins, the transcription factor MEIS1, the RNA-binding protein 

ATAXIN-2 and the actin-binding protein TROPOMYOSIN1, in megakaryopoietic 

differentiation. Furthermore, it also describes functional defects in platelets 

treated with pathogen-reduction agents emphasizing the benefits of a closed in 

vitro platelet production system. 

 

Megakaryopoiesis 

 

The first step in the generation of megakaryocytes and platelets is the lineage 

specification of a hematopoietic stem cell (HSC) in the bone marrow towards a 

megakaryocytic fate. HSCs, the most immature cells of the hematopoietic 

lineage, are capable of self renewal and hematopoietic reconstitution as shown 

by transplantation experiments in murine model systems10;11 (Figure 1). In a first 

step of lineage determination, HSCs give rise to the common lymphoid progenitor 

(CLP)1122 and the common myeloid progenitor (CMP)13. While the CLP replenishes 

lymphoid cells, the CMP differentiates into cells of the granulocyte-monocyte 

lineage and the megakaryocyte-erythroid lineage13;14. Next to this hierarchical 

commitment, recent studies also provide evidence for a direct differentiation of 

HSCs into megakaryocytes, bypassing the CMP stage15 (Figure 1). 

 

Regulation of hematopoietic lineage specification  

 

Lineage specification and stem cell renewal are tightly controlled processes 

orchestrated by various components. During the past years, more attention has 

been drawn to the contribution of non-hematopoietic cells to these events. In the 

so-called bone marrow niche, hematopoietic stem and progenitor cells reside 

next to other cell types like osteoblasts, fibroblasts, sympathetic nerves and 

mesenchymal stromal cells. Also, they can be in contact with other, more 
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differentiated hematopoietic cell types like megakaryocytes or T-cells. Previous 

research has shown that hematopoietic stem and progenitor cells are instructed 

via secreted factors from bone marrow niche cells16-20. For example, nestin-

positive mesenchymal stem cells (MSC) and CAR (chimeric antigen receptor) 

cells secrete vast amounts of Cxcl12, Scf and angiopoietin-1 (Ang-1), factors 

crucial for HSC maintenance21. Osteoblastic and endothelial cells contribute 

Notch ligands resulting in HSC renewal22;23 while differentiated cells such as 

megakaryocytes provide Cxcl4 (Pf4) to regulate HSC quiescence20. Furthermore, 

subcompartments within the bone marrow niche influence the response of HSCs 

to this plethora of signals. Such subcompartments have been described in 

relation to how close HSCs are situated to a blood vessel24. However, recent 

evidence showing that megakaryocytes control HSC cycling also indicated that 

further subdivisions may be needed to describe areas dominated by specific cell 

types and their impact on HSCs 20. 

 

These instruction processes mediated by cell-cell contact, cell-matrix or soluble 

factors culminate in a signal that is transported from a receptor surface protein 

binding its ligand on the cell surface. Then, the signal is transmitted through 

signaling cascades into the nucleus, where gene transcription is altered in 

response. Altered gene expression depends on transcription factors, proteins 

that bind to specific sequences on the DNA and control the generation of mRNA 

from their target. Transcription factors can either act as activators and promote 

mRNA generation or repress gene expression as inhibitors.  

 

In hematopoiesis, transcription factors play a crucial role in maintaining a 

balanced output of mature blood cells while preserving a pool of quiescent HSCs. 

To ensure a continuous supply of progenitor cells, a pool of HSCs must be 

maintained from which differentiating progenitor cells can be replenished16;25. 

HSC generation has been shown to be directed by the transcription factor Gata2 

and mice deficient for Gata2 present with absence of all blood cell lineages26.  

HSC numbers are maintained by cell-cycle entry and proliferation, processes 
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controlled by transcription factors such as Gata3, Meis1, Gfi1 and Pu.1. While 

the exact role for Gata3 in HSC is still under debate, results show a clear 

association between Gata3 and HSC quiescence27;28. Next to Gata3, the 

transcription factor Meis1 has been shown to regulate cell cycle entry of 

quiescent HSC. Mice with a conditional depletion of MEIS1 in the hematopoietic 

stem and progenitor cell compartment display severely reduced numbers of 

hematopoietic stem and progenitor cells as early as three weeks after 

depletion29. At the same time, terminally differentiated cells are less affected, 

evidenced by normal numbers of granulocytes and monocytes and regular 

erythroid differentiation. Still, megakaryocytic progenitor cells were decreased as 

were B-cell progenitors and thymic T-cells. Transplantation studies revealed that 

Meis1 deficient cells were unable to reconstitute irradiated mice and transplanted 

cells were undetectable in the bone marrow after three months.  

 

 
Figure 1. Hematopoiesis.  Simplified illustration of hematopoiesis resulting in terminally 
differentiated cells of all hematopoietic lineages. Grey fonts: key transcription factors involved in 
the differentiation and proliferation of the target cell. HSC; hematopoietic stem cell; CMP: 
common myeloid progenitor; CLP: common lymphoid progenitor; MEP: megakaryocyte-erythroid 
progenitor; GMP: granulocyte-monocyte progenitor. Based on Orkin and Zon, 2008. 
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Further investigation showed that the phenotype originates in the HSC where 

MEIS1 depletion induced an increased re-entry into the cell cycle and thus 

terminal differentiation29. 

 

Like Meis1 and Gata3, Gfi-1 is also expressed in HSCs and contributes to HSC 

maintenance. GFI-1 depletion has been shown to cause increased proliferation 

of HSCs and exhaustion of the stem cell pool30. While PU.1 has been mainly 

known for directing CMPs towards a GMP fate, the protein is also expressed in 

HSC. PU.1 depletion in HSC results in defective long-term reconstitution of the 

hematopoietic compartment due to a block in lineage progression towards the 

CMP or CLP31-33 (Figure 1).  

 

When HSCs become more committed towards multipotent hematopoietic 

progenitor cells, expression of the transcription factor Pbx1 promotes the fate 

choice towards the lymphoid lineage while inhibiting myeloid determination34. 

Terminal lymphoid differentiation is then further reinforced by transcription factors 

such as Pax5, E2A, Gfi-1 and Ikaros35;36. More recently, evidence emerged that 

at the level of the multipotent progenitor cell, Pu.1 and Gata1 expression induce 

either a myelolymphoid fate (Pu.1+/Gata1-) or a myeloerythroid (Pu.1-/Gata1+) 

differentiation route37. 

 

In the myeloid lineage, cells are capable of differentiating into the GMP which 

subsequently gives rise to granulocytes and monocytes. Alternatively, cells can 

acquire a MEP fate and become either red blood cells or platelets. The most 

prominent transcription factors initiating either a GMP or a MEP fate are Pu.1, 

Fog1 and Gata1. Increased Pu.1 expression induces downregulation of Gata1 

and leads to a GMP fate while upregulation of Fog1 and Gata1 reduces Pu.1 and 

limits cells to a MEP fate38-41. Lineage determination towards a MEP fate is also 

reinforced by Gata2, which induces expression of the megakaryocyte-erythroid 

specific transcription factor Gfi-1b42;43. Gfi-1b expression has been shown to be 

crucial for both lineages and Gfi-1b loss results in reduced hemoglobin levels and 
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lower platelet counts due to arrested hematopoietic differentiation44. Terminal 

differentiation towards the erythroid lineage is furthermore ensured by the 

induction of Myb and Eklf, the latter has been shown to repress megakaryocytic 

differentiation by repressing the megakaryocytic transcription factor Fli145.  

 

Expression of transcription factors like Fli1 and Runx1 in MEPs on the other hand 

leads to megakaryocytic differentiation and ultimately blood platelet production46 

(Figure 1). Runx1 expression is critical for correct cytoplasmic maturation and the 

onset of endomitosis during megakaryocytic differentiation47;48. Fli1 has been 

shown to induce megakaryocytic differentiation and expression of specific genes 

such as GPIX49;50. Another critical factor for megakaryocyte differentiation and 

proplatelet formation is the transcription factor Gata1 and loss of Gata1 results in 

thrombocytopenia and impaired cytoplasmic maturation of megakaryocytes51. 

Recently, the transcription factors Sp1 and Sp3 have been shown to play a 

prominent role in megakaryopoiesis as well. Deletion of both SP1 and SP3 

resulted in defects of the demarcation system and severely decreased proplatelet 

formation52.  

 

The transcriptional regulation of lineage specification and differentiation, 

however, does not rely on the action of a single transcription factor, but rather is 

comprised of a network of transcriptional activators or repressors acting together 

in so-called networks42;53;54. The preciseness with which transcription factor 

networks are composed becomes clear when comparing the networks present in 

a specific lineage. In hematopoietic stem cells for example, a transcription factor 

heptad consisting of SCL, LYL1, ERG, FLI-1, RUNX1, GATA2 and LMO2 has 

been described to regulate gene expression thus controlling cell identity53;54. 

Some components of this heptad, however, are also found in lineage-committed 

megakaryocytic cells, like SCL, FLI-1 and RUNX1. Here, the same transcription 

factors are regulating differentiation rather than stem cell maintenance55.  

Because some transcription factors are being used multiple times during the 

differentiation of hematopoietic cells, the generation of functional networks has to 



 16 

be tightly regulated. This is ensured by controlled expression of the transcription 

factors during specific stages of hematopoiesis. While some may be expressed 

throughout differentiation of a HSC into a blood cell, others can be 

downregulated transiently after fate determination and become re-expressed 

later during terminal differentiation56;57.  

 

One example of such a biphasic expression pattern is the transcription factor 

Meis1. Meis1 has been found to be exclusively expressed in megakaryocytes 

when the transcriptional profile of all terminally differentiated blood cells was 

compared58. However, Meis1 can also be found in HSCs and its expression 

declines as the cells become more committed towards the MEP29;59;60. When 

MEPs subsequently differentiate into megakaryocytes, Meis1 is reexpressed58. 

This biphasic expression holds the question how Meis1 contributes to 

hematopoiesis and megakaryopoiesis in particular.  

 

Megakaryopoiesis 

 

Megakaryopoiesis encompasses the differentiation of a HSC into a 

megakaryocyte which subsequently generates platelets. The process includes 

lineage specification towards a megakaryocytic fate and expansion of the 

immature megakaryocyte pool. Immature megakaryocytes then change from 

mitotic divisions to endomitosis and increase their nuclear content, develop an 

intracellular membrane network called the demarcation system and finally 

undergo cytoskeletal rearrangements leading to the generation of proplatelets, 

the platelet progenitors47;61-63. Proplatelets are subsequently released into the 

blood stream where platelets are generated through shear force64-67 (Figure 2).  

 

The main cytokine driving megakaryopoiesis is thrombopoietin (TPO) which 

binds to its receptor c-mpl on the cell surface68;69. The binding of TPO induces 

autophosphorylation of the janus kinase2 (JAK2) which will then activate 

signaling through MAP kinases, PI3 kinase, STAT5 and STAT1. All three 
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Figure 2: Megakaryopoiesis. A schematic overview of the differentiation from a hematopoietic 
stem cell (HSC) to a terminally differentiated, endomitotic megakaryocyte (MK). Based on current 
models, mature MKs release proplatelets (Pro-PLT) into the bloodstream where shear stress 
induces a shedding of the Pro-PLT into platelets (PLT). CMP: common myeloid progenitor; MEP: 
megakaryocyte-erythroid progenitor. Adapted from Battinelli, 2008. 
 

signaling cascades result in the binding of transcription factors to their target 

sequences on the DNA resulting in megakaryocytic differentiation. However, 

TPO does not only affect differentiation but is also a general survival factor. TPO 

deficient or c-mpl deficient mice present with a decreased expansion of the 

hematopoietic progenitor cell pool while still retaining megakaryocytes and 

platelets, although with reduced numbers70-72. These findings led to the discovery 

of other, TPO-independent signaling cascades which are capable of promoting 

megakaryopoiesis, such as gp130-dependent- and Notch-signaling73. 

Additionally, also the extracellular bone marrow matrix influences megakaryocytic 

differentiation through stiffness, shear and oxygen concentration74-78. 
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Endomitosis 

 

Megakaryopoieis can be divided into two phases. During the initial differentiation 

of the MEP into an immature megakaryocyte, cells undergo regular divisions and 

contain a DNA content of 2n. Terminal differentiation of immature 

megakaryocytes, however, is accompanied by endomitosis, a replication of DNA 

content without cell division. The resulting polyploid megakaryocytes can contain 

nuclear material up to 128n. 

 

On a cytoskeletal level, mitotic divisions are ensured by microtubules, actin and 

myosin79. Initially, the site of the cleavage furrow at which the two daughter cells 

will be separated is determined by the spindle and microtubules. Proteins 

involved in furrow generation and ingression are also transported to the cleavage 

furrow via microtubules, such as the GTPase RhoA, the guanine exchange 

factors Gef-H1 and Ect2 and the GTPase activating protein MgcRacGap80;81. 

Furthermore, proteins of the central spindle are accumulated at the cleavage 

furrow, like Prc1 (protein regulating cytokinesis 1)82. For completion of 

abscission, a change in cytoplasmic membrane rigidity through relocalization of 

actin is essential to generate the force needed. Actin is thus redistributed from 

the cell poles to the cleavage furrow resulting in less rigidity at the poles82. At the 

same time, actin interacts with nonmuscle myosin IIA (myosin) at the cleavage 

plane to generate a local contraction force which completes abscission (Figure 

3)79.  

 

While the same principles for cell abscission apply to dividing 2n 

megakaryocytes, changes in the expression and relocalization of key proteins 

have been observed in endomitotic megakaryocytes. Endomitosis is caused by 

an abscission defect in late mitosis. Dividing megakaryocytes form a contractile 

ring and proceed towards abscission, which is then stalled and reversed82. This 

reversion of the contractile ring is triggered by a loss of contractile force due to  
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Figure 3: Mitotic versus endomitotic cell division, schematic. Certain components associated 

with abscission after successful mitosis are present in both mitotic and endomitotic cells like 

PRC1, actin and tubulin, although differentially located. Other crucial factors like myosin, RhoA, 

GEF-H1 and ECT2 are missing altogether in endomitotic cells. Based on Lordier, 2008 and 

Piekny 2005 

 

reduced myosin expression at the cleavage furrow. It has been shown that 

myosin expression is silenced by the transcription factor RUNX1 and that 

specifically nonmuscle myosin IIB (MYH10) is crucial for endomitosis48;83. 

Furthermore, RhoA is also absent from the cleavage furrow in dividing 

endomitotic megakaryocytes and actin remained cortical, close to the cell 

membrane82. Next to decreased expression of myosin and RhoA, the guanine 

exchange factors Gef-H1 and Ect2 are also downregulated at the onset of 

endomitosis84. By re-expressing Gef-H1 and Ect2, endomitosis could actually be 

prevented, clearly underlining the contribution of these proteins84.  
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Also, considerable progress has been made in understanding the cytoskeletal 

and transcriptional changes leading to endomitosis. Elevated expression of cyclin 

A and cyclin D3, which are crucial for the transition from G1 to S-phase during 

cell cycle, has been shown to promote endomitosis85;86. These results have been 

underlined by the finding that cyclin D1 is a target of the transcription factor 

Gata1 in megakaryocytes, but not in erythroid cells87.  

 

The onset of endomitosis has been shown to be TPO-dependent88. Given that 

one of the downstream targets in TPO-signaling, PI-3K regulates the mTOR 

serine/threonine kinase, evidence emerged that mTOR is activated upon TPO 

stimulation and contributes to endomitosis. Blocking the mTOR signaling 

cascade caused decreased ploidy and megakaryocyte proliferation89. Strikingly, 

inhibition of mTOR using rapamycin results in different outcomes in neonatal 

megakaryocytes and adult cells. While neonatal cells only show an effect on 

cytoplasmic maturation, in adult megakaryocytes polyploidization is impaired 

after treatment with rapamycin90. Increased mTOR phosphorylation has also 

been found in megakaryocytes from patients with essential thrombocytaemia 

(ET) and primary myelofibrosis. When these patients were treated with an mTOR 

inhibitor, platelet counts adjusted to physiological concentrations91 

 

Cytoplasmic maturation of megakaryocytes 

 

Megakaryopoiesis ultimately culminates in the generation of proplatelets which 

are shed into the bloodstream and mature into platelets66;92. Platelets are loaded 

with proteins and small molecules crucial for blood coagulation and wound repair, 

stored in cytoplasmic structures referred to as alpha and dense granules93-95. 

Alpha granule proteins are synthesized in the endoplasmic reticulum and 

transported to the Golgi network where they mature and are loaded into 

developing granules. This process has been documented for CD62p (P-

selectin)96. After release from the trans-Golgi network, granules are getting 

sorted in cytoplasmic structures called multivesicular bodies (MVB). The MVB 



 21 

also contain endocytosed proteins like fibrinogen which will be added to the 

alpha granule content in this step97.  

 

As megakaryocytes produce large quantities of proteins for developing platelets, 

it is hypothesized that polyploidy is beneficial to megakaryocytes as it allows 

transcription of more mRNA which will facilitate a more rapid protein 

accumulation compared to diploid cells. The synthesized proteins would then be 

used for alpha granule generation and to establish the demarcation system, a 

membrane reservoir crucial for proplatelet formation. 

 

Platelets themselves are also capable of de novo protein synthesis. Evidence 

from more than four decades of research showed that platelets contain not just 

mRNA98, but also ribosomes and are thus capable of protein synthesis, both in 

resting state and after activation 99-101.  

 

Protein translation and decay 

 

Megakaryocytes synthesize vast amounts of proteins imperative for gene 

expression and platelet function102;103. Protein synthesis is a tightly regulated 

process affected by external and internal cues like nutrient availability, stress, 

hormones and growth factors. Physiologically, mRNA is transcribed from DNA 

and processed in the nucleus. Processing includes the addition of 7-

methylguanosine to the 5’ end of the mRNA, referred to as “capping”. Also, the 5’ 

end will be polyadenylated and the transcript will be spliced to remove introns104.  

 

After processing is finished, mature mRNA leaves the nucleus, enters the 

cytoplasm, and is bound by the poly-A binding protein (Pabp) as well as the 

eukaryotic initiation factor complex eIF4105. These binding events induce a 

circularization of the mRNA which is then bound by ribosomes initiating protein 

biosynthesis106 (Figure 4). After mRNA is translated sufficiently, it is broken down 

in specific cytoplasmic foci referred to as p-bodies107;108 (Figure 4). Breakdown 
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occurs in a sequential fashion involving multiple proteins such as and the RNA 

helicase Ddx6. In the case of nutrient deprivation, translation of non-crucial 

mRNAs will be stalled and mRNAs will be stored in their circular state in stress 

granules (Figure 4). Among the proteins associated with stress granules is the 

RNA-binding protein Tia-1109;110. Several signaling cascades have been 

described to have impact on mRNA translation, which all involve the kinase 

mTor111. mTor is found in two different multiprotein complexes, mTorc1 and 

mTorc2. While the mTorc1 complex coordinates protein synthesis by activating 

translation initiation factors, mTorc2 regulates the GTPase Rac1 and cytoskeletal 

remodeling111. So far however, data on the effect of mTor on protein biosynthesis 

for storage in proplatelets is scarce112.  

 

 
 
Figure 4. Translational regulation. After mRNA has left the nucleus, it will be bound by proteins 
inducing translation. If cells experience stress, for example through nutrient deprivation, 
translation of transcripts will be stopped and mRNAs are stored in stress granules until translation 
can be resumed. If stress continues, mRNAs will ultimately be broken down in p-bodies. Also, 
mRNAs which are no longer required to be translated are broken down in p-bodies. Schematic 
overview showing components of mRNA turnover and translational regulation. PABP: poly-(A) 
binding protein; eIF: eukaryotic initiation factor; DDX6: DEAD box helicase 6 
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Another protein putatively regulating translation is Ataxin2 (Atxn2). Recent 

evidence claims a role for Atxn2 in mRNA stability thereby ensuring translation 

efficiency113. Atxn2 has been shown to interact with Pabp and Ddx6. The protein 

colocalizes with p-bodies114 and the rough endoplasmic reticulum115 suggesting 

that Atxn2 is influencing translation. However, Atxn2 has also been associated 

with receptor endocytosis, actin filament organization and protein exocytosis116-

120.  

Translation is also regulated by micro RNAs (miRNA). These short (approx 22 

nucleotides) non-coding RNA fragments are acting together with proteins of the 

RISC (RNA induced silencing complex) such as Argonaute and GW182121-123. 

MiRNAs bind to mRNA and silence translation. Silencing occurs either by 

inducing shortening of the polyA-tail and destabilization of mRNAs or by 

cleavage of the target thereby decreasing translation efficiency 124. MiRNAs have 

also been described to play crucial roles in megakaryopoiesis and even in 

platelets125-127. MiRNA 155 for example inhibits megakaryopoiesis by targeting 

the transcription factors Meis1 and Ets1128. It has also been shown that miRNA 

150 is induced by TPO signaling and results in downregulation of c-myb thus 

enabling megakaryocytic differentiation129.  

 

While the contribution of miRNAs to platelet reactivity is not yet well understood, 

correlations could be made between specific miRNAs and platelet proteins. One 

such correlation was found for VAMP8 which is overexpressed in hyperreactive 

platelets and a target of miRNA 96. It could be shown that differential expression 

of miRNA 96 correlated with platetet reactivity130.  

   

Next to protein synthesis, balanced protein decay is crucial to regulate signal 

transduction, cell cycle progression and transcription. Protein decay takes place 

in the proteasome and a recent study highlights the importance of the 

proteasome in megakaryopoiesis and platelet production. Shi and colleagues 

show that targeted deletion of the proteasome subunit PSMC1 results in 

proplatelet formation defects and thrombocytopenia. The defects could be related 
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to hyperactivation of the small GTPase RhoA and could be reversed by inhibiting 

either RhoA or its effector Rock131. The importance of proper proteasome 

function during megakaryopoiesis and platelet production is highlighted by 

observations in multiple myeloma patients undergoing therapy with the 

proteasome inhibitor bortezomib. Bortezomib decreases megakaryocyte 

numbers in a dose-dependent fashion, however, the doses correlating with 

decreased megakaryopoiesis are above concentrations used for clinical 

applications132;133. While megakaryopoiesis appears to be unaffected, bortezomib 

severly affects platelets in two ways. Firstly, platelet counts are diminished after 

bortezomib application resulting in patients presenting with thrombopenia. 

Secondly, after two rounds of bortezomib treatment, platelet function is also 

decreased as shown by declined aggregation in response to various agonists 134. 

These results show that the regulation of protein biosynthesis is crucial for proper 

megakaryopoiesis and platelet function and additional research is needed to 

unravel the mechanisms guiding these processes. 

 
The demarcation system (DMS) 

 

The DMS forms a crucial structure during the differentiation of megakaryocytes 

and the generation of proplatelets. The DMS consists of tubules and cisternae 

which are connected to the megakaryocyte plasma membrane. It provides a 

membrane pool for the development of proplatelets64;65;135. DMS generation 

starts in immature GP1bβ+ megakaryocytes at a specific focal point on the cell 

surface followed by invagination during megakaryopoiesis. Membrane material is 

added to the DMS from the trans-Golgi network and by the endoplasmatic 

reticulum which most likely contributes lipids to the DMS. 

 

Proplatelet formation 

 

In the terminal step of megakaryopoiesis, extensive cytoskeletal remodeling 

takes place leading to the formation of proplatelets136;137. Extracellular matrix 
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components and adhesion receptors have been shown to time the onset of 

proplatelet formation138. Microtubules and actin are the two major components 

facilitating proplatelet formation136;139. Microtubules comprise the backbone of the 

developing proplatelet driving elongation and tip formation while actin seems to 

be required for proplatelet branching137;140. However, when comparing various 

mouse models investigating proplatelet formation, the role of actin may be more 

diverse as anticipated currently. Actin is a monomeric protein (G-actin) which 

forms multimers spanning the cytoplasm to ensure stability and motility. Actin 

multimers, F-actin, are formed based on their function. F-actin bundles are found 

primarily in the context of motility and as stress fibres while crosslinked F-actin 

nets are involved in maintaining cell shape.  

 

Several proteins regulate the assembly or disassembly of F-actin. Among the 

actin-binding proteins, formins such as mDia and profilin facilitate elongation of 

F-acting fibres (Figure 5 A), while ADF/cofilin sequesters F-actin141 (Figure 5 B). 

The Arp2/3 complex induces crosslinking of F-actin fibers resulting in an F-actin 

network141 (Figure 5C) and tropomyosin1 (TPM1) limits access of other actin-

binding proteins to F-actin142;143. Processes related to F-actin turnover are under 

control of the GTPases RhoA, Cdc42 and Rac (Figure 5D). F-Actin can also 

interact with myosin in muscle and nonmuscle tissue creating a contractile force 

at the point of interaction. The interaction between actin and myosin is crucial in 

the formation of a contractile ring during cell division144 and lack of myosin has 

been attributed to the induction of endomitosis in megakaryocytic cells48;82. 

Recently, the effect of actin-binding proteins on megakaryopoiesis and 

proplatelet formation has been the subject of several other studies. 

Megakaryocytes from mice deficient for non-muscle myosin show a lack of stress 

fibers, severe adhesion defects and increased proplatelet formation145. RhoA 

deficiency caused no abnormalities in proplatelet formation, however, proplatelet 

release was faster and circulating platelets were increased in size and cleared 

more rapidly146. The Rho kinase Rock has been found to enhance 

megakaryocyte polyploidization and proplatelet formation147;148 while loss of 
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Cofilin results in bigger circulating platelets with adhesion defects149. Loss of 

Cdc42 or Rac1 alone does not lead to severe phenotypes, but Rac1/Cdc42 

double knockout mice present with thrombopenia accompanied by platelets 

increased in size which are rapidly cleared from circulation150. Recently, it was 

shown that mDia activation needs to be tightly controlled to ensure proplatelet 

formation151. These results clearly indicate that the role of actin in platelet 

biogenesis is more complex as anticipated and has to be studied in more detail. 

 

Platelet shedding  
 
After proplatelets are formed, they have to be released into the bloodstream. Two 

theories are proposed about how platelets are released from megakaryocytes. 

One states that proplatelets extend into the lumen of sinusoidal blood vessels 

and are shed by the blood flow, generating immature pre-platelets which divide 

into actual platelets while circulating through the bloodstream66;152;153. The other 

claims that whole or large parts of megakaryocytes enter the bloodstream and 

are disrupted into platelets by the shear stress of the lung capillary bed67;154. 

Evidence for both hypothesis has been found. In the light of recent findings 

showing that platelet demand impacts on the size of shedded megakaryocyte 

parts into the bloodstream, a combination of both theories depending on demand 

is likely67. However, platelets also contain the potential to divide and give rise to 

progeny thereby potentially increasing the number of circulating platelets155. 

 

Platelets 
 
After proplatelets are shed from megakaryocytes, shear stress in the blood flow 

combined with cytoskeletal remodeling will further divide them to form 

platelets66;155. Platelets are small (2.5 -5µm), anucleate cytoplasmic fragments 

which contain alpha and dense granules, mitochondria, mRNA and a proteasome 
101;131;156. Platelets facilitate wound healing and blood clotting at sides of damage, 
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Figure 5. Actin-binding proteins and mechanisms of actin regulation.  A) The formin mDia 
and the small GTPase RhoA control actin polymerization. B) ADF/Cofilin causes F-actin 
disassembly. C) The Arp2/3 complex induces actin branching and the formation of networks. D) 
acto-myosin complexes provide contractility regulated by the GTPases RhoA, Cdc42 and Rac. 
 
 
 
but they are also involved in various other processes. In septic conditions, 

platelets can bind to neutrophils via their TLR4 receptor, activate the neutrophil 

and initiate the release of NETs to capture bacteria157.  A retrospective clinical 

study also revealed that thrombocytopenia is predictive of a failure in closing the 

ductus arteriosus after birth158.  

 

The platelet surface contains a multitude of receptors to bind and react to a 

variety of substrates (Figure 6). For example, at sides of vascular damage, 

platelets can adhere to von Willebrand factor with the GB1bα receptor or to 

collagen with the GPVI receptor at the exposed subendothelium. 
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Figure 6. Platelet surface receptors, their ligands and key downstream signaling factors. 

Simplified image. PAR1 and PAR4 are G-protein coupled receptors (GPCR) binding thrombin. 

The ADP receptors P2Y1 and P2Y12 are also GPCRs. Both the collagen receptor GPVI and the 

vWF receptor GPIb belong to the glycoprotein family. 

 

This binding slows down the platelet and provides a loose attachment to the 

subendothelium. Loose attachment is then followed by firm binding via the 

surface receptor α2β1 integrin. Recognition of specific agonists by their receptors 

induces an outside-in signaling cascade that will eventually result increased 

surface coverage and granule release. Platelet alpha granules contain a variety 

of proteins which contribute to wound healing and attract more platelets to 

facilitate rapid wound closure. Alpha granule release is mediated mainly by the 

thrombin receptors PAR 1 and PAR4 while dense granules filled with ADP and 

serotonin are released upon signaling through the P2Y1 or P2Y12 receptor159-163. 

Upon granule secretion, the granule membrane fuses with the outer platelet 

membrane and proteins expressed on the granule are exposed159;160. Lastly, the 

initial outside-in signaling is activating integrin αIIbβ3. Integrin αIIbβ3 will facilitate 

binding to fibrinogen enabling clotting and fast wound closure.  
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To date, platelets used for transfusion purposes cannot be stored frozen but 

instead must be kept at room temperature under constant mild agitation. This 

kind of storage poses a risk, because it provides a growth medium for bacterial 

contaminants. To minimize the risk of contaminating patients with non-sterile 

platelet transfusion products, several measures have been undertaken. Improved 

donor screening and pathogen testing of the transfusion products has greatly 

reduced the risk of transmittable infections1. However, a residual risk remains. To 

address this fact, pathogen reduction systems are available ensuring an 

antibacterial and antiviral transfusion product164;165. Pathogen reduction treatment 

systems make use of ultraviolet light, sometimes combined with an intercalating 

agent such as riboflavin. After riboflavin is added, the transfusion product is 

irradiated and declared sterile. While pathogen reduction treatments offer sterility 

of the transfusion product, effects on the functionality and lifespan of platelets 

undergoing this treatment is currently being investigated using both in vitro 

approaches and clinical studies (Prepares).  

 

In vitro platelet production initiatives 

 

In vitro generation of platelets would eliminate donor dependency, reduce 

putative contaminations and minimize alloimmunization5;6. However, current 

culture methods are still insufficient in the production of platelets from 

megakaryocytes.  

 

Physiological platelet numbers range around 150 – 400 x109 per liter blood while 

concentrations of 50 – 10 x109 per liter are considered thrombopenic and bear 

the risk of spontaneous bleeding166. To sustain physiological platelet numbers, 

1x1011 platelets are produced every day and it has been calculated that in vivo, a 

single megakaryocyte produces around 1x103 – 1x104 platelets. Based on the 

most efficient scenario, this means that in vivo, a total number of 10x106 

megakaryocytes are needed to provide 1x1011 platelets per day. In case of 

thrombocytopenia, platelet transfusions of 3 – 4x1011 platelets are given to the 
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patient with a concentration of 5.5x1010 platelets per transfusion product. Current 

megakaryocyte cultures from CD34+ hematopoietic stem and progenitor cells 

vary greatly in the amount of proplatelets, produced per cell and donor. 

Megakaryocyte and platelet yield also depends on growth factors used to 

supplement the culture. Earlier studies have furthermore shown that growth 

factor combinations differ depending on whether CD34+ cells are derived from 

Cord Blood or mobilized peripheral blood167;168. Roughly, between 10 – 100 

proplatelets are generated per megakaryocyte, clearly underlining the inefficiency 

of the system9. A drawback of these setups is their dependency on large 

quantities and constant supply of donor material, for example cord blood, which 

is also used in stem cell transplantation. A more ideal approach would therefore 

incorporate the use of megakaryocytes that can be generated from a smaller 

amount of source material and expanded more efficiently.  

 

Currently, efforts are made to generate megakaryocytes from induced pluripotent 

stem cells (iPS). The advantage of iPS lies in the expansion capacity of the 

reprogrammed cells. However, systems reported thus far are not capable to 

recapitulate in vivo platelet generation efficacy (Figure 7). Another promising 

approach lies in the adaptation of the culture matrix. A recently published study 

showed that modulating the stiffness of the culture dish positively correlated with 

proplatelet formation169.  

 

In conclusion, while the production of functional platelets from megakaryocytes is 

critical for development and survival, the events governing these processes are 

still not fully understood. Increasing our understanding of megakaryopoiesis will 

benefit in vitro platelet production initiatives for the generation of transfusion 

products.  
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Figure 7) Efficacy of in vitro culture systems based on iPS cell derived megakaryocytes. 1) 

in vivo situation, 2) Feng et al170, 3) Nakamura et al171, 4) Nakagawa et al172, 5) Takayama et 

al173 

 

 

Scope of this thesis 

 

Platelet transfusion products are administered to patients suffering from 

thrombocytopenia, caused for example by treatment with chemotherapeutic 

drugs. Platelet transfusion products, however, can only be stored for one week 

and have to be kept at room temperature. This bears a risk for transfusion-

mediated infections in patients receiving a platelet transfusion. Platelets also 

carry HLA and HPA antigens which hold a putative risk of alloimmunization and 

platelet refractoriness. To circumvent these drawbacks of donor-derived platelet 

transfusion products, in vitro platelet production presents a promising alternative.  

However, current culture systems are still inefficient in the generation of 

functional platelets due to gaps in our understanding of the processes regulating 

megakaryocytic differentiation and platelet shedding.  
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Previous research noted that the transcription factor MEIS1 displays a biphasic 

expression, with MEIS1 being highly expressed in hematopoietic stem cells and 

declining as the cells become committed towards a specific fate. During 

megakaryocytic differentiation, MEIS1 expression increases again and is specific 

to megakaryocytes when the transcriptomes of mature blood cells were 

compared. This strictly regulated expression pattern makes MEIS1 a promising 

target to investigate in the context of hematopoietic lineage fate and 

megakaryopoiesis. In chapter 2, we investigate the role of MEIS1 in directing 

CMPs towards a MEP fate and provide an overview of the transcriptional 

changes associated with MEIS1 expression that induce a MEP signature.  

 

Next, we aimed to identify the targets of MEIS1 combining results from the 

transcriptional analysis in chapter 2 with a previous target screen in 

megakaryocytic DAMI cells (Thijssen et al, data unpublished). These putative 

MEIS1 target genes were furthermore evaluated for the existence of single 

nucleotide polymorphisms (SNPs) correlating with mean platelet volume or 

platelet count174. Thus, a putative involvement of these genes in platelet 

biogenesis was investigated. Where possible, also chromatin 

immunoprecipitation followed by sequencing (ChIP-Seq) using a MEIS1 antibody 

was performed to validate MEIS1 binding sites in the target genes.  

 

One of the MEIS1 target genes that contains a SNP correlating with platelet 

count174 is ATXN2. We therefore postulated that this RNA-binding protein which is 

involved in protein homeostasis, plays a role in megakaryopoiesis.  Although 

mutant ATXN2 has been described in the context of neurodegenerative disease, 

the physiological role of the protein remains elusive and its role in 

megakaryopoiesis has never been studied. In chapter 3, we investigated ATXN2  

during megakaryopoiesis. We made use of Atxn-2 deficient mouse, human 

hematopoietic cells depleted for ATXN2 by lentiviral knockdown and a 

megakaryocytic cell line. By combining these approaches, we were able to study 

not only the effect of Atxn2 on megakaryocytic differentiation in vitro, but also 
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investigated the consequences of Atxn2 depletion during megakaryopoiesis in 

vivo.  

 

Previous studies showed that non-muscle myosin has a crucial role in 

endomitosis, but these reports also noted aberrant actin localization in 

endomitotic cells. Furthermore, while the contribution of tubulin to the generation 

of proplatelets has been widely recognized, the role of actin in these processes 

remains elusive. The actin-binding protein TPM1 strongly correlated with MEIS1 

expression both in CD34+ and DAMI cells. Furthermore, a SNP had been found 

in the TPM1 locus associating with mean platelet volume and MEIS1 binding 

sites could be confirmed using ChIP-Seq. Previous research also showed that 

ablation of TPM1 in zebrafish results in abrogation of platelet generation 

indicating a prominent role for TPM1 in megakaryopoiesis. In chapter 4, we 

therefore studied the role of TPM1 in the onset of endomitosis and proplatelet 

generation. 

 

Because platelet generation for transfusion purposes is not yet well enough 

advanced, we also examined the effect of pathogen reduction treatment (PRT) 

on the reactivity of stored platelets. Several previous studies analyzed the quality 

of platelets in resting state after PRT, but data on platelet function towards 

specific agonists is scarce. In chapter 5 we employ various functional tests on 

platelet transfusion units treated with Mirasol PRT to study the possible effect of 

Mirasol on storage-time dependent hyper-reactivity, degranulation and spreading  

 

Finally, in chapter 6 we discuss our findings in the light of current knowledge 

about megakaryopoiesis and models used for in vitro platelet generation. We aim  

to identify shortcomings in our understandings of these processes and propose 

options for future approaches. 
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