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Scope of this thesis 

Scope of this thesis 

Platelets are small anucleated particles whose main function is the formation of 
a plug in response to vascular injury. Platelets are produced upon fragmentation of 
their precursor cell, the megakaryocyte (Chapter 2). Megakaryocyte formation is 
mainly regulated by thrombopoietin (Tpo), the most important growth factor of 
megakaryocyte formation and platelet production. Tpo stimulates the stem cell to 
proliferate and differentiate via a megakaryocyte progenitor cell into a mature 
megakaryocyte, which will result in the release of platelets. The whole process of 
platelet formation from a hematopoietic stem cell takes approximately ten days and 
the life span of platelet in the circulation is also about ten days. 

High-dose chemotherapy, frequently used to treat various malignancies, is a 
myeloablative therapy that leads to neutropenia (severe decrease in neutrophil 
counts) and thrombocytopenia (severe decrease in platelet counts). To accelerate 
hematologic recovery, hematopoietic stem cell transplantations are given to the 
patient. In the past, bone marrow was the major source of stem cells, but currently 
there is an increase in the use of peripheral blood-derived stem cells for 
transplantation. Peripheral blood-derived stem cells are harvested by 
leukocytapheresis, after treatment of the patients with Granulocyte Colony-
Stimulatmg-Factor(G-CSF), with or without chemotherapy, to mobilize stem cells 
from the bone marrow into the peripheral blood. Cord blood is another source of 
stem cells, but the limited number of stem cells restricts the use of cord blood stem 
cells to children. 

Despite the use of stem-cell transplantations after myeloablative therapy, the 
period of thrombocytopenia is considerable. This seems to be due to the fact that 
reinfused stem cells still have to undergo the whole proces of differentiation and 
maturation from stem cell to megakaryocyte before platelets are released. 
Thrombocytopenia can lead to life-threatening bleeding tendencies. To overcome 
the period of thrombocytopenia, patients are treated with platelet transfusions. 
Repeated platelet transfusions carry the risk of alloantibody formation by the 
patient, which can lead to a severely decreased survival time of transfused platelets 
and to refractoriness to platelet transfusions. Moreover, there is risk of transmission 
of blood-borne infections. Alternative treatments to reduce the period of 
chemotherapy-induced thrombocytopenia became available with the cloning of 
thrombopoietin (Tpo) (Chapter 2). Administration of recombinant Tpo after 
myeloablative therapy did not result in a satisfactory reduction in the period of 
platelet transfusion dependency (Chapter 2). Apparently, Tpo is not able to shorten 
the time needed for megakaryocyte formation. An alternative approach might 
therefore be to expand ex vivo autologous CD34+ hematopoietic stem cells into 
megakaryocyte progenitors and megakaryocytes. Stem cell transplants contain 
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Chapter 1  

variable numbers of megakaryocyte committed cells. In the past it has been shown 
that higher numbers of megakaryocyte progenitors (represented by cells expressing 
both CD41 and CD34) or colony-forming-unit megakaryocyte (CFU-Meg) reduces 
the time to platelet recovery{21,65,66,68}. Reinfused ex vivo expanded 
megakaryocytes and megakaryocyte progenitors can directly produce platelets, 
because they do not have to undergo the whole proces of megakaryocyte 
differentiation. In this way sufficient platelets may be produced during the time 
bone-marrow reconstitution takes place, thereby reducing the period of severe 
thrombocytopenia. 

The aim of this thesis was to define optimal culture conditions for the ex vivo 
expansion of megakaryocytes. For this purpose, a liquid culture system was 
developed. Different growth-factor combinations and culture media were tested to 
determine the most suitable and clinical applicable culture conditions (Chapter 3 
and 5). Moreover, the outgrowth of CD34+ stem cells from various sources into the 
megakaryocytic lineage was compared (Chapter 4). 

In addition, the developed megakaryocyte culture system was used to analyse 
the capacity of hematopoietic progenitor cells from patients with various forms of 
thrombocytopenia to form megakaryocytes (Chapter 7). In patients with congenital 
amegakaryocytic thrombocytopenia mutations in the gene encoding the Tpo-
receptor, c-mpl, were found as the likely cause of this disorder (Chapter 6). In 
Chapter 8, a functional analysis of the mutations that did not directly predict loss of 
Mpl function or expression is described. 

12 
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1. Introduction 
Hematopoiesis is the process of blood cell formation from pluripotent stem 

cells. Pluripotent stem cells have the capacity of self-renewal and are able to 
differentiate into all the different blood cell lineages (see Fig.l). Hematopoiesis 
takes place in the bone marrow and is regulated by cell lineage specific growth 
factors (Fig.l). In general, the number of cells in the blood and their production is 
at a constant level but production is increased upon an increased need for any of 
the various cell lineages. 
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Figure 1. Hematopoiesis 
A simplified representation of the hematopoiesis and of the role of growth factors in normal 
hematopoiesis. CFU, colony forming unit; BFU, burst forming unit; G, granulocyte; M, monocyte; 
Eo, eosinophil; Ba, basophil; Meg, megakaryocyte; E, erythroid; Tpo, thrombopoietin; Epo, 
erythropoietin; SCF, stem cell factor; CSF, colony stimulating factor; IL, interleukin. 

15 

http://IL-1.-3.-4.-6


Chapter 2  

Platelets are small anucleated particles produced upon fragmentation of the 
cytoplasm of their precursor cell; the megakaryocyte. The whole process of 
differentiation and maturation from stem cell to megakaryocyte, resulting in the 
release of platelets in the bloodstream, takes approximately ten days. The life span 
of a platelet is approximately ten days and their mam function is the formation of a 
plug in response to vascular injury. In 1842, platelets were first recognised as 
small particles in the blood. However, more than 40 years of research was needed 
to realise that these particles were an important element of the blood. In 1891, it 
became clear that platelets and not the leukocytes formed a plug in response to 
injury [1]. Megakaryocytes were first identified in 1890 and in 1906 Wright et al. 
discovered that megakaryocytes were the cells that produced platelets [1], 

Thrombocytopenia, a decrease m platelet number, can lead to life-threatening 
bleeding episodes. Thrombopoietm (Tpo) is the mam hematopoietic growth factor 
that stimulates the proliferation and differentiation of megakaryocytes, which will 
result in the release of platelets. Since the cloning of Tpo a few years ago, much 
more knowledge on megakaryocytopoiesis has been gained. In this chaptei 
megakaryocytopoiesis in vivo and in vitro, Tpo and its receptor, c-mpl, and the use 
of Tpo in diagnosis and treatment of platelet disorders will be discussed. 

2. In vivo production of platelets 

2.1 Megakaryocyte formation 

Upon the need for platelets m the body, hematopoietic progenitor cells are 
stimulated to form megakaryocytes. Via a bipotent erythroid/megakaryocytic 
progenitor [2], the colony forming umt-megakaryocyte (CFU-Meg) is formed 
which will proliferate and maturate into mature megakaryocytes (see Fig. 2). In 
the latter stages of megakaryocyte differentiation, the megakaryocyte undergoes 
endomitosis, a process unique to megakaryocytes. During endomitosis, DNA is 
replicated and cytoplasmic volume is increased, but due to abortive mitosis there 
is no cell division [3]. In this way a megakaryocyte becomes polyploid. The 
number of chromosomes (DNA) in a mature megakaryocyt can be as high as 64 to 
128 times that of other cells. The number of platelets, which a megakaryocyte can 
produce, is related to the size of the megakaryocyte, which m turn corresponds to 
the degree of ploidy. Moreover, larger megakaryocytes produce larger platelets 
with a higher hemostatic capacity. 

During cytoplasmic maturation of the megakaryocyte, demarcation membranes 
are formed to start proplatelet formation (see Fig. 3). Proplatelets are long 
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Figure 2. Megakar>ocytopoiesis 
Overview of the different stages of megakaryocyte development and platelet formation. Tpo, together 
with other cytokines, stimulates stem cells to proliferate, differentiate and maturate into 
megakaryocytes. During maturation polyploidisation takes place. Finally, megakaryocytes form 
proplatelets which then disintegrate into platelets. 

cytoplasmic segments that split off platelets. A megakaryocyte can produce six to 
eight proplatelets and each proplatelet 6000 platelets. 

Platelet formation must be at a constant can yield approximately 1000 platelets. 
Thus, one megakaryocyte can produce more than level in steady state conditions. 
In healthy individuals platelet counts ranges from 150 - 450 x 109/L. Thus, a 
healthy adult with a blood volume of 5 L has on average 15 x 10" platelets. The 
life span of a platelet is ten days, so per day 15 x 1010 platelets have to be produced 
and per minute 1 xlO8. Thus each minute 1.7 x 104 megakaryocytes have to 
fragment into platelets. 

2.2 Site of platelet production 

Megakaryocyte formation takes place in the bone marrow. Platelet 
fragmentation, however, is rarely observed in the bone marrow itself. It has been 
suggested that platelet shedding occurs elsewhere, such as in the lung. 
Megakaryocytes are located in the subendothelial region of bone marrow 
sinusoids. From here they may extend their cytoplasmic projections, the 
proplatelets, into the lumen of the sinusoids [1,4]. Platelets might be released from 
the proplatelets directly into the sinusoids lumen [1] or the extensions form the 
start of the migration of megakaryocytes through the endothelial layer [1,4]. They 
might also serve to monitor the blood circulation to determine if platelets are 
required [1]. 
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Chapter 2 

Figure 3. Electron microscopy of a 
megakaryocyte 
Electron microscopy of a megakaryocyte with a 
developed demarcation membrane system and 
abundant granules. Megakaryocytes were cultured 
from CD34+ stem cells in the presence of Tpo and 
IL-3 for twelve days. G, Golgi apparatus; small 
arrows, demarcation membranes; thick arrows, 
granules. Bar = 700 ran. 

Megakaryocytes are able to migrate into the sinusoid lumen and to enter the 
circulation. This migration has been observed to occur through the endothelial cell 
[4]. Outside the bone marrow, megakaryocytes have been detected in the 
circulation, lungs, spleen, kidney, liver and heart [1,5-7]. Higher numbers of 
megakaryocytes have been detected in these organs upon disease or stress [1]. The 
presence of megakaryocytes is most prominent in the lung. In one study, the 
pulmonary vessels of a dog were changed such that the blood from the right heart 
chamber first perfused the right long and then the left long. More megakaryocytes 
were found in the right lung, indicating that megakaryocytes are trapped in the 
pulmonary vasculature [8]. Furthermore, in cardiac patients, megakaryocytes were 
isolated by elutnation from blood going to and leaving the lungs. Ten times more 
intact megakaryocytes were found m blood entering the lungs than leaving the 
lungs [5]. It has also been found that more platelets are present in venous blood 
that has passed the lungs than in arterial blood going to the lungs [1]. These 
observations suggest that at least part of the platelet production from 
megakaryocytes takes place in the lung. 

Another site of platelet production might be in the circulation since 
megakaryocytes and cytoplasmic fragments of megakaryocytes are found here. An 
in vitro observation that the presence of bone marrow stroma inhibited proplatelet 
formation, is an another indication that platelet release from megakaryocytes may 
occur outside the bone marrow microenvironment [9]. 

18 
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2.3 Adhesion and migration of megakaryocytes 

Megakaryocytes may thus leave the bone marrow in order to release platelets, 
either in the circulation or in the lungs. Thusfar, not much is known about the 
signals that trigger a megakaryocyte to migrate out of the bone marrow into the 
circulation. However, recently it was described that the chemokme receptor 
CXCR4 is expressed on megakaryocyte progenitors, megakaryocytes and platelets 
[10-13], The ligand for CXCR4 is stromal-derived factor 1 (SDF-1) which is a 
potent chemoattractant for CD34~ progenitor cells as well as for lymphocytes. 
CXCR4 is broadly expressed on cells of the immune and central nervous system. 
SDF-1 and CXCR4 knock out mice have profound defects in hematopoiesis and 
die permatally [14,15], 

CXCR4 expression increases in parallel with CD41 expression during 
megakaryocyte maturation [10-12]. SDF-1 induces intracellular Ca2+ mobilisation, 
upregulation of activation dependent P-selectm and Chemotaxis of immature 
megakaryocytes. SDF-1 induced migration was specific as it was completely 
blocked by addition of a blocking antibody for CXCR4. However, even though 
platelets and mature megakaryocytes express CXCR4 and bind SDF-1 with high 
affinity, no response to SDF-1 binding was observed in Chemotaxis, Ca2+ 

mobilisation and P-selectin upregulation with these cells [12,13]. These findings 
are in contrast with another report in which was shown that more ploid mature 
megakaryocytes migrate preferentially in response to SDF-1 [10]. Furthermore, 
the authors showed that after migration of megakaryocytes through bone marrow 
endothelial cells platelet formation was increased as compared to megakaryocytes 
who migrated in the absence of bone marrow endothelial cells [10]. 

Thus, the role of SDF-1 in megakaryocytopoiesis remains speculative. SDF-1 
might have a function in homing of megakaryocyte progenitors in the bone 
marrow. Whether SDF-1 also has a role in migration of megakaryocytes from the 
bone marrow into the circulation or in proplatelet formation has to be further 
investigated. 

3. Thrombopoietin 

Hematopoiesis is regulated by lineage-specific growth factors. Stimulation of 
the pluripotent stem cell with growth factors induces the proliferation and 
differentiation of the different blood-cell types. For example, erythropoietin (Epo) 
is a cytokine that induces erythroid cell formation and granulocyte/monocyte-
colony stimulating factor (GM-CSF), M-CSF and G-CSF stimulate the 
development of monocytes and granulocytes (see Fig. 1). However, although 
growth factors like Epo, GM-CSF, M-CSF and G-CSF are capable of inducing 
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Chapter 2  

specific blood cell formation, the whole differentiation and proliferation process is 
a combined action of several cytokines. 

3.1 Cloning of thrombopoietin 

Until 1994, the growth factor responsible for megakaryocyte formation was 
unknown. In 1961, the presence of a hormone in plasma of thrombocytopenic mice 
that induced thrombocytosis in recipient mice was described [16]. However, 
despite all the attempts nobody was able to isolate this hormone that was already 
named thrombopoietin. Several growth factors that were isolated in this period, 
like interleukin-6 (IL-6) and IL-11, were mistaken as thrombopoietin, However, 
none of these cytokines had the capacity to induce the whole process of 
megakaryocytopoiesis. 

The cloning of Tpo began via an unrelated field. In 1990, the transforming 
oncogene, v-mpl, of a myeloproliferative leukemia virus (MPLV) was described 
that was capable of immortalising bone marrow hematopoietic cells from different 
lineages [17]. In 1992 the human homologue of this oncogene, named c-mpl, was 
cloned [18]. Sequence data revealed that c-mpl encodes a protein that is highly 
homologous with members of the hematopoietin receptor superfamily. Polymerase 
chain reaction (PCR) analysis of RNA showed that c-mpl was expressed in 
purified CD34" cells, megakaryocytes and platelets [19]. The presence of antisense 
oligodeoxynucleotide of c-mpl inhibited in vitro megakaryocyte colony formation, 
whereas erythroid and granulocyte-macrophage colony formation was unaffected 
[19]. These data suggested that the ligand for Mpl receptor was a cytokine that 
specifically regulates the megakaryocytopoiesis. 

Two years after the cloning of c-mpl, its ligand was cloned by five different 
groups [20-24]. Mpl ligand is identical to Tpo and is also referred to as 
Megakaryocyte Growth and Development Factor (MGDF) [25]. Tpo indeed 
proved to be the growth factor regulating megakaryocytopoiesis [20-22,26] and its 
activity can be inhibited by recombinant Mpl [26]. 

The importance of Tpo and Mpl in megakaryocytopoiesis was also 
demonstrated by Tpo and c-mpl gene knockout mice [27-30]. Both the c-mpl and 
Tpo knockouts had severely reduced platelet numbers , approximately 10 - 20% of 
wildtype mice. Furthermore, the number of megakaryocytes in the bone marrow 
was decreased, while the number of cells from all other lineages were normal. 
Although megakaryocytes were smaller in knockout mice the platelet produced 
were normal. 

Besides a defective megakaryocytopoiesis c-mpl knockout mice display 
hematopoietic stem cell deficiencies. Not only a reduction in the number of 
megakaryocyte progenitor cells was found in c-mpl knockout mice but they also 
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have a 50% reduction in the number of multipotential progenitor cells as well as 
committed progenitor cells [30,31]. Transplantation of c-mpl deficient bone 
marrow cells into wild type mice revealed a 10-fold reduction in the number of 
colony forming unit-spleen. Wild type bone marrow cells transplanted into c-mpl 
deficient mice supported normal colony formation indicating that the 
hematopoietic defects m c-mpl deficient mice are due to a intrinsic stem cell defect 
[311. The importance of c-mpl expression m hematopoiesis was also shown m 
another mice model. Transplantation of CD34,CD38~c-m/?/t cells m SCID mice 
showed much better engraftment than CD34+CD3S'c-mpl cells, implying a role for 
Mpl in early hematopoiesis [32]. 

3.2 Structure of thrombopoietin 

The 7>o-gene is located on chromosome 3q26-27 [23,33-35] and spans 
approximately 6.2 kb [33,34], The coding region is composed of 6 exons and 5 
introns. The resulting polypeptide has a length of 353 amino acids, including a 
signal peptide of 21 ammo acids which is cleaved from the mature protein (see 
Fig. 4) [33-35]. The predicted molecular weight for Tpo is 38 kD, but on SDS-gel 
it migrates at a Mr of 68 - 85 kD, showing that Tpo is highly glycosylated. 

The Tpo protein comprises two domains. The amino-termmal domain of 153 
amino acids is highly homologous to EPO and contains four cysteine residues. The 
amino-terminal domain has two receptor binding sites. Binding Mpl induces 
receptor homodimerisation [36]. The carboxy-terminal domain of 179 ammo acids 
is rich in serine, threonine and proline and contains several potential N-

ATG 

«H 
2 3 4 

STOP 

i 

untranslated region amino terminal domain 

signal peptide carboxy terminal domain 

Figure 4. Structure of thrombopoietin 
A schematic representation of the organisation of the Tpo gene. Boxes represent the exons and 
horizontal lines the introns. Exon numbers are shown above the boxes. ATG is the start codon, STOP 
is the STOP codon. 
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glycosylation sites. There is no homology of the carboxy-terminal domain with 
other known protein sequences [33-35]. Tpo is highly conserved between differem 
species, compared to human Tpo, murine and pig Tpo show an overall homology 
of 72 and 73%, respectively. Between these species, the amino-terminal domain is 
more conserved than the carboxy-terminal domain; 81-85% homology for the 
ammo-terminal region and 57-67% for the carboxy-terminal region [35]. 

From human, murine and pig mRNA also a Tpo splice variant exists (Tpo-2) 
with a twelve base pair deletion on the boundary of exon 5 and 6. Expression of 
Tpo-2 is diminished compared to Tpo. Moreover, Tpo-2 is inactive since it is not 
able to induce proliferation in Ba/F3-mpl cells [23,35]. The role of Tpo-2 is 
unknown. 

3.3 The Tpo-receptor c-mpl 

3.3.1 Structure of c-mpl 

The gene coding for the Tpo-receptor, c-mpl, is located on the short arm of 
chromosome 1 (lp34) and it spans 17 kb. The c-mpl gene is composed of 12 exons 
and 11 mtrons (see Fig. 5). Exon 1 encodes a signal peptide, exon 2 to 9 encode 
the extracellular domain, exon 10 the transmembrane domain and exon 11 and 12 
encode the cytoplasmic domain (Fig. 5). The extracellular domain has two 
cytokine receptor domains, each encoded by four exons (exon 2 -5 and exon 6 -9 
respectively) [18,37]. 

The protein encoded by c-mpl gene is 635 amino acids long, including a signal 
peptide of 25 amino acids, with a molecular mass of 71 kD [18]. Three different 
forms of Mpl mRNA have been detected, Mpl-P, Mpl-K and Mpl-S. Mpl-P 
encodes the full-length protein with a cytoplasmic domain of 122 ammo acids. 
Mpl-K codes for Mpl with only a short cytoplasmic domain that is encoded by the 

cytokine receptor domain cytokine receptor domain cytoplasmic domain 

Figure 5. Structure of c-mpl 
A schematic representation of the organisation of the c-mpl gene. Boxes represent the exons and 
vertical bars indicate the position of the introns. Exon numbers are shown above the boxes. SP, 
signalpeptide; TM, transmembrane domain. 
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first half of intron 10. It lacks ammo acids encoded by exon 11 and 12. Mpl-S 
mRNA encodes a possible soluble form of Mpl that misses exon 9 and 10. The 
deletion of exon 9 and 10 in Mpl-S causes in a frameshift, which results in a 
STOP-codon in exon 11, leaving only 21 amino acids translated. [18,37] 

The cytoplasmic domain of Mpl has a length of 122 amino acids and contains 
two regions of conserved sequences (box 1 and 2), which are both needed for 
induction of proliferation and differentiation [38,39], The C-terminal part may be 
involved in apoptosis inhibition. 

3.3.2 Expression of Mpl 

Mpl is expressed by a small percentage (< 2%) of CD34" progenitor cells, on 
all committed cells of the megakaryocyte lineage and on platelets [19,40]. 
Approximately 30 to 200 Mpl receptors are expressed per platelet [41,42]. On 
megakaryocytes the reported number of receptors per cell vanes from 2000 to 
more than 12000 and it has been found that the number of receptors on a 
megakaryocyte increases with cell maturation [43,44]. 

3.4 Thrombopoietin production 

Both in man and mice the main sites of Tpo production are the hepatocytes in 
the liver and proximal convoluted tubular cells in the kidney [45,46]. In mice, both 
Tpo and c-mpl expression has also been found in cloned liver endothelial cells, 
which suggests that Tpo might act as a growth factor for liver endothelial cells in 
vitro [47]. The important role of the liver in Tpo production was shown in "tissue 
specific knock-out mice". A liver from a Tpo-knock-out mouse was transplanted 
into a wildtype mouse. This resulted in approximately half of normal platelet 
counts in peripheral blood [48]. Tpo mRNA production has also been found in the 
spleen and in cells of the amygdala and hippocampus in the bram [46,49]. 
Furthermore, bone marrow stromal cells express both Tpo mRNA and protein, 
notably during thrombocytopenia (see 3.5) [9,46,50]. 

3.5 Regulation of thrombopoietin levels 

A decrease in platelet numbers in the blood will lead to an elevation of plasma 
Tpo levels, which subsequently can induce megakaryocyte formation in the bone 
marrow (see Fig. 6). In thrombocytopenic patients and in mice after induction of 
thrombocytopenia, no elevation in Tpo mRNA levels was found in liver and 
kidney [46,51,52]. However, in bone marrow of mice with low platelet numbers 
and in bone marrow stromal cells from patients with thrombocytopenia due to 
bone marrow aplasia or idiopathic thrombocytopenic purpura (ITP), increased Tpo 
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Figure 6. Regulation of Tpo levels 
Schematic representation of the regulation of blood Tpo levels. Tpo is produced by liver and kidney, 
comes into the circulation and stimulates stem cells in the bone marrow to produce megakaryocytes, 
which results in platelet formation. In turn platelets are able to bind Tpo. Finally, platelets are 
destroyed in the spleen. 

mRNA expression was detected [46,53,54]. This suggests that Tpo production by 
bone marrow stromal cells might have a direct role m regulating the 
megakaryocytopoiesis m response to decreased platelet numbers. Tpo production 
by the liver and kidney is not regulated at the mRNA level. 

Although, Tpo transcription m liver and kidney seems to be at a constant rate, 
but an inhibition mechanism at the translational level was recently shown to exist 
[55]. Translation of Tpo mRNA from liver and kidney was inhibited by the 
presence of several AUG (start) codons m the 5'-untranslated region (5'-UTR). 
Ribosomes that initiate translation from the first AUG codon will reach one of the 
several stop codons m the 5'-UTR and translation stops because the nbosome will 
dissociate from the mRNA. However, a proportion of the ribosomes will bind to 
the real start codon and initiate translation of Tpo. The importance of this 
translation inhibition mechanism became evident m two families with hereditary 
thrombocythemia, where loss of this inhibition caused thrombocytosis [56,57], 
Whether this mechanisms plays a role m regulation of Tpo plasma levels m case of 
thrombocytopenia is not known. 

That platelets and megakaryocytes play a role in regulation of Tpo plasma 
levels is shown by c-mpl deficient mice, that have low platelet numbers and high 
plasma Tpo levels, but no increase m Tpo mRNA m liver or kidney [29,30,58]. 
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Binding of Tpo to platelets was shown in several studies. Both rabbit and sheep 
platelets were able to remove Tpo from plasma of thrombocytopenic subjects 
[59,60]. Furthermore, incubation of '25I-labeled Tpo with platelets present m 
plasma from humans or mice showed that platelets can bind Tpo and may degrade 
it [41,61]. The binding of Tpo by platelets is also shown by an immediate decrease 
m plasma Tpo levels upon administration of platelet transfusions to patients 
suffering from chemofherapy-mduced thrombocytopenia [62]. The binding of Tpo 
to platelets occurs via its receptor Mpl because platelets from c-mpl deficient mice 
are unable to bind Tpo [58]. Injection of 125I-labeled Tpo m mice demonstrated 
that not only platelets, but also megakaryocytes bind and internalise Tpo [61]. 

As a model of Tpo plasma level regulation it is now proposed that production 
of Tpo is constant [62]. A decrease in platelet formation leads to an elevation of 
plasma Tpo levels. Numerous studies have shown that m case of 
thrombocytopenia induced by myeloablative therapy Tpo levels and platelet 
numbers are inversely correlated [26,51,59,62-68]. Higher Tpo levels m turn will 
stimulate megakaryocytopoiesis and platelet production. The produced platelets 
will bind Tpo and this results in a decrease of Tpo levels (see Fig. 6). 

3.6 Thrombopoietin levels in platelet disorders 

3.6.1 Thrombocytopenic disorders 

Thrombocytopenia can be caused by either defective platelet production or by 
an increased platelet destruction or sequestration. In disorders with defective 
platelet production, like congenital amegakaryocytic thrombocytopenia, aplastic 
anemia, myelodysplastic syndrome or decreased hematopoiesis Tpo levels are 
highly elevated [54,69-74]. On the other hand, m plasma of patients with 
thrombocytopenia due to increased platelet destruction, like ITP, normal to 
slightly elevated Tpo levels are found [54,69,70,72,73,75]. Hence, plasma Tpo 
levels can be used to discriminate between these two different causes of 
thrombocytopenia and measurement of Tpo levels is therefore a useful tool for the 
differential diagnosis of thrombocytopenia [69,70,75]. 

Thrombocytopenia in patients with liver cirrhosis is mainly caused by 
enhanced pooling and sequestration of the platelets m an enlarged spleen. 
However, since splenectomy does not always result in higher platelet counts other 
factors must be involved. Tpo levels are normal m these patients, but after liver 
transplantion Tpo levels rise until normal platelet numbers are achieved [72,76]. 
This indicates that impaired Tpo production also plays a role m the pathogenesis 
of thrombocytopenia in liver cirrhosis. 
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3.6.2 Disorders with thrombocytosis 

Myeloproliferative diseases (polycythemia vera (PV), essential 
thrombocytaemia (ET) and chronic myeloid leukemia) are the result of clonal 
expansion of one or more cell lineages of myeloid series. The abundant growth can 
be due to hypersensitivity to growth factors. However, \n vitro also factor 
independent growth of erythroid cells and megakaryocytes in PV and of 
megakaryocytes in ET has been demonstrated [77-79]. Tpo levels in PV, ET and 
reactive thrombocytosis are normal to slightly elevated [54,77,80-84]. 

Two families with hereditary ET and high Tpo levels were recently described 
and activation mutations in the Tpo gene were identified (see also 3.5) [56,57]. In 
one family a G to C conversion in splice donor site of intron 3 of the Tpo gene was 
found in all family members with ET. This mutation results in a shortened 5'-UTR 
and subsequently to an overproduction of Tpo [56]. In the second family an one 
base pair deletion in the 5'-UTR was detected that also increased Tpo production 
[57]. In acquired ET neither mutations in Tpo or c-mpl have thusfar been found 
[82,83,85]. 

In PV downregulation of Mpl expression on platelets have been described [86]. 
Whether there is downregulation of Mpl expression in ET is still controversial 
[77,86]. The decreased expression of Mpl might explain that despite the high 
platelet numbers normal to elevated Tpo levels are found. Thus although with the 
cloning of Tpo and c-mpl some mechanisms of thrombocytosis are elucidated, 
several still need further research. 

3.7 Clinical application of thrombopoietin 

The usefulness of cytokines (IL-3, IL-6, IL-11, SCF) for the treatment of 
thrombocytopenia have been evaluated in the past years. Of these tested cytokines 
only IL-11 had a modest effect on platelet number and recovery of platelet counts 
after chemotherapy. The others cytokines had hardly any effect and showed too 
many toxic effects [87]. After the cloning of Tpo and the discovery that this 
cytokine was a strong stimulator of thrombocytopoiesis, clinical trials started to 
determine whether Tpo would be useful for the treatment of thrombocytopenia. 

The clinical applications of Tpo are broad: Tpo can be used to stimulate 
platelet recovery after chemotherapy or radiotherapy treatment, in hematological 
diseases associated with thrombocytopenia, in liver disease with defective Tpo 
production, in a transfusion setting to stimulate stem cell mobilisation (see 4.4) or 
to increase platelet numbers for platelet apheresis. Furthermore, Tpo can be used 
for ex vivo expansion of megakaryocytes (see 4). 

In several trials the capacity of Tpo to reduce the severity and duration of 
thrombocytopenia after myeloablative therapy in patients with solid tumours was 
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determined. In some trials the safety and clinical activity of Tpo was determined 
by administration of Tpo before chemotherapy. In one study 12 sarcoma patients 
at a high risk of developing severe thrombocytopenia after chemotherapy 
treatment were given a single dose of Tpo [88]. This resulted in an increase in 
platelet count in a dose-related manner. Platelets were morphological normal and 
showed normal aggregation responses. Furthermore, a dose-related increase in 
megakaryocyte number in the bone marrow was observed. In another study 
advanced cancer patients were treated with PEG-rHuMGDF before chemotherapy. 
In these patients a dose dependent increase in platelet numbers was observed, 
ranging from 51 to 584% [89]. Aggregation test and ATP release test in response 
to a.o. ADP and collagen showed that the produced platelets were functionally 
normal [90]. 

The effect of Tpo after chemotherapy treatment was assessed in other studies. 
Fanucchi et al. [91] gave lung cancer patients several doses of pegylated 
recombinant human MGDF(PEG-rHuMGDF, pegylation prolongs half life of 
MGDF) after chemotherapy treatment until platelet levels were normal. In the 
patients treated with different doses PEG-rHuMGDF the depth in platelet counts 
was lower and the time to baseline platelet counts was shorter compared with 
placebo controls. In a second study administration of PEG-rHuMGDF to advanced 
cancer patients after chemotherapy treatment gave an earlier nadir in platelet 
counts, but the nadir depth was comparable to the placebo control group. The 
return to baseline platelet count was significantly earlier than the placebo controls 
[92]. In none of the above mentioned studies severe toxicity of Tpo treatment or an 
effect on neutrophil recovery or haematocrit was observed. 

Myeloablative therapy in combination with peripheral blood stem cell 
transplantation (PBSCT) is associated with severe thrombocytopenia. In a rhesus 
monkey model Tpo administration enhanced platelet recovery after 5 Gy total 
body irradiation [93], but in a setting of a total body irradiation of 8 Gy in 
combination with a autologous stem cell transplantation for hematopoietic rescue, 
treatment with Tpo did not accelerate platelet recovery [94]. This finding in a 
rhesus monkey model is comparable with clinical trials performed in patients who 
were treated with myeloablative therapy followed by PBSCT in combination with 
Tpo. In none of these trials the duration of the thrombocytopenia or the need for 
platelet transfusion was reduced by Tpo treatment [95-98]. 

4. Ex vivo expansion of megakaryocytes 

Patients treated with intensive high dose chemotherapy regimens usually 
develop profound thrombocytopenia. Although hematopoietic recovery is hastened 
by autologous stem cell transplantation, generally a considerable number of 
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platelet transfusions is still needed. Recurrent platelet transfusions carry the risk cf 
transmission of blood born infections. Moreover, alloantibody formation ani 
subsequent refractoriness to platelet transfusions can occur. As described in 
section 3.6, administration of Tpo to this group of patients did not yet result in i 
satisfactory reduction in the duration of thrombocytopenia. An alternative 
approach to treat these patients is the use of a transfusion product of autologous e:: 
vivo expanded megakaryocytes and megakaryocyte progenitors. Remfusion of 
these megakaryocytic cells might shorten the thrombocytopenic period and migh: 
decrease the depth in platelet counts. Moreover, the use of autologous cells will 
circumvent the problems of disease transmission and alloantibody formation. 

4.1 Role of growth factors in ex vivo expansion of megakaryocytes 

Before the cloning of Tpo it was generally accepted that two factors were 
required for megakaryocytopoiesis; one factor that induces differentiation of stem 
cells into the megakaryocytic lineage and a second to stimulate proliferation oi 
megakaryocytic progenitors. Stem cell factor (SCF) and IL-3 were candidates as 
proliferation stimulating factors and IL-6 and IL-11 as differentiation and 
maturation inducing factors. However, Tpo proved to be able to stimulate the 
whole process of megakaryocyte and platelet formation, both in vitro and in vivo, 
suggesting that one factor is sufficient to induce megakaryocytopoiesis. 

The different stages of megakaryocyte development can be characterised by the 
expression of cell stage specific surface markers. The pluripotent stem cell, which 
is capable of self renewal and of differentiation into all different cell lineages, 
expresses high levels of the sialomycm CD34. During differentiation CD34 
expression is lost and cell lineage specific surface markers are gained. CD41, 
glycoprotein lib, is a megakaryocytic lineage specific marker, which is expressed 
in complex with CD61, glycoprotein Ilia. CD41 is expressed on early 
megakaryocyte progenitors, megakaryocytes and on platelets. Megakaryocyte 
progenitors are CD34+CD41+, during differentiation CD34 expression is lost and 
cells become CD34"CD41+. CD42b, glycoprotein lb or glycocalicin, is also 
specific for the megakaryocytic lineage. It becomes expressed during a somewhat 
later stage of megakaryocyte differentiation. 

4.1.1 Stem cell factor 

SCF is the ligand for c-kit, which is expressed on early hematopoietic 
progenitor cells, and is therefore also referred to as c-kit-ligand. SCF alone has 
little colony stimulating activity but it interacts with other growth factors, like IL-
3, G-CSF, GM-CSF and EPO, to enhance proliferation of all different cell lineages 
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[99]. SCF has no effect on megakaryocytopoiesis perse. But, together with IL-3, 
Tpo and to a lesser extent with GM-CSF, SCF synergistically increases the 
number of megakaryocyte colonies [63,100-102]. 

4.1.2 Interleukin-3 

IL-3 is a multipotent cytokine, which is produced by activated T-cells and 
natural killer cells. IL-3 by itself stimulates proliferation of hematopoietic 
progenitor cells in vitro. It acts synergistically with other cytokines like SCF, G-
CSF, GM-CSF, EPO and Tpo. 

In vitro, IL-3 can induce megakaryocyte colony formation [100,103-107], but 
in the presence of SCF or Tpo the number of colonies is synergistically increased 
[104,105,108-111]. Addition of IL-3 in colony assays not only leads to more 
colonies but also to larger colonies [63,103,111]. Delayed addition of IL-3 or SCF 
reduces the colony number and size, implying that IL-3 and SCF act at an early 
stage of megakaryocyte colony formation [111]. 

Culture of CD34T cells into megakaryocytes in a liquid culture system in the 
presence of IL-3 leads to a more rapid decrease of CD34 expression, compared to 
megakaryocytes cultured without IL-3 [104,112]. Furthermore, in the presence of 
IL-3 cells are cultured that have a weaker CD41 expression and reduced 
polyploidisation [100,104,109,113]. So, IL-3 increases proliferation of 
megakaryocyte progenitors, but inhibits final megakaryocyte maturation. IL-3 
might function to maintain a pool of immature megakaryocytes. 

C-mpl knock out mice are characterised by severely reduced numbers of 
megakaryocytes and platelets. In c-mpl and IL-3 double knockout mice no 
differences in megakaryocyte and platelet number are observed as compared with 
c-mpl single knock out mice. Thus, IL-3 has no role in the residual platelet 
formation in these mice [114]. 

4.1.3 Interleukin-6 

IL-6 is a cytokine with multiple biological activities, including a role in 
megakaryocytopoiesis. IL-6 is produced by T-cells, endothelial cells, fibroblasts, 
keratinocytes and also by megakaryocytes, who express the IL-6 receptor as well 
[115]. IL-6 alone can induce megakaryocyte colony formation but both the number 
and size of the colonies is smaller than obtained with IL-3 or GM-CSF [116]. IL-6 
in combination with low levels of IL-3 has an additive affect on the number of 
megakaryocyte colonies formed both in men and mice [116,117]. Presence of IL-
6 in culture leads to the formation of more mature, more ploid megakaryocytes, 
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implying a role for IL-6 in the final stages of megakaryocyte formation [115,118-
120]. 

4.1.4 Interleukin -1 

IL-1 also plays a role in megakaryocytopoiesis. In vivo, administration of IL-Iß 
to humans, treated with chemotherapy [121-124] and to mice [125,126] resulted 
not only in an improved neutrophil recovery, but also in thrombocytosis. In vitro, 
IL-1 alone is not able to induce megakaryocyte formation but in combination with 
IL-3 and/or IL-6 megakaryocytes are formed [117,127]. The effect of IL-1 or, 
megakaryocyte formation could be partly indirect. It has a stimulating role m 
formation of other cytokines. For example, IL-1-mduced production of IL-6 has 
been described both m men [128,129] and mice [125,126]. 

4.1.5 Interleukin-11 

IL-11 is produced by several cell types of mesenchymal origin, including bone 
marrow stroma. Besides Tpo it is the only cytokine that has an effect on platelet 
production in vivo. Administration of IL-11 after chemotherapy treatment to breast 
cancer patients [130] or to patients who needed platelet transfusions after a 
previous chemotherapy treatment [131] showed a decrease in the degree of 
thrombocytopenia and a reduced need for platelet transfusions. 

In vitro, IL-11 alone is not capable of inducing megakaryocyte formation. IL-
11 acts synergistically with IL-3 and SCF. Combining IL-11 with IL-3 or SCF 
increases the number of megakaryocyt colonies above values obtained with SCF 
or IL-3 alone [132,133]. Furthermore, a mixture of IL-11 and IL-3 gives an 
increase in ploidy of the cultured cells [132]. The effect of IL-11 on 
megakaryocytes seems to be mediated via binding to the IL-11 receptor that is 
expressed on megakaryocytes. Thus, IL-11 is a cytokine that by itself can not 
initiate megakaryocyte colony formation, but, like IL-6, exerts its effects later m 
megakaryocytopoiesis during maturation. 

4.2 Role of thrombopoietin in ex vivo expansion of megakaryocytes 

Although all the above described cytokines may be involved in megakaryocyte 
formation, the cloning of Tpo revealed it to be the most important megakaryocyte 
growth factor. Tpo is a strong inducer of megakaryocyte differentiation. In CFU-
meg assays Tpo can solely induce colony formation, but addition of SCF or IL-3 
increases the number and size of colonies [63,100,102,103,105,110,111]. In some 
reports on megakaryocyte expansion m liquid culture systems, limited cell 
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expansion by Tpo is reported [109,134-136], whereas others describe 
differentiation without any proliferation in presence of Tpo (own observations and 
[108,137-140]). However, m all these reports addition of IL-3 or SCF or 
combinations of IL-3, SCF, IL-6, IL-1 or IL-11 leads to an increase m number of 
megakaryocytes. The fact that addition of other cytokines increases the number of 
megakaryocytes or the number of cells per colony, indicates that Tpo is not a 
strong proliferative factor, but can act synergistically with other cytokines to 
induce maximal proliferation. 

In several studies proplatelet formation and platelet release in vitro was studied, 
but the role of Tpo in this process is unclear. All studies show that Tpo is required 
for differentiation of megakaryocytes into cells that are capable of producing 
proplatelets. For actual proplatelet formation Tpo seems not to be required and 
high concentrations of Tpo were even shown to inhibit proplatelet formation 
[134,141-144]. However, m another study it was shown that presence of Tpo 
increased the number of proplatelet forming megakaryocytes and that addition of 
soluble Mpl inhibited proplatelet formation [145]. For platelet shedding Tpo is not 
required, addition of soluble Mpl at the time of platelet shedding had no effect on 
the release of platelets [145]. 

4.3 Feasibility of ex vivo expansion of megakaryocytes 

As already mentioned reinfusion of ex vivo expanded autologous 
megakaryocyte progenitors, m addition to the nowadays routinely used stem cell 
transplantation, may enhance platelet recovery in patients with chemotherapy-
induced thrombocytopenia. Peripheral blood stem cell transplants contain variable 
numbers of megakaryocyte-committed cells. In the past it was shown that the 
amount of CD34+CD41+ cells or CFU-Meg in a stem cell transplant is positively 
related with the time of platelet recovery [146-149]. Before the cloning of Tpo it 
was difficult to expand large numbers of megakaryocytes in vitro. But with the 
combination of Tpo with proliferation inducing cytokines sufficient numbers of 
pure megakaryocytes can be obtained. Bertolim et al. [150] have already 
administered ex vivo expanded autologous cells, containing a variable number of 
megakaryocyte cells, together with unmampulated PBPC to ten patients treated 
with chemotherapy [150]. Megakaryocytes were expanded from CD34+ cells in the 
presence of Tpo, SCF, IL-3, IL-6, IL-11, Flt3-ligand and macrophage 
inflammatory protein-la. Subsequently, eight patients needed a single allogeneic 
platelet transfusion while two patients, receiving the highest numbers of expanded 
megakaryocytes, did not require any platelet transfusion at all, compared to a 
mean platelet transfusion need of 1.2 m historic controls [150]. Administration of 
autologous ex vivo expanded megakaryocyte progenitors was tolerated well. It 
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may thus prevent occurrence of severe thrombocytopenia after myeloablativi 
therapy if high enough numbers of megakaryocyte cells are reinfused. 

4.4 Other functions of thrombopoietin 

The role of Tpo in hematopoiesis is much broader than initially expected. 
Besides a prominent role in megakaryocytopoiesis Tpo is also involved in early 
hematopoiesis. Together with SCF and Flt3-ligand, Tpo stimulates the growth ol 
primitive progenitors, probably by promoting viability of the cells [138,139,151]. 
Furthermore, together with Flt3-hgand Tpo is able to maintain both proliferation 
and renewal of primitive cord blood stem cells for more than six months, which 
also implies a role for Tpo in early hematopoiesis [152]. 

Tpo is not only involved in megakaryocyte proliferation and differentiation, but 
also stimulates proliferation of myeloid, erythroid and multipotential progenitors 
[105,153-155]. In case of erythroid proliferation it was shown that Tpo enhanced 
erythropoiesis by inhibition of apoptosis of erythroid progenitors [155]. 

The effect of Tpo on stem cells is also shown in vivo by the observation that 
Tpo can stimulate mobilisation of progenitor cells into the circulation [156,157]. 
Thus Tpo might be used to mobilise stem cells in a stem cell transplantation 
setting. 

5.0 Conclusion 

With the cloning of Tpo and its receptor c-mpl much more knowledge about 
megakaryocytopoiesis and platelet production has been gained. New ways to study 
congenital and acquired platelet disorders have become available, which leads to 
new insights and treatment of this group of diseases. Moreover, with Tpo it is 
possible to culture large numbers of megakaryocytes to use as a transfusion 
product. Future clinical trials have to prove whether reinfused megakaryocytes and 
megakaryocyte progenitors can prevent the occurrence of chemotherapy induced 
thrombocytopenia. 
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Abstract 

Chemotherapy-induced thrombocytopenia is a major risk factor in cancer 
treatment. The transfusion of autologous ex vivo expanded megakaryocytes could 
be a new therapy to shorten the period of thrombocytopenia. Therefore, we 
investigated in a liquid culture system the effect of various cytokine combinations 
composed of pegylated megakaryocyte growth and development factor (PEG-
rHuMGDF), interleukin-1 (IL-1), IL-3, IL-6, IL-11 and stem cell factor (SCF) on 
the proliferation and differentiation of CD34T cells, in order to define the most 
optimal and minimal cytokine combination for megakaryocyte expansion. 

Besides PEG-rHuMGDF, IL-1 was found to be important for optimal 
megakaryocyte expansion. Depletion of either SCF, IL-6 or IL-11 did not exert a 
large effect, but the absence of IL-1 strongly diminished the number of 
megakaryocyte cells. Addition of IL-3 to the combination PEG-rHuMGDF, IL-1, 
IL-6, IL-11 and SCF significantly reduced the number of megakaryocyte 
progenitors (CD34+CD4T cells) and the number of CFU-Meg. Furthermore, we 
found a strong correlation between the number of CD34+CD41+ cells and the 
number of CFU-Meg obtained after eight days culture. 

Our study shows that optimal ex vivo expansion of megakaryocytes is achieved 
by the combination of PEG-rHuMGDF and IL-1, The numbers of megakaryocytes 
and megakaryocyte progenitors (CD34+CD41+) obtained in our liquid culture 
system with the growth factor combination PEG-rHuMGDF and IL-1 are suitable 
for transfusion purposes. 
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Introduction 

Patients treated with intensive high-dose chemotherapy usually develop 
profound thrombocytopenia. Although hematopoietic recovery is hastened by stem 
cell transplantation, generally a considerable number of platelet transfusions are 
needed. However, recurrent platelet transfusions carry the risk of alloantibody 
formation and subsequent refractoriness to platelet transfusions. New potential 
therapies to shorten the period of thrombocytopenia would seem to be provided by 
recombinant thrombopoietin (Tpo), which was cloned a few years ago [1-5]. Tpo 
has been shown to be the major regulator in the process of differentiation, 
proliferation and maturation of stem cells into megakaryocytes. Moreover, Tpo 
appears to be essential for optimal megakaryocyte expansion ex vivo [6-10]. To 
date, clinical trials have shown that administration of recombinant Tpo does not 
result in a satisfactory reduction in the duration of chemotherapy-induced 
thrombocytopenia [11-14]. 

In addition to the nowadays routinely used stem cell transplantation, reinfusion 
of ex vivo expanded autologous megakaryocyte progenitors may contribute to 
enhanced platelet recovery in patients with chemotherapy-induced 
thrombocytopenia. Peripheral blood stem cell transplants contain variable amounts 
of megakaryocyte-committed cells. In the past we and others have shown that the 
number of CD34+CD4T cells or CFU-Meg in a stem cell transplant is positively 
related with the time of platelet recovery [15-18]. Bertolini et al. [19] reported thai 
administration of autologous ex vivo expanded megakaryocyte progenitors in 
combination with autologous stem cell transplantation was well tolerated and that it 
may reduce the need of platelet transfusions if high enough numbers of 
megakaryocyte cells are reinfused. Therefore, it would seem worthwhile to 
investigate whether addition of megakaryocytic cells to a peripheral blood stem 
cell transplant will accelerate platelet recovery in vivo. 

However, the cytokine cocktail and culture time necessary to expand ex vivo 
high numbers of megakaryocyte progenitors from CD34+ cells has not yet been 
defined. A broad range of cytokines, i.e. Tpo (pegylated Megakaryocyte Growth 
and Development Factor (PEGrHuMGDF), a truncated, pegylated mpl hgand 
related to Tpo), stem cell factor (SCF), mterleukm 1 (IL-1), IL-3, IL-6, IL-11, 
erythropoietin, granulocyte macrophage-colony stimulating factor (GM-CSF), flt3-
ligand, macrophage inflammatory protein-la and G-CSF, have been tested, and 
different cytokine cocktails have been shown to be able to stimulate 
megakaryocytopoiesis in vitro [6-8,19-24]. However, inclusion of large numbers of 
cytokines in an ex vivo expansion protocol will be too expensive for routine clinical 
use. Moreover, it is difficult to obtain all cytokines at clinical grade. Therefore, we 
performed a detailed analysis of various cytokine combinations composed of 
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pegylated MGDF, IL-1, IL-3, IL-6, IL-11 and SCF to define the most optimal 
combination including as few cytokines as possible. 

IL-6 and IL-11 both synergizes with other growth factors, like IL-3 and IL-1, in 
the induction of megakaryocyte differentiation, and they mainly have an effect in 
the late stages of megakaryocyte development [25-27]. IL-1 also has been found to 
enhance megakaryocyte proliferation [24,26]. IL-3 increases the absolute number 
of megakaryocytes in liquid culture [7,8,28] and expands the number of 
megakaryocyte colonies [21,22,29]. SCF has been shown to promote colony 
formation of hematopoietic stem cells in combination with other growth factors 
(IL-3, IL-6, G-CSF, GM-CSF) [30,31]. 

Our study shows that the cytokine combination of only PEG-rHuMGDF and IL-
1 was sufficient to culture large amount of megakaryocytes and megakaryocyte 
progenitors. Furthermore, we found that the number of CFU-Meg after culture of 
CD34' cells was correlated to the number of CD34'CD41+ cells. Addition of IL-3 
to the culture had a negative effect on the number of CFU-Meg and CD34TCD4T 
cells. 

Material and Methods 

Cells 
Peripheral blood stem cells were obtained (with approval of the medical ethical 
committee and after informed consent) from leukapheresis material of patients 
(five with mamma carcinoma, one with Kahler disease, one with Hodgkin's 
disease, one with non Hodgkin's lymphoma, one with ovarium carcinoma) treated 
with chemotherapy and G-CSF (5-10 ug/kg/day subcutaneously; Filgastrim, 
Amgen, CA, USA). Two healthy donors for allogeneic transplantation were only 
treated with G-CSF (2x5 ug/kg/day). 

Cytokines 
Cytokines used in the experiments were: PEG-rHuMGDF (100 ng/ml; a 

generous gift from Amgen, Thousand Oaks, CA, USA), SCF (20 ng/ml; Peprotech, 
Rocky Hill, NJ, USA), IL-1 (IL-1 ß, 10 ng/ml; Peprotech), IL-3 (10 ng/ml; R&D, 
Abingdon, UK), IL-6 (25 ng/ml; CLB, Amsterdam, The Netherlands), IL-11 (25 
ng/ml; Intergen company, Purchase, NY, USA). 

Flow cytometry and monoclonal antibodies 
After eight days of culture, the cells were harvested and immediately fixed with 

1% (w/v) paraformaldehyde for 10 minutes on ice. The cells were spun for 10 
minutes (180 g) with the brake on half maximum, then resuspended in PBS 
containing 0.2% bovine serum albumin (BSA) and used for FACS analysis. The 
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cells were incubated with fluorescein isothiocynate (FITC)- or Phycoerythrm (PI )-
labelled monoclonal antibodies for 30 minutes at 4°C . Isotype matched mouse IgG 
subtypes served as controls. After 30 minutes of incubation, the cells were washed 
m PBS/0.2% BSA. After washing, the cells were resuspended m an appropriate 
volume of PBS/0.2% BSA and analysed by FACScan (Becton and Dickinson 
(B&D), San Jose, CA, USA). 

The following FITC-conjugated monoclonal antibodies (moabs) were used: 
IgGl isotype control (CLB-203: CLB), CD 13 (myeloid; CLB-mon-gran/2, Q20, 
CLB), CD 15 (myeloid; CLB-gran/2,B4; CLB), CD 19 (B cells; CLB-172; CLB), 
CD36 (erythroid/monocytic/megakaryocytoid; CLB-703; CLB), CD41 
(megakaryocytic; CLB-48) and CD42b (megakaryocytic; CLB-704; CLB). PE-
conjugated moabs that were used: IgGl isotype control (X40; B&D), CD3 (T cells; 
SK7; B&D), CDllc (myelomonocytic; S-HCL-3; B&D), CD14 (monocytic; CLB-
mon/l,8G3; CLB), CD33 (myeloid; P67.6; B&D), CD34 (stem cells; 581 
Immunotech, Marseille, France), CD66 (granulocytic; CLB-139; CLB) anc 
glycophorm A (erythroid; AME1; Dako, Glostrup, Denmark). 

Cell purification and culture 
Leukapheresis material was usually stored overnight at 4°C m PBS containing 2% 

(m/v) human serum albumin (HAS) (CLB) and 10% (m/v) trisodiumcitrate. 
Mononuclear cells from leukapheresis material were isolated by density gradient 

centrifugation over Ficoll (1.077 g/cm3; Pharmacia Biotech, Uppsala, Sweden). 
CD34+ cells were isolated from mononuclear cells by magnetic cell sorting 
(VanoMACS system; Miltenyi Biotec, Gladbach, Germany) according to the 
manufacturer's instruction. The purity was determined by FACS analysis. 

CD34+ cells were cultured in Iscove's Modified Dulbecco's Medium (IMDM) 
supplemented with 10% hepannized human AB plasma from a healthy donor, 1 mM 
sodium pyruvate (Gibco, Paisley, Scotland), lx MEM vitamins (Gibco), lx MEM 
non-essential ammo acids (Gibco), 0.2% human serum albumin (m/v) (CLB), 0.02 
mg/ml L-asparagme (Gibco), 0.01 mM monothioglycerol (Sigma, St.Louis, MO, 
USA), glutamine and penicillin/streptomycin [32]. 

Two x ÎO3 CD34" cells/ml were seeded m a total volume of 1.5 ml in a 6-well 
plate (Costar, Cambridge, MA, USA). The cells were cultured for eight days at 37°C, 
5% C02, with the indicated combinations of growth factors, without additional 
feeding of growth factors or medium. After eight days of culture, the cells were 
analysed for surface marker expression by FACS analysis. Viable cells were 
determined with trypan blue exclusion. The proliferation factor was determined as the 
absolute increase in cell number (absolute number of viable cells present at day eight 
of culture divided by the number of viable cells seeded at day 0). 

48 



Megakaryocyte expansion with MGDF and IL-1 

CFU-Meg 
CFU-Meg assays were performed at day zero and after eight days of culture with 

PB-derived CD34^ cells. CFU-Meg was performed with the Megacult-C kit 
(StemCell Technologies, Vancouver, BC, Canada) according to manufacturer's 
instructions. Briefly, cells were cultured in a collagen-based serum-free medium 
containing Tpo, IL-3 and IL-6. After 10 to 12 days of incubation at 37°C, 5% C02, 
cultures were dehydrated and fixed with methanol/aceton. Megakaryocyte colonies 
were stained with CD41 by means of an alkaline phosphatase detection system. The 
cells were counterstained with Evans Blue, causing the nuclei of cells to turn blue 
regardless of lineage. Positive colonies were scored according to size, i.e. small (3-10 
cells/colony), medium (11 - 40 cells/colony), large (> 40 cells/colony) and mixed 
(non-megakaryocytes and megakaryocytes within the same colony). 

Absolute number of colonies were calculated by multiplying their frequency (per 
seeded cell) with the number of viable cells put in culture (at day 0) or the total 
number of viable grown cells after eight days of culture. Viability was determined by 
trypan blue exclusion. 

Ploidy 
Megakaryocyte ploidy was measured by flow cytometry [8]. The cultured cells 

were fixed with 1% paraformaldehyde and were subsequently labelled with CD41-
FITC-conjugated moab. Thereafter, the cells were incubated for 1 hour at 4°Cwith 
propidium iodide (50 ug/ml) to stam the DNA, in a medium containing RNAse (100 
ug/ml) and 0.1% (v/v) Tween 20. 

Electron microscopy 
CD34^ cells were cultured for eight days in the presence of PEG-rHuMGDF and 

IL-1. After eight days of culture, cells were fixed with 2.5% glutaraldehyde (v/v) in 
0.1 M cacodylate buffer (pH 7.2) for one hour and postfixed in 1% (w/v) osmium 
tetroxide in the same buffer for 1 hour, block stained with uranyl acetate, dehydrated 
and embedded in LX-112. Thin sections were stained with uranyl acetate and lead 
citrate and examined with a CM 10 transmission electron microscope (Philips, 
Eindhoven, The Netherlands). 

Statistical analysis 
Statistical analysis was performed using SPSS for windows, release 7.5 (SPSS 

inc.). Independent t-test was used to determine statistical differences, p < 0.05 was 
considered significant. 
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Results 

Number of megakaryocytic cells obtained after culture of CD34+ cells 

The purity of the isolated CD34' cells was high, viz. 99.4% ± 0.9 (mean ± SD,n 
= 11). The CD34^ cells were cultured for eight days, because there was a strong 
increase in the number of megakaryocytic cells upto day eight of culture without 
the need to refresh the medium (data not shown). 

After eight days culture of CD34' cells we determined the proliferation factoi 
(Table 1) and measured the expression of the platelet marker CD41 (glycoprotein 
lib) by flow cytometry to analyse the number of megakaryocytic cells obtained. In 
Table 1, the percentage of CD41+ cells is depicted and figure 1 shows the absolute 
number of megakaryocytic (CD4T) cells obtained per seeded CD34" cell. In all 
cultures supplemented with combinations of PEG-rHuMGDF, IL-1, IL-6, IL 11 
and SCF the percentage of CD41+ cells was about 55%. Addition of IL-3, either to 

Table I. Immunophenotyping and proliferation of CD34+cell cultures 

proliferation 
factor 

CD34 CD34/CD41 CD41 CD15 CD14/CD36 

growth factor 
combination 

increase in cell 
number 

percentage positive cells 

1-6-11-S 3.0±1.5 30 ±.1.5 4 ±0.6 8± 1.7 16 ±2.2 11 ±5.0 
6-11-S-M 4.7 ± 1.5 37 ±3.9 17 ± 3.3 62 ±4.9 4 ±0.8 3 ±0.6 
6-11-M 2.7 ± 1.5 47 ±2.6 16 ±2.9 48 ±9.2 5 ±2.1 3± 1.2 
11-S-M 4.4 ±2.5 38 ± 8.1 13 ± 1.8 55 ±3.2 4 ±0.9 3± 1.7 
6-S-M 5.9 ±0.3 40 ±6.4 16 ± 3.0 55 ±2.2 4 ±0.3 3 ±.1.0 
1-M 10.6 ± 5.1 46 ±3.2 24± 2.1 55 ±3.6 5 ±0.8 6 ±0.9 
1-S-M 10.5 ± 1.0 38 ±2.2 20 ±0.8 56 ±3.6 6± 1.1 7 ±1.5 
1-1 1-M 8.8± 1.9 54 ± 3.1 29 ± 4.2 50 ±5.0 6± 1.2 5 ±1.5 
1-6-M 9.8 ± 1.8 46 ±4.2 26 ±2.0 56 ±4.9 6 ±0.9 3 ±0.9 
1-11-S-M 11.4 ±4.4 39 ± 2.1 22 ±3.1 56 ±4.3 5 ±0.9 6± 1.1 
1-6-S-M 11.7 ±4.8 40 ±.2.3 24 ±3.7 55 ±4.7 7± 1.2 3 ±0.6 
1-6-11-M 12.3 ± 3.1 48 ±3.0 25 ±3.0 51 ±3.7 7 ±1.0 4 ±0.6 
1-6-11-S-M 13.2 ±2.7 41 ±2,3 23 ±1.8 54 ±2.9 7 ±0.9 4 ±0.5 
1-6-1 l-S-M-3 19.3 ±5.4 22 ±4.3 8± 1.8 30 ±3.2 9 ±2.3 2 ±0.5 
3-M 12.6 ± 3.1 18 ±2.0 6 ±0.8 34 ±3,3 10± 1.8 2 ±0.3 

Immunophenotyping of cultured CD34+ cells by flow cytometry analysis. CD34+ cells were 
cultured for eight days in the presence of the indicated cytokine combinations. After eight days of 
culture the proliferation factor (absolute increase in cell number) was determined and lineage 
specific moabs were used to identify cells present in culture. The percentage positive cells is 
depicted. The percentage CD34+ CD41+ are a subfraction of the CD41+ and CD34+ cells. The mean 
± SEM of at least three independent experiments is given. 1 = IL-1, 3 = IL-3, 6 = IL-6, 11 = IL-11, 
S = SCF, M= PEG-rHuMGDF. 
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Figure 1. Absolute number of CD41+ cells obtained per seeded CD34+ cell. 
Absolute number of CD4T cells obtained per seeded CD34+ cell in CD34+ cultures. CD34' cells 
were cultured for eight days in the presence of the indicated cytokine combinations. The percentage 
of CD4T cells was determined with flowcytometry. The mean of at least three independent 
experiments per cytokine combination + SEM is given. 1 = IL-1, 3 = 1L-3 6 = 1L-6 11 = [L-l I S = 
SCF, M= PEG-rHuMGDF. 

PEG-rHuMGDF or to the mixture of IL-1, IL-6, IL-11, SCF and PEG-rHuMGDF 
decreased the percentage of CD4T cells to approximately 33% (Table 1). In the 
absence of PEG-rHuMGDF only a few percent of the cells was found to express 
CD41. 

With respect to the absolute numbers of CD4T megakaryocyte cells, more 
differences were found. As shown in figure 1, in addition to PEG-rHuMGDF, the 
presence of IL-1 was needed to obtain high numbers of CD41+ cells. The addition 
of other growth factors, such as IL-6, IL-11 and SCF, to the combination of PEG-
rHuMGDF and IL-1 did not yield significantly more megakaryocytes (Fig. 1). In 
the absence of IL-1, SCF had a positive effect on the number of CD41+ cells: the 
cytokine combination PEG-rHuMGDF, IL-6, IL-11 and SCF gave rise to twice the 
number of CD41+ cells compared with this combination lacking SCF (p < 0 05 Fig 
1). 
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Figure 2. Absolute number of CD34+ cells obtained per seeded CD34+ cell. 
Absolute number of CD34" cells obtained per seeded CD34+ cell in CD34+ cultures. CD34* cells 
were cultured for eight days in the presence of the indicated cytokine combinations. The percentage 
of CD34* cells was determined with flow cytometry. The mean of at least three independent 
experiments per cytokine combination + SEM is given. 1 = IL-1,3 = [L-3, 6 = 1L-6, 1 1 = 1L-11, S = 
SCF, M= PEG-rHuMGDF. 

Presence of CD34+ cells and CD34+CD41+ cells after culture of CD34+ cells 

Besides the screening for CD41 we tested for the expression of CD34 and 
determined the number of CD34+CD41+ cells (results shown in Table 1). The 
percentage of cells that remained CD34+ after eight days of culture, was 
comparable (~ 40%) for all growth factor combinations composed of PEG-
rHuMGDF, IL-1, IL-6, IL-11 and SCF; Table 1). In cultures with IL-3 added, only 
20% of the cells still expressed CD34 after eight days of culture. Moreover, the 
absolute number of CD34" cells was lower in cultures with IL-3 added (Fig. 2). 
The negative effect of IL-3 on megakaryocyte progenitor cells (CD34+CD4T 
cells) was even more pronounced: Upon addition of IL-3 to the combination of 
PEG-rHuMGDF, IL-1, IL-6, IL-11 and SCF, the percentage of cells that 
coexpressed CD34 and CD41 declined significantly from 23% to 8% (p < 0.001) 
(Table 1). This was also reflected in the significant decrease in absolute numbers of 
CD34+CD41+ cells (p < 0.05) (Fig. 3). 
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Figure 3. Absolute number of CD34+CD41+ cells obtained per seeded CD34+ cell. 
Absolute number of CD34+CD41+ cells obtained per seeded CD341 cell in CD34+ cultures. CD34+ 

cells were cultured for eight days in the presence of the indicated cytokine combinations. The 
percentage of CD34XD4r cells was determined with flow cytometry. The mean of at least three 
independent experiments per cytokine combination + SEM is given. 1 = IL-1, 3 = IL-3, 6 = IL-6, 11 = 
IL-11, S = SCF, M= PEG-rHuMGDF. 

Fig. 2 and 3 show that in combination with PEGrHuMGDF, IL-1 was necessary 
to obtain and maintain high numbers of CD34"CD4r cells and CD34" cells, 
respectively. The addition of IL-6, IL-11 or SCF to the combination of PEG
rHuMGDF and IL-1 did not result in a significant increase in CD34+ or 
CD34TCD41+ cell numbers. With PEG-rHuMGDF and IL-3, significantly lower 
numbers of both CD34+ cells and CD34+CD41+ cells were obtained compared with 
the combination of PEG-rHuMGDF and IL-1 (p < 0.05) (Fig. 2 and 3). 

Clonogenic capacity of cultured CD34+ cells 

The number of CFU-GM in a stem cell transplant is related with the time of 
neutrophil recovery [33]. There is also some evidence that the number of CFU-
Meg might be related with the time to platelet recovery [16-18]. Therefore, we 
determined in a CFU-Meg assay the clonogenic capacity of purified CD34" cells at 
day zero and of the cells obtained after eight days of culture in our liquid culture 
system. 
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Figure 4. CFU-Meg assay of cultured CD34+ cells 
CD34+ cells were analysed in a CFU-Meg colony assay at the day of purification and after eight days 
of liquid culture in the presence of the indicated cytokine combinations. The absolute number of 
CFU-Meg colonies obtained per initially in liquid culture seeded CD34+ cell is depicted. CFU-Meg 
colonies were scored according to size, i.e. small (3-10 cells/colony), medium (11 - 40 cells/colony), 
large (> 40 cells/colony) and mixed (non-megakaryocytes and megakaryocytes within the same 
colony). The mean + SEM of at least three independent experiments is shown. 1 = IL-1,3 = 1L-3, 6 = 
IL-6. 11 = IL-11. S = SCF. M= PEG-rHuMGDF. 

Between the various growth factor combinations composed of PEG-rHuMGDF, 
IL-1, IL-6, IL-11 and SCF no significant differences were found in the absolute 
number of CFU-Meg (Fig. 4). After eight days of culture with combinations of 
these growth factors, the absolute number of CFU-Meg expressed per initially m 
liquid culture seeded CD34" cell was 11- to 15-fold increased. Cells cultured with 
PEG-rHuMGDF and IL-3 showed only a 6-fold increase in CFU-Meg number (p < 
0.05) (Fig. 4). 

The CFU-Meg colonies formed by the purified CD34+ cells were generally 
large colonies (> 40 cells/colony), therefore representing more immature CFU-Meg 
(Fig. 4). CFU-Meg found within the eight days-cultured cells were mostly small 
and medium sized (3 to 10 cells and 1 1 - 4 0 cells per colony respectively), 
indicating that the CD34+ cell committed to the megakaryocyte lineage 
differentiated during culture into more mature megakaryocytic progenitors. 
However, the number of CFU-Meg forming large colonies was also 1.5 to 2-fold 
increased m all cultures with IL-1 present (Fig. 4). Thus, during culture we 
observed a slight increase in the number of immature CFU-Meg and a large 
expansion of more mature CFU-Meg. 
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Correlation between the number of cultured CD34+CD41+ cells and CFU-Meg 

In the population of cells obtained after culture with PEG-rHuMGDF and IL-3, 
a decrease in both the number of CD34+CD4T cells and the number of CFU-Meg 
was observed (Fig. 2 and Fig. 4). These two parameters were indeed related, 
because we observed a highly significant correlation between the number of 
CD34+CD41 + cells and the number of CFU-Meg (r = 0.72; p < 0.0001) (Fig. 5). 
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Figure 5. Correlation 
between number CFU-Meg 
and CD34+CD41+cells 
Correlation between the 
absolute numbers of CFU-
Meg and the absolute 
numbers of CD34+CD414 

cells obtained per seeded 
CD34+ cell after eight days 
culture of CD34" cells, 
r = 0.72, p< 0.0001. 

Differentiation and ploidy of cultured megakaryocytes 

The morphology of the cultured CD34+ cells was determined by electron 
microscopy to establish whether the CD41+ cells displayed morphological features 
of megakaryocytes. After eight days of culture, cells representing different stages 
of megakaryocyte maturation were found. Figure 6 shows two megakaryocytes 
with abundant granules (Fig. 6, large arrows) and a developed demarcation 
membrane system (Fig. 6, thin arrows). 

Furthermore, the ploidy of CD41+ cells obtained after eight days of culture was 
measured to evaluate the degree of polyploidisation of these cells. With all tested 
growth factor combinations 2N, 4N, 8N, 16N and some 32N CD41* cells were 
obtained (data not shown). 

Phenotypic characterisation of the non-megakaryocytic cultured cells 

To identify, apart from CD4L cells, the other cell types formed upon culturing 
CD34+ cells in the presence of various combinations of PEG-rHuMGDF, IL-1, IL-
3, IL-6, IL-11 and SCF, we determined by flow cytometry the expression of a 
panel of cell-lineage specific markers (Table 1). No expression of glycophorin A, 
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Figure 6. Immunoelectron microscopy of 
megakaryocytes after eight days of culture. 
CD34T cells were cultured for eight days in th 
presence of PEG-rHuMGDF and IL-1 
Megakaryocytes are shown with in a) ; 
megakaryocyte at small magnification and in b) a 
part of another megakaryocyte at highei 
magnification. Demarcation membranes (thin 
arrows) and abundant granules (thick arrows) were 
present. Nucleus (n). Bars = 1000 nm. 

CD3 or CD 19 was detected, indicating that no erythroid or lymphoid cells expand 
from CD34+ cells under the culture conditions used. Other cell types that were 
present after eight days of culturmg were myeloid cells (CD15r) and monocytes 
(CD14XD36+) (Table 1). 

Cultures containing IL-3 either in combination with PEG-rHuMGDF or with 
PEG-rHuMGDF, IL-1, IL-6, IL-11 and SCF resulted in a two-fold increase in the 
percentage of CD33" cells and in a three- to four-fold increase in the percentage of 
CD lie" cells (both markers for myeloid cells) as compared with cultures 
containing PEG-rHuMGDF, IL-1, IL-6, IL-11 and SCF (data not shown). 

Discussion 

In this report the effect of various growth factor combinations, composed of 
PEG-rHuMGD and different combinations of IL-1, IL-3, IL-6, IL-11 and SCF on 
proliferation and differentiation into the megakaryocytic lineage of CD34 cells is 
described. All cytokine combinations that included PEG-rHuMGDF induced 
formation of a high percentage of CD41* cells carrying morphological features of 
megakaryocytes and showing polyploidisation. A combination of PEG-rHuMGDF 
with IL-1 was found to be sufficient to culture high numbers of megakaryocytic 
cells. Addition of IL-6, IL-11 or SCF to PEG-rHuMGDF and IL-1 did not result m 
significantly higher numbers of megakaryocytes and megakaryocytic progenitors. 
In accordance with previous reports [19,20], our culture conditions did not lead to 
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formation of erythroid or lymphoid cells. Besides megakaryocytes, megakaryocyte 
progenitors and CD34'7lineage marker negative cells (CD 14", CD 15", 
CD41"), some myeloid cells (CD15+) cells and monocytes (CD14+CD36+ ) were 
observed. 

In cultures supplemented with IL-1, IL-6, IL-11 and SCF only modest 
proliferation and some megakaryocyte formation was observed. Addition of PEG-
rHuMGDF to this combination resulted in a four-fold increase in proliferation and 
a thirtytwo-fold increase in megakaryocyte number. In contrast, no proliferation 
but only megakaryocyte differentiation was observed in cultures in the presence of 
PEG-rHuMGDF alone (data not shown). Thus, as described by others, 
PEGrHuMGDF must be combined with other growth factors to achieve 
proliferation of megakaryocytes [6-8,20,21,34-36]. In our culture system, IL-1 was 
found to induce highest proliferation in combination with PEG-rHuMGDF. 
Piacibello et al. [37] also described an effective two cytokine combination 
composed of Tpo and Flt3-ligand. With this combination cord blood progenitors 
cells could be maintained in liquid culture for more than six months. 

Several lines of evidence suggest a role for IL-1 in platelet production. In vivo 
administration of IL-Iß to humans, treated with chemotherapy [38-41] and to mice 
[42,43] resulted not only in an improved neutrophil recovery but also in 
thrombocytosis. In patients with rheumatoid arthritis with marked thrombocytosis, 
increased plasma IL-1 ß levels were found [44]. The effects of IL-1 on platelet 
production could be partly indirect by its stimulating role in formation of other 
cytokines. IL-1-induced production of IL-6 has been described both in humans 
[45,46] and in mice [42,43]. In our culture system IL-6 production was observed if 
cells were cultured with PEGrHuMGDF and IL-1 (data not shown), this is in 
agreement with other papers in which IL-6 production by megakaryocytes was 
described [46,47]. However, in our culture system, presence of IL-6 in combination 
with PEG-rHuMGDF and IL-11 was not sufficient to culture the high numbers of 
megakaryocyte cells obtained with IL-1. Moreover, addition of a blocking IL-6 
antibody during culture did not inhibit megakaryocyte formation (data not shown). 
Therefore induction of IL-6 production does not seem to explain all effects of IL-1. 

Both IL-6 and IL-11 are cytokines affecting the late stages of megakaryocyte 
maturation, and play a role in polyploidization [25,27]. We did not observe an 
effect of these or other cytokines on the extent of polyploidization of the CD41 
cell population. However, CD34" cells were cultured for only eight days, which 
might be too short to show an effect of IL-6 or IL-11. 

IL-3 was found to have a large proliferative potential. Addition of IL-3 to PEG
rHuMGDF combined with IL-1, IL-6, IL-11 and SCF resulted in a 1.6-fold 
increase in cell numbers. However, the enhanced proliferation of the cells did not 
yield higher numbers of megakaryocytes, but myeloid cell formation was induced 
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instead. The absolute number of CD41+ cells was not reduced in the presence of 
IL-3; however, the number of megakaryocyte progenitors (CD34+CD41+ cells) and 
CFU-Meg was strongly diminished. The loss of CD34 expression on CD34" cells 
grown in the presence of IL-3 was also described by Dolzhanskiy et al. [29] and by 
Koizumo et al., who reported loss of CD34 expression after eight days culture of 
CD34+ cells in the presence of Tpo, IL-3 and SCF [48]. 

We obtained a 12.5-fold increase in CFU-Meg numbers after eight days of 
liquid culture in the presence of PEG-rHuMGDF and IL-1. This is comparable to 
the increase in CFU-Meg numbers that Bertolini et al. [19] and Ratajczak et al. [49] 
described after seven days of liquid culture in serum-free medium. Furthermore, 
we observed a strong correlation between the number of CFU-Meg and 
CD34+CD41+ cells; 1.8 CD34+CD4T cells correlates with the presence of one 
CFU-Meg. In line with our finding was the observation of Feng et al. [16] who 
described a correlation between the number of CFU-Meg and the number of 
CD34+CD4T cells in peripheral blood stem cell transplants. Also a correlation of 
the number of CFU-Meg [16-18] or the number of CD34XD4U cells [15,16] in a 
stem cell transplant with the time to platelet recovery has been described. 
Therefore the number of CD34+CD41+ cells reflects the number of CFU-Meg in a 
stem cell transplant or ex vivo expansion product and may predict the potential of 
the graft in support of platelet production. Furthermore, this finding supports the 
conclusion that flow cytometry is an easy and reliable test for the determination of 
the quality of the stem cell graft with regard to the platelet recovery capacity, as we 
have described before [15]. 

The procedure of megakaryocyte expansion may be added to the autologous 
stem cell transplantation protocol as part of high-dose chemotherapy regimes. 
Bertolini et al. have already administered ex vivo expanded autologous cells, 
containing a variable number of megakaryocyte cells (CD61+) cells, together with 
unmanipulated PBPC to ten patients treated with chemotherapy [19]. Subsequently, 
eight patients needed a single allogeneic platelet transfusion while two patients 
receiving 20 and 5.2 x 105 CD61+ cells/kg bodyweight respectively, did not require 
any platelet transfusion, compared to a mean platelet transfusion need of 1.2 in 
historic controls [19]. In our culture system with PEG-rHuMGDF and IL-1, 3.6 x 
105 CD34+ cells/kg bodyweight would be sufficient to generate 20 x 105 CD41+ 

cells/kg bodyweight. 
Because of the described correlation between the number of CD34+CD41+ and 

CFU-Meg in a stem cell transplant with the time to platelet recovery, it is also 
important to consider the numbers of CD34+CD41+ and CFU-Meg obtained in our 
ex vivo expanded cells. Dercksen et al. [15] have shown that at a threshold of 
3.4 x 105 reinfused CD34+CD41+cells/kg, rapid platelet recovery was observed. An 
input of 3.6 x 105 PB CD34+ cells/kg bodyweight in our ex vivo expansion culture 
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system will generate 9.2 x 10' CD34+CD41+ cells/kg bodyweight, which is 
approximately three times more than Dercksen et al. described as being the 
threshold for a rapid platelet recovery [15]. On average, 1 x 105 CFU-Meg/kg are 
present in a normal transplant [16-18]. Thus within our cultured cells five times 
more CFU-Meg will be present, which may implicate a more rapid platelet 
recovery. 

On average, 60 x W CD3-T cells per kg bodyweight are reinfused [15]. Thus, 
with only a very small fraction (6%) of the stem cell transplant a megakaryocyte 
transfusion product can be generated, that may be capable of restoring platelet 
levels. 

From the data obtained sofar we conclude that we have developed a culture 
system useful to expand ex vivo megakaryocytes from purified peripheral blood 
CD34* cells. A combination of PEG-rHuMGDF and IL-1 is sufficient to generate 
high numbers of megakaryocyte cells and megakaryocyte progenitors for 
transfusion purposes. Clinical trials have to prove whether extension of a peripheral 
blood stem cell transplant with ex vivo expanded autologous megakaryocyte cells 
can prevent the occurrence of severe thrombocytopenia after high-dose 
chemotherapy. 
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Abstract 

Objective: Remfusion of ex vivo expanded autologous megakaryocytes together 
with a stem cell transplantation may be useful to prevent or reduce the period of 
chemotherapy-induced thrombocytopenia. Therefore, we compared the mega
karyocyte expansion potential of CD34' stem cells derived from different sources: 
Cord blood (CB), peripheral blood (PB) and bone marrow from adults (ABM) and 
children (ChBM). Three different growth factor combinations were tested to 
identify the best combination for each of the sources. 

Material and Methods: CD3C cells were isolated from CB, PB, ABM or ChBM 
and cultured in an in vitro liquid culture system in the presence of thrombopoietin 
(Tpo), Tpo + interleukin-1 (IL-1) or Tpo + IL-3. After eight days, proliferation 
was determined and the cultured cells were identified with lineage-specific surface 
markers by flow cytometry. 
Results: Cultures with ChBM-denved CD34" cells showed the lowest level of 
expansion of megakaryocytes and gave rise to a more profound formation of 
myeloid and monocytic cells. In cultures with BM- or PB-denved cells, presence of 
IL-3 reduced the number of immature megakaryocytes (CD34XD4r cells). 
However, m CB cultures the number of CD34+CD4T cells was highest in cultures 
with Tpo + IL-3. Overall, cultures with CB CD34T cells yielded the highest number 
of megakaryocytes, but these cells showed reduced ploidisation and lower level of 
CD41 expression, suggesting less maturation. 

Conclusions: Each of the different CD34+ cell sources responded differently to 
cytokine stimulation. For PB and ABM the cytokine combination Tpo + IL-1 is 
most suitable to obtain high numbers of both immature and mature megakaryocytes 
for transfusion purposes. For CB, on the other hand, Tpo combined with IL-3 is 
better. 
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Introduction 

Autologous hematopoietic stem cell transplantation is nowadays a routinely 
used procedure with the aim to reconstitute the hematopoietic system after high-
dose chemo- or radiotherapy. In the past, bone marrow (BM) was the major source 
of stem cells, but currently there is an increase in the use of peripheral blood (PB)-
derived stem cells for transplantation. Before the harvest of PB stem cells by 
leukocytapheresis, the patient or donor is treated with Granulocyte-Colony 
Stimulating Factor (G-CSF) with or without chemotherapy to stimulate 
mobilisation of the stem cells from the bone marrow into the peripheral blood. The 
advantages of PB stem cell transplant over BM transplant are the larger numbers of 
CD34+ cells that can be harvested via a more comfortable and safer procedure, a 
quicker recovery of both neutrophils and platelets, and possibly a lower risk of 
contaminating tumour cells (in an autologous setting) [1-3]. Cord blood (CB) is 
another source of stem cells that is easily accessible, but the limited number of 
CD34" cells present in CB makes the use of a CB transplant more suitable for 
children than for adults. Compared to BM transplantation, CB transplantation is 
associated with a yet not understood prolonged time to platelet recovery [4-7]. 

Even though stem cell transplantations and the use of G-CSF decrease the time 
to neutrophil recovery, the period of platelet transfusion dependency is still 
considerable. Repeated platelet transfusions carry the risk of alloantibody 
formation by the patient, which can lead to a severely decreased survival time of 
transfused platelets and to refractoriness to platelet transfusions [8]. Thusfar, 
clinical trials show that recombinant thrombopoietin (Tpo) is not very effective in 
preventing myeloablative-therapy-related thrombocytopenia [9-13]. This may be 
due to the fact that, although Tpo stimulates the formation of megakaryocytes in 
vivo, it does not seem to shorten the maturation time of the megakaryocytes and 
thus, does not lead to faster platelet formation. Ex vivo expansion of stem cells into 
the megakaryocyte lineage became also feasible with the cloning of Tpo [14]. In 
all patients undergoing myeloablative therapy resulting in severe thrombocytopenia 
demanding platelet transfusions, reinfusion of a stem cell transplant in combination 
with ex vivo expanded megakaryocytes may reduce the duration of absolute 
thrombocytopenia. Several studies showed that the number of immature 
megakaryocytes (represented by cells expressing both CD34 and CD41) in a stem 
cell transplant is positively correlated with the time to platelet recovery [15,16]. In 
our opinion, expansion procedures should be aimed at increasing the number of 
both mature and immature megakaryocytes in a potential megakaryocyte 
transfusion product. Ex vivo expanded megakaryocytes have already been 
administered [17]. 
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In a previous study we found that Tpo combined with interleukin-1 (IL-1 ) was 
optimal for expansion of megakaryocytes and megakaryocyte progenitors (defined 
by expression of both CD34 and CD41) from PB-derived CD34+ cells [18]. In the 
present study the megakaryocyte expansion potential of CD34' stem cells derived 
from CB, BM from adults (ABM) and BM from children (ChBM) were compared 
with megakaryocyte outgrowth of PB-denved CD34' cells. Furthermore, we 
wanted to identify the optimal cytokine combination for each of the different stem 
cell sources for ex vivo expansion of megakaryocytes. Differences in outgrowth 
were observed between the sources and between the cytokine combinations. 

Materials and Methods 

Cells 

After obtaining informed consent, normal human bone marrow cells from adults 
were obtained, by sternal aspiration of patients undergoing cardiac surgery 
(approved by the ethical committee of the Academic Medical Centre, Amsterdam, 
the Netherlands). After obtaining informed consent, bone marrow samples from 
children younger than 13 years of age (before first signs of puberty) were obtained, 
from children who served as donors for a sibling undergoing bone marrow 
transplantation. Peripheral blood stem cells were obtained (with approval of the 
medical ethical committee and after informed consent) from leukocytapheresis 
material of patients (two with multiple myeloma and three with non Hodgkin 
lymphoma,) treated with chemotherapy and G-CSF (5-10 ug/kg/day subcutaneously; 
Filgastrim, Amgen, Thousand Oaks, CA, USA). Umbilical cord blood was harvested 
from placentas of full-term pregnancies immediately after delivery (after informed 
consent). 

Cell purification and culture 

Mononuclear cells were isolated by density gradient centrifugation over Ficoll 
(1.077 g/cm3; Pharmacia Biotech, Uppsala, Sweden). CD34+ cells were isolated 
from mononuclear cells by magnetic cell sorting (VarioMACS system; Miltenyi 
Biotec, Gladbach, Germany) according to the manufacturer's instruction. This 
resulted in a purity of more than 95%, as determined by FACS analysis. CD34+ 

cells were cultured, as described before [18], in Iscove's Modified Dulbecco's 
Medium supplemented with 10% heparinized human AB plasma from a healthy 
donor, 1 mM sodium pyruvate (Gibco, Paisley, Scotland), lx MEM vitamins 
(Gibco), lx MEM non-essential amino acids (Gibco), 0.2% human serum albumin 
(w/v) (CLB, Amsterdam, The Netherlands), 0.02 mg/ml L-asparagme (Gibco), 
0.01 mM monofhioglycerol (Sigma, St.Louis, MO, USA), glutamme and 
penicillin/streptomycin. 
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A total of 2 x 10' CD34^ cells/ml were seeded m a total volume of 1.5 ml in a 6-
well plate (Costar, Cambridge, MA, USA). The cells were cultured for eight days 
at 37°C, 5% C02, with the indicated combinations of growth factors, without 
additional feeding of growth factors or medium. Tpo (a generous gift from 
Genentech, San Francisico, CA, USA), IL-1 (IL-Iß, Peprotech, Rocky Hill, NJ, 
USA) and IL-3 (R&D, Abingdon, UK) was used at 10 ng/ml. After eight days of 
culture, the cells were analysed for surface marker expression by FACS analysis. 
Cell viability was determined with trypan blue exclusion. The proliferation factor 
was determined as the absolute increase m cell number (absolute number of viable 
cells present at day eight of culture divided by the number of viable cells seeded at 
day 0). 

Flow cytometry and monoclonal antibodies 

After eight days of culture, the cells were harvested and immediately fixed with 
1% (w/v) paraformaldehyde for 10 minutes on ice. The cells were spun for 10 
minutes (180 g) with the brake on half maximum, were resuspended in PBS 
containing 0.2% (w/v) bovme serum albumin (BSA) and were used for FACS 
analysis. The cells were incubated with fluorescein isothiocynate (FITC)- or 
phycoerythnn (PE)-labeled monoclonal antibodies (mAbs) for 30 minutes at 4°C . 
Isotype-matched mouse IgG subtypes served as controls. After 30 minutes of 
incubation, the cells were washed m PBS/0.2% BSA. After washing, the cells were 
resuspended m an appropriate volume of PBS/0.2% BSA and analysed by 
FACScan (Becton and Dickinson (B&D), San Jose, CA, USA). 

The following FITC-conjugated mAbs were used: IgGl ïsotype ontrol (CLB-
203, CLB), CD 15 (myeloid; CLB-gran/2,B4, CLB) and CD41 (megakaryocyte; 
CLB-48, CLB). PE-conjugated mAbs were: IgGl isotype control (X40, B&D), 
CD14 (monocytic; CLB-mon/l,8G3, CLB) and CD34 (stem cells; 581, 
Immunotech, Marseille, France). 

Ploidy 

Megakaryocyte ploidy was measured by flow cytometry [18]. The cultured cells 
were fixed with 1% paraformaldehyde and subsequently labeled with FITC-
conjugated CD41 moab. Thereafter, the cells were incubated for 1 hour at 4°C with 
propidium iodide (50 u.g/ml) to stam the DNA, m a medium containing RNAse 
(100 ug/ml) and 0.1% (v/v) Tween 20. 

Statistical analysis 

Statistical analysis was performed using SPSS for windows, release 7.5 (SPSS 
Ine, Cary, NC). Independent t-test was used to determine statistical differences, p < 
0.05 was considered significant. 
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Results 

Influence of cytokines on proliferation of CD34+ cells 

CD34+ cells derived from the four different sources, peripheral blood (PB), cord 
blood (CB), bone marrow from adults (ABM) or bone marrow from children 
(ChBM), were cultured for eight days in a liquid culture system in the presence of 
Tpo, Tpo + IL-1 or Tpo + IL-3. The proliferation factors obtained with the various 
conditions are depicted in figure 1. In general, cultures with CB-denved CD34" 
cells showed the highest proliferation rates for all growth-factor combinations. For 
all progenitor cell sources, proliferation obtained in cultures with only Tpo was the 
lowest; no net proliferation was observed with ABM-, ChBM- and PB-derived 
CD34+ cells and a five-fold increase in cell number was obtained with CB-derived 
progenitor cells. Addition of IL-3 and to a lesser extent of IL-1 led to a significant 
increment m proliferation m cultures with PB- and ABM-derived CD34+ cells. In 
cultures with CD34" cells from CB or ChBM, proliferation on Tpo + IL-3 
stimulation was significantly higher than on Tpo + IL-1 exposure. 
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Figure 1. Proliferation of CD34+ cell cultures in the presence of various cytokine combinations 
CD34+ cells from CB, PB, ABM or ChBM were cultured for eight days in the presence of the 
indicated cytokine combinations. Trypan blue exclusion was used to determine the number of viable 
cells. Depicted is the proliferation factor which reflects the absolute increase in number of cells. The 
mean + SEM is given of at least three independent experiments per cytokine combination. ChBM-
derived cells were only twice cultured with Tpo as single cytokine. Cultures with CB-derived CD34+ 

cells showed significantly higher proliferation rates than cultures with PB-, ABM- or ChBM-derived 
CD34+ cells (p < 0.005 for Tpo + IL-3, p < 0.05 for Tpo and Tpo + IL-1. * p < 0.05, ** p < 0.005. 
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Figure 2. Absolute number of cell-lineage specific cells obtained per seeded CD34+ cell 
Absolute number of cell-lineage specific cells obtained per seeded CD34+cell in cultures of CD34+ 

cells derived from CB, ChBM, ABM or PB. CD34+ cells were cultured for eight days in the presence 
of the indicated cytokine combinations. The percentage of cell-lineage specific cells was determined 
with flowcytometry. a) number of CD41+ (CD34+CD41+ and CD34"CD41+) cells obtained per seeded 
CD34' cell, b) number of CD34+CD41+ cells obtained per seeded CD34+ cell (this subset is a 
subfraction of the CD34+ and CD41r cells), c) number of CD34+ (CD34+CD4T and CD34XD41') 
cells obtained per seeded CD34+ cell, d) number of CD14+ cells obtained per seeded CD34+ cell and 
e) number of CD15+ cells obtained per seeded CD34T cell. The mean of at least three independent 
experiments per cytokine combination + SEM is given. Except for ChBM-derived cells cultured with 
Tpo, n = 2. With CB cells higher numbers of CD4T cells were obtained compared to ABM, ChBM 
or PB cultures for all growth factor combinations (p < 0.05). With Tpo and Tpo + IL-3 the number of 
CD34'CD4T cells was higher in CB cultures than in PB and both BM cultures (p < 0.05). * p<0.05, 
**p< 0.005. 

70 



Megakaryocyte expansion potential of stem cells from different sources 

Influence of CD34+ cell source and cytokines on megakaryocyte formation 

To determine the number of megakaryocyte cells obtained after culture of 
CD34" cells, the expression of the platelet marker CD41 (glycoprotein lib) was 
measured by flow cytometry. CD34+CD41* cells were regarded to reflect immature 
megakaryocytes capable of proliferation and differentiation [18,19]. Table I shows 
that in all cultures, exposure to Tpo alone yielded the highest percentage of CD41' 
cells. However, because only CB CD34" cells proliferated in response to Tpo 
alone, this was the only cell source showing expansion into the megakaryocyte 
lineage in cultures without IL-1 and IL-3 (Fig 2A, 2B). 

Addition of IL-3 decreased the percentage of CD41+ cells, but to obtain the 
highest absolute numbers of megakaryocytes (CD41+ cells), the cytokine 
combination Tpo + IL-3 seemed better, for all sources, than Tpo + IL-1 (Table 1 
and Fig 2A). For expansion of immature megakaryocytes (CD34+CD41+ cells) 
from PB-derived CD34+ cells, we previously showed that Tpo should be combined 
with IL-1 [18]. Fig 2B seem to confirm our previous observations for PB-derived 
CD34+ cells, although not significant. This difference in expansion potential of Tpo 
+ IL-3 versus Tpo + IL-1 m PB cultures was also found in cultures with BM-
derived CD34T cells, but not in those with CB CD34T cells (Fig 2B). 

In cultures with CB-derived CD34+ cells the absolute number of CD4L cells 
was significantly higher compared to the other CD34" cell sources with all three 
growth-factor combinations (Fig 2A). The percentage of immature CD34+CD41 + 

megakaryocytes was decreased upon addition of IL-3 in PB and both BM cultures, 
whereas m CB cultures about 5% of the cells coexpressed CD34 and CD41, 
irrespective of the cytokine combination. The absolute number of CD34+CD41 + 

megakaryocytes cultured from CB cells was significantly higher in Tpo and in Tpo 
+ IL-3 cultures than found in ABM, ChBM or PB cultures. 

Presence of CD34+ cells after culture 

The percentage of cells that remained CD34" after eight days of culture varied 
between the 20 and 30% for ABM, ChBM and PB cultures in presence of Tpo or 
Tpo + IL-1, addition of IL-3 decreased the percentage of cells expressing CD34 
(Table 1). In CB cultures the percentage CD34+ cells was comparable for all 
growth factor combinations (Table 1). In ABM and PB cultures the absolute 
number of CD34" cells was highest if cultured with Tpo + IL-1, whereas in CB 
cultures Tpo + IL-3 yielded the most CD34+ cells (Fig 2C). 
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Table 1. Percentage of cell linea ge specific cells obtained in CD34+ cell c ultures 

%CD41 %CD34/CD41 % CD34 %CD15 %CD14 

CB Tpo 
Tpo + IL-1 
Tpo + IL-3 

82 = 5.4 
80 ±4.3 
62 ± 1.5 

5= 1.5 
6± 1.5 
5 = 0.9 

15 ±4.7 
13 ± 1.5 
12 ± 1.5 

2 ±0.6 
4 ±0.3 
10 ±3.7 

1 ±0.7 
6 ±1.2 
3 ±0.7 

ChBM Tpo* 
Tpo + IL-1 
Tpo + IL-3 

27 
21 ±2.9 
12 ±0.8 

9 
10 ±.1.5 
2 ±0.0 

25 
20 ±4.6 
8 ±0.6 

24 
26 ±.4.0 
18 ± 3.8 

13 
30 ±0.7 
34 ±7.3 

ABM Tpo 
Tpo + IL-1 
Tpo + IL-3 

52 ±7.2 
45 ± 14.4 
38 ± 10.3 

11 ± 1.3 
17 ±2.4 
6±0.8 

25 ±2.5 
30 ±2.8 
13 ± 1.7 

11± 1.7 
17 ±2.0 
10± 1.8 

8 ±1.3 
22 ±3.9 
11 ±2.6 

PB Tpo 65 ±3.5 9 ±3.6 24 + 7.4 5 ±1.9 2 ± 0.7 
Tpo + IL-1 55 ±.5.9 11+2.8 23 ±4.1 6 ±2.0 14 ±4.0 
Tpo + IL-3 45 + 5.4 3 ± 0.8 8 + 2.0 11 ± 1.4 3 ± 0.4 

CD34+ cells derived from CB (a), ChBM (b), ABM (c) or PB (d) were cultured for eight days in the 
presence of the indicated cytokine combinations. The percentage of CD41+, CD34+CD41+, CD34", 
CD15+and CD14+ cells was determined with flowcytometry. The percentage of CD34+CD41+ cells 
are subfraction of the CD34+ and CD41+ cells. The mean of at least three independent experiments 
per cytokine combination ± SEM is given. Percentage CD41+ cells was higher in CB cultures than 
with all other sources in Tpo and Tpo + IL-1 supplemented cultures (p < 0.05). In culture with Tpo + 
IL-3 percentage CD14+ cells was increased with ChBM cells compared with all other sources (p < 
0.05). Percentage CD15+ cells was higher in ChBM and ABM cultures with Tpo + IL-1 compared to 
PB and CB cultures (p < 0.01 ). 

Phenotypic characterization of the non megakaryocytic cultured cells 

To identify, apart from CD41+ cells, the other cell types formed on cultunng 
CD34+ cells the expression of various cell-specific markers was determined by 
flowcytometry (Table 1 and Fig 2D, 2E). No erythroid or lymphoid cells were 
cultured. In all cultures, addition of IL-1 to Tpo led to a significant increase in both 
the percentage as well as the absolute number of monocytic (CD14+) cells (Table 1 
and Fig 2D). For all sources, supplementation of Tpo with IL-3 gave a significant 
increment in absolute number of monocytes, but to a lesser extent m PB CD34+ 
cell cultures (Fig 2D). In Tpo + IL-3 supplemented cultures with ChBM cells the 
percentage of monocytes was significantly higher than found with the other sources 
(Table 1). 

With ChBM approximately 20% myeloid (CD15+) cells were obtained, 
irrespective of the cytokine combination used (Table 1). In both ABM and ChBM 
cultures presence of IL-1 induced formation of a higher percentage CD15" cells 
than found m PB and CB cultures. 
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Differences in ploidy of expanded megakaryocytes from different CD34+ cell 
sources 

Ploidy of cultured CD41+ cells was measured, because it correlates with the 
degree of endomitosis, thereby reflecting the maturation stage of the formed 
megakaryocytes. Megakaryocytes derived from ChBM cells could not be evaluated 
due to the limited number of cells. CD41" cells obtained after culture of PB-
denved CD34" cells showed a ploidy of up to 32N; only in cultures with Tpo as 
single cytokine 64N cells were detected (Fig 3C). Within the CD4T cell 

o 
CL 

Tpo Tpo+IL-1 Tpo+IL-3 

Figure 3. Ploidy of cultured CD41+ cells 
Ploidy of cultured CD41* cells obtained after eight days of culture of a) CB-, b) ABM-, or c) PB-
derived CD34* cells in the presence of the indicated cytokine combinations. Ploidy was measured 
with propidium iodide staining of DNA content. The mean of at least three independent experiments 
per cytokine combination + SEM is shown. 
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population cultured from ABM-derived CD34+ cells, cells with a ploidy up to 64N 
were found (Fig 3B). In cultures with CB-denved CD34+ cells, CD41+ cells with a 
ploidy of 32N were obtained, for all growth-factor combinations (Fig 3A). 
However, the percentage of CD41+ cells with a ploidy of more than 8N was lower 
than in ABM and PB cultures. Between the different growth-factor combinations 
no large differences in ploidisation were noted (Fig 3A, B, C). In ABM and PB 
cultures, however, presence of IL-3 seemed to reduce the ploidy of the cultured 
megakarycoytes because fewer 32N and 64N cells were observed. 

In addition to the polyploidisation state of the cultured CD41+ cells, the mean 
level of CD41 expression was compared. For all cell sources and growth-factor 
combinations, the mean CD41 fluorescence intensity of CD34+CD41+ cells was 
lower than of the CD34"CD41+ cells (Table 2). During endomitosis 
megakaryocytes increase in cell size, which subsequently leads to higher 
expression of surface molecules per cell. This implies that like the degree of ploidy 
the expression level of CD41 reflects the maturation state of the cell. The CD41 
expression of the whole megakaryocyte population (CD34'CD41+ and CD34" 
CD41+ cells) was lower in CB cultures than in PB and BM cultures with all growth 
factor combinations (Fig 4). 

ChBM 

• I ' I MIBI 
0 1 2 

10 10 10 10 10 

Figure 4. Flow cytometry analysis of CD41 expression on cultured cells 
Flow cytometry analysis of CD34+ cell cultures showing difference in CD41 expression. CD34+ cells 
from a) CB, b) ABM and c) ChBM and d) PB were cultured for eight days in the presence of Tpo + 
IL-1. One representative experiment per source is depicted. 
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Table 2. Mean level of CD41 expression on cultured CD41+ cells 

CB ChBM ABM PB 

CD34+CD4T Tpo 792 ± 73 1870 ± 516 2408 ± 861 3430 ±2341 

cells Tpo + IL-1 679 ± 1 5 1432 ± 270 2071 ± 6 3 6 1044 ± 3 6 7 

Tpo + IL-3 789 ± 6 2 1825 ± 580 1938 ± 7 9 8 1263 ± 573 

CD34"CD41+ Tpo 1348 ± 320 2850 ±270 3433 ± 6 5 8 3092 ± 673 

cells Tpo + IL-1 1079 ± 6 2 2895 ± 426 3327 ± 973 1729 ± 4 1 9 
T p o ^ I L - 3 943 ±145 2397 ± 480 2529 ± 9 5 1 1502 ± 3 1 8 

CD34+ '"CD4f Tpo 1307 ±281 2514 ± 2 5 9 3215 ± 6 1 9 3047 ± 949 
cells Tpo + IL-1 1050 ± 6 9 2149 ±168 2808 ± 740 1620 ± 4 5 0 

Tpo + IL-3 931 + 144 2305 ± 465 2405 ± 867 1502 ±311 

Mean fluorescence intensity (MFI) of CD41 on cultured CD34+ cells derived from CB, ChBM, ABM 
or PB was measured by flow cytometry. Depicted is the CD41 expression (MFI) of CD34+CD41 + 

cells, CD34CD4L cells and total population CD41* cells. The mean of at least three independent 
experiments per cytokine combination ± SEM is shown. CD41 expression of cultured CD34+/"CD41 + 

cells was lower in CB cultures than in ABM or PB cultures (p < 0.05, except for PB versus CB with 
Tpo + IL-1 p = 0.079). 

Discussion 

High-dose chemotherapy, followed by a stem cell transplant for hematopoietic 
rescue, often results in a period of severe thrombocytopenia. To reduce the period 
of thrombocytopenia, in addition to the stem cell transplant, reinfusion of ex vivo 
expanded autologous megakaryocytes may be considered. This approach has been 
tested in a feasibility study, evaluating ten patients treated for breast cancer (eight) 
and non-Hodgkin's lymphoma (two) [17]. In this study, two patients receiving the 
highest dose of megakaryocytes, as defined by CD61 expression, stayed platelet 
transfusion independent. 

In a previous study with PB-denved CD34+ cells, we performed an extensive 
analysis of various growth-factor combinations to identify the minimal cytokine 
combination suitable for optimal ex vivo expansion of megakaryocytes [18]. For 
PB-derived cells we concluded that the combination of Tpo + IL-1 was preferred 
over Tpo + IL-3. Both growth factor combinations yielded comparable numbers of 
CD4T cells, but with Tpo + IL-1 the highest numbers of CD34+CD41+ cells were 
obtained. We and others observed that the number of CD34+CD41+ cells m a stem 
cell transplant positively correlates with the time to platelet recovery [15,16]. 
Those cells reflect the immature megakaryocytes, which may be able to proliferate 
and differentiate after reinfusion and may account for thrombocyte production 
during the phase of hematopoietic recovery after myeloablative therapy. 

In the current study, we showed that the optimal cytokine combination for ex 
vivo expansion of megakaryocytes depends on the CD34T cell source. CB-derived 
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CD34" cells showed an unique pattern of outgrowth. In Tpo supplemented cultures. 
CB-derived CD34" cells showed a more than five-fold higher proliferative capacity 
than did CD34+ cells from ABM, ChBM or PB. Also upon addition of IL-1 or IL-3 
a two- to three-fold higher increase in proliferation was found with CB cells. In 
other studies it was found that the percentage of CD34+ cells that is CD38". 
representing immature progenitor cells, is increased in CB compared to BM. 
suggesting lower expansion capacity of BM CD34+ cells [20-24]. Moreover, the 
CD34+CD38" cells derived from CB were shown to proliferate faster and to have a 
higher cloning efficiency [20,23]. In another report it was observed that the 
frequency of SCID repopulating cells is increased in CB compared to BM or PB 
[25]. These studies are consistent with our observations showing increased 
proliferative capacity of CB cells compared to PB or BM cells. 

For all sources, addition of other growth factors, like IL-1 or IL-3, to Tpo was 
needed to obtain an increase in total cell number, which is in agreement with 
previous reports [26-29]. The lack of proliferation induced by Tpo alone in PB and 
BM cultures is supported by others [30-32], however, some do report cell 
expansion induced by Tpo alone [33,34]. 

Each source responded differently, with respect to percentage and absolute 
number of formed mature and immature megakaryocytes, to combining of IL-1 or 
IL-3 with Tpo. In BM and PB cultures, IL-1 had a positive effect on the percentage 
and absolute number of both CD34+ and CD34+CD41+ cells. In CB cultures on the 
other hand, the percentages of CD34+ and CD34+CD41+ cells were comparable in 
cultures supplemented with either Tpo, Tpo + IL-1 or Tpo + IL3. Thus, for CB 
CD34" cells the cytokine combination that induces the highest proliferation rate 
will lead to the highest numbers of megakaryocyte cells. Therefore, for CB CD34" 
cells, Tpo combined with IL-3 is the best combination, whereas for BM and PB 
Tpo + IL-1 is most suitable to obtain high numbers of megakaryocytes and 
megakaryocyte progenitors for transfusion purposes. 

For all sources, presence of IL-3 yielded less CD41+ cells with a ploidy higher 
than 32N and 64N. Moreover, the cultured cells showed lower CD41 expression. 
Both findings implicate a reduced maturation of megakaryocytes in presence of IL-
3, which is in agreement with other reports that also showed reduced ploidisation 
of megakaryocytes cultured in presence of Tpo and IL-3 [27,35,36]. 

Differences in outgrowth were observed between BM-denved CD34" cells 
from children and adults. With respect to the megakaryocyte differentiation, both 
sources responded comparably to the three growth-factor combinations, but with 
ChBM a lower percentage and lower absolute numbers of megakaryocytes were 
obtained compared to ABM. With ChBM, a higher percentage of myeloid and 
monocytic cells was observed, independent of the cytokine combination used (also 
observed for IL-1 or IL-3 supplemented cultures, data not shown). Thus, it seems 
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that ChBM cells have a growth-factor independent drive into the monocytic and 
myeloid lineages. No large differences in outgrowth were observed between PB 
and ABM; only the myeloid and monocyte formation was higher in ABM cultures. 

CB cells not only had the highest proliferative capacity but with CB cells also 
the highest percentage CD41" cells and the most CD4T cells per seeded CD34^ 
cell were obtained. However, the percentage of CD4T cells that still coexpressed 
CD34, which may represent the megakaryocyte progenitor most likely capable of 
restoring platelet counts after transplantation [15,16] was lowest in CB cultures. 
Furthermore, megakaryocytes cultured from CB-denved CD34' cells had the 
lowest level of CD41 expression and the lowest degree of ploidisation. It was noted 
in other studies that CB-denved CD34+ cells cannot produce high ploidy CD41 + 

cells [37-39]. Both ploidisation and CD41 expression are markers for the 
maturation state of a megakaryocyte [19] and megakaryocytes from CB thus seem 
to have an arrest m maturation. Moreover, the maturation state of a megakaryocyte 
is positively correlated to the size of the cell and to the numbers of platelets that 
can be produced [40]. With CB stem cell transplantation the time to platelet 
recovery is prolonged as compared to BM stem cell transplantations [4,5,7]. One of 
the causes may be the reduced number of stem cells in a CB transplant. If CB 
CD34" cells have an arrest m the level of megakaryocyte maturation, as indicated 
by our data, it may be postulated that, in vivo, less platelets are produced per 
formed megakaryocyte. This, in combination with the lower number of stem cells 
in a CB transplant, might explain the increased time to platelet recovery after CB 
stem cell transplantation. In a stem cell transplantation setting with PB-derived 
stem cells the time to platelet recovery is shorter than with BM-derived stem cells 
[1-3].With ABM and PB derived CD34" cells comparable numbers of immature 
and more mature megakaryocytes were obtained in vitro. Thus, if our in vitro 
results would predict the time to platelet recovery, at least a comparable time is 
expected for PB and BM. However, in daily practice the number of reinfused PB 
stem cells is approximately 10-fold higher than with BM, which might explain the 
discrepancies between in vitro expansion capacity and the observed time to platelet 
reconstitution. 

In conclusion, in this study is shown that CD34+ cells from four different 
sources respond differently to cytokine stimulation. This implicates that for 
megakaryocyte ex vivo expansion protocols the most optimal cytokine combination 
depends on the used CD34" cell source. However, not all cytokines are avaible for 
clinical use and this limits the choice of cytokines intended to be used in an ex vivo 
expansion protocol. Both Tpo and IL-1 are available for clinical application. Also 
with respect to the composition of the culture medium a well defined medium is 
preferential in a clinical setting. There are several clinical grade serum-free media 
available for expansion purposes and currently we are comparing different media 

77 



Chapter 4  

in our liquid culture system to identify the most suitable one (van den Oudenrijn et 
al., manuscript in preparation). 
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Abstract 

Reinfusion of ex vivo expanded autologous megakaryocytes together with a 
stem cell transplantation may be useful to prevent or reduce the period of 
chemotherapy-induced thrombocytopenia. In this study we analysed several serum-
containing and serum-free media to identify the most suitable medium for 
megakaryocyte expansion. Moreover, two thrombopoietm (Tpo)-mimetic peptides 
were tested to evaluate whether they could replace Tpo in an expansion protocol. 

To analyse the effects of different media on megakaryocyte expansion, we used 
an in vitro liquid culture system. For this purpose, CD34+ cells were isolated from 
peripheral blood and cultured for eight days in the presence of Tpo and interleukin-
3 (IL-3). The presence of megakaryocytes was analysed by flow cytometric 
analysis after staining for CD41 expression. For our standard culture procedure 
megakaryocyte medium (MK medium) supplemented with 10% AB plasma was 
used. Addition of 5% or 2.5% AB plasma yielded higher numbers of 
megakaryocytes, implying the presence of inhibitory factors in plasma. However, 
some plasma components are required for optimal megakaryocyte expansion 
because addition of less than 1% AB plasma or addition of human serum albumin 
instead of AB plasma resulted in the formation of lower numbers of 
megakaryocytes. 

Two commercially available serum-free media were also tested; Cellgro and 
Stemspan. If CD34+ cells were cultured in Cellgro medium similar numbers of 
megakaryocytes were obtained as when CD34+ cells were cultured in MK medium 
supplemented with 10% AB plasma. In MK medium with 2.5% AB plasma higher 
numbers of megakaryocytes were cultured than in MK medium supplemented with 
10% AB plasma. Therefore, Cellgro medium is not the best alternative medium. In 
cultures with Stemspan medium higher numbers of megakaryocytes were obtained 
compared to MK medium with 10% AB plasma. Stemspan is thus a good 
alternative for MK medium. 

Two Tpo-mimetic peptides, AFI3948 and PK1M were tested for their ability to 
replace Tpo. In cultures with AFI3948 comparable numbers of megakaryocytes 
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were obtained as in the presence of Tpo, but in cultures with PK1M the number of 
megakaryocytes was lower. 

This study shows that high concentrations of plasma in medium inhibits 
megakaryocyte formation, but some plasma components are required for optimal 
megakaryocyte expansion. For an ex vivo expansion protocol it is worthwhile to 
test several media, because the number of megakaryocytes differs widely with the 
medium used. 

Introduction 

Chemotherapy-induced thrombocytopenia is a severe complication in the 
treatment of cancer. Despite reinfusion of a stem cell transplant for hematopoietic 
rescue, in case of myeloablative therapy a considerable number of platelet 
transfusions are needed to prevent severe bleeding. Recurrent platelet transfusions 
carry the risk of alloantibody formation and subsequent refractoriness to platelet 
transfusions. In addition, there is a risk of transmission of infectious diseases. With 
the cloning of thrombopoietin (Tpo), the major regulator in the process of 
proliferation and differentiation of stem cells into megakaryocytes, new therapies 
have became available [1]. Clinical trials in which recombinant Tpo was 
administered to patients with chemotherapy-induced thrombocytopenia did not 
result in a satisfactory reduction of the thrombocytopenic period [2,3]. Moreover, 
formation of antibodies against endogenous Tpo has been reported after recurrent 
subcutaneous administration of pegylated recombinant human megakaryocyte 
growth and development factor (PEG-rHuMGDF) preparations [4,5]. 

Another application of Tpo is in an ex vivo expansion setting. Tpo is capable, in 
combined action with other cytokines, to induce proliferation and differentiation of 
stem cells into megakaryocyte progenitors and megakaryocytes in vitro [1]. Several 
studies have shown that the number of CD34+CD41+ cells, representing 
megakaryocytes progenitors, in a stem cell transplant is positively correlated with a 
decrease in the time to platelet recovery [6,7]. Reinfusion of ex vivo expanded 
autologous megakaryocyte progenitors and megakaryocytes may thus contribute to 
enhanced platelet recovery in patients with chemotherapy-induced 
thrombocytopenia, who are now receiving a peripheral blood stem cell 
transplantation containing variable numbers of megakaryocyte-committed cells. 
Bertolini et al. [8] have reported that administration of autologous, ex vivo 
expanded, megakaryocyte cells in combination with an autologous stem cell 
transplantation is well tolerated and that it may reduce the need of platelet 
transfusions if high enough numbers of megakaryocyte cells are reinfused. The 
feasibility of reinfusion of ex vivo expanded CD34+ cells has also been 
demonstrated by other groups. These initial studies have shown that CD34+ cells, 
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exposed for a variable number of days to various combinations of cytokines could 
be safely reinfused without toxicity [9-13]. 

Our aim is to reinfuse ex vivo expanded megakaryocytes to reduce the period 
of chemotherapy-induced thrombocytopenia. In order to obtain a megakaryocyte -
transfusion product it is important to define the most optimal culture conditions. 
Several studies have described the role of various cytokines in the process of 
proliferation and differentiation of megakaryocytes [8,14-20]. In this study, we 
focused on the role of medium components in megakaryocyte expansion. In-house 
prepared serum-containing media and commercially available serum-free media 
were tested in a liquid culture system to identify the most suitable culture medium 
for megakaryocyte expansion. 

Furthermore, two peptides have been described that mimic Tpo-action [21,22]. 
These peptides, PK1M and AF13948, were synthezised and tested for their 
possible replacement of Tpo in our in vitro liquid culture system. 

Material and Methods 

CD34+ cell purification 
CD34+ stem cells were isolated from peripheral blood. Peripheral blood was 

obtained (with approval of the medical ethical committee and after informed 
consent) from leukocytapheresis material of patients (eight with breast cancer, six 
with non-Hodgkm lymphoma, two with multiple myeloma) treated with 
chemotherapy and G-CSF (5-10 ug/kg/day subcutaneously; Filgastrim, Amgen, 
Thousand Oaks, CA, USA). Three healthy donors for allogeneic transplantation 
were only treated with G-CSF ( 2 x 5 ug/kg/day). Mononuclear cells were isolated 
by density gradient centnfugation over Ficoll (1.077 g/cm3; Pharmacia Biotech, 
Uppsala, Sweden). CD34+ cells were isolated from mononuclear cells by magnetic 
cell sorting (VarioMACS system; Miltenyi Biotec, Gladbach, Germany) according 
to the manufacturer's instruction. This resulted in a purity of more than 95%, as 
determined by FACS analysis. 

Cell culture 
Various media were used to study the most optimal conditions for 

megakaryocyte expansion. Megakaryocyte medium (MK medium) consisted of 
Iscove's Modified Dulbecco's Medium supplemented with ImM sodium pyruvate 
(Gibco, Paisley, Scotland), lx MEM vitamins (Gibco), lx MEM non-essential 
amino acids (Gibco), 0.2% (w/v) human serum albumin (HSA; CLB, Amsterdam, 
The Netherlands), 0.02 mg/ml L-asparagine (Gibco), 0.01 mM monothioglycerol 
(Sigma, St.Louis, MO, USA), glutamme and penicillin/streptomycin [20]. Two 
commercially available serum-free media were also tested, i.e. Cellgro SCGM 
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(Boehrmger Ingelheim Bioproducts, Heidelberg, Germany) and Stemspan serum-
free expansion medium (Stem Cell Technologies, Vancouver, BC, Canada). 

To the media various additives were added as noted in text and figures. 
Heparmized human AB plasma was obtained from a healthy donor. HSA was used 
at 2% (w/v). 

Two x 105 CD34^ cells/ml were seeded in a total volume of 1.5 ml in a 6-well 
plate (Costar, Cambridge, MA, USA). The cells were cultured for eight days at 
37°C, 5% C02, in the presence of PEG-rHuMGDF (100 ng/ml, a generous gift 
from Amgen, Thousand Oaks, CA, USA) or rhTpo (10 ng/ml, a generous gift from 
Genentech, San Francisco, CA, USA) and IL-3 (10 ng/ml, R&D, Abingdon, UK) 
without additional feeding of growth factors or medium. No differences in 
outgrowth were observed between PEG-rHuMGDF and rhTpo (data not shown). 
Peptides AF13948 and PK1M were synthesised according to the sequence 
described by Cwirla et al [21](AF13948) and Kimura et al [22](PK1M) by Isogen 
Bioscience BV, Maarssen, The Netherlands. Both peptides were used at 10 ng/ml. 

After eight days of culture, the cells were analysed for surface marker 
expression by F ACS analysis. Viable cells were determined with trypan blue 
exclusion. The expansion factor was determined as the increase in cell number 
(number of viable cells present at day eight of culture divided by the number of 
viable cells seeded at day 0). 

Flow cytometry and monoclonal antibodies 
After eight days of culture, the cells were harvested and immediately fixed with 

1% (w/v) paraformaldehyde for 10 minutes on ice. The cells were spun down for 
10 minutes (180 g) with the brake on half maximum, were resuspended in PBS 
containing 0.2% (w/v) bovine serum albumin (BSA) and were used for FACS 
analysis. The cells were incubated with fluorescein isothiocynate (FITC) and 
phycoerythrin (PE) labeled monoclonal antibodies (moabs) for 30 minutes at 4°C . 
Isotype matched mouse IgG subtypes served as controls. After 30 minutes of 
incubation, the cells were washed in PBS/0.2% BSA. After washing, the cells were 
resuspended in an appropriate volume of PBS/0.2% BSA and analysed by 
FACScan (Becton and Dickinson (B&D), San Jose, CA, USA). 

The FITC-conjugated moabs were: IgGl isotype control (CLB-203: CLB) and 
CD41 (megakaryocytic; CLB-48). The PE-conjugated moabs were: IgGl isotype 
control (X40; B&D) and CD34 (stem cells; 581; Immunotech, Marseille, France). 

CFU-Meg colony assay 
Colony forming unit-Megakaryocyte (CFU-Meg) assays were performed with 

CD34+ cells that were cultured for eight days in liquid culture. CFU-Meg was 
performed with the Megacult-C kit (StemCell Technologies, Vancouver, BC, 
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Canada) according to manufacturer's instructions. Briefly, cells were cultured in a 
collagen-based serum-free medium containing Tpo, IL-3 and IL-6. After 10 to 12 
days of incubation at 37°C and 5% C02, cultures were dehydrated and fixed with 
methanol/acetone. Megakaryocyte colonies were stained with CD41 by means of 
an alkaline phosphatase detection system. The cells were counterstamed with 
Evans Blue, causing the nuclei of the cells to turn blue regardless of their lineage. 
Positive colonies were scored according to size, i.e. small (3-10 cells/colony), 
medium (11 - 40 cells/colony), large (> 40 cells/colony) and mixed (non-
megakaryocytes and megakaryocytes within the same colony). 

Statistical analysis 
Statistical analysis was performed with SPSS for windows, release 7.5 (SPSS 

Inc.). Paired samples t-test was used to determine statistical differences, p < 0.05 
was considered significant. 
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Figure 1. Effect of various concentrations of AB plasma on megakaryocyte outgrowth 

CD34+ cells were cultured for eight days in the presence of PEG-rHuMGDF or Tpo and IL-3 in MK 

medium, with various concentrations of AB plasma. FACS analysis was used to determine the 

percentage of C D 4 T cells and CD34+CD41+ cells. Depicted is a) percentage of CD41+ and 

CD34+CD41+ cells and b) the number of CD41+ and C D 3 4 T D 4 1 + cells obtained per seeded CD34+ 

cell. The mean + SEM of seven independent experiments is shown. * p < 0.05, ** P < 0.01. 
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Results 

To obtain megakaryocytes, CD34+ cells were cultured for eight days in the 
presence of Tpo + IL-3. The combination Tpo + IL-3 was choosen because initial 
experiments and other articles showed that this combination yields high numbers of 
megakaryocytes [14,18]. FACS analysis was used to determine the number of 
megakaryocytes (CD41+ cells) and megakaryocyte progenitors (CD34XD41 
cells). 

Effect of medium components in megakaryocyte culture. 

Addition of less than 10% AB plasma, i.e. 5%, 2.5% or 1.25%, led to a small 
increase in percentage of CD34XD4T cells (Fig. la). The absolute number o] 
CD41+ and CD34+CD41+ cells was higher if 5% or 2.5% AB plasma was added 
instead of 10% AB plasma (Fig. lb) (significant for the number of CD4T cells, p < 
0.05). Cultures supplemented with less than 1.25% AB plasma yielded reduced 
numbers of megakaryocyte cells (data not shown). 

Replacement of 10% AB plasma by 2% human serum albumin (HSA) yielded a 
comparable percentage of CD41' cells (Fig. 2a). The percentage CD34+CD4r 
cells was significantly higher if cells were cultured in medium supplemented with 
2% HS A instead of 10% plasma (Fig. 2a). However, the absolute number of 
CD34XD4T cells was not increased m cultures with 2% HSA compared to 
cultures with 10% AB plasma added (Fig. 2b). This was due to lower expansion 
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Figure 2. Effect of replacement of AB plasma with HSA on megakaryocyte outgrowth 
CD34' cells were cultured for eight days in the presence of PEG-rHuMGDF or Tpo (Tpo) and IL-3 in 
MK medium, supplemented with 10% AB plasma or 2% HSA. FACS analysis was used to determine 
the percentage of CD4T cells and CD34XD4r cells. Depicted is a) percentage of CD4T and 
CD34XD4T cells and b) the number of CD41+ and CD34XD4T cells obtained per seeded CD34+ 

cell. The mean + SFM of eieht indenendent experiments is shown. * n < 0.05. ** P<0.01. 
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rates of the cells in med ium supplemented with 2 % HSA. Culture of C D 3 4 " cells in 

med ium with 10% A B plasma yielded higher absolute numbers of C D 4 1 * cells 

than in medium with 2 % H S A added (p < 0.05). 

Serum-free media in megakaryocyte culture. 

Besides our MK medium, two commercially available serum-free media were 
tested: Cellgro and Stemspan. Although the percentage of megakaryocyte cells 
was elevated (Fig. 3a, p < 0.05) with Cellgro medium, the absolute number of 
CD41+ and CD34+CD41+ cells was comparable to numbers obtained after culture 
in MK medium containing 10% AB plasma (Fig. 3b). With Stemspan medium, 
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Figure 3. Comparison of serum-free media with AB plasma containing medium. 
CD34" cells were cultured in MK medium supplemented with 10% AB plasma or in two serum-free 
media; Cellgro or Stemspan medium, for eight days in the presence of PEG-rHuMGDF or Tpo (Tpo) 
and IL-3. FACS analysis was used to determine the percentage of CD4T cells and CD34TCD41 + 

cells. Depicted is a + c) percentage of CD41+ and CD34+CD41+ cells and b + d) the number of CD41 + 

and CD34+CD41+ cells obtained per seeded CD34+ cell. The mean + SEM of seven independent 
experiments is shown for cultures in Stemspan medium versus MK medium and the mean + SEM of 
four indeDendent for the cultures with Cellsro medium versus MK medium. * D < 0.05. 
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significantly higher percentages and higher numbers of CD41+ cells were cultured 
compared to MK medium supplemented with 10% AB plasma (Fig. 3d). 

To Cellgro medium 2.5% AB plasma was added to investigate whether this 
would increase the number of megakaryocyte cells. However, only the absolute 
number of CD34+CD41+ cells was increased upon addition of 2.5% AB plasma 
(Fig. 3a+b). 

Clonogenic capacity of cultured cells 

To investigate whether cells cultured in Stemspan medium or in MK medium in 
the presence of 2% HSA or 10% AB plasma had colony-forming capacity, cultured 
cells were analysed in a CFU-Meg assay. Despite a comparable or higher 
percentage of CD34+CD41+ cells after liquid culture in the presence of 2% HSA, 
the number of CFU-Meg colonies per initially in liquid culture seeded CD34+ cell 
was lower than after culture of CD34+ cells in Stemspan medium or in MK 
medium with 10% AB plasma (Fig. 4). A correlation between the number of 
CD34+CD4r cells and the number of CFU-Meg per seeded CD34+ cell was 
observed (r = 0.80, p< 0.05). 
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Figure 4. CFU-Meg assay of CD34+ cells cultured with AB plasma or HSA 
CD34+ cells were cultured in liquid culture in the presence of PEG-rHuMGDF or Tpo (Tpo) and IL-3 
in MK medium, supplemented with 10% AB plasma or 2% HSA or in Stemspan medium. After eight 
days the cultured cells were analysed in a CFU-Meg colony assay. Depicted is the number of CFU-
Meg colonies per initially in iquid culture seeded CD34+ cell. CFU-Meg colonies were scored 
according to size, i.e. small (3-10 cells/colony), medium (11-40 cells/colony), large (> 40 
cells/colony) and mixed (non-megakaryocytes and megakaryocytes within the same colony). The 
mean + SEM of three independent experiments is shown for the cultures in MK medium 
supplemented with 10% AB plasma or 2% HSA and the mean of two experiments is shown for 
cultures with Stemspan medium. No significant differences were found between MK medium with 
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Tpo-mimetic peptides as alternative for Tpo in CD34^cell cultures 

Recently, two peptides, AF13948 and PK1M, that mimic activity of Tpo have 
been described [21,22]. We investigated whether these so-called Tpo mimetic 
peptides could be an alternative for PEG-rHuMGDF or rhTpo in our culture 
system. With AF13948 instead of PEG-rHuMGDF comparable percentages and 
absolute numbers of CD41+ and CD41+CD34+ cells were obtained (Fig. 5a + b). In 
the presence of PK1M, both the percentage and absolute number of CD41+ and 
CD4TCD34f cells were decreased compared to cultures with PEG-rHuMGDF 
(Fig. 5 a + b). Addition of increased concentrations of PK1M did not result in 
formation of more megakaryocytes. 

CD41 T cells 
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CD41 +cells CD34"CD41H 
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Figure 5. Comparison between PEG-rHuMGDF and two Tpo mimicking peptides 
CD34+ cells were cultured for eight days in the presence of PEG-rHuMGDF (MGDF), AFI3948 or 
PK1M and IL-3 in MK medium supplemented with 10% AB plasma. CD41 and CD34 expression 
were determined by FACS analysis. In a) is depicted the percentages of CD41+ and CD41+CD34+ 

cells relative to the percentage of positive cells obtained in the cultures with PEG-rHuMGDF and IL-
3 and in b) the number of CD41+ cells and CD41+CD34+ cells obtained per seeded CD34* cell 
relative to the number of these cells obtained in cultures with PEG-rHuMGDF and IL-3. With PEG-
rHuMGDF and AF13948 three experiments were performed and with PK1M two experiments. 

Discussion 

The feasibility of reinfusion of ex vivo expanded stem cells has been shown by 
several studies [8-13]. Therefore, we are currently developing protocols to reinfuse 
autologous expanded megakaryocyte progenitors and megakaryocytes together 
with a stem cell transplant to diminish the need for platelet transfusions after 
chemotherapy. The role of growth factors in megakaryocyte expansion has been 
extensively analysed [8,14-20]; however, the influence of media components on 
megakaryocyte formation is less well characterised. In some reports a difference in 
expansion potential of hematopoietic progenitor cells has been described between 
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media with or without serum [23,24]. In serum-free medium the expansion 
potential of progenitor cells was higher than in serum-containing media. In the 
present study, serum-free and serum-containing media were analysed. 

The standard culture condition in this study was MK medium supplemented 
with 10% human AB plasma from a healthy donor. A decrease in the percentage of 
added AB plasma led to an increase in the formation of CD41+ and CD34+CD4T 
cells. This implies that high concentrations of human plasma inhibit 
megakaryocyte formation. Other articles also reported the presence of factors in 
human serum and plasma that inhibit megakaryocyte colony formation, like TGF-
ßl [25-27]. We have tested human AB plasma from ten different donors and 
observed that the extent of megakaryocyte formation differs between donors (data 
not shown). Therefore, if human plasma is to be used in an ex vivo expansion 
setting, a plasma pool of several donors should be used instead of plasma from a 
single donor. 

Despite the inhibiting effects of higher plasma percentages, lowering of the 
plasma percentage to below 1.25% plasma in MK medium (data not shown 
decreased the number of megakaryocytes and megakaryocyte progenitors 
Replacement of AB plasma by HS A did not yield comparable numbers of 
megakaryocyte cells. Moreover, the number of CFU-Meg was decreased if CD34^ 
cells were cultured in MK medium supplemented with 2% HSA compared to MK 
medium with 10% AB plasma or Stemspan medium. Apparently, other factors that 
are present in plasma contribute to megakaryocyte formation. Human plasma is 
given to patients in a clinical setting and can therefore also be used in an ex vivo 
expansion setting. Although ex vivo expansion protocols may be preferentially 
performed with serum-free medium, medium supplemented with 2.5% AB plasma 
is also an option. 

Besides serum-or HSA containing medium, two commercially available serum-
free media were tested, Cellgro and Stemspan. Stemspan medium was superior 
over MK medium supplemented with 10% AB plasma with respect to the number 
of CD41+ cells obtained, whereas Cellgro medium yielded comparable numbers of 
megakaryocyte cells compared to MK medium with 10% AB plasma. These data 
show that not all serum-free media may be optimal for megakaryocyte expansion 
and therefore it is worthwhile to test different media. 

Administration of recombinant PEG-rHuMGDF has led to formation of 
autoantibodies in patients and healthy volunteers after repeated subcutaneous 
administration [4,5] and therefore the use of recombinant Tpo in a clinical setting 
should be carefully monitored. Thusfar, two peptides with Tpo-mimetic activities 
have been described: AF13948 and PK1M [21,22]. Neither of these peptides shares 
any sequence homology with Tpo, and thus no antibodies that crossreact with 
endogenous Tpo can be generated. Testing of both peptides in our liquid culture 
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system showed that only AFI3948 yielded the same number of megakaryocyte 
cells as obtained in cultures with Tpo. In the initial report on PK1M, 
megakaryocyte differentiation induced by this peptide was shown [22]. We also 
observed megakaryocyte formation in presence of PK1M, but not to a comparable 
extent as observed with the two recombinant Tpo preparations. However, we 
cannot exclude that this difference is due to conditions under which the tested 
batch of PK 1M was synthesized. 

AFI3948 has been administered to mice and was shown to increase platelet 
counts [21]. In further studies, AFI3948 was modified with ammo-acid 
substitutions (AF15705) and subsequently pegylated to increase the half time of the 
peptide (GW395058) [28]. No antibody formation to GW395058 or 
thrombocytopenia was found m mice that were injected three times with 
GW395058; instead an elevation m platelet counts was observed. Antibodies raised 
in rabbits to the parent peptide of GW395058, AF15705 did not show cross-
reactivity with Tpo. These studies suggest that the potential of an immune response 
to AF13948 or GW395058 will be low and if it does occur, no cross-reactivity with 
endogenous Tpo is to be expected. 

A previous study showed that patients who received stem cell transplants 
containing at least 0.34 x 106 CD34+CD4T cells/kg had a shorter time to platelet 
recovery [6]. The observed expansion factors of CD34+CD41+ cells and CD41+ 

cells in MK medium with 10% AB plasma was 0.57 and 3.6 respectively. If 2 x 106 

CD34+ cells/kg are expanded a total number of 20.2 x 106 cells/kg will be expected 
after eight days of culture, of which 1.14 x 106/kg will be CD34+CD41+ and 7.2 x 
lOVkg will be CD4T. In a normal stem cell transplant 250 x 106 cells/kg are 
remfused, so the number of expanded cells is not higher than routinely reinfused. 

In conclusion, this study shows that megakaryocyte formation m cultures with 
Tpo and IL-3 is inhibited by high amounts of human plasma in the culture, but is 
comparable to the level of expansion obtained with one of the tested serum-free 
media if only 2.5% of plasma is used. Furthermore, the TPO-mimetic peptide, 
AFI3948 might be a good alternative for Tpo in an ex vivo expansion setting. 
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Summary 

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare disorder of 
undefined etiology. The disease presents with severe thrombocytopenia and 
absence of megakaryocytes in the bone marrow. Furthermore, CAMT patients may 
develop bone marrow aplasia. To obtain more insight in the mechanism 
underlying CAMT five children were analysed. 

All patients had increased plasma thrombopoietin (Tpo) levels, indicating a 
platelet production defect. From three of five patients bone marrow-derived CD34' 
stem cells were cultured in an in vitro liquid culture system to study 
megakaryocytopoiesis. CD3C cells from two of the three patients failed to 
differentiate into megakaryocytes. The lack of megakaryocyte formation could 
imply that a defect in the c-mpl gene, encoding the Tpo receptor, exists. 
Sequencing of c-mpl revealed mutations in four of five patients. Three patients had 
point mutations and/or a deletion in the coding regions of c-mpl. All point 
mutations led to an ammo-acid substitution or to a premature stopcodon. In one 
patient a homozygous mutation in the last base of intron 10 was found that 
resulted in loss of a splice site. 

This study shows that mutations in c-mpl, underlie the thrombocytopenia in 
CAMT in a majority of patients. Furthermore, Tpo has been shown to have an 
anti-apoptotic effect on stem cells. Therefore, mutations in c-mpl might not only 
affect megakaryocyte formation, but may also impair stem cell survival, which 
could explain the occurrence of bone marrow failure as final outcome in patients 
with CAMT. 
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Introduction 

Congenital amegakaryocytic thrombocytopenia (CAMT) is an uncommon 
cause of congenital thrombocytopenia in childhood and is characterised by 
isolated thrombocytopenia with almost complete absence of megakaryocytes in the 
bone marrow. CAMT often progresses to bone-marrow failure and bone-marrow 
transplantation is the only curative treatment [1]. Thusfar, only few reports 
describing individual patients with CAMT have been published [2-4]. These 
patients showed decreased formation of megakaryocyte colonies in vitro, which 
indicates that defective megakaryocyte formation, due to an intrinsic stem eel; 
defect, is the cause of CAMT. However, the origin of this defect is still unclear. 

With the cloning of thrombopoietin (Tpo) [5-9]and its receptor, Mpl [10], new 
approaches to analyse the cause of thrombocytopenia became available. Several 
groups have shown that absent or suppressed megakaryocytopoiesis is 
accompanied by increased Tpo levels in the patients' plasma [11-15]. Normal Tpo 
levels are found in plasma of patients with normal platelet formation but shortened 
platelet lifespan, for example in idiopathic thrombocytopenic purpura. Mature 
megakaryocytes and platelets express glycoprotein lb (GPIb). GPIb can be shed 
from these cells and the plasma level of the soluble part of GPIb, which is called 
glycocalicin (GC), seems to reflect platelet turnover [16,17]. GC levels in patients 
with defective platelet formation are decreased, whereas GC levels in patients with 
increased platelet turnover are higher than normal [11,15], Thus, Tpo and GC 
plasma level measurement is useful for the evaluation of thrombocytopenia. 

Five patients with CAMT were analysed to investigate the cause of CAMT. 
Tpo and GC plasma levels were measured. Megakaryocytopoiesis was studied 
with an in vitro liquid culture system and the gene encoding the thrombopoietin 
receptor, c-mpl, was sequenced to find out whether mutations in this gene might 
explain the thrombocytopenia in CAMT. 

Material and Methods 

Patients and controls 

Patients, all Caucasian, were either referred to the Wilhelmina's Children's 
Hospital, Utrecht or the Academic Medical Centre, Amsterdam, both in the 
Netherlands or to the A. Meyer Children's Hospital, Florence, in Italy for 
evaluation of congenital amegakaryocytic thrombocytopenia. The evaluation 
procedure included complete peripheral blood counts, bone-marrow analysis, 
determination of mean platelet volume, morphological evaluation of the platelets, 
screening for platelet antibodies, analysis of glycoprotein profile of the platelets, 
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screening for active viral infections. Bone-marrow failure syndromes and 
chromosomal breakage were excluded. 

Bone marrow from healthy controls was derived after informed consent from 
bone-marrow aspirates from children who served as donor for a sibling. 

Megakaryocyte culture 

Bone marrow (BM) anticoagulated with heparin was processed on the day of 
collection. Mononuclear cells (mnc) were isolated by density gradient 
centnfugation over Ficoll (1.077 g/cm3; Pharmacia Biotech, Uppsala, Sweden). 
Subsequently, CD34' cells were isolated by magnetic cell sorting (VarioMACS 
system; Miltenyi Biotec, Gladbach, Germany) according to manufacturer's 
instruction. This resulted in a purity of more than 95%, as determined by FACS 
analysis. BM CD34r cells were cultured in Iscove's Modified Dulbecco's Medium 
supplemented with 1 mM sodium pyruvate (Gibco, Paisley, Scotland), 1 x MEM 
vitamins (Gibco), 1 x MEM non-essential amino acids (Gibco), 0.2% human 
serum albumin (w/v) (CLB, Amsterdam, The Netherlands), 0.02 mg/ml L-
asparagine, 0.01 mM monoffnoglycerol (Sigma, St.Louis, MO, USA), glutamine 
and penicillin/streptomycin [18]. To the medium 10% (v/v) heparinized human 
AB plasma was added. 

CD3C cells (1 to 2 x 105/ml) were cultured in the presence of PEG-rHuMGDF-
D (100 ng/ml, a generous gift of Amgen, Thousand Oaks, CA, USA) and 
interleukm-3 (IL-3) (10 ng/ml, R&D, Abingdon, UK). Depending on the number 
of cells, these were cultured in 24-well (Nunc, Roskilde, Denmark), 12-well 
(Costar, Cambridge, MA, USA) or 6-well plates (Costar). The cells were cultured 
for eight days at 37°C, at 5% C02 without additional feeding of growth factors and 
medium. After eight days of culture, the cells were analysed for surface marker 
expression by FACS analysis. Viable cells were determined by trypan blue 
exclusion. The proliferation factor was determined as the absolute increase in cell 
number (absolute number of viable cells present at day eight of culture divided by 
the number of cells seeded at day 0). 

Flow cytometry and monoclonal antibodies 

After eight days of culture, cells were harvested and immediately fixed with 
1% (w/v) paraformaldehyde for 10 minutes on ice. They were spun for 10 minutes 
(180g) with the brake on half maximum and resuspended in PBS containing 0.2% 
(w/v) BSA. For FACS analysis, the cells were incubated with FITC- or PE-labeled 
monoclonal antibodies (moabs) for 30 minutes at 4°C. Isotype-matched mouse IgG 
subtypes served as controls. After 30 minutes of incubation, the cells were washed 
with PBS/0.2% BSA and resuspended in an appropriate volume of PBS/0.2%BSA 
and analysed by FACScan (Becton and Dickinson (B&D), San Jose, CA, USA). 
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The following fluorescein isothiocynate (FITC) conjugated moabs were used: 
IgGl isotype control (CLB-203: CLB, Amsterdam, The Netherlands) and CD41 
(megakaryocytes/platelets; CLB-tromb/7, 6C9; CLB). Phycoerythrm (PE)-
conjugated moabs that were used: IgGl isotype control (X40; B&D) and CD34 
(stem cells; 581; Immunotech, Marseille, France). 

Tpo and glycocalicin measurements 

Plasma Tpo and GC-levels were determined with a sensitive ELISA as 
described [11,19]. 

DNA isolation and Polymerase chain reaction (PCR) 

Genomic DNA was isolated from leukocytes of EDTA or heparin anti-
coagulated blood with the Puregene DNA isolation kit (Biozym, Landgraaf, The 
Netherlands). 

Each c-mpl exon was amplified separately in a PCR reaction with intron-
specific primers as listed in Table 1. Exon 1-8, 11 and 12 were amplified in a 
reaction mixture of 100 ng sense and 100 ng antisense primer, 1.5 units of Taq 
DNA polymerase (Promega, Madison, WI, USA) in the appropriate buffer 
supplemented with 1.5 mM MgCl2 , 5 mM of each dNTP (Pharmacia Biotech, 
Uppsala, Sweden) and 50 ng of genomic DNA in a total volume of 50 ul. PCR 
conditions were 1 cycle of 10 minutes at 95°C, 35 cycles of 1 minute at 95°C, 1 
minute at 59°C, 1 minute at 72°C and 1 cycle of 10 minutes at 72°C. Exon 9 and 10 
were amplified in a reaction mixture of 100 ng sense and 100 ng antisense primer, 
1.5 units of Taq DNA polymerase (Promega), 67 mM Tns pH8.8, 6.7 mM MgCl2, 
0.01 M ß-mercaptoethanol, 6.7 uM EDTA, 16.6 mM (NH4)2S04, 5 mM of each 
dNTP, 10% DMSO (v/v) (Mallinckrodt Baker BV, Deventer, The Netherlands), 
0.15 mg/ml BSA (Sigma) and 50 ng genomic DNA. PCR conditions were 1 cycle 
of 10 minutes at 95°C, 35 cycles of 1 minute at 95°C, 1 minute at 55°C, 1 minute at 
72°C and 1 cycle of 10 minutes at 72°C. 

Analysis of the PCR products was performed by 2% agarose gel 
electrophoresis and visualisation by efhidium-bromide staining. PCR products 
were purified with a Qiaquick PCR purification kit (Qiagen, Hilden, Germany), 
dissolved in water and used for sequence analysis. 

Sequence analysis 

Sequence analysis was performed by automated sequencing, ABIpnsm377XL 
(Perkin Elmer, Norwalk, CT, USA). Each exon was sequenced with a sense and 
anti sense primer, as listed in Table 1. 
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Table 1. Primers used for PCR and sequence analysis 

sense antisense 

exon 1 5' ggaggatgggctaaggcag 3' 

exon 2 5' cccttccacataaacatgcct 3' 

exon 3 5' gtcctcaggcgtccgcat 3' 

exon 4 5' tccagaggctgagccatagac 3' 

exon 5 5' ggttggaggctctctcagct 3' 

exon 6 5' cctatacagtaggggcacacg 3' 

exon 7 5' gatgggaagccttgggattag 3' 

exon 8 5' ccttgtgcacagaaggactta 3' 

exon 9 5' cgaagccccgacgccgggcca 3' 

exon 10 5'aggggcggggccagagta 3' 

exon 11 5' ctgccaatccactgccatg 3' 

exon 12 5'tcccacaggatctgctttaat 3' 

5' tcttcctggggcataggtga 3' 

5' gcaggaaagctgctggagt 3' 

5'ggtatccgtgctgagctgga3' 

5' ggtctggaatccccaaagt 3' 

5' cttttatctcctccccatctcc 3' 

5' tgtggctcactcccatgaca 3' 

5' gggaactatgtggaagaat 3' 

5' cccctgcgtagtgaggtctg 3' 

5' caggcgctgtgcggctttgg 3' 

5' agaggtgacgtgcaggaa 3' 

5' agtaccaggcagggttggtg 3' 

5' gagtttagctctgtccagggaac 3' 

Sequences of the primers used for exon specific amplification of c-mpl and 
subsequent for sequence analysis. 

Family and polymorphism analysis of mutations 

To confirm the presence of mutations and to analyse family members and a 
panel of healthy donors we used allele specific restriction analysis (ASRA) or 
sequence analysis. The exon 3 mutation and intron 10 mutation were screened by 
sequence analysis as described above. The exon 4, 5, 10 and 12 mutations were 
analysed by ASRA. The exon 4 mutation resulted in the loss of a BsrSl restriction 
site (Promega). The exon 5 mutation was characterised by the loss of an Avili 
(Boehnnger Mannheim GmbH, Mannheim, Germany) recognition site. The exon 
10 mutation resulted in the loss of a Mbdl (Gibco) recognition site and the exon-12 
mutation gave rise to an Alul (Promega) recognition site. 

To perform an ASRA, the specific exons were amplified by PCR as described 
in DNA isolation and PCR. The obtained PCR products were subsequently 
digested with the above- indicated restriction enzymes according to the 
instructions of the manufacturer. After digestion, size separation of the end 
products was performed by 10% Polyacrylamide gel electrophoresis, and the bands 
were visualised by ethidium-bromide staining. 

103 



Chapter 6  

Results 

Clinical features 

In Table 2 and 3 characteristics and a clinical follow-up of the patients ar; 
shown. All patients were diagnosed with CAMT based on severely decrease.! 
platelet counts and absence of megakaryocytes in bone-marrow aspirates and/o' 
biopsies. Furthermore, other diseases associated with thrombocytopenia were 
excluded. The absence of megakaryocytes in the bone marrow and the highl; • 
elevated plasma Tpo levels indicated that the patients had a platelet production 
defect (Table 2). Two patients had strongly decreased plasma GC levels 
indicating a severely reduced platelet mass. In two patients GC could be measurec 
in plasma, however both were receiving regular platelet transfusions. 

Mean platelet volume (MPV) for all patients was normal (Table 2). Clinical 
follow up (see Table 3) of the patients showed a reduction in the number ol 

Table 2. Patient characteristics  
platelet number , age in months at 

patient nr sex „ MPV TPO (AU/ml) GC (AU/ml) . . , 
(x 10/L) time of culture 

1 F 10 6.7 337 11 39 
2 M 16 7.2 387 37 15 
3 M < 10 8.4 384 158 1 
4 M < 10 7.1 581 160 * 

5 F < 10 7.8 895 nd * 

Normal values in healthy adults: 150 - 450 x 109 platelets/L, mean platelet volume (MPV): 6 - 1 0 , 
Tpo: 4 - 3 2 AU/ml, GC: 144 - 444 AU/ml. nd; not determined.* no culture performed 

Table 3. Clinical follow up of the patients 

at di: 

Hb 

ignosis 

leuko granulo 

at last follow u p or before transplantion 

patient 

at di: 

Hb 

ignosis 

leuko granulo age Hb reticulo leuko granulo BM cell. 

nr g. dl x 109/L x 109/L in mor iths g/dl % x 109/L x 109/L % 

1 18.5 20.5 15.6 44* 7.1 1 0.1 vj, 4.0 0 .6^ 20 | 

2 23.5 15.6 8.4 23 15.9 4.4 6.3 0.6 i nd 

3 20.4 8.9 3.6 5 13.4 1.6 5.6 1.1 1 95 

4 13.8 13.0 2.5 45 10.6 \ 3.4 9 4.4 nd 

5 20.3 9.4 4.0 12* 6.9 1 0.3 1 7.0 0.4 1 40 1 

Patients were diagnosed at 0 months of age. nd; not determined, * before transplantation "* lower 
than age-related normal values. Hb; hemoglobin, leuko; leukocytes, granulo; granulocytes, reticulo; 
reticulocytes. BM cell; bone marrow cellularity. 
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circulating granulocytes for four of the patients, indicating a developing bone-
marrow failure. From patient 1, 3 and 5 bone-marrow cellulanty could be 
determined. In patient 1 and 5 bone marrow cellulanty was found to be severely 
decreased. Patient 3 had still normal cellulanty of his bone marrow, but he was 
only five months old. A lowering of hemoglobin values was observed in three 
patients, the anemia was not due to iron deficiency as a result of increased 
bleeding tendency, reticulocytes were reduced in two of these patients. 

Megakaryocytopoiesis studied with CD34+ cell culture 

From patient 1, 2 and 3 bone marrow was obtained to study 
megakaryocytopoiesis in vitro. Bone marrow-derived CD34" cells were cultured 
for eight days in the presence of PEG-rHuMGDF and IL-3. This cytokine 
combination induces formation of megakaryocytes in healthy controls (Fig 1). 
However, CD34" cells from patient 1 and 2 did not differentiate into 
megakaryocytes, whereas in simultaneously performed control cultures 
megakaryocyte formation was observed (Fig 1). In the culture with CD34+ cells 
from patient 3 megakaryocytes were formed (Fig 1). From patient 3 enough 
CD34+ cells were available to test the efficiency of other cytokine combinations. 

patient 1 patient 2 

CE41 
10" 10 10" 

CD+1 

patient 3 

0.7 

.'««•' 

ö*T'ï"™ 10 10 10" 10J 10 
CE41 

If ' "Tf ""I-
10 10 10" 10J KT 
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Figure 1. Flow cytometry' analysis of bone-marrow CD34+ cell cultures 
Flow cytometry analysis of cells derived after eight days culture of CD34T cells. CD4T cells 
represent megakaryocytic cells and CD34+ cells represent stem cells. 
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Addition of only PEG-rHuMGDF or of PEG-rHuMGDF combined with IL-1 ir, 
culture did not result in megakaryocyte formation, whereas in control cultures 
megakaryocyte formation was observed under these conditions (data not shown). 

Mutation analysis 

The finding that CD34+ cells from two of the three patients tested were not 
responsive to PEG-rHuMGDF and IL-3 could imply that a defect in the gene of 
the Tpo-receptor, c-mpl, exists. Therefore, sequence analysis was performed of all 
12 coding exons and the adjacent splice sites of c-mpl from all five patients. 

In four of the five patients mutations in the c-mpl gene were found (listed in 
Table 4 and Fig 2). The mutations were found in at least two different PCR-
products and sequenced with a sense and an antisense primer. Patient 1 had a 
heterozygous G -» C substitution at nucleotide 305 in exon 3 leading to an 
argmme to proline substitution at codon 102. Patient 1 had also a heterozygous 
mutation in exon 10, a 1473 G to A shift, which results in a premature stopcodon 
at position 491. In patient 2 one heterozygous mutation was found in exon 5, a C 
to T transition at position 769, resulting in an argmme to cysteine replacement of 
codon 257. Another heterozygous mutation was observed in exon 12 of patient 2, 
a C -> T change at position 1904 leads to a proline to leucine replacement of the 
last ammo acid (635) of Mpl. Patient 3 had one heterozygous point mutation in 
exon 4, a C -> A mutation at nucleotide 407 gave a proline to histidine substitution 
of codon 136. Furthermore, a 7-bp deletion of one allele in exon 6 was found, 
resulting in a premature stopcodon of codon 368 in exon 7. Patient 4 had a 
homozygous G -> T mutation in the last base of intron 10. This mutation leads to 
loss of the splice site 5' of exon 11. In patient 5 no mutations were found in the 
coding regions of c-mpl. 

SP Cytokine receptor domain Cytokine receptor domain TM Cytoplasmic domain 

\ 1 r "il 1 r 

4 5 6 7 8 1 io 11 ii II 12I 

t t Î 
Figure 2. Schematic representation of c-mpl with the sites of the mutations 
Black arrows; mutations patient 1, grey arrows; mutations patient 2, hatched arrows; mutations 
patient 3, white arrows; mutation patient 4. SP; signal peptide, TM; transmembrane domain. 
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Table 4. Mutations found in c-mpl in patients with CAMT 

Patient Mutation Location Result 
1 heterozygous G —> C exon 3 
1 heterozygous G —> A exon 10 
2 heterozygous C —> T exon 5 
2 heterozygous C — > T exon 12 
3 heterozygous C —> A exon 4 
3 heterozygous 7-bp deletion exon 6 
4 homozygous G —> T intron 10 

Argl02Pro 
Trp491Stop 

Arg257Cys 
Pro635Leu 
Prol36His 
368Stop 
splice defect 5' exon 1 ! 

Family and polymorphism analysis of the c-mpl mutations 

For each mutation allele-specific restriction analysis (ASRA) or sequence 
analysis was used to investigate inheritance of the mutations. Fig 3 shows the 
family tree of patient 1 to 4. Patient 2 and 3 were compound heterozygous for two 
mutations of c-mpl. Patient 1 inherited the exon-3 mutation from the mother. The 
exon-10 mutation also found in this patient was not carried by the mother or by the 
father. There was no doubt about paternity indicating that this mutation is probably 
derived de novo. Both parents of patient 4 were heterozygous for the mutation 
observed in this patient. 

To exclude polymorphisms, 50 healthy controls (100 alleles) were screened for 
each mutation and within this group no mutations were detected, rendering high 
frequency polymorphisms unlikely (data not shown). 

L^rC 
| exon 3 mutation 

i I exon 10 mutation € 
C 

I exon 5 mutation 

TJexon 12 mutation B 

• exon 4 mutation 

7J exon 6 deletion 

€ 
E 

CTC 
Intron 10 
mutation 

Figure 3. Pedigree of the family of the patients with c-mpl mutations 
A) Family of patient 1, B) Family of patient 2, C) Family of patient 3, D) Family of patient 4. 
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Discussion 

In this study an extensive analysis of a relatively large group of CAMT patients 
is described. The diagnosis of CAMT of the studied patients is supported by the 
near absence of megakaryocytes in the bone marrow and the increased plasma Tpo 
levels and low GC levels, which both reflect decreased megakaryocyte/platelet 
body mass. In the few patients with amegakaryocytic thrombocytopenia described 
in the literature, defective megakaryocytopoiesis, due to an intrinsic stem cell 
defect, was indicated as the origin of the thrombocytopenia [2-4]. The almost 
complete absence of megakaryocytes in the bone marrow of CAMT patients w; s 
also demonstrated with the outcome of the in vitro megakaryocyte cultures. Bore 
marrow cells from both patient 1 and 2 failed to differentiate into megakaryocytes. 
In patient 3, megakaryocyte formation in vitro was observed if bone marrow-
derived CD34+ cells were cultured with PEG-rHuMGDF and IL-3, but not if eel s 
were cultured with PEG-rHuMGDF alone or with PEG-rHuMGDF and IL-1. 
Clinically, this patient has severely reduced platelet numbers and is platelet 
transfusion dependent. The combined effect of IL-3 and PEG-rHuMGDF may be 
related to the age at which the megakaryocyte culture was performed. Otherwise, 
the observed megakaryocyte formation may be IL-3 induced, which indicates that 
treatment with IL-3 could be beneficial for this patient. 

A case study of one 10-year old patient with CAMT was recently reported who 
was compound heterozygous for two mutations in the c-mpl gene that presumably 
led to truncated forms of Mpl [20]. We found c-mpl mutations in four of five 
patients. Patient 2 and 3 were found to be compound heterozygous for two muta
tions and/or a deletion of the c-mpl gene, implying that both alleles were affected. 
Patient 4 had one homozygous mutation while his consanguineous parents were 
both carrier for this mutation. Patient 1 had one mutation inherited from her 
mother and one possibly spontaneous mutation. All parents carrying one affected 
allele had normal platelet numbers and normal Tpo and GC levels, indicating tha: 
one unaffected allele of c-mpl is sufficient for normal megakaryocytopoiesis. 

Mpl has two cytokine receptor domains. Recently, it was shown that deletion of 
the first cytokine receptor domain, encoded by exon 2 - 5 abolished Tpo binding 
[21]. The ammo- acids changes induced by the mutations found in the extracellular 
domain, in exon 3, 4 and 5, may lead to decreased or absent Tpo-bmdmg capacity. 
Otherwise, receptor dimerisation can be affected. The deletion in exon 6 will result 
in a frameshift, leading to a stopcodon in exon 7, which may be translated, into a 
severely truncated protein. The mutation in exon 10 yields a stopcodon. 
Theoretically, the encoded truncated protein cannot bind to the membrane and 
therefore cannot serve as receptor for Tpo. The exon-12 mutation encoding a 
substitution of the last Mpl ammo acid is situated in that part of Mpl required for 
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transduction of proliferation and differentiation signals [22,23]. It has been 
described that deletion of the five last amino acids of Mpl does not lead to 
complete loss of proliferation and differentiation [22,23]. However, it may be 
proposed that the observed amino acid change, a proline to leucine substitution, 
induces a conformational change, leading to complete abolishment of signal 
transduction properties. The mutation in intron 10 as found in patient 4 causes a 
deletion of a splice site situated 5' of exon 11, leading to deletion of exon 11. With 
m RNA isolated from platelets of the parents of patient, both heterozygous carriers, 
we could not show any truncated mRNA (data not shown). This truncated mRNA 
might be too unstable and subsequently may not lead to translation into protein. 
However, even if protein is translated, the deletion of exon 11 induces a frameshift 
in exon 12, and thus Mpl will have a nonsense, truncated intracellular domain, that 
most likely is not able to transduce proper signal transduction signals. 

Besides its role in megakaryocyte differentiation and proliferation, Tpo has 
also been found to have an anti-apoptotic role in hematopoiesis [24-26]. 
Amegakaryocytic thrombocytopenia often progresses to bone-marrow failure [1]. 
In the follow up of our five patients severely reduced granulocytes numbers were 
observed in four patients. Three patients had reduced hemoglobin values and a 
reduced number of reticulocytes were noticed in two of these three patients. 
Decreased bone marrow cellulanty existed in two of three patients tested. These 
signs of bone-marrow failure existed clearly in four of the five patients. Moreover, 
in patients 1 and 2, reduced numbers of CD34+ cells were found compared to 
controls after eight days of culture with PEG-rHuMGDF and IL-3. In patient 3 this 
was also observed if the cells were cultured with PEG-rHuMGDF alone. An 
increased turnover of the CD34+ progenitor cells in amegakaryocytic patients , due 
the inability of Tpo to rescue them, might be responsible for the bone-marrow 
failure. Thus, bone-marrow transplantation is the only treatment in such patients. It 
has been successfully performed in patient 1 and in several reported cases [9,27]. 
In CAMT patients c-mpl mutations lead to severely reduced megakaryocyte and 
platelet numbers and increased bleeding tendency. In contrast, c-mpl deficient 
mice have only a 85% decrease in platelet counts and severe bleeding is absent 
[28,29]. However, these mice also display hematopoietic stem cell deficiencies, 
again illustrating that Tpo plays an important role in the regulation of 
hematopoietic stem cells [29,30]. 

In conclusion, this study shows that mutations in the gene encoding the 
thrombopoietin receptor, c-mpl, underlie the thrombocytopenia in CAMT in a 
majority of patients. The one patient in whom we could not detect a c-mpl 
mutation may have a mutation in the promoter region of c-mpl or may suffer from 
a defect in the c-mpl signalling route. Mutations in c-mpl not only affect 
megakaryocyte formation, but may also lead to a defect in stem cell survival and 
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progressive bone-marrow failure. This might be explained by an anti-apoptotic 
effect of Tpo on stem cells. 
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Abstract 

Fourteen children with congenital thrombocytopenia were analysed in order to 
unravel the mechanisms underlying their thrombocytopenia and to evaluate the 
value of new laboratory tests, namely; measurement of plasma thrombopoietin 
(Tpo) and glycocalicin (GC) levels and analysis of megakaryocytopoiesis in vitro. 

Three groups of patients were included. The first group (n=6) was diagnosed 
with congenital amegakaryocytic thrombocytopenia. They had no megakaryocytes 
in the bone marrow, three of four patients showed no megakaryocyte formation in 
vitro and all had high Tpo and low GC levels. Mutations in the thrombopoietin 
receptor gene, c-mpl, are the cause. 

The second group of patients (n=3) had normal Tpo and severely decreased GC 
levels. In bone marrow normal to increased numbers of atypical, dysmature 
megakaryocytes were present. In vitro megakaryocyte formation was observed. A 
defect in final megakaryocyte maturation and subsequent (pro-)platelet may be 
causing the thrombocytopenia. 

The patients in the third group (n=5) had Wiskott-Aldrich Syndrome (WAS). 
They had normal Tpo and GC levels and normal megakaryocyte formation both in 
vivo and in vitro. This corresponds with the generally accepted hypothesis that 
thrombocytopenia in WAS is due to increased platelet turnover. 

In conclusion, different causes of congenital thrombocytopenia can be 
distinguished with three parameters: Tpo and GC plasma levels and in vitro 
analysis of megakaryocytopoiesis. Therefore, these parameters may be helpful in 
early diagnosis of different forms of congenital thrombocytopenia. 
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Introduction 

Thrombocytopenia in newborns is in most cases the result of specific perinatal 
complications like infections or asphyxia, often in combination with pre- or 
dysmatunty. Treatment of these neonatal complications and/or watchful waiting 
often results in normalisation of the platelet count. There are, however, infants who 
present with thrombocytopenia as the sole hematological abnormality, which 
appears to have a primary hematological etiology. Alloimmunisation as a result of 
incompatibility of platelet-specific antigens between mother and child is the most 
common cause of isolated and severe thrombocytopenia in the first months of life. 
Antibody detection in the serum of the mother, in combination with platelet typing 
of both parents, can confirm the diagnosis. This type of thrombocytopenia will 
disappear during the first weeks to months of life. However, a small group of 
infants presents with non-immune mediated thrombocytopenia, which persists after 
the first months of life. These children suffer from so called congenital 
thrombocytopenia. It may present as an isolated problem but can occur in 
association with other abnormalities as part of a syndrome. 

Thrombopoietm (Tpo) has been identified as the key cytokine in megakaryocyte 
formation [1]. Measurement of Tpo plasma levels has been shown to be useful to 
discriminate thrombocytopenia caused by increased platelet destruction from 
thrombocytopenia caused by bone-marrow failure. Several groups demonstrated 
[2-6] that absent or suppressed megakaryocytopoiesis is characterised by increased 
Tpo levels in the patient's plasma. Normal Tpo levels are found in plasma from 
thrombocytopenic patients with an undisturbed platelet formation but with 
increased platelet turnover, for example due to autoantibodies, as in Idiopatic 
Thrombocytopenic Purpura (ITP) [6]. 

Mature megakaryocytes and platelets express GPIb (CD42b) and the plasma 
level of soluble GPIb, which is called glycocahcin (GC), seems to reflect platelet 
turnover [7], GC plasma levels in patients with defective platelet formation are 
decreased, whereas GC plasma levels in patients with increased platelet turnover 
are higher than in normal controls [5,6]. Thus, the combined measurement of Tpo 
and GC plasma levels is useful for the diagnostic evaluation of thrombocytopenia. 

In this study we investigated whether analysis of megakaryocytopoiesis in vitro, 
in combination with measurement of Tpo and GC levels would clarify the etiology 
of congenital thrombocytopenia in children. 

We analysed fourteen children with congenital thrombocytopenia. Based on 
standard clinical and laboratory data the patients could be divided in three groups: 
congenital amegakaryocytic thrombocytopenia (CAMT, n=6), thrombocytopenia of 
unknown cause with abnormal megakaryocytes in the bone marrow (n=3), (i.e. 
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congenital dysmegakaryocytopoietic thrombocytopenia) and Wiskott Aldrich 
Syndrome (WAS, n=5). 

In these cases, in which diagnosis was known, we showed an additional value of 
determination of plasma Tpo and GC plasma levels and in vitro analysis of 
megakaryocytopoiesis for diagnosis of thrombocytopenia in children 

Material and Methods 

Patients and controls 

Patients were either referred to the Wilhelmina Children's Hospital in Utrecht, 
the Netherlands; The New York City Hospital in New York; the Academic Medical 
Centre in Amsterdam, the Netherlands or the Ospedale Pediatrico A.Meyer in 
Florence, Italy for the evaluation of chronic thrombocytopenia of unknown origin. 
Chronic thrombocytopenia is defined as platelet counts below 150 x 109/L for at 
least 6 months. The evaluation procedure included physical examination with 
special attention on dysmorphic features, hepato-splenomegaly and signs of 
hemorrhagic diathesis. X-rays of the upper limbs and ultrasonography of the 
abdomen was performed. Laboratory tests included complete peripheral blood cell 
counts, determination of mean platelet volume and morphological evaluation of the 
platelets. Bone-marrow smears were studied and chromosomal analysis, including 
breakage tests, was performed. Also screening for platelet antibodies, and analysis 
of glycoprotein profile of the platelets was done (notably for the GPIb/IX 
complex). Presence of active viral infections was excluded. Wiskott Aldrich 
Syndrome protein (WASP) gene analysis was carried out in a subset of the patients 
by Dr R. Brooymans in the laboratory of Pediatric Immunology of the Wilhelmina 
Children's Hospital, Utrecht, The Netherlands and by dr Hochs at the Childrens 
Hospital Orthopedic Medical Centre in one case. 

Patients with chronic idiopathic thrombocytopenia were diagnosed based on 
standard clinical procedures including screening for the presence of autoantibodies. 

After informed consent control bone marrow was obtained from healthy 
children undergoing a bone-marrow harvest to serve as allogeneic bone-marrow 
donor for a sibling. 

Tpo measurement 
For the measurement of plasma Tpo concentrations EDTA or heparin 

anticoagulated blood was drawn. Tpo plasma levels were measured with a solid 
phase sandwich ELISA as previously described [8]. Briefly, a mixture of two non-
crossreactive anti-Tpo monoclonal antibodies (moab) (anti-Tpo-5 and anti-Tpo-14) 
was coated on a microtiter plate. Plates were blocked and washed, after which 
plasma samples were incubated together with a third biotinylated anti-Tpo moab 
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(anti-Tpo-12). A streptavidm horseradish peroxidase conjugate and 3,3',5,5'-
tetramethylbenzidin (TMB) in substrate buffer (0.1 IM NaAc and 0.003% H202) 
were used for the final colonmetnc reaction. A pool of EDTA-anticoagulated 
plasma's with high Tpo levels was used as a standard. These plasma's were derived 
from patients with thrombocytopenia caused by bone-marrow failure. The first 
dilution of this standard was arbitrarily set at 100 Arbitrary Units (AU). Normal 
Tpo levels, as determined m a population of 193 healthy individuals, ranged from 4 
to 32 AU (2.5th- 97.5th percentile). At this moment no Tpo-standard is available, 
but 1 AU of plasma Tpo equals approximately 1 -9 pg of Tpo [8]. 

Glycocalicin measurement 

Glycocalicin (GC) plasma levels were measured m EDTA or heparin 
anticoagulated plasma with an ELISA as previously described [6]. Briefly, one 
anti-GPIb moab (CD42b: moab MB45, CLB, Amsterdam, The Netherlands) was 
coated on a microtiter plate. Plates were blocked and washed. Plasma samples 
together with a biotmylated anti-GPIb moab (CD42b: MB 15, CLB) were 
incubated. A streptavidin horseradish peroxidase conjugate and TMB were used for 
the final colonmetric reaction. Supernatant of a platelet concentrate was used as a 
standard. The GC concentration in the supernatant of the platelet concentrate 
was arbitrarily set at 1000 AU/ml. Normal plasma GC values as determined m 
95 healthy individuals were between 144-444 AU/ml (mean ± twice the SD). 

Cell purification and culture 

Bone marrow was anticoagulated with heparin. Mononuclear cells were isolated 
from bone marrow by density gradient centrifugation over Ficoll (1.077 g/cm3; 
Pharmacia Biotech, Uppsala, Sweden). Subsequently, CD34+ cells were purified by 
magnetic cell sorting (VarioMACS system; Miltenyi Biotec, Gladbach, Germany) 
according to the manufacturer's instructions. This resulted m a purity of more than 
95% CD34' cells, as determined by FACS analysis. CD34+ cells were cultured m 
Iscove's Modified Dulbecco's Medium supplemented with 1 mM sodium pyruvate 
(Gibco, Paisley, Scotland), 1 x MEM vitamins (Gibco), 1 x MEM non-essential 
amino acids (Gibco), 0.2% human serum albumin (m/v) (CLB), 0.02 mg/ml L-
asparagine, 0.01 mM monothioglycerol (Sigma, St.Louis, MO, USA), glutamine 
and penicillin/streptomycin [9]. To the medium, 10% (v/v) hepanmzed human AB 
plasma was added. One to 2 x 105 CD34" cells/ml were cultured m the presence of 
MGDF-D (100 ng/ml, a generous gift of Amgen, Thousand Oaks, CA, USA) and 
mterleukm-3 (IL-3) (10 ng/ml, R&D, Abingdon, UK). Depending on the number of 
cells, 24-well- (Nunc, Roskilde, Denmark), 12-well- (Costar, Cambridge, MA, 
USA) or 6-well-plate (Costar) were used. The cells were cultured for eight days at 
37°C, 5% C02, without additional feeding of growth factors or medium. 
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The number of viable cells after eight days of culture was determined with 
trypan blue exclusion. The proliferation factor was determined as the absolute 
increase in cell number (absolute number of viable cells present at day eight of 
culture divided by the number of cells seeded at day 0). 

Flow cytometry and monoclonal antibodies 
After eight days of culture, cells were harvested and immediately fixed with 1% 

(w/v) paraformaldehyde for 10 minutes on ice. Cells were gently centrifuged for 10 
minutes (180g) and resuspended in PBS containing 0.2% (m/v) BSA. For FACS 
analysis, the cells were incubated with FITC- or PE-labelled moabs for 30 minutes 
at 4°C. Isotype-matched mouse IgG subtypes served as controls. After 30 minutes 
of incubation, the cells were washed with PBS/0.2% BSA. After washing, the cells 
were resuspended in an appropriate volume of PBS/0.2% BSA and analysed by 
FACScan (Becton and Dickinson (B&D), San Jose, CA, USA). 

The following fluorescein isothiocynate (FITC) conjugated moabs were used: 
IgGl isotype control (CLB-203: CLB, Amsterdam, The Netherlands), CD 15 
(myeloid; CTB-gran/2,B4; CLB), CD41 (megakaryocytes/platelets; CLB-tromb/7, 
6C9; CLB) and CD42b (megakaryocytes/platelets; CLB-704; CLB). Phycoerythnn 
(PE)-conjugated moabs that were used: IgGl isotype control (X40; B&D), CD 14 
(monocytic; CLB-mon/l,8G3; CLB) and CD34 (stem cells; 581; Immunotech, 
Marseille, France). 

Statistical analysis 
Independent t-test was used to determine statistical differences using SPSS for 

windows, release 7.5 (SPSS Inc.). p > 0.05 was considered non-significant. 

Results 

Patients 

Fourteen children with congenital thrombocytopenia were analysed. Patient 
characteristics are depicted in table 1. Three different patient groups could be 
distinguished. One with congenital amegakaryocytic thrombocytopenia (CAMT; 
patient 1 - 6), one with dysmegakaryocytopoiesis (patient 7 - 9) and one with 
Wiskott Aldrich Syndrome (WAS; patient 10 - 14). All patients had platelet 
numbers below 30 x 109/L at the time of study. Mean platelet volume (MPV) was 
found to be decreased at diagnosis in patient 9 and in all patients with WAS, except 
for patient 12. Clinically relevant thrombocytopenia was already observed shortly 
after birth or during the first month of life in the patients with CAMT and in those 
with thrombocytopenia of unknown cause, whereas thrombocytopenia in the WAS 
patients was not detected before an age of three to five months. 
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Tabic 1. Patient Characteristics 
patient sex other problems age at diagnosis platelet MPV bleeding diagnosis (age at 
number thrombocyto- number tendency diagnosis in months) 

penia (months)  
1 F None 0 14 6.7 mild CAMT (4) 

2 M None 0 12 7.2 mild CAMT(l) 

3 M None 0 <10 8.4 severe CAMT (3) 

4 F none 1 18 7.1 mild CAMT (14) 

5 M none 0 4 8 mild CAMT (16) 

6 F none 0 8 9 severe CAMT (2) 

i F age 2yr: ALL, remission 0 <10 7.1 mild 
familial 

thrombocytopenia (43) 

8* M none 0 <10 7.0 mild 
familial 

thrombocytopenia (0) 

9 F cleft palate 0 8 5.0 severe 
dysmegakaryo-

cytopoiesis (13) 
10 M eczema infections 3 8 4.9 mild WAS (10) 

11 M eczema infections 4 26 4.7 mild WAS (13) 
12 M eczema infections 4 15 6.0 mild WAS (8) 

13 M eczema infections 5 28 4.6 mild WAS (14) 

14 M none 27 11 0 mild 9 

Normal values in healthy children are for platelets 150 - 450 x 109/L, for mean platelet volume 
(MPV) 6-10. *brother and sister. F; female, M; male, ALL: acute lymphoid leukemia, CAMT: 
congenital amegakaryocytic thrombocytopenia, WAS: Wiskott Aldrich Syndrome. 

Six children were diagnosed with CAMT (patient 1 - 6). The diagnosis was 
based on the absence of megakaryocytes in bone-marrow biopsies, one of the 
characteristics of CAMT. In the majority of patients, CAMT was diagnosed within 
the first half year of life, however, in two patients this diagnosis was made after the 
first birthday. 

In a previous study we detected mutations in the gene encoding the 
thrombopoietm receptor, c-mpl, in four of five patients with CAMT (table 2) [10]. 
These five patients are also included in this study, patient 1, 2, 3, 5 and 6. In the 
new CAMT patient, patient 4, two heterozygous point mutations in c-mpl were 
found: a G to C substitution at nucleotide 305 in exon 3, predicting an arginine to 
proline substitution at codon 102. Another mutation was found in the fifth base of 
mtron 3 which will lead to loss of the splice site 3' of exon 3 (table 2). Thus, this 
patient was compound heterozygote for mutations in c-mpl. 

In the second group of three children the cause of the thrombocytopenia was 
unclear (patient 7 - 9 ) . Bernard-Souher syndrome as well as immune-mediated 
thrombocytopenia were excluded. In bone-marrow samples from these patients 
increased numbers of megakaryocytes were present, but they appeared to be too 
small and dysmorphic. In figure 1 representive megakaryocytes from the bone-
marrow smear of patient 9 are depicted. 
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Table 2. Mutations found in c-mpl in patients with CAMT 

Patient Mutation Location Result Inherited from 
1 heterozygous G _ 

->c exon 3 Argl02Pro mother 

1 heterozygous G --> A exon 10 Trp491Stop unknown 

2 heterozygous C -->T exon 5 Arg257Cys father 

2 heterozygous C ~ ->T exon 12 Pro635Leu mother 
3* heterozygous C — 

->A exon 4 Prol36His mother 
3 heterozygous 7-bp deletion exon 6 368Stop father 

4 heterozygous G >C exon 3 Argl02Pro father 

4 heterozygous G — >c intron 3 splice defect 3 exon 3 mother 

3 homozveous G — > T intron 10 splice defect 5' exon 1 1 father + mother 

Patients 1, 2, 3 and 5 indicated with * have been described previously, numbered patient 1, 2, 3, 4 and 
5 respectively [10]. 

Patient 7 and 8 are siblings. Patient 7 developed an acute lymphoblastic 
leukemia at the age of two years for which she was successfully treated. During 
treatment, platelet counts remained below 20 x 109/L. Diagnosis of familial 
thrombocytopenia with an unknown cause was made in patients 7 and 8 shortly 
after birth of patient 8, who showed the same clinical picture as patient 7 did. 

Figure 1. A composition of megakaryocyte morphology in the bone marrow smear of patient 9 
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Patient 9 showed initially a decreased MPV. Due to non-random X-chromosome 
inactivation, X-linked diseases like WAS may also occur in females [11]. Wiskott 
Aldnch Syndrome Protein (WASP) mutations were excluded in this female child 
Moreover, repeated MPV measurements in the follow-up period showed normal 
MPV values in this patient. Re-analysis of bone-marrow samples from patient 9 at 
the age of 13 months led to the diagnosis of dysmegakaryocytopoiesis. The similar 
phenotype of the megakaryocytes in bone-marrow 

The third group of five children were diagnosed with smears from all three 
patients may point to a common defect.WAS (patient 10 - 14). WAS was 
diagnosed, based on clinical picture, specific laboratory signs as low MPV and 
defective antibody production to polysaccharide antigens. Megakaryocytes in 
bone-marrow biopsies appeared to be normal. Three of the five patients (patient 11, 
12, 13) showed mutations in the gene encoding WASP, all of which predicted to 
disrupt WASP synthesis. In two patients, no WASP mutations could be detected. 

Table 3. Platelet number, Tpo and GC plasma levels at time of investigation  

age at time of platelet number , .. rrt\\\i™\\ 
patient nr . . . . .. . , , ^ / T N TPO (AU/ml) GC (AU/ml) 
r investigation (months) (xl()9/L) 

1 39 10 337 11 

2 15 16 387 37 

3 1 < 10 384 158 

4 19 10 609 48 

5 41 < 10 581 160 

6 i < 10 895 nd 

115 6 12 9 
59 8 9 8 
8 <10 12 13 

10 10 13 29 61 
11 19 9 29 237 

12 14 30 38 356 

13 15 28 41 207 

14 46 2 18 345 

15 136 27 10 237 

16 212 389 13 637 

17 122 281 19 625 

18 61 59 11 249 

19 50 6 33 273 

20 91 16 10 145 

Normal concentrations in healthy adults for Tpo: 4 - 3 2 AU/ml, for GC: 144 - 444 AU/ml and 
for platelets: 150 - 450 x 109/L. nd: not determined. Patient 16 - 21 were diagnosed with 
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Tpo and GC plasma levels 

Table 3 shows platelet counts and plasma Tpo and GC levels at the time that the 
in vitro analysis of the megakaryocytopoiesis was performed. In the group of 
CAMT patients (patient 1 - 6), Tpo plasma levels were highly elevated, whereas 
GC levels were severely decreased in three of six patients tested (patient 1, 2 and 
4). Patient 3 and 5 had normal GC levels. However, these two patients were 
platelet-transfusion dependent (table 3), and the transfused platelets probably raised 
the plasma GC values. 

The three patients (patient 7 - 9) with dysmegakaryocytopoiesis had normal Tpo 
plasma levels, but severely reduced GC plasma levels (table 3). In the group of 
WAS patients (patient 10 - 14) both Tpo and GC levels were normal. Only patient 
10 had a slightly reduced GC plasma level (table 3). 

Tpo and GC plasma levels from six children with chronic ITP (patient 15-20) 
are included in table 3 for comparison: these patients have normal Tpo plasma 
levels and normal to slightly elevated GC plasma levels. 
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Figure 2. Immunophenotypiiig of CD34+ cell cultures 
Immunophenotyping of cultured bone marrow derived CD34+ cells. CD34+ cells were cultured in the 
presence of Tpo and IL-3. After eight days of culture, cell-lineage-specific Moabs were used to 
identify the cells present in culture. The percentage of positive cells is depicted, a) percentage of 
CD41+ cells (megakaryocytes), b) percentage of CD34+ cells (progenitor cells), c) percentage of 
CD14+ cells (monocytes), d) percentage of CD15+ cells (myeloid cells). 
Controls: control 1 - 6, CAMT: patient 1 - 4, dysmega: patient 7 - 9, WAS: patient 10 - 14. 
• control 1, patient 1, 7, 10 A control 2, patient 2, 8, 11 O control 3, patient 3, 9, 12 V control 4, 
patient 4, 13 • control 5, patient 14 o control 6. Bone marrow from patient 5 and 6 was not available. 
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Table 4. Proliferation and absolute number of cells obtained per seeded CD34* cell in bone 
marrow cultures. 

proliferation factor CD41 CD34 CD15 CD14 

patient nr increase in cell number number obtained per seeded CD34 cell 

1 1.8 0.01 0.03 0.32 0.68 

2 3.5 0.02 0.18 0.60 1.44 

4 1.9 0.01 0.05 0.21 0.82 

7 4.1 0.78 0.53 2.13 0.78 

8 4.4 0.53 0.57 2.55 0.88 

9 11.1 1.78 1.55 5.99 2.66 

10 4.8 0.82 0.38 0.53 1.10 

11 5.1 1.22 0.66 0.66 1.33 

12 6.4 1.60 0.83 0.90 1.41 

13 3.2 0.58 0.61 0.51 0.58 

14 0.8 0.27 0.08 0.12 0.03 

control 1 8.8 0.06 0.30 0.17 0.02 

control 2 5.6 0.22 0.39 1.18 1.62 

control 3 4.7 0.61 0.42 0.94 0.94 

control 4 9.1 1.18 0.64 1.00 4.10 

control 5 5.7 0.63 0.46 1.37 2.05 

control 6 4.6 0.74 0.37 0.74 0.97 

Absolute number of cells obtained per seeded CD34+ cell after eight days of culture of isolated, bone-
marrow derived CD34+ cells in the presence of Tpo and IL-3. The proliferation factor reflects the 
absolute increase in cell number. The percentage of positive cells was determined with cytometry. 
Bone marrow from patient 5 and 6 was not available. In the cultures with CD34+ cells from patient 3 
the absolute number of cultured cells was not determined. 

Megakaryocytopoiesis studied with CD34+ cell culture 

To study megakaryocytopoiesis in children with congenital thrombocytopenia, 
bone-marrow-denved CD34+ progenitor cells were cultured in an in vitro liquid 
culture system in the presence of Tpo and interleukin-3 (IL-3). This cytokine 
combination was chosen, because in a previous study, and as described in 
literature, we found that it induced both proliferation and differentiation of 
megakaryocytes after eight days of liquid culture [12-14]. CD34+ cells selected 
from fresh bone-marrow samples from healthy children served as control (n = 6). 
After eight days of culture, cells were analysed with cell-type specific markers by 
flow cytometry, to determine the cell types present. Table 4 depicts the 
proliferation of the cells and the absolute number of various cell-types obtained per 
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seeded CD34^ cell. Only from four of the six CAMT patients (patient 1 - 4) bone-
marrow samples were available to perform CD34^ cell cultures. In three of the four 
patients no megakaryocyte formation, as measured by CD41 expression, was 
observed (Fig. 2a, Table 4. p=0.004). However, in a culture with CD34~ cells from 
patient 3 in presence of Tpo + IL-3 megakaryocyte formation was observed. If 
CD34" cells from this patient were cultured with Tpo as a single cytokine, or 
combined with IL-1, no megakaryocytes were formed [10]. All cultures from 
CAMT patients showed significantly reduced percentages and absolute numbers of 
cells that remained CD34' (Fig. 2b, Table 4, p=0.02 and 0.001, respectively). 
Normal formation of monocytes (CD14XD36*) and myeloid cells (CD15~) was 
observed (Fig. 2c, d, Table 4) . 

In cultures with bone-marrow derived CD34' cells from all other patients and 
six healthy controls, megakaryocytes were obtained (Fig. 2, Table 4). After culture, 
4 to 34% of the cells expressed the megakaryocyte-specific marker CD41. 
Approximately 10% of the cells still expressed the hematopoietic stem-cell marker 
CD34. In all cultures, expression of CD 15 and CD 14 was observed, implying 
formation of myeloid cells and monocytes, respectively. The percentage of cells 
that expressed CD 15 and the absolute number of CD15+ cells were significantly 
higher in patients with thrombocytopenia of unknown cause (patient 7 -9) (Fig. 2, 
Table 4, p<0.0001 and p=0.03, respectively). In none of the cultures, lymphoid or 
erythroid cells were formed. 

Discussion 

The aim of the study was to investigate whether Tpo and GC plasma levels and 
analysis of megakaryocytopoiesis in vitro could be of additional value in the 
differential diagnosis of patients with chronic severe congenital thrombocytopenia. 

In patients with CAMT, hardly any megakaryocytes were found in bone-
marrow biopsies. In CD34+ cell cultures from three of the four patients studied, no 
megakaryocyte formation in vitro was observed. CD34+ cells from one patient 
showed capacity of megakaryocyte formation, however only if Tpo was combined 
with IL-3. At present there is no explanation for this phenomenon. The strongly 
increased Tpo plasma levels in all patients with CAMT (10 to 28-fold higher than 
normal) and severely decreased GC plasma levels (less than 10% of normal values) 
in those patients not on platelet support, are both in concordance with absent 
megakaryocyte and platelet formation. In most patients with CAMT, as described 
in literature, defective megakaryocytopoiesis was indicated as the origin of the 
thrombocytopenia [15-17]. In five of six CAMT patients we found mutations in c-
mpl as the likely cause of the thrombocytopenia (this study and [10]. Ihara et al. 
[18] also described a CAMT patient with two mutations in c-mpl. Currently, we are 
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investigating for all CAMT patients, whether the observed mutations, that did not 
directly predict loss of a functional Mpl expression, are causing disruption of Mpl 
function or expression. 

Three patients were suffering from chronic thrombocytopenia of unknown 
cause. All three patients had normal Tpo plasma levels and very low GC levels. 
Bernard Soulier Syndrome is characterized by absent GPIb/IX expression and 
generally GC-levels are not measurable. Bernard Soulier Syndrome was excluded 
in these patients, because of the normal glycoprotein profile of the residual 
platelets (CD42a; GPIX and CD42b; GPIba expression were in the normal range, 
data not shown). All three patients had increased numbers of small atypical 
dysmorphic megakaryocytes in the bone marrow (figure 1). The in vitro 
megakaryocytopoiesis assay did not show a quantitative abnormality in outgrowth 
of the megakaryocyte lineage. Determination of ploidy as marker of maturity of 
the cells could not be performed in all these cases due to the limited number of 
cells obtained. To analyse possible qualitative defects of the in vitro obtained 
megakaryocytes from the patients with dysmegakaryocytopoiesis, the time of 
culture should be extended to be able to judge the final maturation of the 
megakaryocytes and to score their capacity to undergo proplatelet formation. The 
severely decreased GC levels and the aberrant myeloid proliferation in the in vitro 
CD34" cell cultures were characteristic for this group of patients. In vivo, abundant 
but normal myeloid cell formation was scored in bone-marrow samples and the 
neutrophil counts in the peripheral blood were normal. It is probable that an 
aberrant megakaryocyte maturation and proplatelet formation and/or intramedular 
destruction of platelets underlies the thrombocytopenia in this group of patients. 
This may explain the decreased GC plasma levels. 

Thusfar, not much is known about the factors involved in final stages of 
megakaryocyte maturation and proplatelet formation.Two transcription factor 
knock-out mice, NF-E2 and GATA-1, have been described that were both severely 
thrombocytopenic [19-22]. NF-E2 knock-out mice have normal Tpo levels and 
normal numbers of polyploid megakaryocytes, but no proplatelet formation [21]. 
GATA-1 knock-out mice have increased numbers of megakaryocytes in bone 
marrow and spleen, but most megakaryocytes are small and immature [23]. One 
patient with dysfunctional GATA-1 has been described and found to suffer from 
abnormal platelet and red cell formation [24]. Recently, two families with 
autosomal dominant thrombocytopenia were described [25-27]. Like in our 
patients with dysmegakaryocytopoiesis, the megakaryocytes in these patients were 
not fully maturated [25]. However, Drachman et al. observed reduced numbers of 
megakaryocytes in bone marrow of affected family members, while in our patients 
increased numbers of megakaryocytes were present in the bone marrow. 
Furthermore, Tpo plasma levels were slightly elevated in the thrombocytopenic 
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individuals, in contrast to the normal Tpo levels observed in our three patients 
[25,27]. Linkage analysis established in both families a locus on chromosome 10p 
[25,26]. Genes encoding NF-E2, Tpo, Mpl or GATA-1 are not located on 
chromosome 10 and they are thus excluded as cause of thrombocytopenia in these 
families. Despite the discrepancies in megakaryocyte number and Tpo levels, after 
identification of the responsible gene our patients should also be screened for 
mutations in this gene. 

In this study, five children diagnosed with WAS were included. They had 
normal numbers of megakaryocytes in their bone marrow and quantitatively 
normal megakaryocyte formation in vitro. Tpo plasma levels were all in the normal 
range. GC plasma levels were normal, except in patient 10, who had slightly 
decreased GC plasma levels. This patient was clinically diagnosed as suffering 
from WAS, but no mutations could be detected in WASP. In 10 to 15% of cases of 
clinically defined WAS, no mutations in WASP can be found (personal 
communication, dr H. Ochs, University of Washington School of Medicine, 
Seattle, USA). Patient 14 was included during the study. Also in this patient no 
WASP mutation could be detected, but both our three tested parameters and the 
clinical picture were consistent with WAS as cause of the thrombocytopenia. 

Clinical observations in WAS patients suggested that accelerated platelet 
destruction is the cause of the thrombocytopenia. After splenectomy, platelet 
counts can normalize, indicating that sequestration in the spleen leads to decreased 
platelet numbers [28]. Furthermore, autologous transfused platelets have a shorter 
life span than transfused donor platelets, implying an intrinsic platelet defect [28]. 
It may be caused by impaired regulation of actin polymerisation because of the 
absence of functional WASP [29]. Haddad et al. [30] showed that CD34" cells 
from patients with WAS developed into structurally normal megakaryocytes, 
showing signs of proplatelet formation in vitro. The in vitro formed platelets had a 
normal size, while peripheral blood platelets of the same patients were abnormally 
small [30]. These authors suggested that platelet formation is normal in WAS 
patients, and that cytoskeletal changes occur in their platelets in the circulation. In 
contrast, Kajiwara et al. [31] observed that megakaryocyte colony formation and 
proplatelet formation was severely decreased in WAS patients. The normal Tpo 
and GC plasma levels found within our WAS patient group together with the 
observed normal megakaryocyte formation both in vivo and in vitro suggests that 
megakaryocytes and platelets are normally produced. The Tpo and GC plasma 
levels are comparable to those from patients with (chronic) ITP, whose 
thrombocytopenia also results from limited platelet life span. 

Our study shows that the three described laboratory parameters improve the 
discrimination between different causes of congenital thrombocytopenia. 
Measurement of Tpo and GC plasma levels can be used to distinguish between 
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different causes of thrombocytopenia. In vitro analysis of megakaryocytopoiesis 
may further add to (confirmation of) final diagnosis and to decision making on 
appropriate therapy. For children with CAMT successful treatment has proven to 
be bone-marrow transplantation with related or unrelated donors [32,33]. Also in 
WAS, bone-marrow transplantation is a possible and accepted treatment. In the 
patients with dysmegakaryocytopoiesis no underlying genetic or stem cell defect 
has yet been shown. Bone-marrow transplantation, although it may be curative, 
may be a point of discussion in this group of patients. 
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Abstract 

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare disorder that 
is characterised by isolated thrombocytopenia and almost complete absence of 
megakaryocytes in the bone marrow. Recently, we described five patients with 
CAMT with mutations in the thrombopoietin receptor gene, c-rnpl, as the likely 
cause of CAMT [1], In total eight different mutations were observed. Four 
mutations directly predicted loss of Mpl function or expression. The four other 
mutations led to amino-acid substitutions. Three mutations were located m the 
extracellular domain of Mpl, one m exon 3 (Mpl R102P-EC), one m exon 4 (Mpl 
P136H-EC), and one m exon 5 (Mpl R277C-EC). The fourth mutation was located 
in the intracellular domain. 

To investigate whether the mutations located in the extracelular domain lead to 
disruption of Tpo binding by Mpl, the extracellular domain of Mpl, encoded by 
exons 1 - 9, was expressed m baby hamster kidney cells. Western blot analysis of 
the produced proteins showed that, under non-reduced conditions, Mpl P136H-EC 
migrated slower than Mpl WT-EC. Mpl R102P-EC and Mpl R277C-EC did not 
migrate into the gel, implying possible formation of aggregates. Under reduced 
conditions Mpl R102P-EC and Mpl R277C-EC migrated faster than WT Mpl, 
whereas Mpl P136H-EC migrated slower again. To analyse whether the faster 
migration of Mpl R102P-EC and Mpl R277C-EC was due to incomplete 
glycosylation, Mpl was treated with Endo-H. Endo-H cleaves high-mannose, but 
no complex oligosaccharides from proteins, a conversion that takes place m the 
Golgi. Endo-H treatment showed that both Mpl R102P-EC and Mpl R277C-EC 
were Endo-H sensitive, suggesting aberrant processing. The observed migration 
pattern of Mpl P136H-EC indicate that this mutation leads to a conformational 
change, which may interfere with Tpo binding. 

This study shows that three mutations in c-mpl observed in CAMT patients lead 
to non-functional Mpl. Mpl with R102P and R277C mutations is not properly 
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processed through the Golgi and may therefore not be expressed on the cell 
surface. Mpl with P136H mutation seems to be differently folded which may 
interfere with Tpo binding. Further studies to express full length Mpl carrying the 
different mutations in Ba/F3 cells are in progress to provide more evidence for the 
disruption of Mpl function with the observed mutations. 

Introduction 

The c-mpl gene is the cellular homologue of the v-mpl (myeloproliferative 
leukemia virus) retroviral oncogene, which gene product was capable to 
immortalize hematopoietic cells from different lineages [2,3]. C-mpl encodes a 
member of the hematopoietin-receptor superfamily [2]. The extracellular domains 
of members of this family are organized into 200 amino-acid modules (cytokine-
receptor domains) that display a distinctive conservation of four cysteine residues 
at their N-terminus and a WSXWS motif close to the transmembrane domain [4]. 
Another characteristic of this family is the lack of intrinsic tyrosine-kinase activity 
in the cytoplasmic domain. 

The hgand for Mpl is thrombopoietin (Tpo), the mam regulator of 
megakaryocyte proliferation and differentiation and subsequent platelet formation 
[5], Both c-mpl and Tpo knockout mice show a drastic decrease in platelet 
numbers, emphasizing the important role of both Mpl and Tpo in 
megakaryocytopoiesis [6-9]. Furthermore, c-mp/-deficient mice display 
hematopoietic stem-cell deficiencies [7,10], which may be explained by the 
observation that Tpo exerts an antiapoptotic role in hematopoiesis [11-13]. Thus, 
beside a role in megakaryocyte formation, Mpl and Tpo seem to be involved in 
regulation of hematopoietic stem-cell production and function. 

Signalling via Mpl is thought to be initiated by crosshnking of the receptor upon 
binding of Tpo, resulting in tyrosine phosphorylation of a number of proteins, like 
Janus tyrosine kinases (JAK) family of non-receptor tyrosine kinases, the signal 
transducers and activators of transcription (STAT), the mitogen-activated protein 
kinase (MAPK), the adaptor protein She and Mpl itself [4]. 

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare disorder that 
is characterised by an isolated thrombocytopenia and an almost complete absence 
of megakaryocytes m the bone marrow. Patients with CAMT often develop 
complete bone marrow failure. In most reports describing individual patients with 
CAMT, decreased megakaryocyte-colony formation in vitro was observed, 
implying that an intrinsic stem-cell defect is the cause of CAMT [14-16]. Recently, 
we showed that CD34~ stem cells from patients with CAMT failed to differentiate 
into megakaryocytes in an in vitro liquid culture system [1]. Moreover, Tpo levels 
were highly elevated, implying a platelet production defect [1]. In five patients 
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Table 1. Mutations found in c-mpl in patients with CAMT 
patient mutation location result consequence inherited trom 

heterozygous G to C e.xon 3 R102P 

heterozygous G to A exon 10 \V491Stop 

heterozygous C to T exon 5 R277C 

heterozygous C to T exon 12 P635L 

heterozygous C to A exon 4 P136H 

heterozygous 7-bp exon 6 368Stop 
deletion 

mother 

truncated protein, unknown 
absent signalling 
domain 

father 

mother 

mother 

truncated protein, father 
absent TM and 
signalling domain 

father 4 heterozygous G to C exon 3 R102P 

4 heterozygous G to C intron 3 splice defect 3' aberrant splicing mother 

exon 3 

5 homozygous G to T intron 10 splice defect 5' aberrant splicing father+mother 

exon 11  
TM: transmembrane domain 

mutations in the c-mpl gene were detected (table 1) (chapter 7 and [1]). Only one 
of these patients (number 5) showed two abnormal alleles leading to non-functional 
protein. All other patients carried at least one allele of Mpl with a mutation 
resulting in an ammo-acid substitution that did not directly predict loss of Mpl 
function. Also Ihara et al. [17] described a CAMT patient with mutations in c-mpl. 
Both mutations in this patient predicted loss of functional Mpl expression. 

Among five patients we identified eight different mutations in c-mpl. Two 
mutations led to the formation of a premature stopcodon, resulting in a truncated, 
non-functional protein. In two patients mutations within exon-adjacent splice sites 
leading to splicing defects were observed. Four mutations encoded amino-acid 
substitutions. Three are in the Tpo binding domain and one in the cytoplasmic tail. 
In this study we investigated the functional consequences of these mutations by 
expressing the extracellular domain of Mpl. 

Material and Methods 

Patient characteristics 
All patients were diagnosed with congenital amegakaryocytic thrombocytopenia 

and previously described (chapter 7 and [1]). 

Cell culture 
Baby hamster kidney cells (BHK cells) were grown in Dulbecco's modified 

Eagle's medium (Gibco, Paisley, UK) containing 10% fetal calf serum (FCS), 100 
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units/ml penicillin, 100 p.g/ml streptomycin and 2 mM glutamine (DMEM 
complete medium). 

Site-directed mutagenesis 
QuikChange site-directed mutagenesis kit (Strategene, La Jolla, CA, USA) was 

used to introduce specific point mutations in full-lenght human cDNA of c-mpl 
cloned in pBluescript, according to manufacturer's instructions (see table 1). 
Nucleotide numbering is according to Genbank sequence NM 005373. All 
mutations were verified by automated sequence analysis using an ABIprism377XL 
(Perkin Elmer, Norwalk, CT, USA). 

Construction ofplasmids for expression of extracellular domain ofMpl 
DNA fragments encoding the extracellular domain of c-mpl, nucleotide 76 to 

1468 (from the last 2 ammo acids of exon 1 to exon 9), were obtained by 
polymerase chain reaction (PCR) thereby introducing two Sail restriction sites. 
pBluescript containing full-length human c-mpl cDNA, wildtype or with the 
introduced point mutations, was used as a template. Primers used were: sense; 5'-
GCAGCGGTCGACCAAGATGTCTCCTTGCTG-3' and antisense; 5'-
CATACTGTCGACGGTCTCGGTGGCGGTCTC-3'. PCR products were digested 
with Sail (Gibco) and, subsequently, ligated into the Sa//-digested plasmid pZEN 
[18,19]. pZEN encodes the signal and pro-peptide sequence of tissue-type 
plasminogen activator followed by a 16-ammo acid tag that contains the antigenic 
determinant of an anti-fVIII monoclonal antibody (MoAb) CLB-CAg69 [18-20]. 
All constructs were verified by automated sequence analysis. 

Expression of extracellular domain of c-mpl in BHK cells 
BHK cells were grown to 80% confluency and transfected with 20 ug DNA 

using calcium phospate precipitation following standard protocols [18]. Briefly, 
calcium phosphate-DNA coprecipitates were added to the cells and incubated for 5 
hours at 37°C. Subsequently, the cells were incubated with 15% glycerol for one 
minute and allowed to recover in DMEM complete medium for 18 hours. Then cells 
were cultured on selective medium (DMEM complete medium supplemented with 1 
uM methotrexate (Sigma, Zwijndrecht, The Netherlands)) for 12 days. Individual 
colonies were selected, grown and cultured overnight in Optimem (serum-free 
medium; Gibco). Production of the Mpl constructs was tested by ELISA using moab 
CAg69. Supernatant was coated on a microtiter plate. Plate was blocked and washed, 
after which MoAb CAg69 was added. As second antibody biotinylated goat-anti-
mouse (CLB, Amsterdam, The Netherlands) was used. A streptavidin horseradish 
peroxidase conjugate and a signal amplification system were used for final 
colorimetric reaction. 
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Clones that produced Mpl constructs were grown to 80% confluency and 
cultured for several days in Optimem. Every 24 hours conditioned medium was 
harvested, which was used for later experiments. 

Purification wildtype Mpl and surface plasmon resonance 
Binding of thrombopoietin (Tpo, a generous gift of Genentech, San Francisco, 

CA, USA) to the truncated recombinant form of wildtype Mpl (Mpl WT-EC) was 
studied by surface plasmon resonance (SPR) using che Biacore®2000 biosensor 
system (Biacore AB, Uppsala, Sweden). Mpl WT-EC was purified by affinity 
chromatography using sepharose-coupled moab Cag69. After binding, the column 
was washed with Hepes-buffered saline (HBS, 20 mM Hepes pH 7.4, 150 mM 
NaCl) and eluted with HBS containing 1 M NaCl. Purified Mpl WT-EC was 
dialyzed against Biacore buffer (20 mM Hepes, 150 mM NaCl, 3 mM EDTA, pH 
7.4). Mpl WT-EC was immobilized on CM5 sensor chip by amine-couplmg 
(according to manufacturer's instructions; amine-coupling kit and CM5 sensor chip 
from Biacore AB). A control channel on the sensor chip was also activated and 
blocked using the amme-coupled kit. The binding of Tpo to this channel was 
substracted from that to the Mpl-WT-EC coated channel to yield the specific 
binding. Binding of Tpo was measured by passing different concentrations of Tpo 
over the sensor chip at 25 °C at a flow rate of 20 ul/minute using Biacore buffer as 
running buffer. 

Western blot analysis 
BHK cell supernatant containing either wildtype or mutated Mpl was analysed 

under reduced and non-reduce conditions by SDS-PAGE (7.5% (w/v) 
Polyacrylamide) and subsequently transferred to nitrocellulose membranes. 
Nitrocellulose membranes were blocked by incubating in TBST (150 mM Tris-
buffered saline with 0.05% Tween-20) with 5% (w/v) Protifar (Nutricia, The 
Netherlands) for at least 1 houi at room temperature. After washing the presence of 
Mpl constructs was detected with MoAb Cag69 by incubating the nitrocellulose 
membranes with MoAb Cag69, 5 ug/ml in TBST with 2.5% (w/v) Protifar for 2 
hours at room temperatur. Blots were washed in TBST and incubated with goat-
anti-mouse antibodies, conjugated to horseradish peroxidase (CLB), 1:1000 in 
TBST with 2.5% (w/v) Protifar for 2 hours at roomtemperature. Blots were washed 
in TBST, followed by washing in PBS. Blots were developed with BM 
Chemiluminescence Blotting substrate (Boehringer Mannheim, Mannheim, 
Germany) and proteins were visualized by exposure to Kodak X-omat AR films. 

For Endoglycosidase-H (Endo-H) treatment, 25 pi conditioned medium 
containing either Mpl WT -EC or mutated Mpl-EC was denaturated in 0.5% (w/v) 
SDS and 1% (w/v) ß-mercaptoethanol for 10 minutes at 100 °C and subsequently 
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incubated with 3000 units Endo-H (Endo-Hf; New England Biolabs, Beverly, MA, 
USA) in appropiate buffer for 1 6 - 2 0 hours at 37 °C. As control, 25 ul conditioned 
medium was also treated in the same way but in the absence of Endo-H. Proteins were 
separated under reduced conditions by SDS-PAGE, transferred to nitrocellulose 
membranes and stained with MoAb Cag69. 

Results 

Expression of extracellular domain of Mpl 

To investigate the functional consequences of the amino acid changes in the 
extracellular domain of Mpl, the extracellular part of Mpl, encoded by exon 2 to 9, 
was expressed in BHK cells. The extracellular domain of wildtype Mpl (Mpl WT-
EC) as well as that of Mpl with either the mutation in exon 3 (Mpl R102P-EC), in 
exon 4 (Mpl P136H-EC) or in exon 5 (Mpl R277C-EC) was produced with a N-
termmal 16 amino-acid fVIII tag. 

Binding studies using surface plasmon resonance (SPR) showed that functional 
Mpl WT-EC was produced (Fig. 1). An affinity binding of 21.9 nM was observed 

(Fig. 1). 
Western blot analysis with the MoAb Cag69 directed against the fVIII tag 

revealed that under non-reduced conditions Mpl WT-EC migrated at approximately 

100 200 

Tme (seconds) 

Figure 1. Binding of Tpo to wildtype Mpl by SPR 
Mpl WT-EC was immobilized on a sensor chip and different concentrations of Tpo (1, 5, 25, 50, 75 
and 125 nM) were passed over the sensor chip to study Tpo binding. Kd: 21.9 ± 1.4 nM. 
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80 kD, whereas Mpl R102P-EC and Mpl R277C-EC did not migrate into gel 
implying possible formation of aggregates (Fig. 2a). Mpl P136H-EC migrated 
slower than Mpl WT-EC, with a mass of about 86 kD. 

Figure 2b shows the Western blot results after electrophoresis under reduced 
conditions. Mpl WT-EC migrated again predominantly at 80 kD, but also a minor 
band of 67 kD was visible. With the two Mpl mutants (Mpl R102P-EC and Mpl 
R277C-EC) that did not migrate into the gel under non-reduced conditions, two 
bands migrating at 67 and 63 kD were obtained (Fig. 2b and 3b). With Mpl R102P-
EC also one less intense band with a Mr of 86 kD was observed. Mpl P136H-EC 
migrated under non-reduced and reduced conditions at a Mr of 86 kD; under 
reduced conditions additional bands of 67 and 63 kD became visible (Fig. 2). All 
Mpl mutants show a migration pattern different from that of WT Mpl. To 
investigate whether this was due to aberrant glycosylation endoglycosidase-H 
(Endo-H) treatment of the different Mpl forms was performed. Mpl has 4 potential 
N-lmked glycosylation sites. During post-translational processing proteins are 
glycosylated in the endoplasmic reticulum. In the Golgi a conversion from high-
mannose to complex oligosaccharides is mediated. Endo-H cleaves high-mannose 
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Figure 3. Endo-H treatment of WT and mutated Mpl constructs 
Supernatant of BHK cells cells containing Mpl WT-EC, Mpl R102P-EC, Mpl P136H-EC or Mpl 
R277C-EC were treated with Endo-H and analysed under reduced conditions. Proteins were 
visualized by staining with MoAb Cag69. L: untreated supernatant; - denaturated supernatant and 
incubated in Endo-H buffer at 37 °C without Endo-H added; + denaturated supernatant and incubated in 
Endo-H buffer at 37 °C in presence of Endo-H. 

oligosaccharides and not the complex oligosaccharides as attached in the Golgi. 
Endo-H resistency is an indication of proper processing of glycosylated proteins. 

Figure 3 shows that for Mpl WT-EC Endo-H did not reduce the intensity of the 
major fragment migrating at Mr of 80 kD. One additional band that migrated faster 
than 80 kD was observed, implying that a small fraction of the 80 kD fragment was 
Endo-H sensitive. The faster migrating bands of 67 and 63 kD present with Mpl 
WT-EC and all Mpl mutants were digested by Endo-H. This implies that both 
bands represent not properly glycosylated proteins. The slower migrating band of 
86 kD of Mpl R102P-EC and Mpl P136H-EC was not cleaved by Endo-H. 

Discussion 

In this study three Mpl mutants associated with CAMT were expressed as fVIII-
tagged truncated (soluble) proteins, comprising the complete extracellular domain. 
Analysis of the migration pattern of the Mpl mutants showed that two mutants 
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(Mpl R102P-EC and R277C-EC) were only able to migrate into a SDS-gel under 
reduced conditions. Furthermore, the 67 and 63 kfJ bands observed with these two 
mutants were Endo-H sensitive, whereas the 80 kD fragment obtained with Mpl-
WT-EC was not. These results imply that Mpl R102P-EC and Mpl R277C-EC are 
retained within the endoplasmic reticulum and fail to undergo processing in the 
Golgi. This most likely leads to premature degradation of the protein and conse
quently R102P and R277C Mpl will not be expressed on cell surface. This may 
have led to the formation of aggregates in the expression system used. Also for 
other proteins, like myeloperoxidase (MPO), Kell, von Willebrand factor and 
thyroglobulm mutations have been described that result in loss of expression due to 
impaired processing of the protein [21-24]. Also with WT Mpl-EC a minor, Endo-
H sensitive, 67 kD protein was observed. This protein of 67 kD is most likely not 
completely processed yet or derived from death cells present in culture. 

Mpl P136H-EC migrated both under reduced and non-reduced conditions 
slower on SDS gels than Mpl WT-EC. The replacement of a proline, which is a 
cyclic ammo acid influencing protein architecture, by histidine may result in 
aberrant folding of the protein which is reflected by the deviated migration pattern 
of Mpl P136H-EC. Mpl P136H-EC was not Endo-H sensitive, and will most likely 
be expressed on the cell surface. Also the Mpl mutant R102P-EC resulted in some 
formation of an Endo-H resistant protein migrating at 86 kD. Both R102P and 
P136H mutation are located within the first cytokine receptor domain of Mpl 
shown to be involved in Tpo-bindmg [25]. Aberrant folding of Mpl may lead to 
decreased or absent Tpo binding or to defective receptor dimerisation. SPR studies 
with Mpl WT-EC showed that functional Mpl was produced. The formation of 
aggregates with Mpl mutants R102P-EC and R277C-EC made it impossible to 
perform SPR studies. From Mpl P136H-EC not enough protein was produced for 
SPR analysis. Moreover, the observed affinity constant was 60-fold higher than 
described by others [26]. For a real binding study SPR could be too insensitive. 

In conclusion, this study shows that Mpl with the mutations R102P or R277C is 
not properly processed through the Golgi and may not be expressed on the cell 
surface. A minor part of R102P Mpl and all produced Mpl with P136H substitution 
seems to differently folded which may interfere with Tpo binding. In this study a 
truncated form of Mpl was used. Currently, we are expressing full length Mpl into 
Ba/F3 cells, to investigate whether the results obtained in this study on aberrant 
processing can be confirmed. Furthermore, expression of mutated Mpl by Ba/F3 
cells will facilitate investigations on Tpo responsiveness of the P136H mutant. 
Moreover, the consequence of the P635L mutation in the last ammo acid of the 
cytoplasmic tail can be analysed. 
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Chapter 9 

Summary and general discussion 





Part 1. Ex vivo expansion of megakaryocytes 

1.1 Introduction 

Summary anil general iliseii\Mt)n 

High-dose chemotherapy is frequently used to treat cancer, with the aim to 
achieve durable disease-free periods or even cure. However, high-dose chemo
therapy can be myeloablative, resulting in suppression of normal hematopoiesis. 
Chemotherapy-induced thrombocytopenia may result in life-threatening bleeding, 
and the simultaneously occurring neutropenia may lead to severe infections. To 
reduce the period of chemotherapy-induced thrombocytopenia and neutropenia, 
hematopoietic rescue is supported by autologous or allogeneic hematopoietic stem 
cell transplantation, which is nowadays a routine procedure. Different sources of 
stem cells can be used for stem cell transplantation. In the past, bone marrow was 
the major source, but currently, peripheral blood-derived stem cells, obtained by 
mobilisation and leukocytapheresis harvest, are increasingly used. To mobilize 
stem cells from the bone marrow into the blood patients or allogeneic donors are 
treated with Granulocyte-Colony Stimulating Factor (G-CSF), with or without a 
low-dose chemotherapy. The advantages of using peripheral blood derived stem 
cells over bone marrow stem cells are the higher numbers of stem cells that can be 
harvested via a more comfortable and safer procedure, a faster recovery of both 
neutrophils and platelets, and possibly a lower risk of contaminating tumour cells 
in an autologous stem cell transplantation setting [1-5]. 

Another source of stem cells is cord blood. In 1988, the first successful cord 
blood stem cell transplantation was performed in a child with Fanconi anemia [6]. 
Since then, cord blood has been used as a source of stem cells for transplantation to 
treat patients with a variety of malignant and non-malignant disorders [7-11]. 
Related and unrelated cord blood stem cell transplantion is associated with less 
graft-versus-host disease (GVHD) compared to bone marrow transplantation, also 
in transplantation settings with HLA mismatches [7-11]. The increased availability 
of cord blood and the lower risk of GVHD renders cord blood a good alternative 
source for stem cells. However, the limited number of stem cells in a cord blood 
transplant restricts the use to children, and nowadays a lot of studies are focused on 
the expansion of cord blood stem cells [12]. 

Combining high-dose chemotherapy with stem cell transplantation reduces the 
duration of neutropenia as well as the period of thrombocytopenia. However, still a 
considerable number of platelet transfusions are needed to prevent bleedings. 
Patients are treated with platelet transfusions if platelet counts fall below 10 x 
10 /L. Recurrent platelet transfusions carry the risk of alloantibody formation by 
the patient, which can lead to a decreased survival time of transfused platelets and 
to refractoriness to platelet transfusions [13]. Another adverse effect of platelet 
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transfusions is the potential transmission of blood-borne infections. To reduce the 
period of chemotherapy-induced thrombocytopenia, thereby decreasing the number 
of platelet transfusions needed, new treatments are required. 

The cloning of thrombopoietin (Tpo) in 1994, the long sought growth 
factor for megakaryocyte and platelet formation, opened the door to alternative and 
supplementary therapies to shorten the period of platelet transfusion dependency 
[14]. Shortly after the cloning of Tpo, recombinant preparations were administered 
to mice, and Tpo indeed stimulated an increase in megakaryocyte number, ploidy 
and platelet counts [14]. Initial phase I trials in humans showed potent platelet 
stimulatory activity of Tpo [15]. In patients with chemotherapy-induced 
thrombocytopenia, administration of Tpo was associated with a reduction in the 
degree and duration of severe thrombocytopenia and with a reduced need for 
platelet transfusions [15]. An effect of Tpo in patients treated with myeloablative 
therapy followed by a stem-cell transplantation has not yet been demonstrated [16-
20]. This lack of effect might be due to the fact that the maturation time of 
megakaryocytes is not shortened by administration of recombinant Tpo. 
Consequently, there is no faster platelet formation. This is in contrast to the effect 
of G-CSF. Administration of G-CSF after myeloablative therapy reduces the time 
of neutrophil recovery [21]. 

An alternative use of Tpo is in an ex vivo expansion setting. Before the cloning 
of Tpo, a number of growth factors had been tested for their ability to induce 
megakaryocyte formation in vitro, but none of them was such a strong inducer as 
Tpo. With Tpo, it became possible to expand large numbers of megakaryocytes 
from CD34+ stem cells. Reinfused ex vivo expanded megakaryocytes can directly 
undergo the final stages of megakaryocyte maturation, resulting in platelet 
formation. It has been shown that the number of megakaryocyte progenitors in a 
stem cell transplant, represented by cells that coexpress CD34 and CD41 and by the 
number of colony-forming-unit megakaryocyte (CFU-Meg), reduces the time to 
platelet recoveiy [13,22-24]. Several studies suggest that at least part of the platelet 
production from megakaryocytes takes place in the lung [25-30]. Upon reinfusion, 
megakaryocytes do not need to home to the bone marrow to produce platelets, but 
instead they may be trapped in pulmonary vasculature, from where platelets can be 
released. Transplantation of expanded megakaryocytes may thus reduce the 
duration and severity of the thrombocytopenia. Moreover, the use of autologous 
CD34+ stem cells for expansion circumvents possible problems of alloantibody 
formation and of transmission of blood-borne diseases. 

In part 1 of this chapter, the development of a clinically suitable megakaryocyte 
expansion protocol as well as the feasibility of reinfusing ex vivo expanded 
megakaryocyte cells will be discussed. Part 2 describes the in vitro analysis of 
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megakaryocytopoiesis of patients with various forms of congenital thrombo
cytopenia. 

1.2 Optimisation of culture conditions for megakaryocyte expansion 

For the development of a clinically applicable protocol for the ex vivo 
expansion of megakaryocytes, several considerations have to be made. First, the 
most suitable growth factor or growth factor combination for megakaryocyte 
expansion has to be defined. Not all growth factors can be obtained as clinical 
grade. Therefore, studies should aim at finding the ideal minimal cytokine 
combination that yields high numbers of megakaryocytes. Secondly, it has been 
shown that the number of megakaryocyte progenitors in a stem cell transplant 
reduces the time to platelet recovery [13,22-24]. In the search for the proper growth 
factor combination for megakaryocyte formation, not only the number of mature 
megakaryocytes (CD34"CD41+ cells), but also the number of megakaryocyte 
progenitors (CD34+CD41+ cells) must be evaluated. In the third place, the compo
nents of the culture medium are important. Addition of human plasma or plasma 
components ought to be minimized, to reduce the risk of transmission of blood-
borne diseases. Moreover, use of animal sera should be avoided. Finally, to 
minimize the risk of contaminating the cultures, an ideal procedure should not need 
addition of extra growth factors or new medium during culture. All these conside
rations should be taken into account in the development of an expansion protocol. 

1.2.1 Role of growth factor in megakaryocyte expansion 

Numerous growth factor combinations have been tested for their ability to 
induce megakaryocyte proliferation and differentiation in vitro. Before the cloning 
of Tpo, these cytokine cocktails were mainly composed of interleukin-3 (IL-3), IL-
6, IL-11 and stem cell factor (SCF) [31-39]. After the discovery of Tpo, the 
potential to culture megakaryocytes in vitro increased. It was demonstrated by 
several studies that, although Tpo was capable of inducing megakaryocyte 
formation on its own, presence of other cytokines during culture was needed to 
increase the number of megakaryocytes (see chapter 3). 

In preliminary experiments we also observed that Tpo alone induced 
megakaryocyte differentiation in a liquid culture system, but with minimal 
proliferation. Therefore, other cytokines were added to improve proliferation. At 
the same time, megakaryocyte differentiation had to be maintained. In chapter 3 the 
effect of various cytokine combinations on the ex vivo expansion of 
megakaryocytes from peripheral blood-derived CD344 stem cells in a liquid culture 
system is described. Addition of IL-1 or IL-3 to Tpo increased total cell 
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proliferation. Regarding the total number of megakaryocytes (CD41+ cells), no 
difference was found between the combination of Tpo + IL-1 or Tpo + IL-3. 
However, the number of CD34+CD41+ cells and the number of CFU-Meg were 
strongly decreased in presence of IL-3. Addition of other cytokines such as IL-6, 
IL-11 or SCF, to Tpo + IL-1 or Tpo + IL-3 did not result in higher proliferation of 
the cultures, nor in increased megakaryocyte differentiation. If both the number of 
mature megakaryocytes and the number of megakaryocyte progenitors is 
considered, then Tpo + IL-1 is the best cytokine combination for ex vivo expansion 
of peripheral blood-derived CD34+ cells. The fact that with only two cytokines 
sufficient megakaryocyte formation is achieved, renders it feasible to adapt this 
small-scale culture system to a large-scale, clinically applicable protocol. 

1.2.2 Megakaryocyte expansion of stem cells from different sources 

Several studies have shown that stem cells from either bone marrow, peripheral 
blood or cord blood are different with respect to the number of primitive progenitor 
cells or to the expansion capacity [40,41]. Most patients undergoing a stem cell 
transplantation with stem cells from bone marrow, peripheral blood or cord blood 
undergo a period of therapy related thrombocytopenia. Expansion of stem cells 
from all sources to increase the number of megakaryocytes or megakaryocytes 
progenitors might contribute to shorten the period of thrombocytopenia after trans
plantation. Chapter 4 describes a comparison in outgrowth of bone marrow, 
peripheral blood and cord blood stem cells in response to Tpo, Tpo + IL-1 or Tpo + 
IL-3, to define the optimal cytokine combination for each stem cell source. 

Cultures with either bone marrow or peripheral blood-derived CD34+ cells 
yielded comparable numbers of megakaryocytes and megakaryocyte progenitors. 
Also the effect of the tested growth factor combinations on the outgrowth of 
different megakaryocyte cell subsets was comparable. Both in bone marrow and 
peripheral blood cultures, a negative effect of IL-3 on the number of 
megakaryocyte progenitors (CD34+CD41+ cells) was noted. However, in cord 
blood cultures, the number of CD34XD4T cells was highest if CD34+ cells were 
cultured in presence of Tpo + IL-3. Overall, cultures initiated with cord blood 
CD34+ cells showed the highest level of megakaryocyte expansion, irrespective of 
the growth factor combination used. Cord blood was the only source that exhibited 
proliferation in response to Tpo alone. Megakaryocytes cultured from cord blood-
derived CD34" cells showed reduced ploidization and a lower level of CD41 
expression, both suggesting less maturation. These data indicate that each stem cell 
source responds differently to cytokine stimulation. Thus, for a megakaryocyte 
expansion protocol, the cytokine combination to be used depends on the stem cell 
source. 
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In peripheral blood and bone marrow cultures, IL-1 stimulates the proliferation 
of CD34+CD41+ cells, whereas in cord blood cultures the enhancing effect of IL-1 
on the number of megakaryocyte progenitors was not observed. Of all CD4L cells 
cultured from cord blood derived CD34+ cells in presence of Tpo + IL-1, only 5% 
of the cells coexpressed CD34. In contrast, of the CD4L cells obtained after 
culture with either peripheral blood or bone marrow derived CD34+ cells, 22% and 
38%, respectively, were CD34+CD41+ (chapter 4). It has been described that cord 
blood transplants contain less CD34+CD4L cells compared to peripheral blood 
stem cell transplants [42]. Reduced numbers of initially seeded CD34TD4T cells 
could explain the relatively low formation of CD34"CD41+ cells with cord blood 
CD34+ cells in presence of IL-1. 

After cord blood transplantation, a delay in platelet recovery is observed 
compared to bone marrow transplantations [7,10,11,43]. Reduced numbers of 
CD34XD4L cells in a cord blood transplant as well as lower numbers of reinfused 
cells may be responsible for this increased time to platelet recovery [42]. But also 
the observed arrest in megakaryocyte maturation might contribute, because the 
maturation state of a megakaryocyte is positively correlated with the number of 
platelets that can be produced (chapter 4 and [44]) [45,46]. 

1.2.3 Influence of medium components on megakaryocyte expansion 

In the studies described in chapters 3 and 4, an in-house prepared medium 
supplemented with 10% human AB plasma was used for megakaryocyte 
expansion. For a clinically applicable expansion protocol, the use of human-
derived material should be minimized, to avoid transmission of infectious diseases. 
In chapter 5 several media were compared for their capacity to expand 
megakaryocytes. A decrease in the percentage of added human AB plasma to 2.5% 
led to an increased formation of megakaryocytes and megakaryocyte progenitors. 
Replacement of AB plasma by human serum albumin (HSA) decreased the number 
of cultured megakaryocytes and CFU-Meg's. Addition of low-density lipoprotein, 
transferrin and insulin to HSA yielded comparable numbers of megakaryocytes as 
obtained with 2.5% AB plasma. Thus, plasma contains factors that inhibit 
megakaryocyte formation, but some plasma factors are needed for optimal 
megakaryocyte expansion. Testing of various commercially available serum-free 
media revealed that not all are suitable for megakaryocyte expansion. However, in 
Stemspan serum-free medium, better megakaryocyte formation was observed 
compared to our in-house prepared medium with 10% human AB plasma. 
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1.3 Feasibility of reinfusion of ex vivo expanded cells 

The feasibility of reinfusion of ex vivo expanded cells has been shown by 
several clinical trials. These studies showed that peripheral blood CD34+ cells 
could be expanded ex vivo and safely administered without adverse effects [47-52]. 
Brugger et al. [50] treated four patients with unmampulated stem cells together 
with ex vivo expanded cells, whereas five patients were treated with expanded cells 
only. CD34" cells were expanded in the presence of SCF, IL-1, IL-3, IL-6 and 
erythropoietin (EPO). No toxic effects were observed, and hematopoietic recon
stitution m both groups was comparable to historical controls who received 
unmampulated stem cells only. This study shows that ex vivo expansion of only a 
fraction of a normal stem cell transplant is sufficient to restore hematopoiesis after 
high-dose chemotherapy. It reduces the number of stem cells needed for 
transplantation considerably. 

Alcorn et al. [51] and Williams et al. [48] both transplanted patients with 
unmampulated stem cells in combination with expanded CD34+ cells. Alcorn et al. 
used stem cell factor (SCF), IL-1 ß, IL-3, IL-6 and Epo for expansion and Williams 
et al. expanded the cells with a fusion product of IL-3 and granulocyte-macrophage 
colony stimulating factor (GM-CSF). No differences m time to neutrophil or 
platelet recovery were observed as compared to historical controls, implying that 
culture conditions may need to be optimized, but more important, no toxicity was 
observed. Three other studies have shown that reinfusion of CD34+ cells ex vivo 
expanded m the presence of G-CSF, SCF and megakaryocyte growth and 
development factor (MGDF), m combination with unprocessed stem cells, reduced 
the duration of severe neutropenia and was not associated with adverse events 
[47,49,53], Paquette et al. [54] expanded unselected peripheral blood cells in 
presence of G-CSF, SCF and MGDF. The expanded cells were remfused after the 
normal peripheral blood stem cell transplantation. The time to neutrophil recovery 
was shortened with 1.5 days, and the time to platelet recovery with 1 day as 
compared to historical control groups. The use of unselected peripheral blood cells 
for expansion will circumvent expensive CD34+ cells selection. However, more 
cells have to be cultured, which requires more medium and more growth factors, 
both of which are expensive as well. Moreover, numerous cells will die during 
culture, and it is unclear what effect cell debris has on expansion and subsequent 
remfusion. All the above-mentioned studies focused mamly on abrogation of 
myeloablative-therapy-induced neutropenia. Bertolim et al. [52] was the first to 
expand megakaryocytic cells and to remfuse them together with an unmampulated 
peripheral blood stem cell transplant. CD34" cells were expanded m presence of 
MGDF, SCF, IL-3, IL-6, IL-11, FL and macrophage inflammatory protein-la. Of 
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ten patients treated, two patients who received the highest doses of cultured 
megakaryocytes did not need any platelet transfusion support. 

These clinical trials have shown that reinfusion of expanded cells is feasible 
without adverse effects. Moreover, the study by Bertolini et al. indicates that 
reinfusion of high numbers of megakaryocyte cells may reduce the period of 
chemotherapy-induced thrombocytopenia. 

1.4 Future perspective/application 

Based on the studies described in chapters 3 and 5 a protocol for a phase-I 
clinical trial was written. The aim of this clinical trial is to evaluate whether 
reinfusion of ex vivo expanded autologous megakaryocytes together with a 
peripheral blood stem cell transplantation is feasible, in terms of toxicity, and 
whether this will lead to a significant reduction in time to platelet recovery. In 
figure 1 a schematic overview of the expansion procedure is depicted. Stem cells 
from the patient are mobilised to the perifery and harvested according to routine 
protocols currently used in an autologous stem cell transplantation setting. At least 
5 x 1 0 CD34* cells/kg BW will be used for regular stem cell transplantation. Two 
x 10 CD34+ cells/kg BW will be used for ex vivo expansion. For the ex vivo 
expansion protocol (Fig. 1), CD34+ cells are isolated by CliniMACS and 
subsequently cryopreserved. One week before the stem cell transplantation, CD34' 
cells are thawed and cultured in Stemspan medium in gas-permeable bags in the 
presence of Tpo and IL-1 for seven days. The ex vivo expanded CD34+ cells are 
then reinfused one day after the routine stem cell transplantation. Toxicity and 
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Figure 1. Schematic overview of the ex vivo expansion procedure. 
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hematopoietic recovery will be carefully monitored. 
For the trial, ten patients with relapsed large B-cell non-Hodgkin lymphoma 

(NHL) or with an early relapse of Hodgkin's disease will be treated. In these 
patients, mobilisation of stem cells normally yields more than sufficient cells to 
perform a stem cell transplantation and the expansion protocol. If the trial shows 
that the expanded cells can be safely remfused and that the procedure will lead to 
reduced platelet transfusion need, it may be considered to be used in patients with 
low numbers of mobilised stem cells and consequently suffer from impaired 
hematopoietic reconstitution and a long period of thrombocytopenia. However, 
since all or almost all stem cells should be included in the expansion procedure, 
more research on optimal cytokine combinations to support quick reconstitution of 
all lineages should be performed. 

Exposure of patients to the cytokines can lead to adverse effects. Administration 
of recombinant preparations of Tpo (pegylated megakaryocyte growth and 
development factor: PEG-rHu-MGDF) has led to formation of autoantibodies that 
were crossreactive with endogenous Tpo [55,56] and administration of IL-1 has 
induced toxic effects [57]. However, the amounts of Tpo and IL-1 used for the 
expansion are less than those directly administered. The amounts will be further 
reduced by a wash procedure prior to the reinfusion. The actual amount of 
cytokines that will be retained within the cells is limited, and therefore no adverse 
effects are expected. 

In conclusion, ex vivo expansion of megakaryocyte cells from CD34+ cells may 
contribute to a reduced period of therapy-related thrombocytopenia. A clinical trial 
has to establish whether indeed a reduction in platelet transfusion need is observed 
without toxic effects, and thus whether expansion of megakaryocytes can be 
incorporated into daily practice. 

Part 2. Analysis of different causes of congenital thrombocytopenia 

2.1 Introduction 

Thrombocytopenia can either be due to a platelet production defect, increased 
platelet turnover or increased platelet pooling in the spleen. The underlying causes 
are diverse. It can be immune-mediated, drug-induced, a result of viral infections, 
part of general bone marrow failure, due to massive blood loss or be part of a 
syndrome. Some patients suffer from congenital thrombocytopenia, whereas others 
acquire thrombocytopenia during life. 

Measurement of Tpo plasma levels allows distinction between a platelet 
production defect or a platelet destruction defect [58-61]. Tpo plasma levels are 
inversely correlated to platelet and megakaryocyte mass. Upon production in the 
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liver and kidney, Tpo comes into the circulation, where it binds to platelets via the 
thrombopoietin receptor Mpl. In the bone marrow, Tpo stimulates megakaryocyte 
formation and platelet production by binding to Mpl, which is expressed on stem 
cells as well as on all cells of the megakaryocyte lineage. In case of a platelet 
production defect, Tpo plasma levels are increased. In patients with 
thrombocytopenia due to increased platelet destruction, Tpo plasma levels are 
normal. Glycocalicin (GC) plasma levels are also useful to distinguish between 
defective platelet formation or increased platelet turnover. GC is the soluble part of 
glycoprotein lb (GPIb), which is expressed on megakaryocytes and platelets. 
Plasma GC levels reflect platelet mass and/or turnover, and are decreased in 
patients with a platelet production defect and normal or increased in patients with 
increased platelet turnover [62]. 

Congenital thrombocytopenia is frequently caused by specific perinatal 
complications, such as infections, often in combination with pre- or dysmaturity. In 
most cases, platelet counts in newborns with congenital thrombocytopenia 
normalizes in time with or without treatment. Some infants, however, have a 
thrombocytopenia as the sole hematologic abnormality. Alloantibody formation by 
the mother against platelet specific antigens that are incompatible between mother 
and child is the main cause of isolated thrombocytopenia in newborns. Usually, 
infants who suffer from alloimmune thrombocytopenia regain normal platelet 
counts a few weeks to months after birth. The diagnosis of alloimmune 
thrombocytopenia is made by demonstrating platelet antibodies in the serum of the 
mother, in combination with platelet typing of both parents to show 
incompatibility. 

In some children, the thrombocytopenia persists. Especially for this last group 
of children it is often difficult to make the diagnosis. In chapter 7 is described 
whether measurement of Tpo and GC plasma levels contributes to the differential 
diagnosis of congenital thrombocytopenia. Moreover, the developed liquid culture 
system for megakaryocytes was used to study megakaryocyte outgrowth of 
different patients groups to investigate whether this also would be useful to clarify 
the diagnosis (chapters 6 and 7). 

Acquired thrombocytopenia is often the result of autoantibody formation, as in 
idiopathic thrombocytopenic purpura (ITP). In many cases, the antibodies are 
directed against epitopes on functional glycoprotein complexes (GPIIb/IIIa, 
GPIb/IX, GPV). Many patients suffer from thrombocytopenia without 
demonstrable antibodies. These patients may have antibodies against non-tested 
platelet antigens or the antibodies may be to weak to be detected. Several plasma's 
of patients with an unknown cause of thrombocytopenia were tested in our in vitro 
liquid culture system for megakaryocytes. This was done in order to investigate 
whether these patients had antibodies or other factors in their plasma that inhibited 
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megakaryocyte formation. No inhibiting effects were observed during culture, 
implying that either such inhibiting antibodies or factors were not present or that 
our culture system is not suitable for this analysis. 

In part II of this discussion the potential mechanisms behind several causes of 
congenital thrombocytopenia are discussed. Three different patient groups 
diagnosed by standard clinical data were analyzed. One group consisted of patients 
with congenital amegakaryocytic thrombocytopenia (CAMT) (see also chapters 6 
and 8), one group with an unknown cause of thrombocytopenia and one group with 
Wiskott Aldrich Syndrome (WAS). Each group will be discussed separately. 

2.2 Congenital amegakaryocytic thrombocytopenia 

CAMT is an uncommon disorder of thrombocytopenia m children, 
characterized by isolated thrombocytopenia and almost complete absence of 
megakaryocytes in the bone marrow. The lack of megakaryocyte formation and 
absence of platelets leads to severely increased Tpo plasma levels and reduced GC 
levels, both indicators of a platelet production defect (chapter 6). In vitro culture of 
bone marrow-derived CD34* cells in the presence of Tpo + IL-3 revealed that 
CD34" cells from CAMT patients are unable to form megakaryocytes. This implies 
that the Tpo signaling route was not functional, which could be caused by a defect 
in the Tpo-receptor Mpl. Sequence analysis of the gene encoding Mpl revealed that 
five of six CAMT patients had one or more mutations in the coding regions or 
adjacent splice sites of Mpl (chapters 6 + 7). One patient had a homozygous 
mutation in the splice site 5' to exon 11, which will lead to a deletion of exon 11. 
Even if it is translated (in the parents, both carrier of this mutation, no truncated 
mRNA was detected) a non-functional Mpl will be expressed. Three patients were 
compound heterozygotes (both parents carrier for a different mutation) and one 
patient had one inherited mutation and one newly derived. In these four patients, 
seven different mutations were observed. Three mutations directly predicted a loss 
of Mpl function, and four mutations led to amino-acid substitutions, (one m exon 3 
(R102P), one in exon 4 (P136H), one m exon5 (R277C) and one m exon 12 
(P635L)). Whether these four mutations also abolish Mpl function was investigated 
in chapter 8. Expression of the extracellular domain of Mpl, encoded by exons 1 -
9, enabled us to investigate the consequences of the R102P, P136H and R277C 
mutations. Mpl with an R102P or R277C mutation was Endo-H sensitive, 
indicative for aberrant processing m the Golgi, possibly leading to premature 
degradation of Mpl. Mpl R102P and R277C may therefore not be expressed on the 
cell surface. Mpl with the P136H mutation was Endo-H resistant, but migrated 
slower on SDS-gels than did wild-type Mpl, suggesting improper folding. This 
may lead to loss of Tpo binding, because the P136H mutation is located in the first 
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cytokine receptor domain, which has been shown to be important for Tpo binding 
[63]. 

Thusfar, only few patients with CAMT have been described in the literature. 
These studies show that CAMT patients have defective megakaryocyte formation 
due to an intrinsic stem cell defect [64,65]. The origin of this defect remained 
unclear. Ihara et al. have described a 10-year-old patient with CAMT who was 
compound heterozygous for two mutations in the c-mpl gene [66]. Both mutations 
predicted the formation of a prematurely terminated Mpl protein, which lacks all 
intracellular domains essential for signal transduction. Expression of full-lenght 
Mpl with the different mutations, found in our group of CAMT patients, in Ba/F3 
cells, should reveal whether Mpl R102P and R277C are indeed not expressed on 
the cell surface and whether Mpl P136H is unable to bind Tpo. Moreover, 
expression of full-length Mpl can demonstrate whether the P635L mutation 
(located in cytoplasmic domain) indeed abolishes Tpo-induced signal transduction. 
Our studies and the published study emphasize that CAMT is caused by intrinsic 
stem cell defects and that in a majority of patients mutations in Mpl that lead to 
loss of Mpl function are the underlying cause. 

Most patient with CAMT eventually develop a complete bone marrow failure. 
This may be explained by several studies showing that Tpo plays an important role 
in preventing apoptosis of hematopoietic stem cells. Allogeneic stem cell 
transplantation is currently the only rational treatment to cure patients with 
CAMT. Several successfully reported stem cell transplantations in CAMT patients 
have been published [67-69]. Both related and unrelated donors and stem cells 
from different sources (bone marrow, peripheral blood and cord blood) have been 
used. 

For the diagnosis of CAMT, measurement of plasma Tpo levels is very useful, 
while the strongly increased Tpo levels directly imply a platelet production defect. 
GC plasma levels can also be helpful. However, two of our patients had normal GC 
levels, indicating formation of platelets. These two patients received regularly 
platelet transfusions and most likely the measured GC is derived from transfused 
platelets. Thus, for a reliable GC plasma level measurement, patients should be 
platelet transfusion independent. In vitro culture of megakaryocytes can confirm 
the lack of megakaryocyte formation and is of additional value for the diagnosis of 
CAMT. 

2.3 Dysmegakaryocytopoiesis 

The second group of children analysed m chapter 7 suffers from 
thrombocytopenia due to an unknown cause. They had normal Tpo plasma levels, 
decreased GC levels and showed megakaryocyte formation in vitro. In bone 
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marrow biopsies increased numbers of megakaryocytes were present but they were 
small and immature. The decreased GC levels suggest that there is no formation of 
platelets. The immature phenotype of the megakaryocytes implies that maturation 
of megakaryocytes, preceding platelet formation, is inhibited which is another 
indication of absent platelet formation. These findings led to the diagnosis of 
dysmegakaryocytopoiesis. The normal Tpo levels confirm the proposed role of 
megakaryocytes in regulating Tpo plasma levels [70,71]. 

For this group of children, measurement of both Tpo and GC plasma levels can 
be used to distinguish them from children with ITP. In ITP, Tpo plasma levels are 
normal and GC plasma levels are normal to increased. The currently used in vitro 
culture of megakaryocytes is not suitable to study megakaryocyte maturation. 
Ploidy of cultured cells can be determined as a marker for megakaryocyte 
maturation, but usually the number of megakaryocytes cultured from patient 
CD34' cells is too small for a reliable measurement. Extension of the culture time 
will lead to further maturation of megakaryocytes, resulting in proplatelet 
formation. Study of this process in children with an unknown cause of 
thrombocytopenia may be helpful for the diagnosis of dysmegakaryocytopoiesis. 

Not much is known yet about the factors involved in the final stages of 
megakaryocyte maturation and proplatelet formation. The underlying cause of 
congenital dysmegakaryocytopoiesis is not yet clear. Recently, two transcription 
factor knock-out mice have been described that both were severely 
thrombocytopenic, i.e. GATA-1 and NF-E2 knock-out mice. GATA-1 knock-out 
mice display profound anemia and thrombocytopenia [72]. Moreover, they have 
increased numbers of megakaryocytes in bone marrow and spleen, but most mega
karyocytes are small and immature [73]. Also a family with an inherited GATA-1 
mutation has been described. All affected family members were anemic and 
thrombocytopenic [74]. The increased numbers and phenotype of megakaryocytes 
of GATA-1 deficient mice are similar to those found in our patients. However, our 
patients are not anemic, and therefore it is not likely that mutations in GATA-1 are 
causing the thrombocytopenia in our patients with dysmegakaryocytopiesis. 

NF-E2 knock-out mice exhibit increased numbers of large polyploid 
megakaryocytes and profound thrombocytopenia [75]. This reflects an arrest in 
megakaryocyte maturation as was further demonstrated by the lack of proplatelet 
formation of megakaryocytes cultured from NF-E2 deficient cells [76]. Tpo levels 
in these mice were normal [75,77]. Erythropoiesis is mildly affected in NF-E2 defi
cient mice [78]. NF-E2 knock-out mice and our dysmegakaryocytic patients have 
normal Tpo levels and increased megakaryocyte numbers in common. Our patients 
also seem to have a megakaryocyte maturation defect, but at an earlier stage than 
NF-E2 knock-out mice. This might be due to differences between man and mouse, 
but combined with the lack of erythrocyte abnormalities in our patients renders it 
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unlikely that a defect in NF-E2 underlies the thrombocytopenia in this group of 
patients. 

Another candidate gene is CBFA2, located on chromosome 21. Autosomal 
dominant mutations in CBFA2 are associated with familial thrombocytopenia and a 
predisposition to acute myeloid leukemia [79]. Affected individuals have normal 
megakaryocyte morphology and size, in contrast to our patients. Recently, also two 
other families with autosomal dominant thrombocytopenia have been described 
[80-82]. Linkage analysis identified in both families a locus on chromosome 10p. 
Tpo levels were slightly elevated in affected family members, and in bone marrow 
reduced numbers of not fully matured megakaryocytes were present. The immature 
phenotype of megakaryocytes is identical to what we found in our patients. 
However, our patients have increased numbers of megakaryocytes in the bone 
marrow. The linkage to chromosome 10 excludes genes encoding NF-E2, GATA-
1, Mpl, Tpo or CBFA2 as origin of thrombocytopenia in these families. 

Thus, the cause of thrombocytopenia in our patients with dysmega-
karyocytopoiesis remains unclear. There are discrepancies between the phenotype 
of our patients and that of the patients described with either a GATA-1 or a CBFA2 
mutation, or with the family members with a defect linked to chromosome 10p. 
Further research is needed to identify the responsible factor. 

2.4 Wiskott Aldrich Syndrome 

The third group of patients analysed in chapter 7 were diagnosed with WAS. 
WAS is a rare X-linked hematologic disorder caused by mutations in the WAS 
protein (WASP), which leads to immunodeficiency and thrombocytopenia. Patients 
with WAS have normal Tpo and GC levels and normal megakaryocyte formation 
both in vivo and in vitro. These observations imply that platelets are normally 
produced but are rapidly destroyed. Clinical observations support accelerated 
platelet destruction as the cause of thrombocytopenia in WAS. Splenectomy leads 
to normalization of platelet counts, indicating that sequestration in the spleen leads 
to decreased platelet numbers [83]. The observation that autologous transfused 
platelets have a shorter life-span than allogeneic transfused platelets suggests that 
platelets in WAS are rapidly eliminated due to intrinsic defects [83]. 

WASP interacts with a member of Rho family of GTP-ases, Cdc42, which is 
involved in the regulation of the actin cytoskeleton [84,85]. Lymphocytes of WAS 
patients display cytoskeletal abnormalities, and in platelets decreased F-actin levels 
have been observed [86,87]. Haddad et al. [88] have shown that megakaryocytes 
cultured from CD34+ cells of WAS patients have abnormal F-actin distribution but 
were able to form platelets. The in vitro formed platelets were normal whereas 
peripheral blood platelets of the same patient were abnormally small. This suggests 
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that platelets undergo cytoskeletal changes in the circulation that will lead to 
increased platelet turnover. In contrast, Kajiwara et al. observed that megakaryo
cyte colony formation and proplatelet formation was severely decreased in WAS 
patients [89]. Our studies suggest that WAS patients have normal platelet forma
tion. Moreover, the Tpo and GC levels found in WAS patients are comparable to 
those in patients with chrome ITP. Thrombocytopenia in ITP is also caused by 
increased platelet turnover. 

In conclusion, thrombocytopenia in WAS is caused by an increased platelet 
turnover, most likely due to cytoskeletal abnormalities in platelets. In case of 
unclear diagnosis, measurement of Tpo and GC levels and in vitro culture of 
megakaryocytes are useful to study whether the patient has normal megakaryocyte 
formation and platelet production. 

2.5 Conclusions 

The studies described in chapters 6, 7 and 8 give more insight in the 
mechanisms underlying various forms of congenital thrombocytopenia. 
Measurement of Tpo and GC plasma levels is a quick and easy test that can be used 
to distinguish between different causes of thrombocytopenia. Patients with high 
Tpo levels will suffer from a platelet production defect, and analysis of mega-
karyocytopoiesis in bone marrow biopsies or in an in vitro culture system may add 
to confirmation of the diagnosis. In patients with normal Tpo levels, determination 
of GC plasma level discriminates patients with ITP or WAS from patients with 
dysmegakaryocytopoiesis. In vitro analysis of megakaryocytopoiesis can confirm 
the diagnosis. A correct diagnosis is of importance for defining appropiate therapy. 
In CAMT patients allogeneic bone marrow transplantation is the only rational 
treatment, and also in WAS patients bone marrow transplantation is an accepted 
treatment. In the patients with dysmegakaryocytopoiesis, no underlying genetic or 
stem cell defect has yet been shown. Bone-marrow transplantation, although it may 
be curative, may be a point of discussion in this group of patients. 
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In het bloed circuleren verschillende soorten bloedcellen (bloedplaatjes, rode 
bloedcellen en witte bloedcellen) die elk hun eigen functie hebben. De bloed
plaatjes zorgen voor de stolling, de rode bloedcellen voor het transport van zuurstof 
en de witte bloedcellen voor de afweer tegen o.a. infecties. De aanmaak van de 
verschillende bloedcellen vindt plaats in het beenmerg. Dit proces wordt de hemat-
opoiese genoemd. Aan de basis van de hematopoiese staat de zogenaamde pluri
potente hematopoietische stamcel. Deze stamcel is in staat om zichzelf te 
vermenigvuldigen, zodat gedurende het hele leven identieke stamcellen in het 
beenmerg aanwezig zullen zijn. Onder invloed van hormonen (groeifactoren) kan 
de stamcel zich delen (prohfereren) en uitrijpen (differentieren) waardoor de 
verschillende bloedcellen gevormd worden. Voor iedere bloedcel zijn specifieke 
groeifactoren die ervoor zorgen dat indien nodig de juiste bloedcel gevormd wordt. 
Voor de rode bloedcellen is erytropoietme (Epo) de belangrijkste groeifactor, voor 
de witte bloedcellen is dat granulocyte-macrophage-colony stimulating factor 
(GM-CSF) en voor de bloedplaatjes is trombopoietine het belangrijkst. 

Trombopoietine (Tpo) werd in 1994 na een jarenlange zoektocht eindelijk ge
kloneerd. Er bestond al heel lang het vermoeden dat er een groeifactor zou zijn die 
in staat was om het hele proces van de vorming van bloedplaatjes te reguleren. 
Onder invloed van Tpo differentieert een stamcel tot een megakaryocytaire voor
lopercel, die uiteindelijk uitnjpt tot een megakaryocyt, de voorlopercel van een 
bloedplaatje. Tijdens de uitrijping (maturatie) ondergaat een megakaryocyt endo-
mitose, een proces waarbij wel kerndelmg plaatsvindt maar geen celdeling. Tege
lijkertijd wordt daarbij het cytoplasmatische volume van de megakaryocyt ver
groot. Hierdoor ontstaat een zeer grote cel met meerdere kernen, dit wordt ploidy 
genoemd. In het laatste stadium van de maturatie vormt een megakaryocyte lange 
cytoplasmatische fragmenten, proplatelets genoemd, waaruit de bloedplaatjes afge
splitst worden. Een megakaryocyt maakt zes tot acht proplatelets en elke 
proplatelet maakt ongeveer 1000 bloedplaatjes. Een megakaryocyt kan dus 6000 
tot 8000 bloedplaatjes produceren. Het aantal bloedplaatjes dat een megakaryocyt 
kan afsplitsen is afhankelijk van de grootte van de megakaryocyt, wat weer afhangt 
van de mate van ploidy. Hoe meer kernen, hoe groter de megakaryocyt en hoe 
meer bloedplaatjes er gevormd kunnen worden. 

Onder normale condities is het aantal bloedplaatjes in het bloed op een constant 
niveau. In gezonde individuen varieert het aantal van 150 tot 450 x 10 /L. Een 
gezonde volwassene heeft een bloedvolume van 5 liter en heeft dus ongeveer 15 x 
10" bloedplaatjes. De levensduur van een bloedplaatje is gemiddeld tien dagen, 
dus per dag moeten er 15 x 1010 bloedplaatjes gevormd worden, dat is 1 x 108 per 
minuut. Dat betekent dat er per minuut 1.7 x 104 megakaryocyten bloedplaatjes 
moeten afsplitsen. 
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Bij de behandeling van verschillende vormen van kanker wordt tegenwoordig 
veelvuldig gebruik gemaakt van hoge dosis chemotherapie. De achterliggende 
gedachte is dat door de hoge dosis de kanker beter bestreden wordt en er een 
grotere kans is op herstel. Een bijwerking van de hoge dosis chemotherapy is de 
toxiciteit voor de delende cellen in het beenmerg waardoor de hematopoiese ver
stoord wordt. Dit heeft als gevolg dat er een tekort ontstaat van de verschillende 
bloedcellen. Een tekort aan witte bloedcellen, neutropenic, kan leiden tot ernstige 
infecties en een tekort aan bloedplaatjes, trombocytopenie, verhoogd het risico op 
levensbedreigende (inwendige) bloedingen. Om de periode van neutropenic en 
trombocytopenie te bekorten krijgen de patiënten een stamcel transplantatie. Hier
voor kunnen stamcellen afkomstig van verschillende bronnen gebruikt worden; uit 
het beenmerg of uit perifeer bloed. Voor een stamcel transplantatie met beenmerg 
stamcellen wordt voorafgaande aan de hoge dosis chemotherapie, beenmerg bij de 
patient of een gezonde donor afgenomen en ingevroren. Vroeger werden de meeste 
stamcel transplantaties gedaan met beenmerg stamcellen, maar tegenwoordig wordt 
veelvuldig gebruik gemaakt van stamcellen uit het perifere bloed. Perifeer bloed 
stamcellen zijn makkelijker en veiliger te oogsten en geven een sneller herstel van 
granulocyten en bloedplaatjes. Normaal gesproken circuleert slechts een gering 
aantal stamcellen in het perifere bloed. Dit aantal kan vergroot worden door behan
deling met groeifactoren in combinatie met een lichte dosis chemotherapie. Hier
door gaan de stamcellen vanuit het beenmerg naar het perifere bloed. Perifere 
bloed stamcellen worden met behulp van leukocytapheresis geoogst voor het begin 
van de hoge dosis chemotherapie. 

Ondanks een stamcel transplantatie is met name de periode van trombocyto
penie nog aanzienlijk. Om ernstige bloedingen te voorkomen worden patiënten 
behandeld met bloedplaatjestransfusies totdat de bloedplaatjesgetallen weer 
normaal zijn. Aan het geven van bloedplaatjestransfusies zijn echter een aantal 
nadelen verbonden. Door het geven van vele bloedplaatjestransfusies kunnen de 
patiënten antistoffen maken tegen voor hun onbekende eiwitten op de bloed
plaatjes. Hierdoor kunnen de getransfundeerde bloedplaatjes direct worden afge
broken, waardoor ze geen effect meer hebben. Een ander nadeel is dat ze vrij vaak 
herhaald moeten worden omdat de levensduur van een getransfundeerd bloed-
plaatje niet zo lang is. Daarbij heeft elke transfusie een risico op overdracht van 
infectieuze ziekten. Om de periode van chemotherapie-geinduceerde trombocyto
penie te bekorten, om dus een vermindering te geven van het aantal benodigde 
bloedplaatjestransfusies, zijn nieuwe therapieën nodig. Een voorgaande studie had 
laten zien dat als een perifere bloed stamceltransplantaat meer dan 3.4 x lOVkg 
lichaamsgewicht megakaryocytaire voorlopercellen bevatte, dat dit correleerde met 
een snel bloedplaatjes herstel. Deze observatie leidde tot de gedachte dat als het 
aantal megakaryocytaire voorlopercellen en megakaryocyten in het stamceltrans-
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plantaat vergroot kon worden, dit de trombocytopeme sterk zou kunnen bekorten 
en mogelijk zelfs zou kunnen voorkomen. 

Bij een normale stamceltransplantatie moet de getransplanteerde stamcel nog 
het hele differentiatie proces van stamcel tot megakaryocyt doorlopen voordat er 
nieuwe bloedplaatjes gevormd kunnen worden. Dit proces duurt in een gezond 
persoon gemiddeld 10 dagen. Met Tpo werd het mogelijk om grote hoeveelheden 
megakaryocyten te kweken uit stamcellen. Bij remfusie van deze ex vivo (buiten 
het lichaam) gekweekte megakaryocyten kan de megakaryocyt direct beginnen met 
het maken van bloedplaatjes en hoeft niet de hele ontwikkeling van stamcel tot 
megakaryocyt te doorlopen. Hierdoor worden hopelijk de bloedplaatjes getallen 
niet zo laag en wordt de periode van chemotherapie geinduceerde trombocytopeme 
bekort waardoor minder bloedplaatjes transfusies nodig zijn. Een ander voordeel is 
dat bij een gebruik van stamcellen van de patient zelf (autoloog) het risico van 
alloantistof formatie en van de overdracht van infectieuze ziekten omzeild wordt. 

Dit proefschrift bestaat uit twee delen. In het eerste deel van het proefschrift 
wordt de ontwikkeling en de optimalisatie van een kweekmethode voor megaka
ryocyten beschreven (Hoofdstuk 3, 4 en 5). In het tweede deel is dit opgezette 
kweeksysteem gebruikt om te onderzoeken wat de achterliggende oorzaak is van 
trombocytopeme bij verschillende patiënten groepen (Hoofdstuk 6, 7 en 8). Hoofd
stuk 2 is een algemene introductie over de vorming van bloedplaatjes, over Tpo en 
zijn receptor, Mpl. en over ex vivo expansie van megakaryocyten. 

Voor de ontwikkeling van een kweeksysteem voor megakaryocyten is het van 
belang om de meest optimale kweekcondities te defimeeren. In hoofdstuk 3 is 
gekeken welke combinatie van groeifactoren de meeste megakaryocyten en mega-
karyocytaire voorlopercellen gaf. Andere studies hebben aangetoond dat het aantal 
megakaryocytaire voorlopercellen in een stamceltransplantaat positief gecorreleerd 
is aan het bloedplaatjes herstel. Daarom hebben we niet alleen gekeken naar welke 
groeifactor combinatie de meeste megakaryocyten gaf, maar ook welke de meeste 
megakaryocytaire voorlopercellen opleverde. In hoofdstuk 3 is voor de expansie 
van megakaryocyten gebruik gemaakt van stamcellen gezuiverd uit perifeer bloed. 
Deze stamcellen werden vervolgens gdurende acht dagen gekweekt in aanwezig
heid van verschillende combinaties van groeifactoren. Behalve Tpo kunnen ook 
andere groeifactoren een ondersteunende rol in de vorming van megakaryocyten 
spelen, zoals interleukine-1 (IL-1), IL-3, IL-6, IL-11 en stamcel factor (SCF). Na 
acht dagen werden de cellen geoogst en geteld, om de prohferatiefactor te bepalen 
(de absolute toename in celaantal). Het aantal megakaryocyten werd aangetoond 
met behulp van flowcytometrie analyse. Hiervoor werden de cellen gekleurd met 
anti-CD41 antistoffen. CD41 is glycoproteme IlblIIa dat specifiek op de megaka
ryocytaire cellen en bloedplaatjes tot expressie wordt gebracht. Stamcellen brengen 
het CD34 molecuul tot expressie, de expressie van dit molecuul verhezen ze tijdens 
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de uitrijping in de verschillende bloedcellen. Cellen die nog zowel CD34 als CD41 
tot expressie brengen zijn de megakaryocytaire voorlopercellen (CD34+CD41+), 
cellen die CD34"CD41+ zijn, zijn de mature megakaryocytes In hoofdstuk 3 staat 
beschreven dat een combinatie van Tpo + IL-1 de meeste megakaryocyten en 
megakaryocytaire voorlopercellen oplevert. Toevoeging van andere groeifactoren 
zoals IL-6, IL-11 en SCF gaf met meer megakaryocyten. Als CD34+ stamcellen 
gekweekt werden met Tpo + IL-3 dan werden evenveel CD34"CD41 + cellen 
gekweekt als met Tpo + IL-1 maar het aantal CD34+CD41+ cellen was veel lager. 
Aanwezigheid van IL-3 leek dus een negatief effect op het aantal megakaryocytaire 
voorlopercellen te hebben. Deze studie liet zien dat met ongeveer een tiende deel 
van een normale perifere bloed stamceltransplantaat, in een ex vivo expansie 
systeem met Tpo en IL-1 voldoende megakaryocyten en megakaryocytaire voor
lopercellen gekweekt kunnen worden om te gebruiken voor transfusie doeleinden. 

In hoofdstuk 4 hebben we gekeken naar het verschil in megakaryocyten uitgroei 
tussen stamcellen van verschillende bronnen. Hiervoor werden stamcellen 
gezuiverd uit beenmerg (BM), perifeer bloed (PB) en navelstrengbloed (cord 
blood; CB) gekweekt gedurende acht dagen in aanwezigheid van Tpo, Tpo + IL-1 
en Tpo + IL-3. Tussen BM en PB werden geen grote verschillen gevonden. Net als 
in hoofdstuk 3 had de aanwezigheid van IL-1 een positief effect en IL-3 een 
negatief effect op de aantallen CD34+CD41+ cellen, zowel in BM als PB kweken. 
In CB kweken werd dit effect niet gevonden en was het aantal CD34+CD41+ cellen 
juist het hoogst in in kweken met Tpo + IL-3. Met CB stamcellen werden de 
hoogste aantallen megakaryocytaire cellen gekweekt, maar deze cellen hadden een 
lagere ploidy en minder CD41 expressie. Dit zijn beiden maten voor de maturatie 
van een stamcel en impliceert dat megakaryocyten uit CB stamcellen minder 
uitrijpen dan megakaryocyten gekweekt uit PB en BM stamcellen. 

Voor een optimale megakaryocyten expansie is naast de groeifactoren ook het 
medium van belang. Hiervoor hebben we in hoofdstuk 5 het medium dat gebruikt 
werd in de studies beschreven in hoofdstuk 3 en 4 (MK-medium met 10% humaan 
AB plasma) vergeleken met een tweetal commercieel verkrijgbare serum-vrije 
media. Verder hebben we gekeken of het percentage AB plasma in MK-medium 
naar beneden kon en of het vervangen kon worden door humaan serum albumine. 
Voor een klinisch toepasbaar protocol is het belangrijk dat zo min mogelijk 
humane en/of dierlijke producten gebruikt worden om de transmissie van 
infectieuze ziekten zo beperkt mogelijk te houden. Verlaging van het percentage 
AB plasma tot 2.5% in MK-medium resulteerde in hogere aantallen gekweekte 
megakaryocyten. Dit impliceert dat er remmende factoren in humaan plasma zitten. 
Toevoeging van minder AB plasma of geen AB plasma gaf minder megakaryo
cyten uitgroei. Bepaalde factoren in plasma zijn dus noodzakelijk voor megakaryo
cyten vorming. De twee commercieel verkrijgbare media, CellGro en StemSpan, 
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gaven grote verschillen in uitgroei. In CellGro medium werden minder megakaryo-
cyten gekweekt terwijl in StemSpan medium meer megakaryocyten werden 
gevormd. 

De studies beschreven in hoofdstuk 3, 4 en 5 laten zien welke kweekcondities 
optimaal zijn om in vitro grote hoeveelheden megakaryocytarre cellen te kweken 
die gebruikt kunnen worden voor transfusie. Een klinische trial gaat binnenkort van 
start om vast te stellen of de geëxpandeerde megakaryocyten veilig kunnen worden 
teruggegeven en of de periode van trombocytopenie na chemotherapie verkort 
wordt. 

Het tweede deel van het proefschrift gaat over de achterliggende mechanismen 
van congenitale (aangeboren) trombocytopenie. Algemeen kan men stellen dat 
trombocytopenie veroorzaakt kan worden door een bloedplaatjes productie defect 
of een versnelde bloedplaatjes afbraak. De onderliggende oorzaken zijn divers: Het 
kan immuungemedieerd zijn, geïnduceerd door medicijnen (zoals bij chemo
therapie), een gevolg van infecties of groot bloedverlies, onderdeel van een 
compleet beenmerg falen of een syndroom. 

Door het meten van plasma Tpo en glycocalicine (GC) spiegels kan onderscheid 
gemaakt worden tussen een bloedplaatjes productie defect en een versnelde afbraak 
van bloedplaatjes. Tpo plasma levels worden gereguleerd via een feedback 
mechanisme. Tpo wordt met een constante snelheid geproduceerd in de lever en in 
de nier. In de circulatie wordt Tpo door bloedplaatjes gebonden en het nog vrij 
circulerende Tpo kan in het beenmerg de megakaryocytopoiese induceren. Een 
afname van het aantal bloedplaatjes in het bloed resulteert in een verhoging van de 
Tpo plasma spiegels, waardoor de megakaryocyten vorming in het beenmerg 
gestimuleerd wordt. De vervolgens geproduceerde bloedplaatjes zullen op hun 
beurt weer Tpo binden waardoor Tpo spiegels zullen dalen. GC is het oplosbare 
deel van glycoproteme Ib, dat tot expressie wordt gebracht door megakaryocyten 
en bloedplaatjes. GC plasma spiegels zijn een maat voor bloedplaatjes turnover. Bij 
een bloedplaatjes productie defect zijn er geen bloedplaatjes in de circulatie 
waardoor Tpo met weggevangen kan worden en als gevolg daarvan zullen Tpo 
spiegels verhoogd zijn. GC spiegels zijn bij deze patiënten verlaagd. Bij patiënten 
met een normale bloedplaatjes aanmaak maar met een versnelde bloedplaatjes 
afbraak worden normale Tpo en normale tot verhoogde GC spiegels gevonden. 

Bij kinderen met een aangeboren trombocytopenie is het soms moeilijk om de 
juiste oorzaak van de trombocytopenie vast te stellen. Voor de behandeling van 
deze kinderen is het van belang om te weten waardoor de trombocytopenie veroor
zaakt wordt. In hoofdstuk 7 is gekeken of het meten van plasma Tpo en GC 
spiegels en het analyseren van de megakaryocytopoiesis kan bijdragen aan het 
stellen van de diagnose bij kinderen met congenitale trombocytopenie. Drie groep
en kinderen zijn vergeleken, een groep had congenitale amegakaryocytaire trombo-
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cytopenie (CAMT), de tweede groep had trombocytopenie van onbekende oorzaak 
en de derde groep had Wiskott Aldrich Syndroom (WAS). 

CAMT is een niet veel voorkomende oorzaak van trombocytopenie bij kinderen 
en wordt gekarakteriseerd door een geïsoleerde trombocytopenie en een bijna 
volledige afwezigheid van megakaryocyten in het beenmerg. CAMT ontwikkelt 
zich vaak tot een compleet beenmerg falen en een allogène beenmerg transplantatie 
is momenteel de enige werkzame behandeling. In de literatuur zijn nog maar 
enkele CAMT patiënten beschreven. Deze studies laten zien dat hematopoietische 
stamcellen uit het beenmerg van CAMT patiënten niet in staat zijn om, in een 
megakaryocyten kolonie assay, megakaryocyten kolonies te vormen. Dit duidt erop 
dat een intrinsiek defect in de stamcel de oorzaak is van CAMT. Het achter
liggende mechanisme is echter nog steeds niet duidelijk. Alle patiënten met CAMT 
hadden sterk verlaagde bloedplaatjes getallen en in beenmerg biopsies waren geen 
megakaryocyten aanwezig. Bij alle patiënten werden sterk verhoogde Tpo spiegels 
gevonden, wat duidt op een bloedplaatjes productie defect. Bij twee patiënten was 
de plasma GC spiegel sterk verlaagd, dit wijst op een verminderde bloedplaatjes 
massa veroorzaakt door een bloedplaatje productie defect. Bij twee patiënten kon 
wel GC gemeten worden in het plasma, maar deze patiënten waren bloedplaatjes 
transfusie afhankelijk en waarschijnlijk komt het gemeten GC van de getrans-
fundeerde bloedplaatjes. In het in vitro kweeksysteem voor megakaryocyten werd 
geen uitgroei van megakaryocyten gevonden. De bevinding dat CD34+ cellen van 
drie CAMT patiënten geen megakaryocyten uitgroei gaven in de aanwezigheid van 
Tpo, zou kunnen betekenen dat de Tpo-receptor, Mpl, niet goed functioneert. Om 
dit te onderzoeken is de sequentie van alle 12 coderende exonen, de aansluitende 
sphce-sites en de promoter van het gen dat codeert voor de Tpo receptor, c-mpl, 
bepaald van alle vijf patiënten. In hoofdstuk 6 en 7 staat beschreven dat bij vijf van 
de zes patiënten mutaties in het coderende gedeelte van Mpl of in de aansluitende 
splice sites zijn gevonden. Analyse van de overerving toonde aan dat bij vier 
patiënten beide allelen van c-mpl een mutatie hadden, bij een patient was een 
mutatie afkomstig van de moeder en de andere was nieuw ontstaan. Van de acht 
verschillende mutaties waren er vier die direct verlies van de functie van Mpl 
veroorzaakten. De overige vier mutaties gaven een aminozuurverandering en in 
hoofdstuk 8 is geprobeerd om uit te zoeken of deze mutaties ook aanleiding geven 
tot verlies van Mpl functie of expressie. Hiervoor is het extracellulaire domein van 
Mpl tot expressie gebracht in baby hamster kidney cellen. Het extracellulaire 
domein van Mpl wordt gecodeerd door exon 1 tot en met 9. Hiermee kon de conse
quentie van drie van de vier mutaties onderzocht worden. Een mutatie lag in exon 3 
(R102P), een in exon 4 (P136H) en een in exon 5 (R277C). Mpl met de R102P of 
de R277C mutatie was Endo-H gevoelig, wat betekent dat de processing door het 
Golgi met goed verloopt. Hierdoor wordt Mpl met R102P of R277C mutatie 
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waarschijnlijk niet tot expressie gebracht. Mpl met P136H mutatie was niet Endo-
H gevoelig, maar migreerde langzamer op een SDS-gel dan wildtype Mpl, dit 
suggereert dat Mpl met P136H mutatie anders gevouwen wordt. Dit leidt mogelijk 
tot verlies van Tpo binding omdat de P136H mutatie in het gebied ligt dat 
betrokken is bij Tpo binding. Expressie van het gehele Mpl zal moeten uitwijzen of 
Mpl met R102P en de R277C mutatie inderdaad met tot expressie worden gebracht 
en of MPI met P136H mutatie Tpo niet meer kan binden. 

Voor de diagnose van CAMT is het meten van de plasma Tpo spiegel 
waardevol omdat de sterk verhoogde Tpo spiegels direct op een bloedplaatjes 
productie defect wijzen. Analyse van de megakaryocytopoiese in een in vitro 
kweeksysteem kan het gebrek aan megakaryocyten vorming bevestigen en daarmee 
van belang zijn voor het stellen van de diagnose van CAMT. 

De tweede groep patiënten met onbegrepen trombocytopenie hadden normale 
Tpo plasma spiegels en verlaagde GC spiegels. In het beenmerg van deze patiënten 
werden verhoogde aantallen megakaryocyten gevonden, die klein en immatuur 
waren. In het in vitro kweeksysteem voor megakaryocyten was de uitgroei van 
megakaryocyten normaal. De verlaagde GC spiegels impliceren dat er geen bloed
plaatjes gevormd worden. Het immature fenotype van de megakaryocyten in het 
beenmerg duidt erop dat de maturatie van de megakaryocyten geremd wordt en is 
een andere indicatie dat er geen bloedplaatjes gevormd worden. Deze bevindingen 
leiden bij deze patiënten tot de diagnose van dysmegakaryocytopoiesis. Het meten 
van Tpo en GC plasma spiegels in deze groep is zeker zinvol omdat het ze onder
scheidt van de kinderen met een immuun gemedieerde trombocytopenie (ITP) 
waarbij de bloedplaatjes door antistoffen versneld worden afgebroken. Patienten 
met ITP hebben normale Tpo en GC plasma spiegels. 

De derde groep patiënten was gediagnosticeerd met WAS. WAS is geassocieerd 
met een immuundeficientie en een trombocytopenie. Patienten met WAS hebben 
normale Tpo en GC plasma spiegels en normale megakaryocyten vorming zowel in 
vivo als in vitro. Al deze parameters wijzen erop dat bloedplaatjes wel gemaakt 
worden maar versneld worden afgebroken. Dit komt overeen met de huidige 
hypothese dat trombocytopenie m WAS veroorzaakt wordt door versnelde afbraak 
van trombocyten. 

De studies beschreven in het hoofdstuk 6 en 7 laten zien dat het meten van Tpo 
en GC plasma spiegels gebruikt kan worden voor het onderscheiden van 
verschillende oorzaken van congenitale trombocytopenie. Analyse van megakaryo-
cytopoiesis in vitro kan bijdragen aan de diagnose van de oorzaak van congenitale 
trombocytopenie en daarmee van nut zijn in het bepalen van de behandeling. 
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Dankwoord 

Het dankwoord van een proefschrift wordt meestal als laatste geschreven en het 
meeste gelezen. Voor de schrijver is het het laatste stukje van een periode van hard 
werken aan een project dat afgesloten wordt met een promotie en het geeft tevens 
de mogelijkheid om iedereen te bedanken die op wat voor manier dan ook heeft 
bijgedragen aan het tot stand komen van het "boekje". Voor de lezer is het vaak het 
meest begrijpelijk stukje. Ook ik wil op deze plaats graag een aantal mensen 
bedanken zonder wie het allemaal een stuk moeilijker en misschien wel onmogelijk 
was geweest om dit proefschrift te schrijven. 

Allereerst wil ik mijn co-promoter Masja bedanken. Toen ik een klein jaar bezig 
was en nog geen mega kon kweken besloot je om je maar eens te gaan bemoeien 
met mijn project en sindsdien heb ik vele malen gebruik mogen maken van je wijze 
woorden. Bedankt voor het meedenken met alle proeven, ook als het allemaal niet 
zo lekker liep en voor het iedere keer opnieuw lezen en verbeteren van alle stukken 
als het toch anders moest en ik niet meer zag hoe. Daarnaast was er mijn promoter 
Albert, zonder wie dit proefschrift nooit geschreven zou zijn. Bruisend van de 
ideeën op de werkbespreking, teveel om allemaal te doen, maar een groot aantal 
staat toch in dit proefschrift. Bedankt voor al je nuttige tips en je klinische blik op 
mijn werk. 

Dan waren er mijn paranimfen, Claudia en Carlijn en de rest van de staartjes, 
Pauline en Esther, zonder wie het allemaal een stuk saaier was geweest. Claudia, 
samen op het Tpo-project, hoewel onze lijnen duidelijk anders waren, was er toch 
het gevoel van samen ergens aan werken en kon ik altijd mijn verhaal bij je kwijt in 
goede en slechte tijden, zowel van binnen als van buiten het lab. Ook aan de samen 
bezochte congressen en de daaraan vastgeplakte vakanties heb ik goede 
herinneringen. Carlijn, miljoenen CD34-ers hebben we samen geisoleerd en 
gedeeld, maar ook daarnaast hebben we een boel lief en leed gedeeld. De laatste 
twee staarten Pauline en Esther hebben het CLB al verlaten, maar de gezelligheid 
van de eerste jaren en van Pauline zelfs nog van de collegebanken zal ik niet 
vergeten. Ook mijn derde paranimf, Birgit, wil ik hier bedanken voor alle 
bijkletsavonden en uitstapjes. Het begon allemaal in de zomer van de tweede naar 
de derde met tienertoer en sindsdien volgden nog vele uitstapjes en vakanties. Zelfs 
nu nog zien we mekaar ondanks dat een lerares ons bijna 11 jaar geleden 
voorspelde dat dat niet lang zou duren. Ook de rest van de engelandclub bedankt 
voor de ontspannende reunies en weekendjes weg. 

Op deze plaats wil ik nog een aantal mensen van het lab bedanken: Marion, 
voor de vele malen op de fiets van Sloterdijk naar het CLB en zonder wie het lab 
een puinhoop zou worden; Irma, voor de fusie, het opzuiveren van monoclonalen 
en later ook de CD34+ cel isolatie; Martin, voor alle sequentie tips; Anton, voor de 

177 



chocotoffs in moeilijke tijden; Dirk, voor alle puntjes op de i; Sandra, mijn nieuwe 
bureau-buuv voor alle nuttige tips; Ellen, voor het meedenken en alle goede ideeën; 
Wendy en Wanda, voor alle hand en span diensten; iedereen van immunocytologie, 
voor de vele monoclonalen die ik bij jullie heb mogen lenen; het hele lab van 
leuko-trombo. voor het meten van Tpo en GC in alle monsters die ik wilde: het 
hele stamcellab, voor de vele tientallen zakken leukaferese materiaal en beenmerg 
die ik via jullie kreeg en zonder welke er geen proefschrift was geweest. Verder wil 
ik ook Marrie bedanken, zonder al jouw patiënten met bijbehorende klinische data 
had een groot deel van dit proefschrift met geschreven kunnen worden. Dan waren 
er ook nog mijn studenten die beiden met groot enthousiasme een stukje van het 
onderzoek hebben gedaan; Ria je was de eerste en vele kolonies heb je geteld. 
Helaas werd IL-3 korte tijd na je stage verslagen door IL-1 waardoor je resultaten 
helaas met in dit proefschrift staan. Koert, jouw werk heeft wel een plekje 
gevonden in dit proefschrift, het vervolgverhaal is nog steeds met klaar, dus als je 
weer wilt komen helpen? Ook de rest van het lab bedankt voor alle gezelligheid, 
steun en hulp in de afgelopen vijfjaar. 

Ook buiten het CLB hebben een aantal mensen een bijdrage geleverd. In het 
begin heb ik veel steun gehad aan Marieke en Lieve, beiden wanhopig aan het 
proberen om mega's te kweken, maar het is ons uiteindelijk gelukt. Hierbij wil ik 
ook alle kinderartsen bedanken zonder wie er geen patientenonderzoek had kunnen 
zijn. Especially, I would like to thank Jim Bussel, for all his interesting patients he 
sent me. Jaap Neels wil ik bedanken voor zijn hulp bij het tot expressie brengen 
van extracellulair Mpl en Hans Pannekoek voor de zeer zinvolle discussies. Verder 
wil ik hierbij iedereen die ik vergeten ben en die op wat voor manier dan ook 
geholpen heeft bedanken. 

Ook mijn familie wil ik op deze plaats bedanken. Mijn ouders, omdat jullie er 
gewoon altijd zijn, ook al spenderen jullie tegenwoordig 6 van de 12 maanden in 
het buitenland. Bedankt voor jullie steun gedurende alle afgelopen jaren. Jenny en 
Mario, bij jullie kan ik altijd terecht om te lachen en te huilen, voor een goed 
gesprek, een avond lekker niksen, een leuke dag weg of zelfs een vakantie, bedankt 
voor jullie support. Caria en Mikel, bij jullie kon ik terecht voor een statistisch 
advies of als de computer het weer eens met deed, maar ook daarbuiten waren 
jullie er voor advies en steun. 

En als laatste Robin, na tweeenhalfjaar collega's zijn sloeg opeens de vonk 
over en wat voor een. Je hebt de laatste 7 maanden van zeer nabij meegemaakt en 
heel wat geklaag en chagrijnige buien moeten doorstaan. Bedankt voor het 
aanhoren van al mijn verhalen, maar daarnaast ook voor alle broodnodige 
ontspanning en je steun. Nu gaan we jouw boekje doen. 
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