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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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