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General introduction 

1.0 Introduction 

Already in 1958 Kelemen et al.[l], postulated that a factor existed that is responsible for the 
regulation of the production of blood platelets, or thrombocytes. In analogy with the blood 
hormone erythropoietin (Epo), which is responsible for erythrocyte production, the name 
thrombopoietin (Tpo) was proposed. It took until 1994 for this regulator to be cloned. With 
the discovery of thrombopoietin, the field of mega- and thrombocytopoiesis, the regulation of 
platelet production, entered a new era. Many studies were performed to gain insight into the 
biochemical features of thrombopoietin. Its regulation and physiological functions were ad
dressed and the diagnostic value of thrombopoietin measurements in blood was investigated. 
Within a year after the discovery of thrombopoietin, (pre)clinical studies with recombinant 
preparations were initiated to evaluate its therapeutic efficacy. Before the discovery of throm
bopoietin many factors with thrombopoietic capacity were tested for the treatment of throm
bocytopenia but none sufficed. In contrast to these factors, thrombopoietin is lineage specific 
and has the capacity to support both proliferation and maturation of cells from the megakar
yocyte lineage. So far, administration of recombinant thrombopoietin to patients seems safe 
and well tolerated. However, in some individuals neutralising antibodies against Tpo devel
oped upon repeated administration of PEG-rHuMGDF, a modified form of thrombopoietin. 
All clinical trials with this preparation have therefore been aborted. 

Tpo is effective in increasing the platelet counts in some, but not in all, thrombocytopenic 
states. Especially the benefit of thrombopoietin administration in conjunction with myelosup-
pressive therapy was limited. Although platelet counts in these patients increased upon ther
apy, the duration and severity of the thrombocytopenia were not significantly improved. In 
case of myelosuppressive therapy, and possibly also in other patient groups, ex vivo expansion 
of megakaryocyte progenitors seems to hold a clinical promise. Apart from its therapeutic 
application, analysis of Tpo levels in various disorders represents a valuable diagnostic tool. 
In addition, it gives insight into the regulation of thrombopocytopoiesis and the interplay be
tween platelets and Tpo. In this thesis, these topics are addressed in detail. This chapter gives 
an overview on the current knowledge of thrombopoietin and its receptor (Mpl), and its role 
in thrombocytopoiesis, which forms the basis of the research described in this thesis. 

1.1 Platelets 

1.1.1 Platelet function 
Platelets, or thrombocytes, are small nonnucleated blood components that are involved in 
many physiological and pathological processes [2]. They play an essential role in haemosta-
sis, i.e. the control of haemorrhage and restoration of the vascular system in case of injury. 
When the vascular endothelium is damaged, platelets adhere to the exposed subendothelium, 
undergo a shape change, and secrete their granule contents (release reaction). With the release 
of ADP and thromboxane A2, other passing platelets are "recruited" at the site of tissue dam
age and platelet-to-platelet interactions eventually result in the formation of an aggregate, the 
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Figure 1 : Schematic representation of a platelet. GP: glycoprotein ; OCS: open canalicular system 

so-called haemostatic plug. The released factors display a broad range of activities. Functions 
of secreted factors include the promotion of vasoconstriction (thromboxane A2, serotonin) and 
vascular healing (platelet-derived growth factor (PDGF) and vascular endothelial growth 
factor (VEGF)). In addition, phospholipids (platelet factor 3) expressed on the platelet cell 
surface after activation, and secreted factors such as factor V (FV), von Willebrand Factor 
(vWF), platelet factor 4 (PF4) and fibrinogen, are involved in the activation and/or promotion 
of the coagulation cascade at the site of injury. 

1.1.2 Platelet structure 

Platelets form the smallest cellular blood elements. Reported sizes vary from less than 4 urn 
to over 12 urn [3,4]. A schematic representation of a platelet is shown in Figure 1. Platelets 
normally circulate as flattened discs. Their shape is maintained by a circumferential microtu
buli structure and submembranous filaments. Platelets have a sponge-like appearance. The 
plasma membrane invaginates to the interior of the cell, forming a surface-connected open 
canalicular system (OCS), thus highly increasing the surface area of the platelet. On the phos
pholipid membrane, several glycoprotein (GP) receptors are expressed. These receptors play 
an important role in haemostatic mechanisms, such as the aforementioned adhesion, aggrega
tion and coagulation. Three major glycoprotein complexes can be distinguished. The glyco
proteins lib and Ilia form a complex (GPIIb/IIIa; about 80,000 copies per platelet) that, upon 
activation, functions as a binding site for fibrinogen. When adjacent platelets bind fibrinogen, 
bridges are formed, which results in platelet aggregation. In addition, the GPIIb/IIIa has acti
vation-dependent binding sites for adhesive proteins such as fibronectin and vWF [5]. The 
glycoprotein complex GPIa/IIa (900-2300 copies per platelet) functions as a receptor for the 
matrix protein collagen [6]. The third complex, GPIb/IX/V (about 25,000 copies per platelet) 
is mainly involved in adhesion. Under high shear stress conditions, GPIb/IX/V binds to the 
exposed subendothelium of damaged vessel walls by binding to surface-bound vWF [7]. The 
GPIb molecule of this complex consists of two disulphide-linked chains, the cc-chain and the 
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Figure 2: Hypothetical scheme of the GPIb/IX/Y complex. The horizontal line on the GPIba indicates where 
this molecule can be proteolytically cleaved so that glycocalicin is released. Reprinted from PW Modderman, 
Platelet membrane glycoproteins: structural and functional aspects. Thesis 1994: p2l 

ß-chain (Fig. 2). The vWF binding domain is located on the cx-chain of GPIb, as is a binding 
site for thrombin [8].The extramembranous portion of the alpha chain, which is designated 
glycocalicin (GC) can be proteolytically cleaved from the intact molecule [9], It has been 
shown that GC circulates in the blood and can be used as a marker for overall platelet turn
over [10-12]. 

Also expressed on the cell surface, is the receptor for Tpo, Mpl [13-15]. With this receptor, 
platelets can bind and internalise Tpo [14-17]. The significance of this process will be dis
cussed in more detail in § 1.5 and in the following chapters. 
Platelets contain two types of storage granules, a-granules and electron dense granules (5-
granules). The contents of these granules are secreted when platelets become (sufficiently) 
activated. Upon activation, platelets undergo a series of changes, which include a shape 
change from a discoid to a spherical appearance, movement of the granules to the centre of 
the platelet within a ring of microtubuli, the formation of pseudopods and the release of the 
granule content in the OCS. The a-granules contain procoagulants (e.g. fibrinogen, vWF), 
antiheparins (e.g. platelet factor 4, ß-thromboglobulin) and growth factors (e.g. PDGF, 
thrombospondin). In the 8-granules, serotonin and nucleotides (ADP, ATP) and cations (Ca + 

and Mg2+) are contained. In addition to storage granules, platelets also contain lysosomes and 
peroxisomes. Glycogen granules and mitochondria are responsible for the energy metabolism 
and submembranous filaments represent the platelet's contractile system. 

1.1.3 Platelet abnormalities 
In healthy individuals, circulating platelet numbers range from 150-450xl09 per litre of blood. 
The life-span of a platelet is approximately 10 days. In order to maintain normal numbers of 
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Figure 3: Schematic overview of megakaryocytopoiesis. Tpo exerts its function on stem cells and megakar
yocyte progenitor cells. Upon binding to the Tpo-receptor, Tpo induces proliferation, differentiation and matu
ration of to these cells which leads to the formation of proplatelets. Finally, proplatelets disintegrate into plate
lets. During the maturation process polyploidisation takes place which is indicated with the numbers above the 
cells. 

circulating platelets, it is essential that there is a balance between platelet production and 
platelet removal. Disruption of this balance may lead to serious haemostatic disorders. A lack 
of platelets, i.e. thrombocytopenia, may result from a decreased platelet production, platelet 
sequestration, a shortened platelet life-span or an increased platelet consumption. Thrombo
cytopenia may cause an abnormal bleeding tendency resulting in haemorrhage. Similar prob
lems may occur when platelet function is impaired, such as occurs in Glanzmann's disease 
(hereditary platelet GPIIb/IIIa deficiency) or Bernard-Soulier Syndrome (hereditary platelet 
GPIb/IX/V deficiency). Abnormally high levels of circulating platelets, thrombocytosis, may 
lead to thrombosis and/or haemorrhage. Elevated platelet levels occur for instance in patients 
with hereditary thrombocythaemia or in patients with myeloproliferative disorders such as 
polycythaemia vera or essential thrombocythaemia. 

1.2 Megakaryocytopoiesis 

Platelets originate from megakaryocytes. Megakaryocytes are large multinucleated, polyploid 
cells that reside in a low frequency in the bone marrow. Megakaryocytes are formed after a 
complicated process of proliferation, differentiation and maturation of pluripotent haemato
poietic stem cells during a process called megakaryocytopoiesis (for review see [18-21]). The 
pluripotent haematopoietic stem cells have the capacity of self-renewal and form the basis for 
the production of blood cells from all different lineages. Production of the different cell linea
ges is controlled by both broadly acting haematopoietic growth factors (often called colony-
stimulating factors) and cell-line specific growth factors. Figure 3 shows a schematic repre
sentation of megakaryocytopoiesis and the formation of platelets. The pluripotent stem cell 
proliferates and progresses via a common precursor for the erythroid and the megakaryocytic 
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lineage to the colony-forming unit megakaryocyte (CFU-Meg). This CFU-Meg proliferates 

and differentiates into megakaryoblasts which, in turn, develops into the megakaryocyte. 

Megakaryocytes undergo a series of endomitotic replications, which involves DNA replica

tion and the increase in cytoplasmic volume without cell division. In this way, very large 

multinucleated cells are formed, of which the chromosome number can be as high as 64N or 

128N. This process is unique for megakaryocytes. During maturation, demarcation mem

branes form in the cytoplasm, which ultimately lead to the formation of proplatelets. Pro-

platelets are long cytoplasmic segments that fragment into platelets. One megakaryocyte can 

produce as many as 4000 to 6000 platelets. Per day, approximately 10" platelets are formed 

to maintain a normal platelet count [150-450xl09/L] in the circulation. 

1.3 Thrombopoietin 

1.3.1 Discovery 

Although the existence of a factor with thrombopoietic capacity was suggested some decades 

ago [1,22], its cloning and isolation had to be awaited for until 1994. Since the sixties, it was 

known that plasma, serum and urine of thrombocytopenic animals and humans possessed 

thrombopoietic activity [1,22-31]. The name "thrombopoietin" was postulated for the factor 

responsible for this activity. Many attempts were made to biochemically isolate thrombo

poietin from these body fluids [27-30,32] or from conditioned medium from cultured cell 

lines [33,34]. In the mean time, the thrombopoietic capacity of several other cytokines such as 

interleukin-1 (IL-1), IL-3, IL-6, IL-11 and leukemia-inhibiting factor (LIF) was reported, but 

none of these factors had the potential to stimulate the entire megakaryocyte development 

[35]. 

The eventual isolation of thrombopoietin came from an unexpected direction. In 1986, Wend

ung and co-workers reported the discovery of a murine retrovirus, the myeloproliferative leu

kemia virus (MPLV), that induced a myeloproliferative syndrome in mice [36]. Some years 

later, the oncogene responsible for this transformation, v-mpl [37], was identified which was 

followed by the cloning of the cellular homologue c-mpl [38], Sequence data revealed the 

presence of two haematopoietic growth factor receptor motifs, which strongly suggested that 

c-mpl encoded a new haematopoietic growth factor receptor. The importance of this receptor 

and its ligand in megakaryocytopoiesis was soon recognised as RT-PCR analysis showed that 

the receptor was expressed exclusively on cells from the megakaryocyte lineage. Moreover, 

c-mpl antisense oligonucleotides were shown to inhibit megakaryocyte colony formation in 

vitro. This inhibition was specific, since colony formation for other cell lineages remained 

unaffected [39]. 

The cloning of thrombopoietin by five separate groups [40-44] put an end to the long search 

for the stimulator of platelet production. Thrombopoietin (Tpo), also designated Mpl Ligand 

(ML), Megakaryocyte Growth and Development Factor (MGDF) and megapoietin, proved to 

be the most important factor in the regulation of platelet production. 
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Figure 4: Genomic organzation of the coding region of the Tpo gene (A) and the Tpo protein structure 
(B). Panel A depicts the 6 exons. Panel B represents the protein structure of Tpo. Cys refers to the presence of 
cysteine residues, whereas the asterisks represent the 6 N-glycosylation sites in the C-terminal domain, bp: base 
pairs; aa: amino acids 

1.3.2 Structural characteristics 

The gene for Tpo is highly conserved between different species [40,44,45]. Human Tpo maps 
to the long arm of chromosome 3, at 3q27-28 spanning approximately 6 kb [45-49], The 
coding region consists of 6 exons and 5 introns and encodes a protein of 353 amino acids 
(figure 4). The first 21 amino acids form a signal peptide that is cleaved off to generate the 
mature polypeptide. Within the mature Tpo protein two domains can be distinguished: the 
amino-terminal and the carboxy-terminal domain. The N-terminal domain comprises 153 
amino acids, and bears 23% sequence homology with erythropoietin (Epo) and 50% similarity 
when taking conservative substitutions into account [40,44,45], Similar to Epo, it contains 
four cysteine residues that can form two disulphide bridges. This domain bears more than 
80% homology with porcine, murine and rat Tpo and has two receptor-binding sites. Func
tional truncation studies showed that this amino-terminal domain is responsible for the hor
monal activity of Tpo [40,44], The carboxy-terminal region consists of 179 amino acids and is 
more unique. It has no sequence similarity with other known proteins and is less conserved 
between the species. It contains six potential N-linked and several O-linked glycosylation 
sites [40,44]. Glycosylation of these sites might explain the discrepancy between the predicted 
molecular weight of 38 kD based on the protein sequence and the reported molecular weights 
of around 80 kD [50]. Masses smaller that 38 kD have also been reported, suggesting that 
post-translational processing of the Tpo protein might also occur [35]. The C-terminal do
main, in particular the N-glycosylation sites, was shown to play a role in the secretion of the 
Tpo protein [51,52], In addition, in analogy with the glycosylated form of Epo [53,54], it has 
been suggested that the C-terminal domain plays a role in stabilisation and enhancement of 
the circulating half-life of Tpo. 
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Apart from the full-length form of Tpo, in humans, two different isoforms, Tpo-2 and Tpo-3, 
have been identified. Both result from alternative mRNA splicing in exon 6, deleting 12 bp 
and 116 bp respectively [47,55,56]. They are present in similar frequencies in the Tpo pro
ducing organs and are conserved in pigs and mice [16,47,55]. The exact function of these iso
forms is unknown. Tpo-2 was found to be poorly secreted and did not induce proliferation of 
Ba/F3-wp/ cells [47]. Possibly, these isoforms have a regulatory function. Analysis of differ
ent human carcinoma cell lines revealed the existence of another three isoforms, designated 
Tpo-4, Tpo-5 and Tpo-6. Transfection of Tpo-5 and Tpo-6 cDNA in COS-1 cells did not re
sult in the secretion of biologically active protein. Tpo-6 was not produced at all and Tpo-5 
was poorly secreted. The activity of Tpo-4. of which the equivalent is present in mice, was 
not assessed [56]. 

1.3.3 Tpo production sites 

The main production sites of Tpo in both humans and animals, as determined by the number 
of Tpo transcripts, are the liver and, to a lesser extent, the kidney. In addition, Tpo mRNA 
transcripts have been detected in various other organs and tissues, such as the bone marrow, 
the spleen, the brain and the placenta [16,40,41,44,45,47,55,57-65]. In situ hybridisation 
studies have shown that in the liver, parenchymal and sinusoidal endothelial cells are respon
sible for Tpo production [61,66,67]. In addition, several hepatoblastoma cell lines have been 
shown to produce biologically active Tpo [68,69]. In the kidney, Tpo production is confined 
to the cells of the proximal convoluted tubuli [61]. Production of biologically active Tpo by a 
human embryonic kidney cell line has been reported [70-72]. 

It is generally accepted that the liver is the primary source of Tpo production. Recently, it was 
reported that normal mice, transplanted with the liver of Tpo knockout mice, had a 50 to 60 
percent reduction in their circulating platelet numbers [73]. Thus, at least in mice, it seems 
that a large part of the Tpo production is accounted for by the liver. Also in humans, several 
in vivo studies support the importance of the liver as a Tpo-producing organ. Patients with 
severe liver disease often suffer from thrombocytopenia, which can be resolved by orthotopic 
liver transplantation. Follow-up of Tpo levels in thrombocytopenic patients with severe liver 
cirrhosis, causing impaired liver function, has shown that Tpo levels are not elevated, despite 
the need for increased thrombocytopoiesis. Upon orthotopic liver transplantation, Tpo levels 
rose and returned to normal when platelet counts were increasing [74-80]. This suggested that 
upon engraftment of the new liver, Tpo production was restored. However, apart from a de
creased Tpo production, platelet pooling in the spleen might also contribute to the thrombo
cytopenia in these patients. Patients with liver cirrhosis often have an enlarged spleen. 
In patients with a liver cell tumour or hepatoblastoma, high levels of circulating Tpo and 
thrombocytosis have been reported [81-83]. 

Compared to the contribution of the liver to Tpo production, the contribution of the kidney 
seems to be less significant. Patients with chronic kidney failure do not have a major decrease 
in platelet count or Tpo levels (see also Chapter 4) [84]. 
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1.3.4 Regulation of Tpo production 
In vivo studies indicate that Tpo production by the liver and kidney is constitutive. Upon in
duction of thrombocytopenia in animal models and in Tpo-receptor knock-out or so-called 
mpt' mice, transcription of the Tpo gene was not enhanced, nor was there a shift in the gen
eration of alternative splice transcripts [16,47,61,65,85-88]. In contrast, bone-marrow stromal 
cells seem to produce Tpo in a non-constitutive fashion. Tpo mRNA levels were increased in 
bone-marrow stromal cells from patients with thrombocytopenia due to aplastic anaemia, 
chemotherapy or autoantibodies [61,63]. The exact factor(s) responsible for the enhancement 
of Tpo transcription in these cells is unknown, although it was demonstrated in two recent 
reports that platelet cc-granular proteins such as PDGF, FGF, PF4, TSP and TGF-ß could in
fluence the Tpo production by BM stromal cells [64,89]. Sakamaki et al. [89] demonstrated 
with Taqman real-time RT-PCR analysis, that TGF-ß could enhance Tpo mRNA transcription 
in bone-marrow stromal cell cultures. The concentration of Tpo in these cultures was also 
increased. Other factors such as IL-6, G-CSF, Epo, IL-3 or TNF-a were not effective. TGF-ß 
is stored in and can be released by megakaryocytes and platelets [90,91]. It has a suppressive 
effect on the formation of megakaryocyte-colony forming units (CFU-Meg) [92,93]. There
fore, the authors hypothesised that a feed-back mechanism might exist in which TGF-ß re
leased from destroyed platelets or megakaryocytes stimulates the synthesis of Tpo by bone-
marrow stromal cells. The production of Tpo leads to enhanced megakaryocytopoiesis. With 
the progression of megakaryocytopoiesis, the expression of the TGF-ß receptor on these cells 
will increase as well. This eventually will render them susceptible for suppression by TGF-ß. 
The validity of this model remains to be investigated. In contrast to the Tpo-upregulation un
der the influence of TGF-ß, reported by Sakamaki et al. [89], Sungaran et al. [64] reported a 
negative modulation of Tpo mRNA expression in BM stromal cells by this factor. PF4 and 
TSP were also found to suppress Tpo mRNA expression, whereas PDGF and FGF increased 
Tpo mRNA expression and the levels of Tpo protein in the supernatant. The conflicting re
sults with respect to the effect of TGF-ß reported by Sakamaki et al. [89] and Sungaran et al. 
[64] might (partly) be due to the incubation period of the cultures, 24 hrs versus 4 hrs, or to 
the differences in methods of quantification, quantitative PCR versus semi-quantitative PCR 
analysis. 

Further studies should clarify which factors are involved in the regulation of Tpo production 
by bone-marrow stromal cells and in what fashion. 
Although the local Tpo production by BM stromal cells might prove to be of importance in 
certain pathological states, notably in immune mediated thrombocytopenias, its contribution 
to the overall Tpo production is probably very low. When compared with the number of Tpo 
transcripts in liver and kidney, the number of Tpo transcripts in the bone marrow is low. 

1.3.5 Biological properties 

1.3.5.1 In vitro and ex vivo effects 
Both in vitro and in vivo studies provide ample evidence that Tpo is indeed the main regulator 
of thrombocytopoiesis. In vitro studies in which the effect of recombinant Tpo on megakaryo-
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cyte formation and development was assessed have shown that Tpo is invoked in the prolif
eration, differentiation and maturation of megakaryocyte progenitor cells up to the induction 
of proplatelet formation (see Fig. 3) [40,43,44,59,94-97]. In serum-free cultures [94,95,98] 
and single-cell cultures [95,99] it was demonstrated that Tpo could establish the whole proc
ess of megakaryocytopoiesis, independent of the presence of other cytokines or accessory 
cells. Although other cytokines lack this capacity, for optimal ex vivo expansion of megakar
yocyte progenitors, Tpo should be added in culture together with other cytokines [94,95,100-
112]. Platelets formed in culture under the influence of Tpo were shown to be of normal mor
phology and completely functional [113,114]. The absence of Tpo, rather than the presence of 
Tpo, seems to be a prerequisite for the final steps of platelet production, proplatelet formation 
and platelet shedding. In vitro, proplatelet formation was inhibited by Tpo in a dose-
dependent manner [62,100,115.116]. 

Apart from its prominent effect on cells of the megakaryocyte lineage, Tpo has also been 
shown to be involved in the proliferation of primitive haematopoietic progenitor cells. Al
though the effect of Tpo alone is limited, in vitro culture studies have shown that Tpo acts 
synergistically with early-acting cytokines in expanding long-term repopulating haematopoi
etic stem cells and in augmenting the production of committed progenitors [99,104,117-120]. 
More importantly, Tpo may be able to prevent the haematopoietic progenitor cell to undergo 
apoptosis and may play a role in the process of self-renewal of haematopoietic progenitor 
cells in vivo [103,121,122]. In view of this feature, a lack of Tpo might explain why patients 
with congenital amegakaryocytic thrombocytopenia might develop aplastic anaemia a few-
years after birth in addition their severe thrombocytopenia. 

In vitro, Tpo has been shown to be involved in platelet activation. At high concentrations, i.e. 
about 1000-fold above normal plasma levels, Tpo can directly induce platelet activation and 
aggregation in vitro [123-125], However, under pathological conditions, circulating Tpo lev
els are not expected to be more than a 100-fold increased. At this concentration, it was shown 
that Tpo has a priming effect on platelet responses to agonists such as ADP, thrombin and 
epinephrine [123,126-134], In addition, it was shown that at physiological concentrations, 
Tpo can enhance anbß3-dependent platelet adhesion to fibrinogen, fibronectin and von Wille-
brand factor [135]. Improved anbß3-dependent adhesion mediated by Tpo has previously been 
shown for megakaryocytes, albeit with higher Tpo concentrations [136], In vivo, platelet acti
vation and aggregation under the influence of Tpo might present a risk factor for thrombotic 
complications. By now, several clinical trials in which Tpo was administered to both healthy 
individuals and patients with thrombocytopenia have been completed [137]. No increased 
incidence of thrombotic events has been reported. 

1.3.5.2 In vivo effects 
Evidence for the important role of Tpo in megakaryocytopoiesis was further confirmed by 
studies with knock-out mice lacking the Tpo gene [138,139] or the gene for the Tpo receptor, 
c-mpl [88,139-142]. These mice have a more than 80-90% reduction in their platelet counts, 
with low numbers of megakaryocytes with a low ploidy. The number of cells of all other 
haematopoietic cell types in these animals was unaffected, although the number of myeloid 
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committed progenitors was 50-60% reduced [139,140]. The regulators and/or mechanisms 
responsible for the residual platelet production in these animals are unknown. Double-mutant 
mice lacking both Mpl and IL-3, IL-6, IL-11 or LIF, have platelet counts comparable to the 
single-mutant Mpl-deficient mice, suggesting that as a single regulator, IL-3, IL-6, IL-11 or 
LIF are not involved in the residual platelet production seen in these mice [141,142]. In hu
mans, mutations in the c-mpl gene have been reported to underlie congenital amegakaryocytic 
thrombocytopenia (CAMT) [143,144]. Patients with CAMT have severe thrombocytopenia 
and lack megakaryocytes in their bone marrow. Bone-marrow cells from these patients did 
not respond to Tpo in in vitro cultures [143-145], confirming the impaired expression or, in 
some cases, impaired function of Mpl. 

Administration of recombinant Tpo or of PEG-rHuMGDF (polyethylene glycol-conjugated 
recombinant human megakaryocyte growth and development factor), a PEG-conjugated trun
cated non-glycosylated form of Tpo [146], to normal mice [41,42,87,147-150] non-human 
primates [151,152] or humans [153] has shown that Tpo enhances the thrombocytopoiesis; 
the number of circulating platelet increased in a dose-dependent manner without affecting the 
cell number of other cell lineages. For instance, Balb/c mice treated daily with recombinant 
Tpo showed a four-fold increase in platelet counts seven days after initiation of treatment 
[41,42]. Treatment of baboons with either rHuTpo or PEG-rHuMGDF resulted in a dose-
dependent increase in platelet production, leading to peak levels in platelet count as high as 5 
times baseline level, two weeks after initiation of Tpo administration [151,152]. In humans, a 
bolus injection of PEG-rHuMGDF of 3 ug/kg resulted in a two-fold increment in platelet 
counts on day 12 [137]. Platelet counts were back to normal again four weeks after PEG-
rHuMGDF administration. Tpo administration to animals made thrombocytopenic either by 
myelosuppressive chemotherapy [87,154-157], irradiation [158-162] or both [147,163] has 
been shown to accelerate platelet recovery, improve platelet nadir and shorten the period of 
thrombocytopenia. Moreover, upon treatment with rHuTpo/PEG-rHuMGDF the recovery of 
haematopoietic progenitors in the bone marrow of all other lineages was also enhanced 
[87,147,158,160,161,164], 

Clinical trials 
Quite soon after the discovery of thrombopoietin, its potential application in the clinic was 
assessed. To date, the therapeutical potential of two recombinant Tpo preparations, PEG-
rHuMGDF and rHuTpo, were evaluated in clinical studies. PEG-rHuMGDF is a truncated 
non-glycosylated form of Tpo that is PEG-conjugated to prolong its circulating half-life. It 
was initially developed by Amgen (Thousand Oaks, Ca, USA) and investigated in a partner
ship with Kirin Brewery Co. (Takasaki, Japan) and Zymogenetics Inc. (Seattle, WA, USA). 
rHuTpo was initially produced by Genentech and investigated in collaboration with Pharma
cia & Upjohn (Peapack, NJ, USA). In cancer patients, thrombocytopenia frequently occurs as 
a result of irradiation or chemotherapy. It was investigated whether administration of Tpo 
could accelerate platelet recovery and improve the platelet nadir in these patients. Dose-
escalation studies were performed under different treatment schedules; i.e. thrombopoietin 
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was administered either before or after cytoreductive treatment or both, and for various peri
ods of time, to establish safety and biological effects. 
In all patients treated with Tpo in combination with moderate chemotherapy regimens, ad
ministration of Tpo was well tolerated and induced a dose-dependent increase in functionally 
normal platelets [146,164-168]. PEG-rHuMGDF [146,164,165,167,168] was administered 
subcutaneously for 10 days to patients with advanced cancer, whereas rHuTpo [166] was ad
ministered intravenously as a single bolus. When given to patients before moderate chemo
therapy, platelet counts increased, but the length of the thrombocytopenic phase did not 
shorten [146,164-166]. When PEG-rHuMGDF was administered after moderate chemother
apy, platelet recovery was enhanced and platelet nadirs were improved [167,168] Because the 
platelet transfusion requirement was low in these studies, it could not be established whether 
treatment with Tpo reduced the number of required platelet transfusions. 
An indication that Tpo treatment can reduce the need for platelet transfusions came from a 
phase I/II trial in which 29 patients with gynaecological cancer were enrolled [169]. In this 
study, the patients were repeatedly treated with high-dose chemotherapy and received rHuTpo 
in a dose-escalation phase to determine safety and the optimal biological dose and in a dose-
expansion phase to assess safety and optimal biological activity. In the dose-escalation phase 
(n=16), a single dose of rHuTpo was administered three weeks before the first cycle of che
motherapy with carboplatin. Three weeks after cycle 1, when platelet and neutrophil count 
were recovered, patients were treated for the second time with carboplatin, followed by four 
doses rHuTpo every other day (cycle 2). Treatment with rHuTpo was well tolerated and re
sulted in an enhanced platelet recovery (platelet count > 50x10 /L: 6 days vs. 3 days) and an 
ameloriated platelet nadir (35x109 platelets/L vs. 53x109 platelets/L) when comparing cycle 2 
with cycle 1. In the dose expansion phase (n=12), patients were treated with the optimal dos
ing schedule of 1.2 ug/kg rHuTpo after cycle 2. Again platelet nadir was improved and plate
let recovery enhanced. Moreover, the need for platelet transfusion was reduced with 50%: 
75% of the patients required platelet transfusions after cycle 1 whereas 25% of the patients 
needed platelet transfusions after cycle 2. 

Platelet transfusion requirements were also reduced in a study of patients with breast cancer 
who were treated with high-dose chemotherapy in combination with autologous bone-marrow 
transplantation (ABMT). PEG-rHuMGDF was administered on day 0 (=day of ABMT) up to 
the day when platelet counts were higher than 250x109/L. Platelet recovery was accelerated 
and the number of platelet transfusions were reduced from 11 in the placebo group to 8 and 6 
in the PEGrHuMGDF groups (5 ug/kg/day and 10 ug/kg/day respectively) [170]. 
The efficacy of recombinant Tpo administration in combination with high-dose chemotherapy 
with peripheral blood progenitor support is limited. Administration of PEG-rHuMGDF either 
before or after chemotherapy with peripheral-blood progenitor support was not effective in 
enhancing platelet recovery or in reducing the number of platelet transfusions [171,172]. 
Despite the capacity of recombinant Tpo to mobilise haematopoietic stem cells and progeni
tors to the peripheral blood [164,166,167,173], cell maturation is not enhanced. This was to 
be expected. In contrast to the effect of granulocyte colony-stimulating factor (G-CSF) on 
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Figure 5: Effect of long-term administration of PEG-rHuMGDF to HIV-infected thrombocytopenic pa
tients. Patients were treated twice-weekly with PEG-rHuMGDF (5 ug/kg) for four months. After discontinuation 
of treatment, peripheral platelet counts returned to baseline values. The T-bars represent ± 1SD. Répriment from 
Harker; Curr Opin Hematol 1999; 6:127-54 

neutrophil granulocytopoiesis, which shortens the generation time of neutrophils [174], Tpo 
does shorten the generation time of platelets. Therefore, ex vivo expansion of progenitor cells 
with recombinant Tpo before returning the cells to the patients might be more promising in 
accelerating platelet recovery. Bertolini et al. [107] have shown in a feasibility study in which 
10 patients with cancer were enrolled a favourable effect of reinfusion of ex vivo expanded 
autologous megakaryocyte progenitor cells in combination with unmanipulated cells. Autolo
gous CD34+ cells were expanded in serum-free medium in the presence of MGDF, stem cell 
factor (SCF), IL-3, IL-6, IL-11, Flt3-ligand and macrophage inflammatory protein-la. Upon 
reinfusion of the megakaryocytic progenitors, eight patients needed a single platelet transfu
sion, whereas two patients, receiving the highest doses of cultured megakaryocytic progeni
tors, did not require a platelet transfusion. This compared favourably with a historic control 
group of 14 patients with an average platelet transfusion need of 1.2. Further studies to opti
mise culture and reinfusion conditions are ongoing. 
Administration of PEG-rHuMGDF was not effective when given to patients with acute mye
loid leukaemia after induction therapy [175,176]. Encouraging results, however, have been 
reported in an abstract on a trial in which PEG-rHuMGDF was administered to HIV patients 
to correct platelet count (Fig 4). Platelet counts increased 10-fold within 14 days and returned 
to baseline levels 2 weeks after termination of treatment. Apoptosis of megakaryocytes was 
increased in pre-treatment samples but normalised during treatment [153]. This suggests that 
Tpo increases the effectiveness of platelet production by suppressing apoptosis. In addition, 
increased production of megakaryocytes under the influence of Tpo might play a role. 
In all studies, rHuTpo and PEG-rHuMGDF proved to be safe and well tolerated. However, in 
10% of the healthy volunteers that received multiple doses of PEG-rHuTpo subcutaneously, 
neutralising antibodies were formed that cross-reacted with endogenous Tpo, resulting in 
thrombocytopenia. Also, three cancer patients involved in a clinical trial with PEG-
rHuMGDF were reported to have developed neutralising antibodies [153,177-180]. As a re
sult of this, all clinical trials with PEG-rHuMGDF have been stopped. No such problems have 
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Figure 6: Genomic organzation of the coding region of the Mpl gene (A) and the Mpl-P protein structure 
(B). Panel A depicts the 12 exons. bp: base pairs Panel B depicts the protein structure of Mpl-P. Indicated are the 
conserved cysteine residues (solid vertical lines) and the WSXWS box (WS). HRD: haematopoietin receptor 
domain; SP: signal peptide;TM: transmembrane domain; aa: amino acids 

been reported with rHuTpo and the development of this preparation still continues. Thrombo-
poietin mimetic peptides, which are functionally similar to Tpo but bear no sequence homol
ogy with Tpo, might represent an alternative for recombinant thrombopoietin preparations. 
Two such peptides have been described, both of which have been shown to stimulate platelet 
production in animal models [181-184]. Its clinical potential in humans remains to be investi
gated. 

Neutralising antibodies against Tpo have been described, independent of Tpo treatment, in a 
70-year old patient with amegakaryocytic thrombocytopenic purpura (AMTP) [185]. AMTP 
is a rare disease that is characterised by severe thrombocytopenia associated with a lack of 
megakaryocytes in the bone marrow. Treatment of this patient with cyclosporin A resulted in 
remission, suggesting that the thrombocytopenia was caused by an immune-mediated mecha
nism. This strongly indicates that the Tpo autoantibodies were involved in the pathogenesis of 
this patient [185]. 

1.4 The Tpo-receptor, Mpl 

1.4.1 Discovery and structural characteristics 

As mentioned in paragraph 1.3, the identification of the murine retrovirus, myeloproliferative 
leukaemia virus (MPLV) [36], followed by the cloning of the viral oncogene v-mpl [37] and 
its cellular homologue c-mpl [38] was the key to the discovery of Tpo. The products of c-mpl 
were shown to be members of the haematopoietin receptor superfamily [186,187]. The extra
cellular domain of the products contain two copies of the haematopoietin receptor domain, the 
WSXWS box, and displays four conserved cysteine residues at the N-terminal domain (Figure 
6). No consensus sequence for protein kinase activity was detected in the cytoplasmic do
main. These three features are characteristic for members of the haematopoietin receptor su-
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perfamily [188,189]. In humans, the c-mpl gene is located on the short arm of chromosome 1 
(lp34), spans approximately 17 kb and contains 12 exons [190,191] (Figure 6). Its genomic 
organisation is similar to that found in other genes coding for cytokine receptors, i.e. the IL-3, 
GM-CSF and IL-5 receptor [192]. As a result of alternative splicing, four Mpl mRNA iso-
forms are formed, Mpl-P, Mpl-K, Mpl-S and Mpl-del [38,191,193,194]. Mpl-P encodes the 
full-length functional Tpo receptor of 635 amino acids, with an extracellular domain of 463 
amino acids, a transmembrane domain of 22 amino acids and a cytoplasmic domain of 122 
amino acids and an estimated mass of 71 kDa. In addition to the two WSXWS boxes, the 
extracellular domain contains several potential N-glycosylation sites. Mpl-K encodes a 
shorter Mpl isoform (572 amino acids; 65 kDa) that has an extracellular and transmembrane 
domain similar to Mpl-P, but contains a different cytoplasmatic signaling domain, as a result 
of a premature termination of the transcript at intron 10. PCR analysis of several haematopoi
etic cell lines has shown that Mpl-P and -K are always coexpressed [38]. Mpl-S encodes a 
putative soluble form of the Mpl receptor, because the mRNA lacks exon 9 and 10. So far, no 
studies on Tpo binding or signaling via Mpl-K or Mpl-S have been published. The Mpl-del 
isoform has been recently identified [194]. It lacks 72 bp in the extracellular region as a result 
of alternative RNA splicing between exon 8 and 9. Although the protein is expressed, it is not 
incorporated into the cell membrane. It might play a role in modulating the expression of 
functional Mpl. 

1.4.2 Expression of the Tpo-receptor, Mpl 
Immunofluorescent analysis has shown that Mpl is expressed on a subset of early progenitor 
cells and on all cells from the megakaryocyte lineage, including platelets [122,195]. Seventy 
percent of the human CD34+/CD38" cells, a subset that is highly enriched in stem cell pro
genitors, expresses Mpl. This CD34+/CD387Mpl+ subpopulation has been shown to engraft 
SCID mice more efficiently than the Mpl negative population [122]. Platelets express a small 
number of Mpl molecules, approximately 30-60 per platelet, with a high binding-affinity for 
Tpo of about 200 pmol/L [13-15]. On megakaryocytes, the number of Tpo receptors was re
ported to vary from approximately 200 on cord blood (CB)-derived megakaryocytes (after 
culture of CB mononuclear cells) to 2000 on peripheral blood (PB)-derived megakaryocytes 
(after culture of CD34+ PB cells) [196]. In humans, transcripts of the Tpo receptor, Mpl, are 
mainly detected in haematopoietic tissues, i.e. bone marrow, foetal liver and spleen, but also 
in the placenta, in the endothelium and in the brain [38,39,197]. A large panel of solid tumour 
cell lines was found negative for expression of Mpl RNA transcripts, with the exception of the 
hepatocellular carcinoma cell line Hep3B [197,198], No Mpl mRNA transcripts were found in 
several T-, B- and, NK-cell lines [38,39,197,198]. Of the cell lines derived from human hae
matopoietic malignancies, the majority of megakaryocyte cell lines were found positive, as 
were some erythroleukemic lines. In about 50% of the patients with acute myeloid leukaemia, 
blast cells express Mpl. In AML-M7, representing malignant expansion of megakaryoblastic 
cells (according to the French-American-British classification of AML), Mpl expression is 
always positive [199-203]. Other AML subtypes show variable expression of Mpl [199-206]. 
Coexpression of both Tpo and Mpl transcripts have also been reported in AML, especially in 
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M7 cases [200]. In myelodysplasia, Mpl expression has been reported in chronic myelomono-

cytic leukaemia cells [207] and in cases of refractory anaemia with excess blasts (RAEB) and 

RAEB in transformation (RAEBt), but not in refractory anaemia (RA) or refractory anaemia 

with ringed sideroblasts (RARS) [204,207,208]. In both AML and RAEB and RAEBt, but not 

in CML, Mpl expression correlates with an unfavourable prognosis. Several in vitro studies 

have shown that blast cells expressing Mpl, proliferate in response to Tpo 

[199,199,201,203,206,208-213]. Taken together, these results suggest that Tpo and its recep

tor may be involved in the abnormal proliferation and differentiation in AML and MDS. In 

AML-M7, the coexpression of both Tpo and its receptor might result in autostimulation. 

1.4.3 Signal transduction 

The Tpo molecule has two receptor-binding domains [214,215]. Binding of Tpo to its recep

tor Mpl is thought to result in homodimerization, which leads to downstream signal transduc

tion [187,216]. Signal transduction has been studied in cell lines [217-224,224-227], purified 

platelets [133,228,229] and megakaryocytes [224,230]. It involves activation of the JAK-

STAT pathway, including phosphorylation of Jak2 [133,217-220,226-230] and TYK2 

[133,218,229,230] followed by phosphorylation of the signal-transducing molecules STAT1 

[218,223,227], STAT3 [133,223,226,227,229-231] and STAT5 [217,218,223,226,229-231], 

In addition, activation of the Ras-MAPK signaling pathway was reported [220-222,224,225, 

227,228,232] as well as phosphorylation of the receptor itself [220]. 

The cytoplasmic domain of Mpl comprises 122 amino acids and can be divided in at least two 

functional elements. The membrane-proximal subdomain includes two structural motifs, box 

1 and box 2, which are conserved among members of the haematopoietic receptor superfamily 

[186,233]. Deletion and mutational analysis has shown that these motifs are crucial for cell 

proliferation and maturation and are associated with JAK2 activation [227,233-239]. Activa

tion of JAK2 seems to be essential for signaling. Absence of the JAK2 gene in mice is lethal 

due to the absence of definitive erythrocytopoiesis. In addition, the haematopoietic progeni

tors from the foetal liver of these mice do not respond to Tpo [240]. Apart form JAK2, TYK2 

has also been shown to be phosphorylated in response to Tpo. However, the contribution of 

TYK2 in the signaling cascade seems to be less important. Analysis of c-mpl transfected sar

coma cells lacking either JAK2 or TYK2 expression has shown that Tpo-induced signaling is 

intact in TYK2-deficient cells but absent in JAK2-deficient cells [241]. 

The carboxy-terminal subdomain of the cytoplasmic intracellular domain is involved in dif

ferentiation [234-237]. Its presence is not necessary for proliferation [234,242]. The signaling 

pathways associated with the C-terminal domain seem to involve the Ras-MAPK cascade 

[222,225,227,243]. 

The exact contribution of the different signaling pathways to the induction of various cellular 

processes and its relation with different receptor domains still remains to be elucidated. 
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Figure 7: Basic regulation of Tpo levels. Tpo is constitutiveiy produced by the liver and the kidney and 
reaches the circulation. In the bone marrow, Tpo binds to megakaryocyte progenitors and stimulates platelet 
production. Platelets come into the circulation and bind Tpo, thus regulating their own production level. Finally, 
platelets are destroyed in the spleen. 

1.5 Controlling thrombocytopoiesis by regulation of thrombopoietin levels 

With Tpo being the main physiological regulator of platelet production, it was expected that 
Tpo levels vary inversely with the need for thrombocytes. Previously, it had been shown that 
the fhrombopoietic capacity of plasma from thrombocytopenic animals is increased suggest
ing that Tpo levels are regulated at some level. Initially, a model was proposed that assumes a 
fixed Tpo production and regulation of Tpo levels by Mpl-mediated Tpo uptake. Thus, the 
total mass of megakaryocytes and platelets, which both express Mpl, determines the amount 
of circulating Tpo. When platelet counts fall, Tpo levels will rise and stimulate megakaryo-
cytopoiesis. Alternatively, upregulation of Tpo production at the transcriptional level may 
occur. These two models are not mutually exclusive. Increasing evidence suggests that both 
models apply. 

7.5.7. Fixed Tpo production and c-Mpl-mediated Tpo uptake 
This model was first postulated by Kuter and Rosenberg [244]. Already before the actual 
cloning of thrombopoietin, these investigators reported that the concentration of a factor re
sponsible for thrombocytopoiesis, designated megapoietin, is increased in thrombocytopenic 
rats and rabbits and is decreased during thrombocytosis [245,246]. Its concentration is in
versely and proportionally related to platelet count. Increased levels persist for as long as the 
stimulus, i.e. thrombocytopenia, is present. The appearance of this factor in the circulation 
occurs a few hours after the induction of thrombocytopenia and is maximal after 24 hours 
[246]. After the isolation of Tpo, Kuter and Rosenberg showed that megapoietin was identical 
to Tpo [244]. In a model in which rabbits were made thrombocytopenic through busulphan 
treatment, they showed that Tpo levels decreased after platelet transfusion. In addition, plate
lets were found to remove Tpo from plasma in a temperature-dependent fashion [244]. Based 
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on these findings, the investigators postulated that Tpo production occurs at a constant rate 
and that platelets are responsible for the clearance of Tpo from the circulation (Figure 7). In 
this way, platelets modulate Tpo levels and ultimately regulate their own production [246]. 
This mechanism, in which the terminally differentiated cell regulates the concentration of its 
own regulatory factor, is not uncommon. For instance, the same mechanism applies for the 
terminally differentiated macrophage, which metabolises M-CSF [247,248], and the neutro
phil, which has been reported to metabolise G-CSF [249-251], Evidence in favour of this 
mechanism for Tpo came from both in vitro and in vivo studies. 

1.5.1.1 Platelets bind and metabolise Tpo 
Several studies demonstrated that platelets bind and metabolise Tpo. In vitro studies have 
shown that this occurs in a specific, dose, time and temperature-dependent manner [14-17]. In 
vivo, complementary to the transfusion studies of Kuter and Rosenberg [244], it was demon
strated that Tpo levels decreases after platelet transfusion in both animal models [17] and hu
man subjects (see also Chapter 2&3) [252-254]. Injection of radiolabeled Tpo to various 
mouse strains provided further evidence that platelets bind Tpo. Platelets from c-nipl knock
out mice {mpT '), are unable to bind and metabolise Tpo, and Tpo half-life in mpï ' mice is 
prolonged compared to that in normal mice [17]. 

1.5.1.2 Megakaryocytes participate in Tpo clearance 
Although the above-mentioned studies confirmed the central role of platelets in clearance of 
Tpo from the circulation, platelets appeared to be not the sole contributor to this mechanism. 
In addition to platelets, megakaryocytes also seem to be involved in regulation of Tpo levels 
via Mpl-mediated Tpo binding. This is analogous to the binding of Epo, the growth factor 
regulating red blood cell production, by red blood cell precursors in the bone marrow [255]. 
In NF-E2 knockout mice, the absence of the erythroid transcription factor NF-E2 results in a 
late arrest of megakaryocyte maturation and profound thrombocytopenia [256,257]. Instead 
of the expected increase in thrombopoietin as a result of a reduced binding to platelets, Tpo 
levels were normal [257]. Tpo mRNA levels in the foetal liver of NF-E2 knockouts were not 
different from that in control animals, suggesting that Tpo production was not impaired. 
Tracing of radiolabeled Tpo after intravenous administration in NF-E2"'" mice, has shown that 
Tpo is associated with haematopoietic tissues. In particular, the radiolabeled Tpo was almost 
exclusively found associated with megakaryocytes and small abnormal platelet-like particles. 
Assuming that these particles have a lower Tpo binding capacity than platelets, this model 
provides evidence that megakaryocytes are involved in clearance of Tpo from the circulation. 
Evaluation of the relation between platelet counts and Tpo levels during chemotherapy pro
vided further evidence. Numerous groups have reported that platelet counts and Tpo levels are 
inversely related during chemotherapy, i.e. when platelet counts decrease after chemotherapy, 
Tpo levels rise and vice versa (see also Chapter 2) [96,254,258-264]. Detailed cross-
correlation analysis of this relation, however, has shown that the Tpo response precedes the 
platelet response by about one day [265]. Similar findings of declining Tpo levels before the 
increase in platelet counts were also reported in a case of cyclic thrombocytopenia [266,267]. 
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A model in which only platelets are responsible for Tpo clearance does not explain these ob
servations. Inclusion of megakaryocytes does. 

1.5.1.3 Tpo production is constitutive: evidence against transcriptional regulation 
As already mentioned in paragraph 1.3.4, no transcriptional regulation of the Tpo gene in the 
liver and the spleen has been reported. Upon induction of thrombocytopenia in mice, Tpo 
mRNA levels in these organs are not increased [16,17,65,85,86], nor is there any difference in 
the generation of alternative Tpo mRNA splice forms [16]. In addition, in thrombocythaemic 
animals (i.e. with highly elevated platelet counts), Tpo mRNA levels remain unchanged as 
well.[85] In support of the notion that Tpo transcription is not regulated are the findings with 
respect to the Tpo and Mpl knockout mice [88,138], In the Tpo knockout mice, platelet and 
megakaryocyte counts are decreased with more than 80%. In heterozygous mice this decrease 
is 50%. This gene dosage effect is in line with a constitutive expression of Tpo [138]. In anal
ogy, no upregulation of Tpo mRNA is seen in Mpl knockout animals despite an 85% decrease 
in megakaryocyte and platelet mass [88]. 

1.5.2 Evidence in favour of transcriptional regulation and other forms of Tpo regulation 
In analogy with the transcriptional regulation of the Epo gene, it has been proposed that Tpo 
levels might also be regulated at the level of gene expression. In case of Epo, a sensing 
mechanism in the kidney detects alterations in the oxygen pressure and varies the transcrip
tion of the Epo gene accordingly [268]. Although a different "sensing mechanism" would be 
needed for Tpo, transcriptional regulation might play a role to some extent. For instance, 
upregulation of Tpo mRNA by bone-marrow stromal cells in response to thrombocytopenia 
has been described [61,63] (see also §1.3.4). In addition, there are indications that inflamma
tory cytokines such as IL-6 might induce upregulation of Tpo transcription. IL-6 has been 
shown to increase the Tpo production by hepatoblastoma cell lines [269] (and Chapter 8) 
Three other potential mechanisms might influence the available amount of biologically active 
Tpo. First, it has been reported that incubation of Tpo with thrombin results in proteolytic 
cleavage of Tpo [270]. Some of the generated Tpo fragments have enhanced biological activ
ity in vitro [270]. Possibly, in vivo, this mechanism might modulate Tpo activity at a local 
level. Certain Tpo products might be over- or under-represented in haematological disorders. 
So far, characterisation of native thrombopoietin forms obtained from plasma of healthy indi
viduals or from individuals with haematological disorders, such as idiopathic thrombocytope
nic purpura, aplastic anaemia, essential thrombocythaemia, polycythaemia vera and 
disseminated intravascular coagulation, have revealed no differences in size distribution [50]. 
In all cases, Tpo is predominantly present in the full-length form, although a small amount of 
truncated forms were also detected. 

Second, release of Tpo by activated platelets, such as described in more detail in Chapter 9 
[271] might influence the available amount of biologically active Tpo. 
Third, Tpo production might be modulated at the translational level. It has been reported that 
translation of Tpo mRNA under normal conditions is almost completely inhibited by the pres
ence of an AUG codon in the 5'-untranslated region [272]. The importance of this mechanism 
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became apparent by the finding that in four families with hereditary thrombocytosis, this inhi
bition was lost, resulting in Tpo overproduction [273-276]. 

1.6 Measurement of Tpo levels as a diagnostic tool 

After the discovery of thrombopoietin, several assays have been developed to measure the 
concentration of this cytokine. Initially, bioassays were used in which the Tpo concentration 
was related to the extent of the proliferation of Tpo-dependent cell lines. The murine cell lines 
Ba/F3 and 32D were transfected with c-mpl for this purpose and thereby became dependent 
for their growth on Tpo [40,41,43-45] However, bioassays are time consuming and not very 
sensitive. In addition, for diagnostic purposes, bioassays are not always reliable because toxic 
substances in blood might affect cell growth. Immunoassays provide a good alternative. To 
date, five different immunoassays have been developed, all of which are based on an enzyme-
linked immunosorbent assay format (see also Chapter 2) [254,259,277-279]. Measurement of 
Tpo in patients with thrombocytopenia has shown that the level of Tpo is indicative for the 
underlying cause of thrombocytopenia. High levels (5 to 100 times normal) have been re
ported when thrombocytopenia results from a decreased Tpo production, such as occurs in 
amegakaryocytic thrombocytopenia, aplastic anaemia or after myelosuppressive therapy (see 
also Chapter 2, 5 & 6) [144,254,259,260,262-265,267,277,280-282]. Normal or slightly ele
vated levels are found when thrombocytopenia is caused by platelet destruction in the periph
ery, such as occurs in idiopathic thrombocytopenic purpura (see also Chapter 5 & 6) 
[260,280-286]. Therefore, measurement of circulating Tpo can be used as an aid in the classi
fication of thrombocytopenia. Tpo levels have been assessed in various other patient groups 
and the gathered data were analysed with respect to their diagnostic potential and used to get 
insight into the regulation of thrombocytopoiesis under the influence of Tpo. In the following 
chapters, our data and the findings from other investigators will be discussed in more detail. 

1.7 Outline of this thesis 

The work described in this thesis focuses on the diagnostic value of thrombopoietin level 
measurements in blood samples from different patient groups. These studies add to the under
standing of the mechanisms underlying the regulation of thrombopoietin levels in the circula
tion. In addition, the interplay between Tpo and platelets was assessed. 

To measure Tpo concentrations, a sandwich ELISA was developed, which is described in 
Chapter 2. Serial measurements of the plasma Tpo concentration and platelet-associated Tpo 
in patients who received platelet transfusions showed that platelets can bind Tpo, and thus 
remove it from the circulation (Chapter 3). Although Tpo mRNA was found in both liver and 
kidney tissue, the production of Tpo in vivo seemed to involve mainly the liver, since Tpo 
levels in patients with chronic renal failure and normal platelet counts were within the normal 
range (Chapter 4). In Chapter 5 and 6, the plasma Tpo levels in different groups of patients 
with thrombocytopenia are described. It was shown that measurement of Tpo in these patients 
is a helpful tool in distinguishing thrombocytopenia as a result of increased platelet destruc
tion (high Tpo levels) from decreased platelet production (normal Tpo levels). Patient groups 
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with abnormally high platelet counts were analysed in Chapter 7. In these patients, relatively 
high Tpo levels were found. Despite the presence of a high platelet number, Tpo levels were 
within the normal range or even slightly increased, suggesting improper downregulation of 
the Tpo concentration. Differences in platelet Tpo content in patients with reactive thrombo-
cythaemia versus primary thrombocythaemia suggest a difference in the mechanism underly
ing the relatively high Tpo level. In patients undergoing major surgery, an increase in Tpo 
levels was found to precede an increase in platelet count (Chapter 8). The origin of this Tpo 
increase is not fully known. Possibly, inflammatory factors that increase upon surgery, such 
as IL-6 (which was found to be increased), are instrumental in increasing the Tpo production 
by the liver (Chapter 8). Platelets can also release Tpo upon activation as described in Chapter 
9. /// vivo, this mechanism might play a role in patients with disseminated intravascular co
agulation (Chapter 9) and endotoxemia (Chapter 10). In these patients, elevated Tpo levels 
were found. Apart from Tpo release, here as well, inflammatory cytokines, such as IL-6, 
might enhance Tpo production. 
Analysis of the patient groups mentioned above showed that increased Tpo levels were only 
found in association with thrombocytopenia, either due to decreased platelet production or to 
increased platelet consumption in the periphery, or preceding an elevation in platelet counts 
such as in the patients undergoing major surgery. In Chapter 11, elevated Tpo levels are re
ported in patients with multiple myeloma in association with normal platelet counts. As the 
overall haematopoiesis is suppressed in these patients due to malignant bone marrow infiltra
tion, the elevated Tpo levels suggest that Tpo is involved in the maintenance of platelet pro
duction. Multiple myeloma cells might be either directly, or indirectly, involved in the 
production of thrombopoietin. In the last chapters, all results are summarised and the data are 
discussed with respect to the diagnostic value of Tpo measurements and the implications for 
the regulation of Tpo levels in the circulation. 
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ABSTRACT 

In this report a sensitive enzyme-linked immunosorbent assay (ELISA) for the measurement of 
plasma thrombopoietin (Tpo) is described that is solely based on monoclonal antibodies (Mo-
Abs). 
The assay has an intra- and inter-assay variance of 5-7% and 7-13%, respectively. Native and 
recombinant human Tpo (rhTpo) were recognized equally well, no cross-reactivity with other 
cytokines was found and rhTpo added to plasma and serum was completely recovered. With the 
ELISA, Tpo concentrations in EDTA-anticoagulated plasma of all controls (n=193) could be 
determined, since the limit of detection (2 ± 0.8 A.U./ml, mean ± SD) was lower than the con
centration found in controls (11 ± 8 A.U./ml, mean ± SD; 2.5,h-97.5'h percentile: 4-32 A.U./ml). 
Tpo levels in serum were on average 3.4 times higher than in plasma. 

We showed in vivo that Tpo is bound by platelets, as in thrombocytopenic patients (n=5) a 
platelet transfusion immediately led to a drop in plasma Tpo level, whereas in patients receiving 
chemotherapy the induced thrombocytopenia was followed by a rise in plasma Tpo levels. 
In summary, these results indicate that this ELISA is a reliable tool for Tpo measurements and 
is applicable for large scale studies. 
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INTRODUCTION 

Since the cloning and isolation of thrombopoietin (Tpo), the primary regulator of megakaryocyte 
growth and development [1-6], there is a need for a sensitive and reproducible method to measure 
this cytokine. Among the currently used assays, a cell-line-based bioassay is the most applied one 
[1-11], Several Tpo-dependent cell lines have been generated by transfection of cell lines, such 
as Baß [1,3-8] and 32D [2,9], with c-mpl, the receptor for Tpo. A variety of read-out systems 
to measure the proliferation of these cells in response to Tpo have been described. Although the 
presence of biologically active Tpo can be accurately measured with such bioassays, they are not 
sensitive enough to measure low to normal Tpo levels. In addition, bioassays are relatively 
cumbersome and time consuming. Moreover, when used for diagnostic purposes, they are not 
completely reliable since the presence of toxic substances in blood, such as cytostatics, might 
affect cell growth. Therefore, for diagnostic and research purposes, a reliable immunoassay 
would be a good alternative. 
Recently, three reports have been published in which an enzyme-linked immunosorbent assay 
(ELISA) for the measurement of Tpo levels is described [12-15], Although two of these assays 
were sensitive enough to measure Tpo concentrations in healthy individuals [14,15], all of the 
assays are dependent on the use of a polyclonal antiserum. A disadvantage of such a system is 
that the production of a new batch of antiserum with the same quality is not guaranteed. 
In this report we describe a sensitive and reliable sandwich ELISA based solely on monoclonal 
antibodies (MoAbs), for capturing as well as for detection. Sensitivity, specificity and reproduci
bility were assessed and the concentration of Tpo was measured in both plasma and serum of 
healthy individuals to establish reference values from which to compare diagnostical relevant 
Tpo measurements. In addition, with this ELISA, Tpo levels were assessed in patients receiving 
a platelet transfusion and patients receiving chemotherapy. The results indicate, in concordance 
with previous studies [10,16], that platelets are able to bind Tpo, since Tpo levels drop after 
platelet transfusion and rise after chemotherapy. 

MATERIALS AND METHODS 

Cytokines 
Recombinant human Tpo was a kind gift from Genentech Inc. (South San Francisco, CA) and 
Zymogenetics (Seattle, WA) and was purchased from Research Diagnostics Inc. (Flanders, NJ). 
Truncated rhTpo comprising 174 amino acids of the N-terminal part of Tpo was purchased from 
PBH (Hannover, Germany). Erythropoietin was purchased from Connaught Laboratories Inc. 
(Ontario, Canada), IL-3 from R&D (Abingdon, UK) and SCF and G-CSF from the National 
Institute for Biological Standards and Control (NIBC ampul 91/682 and 88/502, respectively; 
Potters Bar, UK). GM-CSF was kindly provided by Sandoz (Basel, Switzerland), and IL-6 was 
produced at our own institute (CLB, Amsterdam, The Netherlands). 
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Preparation and selection ofMoAbs against Tpo 
MoAbs directed against Tpo were prepared according to the procedure previously described for 
IL-6 [17]. Briefly, Balb/c mice were immunized with 7.5 ug full-length rhTpo and hybridoma 
cell lines were obtained after fusion of SP2/0 myeloma cells with spleen cells of these mice. 
Hybridoma cell lines were screened for the production of Abs against rhTpo by means of a 
radioimmunoassay (RIA) in which culture supernatant (50 ul) was incubated overnight at RT 
under rotation with 50 ul (=1 ng) of '25I-labeled Tpo (Genentech Inc., South San Francisco, CA), 
iodinated by way of the Chloramine-T method [18], and 500 ul 0.5 mg/ml CNBr-activated 
Sepharose beads (Pharmacia LKB, Uppsala, Sweden) to which rat Abs directed against the 
mouse kappa light chain had been coupled (Euroclone 226; CLB, Amsterdam, the Netherlands). 
MoAbs that were not bound to the sepharose beads and/or free ':T-labeled Tpo were washed 
away and the radioactivity was measured with a gamma counter (1260 multigamma II, LKB 
Instruments Inc. Gaithersburgh, MD). Binding was calculated as the percentage of bound '2T-
Tpo as compared to the total amount of Tpo added. From two fusion experiments seven clones 
that stably produced MoAbs directed against rhTpo were selected. The clones were designated 
aTpo4, aTpo5, aTpol 1, aTpol2, aTpol3, aTpol4 and ceTpol5, respectively. 

Purification of MoAbs 
Supernatants of stable hybridomas that were cultured in roller bottles (Becton Dickinson, Lincoln 
Park, NJ) in Iscove's modified Dulbecco's medium (IMDM) supplemented with 2.5% heat 
inactivated fetal calf serum (Gibco BRL, Life Technologies LTD, Paisley, Scotland), penicillin 
(100 ug/ml, Gibco BRL) and streptomycin (100 U/ml,Gibco BRL), were collected and concen
trated over a Hemoflow F5 capillary dialyser (Fresenius AG, Bad Homburg, Germany). MoAbs 
were purified by means of Protein A-Sepharose (Pharmacia) chromatography, and the eluates 
were extensively dialysed against phosphate-buffered saline. Isotypes of the different MoAbs 
were determined with the Mab Mouse Isotyping Kit (Gibco BRL, Gaithersburg, MD) according 
to the manufacturer's instructions. 

Biotinylation of MoAbs 
Antibody was diluted in 0.1 M NaHC03 at a concentration of 1 mg/ml. Sulfo NHS LC biotin 
(Pierce, Rockford, IL) was added (125 ug/mg MoAb) and the solution was incubated for two hrs 
at RT. Finally, the buffer was changed and excess biotin was removed by dialysis against PBS. 
Biotinylated MoAbs were stored at -20°C. 

Enzyme-linked immunosorbent assay (ELISA) 
Initially, various combinations of capture and detecting MoAbs were tested as described in the 
Results section. In the final ELISA, a 96-well plate (Nunc Immunopiate Maxisorp, Rockslide, 
Denmark) was coated overnight at RT with a combination of aTpo5 and aTpol4, both in a 
concentration of 2 ug/ml in 100 ul of 0.1 M carbonate buffer pH 9.6. Coated plates could be 
stored at 4°C for at least one week. Before use, plates were washed twice with PBS / 0.02% 
Tween (v/v) and non-specific binding sites were blocked by incubation at RT for 30 min. with 
150 ul of PBS containing 2% (v/v) pasteurized cows' milk. Subsequently, plates were washed 5 
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times with PBS / 0.02% Tween, and 50 JJ.1 of biotinylated MoAb (1 ug/ml) in High Performance 
Elisa buffer (HPE; CLB, Amsterdam, The Netherlands) was added together with 50 ul of stan
dard, blank or sample. The plate was incubated for two hours under shaking conditions. Then the 
plates were washed five times with PBS / 0.02%Tween, and 100 ul of streptavidin polyHRP 
(CLB, Amsterdam, The Netherlands) in a dilution of 1: 10000 in PBS/2% milk (v/v) was added. 
Plates were incubated for 30 min. at RT under shaking conditions and after washing five times 
with PBS / 0.02% Tween, the substrate TMB (0.1 mg/ml) was added diluted in substrate buffer 
(0.11 M NaAc pH 5.5 and 0.003% H202). After 30 min of incubation in the dark, the colorimetric 
reaction was stopped by addition of 100 ul of H2S04 and the absorbance at 450 nm was measured 
in a Titertek multiscan ELISA reader (Flow Laboratory, Rockville, MD). On each plate a stan
dard curve was incorporated, together with at least two reference samples. Since rhTpo appeared 
to be unstable, i.e. the amount of rhTpo decreased over time, a pool of EDTA-anticoagulated 
plasma of six patients with a high Tpo level was used as a standard. The standard curve consisted 
of eight two-fold dilutions, of which the first dilution was arbitrarily set at 100 Arbitrary Units 
(A.U.). One Arbitrary Unit equals 1 pg of fresh rhTpo from Genentech Inc. and 9 pg when 
compared with rhTpo from Research Diagnostics Inc. All samples were measured in triplicate. 
If their concentration exceeded the linear part of the calibration curve, the samples were diluted 
in HPE. 

Collection and preparation of blood samples 

Control values: EDTA-anticoagulated blood was obtained from 198 healthy individuals by 
venepuncture. After collection, platelet counts were determined by standard electronic particle 
counting and the blood was spun at 850 g for 15 minutes. The platelet-poor plasma was again 
spun for another 10 minutes at 850 g to remove any residual platelets. Plasma was stored until 
use at -20°C. Platelet counts were all in the normal range, between 150 and 450 xl09/L, except 
for five individuals (platelet counts 146, 484, 503, 510 and 600 xlO'/L, respectively) who were 
excluded from the study. The mean age was 38 yrs with a range of 18-69; 53% were male, 47% 
female. 

Comparison of Tpo levels in plasma and serum: Serum and EDTA-anticoagulated plasma was 
obtained during one donation from 137 volunteers. The Tpo concentration in serum versus that 
in EDTA-anticoagulated blood was measured by means of the ELISA. For five EDTA-anti
coagulated samples, Tpo concentration was also measured after recalcification with 1.68 mM 
CaCl2 and subsequent clotting. 

Transfusion data: EDTA-anticoagulated blood was obtained from five patients, directly before 
and within 10 minutes after they received a platelet transfusion of 5 units, administered within 
30 minutes up to one hour. Patients were hemato-oncologic patients with persistent thrombo
cytopenia after chemotherapy and/or stem cell transplantation. 
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Figure 1: Standard Tpo dose-response curve. The calibration curve was calculated according to logit regression. 
For each concentration a duplicate measurement was done. All measurements are represented with a letter. The 
detection limit of this particular test, defined as the concentration Tpo reflecting twice the background extinction 
multiplied by the sample dilution, was 1.1 A.U. A pool of EDTA-anticoagulated plasma from six thrombocytopenic 
patients with high Tpo levels was used as a standard. 

Chemotherapy data: EDTA anticoagulated blood was drawn at different time points during 
myeloablative treatment of patients (n=7) with ovarium cancer who had relapsed from a previous 
remission. At the Netherlands Cancer Institute, patients were treated with Carboplatin (AUC 10) 
and Endoxan (500 mg/nr) at a 21-day interval, starting at day 0. In addition to platelet counts, 
Tpo levels were measured. 

Data analysis 

Statistical analysis was performed with the software package SPSS for windows, release 6.1.3 
(SPSS Inc.). Differences between groups were assessed with the Mann-Whitney U-Wilcoxon 
rank sum W test and the Student's t test. The correlation between two variables was calculated 
with Pearson's correlation coefficient (r) and the Spearman correlation coefficient (rs). 

RESULTS 

Selection ofMoAbs recognizing Tpo for the ELISA 

Out of seven MoAbs directed against rhTpo, five high affinity MoAbs (aTpo5, aTpol2, aTpolS, 
aTpol4 and ctTpol5) were selected by means of a RIA in which a fixed amount of l25I-labeled 
rhTpo was added to serial dilutions of the different MoAbs. Denaturation of 125I-Tpo by addition 
of sodium dodecyl sulphate (0.075% SDS, w/v) in the RIA completely inhibited the binding (data 
not shown), indicating that the MoAbs are not directed against an epitope that is exposed upon 
denaturation. MoAbs were tested in an ELISA in various combinations for capture and detection, 
to assess epitope specificity and to select an optimal combination of MoAbs for Tpo detection. 
Only aTpol2 and cxTpol3 showed cross inhibition, suggesting that they either recognize the same 
or an overlapping epitope. 
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Figure 2: Comparison of the titration curves of Tpo from different sources. The mean of duplicate samples from 
one test are shown. Line a-c represent the titration of Tpo present in EDTA-anticoagulated plasma from three 
patients with thrombocytopenia. Line d represents the titration of rhTpo from Genentech Inc. Not shown in this 
figure are the titration curves of the standard, of the Tpo-containing concentrated culture supernatant of the HcpG2 
human liver cell line and of rhTpo from Zymogenetics. 

The most sensitive assay was obtained with a combination of equal amounts of two MoAbs, 
aTpo5 and aTpol4, to capture Tpo and with biotinylated aTpol2 to detect the bound Tpo. All 
three MoAbs had the IgGl isotype. Fig. 1 shows the standard dose-response curve of the ELISA 
in this format. The use of either one of the two capture MoAbs alone, markedly diminished the 
sensitivity of the assay (data not shown). The limit of detection of the assay is 2±0.8 A.U. 
(mean±SD). 

Evaluation of the ELISA: specificity and reproducibility 
To check for test specificity, titration curves were made with Tpo from different sources (Fig. 
2). Line a, b and c represent the (native) Tpo concentration in plasma from three different 
thrombocytopenic patients. Line d was obtained after titration of the rhTpo from Genentech Inc. 
(South San Francisco). Truncated Tpo (174 AA) comprising the N-terminal domain of Tpo, was 
not recognized in the assay when tested in concentrations ranging from 453 pg/ml upto 500 
ng/ml. The titration curves of the rhTpo from Zymogenetics (Seattle), the Tpo containing 
concentrated supernatant from the human liver cell line HepG2 and the standard that was used 
in the ELISA showed identical curves to the curve of the Genentech Inc. rhTpo (data not shown). 
As is shown in Fig. 2, all lines are parallel, which implies that native Tpo is recognized equally 
well as rhTpo in our ELISA and that plasma components did not influence the measurements. 
The latter was confirmed by recovery experiments in which rhTpo was added to plasma samples 
and measured. Table I shows the recovery of Tpo from plasma. The data shown are representa
tive data from one out of two experiments. rhTpo was added in different concentrations to 
different plasma samples and to elisa buffer. The latter was used to establish the spiking concen
tration in Arbitrary Units. By comparison of the measurements in elisa buffer, in plasma without 
rhTpo and in plasma with rhTpo, the recovery could be calculated. From table I it can be seen 
that rhTpo was completely recovered. Recovery experiments in serum samples gave similar 
results. 
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Table I: Recovery of rhTpo 

plasma Tpo addi t ion observed expected recovery 
[A.U./ml] [A.U/ml] [A.U./ml] [A.U./ml] % 

3 24 26 27 94 

4 24 25 28 90 

6 12 17 18 95 
6 12 16 18 92 

33 12 45 45 100 

6 6 11 12 97 
6 6 11 12 96 

33 6 41 39 105 

6 3 9 9 102 
6 3 8 9 91 

33 3 35 36 97 

Plasma samples with different endogenous concentrations of Tpo 
were spiked with rhTpo. Shown are the representative data from one 
out of two experiments. Given are the mean values of triplicate 
measurements. Recovery was assessed by comparison of the 
expected and the observed Tpo concentration. 

No cross-reactivity with Epo was found, which is highly homologous to Tpo in the N-terminal 
domain, nor was there any cross-reactivity with IL-3, IL-6, GM-CSF, SCF or G-CSF (data not 
shown). All cytokines were tested in a concentration from 50 pg/ml to 5 ng/ml. Epo was tested 
at concentrations ranging from 0.035 to 3.5 Units/ml. 
To estimate the reproducibility of the ELISA, the intra- and inter-assay variation were assessed. 
Five samples containing various concentrations of Tpo were assayed at seven different positions 
on a microtiter plate in one run, yielding an intra-assay variation from 5-7%. The inter-assay 
variation ranged from 7-13% and was determined by testing five samples with various Tpo 
concentrations at five different days. 

Reference values 
Tpo was measured in EDTA plasma of 193 healthy adult donors. In Fig. 3, the Tpo levels are 
shown as a function of platelet count. The mean Tpo level was 11 ± 8 A.U./ml (mean ± SD), with 
the 2.5lhand 97.5lh percentile of 4 and 32 A.U./ml, respectively. No correlation between platelet 
count and Tpo level was demonstrated in this population (r,=0.12, p>0.05). However, the Tpo 
concentration did vary slightly with age in that with increasing age, Tpo levels tended to decrease 
(rs=-0.18, p<0.05). No difference in Tpo concentration between the sexes was found (Mann 
Whitney U-Wilcoxon Rank Sum W test, p>0.05). Age was not correlated with platelet count (r=-
0.7, p>0.05), nor was there a difference in age between males and females (Student's t test, 
p>0.05). 
In addition to Tpo measurement in EDTA plasma, serum Tpo levels were measured in a popula
tion of 137 healthy donors (Fig. 4). Tpo plasma and serum levels were positively correlated 
(r=0.8, pO.001). Serum levels were on average 3.4 times higher than plasma levels. An artificial 
difference due to the presence of fibrinogen or other coagulant substances in plasma was ex
cluded, since Tpo levels in EDTA plasma did not change after coagulation by recalcification 
(n=5). 
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Figure 3: Platelet counts vs Tpo levels in healthy 
controls 

Figure 4: Plasma vs serum Tpo levels in healthy 
controls 

Stability of plasma Tpo 
Repeated freezing and thawing of EDTA plasma up to nine times did not affect the Tpo meas
urements. The time interval between blood collection and plasma isolation upto 25 hrs did not 
have an effect on the plasma Tpo concentration either (data not shown). 

Platelet transfusion and Tpo level 
It is now known from transfusion studies in rabbit and mouse models [10,19], that platelets are 
able to bind Tpo which leads to a decrease of Tpo in the circulation. Thus, similar results would 
be expected in humans. In Fig. 5, it is shown that plasma Tpo levels indeed decreased as a result 
of a platelet transfusion in thrombocytopenic patients. 
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Figure 5: Plasma Tpo concentrations in patients with thrombocytopenia before and after platelet transfusion. 
Patients were transfused with 5 units of platelets, and EDTAanticoagulated blood was drawn just before and within 
10 minutes after transfusion. The percentages of Tpo decrement from top to bottom are 32%, 30%, 21%, 20% and 
2%. Only the last patient had a normal plasma Tpo concentration. 
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Figure 6: Platelet counts and plasma Tpo levels after chemotherapy. The arrows indicate the days chemo
therapy was administered. 

Tpo levels during chemotherapy treatment 
Plasma Tpo levels were measured in patients receiving chemotherapy at a 21-day interval. An 
example of the platelet counts and plasma Tpo levels can be seen in Fig. 6. After chemotherapy 
at day 0, 21, 42 and 63, platelet counts dropped and Tpo levels concomitantly increased. Tpo 
levels peaked at the time of platelet nadir. A similar pattern was observed in six other patients, 
who received the same treatment (data not shown). 

DISCUSSION 

In this report a sensitive, reproducible and specific sandwich ELISA for the detection of Tpo is 
described. In contrast to previously reported Tpo ELISAs [12-14], this assay is based solely on 
MoAbs. The five MoAbs that were selected for potential use in the ELISA, bound to at least four 
different epitopes. The use of a combination of Tpo5 and Tpo 14 as capture Abs and biotinylated 
Tpo 12 as a detecting Ab, yielded an assay with high sensitivity. Truncated rhTpo was not 
recognized in the assay. When this truncated form was coated on an elisa plate, only Tpo5 was 
bound. Therefore, Tpo5 recognizes an epitope on the N-terminal domain, whereas Tpo 14 and 
Tpo 12 probably recognize an epitope on the C-terminal domain of Tpo. 
Levels in plasma from all healthy individuals could easily be measured, since the limit of detec
tion of the assay, 2±0.8 A.U. (mean±SD), is lower than the concentration Tpo present in normal 
plasma (11±8 A.U., mean±SD). A pool of plasma from patients with elevated Tpo levels was 
chosen as a standard, because rhTpo appeared to be unstable, in contrast to native Tpo in pooled 
plasma. The start of the standard curve was arbitrarily set at 100 A.U. When compared with fresh 
recombinant preparations, 1 unit equals 1 pg of rhTpo from Genentech Inc. and 9 pg of rhTpo 
from Research Diagnostics Inc. This marked difference is unexplained but could, for instance, 
be due to differences in the expression system used to prepare full-length rhTpo. It indicates that 
standardization is needed. 
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The specificity of the Tpo assay was demonstrated in several experiments. The Tpo ELISA 
showed no cross-reactivity with other cytokines. In addition, from the titration experiment it can 
be concluded that the affinity of the MoAbs for native Tpo was equal to their affinity for rhTpo. 
This test also showed that plasma components did not interfere with the detection of Tpo. The 
recovery experiments supported this hypothesis. However, the presence of interfering substances 
can never be fully excluded. For instance, autoantibodies against cytokines such as IL-6, IL-la 
and TNFa, interfering with the assays for these cytokines, have been described both in healthy 
individuals and in patients [20-22], The presence of autoantibodies against Tpo could give a false 
(low) measurement if these antibodies interfere with the binding of the MoAbs to Tpo. The same 
may hold true when a soluble form of the Tpo receptor binds to Tpo. The existence of such a 
receptor (sMPL) has been suggested by several groups [23,24], Hornkohl et al. [15] even meas
ured high sMPL concentrations in healthy individuals. However, our data show no evidence that 
sMPL interferes with the Tpo measurements, because rhTpo added to plasma was completely 
recovered. 
In order to assess reference values for Tpo, plasma samples of 194 healthy volunteers were tested 
in the ELISA system. Although several groups have reported ELISAs for the detection of Tpo 
[12-14], not all tests were sensitive enough to measure Tpo levels in healthy individuals [12]. 
With the assay that is described here, Tpo levels in all healthy controls could be determined. The 
Tpo level was independent of sex but was slightly negatively correlated with age. No correlation 
with platelet count was found in this group of healthy controls, which is in concordance with 
previously published results [14]. Many reports support the hypothesis that the Tpo level is 
inversely related to the platelet count or mass outside the normal range [5,10,16,19,25]. Indeed, 
when we measured plasma Tpo concentration in thrombocytopenic patients before and after 
platelet transfusion, a definite decline in the Tpo level was seen. Similar results were reported 
by Kuter et al. [10], who did a transfusion study in a rabbit model and monitored the Tpo level 
by means of a bioassay. Fielder et al. [19] also found a decrease in Tpo level after injection of 
normal platelets into c-mpl" mice. Moreover, they showed that this decrease is a result of Tpo 
binding and internalization by platelets. A correlation between platelet count and Tpo level was 
also present in patients treated with chemotherapy. When platelet levels declined, a concommi-
tant rise in Tpo could be seen. Nichol et al. [26] described similar results in patients with lym
phoid malignancies who received chemotherapy. 
Thus, a relationship between platelet count and Tpo level does seem to exist, but this becomes 
clear only in case of platelet counts below normal. The lack of correlation between platelet counts 
and Tpo levels in the control population might be explained by normal inter-individual variation 
in, for example, the rate of Tpo production, Tpo clearance, and/or the number of c-mpl receptors 
that are expressed by the megakaryocyte/platelet lineage. 
In addition to EDTA-plasma samples, the level of Tpo was also measured in simultaneously 
isolated serum samples from healthy individuals. The levels in serum were found to be on 
average 3.4 times higher than the Tpo level in EDTA plasma. Since the recovery of rhTpo in 
plasma and serum was equally well and recalcification of plasma samples did not change Tpo 
measurements, the difference seems not to be caused by an artifact. An explanation for the 
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plasma-serum difference might be that during blood clotting, Tpo is released from the platelets, 
which leads to an elevated Tpo concentration in serum. About the origin of this Tpo can be 
speculated. Release can occur from Tpo bound to the receptor, but it is also possible that intact 
Tpo is stored in the platelet or is present in the surface-connected canalicular system. In addition 
to intact Tpo, Tpo degradation products are present in platelets [19], and release of these frag
ments might be detected with the Tpo ELISA. If the released Tpo is biologically active, it might 
indicate the existence of another feed-back loop in platelet homeostasis. Platelet activation in vivo 
(such as upon coagulation, during sepsis, etc.), with subsequent platelet destruction, may lead to 
increased Tpo levels in the body fluids, which in turn stimulates new platelet production. We 
have recently initiated new studies to test this hypothesis and to investigate Tpo storage and 
destruction mechanisms. 

In summary, the monoclonal antibody-based Tpo ELISA we describe is easy to perform, sensi
tive, reproducible and specific. It provides a valuable tool for the measurement of Tpo in research 
and clinical settings. 
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ABSTRACT 

It has been demonstrated in several studies that platelets play a role in the removal of throm
bopoietin (Tpo) from the circulation. For instance, in vitro studies have shown that platelets 
can bind and internalise Tpo, and transfusion studies have shown that the concentration of 
circulating Tpo decreases after platelet transfusion. In the current study, the in vivo kinetics of 
plasma Tpo levels and Tpo uptake by infused platelets was analysed in more detail. Serial 
blood samples from patients who received a platelet transfusion were analysed with respect to 
platelet count, plasma Tpo concentration and Tpo content per platelet. In addition, the capac
ity of infused platelets to bind Tpo in vitro was assessed. 

Platelet counts increased directly after transfusion and subsequently started to decrease. Con
versely, Tpo levels significantly decreased but were back at baseline level 44 hours after 
transfusion. Platelet count and plasma Tpo concentration were inversely correlated (rp=-0.9; 
p<0.05). The decrease in Tpo concentration upon transfusion was accompanied by a signifi
cant increase in the platelet-associated Tpo concentration, providing evidence that platelets 
are indeed responsible for the clearance of Tpo from the circulation. After transfusion, plate
lets isolated from the patient still displayed functional Tpo receptors as indicated by their 
intact capacity to bind Tpo in vitro. 

The current study shows that, also in vivo, platelets can bind and may degrade Tpo upon 
platelet transfusion. 
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INTRODUCTION 

Tpo is the main regulator of thrombocytopoiesis. It is well established that platelets play a 
central role in the clearance of thrombopoietin (Tpo), from the circulation. Platelets express 
the Tpo receptor, Mpl, on their membrane via which they bind and internalise Tpo [1-5]. 
During chemotherapy, platelet counts and Tpo levels are inversely related, supporting the 
concept that platelets bind Tpo [6-15]. More direct evidence has been gathered from transfu
sion studies. In 1995, Kuter and Rosenburg showed that transfusion of platelets in 
thrombocytopenic rabbits with high plasma Tpo levels resulted in a decrease in the circulating 
Tpo concentration [16]. Similar findings were reported in mouse models [4]. In analogy, we 
and others have shown that also in humans with thrombocytopenia, the elevated plasma Tpo 
concentration decreases upon platelet transfusion [12,17,18]. In vitro studies, in which radio
labeled Tpo was presented to human platelets, have demonstrated that platelets did indeed 
bind Tpo. Upon binding, Tpo was internalised and degradation occurred [4,5]. 
Recently, direct in vivo evidence for the specificity and the role of the Tpo receptors in Tpo 
uptake by platelets was presented by Scheding and coworkers [18]. Thrombocytopenic pa
tients who received a transfusion with unmanipulated or washed platelets showed a decrease 
in plasma Tpo concentration, whereas transfusion of recombinant Tpo-saturated platelets did 
not result in this decrease. 

Although in all transfusion studies a decrement in plasma Tpo level was noted, the follow-up 
period was short and no direct evidence was provided showing that the content of Tpo in the 
transfused platelets increased in a Tpo-rich environment. Recently, we developed a method to 
measure the Tpo content of platelets. When platelets are lysed in the presence of a Tpo-
receptor-agonist such as a Tpo-peptide mimetic, endogenous Tpo, both free and receptor 
bound, is released from the platelets [19]. 

The aim of the current study was to analyse the in vivo kinetics of plasma Tpo levels and Tpo 
uptake by infused platelets. Serial blood samples were taken from patients before and after 
they had received a platelet transfusion. In addition, the capacity of Tpo uptake in vitro by 
platelets already challenged with high Tpo levels in the patient in vivo, was analysed. 

MATERIALS AND METHODS 

Patient characteristics 

After informed consent, 7 males and 1 female were enrolled in the study. Their ages ranged 
from 24 to 75 years. All patients were haemato-oncological patients with persistent thrombo
cytopenia after chemotherapy, with or without peripheral blood stem cell transplantation. All 
patients received 5 platelet units (300x10 platelets in 270 ml) administered within 30 to 90 
minutes. For one patient, the administration took four hours due to a malfunctioning catheter. 
Citrate-anticoagulated blood was drawn at the following time points: immediately before 
platelet transfusion and 10 min, I hour, 3 hours, 20 hours and 44 hours after completion of the 
platelet transfusion. 
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Blood processing 
Upon collection, blood was centrifugea at 850 g for 20 min. without braking. Platelet-rich 
plasma was collected and centrifuged at 1700g for 10 min. Plasma was isolated and stored for 
the analysis of the Tpo concentration. The platelet pellet was washed with a wash buffer (36 
mM citric acid, 103 niM NaCl, 5 raM KCl, 5 mM EDTA, 5.6 mM D-glucose and 0.35% 
(w/v) bovine serum albumin; pH 6.5) to which 100 nM prostaglandin-El had been added to 
prevent platelet activation. Platelet number was counted (Technicon H3 RTXtm System; 
Bayer, Tarrytown, NY, USA) and platelets (on average 38 ± 27 x 106 ) were resuspended in 
100 ul of lysis buffer (1% (v/v) Nonidet P40 (NP40), 150 mM NaCl, 10 mM Tris-HCl, 5 mM 
EDTA) to which 10 ng/ml AF13948 [20], a Tpo-mimetic peptide, was added. Samples were 
left on ice for 30 minutes after which they were frozen at -20°C. Before determination of the 
Tpo concentration, platelet debris was removed by centrifugation. 

Analysis of Tpo uptake by platelets in vitro 
Platelets were isolated from 10 ml of citrate anticoagulated blood drawn at 20 hours after 
platelet transfusion. Subsequently, these platelets were incubated for 90 minutes at room tem
perature with 500 ul of plasma from the same patient, which had been harvested before 
platelet transfusion. After incubation, plasma was isolated and the platelets were lysed as de
scribed above. 

Tpo ELISA 

A previously described solid-phase sandwich ELISA was used to measure the Tpo concentra
tions in plasma and lysates [12]. For measurement of lysates, NP40 was added to the 
standards to obtain identical final NP40 concentrations in the standards and the samples. 
NP40 is known to enhance the ELISA signal in our assay (unpublished data). Normal plasma 
Tpo levels, as determined in 193 healthy individuals, ranged from 4-32 [2.5' -97.5' percen
tile] Arbitrary Units/ml (AU/ml). One A.U. equals 3.2 pg of Tpo when calibrated against 
rHuMGDF (MGDF-A), the full-length rHuTpo molecule, which was a generous gift from 
Amgen. When calibrated against the rhTpo standard from Research Diagnostics Inc. 
(Flanders, NJ, USA) 1 A.U. equals 9 pg of Tpo. 

Statistics 
The software package SPSS for windows, release 7.5 (SPSS Inc.Chicago, IL, USA) was used 
for statistical analysis. A p-value <0.05 was considered significant. 

RESULTS 

Plasma Tpo concentration and platelet count 
Figure 1 shows the mean plasma Tpo concentration and the platelet counts before and at the 
various time points after platelet transfusion. Before transfusion, plasma Tpo levels were 
highly elevated in 6 out of seven patients. Only one patient, with acute myeloid leukaemia M2 
that had progressed from myelodysplastic syndrome, had a plasma Tpo concentration within 
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Figure 1: Follow-up of platelet counts (A) and plasma Tpo levels (B) upon transfusion. Seven patients were 
evaluated. Mean and standard deviation of at least 5 measurements are shown. Asterisks indicate a significant 
difference compared to pretransfusion values. Paired T-test: p<0.05 (*); pO.01 (**) 

the normal range. Upon transfusion, a significant increment in platelet counts was seen. Sub
sequently, platelet counts declined again and at 44 hours, platelet counts were only slightly, 
but still significantly, above baseline level. The mean plasma Tpo levels of all patients in
versely correlated with mean platelet counts in time (rp=-0.9, p<0.05). Immediately following 
transfusion, plasma Tpo levels decreased significantly. Thereafter, no further decrease was 
noted. The average decrement at t= 10 min. was 23 ± 4% (mean ± SD). No correlation was 
found between the extent of the change in platelet count versus the extent of the change in 
Tpo concentration. After 44 hours, plasma Tpo levels had returned to baseline values. 

Platelet-associated Tpo 

Previously, we have demonstrated that platelet-associated Tpo, both receptor bound and non
receptor bound, is released when platelets are disrupted in the presence of a Tpo-mimetic 
peptide [19]. This method was used to determine the Tpo content of platelets after transfusion. 
Figure 2 shows the follow-up of the Tpo content per 106 platelets. Compared with donor 
platelets, the Tpo content of the patients' own platelets was significantly elevated. Upon 
transfusion, the platelet Tpo content rose significantly, indicating that the donor platelets had 
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Figure 2: Follow-up of the amount of platelet-associated Tpo upon platelet transfusion. Seven patients were 
evaluated. Mean and standard deviation of at least 5 measurements are shown. Asterisks indicate a significant 
difference compared to the Tpo content of the platelet donors. Paired T-test: p<0.05 (*). 

bound, and possibly internalised, Tpo. The measurement at one hour post transfusion showed 
the highest Tpo content (fig 2). Thereafter, a decline was noted. At 44 hrs, platelet Tpo con
tent was still significantly elevated compared to the baseline value of the donor platelets. 

In vitro uptake of Tpo by platelets isolated from the patient 

To investigate whether platelets that have been challenged with high Tpo levels in vivo in 
patients, still have the capacity to bind exogenously added Tpo, blood was drawn 20 hours 
after transfusion. Platelets were isolated, washed and divided into two samples. One platelet 
sample was lysed directly. The other sample was incubated in pre-transfusion plasma from the 
same patient. Figure 3 shows for five patients, the plasma Tpo level and the Tpo content per 
106 platelets directly after isolation and after plasma incubation. Plasma Tpo levels declined 
in four out of five experiments (fig 3a). However, this did not reach statistical significance. 
The Tpo content of the incubated platelets increased significantly (fig 3b). On average, Tpo 
content increased 2.0 fold (±0.9). 

DISCUSSION 

In the current study it was shown, in accordance with previous findings, that upon platelet 
transfusion, the plasma Tpo concentration declines [16-18]. Similar as in patients undergoing 
chemotherapy, who have fluctuating platelet counts, an inverse correlation was found be
tween platelet count and Tpo concentration. However, the extent of the change in platelet 
count did not correlate with the change in plasma Tpo concentration. A similar finding was 
reported by Moller and coworkers [17]. The inverse relationship they found between the 
change in Tpo level and the corrected count platelet increment (CCI) only reached borderline 
significance. Possibly, the apparent lack of a strong relationship is due to differences in the 
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Figure 3: Platelets challenged with high Tpo levels in vivo in patients, can still bind Tpo in vitro. In figure 
3A, plasma Tpo levels are shown before and after incubation with platelets isolated from 5 different patients 20 
hours after transfusion. Figure 3B represents the levels of platelet-associated Tpo before and after incubation in 
plasma. The platelet Tpo content after incubation was significantly different from the platelet Tpo content before 
incubation (T-test: p<0.005) 

transfused product, i.e. the inter-individual variation in receptor expression/occupancy of the 
donor material, storage time of the platelet concentrates, etc. 
All patients, except one, had highly elevated plasma Tpo concentrations, which was in agree
ment with their haematological status. All patients with elevated Tpo levels suffered from an 
impaired megakaryocytopoiesis as a result of malignant bone marrow infiltration and/or che
motherapy. An impaired platelet production results in a diminished clearance of Tpo, which 
in turn leads to Tpo accumulation. The one patient with a normal Tpo concentration suffered 
from acute myeloid leukaemia (AML), which had progressed from myelodysplastic syn
drome. Possibly, the Tpo levels in this patient were low due to clearance of Tpo by Mpl 
expressing malignant blast cells. It has been reported that blast cells in 50% of patients with 
AML express c-Mpl mRNA [21]. 
In agreement with in vitro experiments showing that platelets can bind and internalise Tpo [3-
5], the concentration of platelet-associated Tpo increased in the donor platelets upon exposure 
to the high Tpo levels in vivo. Before transfusion, the Tpo content of donor and patient plate
lets was different with the Tpo content of the patient platelets being higher. This may be 
explained by a higher Tpo uptake per platelet, resulting from the continuous exposure to high 
Tpo levels in vivo. The increase in platelet-associated Tpo upon transfusion showed that the 
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donor platelets still had the capacity to bind Tpo. Indeed, after transfusion, the platelet Tpo 
content had already increased 10 minutes after infusion. Subsequently, a decrease in Tpo 
content was noted and after 3 hours post transfusion the Tpo content seemed to remain stable. 
The decrease in and stabilisation of platelet-associated Tpo concentration suggest that Tpo 
can be degraded in the platelets and that a balance between Tpo uptake and degradation is 
reached in time. Alternatively, selection of the circulating platelets may have occurred, i.e. 
platelets with a high Tpo content may have been cleared from the circulation more rapidly. 
In order to examine whether the transfused and Tpo-exposed platelets still expressed intact 
and functional Tpo receptors on their surface, platelets were isolated 20 hours post transfu
sion, and were challenged in vitro with pre-treatment plasma. In vitro, platelets still bound 
Tpo, since the amount of platelet-associated Tpo increased after incubation in plasma. The 
plasma Tpo levels only slightly decreased. Similar to the ;'/; vivo data, there was no relation 
between the extent of the decrease in plasma Tpo concentration and the extent of the rise in 
Tpo content per platelet. The in vitro experiment showed that platelets, isolated from the pa
tient, still expressed intact Tpo receptors capable of binding Tpo. However, in vivo, these 
platelets did not seem to increase their Tpo uptake. Instead, it seemed that an equilibrium 
between the concentration of circulating Tpo and the platelet-mediated Tpo uptake and degra
dation was reached. Possibly, the increased Tpo uptake in vitro was caused by manipulation 
of the platelets during the experimental procedure (e.g. extra wash step). 
In conclusion, the current study showed that, in vivo, platelets can bind and internalise and 
also may degrade Tpo upon platelet transfusion. 
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ABSTRACT 

Thrombopoietin (Tpo) is the most important regulator of thrombocytopoiesis. It is produced 
mainly by the liver and the kidney. To investigate the influence of kidney failure on overall 
Tpo production, we measured Tpo levels in 23 patients on haemodialysis (HD) and 16 pa
tients on chronic peritoneal dialysis (CAPD). Plasma glycocalicin levels and platelet counts 
were measured as parameters of platelet mass and/or platelet turnover. 

Platelet counts were significantly lower in the HD group, both before, 207±98 xl09/L 
(p<0.001) and after haemodialysis 202±102 xl09/l (p<0.001) when compared to healthy con
trols, 293±79 xlO /L. No significant difference was found between platelet count in patients 
on CAPD and healthy donors. Mean plasma Tpo levels of HD patients were higher both be
fore 23±18 A.U./ml (p <0.0001) and after dialysis 25±26 A.U./ml (p<0.0001), as compared to 
Tpo levels in healthy controls (11±8 A.U./ml). Patients on CAPD had significantly higher 
Tpo concentrations, 29±25 A.U./ml than healthy controls (p<0.0001). There was no differ
ence in Tpo level between the HD and CAPD group. No correlation was found between Tpo 
concentration and platelet count, haematocrit, Creatinin or uraemia levels. Glycocalicin was 
significantly higher in HD patients and CAPD patients when compared to healthy controls. 
There was no correlation between glycocalicin and Tpo level or platelet count. These results 
confirm the increased platelet turnover in patients with chronic kidney failure. Moreover this 
study shows that the kidney does not seem to play a major role in the overall Tpo production 
in the body. 
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INTRODUCTION 

Thrombopoietin (Tpo) is the most important regulator of thrombocytopoiesis [1-6]. Tpo is 
produced constitutively in the liver and to a lesser extent in the kidney. In the kidney, Tpo 
mRNA is confined to the proximal tubulus cells [7]. The influence of kidney failure on circu
lating Tpo concentrations is unknown. In contrast, the effect of kidney failure on platelet ho
meostasis and platelet function has been studied extensively. Circulating toxic substances 
(e.g. uraemia) in patients with kidney failure negatively affect platelet function [8]. Platelet 
counts, although within the normal range, are significantly lower in patients on haemodialysis 
as compared to healthy controls [8]. In addition, an increased platelet turnover has been re
ported [9-11], A decreased number of circulating platelets may be caused by decreased circu
lating Tpo levels as a result of a diminished Tpo production. It is known that in kidney failure 
the production of Epo is impaired, which can lead to a decreased production of red cells re
sulting in anemia. Epo is produced by cells of the distal tubuli in the kidney [9,12]. 
To investigate whether an impaired kidney function affects Tpo production, two patient 
groups were analysed, patients on chronic intermittent haemodialysis (HD) and patients on 
chronic ambulatory peritoneal dialysis (CAPD). Tpo levels were measured both before and 
after haemodialysis. In addition, plasma glycocalicin concentrations were measured as an 
indicator of platelet turnover [13]. 

MATERIALS AND METHODS 

Patients and blood collection: 

A group of 23 patients on chronic haemodialysis participated in the study. Their mean age 
was 56 years (range 27-79), with 13 males and 10 females. The CAPD-group consisted of 16 
patients with a mean age of 53 years (range 28-70 ), with 13 being male. All patients were in 
a stable condition and normally hydrated on clinical grounds. Of these patients, 22 required 
rHuEPO for correction of their anemia (15 HD patients and 7 CAPD patients). None of the 
patients suffered from polycystic kidney disease. All patients gave informed consent. 
Samples were collected in EDTA-containing tubes and were processed 2-6 hours after collec
tion. In the HD group, samples were taken both before and after dialysis. The samples were 
centrifuged and plasma was frozen at -20°C until use. Platelet count, haemoglobin, haemato-
crit, Creatinin and urea levels of the patients were routinely assessed. Haemodialysate was 
obtained from five patients. The dialysate was concentrated with a Centricon-3 (Amicon, 
USA) concentrator, according to the manufacturers' recommendations. The concentrated di
alysate was stored at -20° C until before use. This procedure was also applied to saline spiked 
with known concentrations of Tpo, which served as controls. 

Enzyme-linked immunosorbent assay for Tpo 

A Tpo assay that has been described in detail elsewhere was used for determination of the 
Tpo levels in all blood samples [14]. The intra- and inter-assay variance of this test is 5-7% 
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Figure 1: Platelet counts and plasma Tpo levels in patients with renal failure. Box plots are shown that 
represent the platelet counts (A) and the plasma Tpo level (B) in controls and the different subgroups of patients 
with renal failure. Boxes represent the interquartile range containing 50% of all values. The whiskers extend to 
the highest and lowest value and the line across the box indicates the median. Outliers and extremes are not 
shown. *: significantly different from control values (p<0.001) 

and 7-13%, respectively. Blood samples of one patient were tested in the same plate. A pool 
of plasma was used as standard, with the first standard dilution arbitrarily set at 100 AU. 
Normal values as determined in a group of 193 healthy individuals ( mean age 39±11, range 
17-69), ranged from 4-32 AU/ml (2.5,h - 97.5,h percentile). 

Glycocalicin assay 

Glycocalicin (GC) concentrations were measured with a sandwich ELISA as previously de
scribed [15]. The assay is based on two non cross-reactive MoAbs, one of which is used to 
capture glycocalicin. A biotinylated one is used for detection. The supernatant of a platelet 
concentrate was used as a standard and arbitrarily set at 100 AU. 

Normal GC plasma levels as determined in 95 healthy individuals were between 144 and 444 
AU/ml [15]. To determine whether the time span between blood collection and plasma sepa
ration influenced GC levels, EDTA-anticoagulated blood of four different donors was proc
essed at different time points. 

Data Analysis 

Results were statistically analysed with the software application SPSS for Windows version 
8.0 (SPSS INC.). The Mann-Whitney U test was used to show differences between groups. 
Wilcoxon test was used to compare data before and after dialysis. Spearman's test was ap
plied to show possible correlations. All levels are expressed as mean ± SD. 

RESULTS 

Tpo data 

Figure 1 depicts the platelet counts (1A) and the plasma Tpo levels (IB) in patients with renal 
failure and control donors. Platelet counts in the HD group were significantly lower both be-
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Figure 2: Plasma Tpo levels versus platelet count in patients with renal failure 

fore, 207±98 xl09/L (range 73-403) and after haemodialysis 202±102 xl09/L (range 73-411) 

when compared to 270±62 xl09/l (range 146-510) of normal controls (pO.001). No statistical 

difference was found between platelet counts of CAPD patients 293±79 XIOVL (range 139-

452) and controls. 

The Tpo concentration before haemodialysis was 23±18 AU/ml (range 8-78) and rose after 

haemodialysis to 25±26 A.U./ml (range 10-105), a small but significant difference (p<0.05). 

These levels were significantly higher when compared to Tpo levels in healthy donors, 11±8 

A.U./ml (range 3-60; pO.0001). Patients on CAPD also had significantly higher Tpo levels 

29±25 A.U./ml (rangel4-148) than healthy donors. There was no significant difference be

tween plasma Tpo levels in the CAPD group and the haemodialysis patients. 

No correlation was present between plasma Tpo concentration and platelet count (figure 2), 

Creatinin or ureum level in any group. The change in Tpo level after haemodialysis did not 

correlate with the change in haematocrit. The change in platelet count as a result of haemodi

alysis did con-elate (pO.01 , rs=0.75) with the rise in haematocrit in the HD group, as did the 

increment in haemoglobin level (p<0,001, rs=0.95), which served as control (data not shown). 

Patients on rHuEpo treatment had no significant difference in platelet count or Tpo level 

when compared to patients without rHuEpo treatment. 

Glycocalicin data 

Results are shown in figure 3. GC levels were 1088±670 A.U./ml before and 1020±543 

A.U./ml after haemodialysis, and 972±197 A.U./ml in the CAPD group, which is significantly 

higher in all cases compared to healthy controls (293±75 A.U./ml, pO.001). 

There was no correlation between Tpo and GC level. GC and platelet count showed a signifi

cant correlation in the HD group after dialysis (pO.001, rs=0.79) but in none of the other 

groups. Plasma GC concentrations did not correlate with Creatinin or ureum level in the dialy

sis groups, nor was there a correlation between the change in glycocalicin level and haemato

crit due to the haemodialysis. 
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Figure 3: Plasma GC levels in patients with renal failure. Box plots representing plasma GC levels in con
trols and in the different subgroups are shown. With regard to the box plots, the same legend as in Fig. 1 applies. 

To exclude that the increment in plasma GC concentration in the patients was due to delayed 
processing of samples, control samples were processed at different time points. As shown in 
figure 4, no significant differences were present up to 7 hours of storage at room temperature. 

Dialysate data 

No Tpo was detected in non-concentrated or concentrated dialysate samples. Tpo added to 
these samples as a control was recovered completely (data not shown). 

DISCUSSION 

Thrombopoietin is constitutively produced by .the liver and the kidney. Circulating platelets 
and bone-marrow megakaryocytes are responsible for removal of Tpo from the circulation, 
thus regulating the Tpo concentration in blood [16]. 

Although the kidney is one of the Tpo-producing organs, the current study shows that loss of 
kidney function did not result in a decreased circulating concentration of Tpo. On the con
trary, in patients on HD and CAPD, with normal platelet counts, a small but significant in
crease in plasma Tpo concentration was found. A recent study by Stockelberg et al. [17] also 
showed no decreased Tpo-levels in patients on HD for end-stage kidney failure. 
In our study most patients (22/39) required rHuEpo to maintain normal red cell levels. Thus, 
loss of parenchym was to such an extent that sufficient amounts of Epo could not be produced 
by the kidney, and probably no sufficient Tpo either. 

An indication for the role of the kidney in Tpo production was recently obtained from a study 
in which wild-type mice were transplanted with a liver from Tpo knockout mice. These ani
mals showed a 60% decrease in circulating platelets [18]. Measured with a less sensitive as
say, Tpo concentrations in these mice were below the detection limit of the assay. This 
indicates that the liver is responsible for most of the Tpo production. 

Apparently, the loss of Tpo production by the liver cannot be overcome by the other Tpo-
producing organs. The normal or increased plasma Tpo levels in our study confirms the small 
contribution of the kidneys towards the total Tpo production. 
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Figure 4: GC levels in plasma samples that were prepared at different time points. After blood collection, 
plasma was isolated every hour for up to 7 hours. Mean and SD are shown for four different donors. 

Platelet turnover seems increased in the studied patients, since plasma GC concentrations 
were found to be increased. GC has previously been shown to be a marker for platelet turn
over [13]. An artificial increment of GC concentration due to delayed processing of samples 
as reported earlier [13] is unlikely because control samples were stable for up to 24 hours. 
The finding of elevated GC levels as a reflection of platelet turnover is in accordance with a 
study from Himmelfarb et al. [19], who showed that the percentage of reticulated platelets is 
increased in dialysis patients. Reticulated platelets are young platelets, and an increment in 
reticulated platelets reflects enhanced thrombopoiesis. In contrast to the study mentioned 
above, in the current study no difference in GC and Tpo level in patients on HD as compared 
to patients on CAPD was observed. The increased Tpo concentration might be responsible for 
the enhanced platelet production. 

The patients with kidney failure studied in this report had normal platelet counts, albeit sig
nificantly lower than in healthy controls. Since no correlation exists between platelet counts in 
the normal range and Tpo level [14], the small increment in Tpo level is not likely to be 
caused by diminished uptake by platelets. 

Since the kidney is not involved in the clearance of Tpo, which is supported by the finding 
that Tpo levels did not correlate with Creatinin of ureum levels, the loss of kidney function is 
not responsible for the elevated Tpo levels. Platelet activation occurs in patients on haemodi-
alysis [19]. We previously showed that platelet activation during coagulation results in Tpo 
release [14,20]. Indeed, Tpo levels were slightly but significantly increased after haemodialy-
sis, indicating that platelet activation might occur, leading to Tpo release and a subsequent 
increase in circulating Tpo. However, we were unable to show a difference in GC level before 
and after dialysis. Also, Tpo and GC levels did not differ between HD and CAPD group. Ap
parently, GC levels reflect platelet turnover rather than platelet activation. 
In conclusion, in contrast to the effect kidney failure has on the circulating amount of Epo, the 
Tpo concentration does not seem to be affected in a major way, i.e. there is no Tpo defi
ciency. Thus, compared to the liver, the kidney does not seem to play a major role in the con
stitutive production of Tpo. 
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ABSTRACT 

It has been reported that measurement of blood thrombopoietin (Tpo) levels can be used to 
discriminate between thrombocytopenia due to increased platelet destruction and decreased 
platelet production. With our Tpo ELISA and a glycocalicin ELISA we analysed a large 
group of patients in detail and now confirm and amplify the above notion in detail. 
Tpo levels were determined in plasma from 178 clinically and serologically well-defined 
thrombocytopenic patients: 72 patients with idiopathic autoimmune thrombocytopenia 
(AITP), 29 patients with secondary AITP, 5 patients with amegakaryocytic thrombocytopenia 
and 72 patients who suffered from various diseases (46 in whom megakaryocyte deficiency 
was not and 26 in whom it was expected). In addition, we measured the level of glycocalicin 
as a marker of total body mass of platelets. 

In all patients with primary AITP and secondary AITP, Tpo levels were within the normal 
range or in some (n=7) cases only slightly increased. The level of glycocalicin was not sig
nificantly different from that of the controls (n=95). The patients with amegakaryocytic 
thrombocytopenia had strongly elevated Tpo levels and significantly decreased glycocalicin 
levels. Similarly, among the 72 thrombocytopenic patients with various disorders, elevated 
Tpo levels were only found in patients in whom platelet production was depressed. The mean 
level of glycocalicin in these patients was decreased compared to that in controls and patients 
with AITP, but was not as low as in patients with amegakaryocytic thrombocytopenia. 
In conclusion, all patients with depressed platelet production had elevated levels of circulat
ing Tpo, whereas the Tpo levels in patients with an immune-mediated thrombocytopenia were 
mostly within the normal range. Therefore, measurement of plasma Tpo levels provides valu
able diagnostic information for the analysis of thrombocytopenia in general. 
Moreover, treatment with Tpo may be an option in AITP. 
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INTRODUCTION 

Recent studies indicate that the measurement of the serum level of thrombopoietin (Tpo) 
might be useful to discriminate between patients with thrombocytopenia due to increased 
platelet destruction and those with a deficient platelet production [1-3]. Tpo levels have been 
found not or only mildly increased in patients with autoimmune thrombocytopenia, drug-
induced immune thrombocytopenia, post-transfusion purpura and X-linked hereditary throm
bocytopenia (a variant of Wiskott-Aldrich syndrome) [1-3]. In patients with bone-marrow 
hypoplasia Tpo levels are significantly increased [1-3]. However, it should be emphasised 
that in all these studies only sera were analysed. We found serum levels in normal individuals 
to be 3.4 times higher than in plasma, due to the release of Tpo from platelets during coagu
lation [4]. Moreover, in the three published studies the number of analysed patients was small 
and the patient groups were not always clinically and serologically well defined. 
To evaluate the value of plasma Tpo levels in the differential diagnosis of thrombocytopenia, 
we analysed a large group of 178 patients in detail. Clinical data were obtained, Tpo serum 
and plasma levels determined and serological tests were performed. Furthermore, as a meas
ure of total platelet mass, glycocalicin (GC) levels were determined [5,6]. Our results show 
that only in patients with a suppressed platelet production, plasma Tpo levels are significantly 
increased. Therefore, the measurement of Tpo levels is an important diagnostic tool for the 
evaluation of thrombocytopenia. Moreover, it could help in selecting those patients who 
might benefit from Tpo therapy. 

MATERIALS AND METHODS 

Patient samples 
EDTA-anticoagulated blood and serum samples from patients suspected of having autoim
mune thrombocytopenia were sent to our laboratory for diagnostic evaluation. Informed con
sent and clinical data were obtained via the referring physicians by a questionnaire and/or an 
interview on the telephone. In this way, clinical data were collected from 217 of 377 analysed 
patients with various forms of thrombocytopenia. Of these 217 patients, 23 pregnant women 
(mostly with mild thrombocytopenia) were excluded from our study. Gestational thrombocy
topenia, thrombocytopenia associated with pregnancy-induced hypertension and the HELLP 
syndrome account for most of these cases, and differentiation from AITP in pregnancy is dif
ficult [7,8]. Only patients with a platelet count of less than 100 x 109/L were included. All 
together 178 patients were analysed. The male/female ratio was 0.76; the mean age was 55 ± 
21 years (age range from 4 to 91 years). 
Based on the clinical data, four groups of thrombocytopenic patients were distinguished. Pa
tients with autoimmune thrombocytopenic purpura (AITP) (n=72) were defined, in accor
dance with the recommendation of the American Society of Hematology (ASH) [9], by their 
medical history, physical examination, complete blood count and examination of the periph
eral blood smear. Secondary AITP patients (n=29) were defined as patients with isolated 
thrombocytopenia and an autoimmune disorder frequently associated with autoimmune 



Diagnostic value ofTpo 

Table I: Miscellaneous group 
miscellaneous group A miscellaneous group B 

Neoplastic diseases (n=34) 
CLL 4 4 (myelosuppressive drugs) 
AL 1 1 (myelosuppressive drugs) 
NHL 3 5 (myelosuppressive drugs) 
Myelodysplasia* 1 1 (aplasia) 
Breast cancer 3 (myelosuppressive drugs) 
Lung neoplasms 1 (myelosuppressive drugs) 
Intestinal tumours 2 (myelosuppressive drugs) 
Prostatic cancer 1 
Melanoma 1 
Urinary tract tumour 1 
Primary tumour unknown 1 
Neoplasms of the brain 1 1 (myelosuppressive drugs) 
Multiple myeloma 1 
Waldenstrom's macroglobul. 1 (infiltration) 

Infections (n=11) 
viral (n=9) 
HIV 2 2 (myelosuppressive drugs) 
EBV 2 
HCV 1 
CMV 1 
unknown** 1 
bacterial (n=2) 
Borrelia 1 
Urinary tract infection 1 

Drug induced (n=4) 
peripheral (n=2) 
Salazopyrin 1 
Fraxiparin 1 
myelotoxic (n=2) 
Imuran 1 (myelosuppressive drugs) 
Methotrexate 1 (myelosuppressive drugs) 

Liver diseases 7 
Cardio-vascular diseases 5 
Renal disorders 2 
Diabetes mellitus 2 
Aplastic anemia 1 (aplasia) 
Bone marrow transplantation 2 (aplasia) 
Alpha-thalassemia 1 
Pernicious anemia/hypersplenism/ 
portal hypertension 1 
diffuse intravascular coagulation 1 

* one patient with a normal number of megakaryocytes in the bone marrow 
** suspected for viral infection 

thrombocytopenia, such as SLE, RA or autoimmune thyroiditis. In 51 AITP and secondary 
AITP patients bone-marrow aspirates were taken and evaluated by the referring physicians. 
The bone marrow was normocellular with normal or increased numbers of megakaryocytes in 
all patients, which is in agreement with the diagnosis of AITP. 
Patients with amegakaryocytic thrombocytopenia (n=5) were AITP patients (as defined by the 
ASH) but with a severely decreased number of megakaryocytes in the bone marrow. 
All other thrombocytopenic patients, suffering from a variety of diseases (Table I), were clas
sified as miscellaneous (n=72). Based on clinical data the patients in the miscellaneous group 
were divided in patients without (A) and with (B) megakaryocyte deficiency (Table I). 
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Serological analysis 

The direct platelet immunofluorescence test (PIFT), indirect eluate PIFT and direct mono

clonal antibody immobilisation of platelet antigens assay (MAIPA) were performed as de

scribed by von dem Borne et al. [10] and Kiefel et al. [11], respectively. 

The monoclonal antibodies (MoAb) used in the MAIPA were CLBthromb/1 (CD41, anti-

GPIIb), MB45 (CD42a, anti-GPIX), SW16 (CD42d. anti-GPV), 10G11 (CD49b, anti-

GPIa/Ila) or P58 (CD36, anti-GPIV)). All MoAb were from our institute. 

Not in all cases, enough platelets were isolated to perform a MAIPA with all the listed Mo-

Abs. In 90 of 178 (33 of 72 AITP, 16 of 29 SAITP and 41 of 72 miscellaneous) cases the 

MAIPA was performed. 

Thrombopoietin ELISA 

A solid-phase sandwich ELISA for the measurement of plasma Tpo concentrations was per

formed as previously described [4]. Briefly, a mixture of two non-crossreactive MoAbs was 

coated on a microtiter plate. Plates were blocked and washed, after which-samples were incu

bated together with a third biotinylated MoAb. A streptavidin-horseradish-peroxidase conju

gate and a signal amplification system were used for the final colorimetric reaction. A pool of 

EDTA-anticoagulated plasma derived from thrombocytopenic patients with a high Tpo level 

was used as a standard. The first dilution of this standard was arbitrarily set at 100 A.U. Nor

mal Tpo levels, as determined in a population of 193 healthy individuals, ranged from 4 to 32 

A.U. (2.5lh- 97.5lh percentile). Serum Tpo levels were on average 3.4 times higher. 

Glycocalicin ELISA 

MoAb MB45 (CLB, Amsterdam, The Netherlands) was coated overnight on a 96-well micro

titer plate (Nunc Immunopiate Maxisorp, Rockslide Denmark) at a concentration of 2 pg/ml 

in 100 pi of 0.1 M carbonate buffer pH 9.6. Plates were washed with PBS/0.02% Tween (v/v) 

and the remaining binding sites were blocked for 30 minutes with 150 pi of PBS containing 

2% pasteurised cows' milk. Subsequently, plates were washed 5 times and a 50-pl sample (or 

standard) diluted in High Performance Elisa buffer (CLB, Amsterdam, The Netherlands) was 

incubated for 2 hours together with 50 pi of biotinylated MoAb MB 15 (CLB, Amsterdam, 

The Netherlands) (1 ug/ml). Again, the plates were washed and incubated for 30 minutes with 

100 pi of streptavidin-polyhorseradish-peroxidase (1:10,000; CLB, Amsterdam, The Nether

lands) in PBS with 2% pasteurised cows' milk. A colorimetric reaction was obtained by addi

tion of 100 pi subtrate TMB (0.1 mg/ml) in substrate buffer (0.11 M NaAc pH 5.5 with 

0.003% H202) after plates were washed. After 15 minutes the reaction was stopped with 100 

pi of H,S04 . The absorbance at 450 nm was measured in a Titertek multiscan Elisa reader 

(Flow laboratory, Rockville, MD). All incubations were performed at RT under shaking con

ditions. Supernatant of a platelet concentrate was used as a standard. Concentrations of glyco

calicin (GC) were expressed in Arbitrary Units. Normal plasma GC values as determined in 

95 healthy individuals were between 144 and 444 A.U./ml (mean ± 2 SD). 
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Figure 1: Plasma Tpo levels in different patient groups with thrombocytopenia. AITP; autoimmune throm
bocytopenia; SAITP: secondary autoimmune thrombocytopenia; ameg.; amegakaryocytic thrombocytopenia; 
miscell.A; miscellaneous thrombocytopenic patients without expected megakaryocyte deficiency; miscell.B; 
miscellaneous thrombocytopenic patients with expected megakaryocyte deficiency. Boxes represent the inter
quartile range containing 50% of all values. The line across the box indicates the median whereas the whiskers 
extend to the highest and lowest value. The circles represent outliers, asterisks represent extremes. 

Statistical analysis 

Statistical analysis was performed with SPSS for Windows, release 6.1.3 (SPSS Inc.). 
For comparison of groups the Mann-Whitney U - Wilcoxon Rank Sum W Test was used. The 
correlation between two variables was calculated with Spearman correlation coefficients. 

RESULTS 

Tpo and GC levels 

Plasma Tpo levels in AITP and SAITP patients were found to be within the normal range in 
most cases (89%) (13 ± 10 A.U., mean ± SD, range 2 A.U to 54 A.U.)(fig.l). Four patients in 
the AITP group and three patients in the SAITP group had a slightly increased Tpo level (36, 
39, 42, 41 A.U./ml and 54, 53, 53 A.U./ml, respectively), whereas in four patients in the AITP 
group the Tpo level was lower than 4 A.U./ml (one 1 A.U./ml and three 3 A.U./ml). As 
shown in figure 1, the mean level of Tpo was slightly higher in the group of AITP patients as 
well as the SAITP group, as compared to the controls. This difference was statistically sig
nificant (p=0.03 and p=0.01, respectively). There was no correlation between the platelet 
count and the plasma Tpo level in either AITP or SAITP. Serum Tpo levels ranged from 6 
A.U. to 81 A.U. (28 ± 14, mean±SD). The serum/plasma ratio in these two groups of patients 
was 2 ± 0.9 and 2 ± 0.8 (mean ± SD), respectively, which is significantly lower than the ratio 
found in controls (3 ± 0.6, mean ± SD)(p<0.001). There was no correlation between either the 
serum Tpo level or the serum/plasma ratio and the platelet number. 

As shown in figure 1, all five patients, classified as amegakaryocytic thrombocytopenia had 
strongly elevated Tpo levels (range 258-927 A.U./ml). Furthermore, in all patients in the mis
cellaneous B group whose medical data indicated that a decreased hematopoiesis was the 
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Figure 2: Plasma Tpo levels in patients forming the miscellaneous group. A, without expected mega
karyocyte deficiency (n=46); B, with expected megakaryocyte deficiency (n=26); O , BM aspiration not 
performed; # , normal or increased megakaryocyte number in BM aspirate; fldccreased megakaryocyte number 
in BM aspirate. 

cause of their thrombocytopenia, Tpo levels were clearly increased (231 ± 160 A.U./ml, mean 
± SD, range 66-811 A.U./ml, n=26)(fig.l). These patients either had a malignant infiltration 
of the bone marrow and/or were receiving myelotoxic therapy (n=22) or suffered from bone-
marrow aplasia (n=4, one aplastic anemia, two post-transplant bone-marrow failure and one 
myelodysplasia). In contrast, the Tpo levels of most patients included in the miscellaneous 
group A were within the normal range, although the mean Tpo level in this group was some
what higher compared to that in controls (21 ± 16 A.U./ml, mean ± SD, range 2-72 A.U./ml). 
Figure 2 shows for the patients in the miscellaneous group that analysis of the number of 
megakaryocytes in bone-marrow aspirates, which was performed in 36 of the 72 patients, 
correlated with the Tpo level. In all but one patient, decreased numbers of megakaryocytes 
were counted in the bone-marrow aspirate. 
Most AITP and SAITP patients had normal levels of plasma glycocalicin (Fig.3). The level of 
glycocalicin in the plasma of the patients was not significantly different from that in controls. 
In the amegakaryocytic thrombocytopenia patients the glycocalicin levels were clearly de
creased (fig.3). Also in the miscellaneous group with megakaryocyte deficiency (group B), 
glycocalicin levels were significantly decreased (p=0.042). In the miscellaneous group with
out megakaryocyte deficiency (group A) the glycocalicin levels were mildly increased 
(p=0.046) (fig.3). 
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Figure 3: Plasma Glycocalicin levels in different thrombocytopenic patient groups. AITP; autoimmune 
thrombocytopenia; SAITP; secondary autoimmune thrombocytopenia; ameg.; amegakaryocytic thrombocytope
nia; miscell.A; miscellaneous thrombocytopenic patients without expected megakaryocyte deficency; miscell.B; 
miscellaneous thrombocytopenic patients with expected megakaryocyte deficiency. Boxes represent the inter
quartile range containing 50% of all values. The line across the box indicates the median whereas the whiskers 
extend to the highest and lowest value. The circles represent outliers, asterisks represent extremes. 

Serological analysis 
Autoantibodies were detected by the direct PIFT in 66 of the 101 (65%) AITP and SAITP 
patients. This was not different in the two AITP groups: 46 of 72 (64%) AITP patients were 
positive versus 20 of 29 (69 %) SAITP patients. The MAIPA was positive in 39% of the pa
tients suffering from AITP. In all but one of the AITP patients with a positive MAIPA, the 
PIFT was also positive. The autoantibodies were directed against the GP Ilb/IIIa complex 
(n=5), the GP Ib/IX complex (n=2), GP V (n=6) and combinations of these three GP com
plexes (n=6) (Table II). In 35% of the patients of the miscellaneous group a positive result 
with the PIFT was obtained and only in five of 41 (12%) miscellaneous patients a positive 
MAIPA was found (Table II). 
There was no correlation between the presence or absence of detectable platelet autoantibod
ies in either the PIFT or the MAIPA, and the Tpo level (data not shown). 

Table li: Direct MAIPA results 

AITP SAITP Miscellaneous 

performed* 31/72 16/29 26/72 

GP Ilb/IIIa 4 1 1 

GP Ib/IX 1 1 1 
GPV 1 5 1 
GP la/lla 2 
Combination* 6 
Negative 19/31 (61%) 9/16(56%) 21/26(81%) 
Total positive 12/31 (39%) 7/16(44%) 5/26(19%) 

* the MAIPA performed for at least GPIIb/llla, GPIb/IX and GPV 
** all combinations of GPIIb/llla, GPIb/IX and GPV 
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DISCUSSION 

In this study, we confirm and extend the results of earlier studies [1-3] that Tpo levels in 
AITP patients are normal or only mildly increased, while they are strongly increased in pa
tients with suppressed megakaryocytopoiesis. In contrast to other published studies, we 
measured Tpo levels in EDTA-anticoagulated plasma samples instead of in serum, because 
we previously found that serum Tpo levels are 3.4 times higher than plasma levels due to Tpo 
release from the platelets during clotting [4]. In our opinion, plasma levels are therefore a 
more accurate measure for circulating Tpo than serum Tpo levels. 
Tpo is the major regulator of platelet production and is normally produced mainly by the liver 
and the kidney [12-14]. Early hematopoietic progenitor cells, all cells of the megakaryocyte 
lineage and platelets express the receptor for Tpo, Mpl [15]. Binding of plasma Tpo by cir
culating platelets has been proposed to be the main regulatory mechanism of plasma Tpo 
level [16-18]. This conclusion was based on static levels of Tpo-encoding mRNA in the liver 
and kidney of mice made thrombocytopenic [16,17]. However, recent data have shown that 
some upregulation of Tpo-encoding mRNA in bone-marrow stromal cells may occur in 
thrombocytopenic mice and humans [13,14]. Tpo produced locally, in the bone-marrow envi
ronment, may largely account for the increased numbers of megakaryocytes found in 27 of 
the 51 analysed patients with AITP in this study (data not shown). 
Although thrombocytopenia may induce an elevated production of Tpo in the bone marrow, 
this Tpo does not seem to be capable of enhancing platelet production in AITP patients. Cir
culating Tpo is presumably trapped by the platelets and/or megakaryocytes and is subse
quently destroyed in these cells or in the spleen [18]. The decreased serurmplasma Tpo ratios 
in the AITP groups could be explained by the low platelet counts, resulting results in a lower 
release of Tpo upon coagulation. 
It has been agreed that the life span of the platelets in AITP patients is shortened. However, 
platelet production seems to be mostly within normal limits, and platelet production is in
creased or decreased in only a small percentage of AITP patients [19-21]. This is in accor
dance with the finding that glycocalicin levels in AITP patients are not significantly different 
from those in controls, because glycocalicin levels seem to reflect the total body mass of 
platelets [5,6]. In our study, only in a small percentage of AITP cases (both from the primary 
and secondary group), an increased (11 of 71 (15%)) or decreased (5 of 71 (7%)) glycocalicin 
level was found. All other AITP patients had normal glycocalicin levels and thus a normal 
platelet production. Severely decreased glycocalicin levels were only measured in plasma 
from patients with amegakaryocytic thrombocytopenia. The glycocalicin levels were also 
decreased, although to a lesser extent, in plasma of patients suffering from diseases accompa
nied by a suppressed megakaryocytopoiesis (miscellaneous group B). Thus, our study con
firms the value of glycocalicin measurement as a marker for total platelet mass. However, the 
levels in individual patients were found to be widely spread. This renders measurement of 
plasma glycocalicin less useful for diagnostic purposes. 
The absence of elevation of circulating Tpo levels in immune-mediated thrombocytopenia, 
can be considered as a relative endogenous Tpo deficiency, and therefore may be of clinical 
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importance. It might indicate that in AITP treatment with Tpo is relevant. Hematopoietic 
growth factors are already used in the treatment of autoimmune-mediated blood cell destruc
tion. Granulocyte Colony-Stimulating Factor has been successfully used to obtain normal 
neutrophil counts in several cases of autoimmune neutropenia [22-28], These patients show 
an increase in the number of neutrophils and a decrease in the titer of neutrophil-specific 
autoantibodies, most probably by endogenous consumption of the autoantibodies [22-28]. The 
same mechanism might apply in AITP. 

The diagnosis of AITP remains a clinical diagnosis. The suggested diagnostic evaluation of 
AITP based principally on medical history, physical examination and examination of the pe
ripheral blood is confirmed by the exclusion of other causes of thrombocytopenia [9]. Ac
cording to the American Society of Hematology guideline, bone-marrow evaluation is not 
found to be necessary. However, cases of amegakaryocytic thrombocytopenia would be 
missed in this way. We show here that measurement of the Tpo level may give additional 
information in the screening of thrombocytopenic patients, to exclude amegakaryocytosis and 
a depressed megakaryocyte/platelet formation as the cause of the thrombocytopenia. The sen
sitivity of serological tests was found to be quite low. Platelet-bound antibodies were detected 
with the PIFT in 63%, and with the MAIPA in only 39% of clinically well defined AITP pa
tients. In all cases of AITP we found normal or only mildly increased Tpo levels, whereas all 
amegakaryocytic thrombocytopenia patients and patients suspected of having megakaryocyte 
deficiency showed strongly increased Tpo levels. 

In conclusion, our study confirms that measurement of Tpo levels is an important diagnostic 
tool for the evaluation of thrombocytopenic patients. The low Tpo levels in AITP patients 
indicate that AITP patients might benefit from the administration of Tpo. 
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ABSTRACT 

Thrombopoietin (Tpo) is the main haematopoietic growth factor for platelet production. 
Plasma Tpo levels in autoimmune thrombocytopenic (ITP) patients are normal or slightly 
elevated. Although thrombocytopenia exists, Tpo levels are not increased, because the pro
duced platelets can bind circulating Tpo, thereby normalising Tpo levels. In this study plasma 
samples were investigated from fetuses and neonates with neonatal alloimmune thrombocyto
penia (NAIT), a different form of immune thrombocytopenia. Umbilical cord samples of 50 
fetuses before treatment for severe thrombocytopenia, 51 fetuses after treatment and periph
eral blood samples of 21 untreated newborns .with NAIT were analysed. Treatment of fetal 
thrombocytopenia consisted of administration of IVIg and/or corticosteroids to the mother 
and platelet transfusions in utero. As controls, plasma Tpo levels were determined in 21 um
bilical cord samples of 14 non-thrombocytopenic fetuses with haemolytic disease (HDN) due 
to red blood cell alloimmunization and in umbilical cord samples of 51 healthy newborns. 
The values were also compared with the plasma Tpo levels in 193 healthy adults. 
Mean plasma Tpo levels in the groups of fetuses and neonates, including both NAIT and con
trols, were slightly but significantly elevated compared to levels in healthy adults. Tpo levels 
in NAIT samples were not significantly different from the levels in HDN samples or in sam
ples from healthy newborns. Thus, like in ITP, in NAIT patients normal Tpo levels are pres
ent. Insufficient compensation for the increased immune-mediated platelet loss in this 
disorder may contribute to the severity of the thrombocytopenia. 
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INTRODUCTION 

Thrombopoietin (Tpo) is the main haematopoietic growth factor for the megakaryocyte line
age and for platelet production. In adults, Tpo is mainly produced by the liver and kidneys 
[1], The concentration of Tpo in blood largely depends on the number of megakaryocytes and 
platelets in the bone marrow and blood, respectively. The plasma level of Tpo is regulated by 
binding of Tpo to its receptor (Mpl) expressed by platelets and megakaryocytes [2-6], after 
which Tpo is destroyed together with the platelets. We and others have shown the diagnostic 
value of measurement of plasma Tpo levels for discrimination between thrombocytopenia 
caused by megakaryocyte and platelet production failure (highly elevated Tpo levels) and 
thrombocytopenia caused by elevated platelet destruction as observed in autoimmune throm
bocytopenia (normal or only slightly elevated Tpo levels) [7-12]. In the latter disorder, mega
karyocyte numbers in the marrow are normal or increased, as is platelet production. Because 
sufficient numbers of platelets are produced, even though their destruction may be rapid, Tpo 
removal is comparable to that in healthy individuals. 
NAIT occurs in about 1 in 1000 births and results from maternal alloimmunization against 
platelet antigens present on fetal platelets but absent on maternal platelets. In most (-85%) 
cases of severe thrombocytopenia, the maternal antibodies are directed against the Human 
Platelet Antigen la (HPA-la). Because of severe thrombocytopenia in utero, in approximately 
10 percent intracerebral haemorrhage occurs leading to severe neurological sequelae or death 
[13-15]. As in autoimmune thrombocytopenia, in NAIT fetal platelets are destroyed as a re
sult of antibody binding. Furthermore, it is suggested that reduced megakaryocyte production, 
or even megakaryocyte destruction, due to antibody binding might also contribute to the 
thrombocytopenia in NAIT patients [16-18]. In the current study, Tpo levels were measured 
in 129 fetal and/or neonatal NAIT plasma samples and 72 fetal and/or neonatal control plasma 
samples. We found Tpo levels in fetuses and neonates with NAIT to be not significantly dif
ferent from the levels in fetal and neonatal controls. 

M A T E R I A L S A N D M E T H O D S 

Patients 
Plasma Tpo levels were measured in samples from fetuses (n=l 13) and full-term newborns 
(n=16) with NAIT. In addition, plasma samples were collected from non-thrombocytopenic 
fetuses and neonates, i.e. 21 first or subsequent umbilical-cord samples of 14 fetuses with 
haemolytic disease of the newborn and 51 umbilical-cord plasma samples of healthy, full-
term newborns (see Table I). All NAIT cases included in this study were a consequence of 
HPA-la alloantibodies. Sixteen neonatal samples and 50 umbilical cord samples of 50 fetuses 
were from NAIT patients who were not treated, 63 umbilical cord samples of 51 fetuses were 
from NAIT patients who received treatment in utero via administration to their mothers. 
Treatment consisted of intravenous immunoglobulin (IVIg; 1 gram/Kg/week) with or without 
corticosteroids (prednisone 1 mg/Kg/day or dexamethasone 1.5 mg/day) administered to the 
mother during pregnancy and/or intra-uterine platelet transfusions administered to the fetus, 
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Table l:Patient characteristics 

samples patients Gestational age (weeks) Platelet count [x1(5/L] Plasma Tpo levels 

N N (mean ± SD) (mean ± SD) (mean ± SD) 

[A.U./ml] [pg/ml] 

untreated fêtai NAIT 50 50 24 ± 3 37 ±34 26 ± 18 234±162 
Treated fetal NAIT 63 51 33 ± 4 76 ±61 26 ± 17 234±153 
full-term newborns NAIT 16 16 1-7 days p.p. 68 ±28 21 ± 13 189±117 
Control (HDN) 21 14 28 ± 4 190 153 18 ± 8 162±72 
Healthy full-term newborns 51 51 directly p.p. n.t. 27 ±24 243±216 
Healthy adults 193 193 38± 11* 150-450 11 ± 8 99±72 

p.p.: post partum; n.t.: not tested; " age [yrsj 

after umbilical-cord sampling. Samples were drawn, at 24±3 (mean±SD.) weeks of pregnancy 
for the untreated fetal group, 33±4 weeks of pregnancy for the treated fetal group, at 28±4 
weeks of pregnancy for the HDN group, at day one to seven post partum for the neonatal 
NAIT group and directly post partum for the neonatal control group. If treatment consisted of 
intra-uterine platelet transfusions, samples were drawn before the transfusion was given. 
Plasma Tpo levels of 193 healthy adults were measured previously in another study [19]. 

Tpo ELISA 

A solid-phase sandwich ELISA for measurement of plasma Tpo concentrations was per
formed as previously described [19]. Normal plasma Tpo levels, as determined in a popula
tion of 193 healthy individuals, were 11±8 A.U./ml (range 4-32 A.U., 2.5th-97.5th percentile). 
One arbitrary unit equals 9 pg of recombinant Tpo (Research Diagnostics Inc. Flanders NJ 
USA). 

Statistics 
Statistical analysis was performed with SPSS for Windows, release 6.1.3 (SPSS Inc.). 
For comparison of groups the Mann-Whitney U - Wilcoxon Rank Sum W Test was used. The 
correlation between two variables was calculated with Spearman correlation coefficients. 

RESULTS 

The platelet count was 68 ± 28 xl09/L (mean ± SD) in the full term untreated newborn NAIT 
group, 37 ± 34 xl09/L in the untreated fetal NAIT group, 76 ± 61 xl09/L in the treated fetal 
NAIT group and 190 ± 53 xlO'/L in the non-thrombocytopenic haemolytic disease group 
(Table I). Platelet counts were not determined in the healthy newborn controls but they had no 
signs or symptoms of bleeding. Plasma Tpo levels were 21±13 A.U./ml (range 9-47) in the 
neonatal NAIT samples (n=16), 26±18 A.U./ml (range 4-89) in the untreated fetal NAIT sam
ples (n=50), 26±17 A.U./ml (range 6-97) in the treated fetal NAIT samples (n=63), 27±24 
(range 2-93) in the samples from healthy neonates (n=51) and 18±8 A.U./ml (range 5-34) in 
the fetal HDN samples (n=21). 

Plasma Tpo levels in the samples of the NAIT neonates, the untreated and the treated NAIT 
fetuses were comparable with Tpo levels in the samples of the non-thrombocytopenic HDN 
controls (p=0.09, 0.03 and 0.8, respectively) and the healthy neonates (p=0.8, 0.5 and 0.3, 
respectively) (figure 1). The plasma Tpo levels in both the fetal HDN controls and the healthy 
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Figure 1: Box plots of Tpo levels in NAIT and controls. Box plots represent 50% of all values. The line across 
the box represents the median whereas the whiskers extend to the highest and lowest value. Outliers and ex
tremes are not shown. Tpo values of all separate groups were elevated compared to the adult controls: p<0.0005. 

newborn controls were slightly, though significantly (p<0.0005) higher than plasma Tpo lev
els in healthy adults. The same held true when the Tpo values of the NAIT neonates and the 
treated and untreated NAIT fetuses were compared with the Tpo levels in healthy adults 
(p<0.0005). No difference in Tpo plasma levels were detected comparing plasma samples 
from fetuses with NAIT before and after treatment. No statistical significant correlation was 
detected between platelet numbers and Tpo levels, either in the total NAIT group (figure 2) or 
in the separate groups. 

DISCUSSION 

Screening for NAIT is not routinely performed, and treatment of the initial case in a family 
mostly consists of post-natal treatment with IVIg and/or platelet transfusions (negative for the 
antigen involved). In subsequent pregnancies, treatment of the mother with IVIg and corti
costeroids and of the fetes with intrauterine platelet transfusions are possible and often em
ployed. Trials are in progress to clarify the relative merits of each form of treatment, although 
avoidance of fetal sampling is desired. 

We and others have detected normal or only slightly elevated Tpo levels in ITP patients [7-
10]. We now find that Tpo levels in NAIT fetuses are also similar or only slightly elevated 
compared to levels in non-thrombocytopenic age-matched controls. Thus, as in ITP, in allo-
immune mediated thrombocytopenia it appears that normal Tpo removal occurs, resulting in 
the maintenance of normal Tpo levels in the circulation. This indicates that there is predomi
nantly normal platelet production in fetuses and newborns with NAIT. This seems to contra
dict the hypothesis that the anti-platelet antibodies would bind to GPIIb-IIIa on 
megakaryocytes and either inhibit thrombocytopoiesis or destroy the megakaryocytes outright 
[16-18], We, like others [20,21], found slightly but significantly higher Tpo levels in fe
tal/neonatal plasma compared to plasma from adults (figure 1 ). For the slightly elevated Tpo 
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Figure 2: Platelet counts versus plasma Tpo levels in NAITP. Platelet counts and plasma Tpo levels were not 
correlated. 

levels in fetuses/neonates (also with normal platelet counts) several explanations are possible. 
For instance, Tpo production might be increased in fetuses and neonates, because the spleen 
might participate in the Tpo production [22]. Alternatively, Tpo removal might be slower be
cause of a reduced expression of Tpo receptors on the megakaryocytes of neonates as has 
been described by Kuwaki et al.[23]. Thirdly, the constitutive production of Tpo might be 
intrinsically higher in fetuses and neonates than in adults. The rate of growth in both the fetes 
and the neonate is high and therefore blood elements for neovasculature is a continuous re
quirement. Further study is necessary to explain the higher Tpo levels in neonates compared 
to adult levels. 

The down-regulation of Tpo plasma levels by platelets prevents an increase in Tpo levels in 
all cases in which thrombocytopenia is due to increased platelet destruction. Thus, the fact 
that, as in ITP patients, Tpo levels in NAIT patients are not or only marginally increased may 
have important therapeutic implications. Injection of Tpo, or Tpo-mimicking peptide, could 
likely be applied to increase platelet production and platelet count. This approach has been 
shown to be effective in chimpanzees with HIV-ITP [24] and in a few patients with HIV [25]. 
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ABSTRACT 

The exact role of thrombopoietin (Tpo), the main regulator of thrombocytopoiesis, and its 
receptor, Mpl, in disorders with thrombocytosis is unknown. The current study shows that 
plasma Tpo levels were within the normal range or slightly elevated in patients with essential 
thrombocythaemia (ET), polycythaemia vera (PV) and reactive thrombocytosis (RT). In view 
of the highly elevated platelet counts in these patients, Tpo levels are relatively high. Analysis 
of the platelet Tpo content showed that this parameter was decreased in PV and ET compared 
with RT. Moreover, platelet counts and plasma Tpo levels were inversely correlated in these 
myeloproliferative disorders but were positively correlated in RT. In line with published ob
servations on diminished Tpo-receptor expression on platelets from patients with PV or ET, 
we postulate that in these disorders Tpo clearance seems to be decreased due to a diminished 
Tpo uptake. In contrast, in RT, Tpo production might be increased under the influence of in
flammatory cytokines. 
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INTRODUCTION 

Thrombopoietin (Tpo) is the main regulator of thrombocytopoiesis and is therefore, together 
with its receptor, a likely candidate to be involved in the aberrant overproduction of platelets. 
Under normal conditions, Tpo is produced at a constant rate. According to the model that was 
initially proposed by Kuter and Rosenberg [1], the amount of circulating Tpo is mainly de
pendent on the total mass of megakaryocytes and platelets. These cells carry the Tpo-receptor, 
Mpl, on their surface and bind and internalise Tpo [2-6]. Several factors can influence this 
balance. Mutations in the gene encoding Tpo (in upstream AUG codons in the 5'UTR of the 
Tpo mRNA that normally function as translational repressors) have been found to underlie 
Tpo and subsequent platelet overproduction in four different families in which hereditary 
thrombocythaemia occurred [7-10]. 
So far, mutations leading to Tpo overproduction have not been found in other myeloprolifera
tive syndromes with thrombocytosis. In polycythaemia vera (PV) and essential thrombocyto
sis (ET), normal but also slightly elevated plasma Tpo levels have been reported. Similarly, 
normal or increased Tpo levels have been reported in reactive thrombocytosis (RT) [11]. In 
view of the high number of platelets in these patients, Tpo levels are inappropriately high. 
Therefore, in these cases, either Tpo production is elevated, or Tpo clearance is impaired, as 
was previously postulated for PV by Moliterno et al. [12,13] and for ET by Horikawa el al. 
[14]. 
In the current study, plasma Tpo levels and the Tpo content of platelets, as a measure of 
platelet Tpo uptake and clearance, was determined in PV, ET and RT patients and compared 
with control values. 

M A T E R I A L S A N D M E T H O D S 

Patients 
Upon informed consent, 13 patients with polycythaemia vera (PV), 12 patients with essential 
thrombocythaemia (ET), 13 patients with reactive thrombosis (RT) and 14 healthy controls 
were enrolled in the study. The diagnoses PV and ET were established according to the Rot
terdam Criteria of the thrombocythaemia vera study group [15]. In the RT group, thrombo
cytosis occurred secondary to surgery (n=5), inflammation (n=6), lymphoma (n=l) or iron 
deficiency (n=l). 

At the time of blood sampling, most of the PV and ET patients were undergoing therapy: 
phlebotomy in 10 of 13 PV patients, hydroxyurea in 1 of 13 PV and 5 of 12 ET patients, inter
feron in 1 ET patient. Mean age and m/f ratio for the different groups were: PV, 61±16 and 
9/4; ET, 60±13 and 5/7; RT, 58±15 and 5/8; Control, 54±5 and 6/8. 

Blood processing 
Plasma and platelets were isolated from EDTA-anticoagulated blood. Plasma was stored at -

20°C until use. Platelets were washed once with phosphate-buffered saline (PBS) containing 

2% (w/v) BSA and 5 mM EDTA. Platelets were counted (Technicon H3 RTXtm System; 

100 



Role ofTpo in thrombocytosis 

< 

OU 

* ** 

T 
20 

* 

0 

T" 
0 

T" 
0 0 

! 
10 10 

—'— 

0 - 1 -

100' 

13 

PV 

12 

ET 

11 14 

RT control 

Q. 
o 

3 < 

13 14 

RT control 

Figure 1: Box plots representing plasma Tpo concentration and platelet Tpo content in the different pa
tient groups. Circles represent extremes (cases with values higher that 3 box lengths). Boxes represent the inter
quartile range containing 50% of all values. The line across the box indicates the median, whereas the whiskers 
extend to the highest and lowest value. Panel A: plasma Tpo concentration in patients with polycythaemia vera 
(PV), essential thrombocythaemia (ET), reactive thrombocytosis (RT) and controls. Asterisks represent a signifi
cant difference compared to controls (* p<0.05; ** p<0.005). Panel B: platelet (pit) Tpo-content. Not shown in 
this figure is the platelet Tpo content of one ET patient with a value of 266 AU / 1000 pit. Triangles represent a 
significant difference compared to the RT group (A p<0.01; Aip<0.005) 

Bayer, Tarrytown, NY, USA) and suspended in 250 jul of PBS with 20% High Performance 

ELISA-buffer (CLB, Amsterdam, the Netherlands) in a concentration not exceeding 500 x 106 

platelets / ml. Subsequently, the platelets were disrupted by freezing at -20°C. 

Tpo ELISA 
The Tpo concentration in both plasma and the supernatant of the disrupted platelets was de
termined with a previously described sandwich ELISA [16]. To establish the platelet Tpo 
content, the Tpo concentration in the supernatant of the disrupted platelets was divided by the 
platelet count in the sample. 

Statistical analysis 

The software package SPSS for windows, release 7.5 (SPSS Inc.) was used for statistical 
analysis. Differences between PV, ET and RT patients were assessed with the one-way 
ANOVA. The Tukey analysis was used for pairwise comparisons between these groups. To 
asses whether platelet counts and plasma Tpo levels were correlated, Pearson's correlation 
coefficient (rp) was calculated. A p-value <0.05 was considered significant. 

RESULTS 

Platelet counts in the PV, ET and RT group ranged from 469-1500, 414-1729 and 596-1200 x 
109/ Litre, respectively, and were not significantly different between the three groups. In fig
ure 1, the plasma Tpo concentration and the platelet-associated Tpo concentration in the dif
ferent groups are shown. Plasma Tpo levels were significantly elevated compared to the con
trols in the ET (p<0.05) and the RT group (p<0.001), but not in the PV group (p=0.09). The 
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Figure 2: Platelet counts versus plasma Tpo levels. Platelet counts versus plasma Tpo levels are shown for 
patients with PV(») and patients with ET (o) (panel A). The dotted line represents the linear regression line for 
the ET group (rp=-0.7, p<0.05), the solid line represents the linear regression line for the combined group of 
patients with PV and ET (rp=-0.4, p<0.05). Panel B shows the results for patients with RT. The line represents 
the linear regression line (rp= 0.7, p<0.05). 

amount of Tpo in platelets from the RT patients was significantly higher than that of the PV 
(p<0.01) and the ET patients (p<0.005). Platelet counts, plasma Tpo level and platelet Tpo 
content were not different between patients treated with either hydroxyurea or phlebotomy. 
Figure 2 depicts the relation between platelet counts and plasma Tpo levels. Platelet counts 
were inversely correlated to plasma Tpo levels in the ET group (rp = -0.7, p<0.05) and in the 
combined PV and ET (rp= -0.4, p<0.05) (Fig. 2a). This was not significant for the isolated PV 
group alone. In the RT group, a positive correlation was present between platelet counts and 
plasma Tpo levels (rp = 0.7, p<0.05) (Fig 2b). No correlation between these two parameters 
was present in the control group. 

DISCUSSION 

In accordance with previous reports, plasma Tpo levels in PV, ET and RT patients were 
within the normal range or slightly increased compared to controls [11]. Theoretically, and 
according to the model proposed by Kuter and Rosenberg [1], in which platelet and mega
karyocyte mass regulate Tpo levels, the concentration of circulating Tpo should be inversely 
related to the total platelet and megakaryocyte mass. The presence of relatively normal or 
even elevated plasma Tpo levels in combination with elevated platelet counts indicates that 
the plasma Tpo concentration is not properly down regulated. Tpo clearance from the circula
tion might be decreased, Tpo production might be increased, or both mechanisms might ap
ply. 

In the current study, a significantly lower platelet Tpo content in PV and ET patients was seen 
compared to that in RT patients, without a significant difference in platelet counts. In addi
tion, platelet counts in PV and ET patients (notably in ET, not significant in PV), were nega
tively correlated with plasma Tpo levels whereas these parameters were positively correlated 
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in the RT group. This suggests that the mechanism behind controlling plasma Tpo levels is 
different in the myeloproliferative disorders versus reactive thrombocytosis. Our findings of 
the decreased Tpo content in platelets from patients with PV and ET, are in line with the pos
tulated diminished Tpo uptake due to a decreased expression of the Tpo receptor. A decreased 
Tpo-receptor expression has been reported for platelets of both PV [12,13,17]and ET patients 
[14,18] although Moliterno et al. [12] reported that expression of the Tpo receptor was not 
decreased in ET. Apart from a decreased expression of the Tpo receptor, the glycosylation of 
the Tpo-receptor in PV was also reported to be defective[13]. 

In RT, we postulate that another mechanism is involved in the rise in plasma Tpo concentra
tion. The positive correlation between platelet count and plasma Tpo concentration, combined 
with the normal platelet Tpo content, is consistent with the hypothesis that Tpo production is 
increased. Previously, it has been reported that the concentration of various cytokines, such as 
interleukin-6 (IL-6), IL-1, tumor necrosis factor (TNF), and acute-phase reactants are in
creased in inflammatory conditions [19-21]. In case of IL-6, it has been shown that this cyto
kine can increase the Tpo production of liver-cell lines in vitro [22]. 

In summary, the mechanism behind the relatively increased plasma Tpo levels in MPS and 
RT seems to be different. In PV and ET, a decreased platelet Tpo content suggests a de
creased Tpo uptake, whereas in RT, the positive correlation between platelet count and 
plasma Tpo level combined with a normal platelet Tpo content is in concordance with Tpo 
overproduction. 

REFERENCES 

1. Kuter DJ and Rosenberg RD. The reciprocal relationship of thrombopoietin (c-mpl ligand) to changes in 
the platelet mass during busulfan-induced thrombocytopenia in the rabbit. Blood 1995; 85: 2720-30. 

2. Debili N, Wendling F, Cosman D, Titeux M et al. The Mpl receptor is expressed in the megakaryocytic 
lineage from late progenitors to platelets. Blood 1995; 85: 391-401. 

3. Broudy VC, Lin NL, SAbath DF, Papayannopoulou T et al. Human platelets display high affinity recep
tors for thrombopoietin. Blood 1997; 89: 1896-904. 

4. Fielder PJ, Hass P, Nagel M, Stefanich E et al. Human platelets as a model for the binding and degrada
tion of thrombopoietin. Blood 1997; 89: 2782-8. 

5. Fielder PJ, Gurney AL, Stefanich E, Marian M et al. Regulation of thrombopoietin levels by c-MpI-
mediated binding to platelets. Blood 1996; 87:2154-61. 

6. Li J, Xia Y, Kuter DJ. Interaction of thrombopoietin with the platelet c-mpl receptor in plasma: binding, 
internalization, stability and pharmacokinetics. Br J Haematol 1999; 106: 345-56. 

7. Wiestner A, Schlemper RJ, van der Maas APC, Skoda RC. An activating splice donor mutation in the 
thrombopoietin gene causes hereditary thrombocythaemia. Nat Genet 1997; 18: 1-4. 

8. Ghilardi N, Wiestner A, Kikuchi M, Ohsaka A et al. Hereditary thrombocythaemia in a Japanese family is 
caused by a novel point mutation in the thrombopoietin gene. Br J Haematol 1999; 107:310-6. 

9. Hondo T, Okabe M, Sanada M, Kurosawa M et al. Familial essential thrombocythemia associated with 
one-base deletion in the 5'-untranslated region of the thrombopoietin gene. Blood 1998; 92: 1091-6. 

10. Jorgensen M J, Raskind W H, Wolff J F, Bachrach HR, and Kaushansky K. Familial thrombocytosis as
sociated with overproduction of thrombopoietin due to a novel splice donor site mutation. Blood (abstract) 
1998; 92: 205a. 

11. Verbeek W, Faulhaber M, Griesinger F, Brittingcr G. Measurement of thrombopoietic levels: clinical and 
biological relationships. CurrOpin Hematol 2000; 7: 143-9. 

12. Moliterno AR, Hankins WD, Spivak JL. Impaired expression of the thrombopoietin receptor by platelets 
from patients with polycythemia vera. N Engl J Med 1998; 338: 572-80. 

13. Moliterno AR and Spivak JL. Posttranslational processing of the thrombopoietin receptor is impaired in 
polycythemia vera. Blood 1999; 94: 2555-61. 

103 



Chapter 7  

14. Horikawa Y, Matsumura I, Hashimoto K, Shiraga M et al. Markedly reduced expression of platelet c-mpl 
receptor in essential thrombocythemia. Blood 1997; 90: 4031-8. 

15. Michiels JJ and Juvonen E. Proposal for revised diagnostic criteria of essential thrombocythemia and 
polycythemia vera by the Thrombocythemia Vera Study Group. Semin Thromb Hemost 1997; 23: 339-47. 

16. Folman CC, von dem Borne AEGKr, Rensink IHJAM, Gerritsen W et al. Sensitive measurements of 
thrombopoietin by a monoclonal antibody based sandwich enzvme-linked immunosorbent assay. Thromb 
Haemost 1997; 78; 1262-97. 

17. Le Blanc K, Andersson P, Samuelsson J. Marked heterogeneity in protein levels and functional integrity 
of the thrombopoietin receptor c-mpl in polycythaemia vera. Br J Haematol 2000; 108: 80-5. 

18. Harrison CN, Gale RE, Pczella F, Mire-Sluis A et al. Platelet c-mpl expression is dysregulated in patients 
with essential thrombocythaemia but this is not of diagnostic value. Br J Haematol 1999; 107: 139-47. 

19. Uppenkamp M, Makarova E, Petrasch S, Brittinger G. Thrombopoietin serum concentration in patients 
with reactive and myeloproliferative thrombocytosis. Ann Hematol 1998; 77: 217-23. 

20. Cerutti A, Custodi P, Duranti M, Noris P et al. Thrombopoietin levels in patients with primary and reac
tive thrombocytosis. Br J Haematol 1997; 99: 281-4. 

21. Hsu HC, Tsai WH, Jiang ML, Ho CH et al. Circulating levels of thrombopoietic and inflammatory cyto
kines in patients with clonal and reactive thrombocytosis. J Lab Clin Med 1999; 134: 392-7. 

22. Wolber EM and Jelkman W. lnterleukin-6 increases thrombopoietin production in human hepatoma cells 
HepG2 and Hep3B. J Interferon Cytokine Res 2000; 20: 499-506. 

104 



Chapter 8 

The Role of Thrombopoietin in Post-Operative 
Thrombocytosis 

submitted for publication 





Tpo and post-operative thrombocytosis 

The Role of Thrombopoietin (Tpo) in Post-Operative Thrombocytosis 

Claudia C Folman1'2, Marike Ooms', Bart Kuenen''3, Shreyas M de Jong', Raymond JWM 
Vet', Masja de Haas2, Albert EGKr von dem Borne1'2 

'Division of Internal Medicine and Dept. of Haematology, Academic Medical Centre, Amsterdam the Nether
lands 
2Dept. of Experimental Immunohaematology, CLB and the Laboratory of Experimental and Clinical Immunol

ogy, Academic Medical Centre, University of Amsterdam, Amsterdam, the Netherlands 

'Dept. of Medical Oncology, University Hospital "Vrije Universiteit", Amsterdam, the Netherlands 

ABSTRACT 

Thrombopoietin, the main regulator of thrombocytopoiesis, is a likely candidate to play a role 
in the increase in platelet counts that is frequently seen after surgery. In the current study, 
serial blood samples of patients that underwent major surgery were analysed with respect to 
Tpo kinetics, platelet turnover and inflammatory cytokines. Platelet Tpo content and plasma 
Tpo levels rose before platelet counts increased, suggesting that Tpo was indeed responsible 
for the elevation in platelet counts. In addition, an increase in IL-6 levels, but not in IL-11 and 
TNFa levels, was seen before the rise in Tpo concentration. In vitro, IL-6 was shown to en
hance Tpo production by the HepG2 liver-cell line. Thus, increased Tpo levels after surgery, 
possibly resulting from enhanced Tpo production under the influence of IL-6 or other in
flammatory cytokines, are involved in an enhanced thrombocytopoiesis. 
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INTRODUCTION 

In response to major surgery reactive thrombocytosis may occur [1-3]. Especially after coro
nary bypass surgery, reactive thrombocytosis represents a risk factor for thrombotic compli
cations [4,5]. A maximal rise in platelet count has been observed from the seventh to the 
twentieth day post surgery and may encompass a platelet increase of more than 100% [1-6]. 
The exact mechanism leading to the rise in platelet counts is unknown. Thrombopoietin (Tpo) 
is the main regulator of platelet production [7] and therefore is a likely candidate to play a role 
in the platelet rise. Tpo alone can stimulate both proliferation and differentiation of megakar-
yocytic cells which eventually results in the release of platelets in the circulation [8-14]. A 
potential increase in circulating Tpo after major surgery may arise via different mechanisms. 
Tpo production might be enhanced or Tpo clearance might be decreased. Alternatively, as we 
reported previously [15], Tpo might be released from activated platelets, which will also re
sult in increased levels of circulating Tpo. Under normal conditions, Tpo is produced consti-
tutively by the liver and to a lesser extent by the kidneys and is removed from the circulation 
by binding to the Tpo receptor, Mpl, which is present on platelets and megakaryocyte pro
genitors [16-19]. In case of thrombocytopenia, bone-marrow stromal cells have also been re
ported to produce Tpo [20,21]. 

In the current study, the kinetics of circulating and platelet-associated Tpo and the potential 
mechanisms underlying Tpo regulation in patients undergoing major surgery were addressed 
in detail. Serial samples of patients undergoing orthopaedic or cardiac surgery were analysed 
with respect to platelet count, plasma Tpo concentration and platelet Tpo content. Plasma gly-
cocalicin concentrations were determined as a measure of platelet turnover. Inflammatory 
cytokines might play a role in thrombocytopoiesis, either directly, or indirectly via enhance
ment of Tpo production. Plasma interleukin-6 (IL-6), interleukin-11 (IL-11) and tumor necro
sis factor-a (TNFa) were measured as representatives of these cytokines. To investigate 
whether inflammatory cytokines or other factors could influence Tpo production, a liver-cell 
line, a bone-marrow endothelial-cell line and primary bone-marrow stromal cells were cul
tured with different cytokines and Tpo production was analysed. 

MATERIALS AND METHODS 

Patients 

Upon informed consent, four patients (3 female, 1 male; age: 70±11) undergoing hip replace
ment surgery, three patients undergoing a knee replacement operation (2 males, 1 female; age: 
65±20) and nine patients (7 males, 2 females; age: 65±12) undergoing coronary artery by-pass 
graft surgery (CABG) were enrolled in the study. No complications occurred during the op
erations. Before surgery, patients undergoing CABG were treated with Dexamethasone 
(lmg/kg b.w.) and the total blood volume was adjusted by infusion of crystalloids. During 
surgery, CABG patients were connected to extra-corporal circulation (ECC). 
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Blood collection and processing 

Venous blood anti-coagulated with EDTA was obtained from all surgical patients at different 

time points before and after surgery. For the CABG patients, blood was drawn on the day 

before surgery, at the day of surgery before connection to ECC. directly after disconnection 

and six hours after disconnection. Thereafter, blood was drawn on every subsequent day for a 

period of 10 days. The same blood collection strategy was applied for patients undergoing hip 

or knee replacement surgery, except that on the day of surgery, blood was drawn before the 

operation and, one, three and six hours, respectively, after the operation. Platelets were rou

tinely counted with the Technicon H3 RTXlm System (Bayer, Tarrytown, NY, USA). Blood 

was processed within 4 hours after blood collection. Blood was spun at 850g for 10 min. and 

platelet-rich plasma was collected. After centrifugation for 7 min at 1700g, plasma was col

lected and stored at -20°C until use. Platelets were washed once with phosphate-buffered sa

line (PBS) containing 2% (w/v) BSA and 5 mM EDTA. Platelets were taken up in 1 ml of 

PBS and disrupted by freezing at -20°C. Before freezing, the platelet number was counted. 

Tpo and GC ELISA 

Thrombopoietin levels and plasma GC levels were determined with a sandwich ELISA as 

previously described [22,23]. In addition. Tpo was measured in supernatants of platelets dis

rupted by freezing. 

IL-6, IL-11 and TNFa ELISA 

For measurement of the concentration of IL-6 and TNFa in plasma, the commercially avail

able IL-6 and TNFa ELISA kits (Pelikine kit, CLB, the Netherlands) were used. The Quan-

tikine IL-11 ELISA kit was purchased from R&D systems Inc. (Minneapolis, MN, USA). 

Albumin concentration 

As a parameter for the change in plasma water content as a result of the infusion of crystal

loids, and thus of the change in plasma volume, plasma albumin concentration was routinely 

measured in a colorimetric assay with a Hitachi 747 (Boehringer Mannheim, Mannheim, 

Germany). In the CABG group, the measurements of platelet counts and plasma Tpo, GC and 

IL-6 concentrations at the different time points were corrected for haemodilution by multipli

cation with the following ratio: concentration albumin before ECC divided by concentration 

albumin at time-point of interest. 

Cell culture 

The HepG2 cell line was grown in Iscove's modified Dulbecco's medium (IMDM) supple

mented with 5% (v/v) heat-inactivated fetal-calf serum (FCS; Gibco BRL, Breda, the Nether

lands), penicillin (100 U/ml), streptomycin (100 ug/ml) and glutamine (300 ug/ml). Before 

testing, cells were transferred to 12-well tissue culture plates (Costar, Cambridge, MA, USA) 

(400,000 cells/well) and left to adhere. The previously described human bone-marrow endo

thelial cell line, HBMEC-60 [24], was cultured until confluency in fibronectin (CLB)-coated 

12-well tissue culture plates (Costar) and was maintained in Medium-199 with 25 mM Hepes 
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buffer (Gibco BRL) supplemented with 10% (v/v) pooled heat-inactivated human serum 
(CLB), 10% (v/v) heat-inactivated fetal-calf serum (Gibco BRL), 1 ng/ml bFGF (Boehringer 
Mannheim), 5 U/ml heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), 0.3 
mg/ml glutamine (Sigma Chemical Co., St. Louis, MO, USA), penicillin (100 U/ml), strep
tomycin (100 U/ml) and Geneticin (G418) (Gibco, BRL). BM stromal cells were obtained 
upon informed consent from the sternal aspirate of patients undergoing cardiac surgery. The 
mononuclear cell fraction was isolated by density centrifugation over Ficoll-Paque (Pharma
cia, Uppsala, Sweden; specific gravity 1.077 g/cm3. Cells were plated in a 12-well tissue cul
ture plates (Costar) and grown in medium consisting of 45% IMDM, 45% RPMI 
supplemented with 0.3 mg/ml glutamine and 10% FCS. Upon adherence, the non-adherent 
cells were removed and the medium was replaced. Thereafter, 50% of the medium was re
placed once weekly until a confluent monolayer was obtained. All cells were grown in a hu
midified incubator at 37°C with 5% C02. 

The influence on Tpo production of the following factors diluted in IMDM supplemented 
with 0.1% bovine serum albumin was assessed: IL-Iß (10 ng/ml), IL-6 (25 ng/ml) TNFa (10 
ng/ml), TGFß (2 ng/ml). Before incubation with the various cytokines, the cells were washed 
free of culture medium. All cultures were performed in triplicate in a final volume of 750 ul. 
IL-lß was purchased from Preprotech (Rocky Hill, NJ, USA), IL-6 from the CLB, TNFa was 
from Calbiochem" (Bad Soden, Germany) and TGFß from Strathmann Biotech GmbH. Su-
pernatants of BM stromal cells and HBMEC-60 were concentrated 15-fold by centrifugation 
for 30 min. at 5000g with a Centricon* centrifugal filter device YM30 (Millipore Corpora
tion, Bedford, MA, USA). 

RNA isolation and cDNA synthesis 

Total RNA was isolated with RNAzol (Tel Test Inc., Friendswood, Texas, USA) according to 
the manufacturer's instructions. Approximately 1 ug of RNA was reverse-transcribed with 5 
units of M-MLV reverse transcriptase (Gibco BRL) in lx RT reaction buffer (Gibco BRL) to 
which 1.5 ug of random primers (Gibco BRL), 10 mM DTT (Gibco BRL), 20 units RNAsin 
(Promega, Madison, WI, USA) and 0.5 mM DNTP (Pharmacia-Biotech, Uppsala, Sweden) 
were added. The cDNA reaction was performed for 1 hour at 37°C in a total volume of 20 ul. 
After an inactivation step of 10 minutes at 85 °C, the mixture was supplemented with 30 ul 
distilled water. Of this mixture, a 100-fold dilution was prepared, of which 5 ul was used for 
PCR amplification. For the standard curve, cDNA from a HepG2 culture was prepared. Five 
ten-fold dilutions were prepared from the (undiluted) reaction mixture. 

TaqMan RT-PCR 

Tpo primers and a Tpo probe were designed with the Primer Express version 1.0 software (PE 
Biosystems, Foster City, CT, USA) and the OLIGO 6.1 software (Wojciech Rychlik, Ph.D., 
Molecular Biology Insights, Inc., Cascade, CO, USA). The following oligonucleotides in 5' to 
3' orientation were selected: Tpo forward primer: GCTGCCTGCTGTGGACTTTAG; Tpo 
reverse primer: GGTCACTGCTCCCAGAATGTC and Tpo TaqMan probe TGCCTTGGT-
CTCCTCCATCTGGGT. The probe was chosen at the exon 4 / exon 5 transition and carried a 
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F AM reporter dye at the 5'-end and a TAMRA quencher dye at the 3'-end. The housekeeping 
gene porphobilinogen deaminase (PBGD) was used as an input control [25]. 
For amplification, the TaqMan 1000 Reactions Gold with Buffer A kit (PE Biosystems) was 
used. The reaction was carried out in a closed tube in a total volume of 50 ul, containing lx 
TaqMan buffer A, 5 mM MgC12, 200 uM of each DNTP, 300 nM of either the Tpo or the 
PBGD primers, 100 nM probe, 1.25 of U AmpliTaq Gold (PE Biosystems) and 5 u.1 cDNA. 
The reaction procedure was as follows: 10 min 95CC followed by 50 cycles of 15 sec 95°C 
and 1 min 60°C. Fluorescence data were collected during the annealing/extension phase of 
every cycle by means of the ABI PRISM 7700 Sequence Detection System, containing a 
thermal cycler (PE Biosystems). In each experiment, a HepG2 standard curve and a negative 
control (no cDNA input) was included. All experiments were performed in duplicate. A stan
dard curve was calculated in which the increase in fluorescence (ARn) was proportional to the 
concentration of template in the control. From this standard curve, the amount of amplicon in 
the samples was calculated. 

Statistical analysis 
The software package SPSS for windows, release 7.5 (SPSS Inc., Chicago, IL, USA) was 
used for statistical analysis. A p-value <0.05 was considered significant. The paired-samples 
T-Test was used to compare serial sample values with baseline values. An independent sam
ple T-Test was used to assess differences in Tpo secretion in cell cultures. 

RESULTS 

Patients undergoing knee or hip surgery 
In Figure 1, panels a-d, box plots are shown representing platelet counts, plasma Tpo concen
tration, platelet Tpo content and plasma IL-6 concentration for the patients undergoing knee 
or hip surgery. One day before surgery, a sample was taken to establish baseline values. One, 
three and six hours after surgery blood was sampled and thereafter, blood was collected daily 
up to day 10. The mean value of measurements performed at day 4 and 5, day 6 and 7 and day 
8, 9 and 10 are shown. When compared with platelet counts at baseline (day before surgery), 
platelet counts initially dropped after surgery and started to rise after day 2. Four days after 
surgery, platelet counts significantly rose above baseline level and continued to rise until the 
end of the observation period (Fig. la). The increment in platelet count was preceded by a rise 
in plasma Tpo concentration (Fig.lb). The Tpo level was significantly increased above base
line at day 1 after surgery, peaked around day 3 and had returned to baseline after 5 days. The 
amount of Tpo per platelet was significantly increased on day 1 after surgery and decreased 
again on day 3, despite the presence of an increased circulating Tpo concentration (Fig lc). 
The rise in Tpo content per platelet preceded the increase in plasma Tpo concentration. 
Within hours after surgery, the plasma IL-6 concentration increased (Fig Id). IL-6 levels were 
not detectable at baseline in five out of six patients. IL-6 levels were highest around 6 hrs and 
then started to drop again. Neither IL-11 nor TNFa could be detected at any tested 
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baseline 1hr 3hr 6hr d1 d2 d3 d4/5 d6/7 d8/9/10 

N = 7 7 7 7 7 7 7 7 5 6 

baseline 1hr 3hr 6hr d1 d2 d3 d4/5 d6/7 d8/9/10 

N = 7 7 6 6 6 7 5 7 5 6 

baseline 1hr 3hr 6hr d1 d2 d3 d4/5 d6/7 d8/9/10 

baseline 1hr 3hr 6hr d1 d2 d3 d4/5 d6/7 d8/9/10 

Figure la-d: Box plots representing the serial measurements of several variables in patients undergoing 
orthopedic surgery. Shown are base line values (day -1), 1 hr, 3 hrs and 6 hrs after surgery, and 1 day, 2 days 
and 3 days after surgery. Mean values of day 4 and 5, day 6 and 7 and day 8, 9 and 10 are shown since the whole 
series could not be completed for each patient. Asterisks indicate a significant difference (*: p<0.05; **: p<0.01) 
compared to baseline value. Circles represent outliers (cases with values between 1.5 and 3 box lengths). Boxes 
represent the interquartile range containing 50% of all values. The line across the box indicates the median, 
whereas the whiskers extend to the highest and the lowest value. No statistical analysis was performed for IL-6, 
because at baseline, levels were under the detection limit of the test (10 pg). In the figure, these values were 
arbitrarily set at 10 pg/ml. 
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follow-up of different variables during orthopedic surgery 
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Figure 2: Summary of the chronological profile of the different variables in patients undergoing orthope
dic surgery. The relative percentage compared to baseline values are shown. In case of IL-6, levels were arbi
trarily set at 10 pg/ml when results were under the limit of detection (10 pg/ml) of the assay. 

time point up to day 3 after surgery. During follow-up, no significant change in plasma GC 
was measured. In Figure 2, the change of the different variables in time, and in relation to 
each other, are summarised. Within hours after surgery, IL-6 levels peaked, followed by a rise 
in Tpo concentration. The rise in Tpo concentration was initially reflected by an increase in 
platelet-associated Tpo followed by a rise in the circulating Tpo concentration. After the Tpo 
peak, platelet counts rose above baseline value. 

Patients undergoing CABG 
Figure 3 panels a-d, show the box plots for the different variables in patients undergoing 
CABG. Before surgery, patients received fluid infusion in order to adjust the circulating blood 
volume. To correct for haemodilution, platelet count, plasma Tpo, IL-6 and GC concentra
tions were recalculated by means of the albumin concentration. The concentration of the dif
ferent variables before connection to the ECC (that is, after haemodilution) were taken as 
baseline value. A similar response of the different variables upon CABG surgery was seen as 
in the patients undergoing orthopaedic surgery. The rise in platelet count, which was signifi
cantly elevated compared to baseline at day 6/7, was preceded by a peak in plasma Tpo con
centration. Platelet counts rose from baseline 163±76xl09/L to 320 ± 95x109/L at the last time 
point, day 8/9/10. Similar as in the orthopaedic patients, peak Tpo levels were seen at day 
three after CABG surgery. Again, an increase in Tpo per platelet occurred before the peak in 
plasma Tpo levels. The Tpo concentration per platelet was significantly elevated compared to 
baseline on day 1 to 4, with peak levels found around day 2. The IL-6 concentration rose di
rectly after surgery. For four out of eight patients, IL-6 levels were highest 6 hrs after 
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Figure 3a-d: Box plots representing the serial measurements of several variables in patients undergoing 
CABG. Except for the amount of Tpo per platelet (3c), all variables measured in plasma were corrected for 
haemodilution by amplification with the albumin ratio (concentration albumin before ECC divided by concen
tration albumin at time-point of interest). Shown are baseline values (before connection to e.c.c), mean values 
directly after disconnection of the e.c.c, 6 hours after disconnection and l, 2 and 3 days after surgery. Similar as 
in figure 1, mean values of day 4 and 5, day 6 and 7 and day 8, 9 and 10 are shown. Triangles represent extreme 
values (cases with values over 3 box lengths). Further, the same legend as for figure 1 applies. 
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follow-up of different variables upon CABG surgery 

o— Tpo/plt 
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Figure 4: Summary of the chronological profile of the different variables in patients undergoing CABG. 
The relative percentage compared to baseline values are shown. Except for the platelet Tpo content, all values 
were corrected for albumin. In case of IL-6, levels were arbitrarily set at 10 pg/ml when results were under the 
detection limit of the assay. 

disconnection from ECC. For one patient, the peak day could not be determined since samples 
were only collected until 6 hrs after ECC. For two patients, an IL-6 peak was seen at day 2, 
and for one patient on day 4. Also in this patient group, IL-11 and TNF could not be de
tected and GC concentrations did not significantly change during follow-up. Figure 4 summa
rises the relative changes in the different variables compared to each other. The rise in platelet 
count was preceded by a rise in circulating Tpo. The rise in Tpo concentration was first re
flected in an increase in platelet Tpo content. In most cases, the IL-6 peak preceded the rise in 
Tpo. 

Cell cultures 
To investigate whether stimulation of (potentially) Tpo-producing cells with inflammatory 
cytokines could influence Tpo production, HepG2 cells, BM stromal cells and HBMEC-60 
were cultured in the presence or absence of several growth factors. HBMEC-60 did not pro
duce Tpo after 48 hrs of culture with IL-1, IL-6, TNF or TGFß. After a fifteen-fold con
centration of the supernatants, still no Tpo could be detected. Similarly, no Tpo was detected 
in either the non-concentrated or concentrated supernatants of BM stromal cells after 48 hours 
of exposure to the cytokines. The HepG2 cell line did produce Tpo (Figure 5a). A significant 
increment in Tpo concentration was present when cells were cultured for 24 hrs with IL-6. On 
average, Tpo production by HepG2 cells increased 1.5-fold in the presence of IL-6. IL-1, 
TNF and TGFß did not significantly influence the final Tpo concentration. To assess 
whether the increment in Tpo concentration in the IL-6 cultures resulted from an increased 
Tpo mRNA production per cell, the Tpo mRNA content was analysed with TaqMan RT-PCR. 
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Figure 5: Tpo production by unstimulated and stimulated HepG2 cells. Panel A: Mean and standard devia
tion of the Tpo concentration in the supernatants of triplicate cultures after 24 hrs are shown. The cultures 
stimulated with IL-6 showed a significantly higher Tpo concentration compared to the control cultures. Panel B: 
Tpo mRNA transcription in the different cultures relative to transcription of the house-keeping gene PBGD, 
which served as an input control. RNA was isolated from triplicate cultures and was processed separately. Mean 
and standard deviation are shown. 

Figure 5b shows the Tpo mRNA content relative to the expression of PBGD mRNA. No sig

nificant difference in Tpo mRNA expression was present in either one of the tested conditions 

compared to the control. 

DISCUSSION 

The current study shows that the reactive increase in platelets that is often seen after major 
surgery is most likely caused by an increment in circulating Tpo, the main regulator of throm-
bocytopoiesis. The increase in platelet Tpo content suggested that the rise in circulating Tpo 
is first reflected by enhanced Tpo uptake by platelets. Previously, several in vitro studies have 
shown that platelets bind and internalise Tpo [17-19,26]. A change in average Tpo content per 
platelet in vivo, however, has to our knowledge not been reported before. 
It is of notice that the Tpo uptake per platelet initially increased, as evidenced by the increased 
platelet Tpo content, but as circulating Tpo levels increased, the platelet Tpo content de
creased again. The cause of this decrease is unknown. Possibly, the total receptor expression 
diminishes due to internalisation of the Tpo-Mpl complex and subsequent processing. Alter
natively, platelets with a high Tpo content might represent aged platelets that leave the circu
lation. 
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In accordance with our findings, an elevation in circulating Tpo upon surgery has been re
ported by Hobisch-Hagen et al. [27] and Cerutti et al. [6], The former group reported signifi
cantly elevated serum Tpo levels (compared to levels before haemodilution) already occurring 
three hours after surgery. This early increment might be attributed to the measurement of se
rum instead of plasma Tpo levels. Previously, we have shown that platelets can release Tpo 
and that serum levels are on average 3.4 times higher than plasma Tpo levels [15,22]. In se
rum, both Tpo released from platelets and circulating Tpo is measured. Cerutti et al. [6] re
ported elevated plasma Tpo levels with a peak at day 3, which was associated with a rise in 
IL-6 concentrations, in patients undergoing hip replacement surgery. In our study, IL-6 levels 
peaked within hours after surgery and preceded the peak platelet-associated Tpo. 
A similar sequence of events, an IL-6 peak followed by an increase in circulating Tpo and 
platelet counts, was noted in patients with Kawasaki disease and upon induction of endo-
toxemia in healthy individuals [28,29]. 

Recently it was shown that in healthy individuals who received a bolus injection of rHu-
MGDF, the rise in platelet count, a reflection of enhanced thrombocytopoiesis, followed a few 
days after the rise in circulating Tpo [30]. In line with this observation, we observed a two-to 
three-day delay before platelet counts started to rise. This suggests that the increased Tpo lev
els in the surgery patients might indeed have caused the rise in platelet counts. 
Although platelet counts decreased immediately after surgery and gradually increased in time, 
no change in the GC concentration was observed. Previously, GC has been shown to be a 
marker for platelet turnover and is thought to be enzymatically cleaved from the platelet dur
ing destruction [31-33]. It is likely, that the follow-up of the patients in this study was too 
short to detect an increment in GC concentration, because the newly produced platelets were 
still viable at the end of the follow-up. This is in agreement with results from a study in which 
patients were treated with MGDF [34]. In these patients, GC levels started to rise 3 days after 
the start of the increase in platelet count. 

The exact origin of the increase in circulating Tpo is unknown and might involve several 
mechanisms. According to the model in which the total platelet and megakaryocyte mass af
fects the amount of circulating Tpo via receptor-mediated binding [35], a decrease in platelet 
mass might result in increased Tpo levels. In patients undergoing CABG, a decrease in plate
let mass was not reflected by a decrease in platelet counts. However, it is plausible that also in 
these patients platelets are consumed. The absence of a decrease in circulating numbers might 
result from an enhanced platelet release by the splenic pool or other compartments, thus 
masking platelet turnover in the periphery. 

Another mechanism that might contribute to the Tpo increment is Tpo release by activated 
platelets. Previously, we and others have shown that Tpo levels are elevated in patients with 
disseminated intravascular coagulation [15,36,37] and correlate with markers for thrombin 
generation [15]. In those patients, massive platelet activation occurs. Mild induction of endo-
toxemia in healthy individuals already leads to an elevation of plasma Tpo levels [29]. In 
analogy, Tpo might also be released by platelets activated upon surgery. 
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A third mechanism that might be involved, is enhanced production of Tpo. To date, no regu
lation at the mRNA level has been reported for the liver and the kidney in response to throm
bocytopenia or thrombocytosis [38]. In contrast, Tpo production by BM stromal cells can be 
induced. In patients with thrombocytopenia as a result of bone-marrow aplasia or idiopathic 
thrombocytopenic purpura, an increased Tpo mRNA concentration in bone marrow was found 
[20,21], It has been reported that platelet a-granular proteins such as PDGF, FGF, PF4, TSP 
and TGFß could influence the production of Tpo by BM stromal cells [39,40]. Apart from 
these proteins, enhanced Tpo production might be induced under the influence of cytokines 
and/or growth factors that are involved in the inflammatory reaction upon surgery. Elevated 
levels of IL-6 and acute-phase reactants such as C-reactive protein in combination with ele
vated Tpo levels have been reported in patients with thrombocytosis secondary to inflamma
tion or infection [41-43]. In two studies in which blood was drawn at one time-point in each 
patient, Tpo levels correlated with IL-6 levels and acute-phase reactants [41,43]. To assess 
whether the production of Tpo could be influenced by inflammatory factors, cell lines or cells 
potentially involved in Tpo production i.e. HepG2, BMEC and BM stromal cells, were cul
tured with IL-1 ß, IL-6, TN Fa, TGFß and compared with unstimulated cells. Tpo production 
was not seen for the HBMEC and the BM stromal cells. In contrast, Sakamaki et al. [39] 
showed that TGFß increased the expression of Tpo mRNA. However, Sungaran et al. [40] 
also found no upregulation but rather a down regulation of Tpo mRNA in BM stromal cells 
under the influence of TGFß. Similar to our findings, Wolber et al. [44] reported no Tpo pro
duction by BM fibroblasts either cultured without growth factors or with IL-Iß, IL-6 or 
TN Fa. 
HepG2 cells did produce Tpo, and a significant increase in Tpo was seen upon stimulation of 
these cells with IL-6. Analysis of the amount of Tpo mRNA expression showed no evidence 
that the IL-6 related increase in Tpo production resulted from enhanced Tpo mRNA expres
sion. Although an increase in Tpo mRNA was noted, it did not reach statistical significance. 
However, Wolber et al. [44] reported a significant two-fold increase in Tpo mRNA content, in 
both the liver-cell lines HepG2 an Hep3B that were cultured with IL-6, using competitive 
PCR for quantification. They also reported a 1.5-fold increase in Tpo protein production, 
which is in agreement with our findings [44]. In contrast, Hino et al. [45] and Yang et al. [46] 
observed no enhanced protein production. 
In addition to Tpo, IL-6, which is a thrombopoietic factor as well as a pro-inflammatory fac
tor, might also be directly involved in thrombocytopoiesis. Although to a lesser extent than 
Tpo, IL-6 is able to support megakaryocytopoiesis [47]. The increase in IL-6 that was seen 
after surgery might therefore play a direct role in enhancing thrombocytopoiesis. Apart from 
IL-6, other thrombopoietic factors such as IL-1, IL-3, and IL-12 might contribute. Further 
studies should be performed to investigate this. 
In conclusion, it is likely that the surgery-related increase in platelet counts is caused by in
creased platelet production under the influence of Tpo and, possibly, to some extent by IL-6 
or other cytokines with some thrombopoietic activity. Upon surgery, Tpo levels increased, as 
was demonstrated by an increased Tpo content per platelet followed by an increased level of 
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circulating Tpo. The exact origin of the Tpo elevation is unknown, but possibly multiple 
mechanisms are involved, i.e. accumulation as a result of diminished uptake, Tpo release by 
activated platelets, and enhanced production under the influence of IL-6. 
These findings may contribute to the clarification of the mechanisms underlying the finding 
that aspirin reduces the risk of pulmonary embolism and deep-vein thrombosis after surgery, 
as was demonstrated again recently in a large multicentre trial [48]. 

REFERENCES 

1. Pepper H and Lindsay S. Responses of platelets, eosinophils and total leukocytes, during and following 
surgical procedures. Surg Gyneacol Obstet 1960; 110: 319-26. 

2. Robbins G and Barnard DL. Thrombocytosis and microthrombocytosis: a clinical evaluation of 372 cases. 
Acta Haematol 1983; 70: 175-82. 

3. Adams E. Postoperative thrombocytosis. Arch Int Med 1994; 73: 329. 
4. Schmuziger M, Christenson JT, Maurice J, Simonet F et al. Reactive thrombocytosis after coronary by

pass surgery. An important risk factor. Eur J Cardiothorac Surg 1995; 9: 393-7. 
5. Christenson JT, Gras PA, Grosclaude A, Simonet F et al. Reactive thrombocytosis following coronary 

artery bypass surgery: a possible link to a lipid dysfunction. J Cardiovasc Surg (Torino ) 1996; 37: 491-8. 
6. Cerutti A, Custodi P, Mduranti, Cazzola M et al. Circulating thrombopoietin in reactive conditions be

haves like an acute phase reactant. Clin Lab Haematol 1999; 21: 271-5. 
7. Kaushansky K.. Thrombopoietin: The primary regulator of platelet production. Blood 1995; 86: 419-31. 
8. Wendung F, Maraskovsky E, Debili N, Florindo C et al. c-Mpl ligand is a humoral regulator of mega-

karyocytopoiesis. Nature 1994; 369. 571-4. 
9. Kaushansky K, Broudy VC, Lin N, Jorgensen MJ et al. Thrombopoietin, the Mpl ligand, is essential for 

full megakaryocyte development. Proc Nat! Acad Sei USA 1995; 92: 3234-8. 
10. Debili N, Wendung F, Katz A, Guichard J et al. The mpl-ligand or thrombopoietin or megakaryocyte 

growth and differentiative factor has both direct proliferative and differentiative activities on human me
gakaryocyte progenitors. Blood 1995; 86: 2516-25. 

11. Choi ES, Hokom M, Bartley T, Li YS et al. Recombinant human megakaryocyte growth and development 
factor (rHuMGDF), a ligand for c-mpl, produces functional platelets in vitro. Stem Cells 1995; 12: 317-
22. 

12. Choi ES, Hokom MM, Chen J, Skrine J et al. The role of megakaryocyte growth and development factor 
in terminal stages of thrombopoiesis. Br J Haematol 1996; 95: 227-33. 

13. Cramer EM, Norol F, Guichard J, Breton-Gorius J et al. Ultrastructure of platelet formation by human 
megakaryocytes cultured with the mpl ligand. Blood 1997; 89: 2336-46. 

14. Norol F, Vitrât N, Cramer E, Guichard J et al. Effects of cytokines on platelet production from blood and 
marrow CD34* cells. Blood 1998; 91: 830-43. 

15. Folman CC, Linthorst G, van Mourik JA, van Willigen G et al. Platelets release thrombopoietin (Tpo) 
upon activation: another regulatory loop in thrombocytopoiesis. Thromb Haemost 2000; 83: 923-30. 

16. Debili N, Wendling F, Cosman D, Titeux M et al. The Mpl receptor is expressed in the megakaryocytic 
lineage from late progenitors to platelets. Blood 1995; 85: 391-401. 

17. Fielder PJ, Gurney AL, Stefanich E, Marian M et al. Regulation of thrombopoietin levels by c-Mpl-
mediated binding to platelets. Blood 1996; 87: 2154-61. 

18. Fielder PJ, Hass P, Nagel M, Stefanich E et al. Human platelets as a model for the binding and degrada
tion of thrombopoietin. Blood 1997; 89: 2782-8. 

19. Li J, Xia Y, Kuter DJ. Interaction of thrombopoietin with the platelet c-mpl receptor in plasma: binding, 
internalization, stability and pharmacokinetics. Br J Haematol 1999; 106: 345-56. 

20. Hirayama Y, Sakamaki S, Matsunaga T, Kuga T et al. Concentrations of thrombopoietin in bone marrow 
in normal subjects and in patients with idiopathic thrombocytopenic purpura, aplastic anemia, and essental 
thrombocythemia correlate with its mRNA expression of bone marrow stromal cells. Blood 1998; 92: 46-
52. 

21. Sungaran R, Markovic B, Chong BH. Localization and regulation of thrombopoietin mRNA expression in 
human kidney, liver, bone marrow, and spleen using in situ hybridization. Blood 1997; 89: 101-7. 

22. Folman CC, von dem Bome AEGKr, Rensink IHJAM, Gerritsen W et al. Sensitive measurements of 
thrombopoietin by a monoclonal antibody based sandwich enzyme-linked immunosorbent assay. Thromb 
Haemost 1997; 78: 1262-97. 

119 



Chapter 8 _ _ _ ^ _ 

23. Porcelijn L, Folman CC, Bossers B, Huiskes E et al. The diagnostic value of thrombopoietin levels meas
urements in thrombocytopenia. Thromb Haemost 1998; 79: 1 101-5. 

24. Rood PML, Calafat J, von dem Borne AEGK, Gerritsen W et al. Immortalization of human bone-marrow 
endothelial cells: characterization of new cell lines. Eur J Clin Invest 2000; 30: 618-29. 

25. Mensink E, van de Locht A, Schattenberg A, Linders E et al. Quantitation of minimal residual disease in 
Philadelphia chromosome positive chronic myeloid leukaemia patients using real-time quantitative RT-
PCR. Br J Haematol 1998; 102: 768-74. 

26. Broudy VC, Lin NL, Sabath DF, Papayannopoulou T et al. Human platelets display high affinity receptors 
for thrombopoietin. Blood 1997; 89: 1896-904. 

27. Hobisch-Hagen P, Schobersberger W, Luz G, Innerhofer P et al. Circulating immunoreactive thrombopoi
etin increases rapidly after normovolemic hemodilution [letter]. Thromb Haemost 1998; 80: 718-9. 

28. Ishiguro A, Ishikita T, Shimbo T, Matsubara K et al. Elevation of serum thrombopoietin precedes throm
bocytosis in Kawasaki disease. Thromb Haemost 1998; 79: 1096-100. 

29. Stohlawetz P, Folman CC, von dem Borne AEGK, Pernerstorfer T et al. Effects of endotoxemia on 
thrombopoiesis in men. Thromb Haemost 1999; 81: 613-7. 

30. Harker LA, Roskos LK, Marzee UM, Carter RA et al. Effects of megakaryocyte growth and development 
factor on platelet production, platelet life span, and platelet function in healthy human volunteers. Blood 
2000;95:2514-22. 

3 I. Beer JH, Buchi L, Steiner B. Glycocalicima new assay-the normal plasma levels and its potential useful
ness in selected diseases. Blood 1994; 3: 691-702. 

32. Steinberg MH, Kelton JG, Coller BS. Plasma glycocalicin. An aid in the classification of thrombopenic 
disorders. N Engl J Med 1987; 317: 1037-42. 

33. Coller BS, Kalomiris E, Steinberg M, Scudder LE. Evidence that glycocalicin circulates in normal 
plasma. J Clin Invest 1984; 73: 794-9. 

34. O'Malley CJ, Rasko JEJ, Basser RL, McGrath KM et al. Administration of pegylated recombinant human 
megakaryocyte growth and development factor to humans stimulates the production of functional platelets 
that show no evidence of in vivo activation. Blood 1996; 88: 3288-98. 

35. Kuter DJ and Rosenberg RD. The reciprocal relationship of thrombopoietin (c-mpl ligand) to changes in 
the platelet mass during busulfan-induced thrombocytopenia in the rabbit. Blood 1995; 85: 2720-30. 

36. Hiyoyama K, Wada H, Shimura M, Nakasaki T et al. Increased serum levels of thrombopoietin in patients 
with thrombotic thrombocytopenic purpura, idiopathic thrombocytopenic purpura, or disseminated intra
vascular coagulation. Blood Coag Fibrin 1997; 8: 345-9. 

37. Kawasugi K, Gotoh M, Gohchi K, Matuda J et al. Increased endogenous levels of thrombopoietin and 
interleukin-6 without elevation of interleukin 11 in patients with DIC. Blood (abstract) 1998; 90: 32a. 

38. Stoffel R, Wiestner A, Skoda RC. Thrombopoietin in thrombocytopenic mice: Evidence against regula
tion at the mRNA level and for a direct regulatory role of platelets. Blood 1996; 87: 567-73. 

39. Sakamaki S, Hirayama Y, Matsunaga T, Kuroda H et al. Transforming growth factor-betal (TGF-betal) 
induces thrombopoietin from bone marrow stromal cells, which stimulates the expression of TGF-beta re
ceptor on megakaryocytes and, in tum, renders them susceptible to suppression by TGF-beta itself with 
high specificity. Blood 1999; 94: 1961-70. 

40. Sungaran R, Chisholm OT, Markovic B, Khachigian LM et al. The role of platelet alpha-granular proteins 
in the regulation of thrombopoietin messenger RNA expression in human bone marrow stromal cells. 
Blood 2000; 95: 3094-101. 

41. Cerutti A. Custodi P, Duranti M, Noris P et al. Thrombopoietin levels in patients with primary and reac
tive thrombocytosis. Br J Haematol 1997; 99: 281 -4. 

42. Uppenkamp M, Makarova E, Petrasch S, Brittinger G. Thrombopoietin serum concentration in patients 
with reactive and myeloproliferative thrombocytosis. Ann Hematol 1998; 77: 217-23. 

43. Hsu HC. Tsai WH, Jiang ML, Ho CH et al. Circulating levels of thrombopoietic and inflammatory cyto
kines in patients with clonal and reactive thrombocytosis. J Lab Clin Med 1999; 134: 392-7. 

44. Wolber EM and Jelkman W. Interleukin-6 increases thrombopoietin production in human hepatoma cells 
HepG2 and Hep3B. J Interferon Cytokine Res 2000; 20: 499-506. 

45. Hino M. Nishizawa Y, Tagawa S, Yamane T et al. Constitutive expression of the thrombopoietin gene in 
a human hepatoma cell line. Biochem Biophys Res Commun 1995; 217: 475-81. 

46. Yang C, Xia Y, Kuter DJ. The HepG2 cell as a model system for studying thrombopoietin production and 
regulation. Blood (abstract) 1997; 90: 158b. 

47. Ishibashi T, Kimura H, Uchida T, Kariyone S et al. Human interleukin 6 is a direct promoter of matura
tion of megakaryocytes in vitro. Proc Natl Acad Sei USA 1989; 86: 5963-57. 

48. Pulmonary Embolism Prevention (PEP) Trial Collaborative Group. Prevention of pulmonary embolism 
and deep vein thrombosis with low dose aspirin: Pulmonary Embolism Prevention (PEP) trial. Lancet 
2000;355: 1295-302. 

120 



Chapter 9 

Platelets Release Thrombopoietin upon Activation; 
Another Regulatory Loop in Thrombocytopoiesis? 

Thrombosis and Haemostasis 2000; 83: 923-30 





Platelets release Tpo upon activation 

Platelets Release Thrombopoietin (Tpo) upon Activation: Another Regula
tory Loop in Thrombocytopoiesis? 

Claudia C Folman1'2, Gabor E Linthorst', Jan van Mourik', Gijsbert van Willigen4, Evert de 
Jonge', Marcel Levi', Masja de Haas2 and Albert EGKr von dem Borne1'2 

! Division of Internal Medicine and Dept. of Haematology, Academic Medical Centre, Amsterdam the Nether

lands 
2 Dept. of Experimental Immunohaematology, CLB and the Laboratory of Experimental and Clinical Immunol

ogy, Academic Medical Centre, University of Amsterdam, Amsterdam, the Netherlands 
3 Dept. of Blood Coagulation, CLB and the Laboratory of Experimental and Clinical Immunology, Academic 

Medical Centre, University of Amsterdam, Amsterdam, the Netherlands 
4 Dept of Haematology, Thrombosis and Haemostasis Laboratory, University Medical Centre Utrecht, the Neth

erlands 

ABSTRACT 

Thrombopoietin is produced at a constant rate by the liver and kidney and is removed from 
the circulation upon binding and subsequent uptake via the Tpo receptor, c-Mpl, expressed by 
platelets and megakaryocytes. Apart from uptake, this study shows that platelets can also 
function as a storage pool for Tpo. 

Upon stimulation with various platelet agonists, full-length biologically active Tpo was re
leased by platelets. Platelet fractionation experiments indicated that this Tpo is contained in 
the granules. When platelets were preincubated with Tpo-peptide mimetic or truncated Tpo 
prior to activation, a three- to fivefold increment in Tpo release was seen. However, no en
hanced release of other granule proteins such as vWF-propeptide or serotonin occurred. 
Therefore, the Mpl agonists might compete with Mpl-bound Tpo, thereby releasing Tpo into 
the platelet supernatant. 

Intravascular release of Tpo by platelets might occur in patients with massive platelet activa
tion, as occurs in patients with disseminated intravascular coagulation. The Tpo concentration 
in these patients is elevated (p<0.01) and correlates with markers for thrombin generation, 
TAT complexes and Fl+2 (rp=0.8 and 0.9; pO.01). This suggests that the increment in Tpo 
concentration may be attributed to Tpo release by activated platelets in vivo, which might be 
instrumental in subsequent stimulation of thrombocytopoiesis. 
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INTRODUCTION 

The main mechanism determining the amount of circulating thrombopoietin (Tpo) in blood 
can be described by a "feed-back" model, as initially proposed by Gabriele and Penington [1] 
and Kuter and Rosenberg [2]. In this model, Tpo, which is produced at a constant rate by the 
liver and to a lesser extent by the kidney, stimulates megakaryocytopoiesis and subsequent 
platelet production. Cells of the megakaryocyte lineage and platelets carry c-Mpl, the recep
tor for Tpo [3], Via binding to this receptor, Tpo is removed from the circulation. Thus, me
gakaryocyte and platelet mass regulate the amount of circulating Tpo. Several patient studies 
have been published that support this "feed-back" model. An inverse relationship exists be
tween platelet count and plasma Tpo concentrations in patients receiving chemotherapy and 
aplastic anemia. Also, Tpo levels are elevated in patients with other causes of impaired 
platelet production [4-14]. When platelet production is normal or increased, but platelet life
span is shortened, such as occurs in idiopathic thrombocytopenic purpura (ITP), the plasma 
Tpo concentration is normal or nearly normal [4,5,8,9,15]. In this case, sufficient megakaryo
cytes and platelets are produced to bind and remove Tpo. That platelets can indeed bind Tpo 
was illustrated by the observation that in thrombocytopenic patients the plasma Tpo concen
tration decreased after platelet transfusion [7]. Moreover, Fielder et al. have shown in in vitro 
studies that after uptake by platelets, Tpo seems to be processed [16,17]. 
Apart from the role of platelets in Tpo uptake and degradation, platelets might also function 
as a storage pool of Tpo, releasing it when activated. We previously showed that serum Tpo 
levels from healthy donors are approximately 3.5 times higher than plasma levels [7]. We 
postulated that this was caused by Tpo release from platelets upon blood coagulation. In this 
paper it is shown that activation of platelets with different stimuli can indeed induce release 
of Tpo, which appears to be biologically active. Moreover, it is now known that Tpo itself has 
a priming effect on platelets. For instance, it has been described that pretreatment of platelets 
with Tpo results in an enhanced response to several agonists [18-21]. Therefore, also the po
tential role of Tpo in its own release was analysed. 
Tpo release by platelets upon activation might represent another regulatory loop in the throm-
bocytopoiesis. It might be instrumental in case of intra- or extravascular platelet activation. 
Recently, it has been published that in patients suffering from disseminated intravascular co
agulation (DIC), Tpo levels are increased [22,23]. In these patients massive platelet activation 
occurs. The increment in Tpo levels in DIC might be explained by intravascular Tpo release 
from these activated platelets. In order to gain insight in the mechanism of Tpo release from 
platelets and Tpo level regulation in DIC, Tpo levels, glycocalicin (GC) levels as a marker for 
platelet mass [24,25], and markers for thrombin generation were analysed in plasma from a 
group of patients suffering from sepsis with DIC. 
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MATERIALS AND M E T H O D S 

Blood collection for platelet isolation 

Venous blood, either anticoagulated with acid-citrate dextrose or with citrate, was obtained 

from healthy volunteers. In addition, platelets isolated from buffy coats of CAPD-

anticoagulated blood were used. Platelets were isolated as previously described [26]. In short, 

whole blood was centrifuged for 15 minutes at 850g to obtain platelet-rich plasma (PRP). 

Platelets were pelleted and washed three times with a buffer (36 raM citric acid, 103 raM 

NaCl, 5 raM KCl, 5 raM EDTA, 5.6 mM D-glucose and 0.35% (w/v) bovine serum albumin; 

pH 6.5) to which 100 nM prostaglandin E, had been added to prevent platelet activation. Fi

nally, platelets were resuspended in Hepes-buffered modified Tyrode's solution (137 mM 

NaCl, 2 mM KCl, 12 mM NaHC03 , 0.3 mM NaH2P04, 1 mM MgCl2, 0.5 mM CaCl2, 0.35% 

(w/v) bovine serum albumin, 5.5 mM D-glucose, 5 mM Hepes, pH 7.4). 

Platelet activation and disruption 

Platelets were incubated for 10 minutes at 37°C under shaking conditions with either 1 U/ml 

thrombin (Sigma Chemical Co., St Louis, MO, USA), 0.19 mg/ml collagen (Bio/Data Co., 

Horsham, PA, USA), CD41 MoAb 6C9 (1:200 ascites, CLB, Amsterdam, the Netherlands) or 

2 uM ADP (Boehringer Mannheim GmbH, Germany), unless mentioned otherwise. Throm

bin was neutralised with 10 U/ml hirudin (Sigma Chemical Co.) for 10 minutes at 37°C. The 

activation-inducing capacity of the CD41 MoAb 6C9 has been described previously [27]. 

Following activation, supernatants were harvested by centrifugation. To study the effect of 

Tpo priming on Tpo release, platelets were preincubated for 5 minutes at 37°C under shaking 

conditions with different concentrations of either PEG-rHuMGDF, the truncated poly-

ethylene-glycolated form of Tpo, or the peptide Mpl agonist AFI3948 [28]. PEG-rHuMGDF 

was kindly provided by Amgen (MGDF-D, Thousand Oaks, CA, USA). AFI3948, a dimeric 

peptide, was obtained from Isogen (Isogen Bioscience BV, Maarssen, the Netherlands). After 

preincubation, one of the platelet activators was added and after 10 minutes the supernatant 

was isolated. 

For purification of Tpo from disrupted platelets, platelets isolated from a buffy coat were sus

pended in saline. After repeated freezing and thawing, debris was removed by centrifugation. 

Platelet lysis was performed by incubation of lxl09 platelets/ml at 4°C for 1 hr in lysisbuffer 

( 1 % Nonidet P40, 150 mM NaCl, 10 mM Tris-HCL, 5 mM EDTA) with a protease inhibitor 

cocktail (Complete™, Boehringer Mannheim GmbH) in the presence or absence of Tpo-

peptide mimetic (10 ng/ml). Supernatants were stored at -20°C. 

Isolation of polymorphonuclear cells and mononuclear cells 

Polymorphonuclear cells and mononuclear cells were separated by density gradient centrifu

gation of EDTA-anticoagulated blood on Ficoll Isopaque (d= 1.077 g/mm3). The mononuclear 

cell fraction was washed three times with phosphate-buffered saline (PBS). Polymorphonu

clear cells were isolated after lysis of the red cells by incubation for 15 minutes at 4°C with 
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isotonic NH.C1 (155 mM NH4C1, 10 mM KHCO,, 0.1 mM EDTA. pH 7.4). The remaining 
cells were washed three times with PBS. 

Tpo isolation 

MoAb ctTpol2 [7] was coupled to CNBr-activated Sepharose® 4B beads (Pharmacia Biotech 
AB, Uppsala, Sweden) according to the manufacturers' instructions. Supernatants of activated 
or disrupted platelets were concentrated with an Amicon system (Amicon Corp., Danvers, 
MA, USA) and incubated overnight with the aTpol2-coupled Sepharose beads. After exten
sive washing with PBS with 0.01% (v/v) Tween, Tpo was eluted from the beads with 3M 
KSCN in PBS pH 7. Eluates were extensively dialysed against PBS or, if necessary, concen
trated by dialysis against PBS containing 30% (w/v) polyethylene glycol 6000 (PEG-6000). 
The same procedure was performed with culture supernatant of HepG2 cells. HepG2 cells, 
which produce Tpo, were cultured in Iscove's modified Dulbecco's medium (IMDM) sup
plemented with 5% (v/v) fetal calf serum, penicillin (100ug/ml), streptomycin (100 U/ml) and 
glutamine. Culture supernatant was incubated overnight with the ctTpol2-coupled Sepharose 
beads and processed as described above. 

I m in ii n oblotting 

For determination of the molecular mass of isolated Tpo, samples were electrophoresed on 
10% (w/v) SDS-polyacrylamide gels. The separated proteins were blotted onto nitrocellulose, 
which was subsequently incubated overnight with block buffer (5% (w/v) Protifar, 10 mM 
Tris-HCl pH 8, 150 mM NaCl, 0.05% (v/v) Tween). The blot was incubated overnight with 
biotinylated MoAb aTpol2. After washing, and subsequent incubation with streptavidin 
polyhorseradish peroxidase (CLB, Amsterdam, The Netherlands) for one hour, bound MoAb 
was visualised with the BM chemiluminescence system (Boerhinger Mannheim GmbH). A 
kaleidoscope prestained marker (Biorad Laboratories, CA, USA) was used as a standard. 

Tpo and GC ELISA 

Solid-phase sandwich ELISAs for measurement of Tpo or GC were described previously 
[4,7]. Normal Tpo plasma levels, as determined in 193 healthy individuals, ranged from 4-32 
A.U./ml [2.5,h-97.5,h percentile]. One A.U. equals 3.2 pg when calibrated against rHuMGDF 
(MGDF-A), the full-length rHuTpo molecule, which was a generous gift from Amgen. Nor
mal GC plasma concentrations, as determined in 95 healthy individuals, ranged from 144-444 
A.U./ml [mean±2SD]. 

Von Willebrand factor propeptide ELISA 

Propeptide concentrations were determined with an ELISA as described elsewhere [29]. A 
pool of plasma containing 6.3 nmol/L propeptide was used as a standard. 
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Table I: Summary of diagnoses in DIC patients and 
ICU controls 

DIC severe abdominal infection and sepsis 9 
pulmonary infection and sepsis 2 
meningococcal sepsis 1 
sepsis with unknown source 3 

Control pancreatitis 1 
cardiopulmonary surgery 4 
neurology and neurosurgery 5 
polytrauma 1 
major abdominal surgery 1 
bronchopulmonary disease 3 

Measurement of Serotonin 
Serotonin concentrations were measured by reverse phase high-performance liquid chroma
tography as previously described [30,31]. 

Tpo Bioassay 
The proliferative capacity of platelet supernatant was tested with Ba/F3 cells that stably ex
pressed the human c-mpl receptor. Supernatant was isolated from repeatedly frozen and 
thawed platelets and concentrated by dialysis against PEG-6000. The Ba/F3-hmpl cell line 
was kindly provided by Dr. I. Touw (Erasmus University, Rotterdam, the Netherlands). Cells 
were maintained in IMDM supplemented with 10% conditioned medium from WEHI 3B cells 
as a source of IL-3, 5% fetal calf serum, penicillin (100ug/ml), streptomycin (100 U/ml) and 
glutamine. For the proliferation assay, cells were washed free from IL-3 and plated, 5x10' 
cells per well, into a 96-well plate (Nunc, Roskilde, Denmark). Cells were incubated at a final 
volume of 200 ul with different dilutions of platelet supernatant. Platelet supernatant was left 
untreated or was incubated overnight with aTpol2-coupled Sepharose beads (10% w/v) or, as 
a control, with Sepharose beads to which a MoAb directed against Factor VIII (CLB-Cag 69, 
CLB, the Netherlands) was coupled. After 48 hours, cells were pulsed for four hours with 
[3H]-thymidine (7.4GBq/mmol, 0.04MBq/ml). Subsequently, the cells in each well were har
vested (Tomtec harvester *96; Skatron Instr. Norway) and [3H]-thymidine incorporation into 
DNA was measured in a liquid scintillation counter (1205 Betaplate; Wallac oy, Finland) and 
expressed as counts per minute (cpm) per well. 

Platelet fractionation 
Different platelet fractions were obtained with the method of Broekman et al. [32], with mi
nor modifications as previously described [33]. Platelets were disrupted by nitrogen cavita
tion, and the homogenate was subsequently fractionated by centrifugation on a linear sucrose 
gradient. After fractionation, six bands were obtained, and the concentration of the following 
markers were measured in each fraction: lactate dehydrogenase (LDH) as a cytosolic marker, 
succinate cytochrome-c reductase (SCR) as a marker for mitochondria, serotonin as a marker 
for the dense (S)-granules and vWF propeptide as a marker for the a-granules [34,35]. 

127 



Chapter 9 

35 

fc 30 
Z) 
< 25 
r 
O 20 
«i 

r 15 
C!) 
Ci 
C 
O 10 
o 
o 
Ci 

5 

I 

BI ï ö o 

Figure 1: Tpo concentration aner recaiciiicauuii oi cnraieu piasnia in me auseiice or presence of different 
cell types. Shown are the mean and SD of incubations with cells derived from four different individuals. Sam
ples that were recalcified with 16.8 niM CaCI, are represented by the grey bars. Mononuclear cells (MNC) and 
polymorphonuclear cells (PMN) were added in a concentration of 2.5x106 cells/ml. The number of platelets in 
platelet-rich plasma (PRP) of the four preparations were 1, 2.7, 3.5 and 4.1x10s./ml. PPP: platelet-poor plasma. 

Patient material 

EDTA-anticoagulated blood was obtained after informed consent from fifteen patients with 
septicaemia, who were admitted to the Intensive Care Unit (ICU) of our hospital. All patients 
showed signs of disseminated intravascular coagulation (DIC), including an underlying disor
der compatible with the occurrence of DIC, with platelet counts < 100xl09/L, prolongation of 
PTT and aPTT and elevated levels of fibrin degradation products. Sixteen consecutive ICU 
patients without septicaemia or signs of DIC served as controls. In the control group, platelet 
counts and PTT and aPTT were normal. Mean age and male/female ratio in both groups were 
71±16 years and 61 ±20 years, and 1.1 and 1.2, respectively. The underlying diseases of the 
different patients are summarised in Table I. Markers for thrombin generation, F1+2 and TAT 
complexes, were tested by Elisa (micro enzygnost, Behringwerke AG, Marburg, Germany). 

Statistics 

The software package SPSS for windows, release 7.5 (SPSS Inc.) was used for statistical 
analysis. A p-value <0.05 was considered significant. 

RESULTS 

Platelets release Tpo upon coagulation of platelet rich plasma 

Previously, we described a difference in serum versus plasma Tpo concentration with the se
rum concentration being 3.5 times higher [7]. To investigate whether other cells than platelets 
are involved in the Tpo level increment that occurs upon clotting of blood, citrated plasma or 
PRP was clotted by recalcification in the absence or presence of mononuclear cells 
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Figure 2A-C: Release of Tpo, v\Y'F-propeptide and serotonin in supernatants of stimulated platelets. 
Shown are the mean and SD of three different experiments expressed as obtained value per 1x10' incubated 
platelets. The number of platelets used in each experiment were 7.5xl08/ml (n=2) and 6.5x10s/ml (n=l). The 
concentration of the different stimulators were: 1 U/ml thrombin, 1:200 ascites CD41 MoAb, 0,19 mg/ml colla
gen and 2 uM ADP. 

(2.5xl06/ml) or polymorphonuclear cells (2.5xl06/ml). CaCl2 was added to a final concentra
tion of 16.8 mM, and the samples were incubated for 30 minutes at 37°C (shaking), after 
which supernatant was isolated. As shown in figure 1, only the presence of platelets during 
the coagulation process led to an increment in Tpo concentration. 

Activation of platelets leads to release of Tpo 
Washed platelets, isolated from ACD-anticoagulated venous blood, were activated with 
strong stimulators, such as thrombin, collagen and the CD41 MoAb 6C9, or with the weak 
agonist ADP. Apart from platelets stimulated with ADP, all samples showed an aggregator/ 
response. In the ADP-stimulated samples, shape change but not aggregation occurred under 
the conditions used, as detected with an aggregometer (data not shown). Figure 2 shows the 
Tpo, von Willebrand Factor propeptide (vWF-propeptide) and serotonin concentration in su
pernatants from stimulated platelets. VWF-propeptide is stored in the a-granules of platelets,. 
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Figure 3: Determination of Mr of released Tpo. Western immunoblot of Tpo isolated from supernatants of 
platelets stimulated with CD41 (lane 1) or thrombin (lane 2). Lane 3 represents Tpo isolated from supernatant of 
platelets disrupted by repeated freezing and thawing. Lane 4: rHu.MGDF (100 pg), lane 5: concentrated culture 
supernatant of the HepG2 cells, lane 6: rHuMGDF (1 ng), M: marker. 

whereas serotonin is contained in the dense granules. Tpo as well as vWF-propeptide and se

rotonin were released when platelets were stimulated with strong activators. Neither one was 

present above control levels in supernatants from platelets activated with 2 |iM ADP. 

Released Tpo has the same Mr as Tpo produced by HepG2 cells, but migrates faster than 
recombinant Tpo 

The Mr of Tpo isolated from supernatants of stimulated or disrupted platelets was compared 

with that of Tpo isolated from HepG2 supernatant and rHuMGDF. Figure 3 shows the results. 

In all isolates only one band of approximately 88 kD was seen. Tpo isolated from platelet su

pernatants migrated identical to HepG2-derived Tpo but faster than rHuMGDF (approxi

mately 98 kD). 

Released Tpo is biologically active 

The concentrated supernatant of platelets disrupted by freezing was tested for its capacity to 

induce proliferation of the Ba/F3-hmpl cell line. Apart from total supernatant, supernatant de

pleted of Tpo and supernatant incubated with anti-Factor VHI-coupled Sepharose beads as a 

control, were tested. The Tpo concentrations in the three preparations as measured in the Elisa 

were 470 pg/ml, not detectable and 336 pg/ml, respectively. Both the total supernatant and the 

supernatant incubated with anti-Factor VIII- coupled Sepharose beads induced proliferation 

of the Ba/F3-hmpl cell line. Less proliferation was observed after depletion of Tpo by 

aTpol2-coupled Sepharose beads. In figure 4 the amount of incorporated 3H-thymidine into 

the cells per condition is shown. 

Tpo is stored in platelet granules 

The concentration of the markers lactate dehydrogenase (LDH), succinate cytochrome-c re

ductase (SCR), serotonin, vWF-propeptide and Tpo, were measured in different platelet frac

tions. No correlation was present between the distribution of Tpo and LDH (a cytosolic 
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Figure 4: Proliferation of Ba/F3-hmpl cells. 'H-Thymidine incorporation into the DNA of Ba/F3-hmpl cells 
incubated with different preparations of platelet supematants is represented by the number of counts per minute 
(cpm). Shown are the mean values of duplicate measurements of two dilutions of one representative experiment. 
As a control, platelet supernatant was incubated overnight with CLB-Cag69-Sepharose. The dotted line indicates 
the number of background counts. 

marker), or Tpo and SCR (a marker for mitochondria). However, a strongly positive correla
tion was present between the distribution of Tpo and serotonin (rp=0.95, p<0.005), and of Tpo 
and vWF-propeptide (rp=0.98, p<0.005). On the basis of our fractionation results no decisive 
answer could be given as to the exact localisation of Tpo, since no complete separation of se
rotonin and vWF-propeptide was reached in the fractionation experiments. 

Platelet-stored Tpo is at least partly receptor bound 

Platelets isolated from buffy coats were pre-incubated with either PEG-rHuMGDF or with 
Tpo-peptide mimetic for five minutes at 37°C. PEG-rHuMGDF is the PEG-conjugated, N-
truncated form of HuTpo, which is not detected in our Tpo ELISA; PEG-rHuMGDF used in 
these experiments did not cross-react in the ELISA (data not shown). The Tpo-peptide mi
metic AFI3948, is a dimeric peptide Mpl agonist, which also does not interfere in the Tpo 
Elisa. After preincubation with PEG-rHuMGDF or Tpo-peptide mimetic different activators 
were added and Tpo levels were measured in the harvested supematants. Similar as without 
Mpl agonists, all samples to which thrombin, CD41 or collagen was added, showed a visible 
aggregatory response. As shown in Figure 5, incubation of platelets with PEG-rHuMGDF or 
Tpo-peptide mimetic led to measurable levels of Tpo in the supernatant. Under these condi
tions, no aggregation occurred. Furthermore, preincubation with PEG-rHuMGDF or Tpo-
peptide mimetic and subsequent addition of strong activators led to a 3.5 to 5-fold increment 
in measurable Tpo release. Addition of ADP after preincubation also led to an increment of 
Tpo in the platelet supernatant. In all cases, preincubation with Tpo-peptide mimetic and sub
sequent activation led to a significant increment in Tpo release when compared with preincu
bation without activation (paired t-test; p<0.05). This difference was also present for 
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Figure 5A-C: Release of Tpo, vWF-propeptide and serotonin after preincubation with PEG-rHuMGDF 
or Tpo-peptide mimetic and subsequent stimulation with different agonists. Platelets (lxlO9 platelets/ml) 
isolated from buffy coats were incubated with PEG-rHuMGDF (10 ng/ml), Tpo-peptide mimetic (4 ng/ml) or 
buffer. Subsequently, various agonists were added in the following concentrations: thrombin: 1 U/ml, CD41: 
1:200 ascites, collagen: 0,19 mg/ml and ADP: 2 u.M. The mean and SD of 4 different series are shown. In fig 5A 
the Tpo results are shown. There was a considerable difference between the four series, with highest Tpo con
centrations ranging from 52 AU/ml to 96 AU/ml. * :Not detectable. Prestimulation with either MGDF-D or Tpo-
peptide mimetic before activation significantly increased the Tpo concentration in the supernatant of platelets 
activated with thrombin, 6C9, collagen or ADP (paired t-test: p<0.05 in all cases). Figure 5B and C represent the 
vWF-propeptide and the serotonin results, respectively. 

132 



Platelets release Tpo upon activation 

900 

800 -

700 

600 

500 

400 

300 

200 

100 

0 -

with Tpo mimetic without Tpo mimetic 

Figure 6: Tpo concentration in supernatants of platelet Ivsates prepared in the presence or absence of 
Tpo-peptide mimetic. Shown are the mean and SD of three different experiments. 

prestimulation with MGDF-D (paired t-test; p<0.05), except in case of subsequent activation 
by ADP. In contrast to the increase in Tpo release, the level of vWF-propeptide and serotonin 
release remained unchanged after prestimulation with the Mpl agonists (Fig 5b and c). This 
suggests that part of the released Tpo is receptor-bound and is released when the Tpo peptide 
or the PEG-rHuMGDF competitively binds to the receptor. To investigate this, platelets were 
lysed with NP40 in the presence or absence of Tpo peptide. In the presence of peptide the Tpo 
concentration in the supernatant was approximately tenfold higher than without peptide pres
ent (figure 6). 
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I \ plasma GC cone 
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Figure 7: Box plots of platelet counts, plasma GC and Tpo concentrations for patients with DIC and ICU 
controls. The data of individuals for whom all three variables were tested are shown. The asterisks indicate a 
significance of p<0.01. Boxes represent the interquartile range containing 50% of the values. The line across the 
box indicates the median, whereas the whiskers extend to the highest and lowest value. 
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Figure 8: Correlation between plasma Tpo concentration and Fl+2 and TAT complexes in patients with 
DIC 

In patients suffering from sepsis complicated with DIC, plasma Tpo levels are increased 
and correlate with markers for thrombin generation 

Fifteen patients with signs of DIC were analysed and sixteen consecutive ICU patients with

out sepsis and DIC served as a control group. Both plasma Tpo and GC levels were deter

mined as demonstrated in Fig 7. Tpo levels were significantly different between the DIC 

group and the control group (144 ± 152 vs. 24 ± 15, t-test p<0.01). The concentration of GC 

showed a broad variation but was not significantly different between both groups (t-test 

p>0.3). Tpo levels correlated with those of Fl+2 and TAT complexes as shown in figure 8 

(r =0.8 and 0.9 respectively, p<0.01 in both cases) but not with platelet counts. 

DISCUSSION 

Previous in vitro studies have shown that platelets internalise rHuTpo upon binding to the c-

Mpl receptor [16,17]. Apart from their role in Tpo uptake, we show in this report that plate

lets also play a role as a carrier of Tpo, releasing it when stimulated. Tpo release by platelets 

may represent a third regulatory loop in thrombocytopoiesis. The first described regulatory 

mechanism is the "feed-back" loop, in which megakaryocyte and platelet mass regulate the 

amount of circulating Tpo. The second, being the recently described upregulation of Tpo pro

duction as shown by an increased mRNA level in the bone-marrow stroma in thrombocytope

nia [36-40]. 

Upon coagulation of blood, platelets released Tpo as measured with our Tpo Elisa. This re

lease was not influenced by the presence of mononuclear or polymorphonuclear cells during 

the clotting process. Furthermore, when washed platelets were stimulated with activators such 

as thrombin, collagen or the CD41 MoAb 6C9, Tpo was released in the supernatant, similarly 

as the a-granule marker vWF-propeptide and the 5-granule marker serotonin. Stimulation 

with the weak agonist ADP did not induce release of Tpo or vWF-propeptide or serotonin. In 
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concordance with results from Matsumoto et al. [41] further characterisation of platelet de

rived Tpo by immunoblot analysis showed a molecule with an Mr of approximately 88 kD, 

which was similar to the Mr of Tpo produced by the liver carcinoma cell line HepG2. Re

combinant HuTpo protein, however, had a somewhat slower pattern of migration. This differ

ence might reflect a difference in glycosylation, since the recombinant protein was produced 

by CHO cells, a non-human cell line. The identical Mr of platelet-derived Tpo and HepG2-

derived Tpo, suggested that released Tpo is full-length and biologically active. Indeed, super

natant of platelets disrupted by freezing, supported the proliferation of Ba/F3-hmpl cells. 

Proliferation was diminished when supernatants were depleted of Tpo by incubation with 

aTpol2-coupled Sepharose beads but not when supernatants were incubated with control 

beads. Although proliferation was observed, control experiments in which exogenous recom

binant Tpo was added to platelet supernatants, showed that not all recombinant Tpo could be 

recovered. This indicates that inhibitory molecules are present in the platelet supernatant, 

which prevent optimal proliferation of Ba/F3-hmpl cells. To circumvent this problem we have 

attempted to purify Tpo for testing in the bioassay, but so far we have not been able to re

move the toxic substances. 

In order to investigate the location of Tpo in the platelet, fractionation experiments were per

formed. The release of Tpo upon activation suggested that its location might be granular. The 

fractionation experiments excluded the cytosol or mitochondria as candidates for Tpo storage. 

However, an almost complete correlation was found with the a-granule marker vWF-

propeptide and the 8-granule marker serotonin. Unfortunately, no separation between these 

granules was reached. In addition to the a- and 8-granule, the lysosome might also be a can

didate. From the results shown, it can not be excluded that Tpo (also) resides in the lysosomal 

compartment. However, the released Tpo we analysed seems to be full-length and biologi

cally active. Therefore, it is unlikely that lysosomes are the exclusive Tpo-containing organ

elles. 

In studies of Fielder et al. [16,17], it was shown that platelets degrade exogenously added 

Tpo. In our study, we found no evidence for the presence of degradation products. An expla

nation might be that Mo Ab aTpol2, which was used for purification and immunoblotting, 

recognises an epitope on the C-terminal domain of thrombopoietin. Smaller N-terminal frag

ments, if present, can therefore not be detected under these conditions. This might also ex

plain why no Tpo cleavage products were seen after incubation of platelets with thrombin. 

Recently, Kato et al. [42] showed that Tpo can be cleaved by thrombin into smaller frag

ments. However, apart from the specificity of our used MoAb, it might be possible that no 

cleavage products were generated under the conditions we used, i.e. shorter incubation times, 

less thrombin and detection of native Tpo in the pg range instead of exogenously added Tpo 

in the ug range. In contrast to the above-mentioned studies, in which Tpo was exogenously 

added, the Tpo released by platelets could have been stored already in the megakaryocyte 

stage. 
Several reports have been published, showing that binding of Tpo to platelets affects platelet 

function in vitro. For instance, it has been shown that Tpo can augment the activation re-
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sponse to different agonists, measured as aggregation, ADP release and thromboxane B2 pro
duction and P-selectin upregulation [18-21]. In the current study, we did not show an addi
tional effect of Tpo on granule release, measured in terms of serotonin or vWF-propeptide 
release. Possibly, this is due to the high concentration of thrombin used in our experimental 
set-up (lU/ml) through which maximal release is already induced. Despite induction of 
maximal release with strong activators, incubation of platelets with Tpo-peptide mimetic or 
truncated rHuTpo (PEG-rHuMGDF) alone, did induce Tpo release. When platelets were 
stimulated after preincubation with these Mpl agonists, a synergistic increment in Tpo release 
was found. The absence of an increased release of the vWF-propeptide and serotonin suggests 
that the origin of the 'additionally' released Tpo is not granule associated. Probably, this Tpo 
was receptor-bound and is released because of competitive binding of the Mpl agonist. Part of 
the Mpl-bound Tpo seems to be present on the platelet membrane and in the open canalicular 
system, because release was already seen upon incubation with a Mpl agonist, without further 
activation. Another part seems to be present inside the platelet, since a further enhancement in 
Tpo release was seen after activation with strong activators and upon platelet lysis in the 
presence of Tpo-peptide mimetic. This suggests that upon stimulation, Tpo-Mpl complexes 
from inside the cell are transported to the exterior cell membrane. These data subscribe find
ings that Mpl expression is not regulated on the mRNA level but by internalisation upon Tpo 
binding [16,17,43]. 

Tpo release by activated platelets might occur also in vivo. As a model, patients with DIC 
were studied. In a group of patients with septicaemia complicated by DIC, we found that 
plasma Tpo concentrations were elevated as compared to ICU controls. This is in accordance 
with the findings of Hiyoyama et al.[22] who showed that serum Tpo levels were elevated in 
a group of 10 DIC patients with thrombocytopenia as compared to healthy controls (p<0.01). 
Also, Tpo levels significantly increased in healthy individuals after low-grade endotoxemia 
was induced [44], In addition to Tpo, we also analysed plasma GC concentration, which is a 
measure for platelet mass [24,25]. Plasma GC levels were not statistically different between 
the two groups, suggesting a similar platelet turnover. The increment in circulating Tpo might 
be the result of Tpo release by activated platelets in DIC. Indeed, in our study, Tpo levels cor
related with markers for thrombin generation, TAT and F1+2 levels. As shown by the in-vitro 
experiments, thrombin can induce platelet activation, resulting in Tpo release. In contrast, no 
apparent correlation was found between Tpo and TAT levels in septic patients with DIC in a 
recently published abstract from Kawasugi et al. [23]. This difference might be attributed to 
the time of sampling or to a difference in underlying pathology of the included patients. 
In summary, we show that platelets store full-length, biologically active Tpo, which may be 
instrumental in enhancing thrombocytopoiesis in case of massive activation-induced platelet 
destruction. 
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ABSTRACT 

Febrile conditions are often associated with increased platelet turnover and refractoriness to 

platelet transfusions, although several pyrogenic cytokines enhance thrombopoiesis. This 

study aimed to characterize the effects of experimental human endotoxemia on platelet turn

over and thrombopoiesis. 

Endotoxin (4 ng/kg) was infused into 30 healthy men to study the regulation of thrombopoie

sis in systemic human inflammation. Platelet counts, plasma thrombopoietin (Tpo) and gly-

cocalicin levels, and reticulated platelets (RP) were measured to evaluate the effect of acute 

endotoxemia on thrombopoiesis. Ten subjects received pretreatment with 1000 mg aspirin po. 

to evaluate possible effects of aspirin on platelet turnover, and ten subjects received 

paracetamol to control for effects of antipyresis. 

Platelet counts dropped by about 15% (p<0.001) one hour after LPS infusion, began to re

cover at 24h, and exceeded baseline values by 8% (CI: 5 - 1 2 ; p<0.001) at 7 days after LPS 

iv.. Reticulated platelet counts increased from 1.62% (CI: 1.24 - 2.0) to a maximum of 2.39% 

(CI: 1.81 - 2.98; p=0.003) at 6h. Tpo levels increased from baseline values of 10 A.U/mL (CI: 

8.8 - 11.2) to 15.5 A.U/mL (CI: 13.6 - 17.3) at 24h (pO.001), whereas plasma glycocalicin 

did not change (p>0.05). The number of circulating platelet-neutrophil aggregates increased 

more than 100% at 6h (p<0.001). Neither aspirin nor paracetamol affected changes in any of 

the parameters measured. 

Low grade endotoxemia induces a rapid fall of platelet counts, which is followed by an early 

increase in reticulated platelets and Tpo levels but not of glycocalicin levels. Finally periph

eral platelet counts increase several days after LPS infusion. 
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INTRODUCTION 

Platelets are released into the peripheral blood as a consequence of megakaryocyte fragmen
tation. Normally, platelet production is a self-regulating process: induction of thrombocyto
penia results in an increase of thrombopoietin (Tpo) [1], the key regulator of thrombopoiesis. 
Tpo enhances size, number and ploidy of megakaryocytes and consequently the number of 
peripheral platelets [2]. Thrombopoietin is the ligand for the Mpl receptor, which is found on 
all cells of the megakaryocytic lineage, including platelets. Via binding of Tpo to its receptor 
and subsequent uptake, Tpo can be effectively removed from the circulation as the platelet 
count rises [3,4], 
However, Tpo- or Mpl-deficient knock-out mice still have platelet counts of approximately 
10% [5,6], supporting the concept that other cytokines are also involved in the regulation of 
thrombopoiesis. In particular interleukin-6 (IL-6) [7,8] among other cytokines, such as IL-11 
and IL-3, stimulates thrombopoiesis [3]. Therefore, elevated IL-6 generation has been impli
cated to cause secondary thrombocytosis in patients with inflammatory diseases [9,10] or 
cancer [11]. Hence, reactive thrombocytosis may be due to overproduction of cytokines, other 
than Tpo, such as IL-6. In contrast to IL-6, tumor necrosis factor (TNF-ct) suppresses mega-
karyopoiesis [12]. 

However, febrile conditions, which are mediated by pyrogenic cytokines such as IL-6 and 
TNF-a, are long known to be associated with increased platelet turnover or refractoriness to 
platelet transfusions [13]. 

Hence, the regulation of thrombopoiesis in febrile conditions appears to be relatively com
plex, likely because of the simultaneous action of cytokines that enhance and suppress platelet 
counts. 
To directly characterize the regulation of thrombopoiesis in systemic human inflammation, 
we infused endotoxin into healthy volunteers, which represents an established and frequently 
used inflammation model [14]. We measured peripheral platelet counts, plasma Tpo and gly-
cocalicin levels and young, mRNA-containing, reticulated platelets (RP) [15] to evaluate the 
effect of acute endotoxemia on thrombopoiesis. Further, we aimed at studying the effects of 
aspirin on platelet turnover, and the role of antipyresis by use of paracetamol on endotoxin-
induced platelet turnover. 

METHODS 

Study design and study subjects 

The study was randomized, double-blind, placebo-controlled, in 3 parallel groups 
(n=10/group) in 30 healthy male subjects (mainly students); a report of the effects of endo
toxin on adhesion molecules is published elsewhere [16]. The study was approved by the 
Ethics Committee of the Vienna Medical School and all participants gave written informed 
consent prior to enrollment in the study. Mean age of the study subjects was 27.5±5 years 
(±SD) and the body mass index averaged 24 ± 2.3 kg/m2 (±SD). 
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Health status was determined by a battery of laboratory and clinical tests, including medical 
history, physical examination and hematological, biochemical, virological and drug screening 
as previously described [17]. Exclusion criteria were hypersensitivity to either aspirin or 
paracetamol and regular or recent (within 3 weeks) intake of any drugs, including over-the-
counter medication. 

Study protocol 

Volunteers reported at the study ward at 8:00 am after an overnight fast. Throughout the en
tire study period they had to stay in bed in supine position and were kept fasting for 8.5 hr. 
after endotoxin infusion. A 5% glucose infusion (Leopold Pharma) was started at 8:30 a.m. 
and continued over 8.5 hours at 3 mL/kg/h to ascertain constant blood glucose levels and ade
quate urinary output. Placebo, 1000 mg paracetamol (Paracetamol Genericon Pharma, Lan-
nach, Austria) or 1000 mg of acetylsalicylic acid (ASS Genericon; each dissolved in 100 mL 
mineral water to guarantee blinding) were administered p.o. immediately after the start of the 
glucose infusion. At 9:00 am, the study subjects received 4 ng/kg lipopolysaccharide (Na
tional Reference Endotoxin, E. coli; United States Pharmacopoeial Convention Inc., 
Rockville, 20852 MD, USA) as an intravenous bolus infusion over 1-2 minutes. 
Vital parameters were monitored continuously (ECG, heart rate and oxygen saturation) or at 
20-min intervals (blood pressure) on a Care View System™ (Hewlett Packard, Böblingen, 
Germany). Tympanic temperature was recorded hourly with an electronic thermometer 
(Thermoscan™, San Diego, CA, USA) and urine was collected throughout the entire study 
period. For safety reasons, study subjects had to stay at the research ward overnight until 24 
hours after endotoxin infusion. A final physical examination and check of laboratory pa
rameters, including a differential blood count, were performed 7 days after LPS administra
tion. 

Sampling and analysis 

Venous blood was drawn into Vacutainer tubes before administration of any drug and there
after as indicated in the figures, until 8 hours after endotoxin injection by repeated venipunc
tures (except platelet counts, which were obtained from an indwelling venous line) on the 
contralateral arm from where LPS had been administered. EDTA-plasma was obtained by 
centrifugation at 2000 g for 15 min at 4°C and stored at -80°C until analysis as duplicates, 
and all samples from individual subjects were run in the same assay. Tpo plasma levels were 
determined by a sensitive enzyme immunoassay, recently described by Folman et al. [18] and 
glycocalicin levels were determined as described by Porcelijn et al. [19]. IL-6 was determined 
by ELISA (Quantikine HS®, R&D Systems, Oxon, UK) and C-reactive protein (CRP) values 
were determined by nephelometry (Tina-quant® CRP by Boehringer Mannheim/Hitachi) 
[20]. Prothrombin fragment Fl+2 (Enzygnost F1+2, Behringwerke [21]) was measured at times 
when maximal levels were expected [22]. Platelet counts were obtained with a cell counter 
(Sysmex, Japan), and were corrected for the small changes in hemodilution (<5%). 
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Measurement of reticulated platelets (RP) 

Venous whole blood was collected into citrated tubes (Becton Dickinson, Vacutainer Sys
tems, Rutherford, NJ) (0,129M). In contrast to our previous studies [23,24] but in accordance 
with a recent consensus protocol [25] formaldehyde-fixed platelets were used. Venous whole 
blood was collected in Vacutainer tubes containing trisodium citrate. The whole blood sample 
was mixed by inverting the tube gently, and 5 ul of blood sample was added to 1 mL of 1% 
paraformaldehyde in phosphate-buffered saline (Gibco, NY, USA): this mixture was incu
bated for a minimum of 30 min to fix the platelets. To flow cytometrically analyze the plate
lets alone, we performed a double-labeling technique with every blood sample. Fixed platelets 
were pelleted by centrifugation (1000g, 5 min) and washed once with PBS before labeling 
with a Phycoerythrin-conjugated monoclonal antibody against glycoprotein Ilb/IIIa (CD41; 
Immunotech) for 30 min at room temperature. Afterwards samples were incubated with 1 mL 
of thiazole orange (TO; ReticCOUNT ™, Becton Dickinson, San Jose, CA) for 60 min at 
room temperature in the dark and acquisition on a flow cytometer (FACSscan, Becton Dick
inson) was started immediately thereafter. In the whole-blood acquisition, platelets were first 
selected by setting a first gate that separated platelets from erythrocytes, white cells and de
bris in logarithmic amplification of forward scatter (FSC) versus side scatter (SSC). 10,000 
cells within the gate were acquired for each sample. To accurately identify the platelet popu
lation, we used a second gate setting in logarithmic amplification of the FSC versus FL2 fluo
rescence, and the CD41PE-gated platelet population was evaluated for TO staining. The 
highly TO-positive platelets were identified in logarithmic amplification of SSC versus FL1 
of the CD41+ platelet population. Compared to our old method, which yielded a normal 90% 
range of 0.2-2.3% RP (n=100), the normal range of our currently used method is 0.4-2.5% RP 
(n=100). Pairwise correlation of values obtained with both methods with the Spearman ranks 
correlation test often samples in the normal range was r=0.8 (p=0.005); however, when sam
ples from ten patients with ITP (range: 9-39% RP) were included in the correlation analysis 
the correlation coefficient was r=0.96 (p<0.001). When digestion of RNA by RNAse was 
performed on samples from patients with ITP according to the methods described by Ault et 

al. [26] the mean percentage of Thiazole Orange* platelets decreased from 17% to 4% (n=10; 
pO.01). 

The flowcytometer was calibrated daily before each run with 2-micron beads (DNA QC par
ticles: Vial C, Becton Dickinson) for fluorescence and light scatter. 

Flow cytometric analyses of platelet leukocyte aggregates 

Platelet-leukocyte aggregates were evaluated by measuring CD41+ neutrophils as described 
previously [27]. Because all samples required instantaneous processing to avoid artificial ac
tivation of leukocytes or platelets, only samples taken at -30 min, 90 min, 6 h and 24 h were 
stained. Antibodies were fluoro-isothiocyanate labeled and purchased from Immunotech 
(CD41, isotypic IgG control). Flowcytometric analysis was performed as described previ
ously [17]. 
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Figure 1 Absolute decrease in platelet counts after an iv. injection of 4 ng/kg LPS (p<0.001 Friedman 
ANOVA vs baseline). Subjects received placebo (O), 1000 mg paracetamol (A), or 1000 mg aspirin (•) 30 min 
before LPS administration. Data are expressed as mean and SEM. No differences between groups were seen. 

Data analysis 
Data are expressed as the mean and the 95 % confidence intervals for description in the text 
(n=30). Non-parametric statistics were applied. All statistical comparisons within groups 
were done with the Friedman ANOVA and the Wilcoxon signed ranks test for post-hoc com
parisons. To test changes in endpoints between groups for statistical significance, the 
Kruskal- Wallis ANOVA was used and post-hoc comparisons were performed by the Mann-
Whitney U-test. A two tailed p-value of <_0.05 was considered significant. 

RESULTS 

Platelet counts 
Baseline levels of platelets averaged 215 x 107L (95% CI: 187 - 243) in the placebo group, 
242 x 107L (CI: 212 - 272) in the paracetamol group and 244 x lO'/L (CI: 201 - 286) in the 
aspirin-treated subjects (p>0.05 between groups). Platelet counts dropped by about 15% in all 
three groups at 75 min. after LPS infusion (pO.001 vs. baseline; Fig. 1). There was a slight 
recovery at the end of the observation period at 24 hours and platelet counts were 8% (CI: 5 -
12; p<0.001) higher than baseline values at 7 days after LPS administration. 
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Figure 2 Increase in relative reticulated platelet counts (left), plasma levels of thrombopoietin (middle) 
and glycocalicin (right) after an iv. injection of 4 ng/kg LPS. Subjects received placebo (O), 1000 mg para
cetamol (A), or 1000 mg aspirin (•) 30 min before LPS administration. Data are expressed as mean and SEM. 
** p<0.01 vs baseline. No differences between groups were seen. 

Reticulated platelets 

Reticulated platelet counts increased from 1.62% (CI: 

(CI: 1.81 - 2.98; p=0.003) at six hours (Fig. 2). 

1.24 - 2.0) to a maximum of 2.39% 

Tpo and glycocalicin levels 

As depicted in Fig. 2, Tpo levels started to increase from baseline values of 10 A.U./mL (CI: 

8.8 - 11.2) at 3 hours and reached a maximum of 15.5 A.U./mL (CI: 13.6 - 17.3) at 24 hours 

(pO.001). Plasma glycocalicin levels averaged 352 A.U./mL (CI: 322-382) and did not 

change significantly during the observation period (p>0.05). 

Platelet-neutrophil aggregates 

The number of circulating platelet-neutrophil aggregates, as measured by the number of 

CD4L neutrophils (Fig. 3), decreased from 233 /uL (CI: 182-284) at baseline to 120/uL (CI: 

91-150) at 90 min and then increased to 522/uL (CI: 424-621; pO.001) at 6 hours. CD41 + 

neutrophils were still increased at 24 hours (425 /uL, CI: 319-530). 

Plasma levels ofIL-6, CRP and F1+2 

IL-6 levels increased from an average of 2.8 ng/L (range: 0.2 - 9.8) more than 1000-fold at 3 

hours (range: 220-15819 ng/L), and serum levels of C-reactive protein increased from below 

0.5 mg/dL to 5.9 mg/dL (CI: 5.1 - 6.7; pO.001) at 24 hours. (p>0.05 between groups for both 

parameters). As expected, baseline F1+2 levels (0.8 ng/mL; CI: 0.3 to 1.3) did not change dur

ing the first hour after LPS administration. F1+2 levels averaged 13.8 ng/mL (CI: 10.3-17.3; 

pO.001) at 4 hours (p>0.05 between groups). 
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Figure 3: Number of platelet-neutrophil aggregates observed before and after LPS administration (4 
ng/kg). Subjects received placebo (O), 1000 mg paracetamol (A), or 1000 mg aspirin (•) 30 min before LPS 
administration. Data are expressed as mean and SEM. ** pO.01 vs baseline for all treatment groups 

DISCISSION 

Infusion of endotoxin caused an abrupt 15% decrease in peripheral platelet counts after 45 to 
80 min, which is in good agreement with a previous study [28] (Fig. 1). For comparison, 
platelet counts dropped by about 50 to 60% in lethal septicemia in baboons [29]. First, a low-
grade disseminated intravascular coagulation could have induced platelet consumption. This 
is unlikely to occur within the first hour in this experimental setting, because no increase in 
FH2 levels was observed at that time, in agreement with a previous study [22]. Second, the 
platelets could have been removed from the circulation by adhesion to either microvascular 
endothelium or leukocytes, which is supported by the >100% higher number of platelet-
neutrophil aggregates seen at 6 hours. These heterotypic aggregates are generated after plate
let or leukocyte activation. Increased numbers of platelet-neutrophil aggregates, as observed 
in septicemia, may serve as a marker for ongoing inflammation [27]. Since platelets co-
migrate with leukocytes as platelet/leukocyte aggregates from the vasculature into tissues 
[30], this process could conceivably account for the decrease in platelet counts. 
Platelet counts started to recover after 24 hours and were significantly higher than baseline 
values after 7 days. These data suggest that low grade endotoxemia stimulates the release of 
platelets from the bone marrow. This is in good agreement with the rise of reticulated plate
lets. Reticulated platelets contain some residual RNA and represent platelets recently released 
from the bone marrow [15,26,31-33]. Reticulated platelets increased at 6 and 24 hours after 
infusion of LPS. The magnitude of increase in %RP is in agreement with the effects of a 30% 
diminution in platelet counts by apheresis on the peripheral %RP counts [26]. First, this could 
be due to a relative increase in RP, indicating platelet consumption, and would be in line with 
the increased RP counts observed in thrombotic thrombocytopenic purpura or disseminated 
intravascular coagulation [33]. Alternatively, RP may be redistributed from storage pools 
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such as the bone marrow, because %RP are higher in the bone marrow than in the peripheral 
blood (Stohlawetz et al. unpublished). 
However, the early rise in %RP was unlikely to be due to an effect of Tpo on the production 
of RP, bacause administration of Tpo or IL-6 elevates %RP with a delay of 3 days [34,35], 
with an even later increase in total platelet counts [34,36]. Tpo plasma values were about 50-
75% higher than baseline values 24 hours after LPS infusion. First, the early decrease in 
platelet counts and hence diminished available receptors for Tpo, could have increased Tpo 
levels, because Tpo levels are regulated primarily by the peripheral platelet counts and the 
number of megakaryocytes [1,37,38]. This notion is supported by a study showing that an 
acute antibody-induced thrombocytopenia is followed by an increase in Tpo four hours later 
[1], Alternatively, the increase in Tpo could be due to an intravascular consumption of plate
lets and subsequent release of Tpo from sequestered platelets. This is in good agreement with 
the increased Tpo levels found in patients with disseminated intravascular coagulation 
[39,40], and is in line with in-vitro experiments showing that strong platelet agonists induce a 
Tpo release from platelets [39]. In contrast to Tpo, glycocalicin levels were not affected by 
LPS infusion. This indicates that plasma glycocalicin levels are not cytokine inducible, and 
may serve as a stable surrogate marker of platelet mass [41] even in systemic inflammatory 
diseases such as septicemia. 
Endotoxemia-induced effects are mediated by a number of cytokines, such as TNF, IL-6, IL-8 
and IFN-y. Many of those cytokines may act in concert and synergy with Tpo to increase 
thrombopoiesis [2,3]. In particular, IL-6 enhances megakaryocytopoiesis and leads to an in
crease in RP counts in animals [36]. This mechanism may be causative in reactive thrombo
cytosis, because elevated serum IL-6 levels have been found in secondary but not in primary 
thrombocytosis [9]. Therefore, an increase in cytokine production, such as that observed for 
IL-6, could also be responsible for the increase of RP. Such direct effects of IL-6 on platelets 
seem to depend on arachidonic acid metabolism in-vitro [42], Further, aspirin has been shown 
to inhibit nuclear translocation of NF-KB, which transcriptionally regulates several „immedi
ate early genes" such as TNF [43], Thus, a secondary aim was to examine whether the ad
ministration of aspirin influences the LPS-induced changes in outcome variables. Our data 
indicate that neither a single dose of 1000 mg aspirin nor paracetamol, influenced peripheral 
platelet counts, RP or Tpo plasma levels. Paracetamol was used to study a potential effect of 
an anti-pyretic agent without an inhibitory action on platelet cyclooxygenase. Hence, it ap
pears that the acute inhibition of cyclooxygenase had no detectable effect on markers of 
platelet turnover and thrombopoiesis after LPS administration. In addition, aspirin did not 
inhibit the acute phase response as measured by serum IL-6 or CRP levels. Conceivably, this 
can be explained by the fact that supra-pharmacological concentrations of aspirin were neces
sary to inhibit NF-KB in vitro, which exceed pharmacological plasma levels in humans [43]. 
However, we cannot exclude that this may be different after long-term intake of very high 
doses of aspirin, which lead to drug accumulation. This must be regarded as a limitation of 
our study. 
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In conclusion, low-grade endotoxemia induces a rapid fall of platelet counts, which is fol
lowed by an early increase in reticulated platelets and thrombopoietin. The fact that reticu
lated platelets increase rapidly after LPS iv. indicates that endotoxemia induces platelet 
release. LPS also enhances Tpo plasma levels. This could be due to the decreased platelet 
counts or may reflect delayed release of Tpo from sequestered platelets. In contrast plasma 
glycocalicin levels are not affected by systemic inflammation, and may therefore serve as a 
marker of platelet mass irrespective of inflamation. Finally, an increase in peripheral platelet 
counts occurs several days after LPS administration. 
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ABSTRACT 

In multiple myeloma (MM), suppression of haematopoiesis occurs as a result of expansion of 
malignant cells in the bone marrow. Thrombopoietin (Tpo) levels in patients with impaired 
platelet production are generally found to be highly elevated. To examine the circulating Tpo 
levels in patients with MM, Tpo levels were measured in 50 serum samples from 34 patients. 
Tpo levels were subsequently related to disease stage, and cell numbers and markers, i.e. 
platelet count, leukocyte count and haemoglobin (Hb) concentration. Elevated Tpo levels 
were found in association with decreased platelet counts (n=8), but also in patients with nor
mal platelet counts (n=14). The latter group included patients without and with signs of im
paired haematopoiesis, i.e. with decreased Hb concentration and decreased leukocyte count. 
These results show that neither platelet counts nor Tpo levels are reliable parameters to judge 
bone-marrow failure in patients with MM. Furthermore, in patients with MM, increased Tpo 
levels may play a role in the maintenance of thrombocytopoiesis. The origin of the increased 
Tpo levels remains to be determined. 
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INTRODUCTION 

In patients with thrombocytopenia resulting from impaired platelet production, such as occurs 
in patients with congenital amegakaryocytic thrombocytopenia, aplastic anemia and in pa
tients with cancer who are treated with myelosuppressive or myeloablative therapy, thrombo-
poietin (Tpo) levels are consistently found to be elevated [1-11]. Tpo is the main regulator of 
thrombocytopoiesis [12-14]. It is well accepted that the increase in Tpo concentration in pa
tients with a decreased platelet production, results from a diminished clearance of Tpo from 
the circulation. Normally, Tpo is removed by binding to the Tpo receptor, c-Mpl, present on 
cells from the megakaryocytic lineage and platelets [15-20]. Absence or diminished numbers 
of these cells will result in Tpo accumulation in the circulation since Tpo production, with the 
liver as its main source, is mainly constitutive. 
In multiple myeloma (MM), suppression of haematopoiesis occurs as a result of expansion of 
malignant cells in the bone marrow. Thrombocytopenia is frequently observed in these pa
tients. In the current study, Tpo levels were measured in serum samples form patients suffer
ing from MM either with or without thrombocytopenia and related to markers for disease 
progression, i.e. clinical staging, haemoglobin (Hb) concentration, leukocyte count and Cre
atinin concentration. In addition, interleukin-6 levels were measured because this cytokine is 
known to be involved in the pathogenesis of MM [21,22]. IL-6 can support the growth of hu
man myeloma cells and, MM cells can in their turn, induce IL-6 production by stromal cells. 
Recently, it was reported that IL-6 can increase Tpo production by human liver cell lines in 
vitro ([23] and our own unpublished observations). 
We report that elevated Tpo levels were found in patients with thrombocytopenia, which is in 
accordance with impaired platelet production. However, elevated Tpo levels were also found 
in patients with normal platelet counts, both in combination with normal leukocyte counts and 
Hb levels and in combination with decreased levels of these markers. 

P A T I E N T S A N D M E T H O D S 

Patient material 
In a retrospective study, serum samples from 34 patients with MM were analysed, that were 
collected and stored between March 1988 and June 1996. In table I, patient characteristics and 
laboratory test results at the time of sampling are summarised. Samples were collected at dif
ferent stages of disease progression. 

Tpo ELISA 
Tpo levels were measured with our previously described solid-phase sandwich ELISA [10]. 
Results from stored controls that were tested repetitively in time were reproducible (data not 
shown). Therefore, the storage time of frozen samples did not influence Tpo measurements. 
Serum Tpo levels in 136 healthy controls ranged from 6-69 Arbitrary Units/ml (AU/ml), 
which corresponds with 19-221 pg/ml when calibrated against rHuMGDF (MGDF-A), the 
full-length rHuTpo molecule, which was a generous gift from Amgen (Thousand Oaks, CA, 

154 



Tpo levels in multiple myeloma 

Table I: Patient characteristics and clinical data 

pit count 
Tpo<=69 AU/ml 

< 150" 
Tpo>69 AU/ml 

150<=pltcount<=450" 
Tpo<=69 AU/ml Tpo>69 AU/ml 

Samples 

Patients 

ntotal=50 

ntotal=34 

5 

4 

8 

8 

16 

15 

21 

15 

Age 
sex 

years [mean/range] 

[m/f] 
63 [55-86] 

5/0 
66 [53-80] 

4/4 
57 [37-77] 

8/8 
61 [47-83] 

16/5 

Clinical stage* I 
II 
III 
unknown 

3 

2 

2 

5 
1 

6 
3 
6 
3 

3 
7 
8 
3 

Creatinin decreased 
normal 
elevated 
unknown 

2 
1 

2 
2 
3 
1 

3 
9 
3 
1 

4 
10 
4 
3 

Leukocyte count 

[x109/L] 

<4.2 

4.2<=leuko<=10.7 
unknown 

2 

3 

5 

3 

4 

12 

5 

15 
1 

Hb 
[mmoi/L] 

<5.3 
5.3<=Hb<=6.3 
Hb>6.3 
unknown 

1 

4 

3 
2 
2 
1 

15 
1 

2 
3 
16 

* According to Durie and Salmon (197 

" x 1 0 9 / L 
5) 

USA). When calibrated against the rhTpo standard from Research Diagnostics Inc.(Flanders, 
NJ, USA) 1 A.U. equals 9 pg of Tpo. 

Interleukin-6 ELISA 
For the measurement of IL-6 in serum, the commercially available IL-6 kit (Pelikine kit, 
CLB, the Netherlands) was used according to the manufacturer's instructions. 

RESULTS 

A total of 50 serum samples were available from 34 MM patients (table I). Figure 1 shows the 
Tpo levels in these patients compared to controls. Elevated Tpo levels were present in MM 
patients with thrombocytopenia but also in MM patients with normal platelet counts. There 
was no correlation between the paraprotein level and Tpo concentration. 
Of the 34 patients, 20 patients had elevated Tpo levels (i.e. above 69 U/ml) as detected in 29 
serum samples. For 8 samples (npaliL.nls=8) platelet counts were decreased, which is in accor
dance with MM-related thrombopoietic failure. However, for 21 out of 29 samples elevated 
Tpo levels were related to normal platelet counts [range 181-333] (npalicnts=14). Nine of the 14 
patients in this group either had a decreased Hb concentration, a decreased leukocyte count or 
both. Four of these 14 patients were classified in clinical stage III. Elevated Tpo levels were 
also found in combination with normal platelet and leukocyte counts and a normal Hb con
centration in samples of seven patients. 
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Figure 1: Box plots representing the serum Tpo levels of healthy controls and patients with multiple mye
loma. Boxes represent the interquartile range containing 50% of all values. The line across the box indicates the 
median, whereas the whiskers extend to the highest and the lowest value. The circles represent outliers (cases 
with values between 1.5 and 3 box lengths). The MM group is subdivided in patients with normal platelet (pit) 
counts and patients with decreased platelet counts, i.e. less than 150xl09 platelets per liter. 

Among the group with normal platelet counts, there was no significant difference in age, sex, 
clinical staging, Creatinin level, leukocyte count or haemoglobin concentration when com
paring patients with normal Tpo levels and elevated Tpo levels (p>0.05; Mann-Whitney U 
test). These parameters were also not different when comparing patient with decreased plate
let counts versus patients with normal platelet counts. 

Analysis of all samples showed that there was no correlation between platelet count and se
rum Tpo concentration. 
To examine a possible relation between IL-6 and Tpo in MM, IL-6 levels were measured in 
34 samples of 34 patients. IL-6 was detectable in 3 patients (24, 25 and 58 pg/ml respec
tively). All other samples were under the limit of detection (<10 pg/ml). Tpo levels in all three 
samples were elevated (148, 419 and 111 AU/ml, respectively) and platelet counts were de
creased in the first two patients (84 and 48x109/L) and normal in the third patient 
(290x109/L). 

DISCUSSION 

In this report it is shown that, compared to healthy controls, elevated serum Tpo levels were 
present in MM patients with thrombocytopenia, but also in MM patients with normal platelet 
counts. So far, elevated Tpo levels have mainly been reported in association with thrombo
cytopenia (i.e. resulting from impaired platelet production [1-11] or increased platelet con
sumption [24,25]) and hereditary thrombocytosis [26-28]. 

In analogy with other diseases in which thrombocytopoiesis is impaired, the elevated Tpo 
levels in MM patients with thrombocytopenia is most likely caused by a diminished number 
of platelets and megakaryocytes, resulting in a decreased clearance of Tpo by these cells. In 
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multiple myeloma, malignant cells accumulate in the bone marrow, thereby suppressing the 
outgrowth of haematopoietic progenitor cells, including megakaryocyte progenitors, leading 
to diminished platelet formation. 
The presence of elevated Tpo levels in MM patients with normal platelet counts might sug
gest that overproduction of Tpo is involved in the maintenance of normal thrombocytopoiesis 
in these patients. Indeed, normal platelet counts, in combination with elevated Tpo levels, 
were found in patients with signs of impaired hematopoiesis, i.e. decreased Hb values and/or 
a decreased leukocyte count and/or classified in clinical stage III. In addition, elevated Tpo 
levels were also found in patients in whom these parameters were within the normal range, 
suggesting the presence of normal hematopoiesis. This implies that measurement of platelet 
count in MM is not always a reliable parameter for bone-marrow suppression and disease 
progression, because increased Tpo levels might selectively enhance thrombocytopoiesis. 
The origin of the increased Tpo concentrations remains to be investigated. It has been de
scribed that IL-6 can augment Tpo production by human liver-cell lines in vitro [23]. IL-6 is 
known to be involved in MM [21,22] and therefore is a likely candidate to be involved in a 
possible increase of Tpo production. However, no relation between the concentration of Tpo 
and IL-6 was present in the investigated patient group: Tpo levels were elevated in all three 
patients in whom IL-6 was detectable, but two of these patients were thrombocytopenic. 
In analogy with interleukin-6 [21,22], MM cells may induce Tpo production by bone-marrow 
stromal cells, or myeloma cells themselves might produce Tpo. Whether Tpo plays a role in 
the pathogenesis of MM remains a topic of interest. In the current study, no difference was 
found with respect to markers for disease progression, i.e. clinical stage, Creatinin concentra
tion, leukocyte count and Hb concentration, between patients with a normal platelet count and 
either a high or a normal Tpo level. However, a prospective follow-up study should be per
formed to judge the possible clinical significance of Tpo measurements in the diagnosis of 
MM. 
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12.0 Introduction 

Since the discovery of thrombopoietin (Tpo), it has been amply shown by both in vitro and in 

vivo studies that Tpo is the main regulator of thrombocytopoiesis. Tpo promotes proliferation, 

maturation and differentiation of cells from the megakaryocyte lineage, which ultimately 

results in the formation of platelets. Tpo exerts its function via binding to the Tpo-receptor, 

Mpl, which is expressed on all cells from the megakaryocyte lineage, including platelets. //; 

vivo, administration of Tpo leads to enhanced thrombocytopoiesis and expansion of the num

ber of circulating platelets (reviewed in Chapter 1). 

To gain insight in the process of thrombocytopoiesis and platelet homeostasis, knowledge 

about the structure and function of Tpo and its receptor and about the control of circulating 

Tpo levels is essential. The data described in this thesis confirm and extend previous observa

tions that measurement of plasma Tpo levels is of clinical importance. In addition, this thesis 

provides information about the mechanisms underlying different platelet disorders and it in

creases the knowledge with respect to the interplay between platelets and Tpo. In this chapter, 

the gathered data will be summarised and discussed with respect to other published studies. 

12.1 Thrombopoietin ELISA: Test characteristics and reference values 

As described in Chapter 2, we developed a sensitive and specific ELISA with which Tpo con

centrations can be reproducibly measured. In contrast to other published Tpo ELISAs [1-3], 

our ELISA was the first that was solely based on monoclonal antibodies, two for capturing 

Tpo and one for its detection. An advantage of the use of monoclonal antibodies as compared 

to polyclonal antibodies is that they can be supplied continuously with a stable quality. With 

the assay, the full-length, biologically active Tpo molecule is detected. The truncated form, 

containing the biologically active N-terminal domain only, is not detected with our assay, but 

is in all other described assays. As a standard, we used a pool of plasma from patients with 

high Tpo levels. The Tpo concentration of the pool was arbitrarily set at 100 arbitrary units/ml 

(AU/ml). As an alternative, we tested several recombinant Tpo preparations (rhTpo) and 

found different results. For instance, 1 AU equalled 9 pg of rhTpo from Research Diagnostics 

Inc., but when calibrated against rhTpo from Genentech Inc., 1 AU equalled i pg. Since a 

universal standard is not yet available and, in our hands, all recombinant Tpo preparations 

were found to degenerate in time, we preferred to use a plasma pool as a standard. In the as

says described so far, various standards were incorporated (recombinant Tpo preparations, 

either truncated or full-length) and different read-out units were used, referring either to the 

absolute mass {(pg/ml) [3-6]], and the commercially available Quantikine Tpo ELISA, R&D 

systems, Minneapolis, MN, USA}or, in one case, to the molar content (fmol/ml) [2]. When 

comparing data from different studies, the characteristics of the assay system should be taken 

into account, and the data should be normalised to the reference values as assessed in the 

same assay system. 

We have shown that it is important to note whether Tpo level measurements were performed 

with plasma or with serum. We found Tpo levels in serum to be on average 3.4 times higher 
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Figure 1: Relation between serum/plasma ratio and platelet numbers. The open circles represent healthy 
individuals whereas the filled circles represent patients with thrombocytopenia resulting from bone marrow 
suppression (Miscellaneous group B Chapter 5) 

than Tpo levels in plasma from healthy individuals (n=137) (Chapter 2). In Chapter 9 it was 
demonstrated that platelets can release Tpo upon activation, suggesting that in serum, both 
circulating Tpo, and Tpo released by platelets during the clotting process, is measured. In
deed, in patients who have a low circulating number of platelets as a result of impaired plate
let production, the ratio between plasma and serum concentration is decreased compared to 
individuals with normal platelet counts, i.e. 1.3 vs. 3.4, respectively. Platelet counts and the 
serum/plasma ratio were positively correlated (Rp=0.7, p<0.01) (see figure 1). In concordance 
with our findings, Ishiguro and co-workers [7] reported a four-fold difference in serum and 
plasma Tpo concentration when samples from 22 disease-free children with normal platelet 
counts were analysed [2]. With their ELISA system, both the N-terminal truncated form and 
the full-length form of Tpo can be measured. A difference in plasma and serum Tpo concen
tration, albeit to a smaller extent, was also detected with the Tpo ELISA developed by Ara-
gen, which uses a polyclonal antibody recognising only the receptor-binding domain (N-
terminal domain) for capturing and another polyclonal antibody raised against the full-length 
form of Tpo for detection [3]. Serum levels were reported to be on average 14 to 30% higher 
than plasma levels in healthy donors [4,8]. According to the product information of the com
mercially available Quantikine Tpo ELISA (R&D systems), which is based on two mono
clonal antibodies, Tpo levels cannot be measured in (all) plasma samples (<31.2 pg/ml= 
detection limit). However, Tpo could be measured in 98% of the serum samples and was on 
average 67.1 pg/ml. Of the two other ELISA systems, one is not sensitive enough to detect 
normal Tpo levels [1]. With the other assay system, differences between plasma and serum 
levels were not assessed [6]. 

Although serum levels were generally higher than plasma levels, the extent of the difference 
varies. This might be due to differences in the characteristics of the ELISA system used, i.e. 
specificity's of the capture and detector antibodies and the standard applied. Alternatively, the 
procedure used to isolate plasma (anticoagulant used) or serum, might influence the results. In 
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our system, the use of EDTA, citrate or heparin as an anticoagulant did not influence the test 

esults. 

Reference values for the endogenous concentration of Tpo were established by the measure
ment of plasma Tpo levels of 193 healthy (adult) volunteers and ranged from 4-32 AU/ml 
[2.5th-97.5th percentile] (Chapter 2). Plasma Tpo levels were not different between males and 
females but tended to decrease slightly with age, which is in concordance with other, reports 
[2,4]. Plasma Tpo levels in healthy newborns were slightly higher than the concentrations 
found in adults (see Chapter 6). Others also reported this relative increase in both serum and 
plasma samples [7,9-11]. Ishiguro et al.[7] reported elevated serum Tpo levels compared to 
Tpo levels in adults, in newborn infants and children up to the age of 15 yrs. With increasing 
age, Tpo levels declined, with the largest decline occurring in the first two months after birth 
and the highest Tpo levels found 2 days after birth. As in adults, Tpo levels were not different 
between males and females. As discussed in Chapter 6, the origin of the relatively elevated 
Tpo levels in children is unknown. 

12.2 Measurement of Tpo levels: Diagnostic value 

12.2.1 Thrombocytopenia 
In case of thrombocytopenia of unknown aetiology, measurement of thrombopoietin levels 
provides a valuable diagnostic tool to differentiate between thrombocytopoietic failure and 
peripheral platelet destruction (Chapter 5&6). High Tpo levels, ranging from more than 5 to 
30 times the normal upper limit, are associated with thrombocytopenia caused by a lack of 
megakaryocytes in the bone marrow. Normal to slightly elevated Tpo levels (less than twice 
the normal upper limit) are associated with thrombocytopenia resulting from peripheral 
platelet destruction, such as occurs in primary and secondary AITP. Other investigators have 
reported similar results [2,12-20]. Results were consistent when Tpo was measured in either 
serum or plasma. Thus, both sources can be used to discriminate between the two causes un
derlying thrombocytopenia. Apparently, in AITP, the reported Tpo production by bone-
marrow stromal cells and increased megakaryocyte numbers in the bone marrow is not suffi
cient to overcome thrombocytopenia. Therefore, this patient group might benefit from treat
ment with Tpo or a Tpo-mimetic peptide. 

In the aforementioned patient groups, plasma Tpo levels seemed to reflect the thrombocyto
poietic capacity of the bone marrow rather than the number of circulating platelets, i.e. plate
let production is normal or even slightly enhanced in AITP whereas in severely suppressed 
platelet production, Tpo levels are highly elevated. Patients with aplastic anaemia (AA) also 
have highly elevated Tpo levels [2,3,12,13,15,18,21-24]. In patients who show an increase in 
platelet count when recovering from immunosuppressive therapy or bone-marrow transplan
tation, Tpo levels decreased but remained above normal levels [25,26]. It has been suggested 
that in these patients, the elevated Tpo levels reflect the persistence of a haematopoietic defect 
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Figure 2: Tpo levels in AML and MDS. Blood samples of patients with either AML or MDS were collected 
and Tpo levels were routinely assessed in plasma or serum. The symbols do not represent individual patients; 
some patients were included more than once. 

in the bone marrow. Possibly, increased Tpo levels are required to maintain sufficient throm-

bocytopoiesis. 

Patients with myeloid malignancies, such as myelodysplastic syndrome (MDS) and acute 
myeloid leukaemia (AML), form an exception to the rule that Tpo levels are increased when 
thrombocytopoiesis impaired. Normal, as well as elevated plasma Tpo levels were found in 
these patients (figure 2). In MDS, Tpo levels have been reported to vary with disease classifi
cation: Tpo levels are generally lower in refractory anaemia with excess blasts (RAEB) or 
RAEB in transformation (RAEB-t) than in refractory anaemia [27-29]. It is noteworthy that 
Tpo-R expression by blast cells has been reported in 30 to 40% of RAEB and RAEB(t) but 
not in RA [30-32]. Similarly, the Tpo-R is expressed by blast cells of 50% of the patients with 
AML [30,33-39]. Tpo-R expression correlates with an unfavourable prognosis. It is conceiv
able that the blast cells expressing the Tpo-R bind Tpo and thereby prevent a rise in Tpo lev
els. Further studies should clarify whether Tpo levels and expression of its receptor by blast 
cells are related, and whether Tpo level measurements can be of prognostic value, with low 
Tpo concentrations being unfavourable. 

12.2.2 Thrombocytosis 

For the differential diagnosis of disorders with thrombocytosis, Tpo level measurements seem 
to be of limited value. We found plasma Tpo levels to be within the normal range in reactive 
thrombocytosis as well as in the myeloproliferative disorders, polycythaemia vera and essen
tial thrombocythaemia (Chapter 7). Thus, in these disorders, Tpo measurements do not have a 
discriminatory value. Similar results, i.e. plasma Tpo levels within the normal range or 
slightly elevated, have been reported by others for both PV and ET, but also for chronic 
myeloid leukaemia (CML) and myelofibrosis (MF) [40-43]. The reported serum Tpo levels in 
these patient groups are also within the normal range or elevated [2,22,44-49]. However, as 
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ompared to plasma Tpo levels, maximal Tpo levels seem to be higher and relatively more 

atients have serum Tpo levels above the upper normal limit. This difference might be attrib-

ted to the measurement of both circulating Tpo and Tpo released by platelets in serum, 

vleasurement of Tpo levels in thrombocytosis can be used to exclude the presence of over-

iroduction of Tpo as the cause of the increased platelet count. In hereditary thrombocythae-

nia Tpo levels were found to be highly elevated. To date, four families have been reported in 

whom thrombocytosis occurred as a result of overexpression of Tpo [50-55]. The increased 

Tpo production, leading to thrombocytosis, was caused by a mutation in the 5' untranslated 

region of the Tpo gene (albeit different ones in each family), resulting in loss of translational 

repression. Serum Tpo levels in affected family members were five to twenty times normal, 

which is higher than the Tpo elevations seen in PV, ET and reactive thrombocytosis. Whether 

overexpression of the Tpo gene is involved in all cases of hereditary thrombocythaemia re

mains to be investigated. 

Overproduction of Tpo can also occur in patients with hepatoblastoma, as we observed in two 

patients with hepatoblastoma and thrombocytosis. Komura et al. have reported highly ele

vated Tpo levels (over five times normal) in children with thrombocytosis resulting from Tpo 

overproduction by hepatoblastoma cells [56]. 

In summary, in thrombocytopenia with unknown aetiology, measurement of Tpo levels can be 

of value in discriminating thrombocytopenia resulting from impaired platelet production (high 

Tpo levels) from thrombocytopenia resulting from peripheral platelet destruction (normal to 

mildly elevated levels). In disorders with thrombocytosis, measurement of Tpo levels can be 

used to exclude Tpo overproduction as the cause of increased platelet numbers. In case of Tpo 

overproduction such as occurs in patients with hereditary thrombocytosis or patients with a 

hepatoblastoma, highly elevated Tpo levels are found. The highly elevated Tpo levels in these 

patients contrast with the normal or mildly elevated Tpo levels seen in reactive thrombocyto

sis (i.e. secondary to surgery, infections or malignancies) or myeloproliferative disorders. 

Figure 3 shows a schematic representation of the Tpo levels of the different patient groups as 

reported in this thesis. 

12.3 Measurement of Tpo levels: Implications for the regulation of Tpo 

Measurement of Tpo levels in individual patients and patient groups with different thrombo-

cytopoietic disorders contributes to the knowledge on the regulation of thrombocytopoiesis. 

The main mechanism that is thought to determine the amount of circulating Tpo is based on 

constitutive Tpo production by the liver and kidney, and clearance of Tpo via receptor-

mediated uptake by platelets and megakaryocytes [57], 

The results from Chapter 4 suggest that the kidney does not play a major role in Tpo produc

tion. In patients with severe renal failure, platelet counts were within the normal range and 

Tpo levels were normal or even slightly increased. Apparently, loss of kidney function does 

not lead to an overall decrease in Tpo production and thrombocytopenia. 
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Figure 3: Summary of the Tpo levels in the different patient groups as described in this thesis. The hatched 
bars represent control values for the different age groups. Dark grey: decreased platelet counts. Light grey: nor
mal platelet counts. Black: increased platelet counts. * serum Tpo level, all other measurements were performed 
in plasma 

The capacity of platelets to bind and clear Tpo from the circulation is demonstrated in Chap
ter 3. Plasma Tpo levels decreased in thrombocytopenic patients, after they had received a 
platelet transfusion. Similar results had been previously reported from animal studies [57,58] 
Moreover, we demonstrated that the infused platelets bound Tpo in vivo because the Tpo 
content of the infused platelets rose. Previously, Fielder and co-workers [58,59] and Li and 
co-workers [60] already showed in vitro that upon binding, platelets internalise and degrade 
Tpo. In patients that underwent major surgery (Chapter 5), the mean platelet Tpo content rose 
after surgery, preceding an increase in circulating Tpo. This suggested that the rise in Tpo was 
first reflected in an enhanced Tpo uptake by platelets and indicates that under steady-state 
conditions platelets are not saturated with Tpo but still have the capacity to bind Tpo. 

According to the model of constitutive production and Tpo-R-mediated clearance, a decrease 
in platelet production will lead to a rise in the available amount of thrombopoietin and thereby 
stimulate thrombocytopoiesis. The inverse relationship between platelet counts and plasma 
Tpo levels as detected in patients undergoing chemotherapy (Chapter 2 [61]) [1,62-64] is con
sistent with this model. In these patients, Tpo levels increased when platelet counts decreased 
and vice versa. As shown in Chapter 5,6 and 9, thrombocytopenia does not always involve 
highly elevated plasma Tpo levels. In Chapter 5 [65] it is shown that plasma Tpo levels were 
indeed highly elevated in patients with thrombocytopenia resulting from a decreased platelet 
production, but in patients with thrombocytopenia resulting from peripheral platelet destruc
tion, Tpo levels were normal or only slightly elevated. The latter finding was consistent in 
foetal and neonatal patients with alloimmune thrombocytopenia (Chapter 6). The explanation 
for the relatively normal Tpo levels in auto- and alloimmune thrombocytopenia, but also in 
drug-induced thrombocytopenia, post-transfusion purpura and X-linked thrombocytopenia 
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[13,66] is that platelet production is normal or even enhanced in these patients. In our study, 
this was reflected by the normal GC levels, i.e. a marker for total platelet mass, and the ele
vated megakaryocyte numbers in the bone marrow. The increase in the number of mega
karyocytes is probably due to the local production of Tpo by bone-marrow stromal cells as 
previously reported [23,67-69]. Despite the shortened platelet life-span in these patients, the 
total megakaryocyte and platelet mass seems to be sufficient to remove Tpo from the circula
tion at a normal rate. In view of the low numbers of circulating platelets, the apparently nor
mal Tpo clearance leads to a relative Tpo deficiency in these patients. 

In patients with thrombocytopenia resulting from peripheral platelet consumption such as oc
curs in disseminated intravascular coagulation (DIC), platelet production is also not impaired. 
In Chapter 9 [70] it was shown that the plasma Tpo levels in 15 patients with DIC were nor
mal in 3 patients but were increased in 12 patients. On average, Tpo levels in patients with 
DIC were higher than in ITP, but lower than in patients with thrombocytopenia resulting from 
decreased platelet production. We postulated that the elevated Tpo levels in DIC resulted 
from the release of Tpo by activated platelets. We showed in the same Chapter that when 
platelets are stimulated with different activators in vitro such as thrombin or collagen, they 
release Tpo in the supernatant. In DIC, massive platelet activation occurs, and Tpo levels 
were found to correlate with markers for thrombin generation. The rise in Tpo level might 
therefore result from Tpo release by platelets. Alternatively, acute-phase reactants or proteins 
involved in the DIC-associated inflammatory process might induce enhanced Tpo production. 
In Chapter 8 we showed that a peak in plasma IL-6 preceded the peak in plasma Tpo concen
tration in patients that had undergone major surgery. IL-6 was found to enhance Tpo produc
tion by the hepatoblastoma cell lines HepG2 and Hep3B (Chapter 8 and [71]). It is possible 
that also in vivo, IL-6 or other inflammatory cytokines enhance Tpo production. In healthy 
individuals who were infused with endotoxin (Chapter 10), circulating platelet counts de
creased and Tpo levels rose. In these individuals, IL-6 levels and C-reactive protein were in
creased. Here as well, the elevation in Tpo concentration could be the result of platelet Tpo 
release, enhanced Tpo production under the influence of pro-inflammatory cytokines, dimin
ished Tpo clearance, or a combination of these mechanisms. Further studies should be per
formed to dissect the exact mechanisms behind the increase in Tpo concentrations. For 
instance, it would be interesting to investigate the Tpo levels in patients treated with IL-6, to 
see whether IL-6 can directly affect Tpo levels. 

Based on the previously mentioned model of Tpo-R-mediated clearance of Tpo, it was ex
pected that Tpo levels would be decreased in patients suffering from thrombocytosis. In con
trast, we found Tpo levels to be in the normal range in all patients with reactive 
thrombocytosis, polycythaemia vera and in all but one patient with essential thrombocythae-
mia (lowered Tpo concentration). It has previously been suggested that the Tpo-R expression 
is decreased on platelets of patients with ET [45] [42]and PV [41,72] and in PV a defect in the 
receptor glycosylation has been described [73]. A decreased Tpo uptake in these patients 
might explain the relatively high Tpo levels. Indeed, we showed that the platelet Tpo content 
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in these patients was decreased, although an overlap with the Tpo content in healthy individu
als existed. Direct assessment of the amount of receptor-bound Tpo in the platelets from PV 
and ET patients versus controls might result in a larger difference. As described in Chapter 9 
this can be done by the addition of truncated Tpo or a Tpo-mimetic peptide to the platelets 
before platelet disruption or stimulation. 
In patients with reactive thrombocytosis, the platelet Tpo content was not decreased, and 
platelet counts and Tpo levels were positively correlated. We therefore postulate that in these 
patients enhanced Tpo production might underlie the relatively elevated Tpo levels. Here as 
well, inflammatory cytokines might play a role in enhancing Tpo production because in con
ditions in which secondary thrombocytosis occurs, such as thrombocytosis resulting from 
infection or after surgery, elevated levels of for instance IL-6, IL-8 and C-reactive protein 
have been reported [47,74-76]. 

In Chapter 11 it was shown that serum Tpo levels were elevated in patients with multiple 
myeloma (MM), despite the presence of normal platelet counts. IL-6 levels in these patients 
were not elevated. Since platelet counts were normal, serum Tpo levels in MM patients could 
be compared with serum levels in healthy controls. The elevated Tpo levels might be involved 
in the maintenance of a normal thrombocytopoiesis, even when malignant myeloma cells in
filtrate the bone marrow, thereby suppressing haematopoiesis. An explanation for the elevated 
Tpo levels would be that MM cells themselves produce Tpo or, in analogy with IL-6 [77,78], 
induce Tpo production in bone-marrow stromal cells. We recently found that two out of seven 
tested myeloma cell lines produced Tpo in vitro (unpublished data; the Tpo measured in the 
ten-fold concentrated supernatant of 100,000 cells at day 6 was 7 and 3.5 units). Tpo produc
tion could not be enhanced or induced by coculturing the cell lines with bone-marrow stromal 
cells. With a quantitative PCR, Tpo mRNA was detected in all myeloma cell lines, with the 
highest Tpo mRNA content found in the two Tpo-producing cell lines (i.e. 6 and 60%, re
spectively, of the amount found in the HepG2 cell line, which was set at 100%. All other cell 
lines showed a Tpo mRNA expression of less than 2%). Studies are underway to assess 
whether this finding can be extrapolated to multiple myeloma. The presence of Tpo mRNA in 
blast cells from myeloma patients will be examined together with their capacity to produce 
the Tpo protein. This will be related to the Tpo levels measured in the patient. Also, it remains 
to be investigated whether Tpo is of value as a disease marker, and whether it is involved in 
the pathogenesis of the disease. 

In summary, the reported Tpo levels in the different patient groups are, in general, consistent 
with a model in which Tpo levels are produced constitutively and Tpo is cleared by receptor-
mediated Tpo uptake. However, based on the results described in this thesis, some refine
ments can be made (Figure 4). 
1) The kidney does not seem to contribute in a major way to Tpo production 
2) Under some conditions (ITP) bone-marrow stromal cells can produce Tpo 
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Figure 4: Schematic representation of the factors influencing the circulating Tpo concentration. Tpo is 
normally produced by the liver and the kidney and removed via binding to the Tpo receptor Mpl present on cells 
of the megakaryocyte lineage and platelets. The Tpo production by the kidney O does not seem to play major 
role. Under pathological conditions, Tpo levels can (possibly) be increased by Tpo production by bone marrow 
stromal cells ©; Tpo release by activated platelets ©; Increased production by the liver under the influence of 
inflammatory cytokines O; Tpo production by malignant cells ©; Decreased Tpo uptake resulting from de
creased Mpl expression ©; translational regulation (not shown). In addition to platelets and cells from the mega
karyocyte lineage, some malignant cells might can also participate in Tpo clearance ©. 

3) An increase in circulating Tpo levels is not always caused by diminished clearance but 
might also result from Tpo release by activated platelet or 

4) by enhanced Tpo production under the influence of inflammatory cytokines. 
5) Diminished Tpo clearance might occur as a result from decreased expression of the 

Tpo receptor on platelets 
6) Malignant cells might participate in the clearance (AML/MDS) as well as in the 

production of Tpo (MM) 
It should be noted that regulation at the level of gene translation, such as has been reported to 
occur in hereditary thrombocythaemia [51-53,55], and the possible modulation of Tpo func
tion by post-translational processing has [79,80] not been addressed in the investigated patient 
groups described in this thesis. Whether post-translational processing actually plays a role in 
the modulation of Tpo activity /'// vivo remains to be determined. 

12.4 The potential function of Tpo release by platelets 

In Chapter 9 we showed that platelets release biologically active Tpo when stimulated with 
platelet activators such as thrombin, collagen and CD41. The exact location is still unclear but 
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from the fractionation experiments it seemed that the platelet granules are a likely candidate. 
However, immuno-electron microscopy studies with antibodies directed against Tpo showed 
that Tpo is mainly associated with the subcannalicular system in the platelet (Dr. M. Klinger, 
University of Luebeck, Germany, personal communication). A study of Tpo release by plate
lets from patients with storage pool deficiencies (SPD), lacking either one of the granules, 
might shed light on this question. Also, the origin of the "stored" Tpo remains to be deter
mined; i.e. is it stored in the megakaryocytic stage, in the platelet stage or both. 
The amount of receptor-bound Tpo in platelets seems to be higher than the amount of un
bound Tpo because addition of truncated Tpo or a Tpo-mimetic peptide before platelet 
stimulation resulted in a three- to fivefold increment of measurable Tpo. Since the release of 
other markers did not increase, we concluded that the release of the "extra" Tpo resulted from 
the dissociation of Tpo from its receptor after competition with the truncated Tpo or the Tpo 
mimetic peptide. Some comments with regard to these experiments should be made. First, the 
amount of released Tpo might be an underestimate of the actual amount present in platelets. 
The washing procedure during the platelet isolation might have resulted in a loss of receptor-
bound Tpo from the cell surface (but is not likely to affect the receptor-bound Tpo in the cell). 
Second, the procedure of platelet isolation might have resulted in selection of the platelet 
population, resulting in either a selective removal or enrichment of platelets with a high Tpo 
content. In this respect, it would be also interesting to investigate the platelet Tpo content of 
young versus old platelets. 

The mechanism of Tpo release by platelets upon activation might have more functions than 
stimulating thrombocytopoiesis per se. For instance, it might play a role in tissue repair and 
neovascularization of damaged tissues. It has been demonstrated in vitro that Tpo can have a 
priming effect on platelet responses to agonists such as ADP, thrombin and epinephrine [81-
90]. At very high concentrations, Tpo was found to activate platelets in vitro. Platelets contain 
several factors in their granules that are involved in processes like wound healing and neovas
cularization. For instance, PDGF and VEGF, which are contained in platelet granules, are 
growth factors for smooth muscle cells and vascular endothelial cells, respectively. When 
tissue damage occurs, platelets will accumulate and be activated at the site of injury. During 
the release reaction, Tpo will be released and can prime other cells to become activated or, 
when the local Tpo concentration is very high, can activate other platelets directly. As was 
recently shown in an in vitro flow model [91], Tpo might also enhance platelet adhesion at the 
site of injury. 

Patients with solid tumours who are treated with recombinant Tpo preparations might be at 
risk for an increase in their tumour burden. It is conceivable that platelets adhere to the vas
cular tumour endothelium upon rebound thrombocytosis. The high circulating Tpo levels 
might prime, or directly induce the platelet release reaction, resulting in the release of sub
stances that enhance neovascularization, thereby supporting the tumour. Whether this phe
nomenon does actually occur remains to be investigated. 
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12.5 Future perspectives 

From the measurement of Tpo levels in patients with different thrombocytopoietic disorders, 
much has been learned about the regulation of thrombocytopoiesis. In addition, it proved to be 
of diagnostic value, especially in the differential diagnosis of thrombocytopenia. From a 
therapeutical viewpoint, insight in the regulation of thrombocytopoiesis has led to the identi
fication of several patient groups that might benefit from treatment with Tpo. Initially, several 
clinical trials have been initiated that included patients in whom Tpo was administered to ac
celerate platelet recovery after myelosuppressive or -ablative therapy. Further studies should 
show whether Tpo treatment in this patient group is beneficial and what the optimal dosing 
schedule is. For these patient groups, the ex vivo expansion of thrombocytopoietic progenitors 
might prove to be an effective treatment regimen. Other patient groups that are likely to bene
fit from treatment with Tpo are patients with a relative Tpo deficiency (relatively low Tpo 
levels despite a low number of circulating platelets), such as patients with alio- or autoim
mune thrombocytopenia and other groups of patients who suffer from immune-mediated 
platelet destruction. A similar approach has already been proven successful in patients with 
autoimmune neutropenia. Upon treatment of these patients with granulocyte colony-
stimulating factor, neutrophil counts rose and titres of neutrophil-specific autoantibodies de
creased [92-95]. 

For some disorders, such as the myeloproliferative disorders, it still needs to be investigated 
whether there is a role for Tpo in the aberrant overproduction of platelets and potentially other 
lineages, and if so, what this exact role is. In addition, several issues remain to be investi
gated, such as the exact mediators involved in inducing Tpo production by bone-marrow 
stromal cells, the role and occurrence of post-translational processing of the Tpo molecule 
under normal and pathological conditions, and the biological functions of the Tpo and Tpo-R 
variants. 
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Trombopoietine (Tpo) is het hormoon dat een sleutelrol vervult in de aanmaak van trombo-

cyten, oftewel bloedplaatjes. Bloedplaatjes circuleren circa 10 dagen door het lichaam en 

spelen een belangrijke rol in de bloedstelping en de reparatie van beschadigde bloedvaten. Net 

als de andere bloedceltypes, worden bloedplaatjes in het beenmerg gevormd vanuit de daar 

aanwezige stamcellen. Onder invloed van Tpo ontwikkelen de stamcellen zich tot meerkemi-

ge reuscellen, de zogenaamde megakaryocytes Na verdere uitrijping vormen de megakaryo-

cyten demarcatiemembranen, een samenhangend geheel van membraanstructuren. Deze 

proplaatjesstructuur valt uiteindelijk uiteen in bloedplaatjes (zie Hoofdstuk 1, Fig.3). Een te

kort of een teveel aan bloedplaatjes of de aanwezigheid van bloedplaatjes met een functionele 

stoornis kan leiden tot ernstige bloedingen en/of trombose. 

Hoewel andere factoren ook van invloed zijn op de gehele ontwikkeling van stamcel tot 

bloedplaatje, is Tpo de belangrijkste regulator van dit proces. De concentratie Tpo bepaalt 

hoeveel bloedplaatjes er geproduceerd worden. De productie van Tpo (voornamelijk door de 

lever) wordt verondersteld constant te zijn. Bloedplaatjes en hun megakaryocytaire voorloper

cellen dragen de Tpo-receptor, Mpl, op hun membraan. De naam Mpl is afgeleid van v-mpl, 

het virale oncogen van het wyeloproliferatief /eukemie virus, en verwijst naar de manier 

waarop de receptor geïdentificeerd is. Door binding van Tpo aan de Tpo-receptor wordt Tpo 

uit de circulatie verwijderd. Dit betekent dat bij een constante Tpo productie, een daling van 

het aantal circulerende bloedplaatjes zal resulteren in een stijging van de Tpo concentratie in 

het bloed, door een verminderde Tpo opname. De verhoogde Tpo concentratie leidt tot een 

toename in de productie van bloedplaatjes waardoor de Tpo concentratie weer zal dalen als 

gevolg van een verhoogde Tpo opname. Op deze wijze ontstaat een "feedback loop" waarbij 

het aantal bloedplaatjes de Tpo concentratie beïnvloedt en vice versa (zie Hoofdstuk 1, Fig 8). 

Het doel van het onderzoek beschreven in dit proefschrift was tweeledig. Enerzijds is onder

zocht of de bepaling van Tpo concentraties in het bloed van diagnostische waarde is: Geeft de 

gemeten concentratie Tpo in het bloed van mensen met afwijkende hoeveelheden (te weinig 

ofte veel) circulerende bloedplaatjes informatie over de oorzaak van deze afwijking (stoornis 

in aanmaak of afbraak van bloedplaatjes)? Kennis omtrent de oorzaak is van klinische belang 

omdat dit bepalend kan zijn voor de behandeling van de patiënt. Anderzijds is onderzocht in 

hoeverre het model van constante Tpo productie en Tpo opname via de Tpo-receptor opgaat 

in verschillende pathologische condities. Zowel in in vitro studies (in de reageerbuis) als in in 

vivo studies (in de patiënt) is gekeken naar de interactie tussen Tpo en bloedplaatjes. 

In Hoofdstuk 1 wordt een algemene introductie gegeven over de vorming en functie van 

bloedplaatjes en de rol van Tpo hierin. De ontdekking, structuur en karakteristieken van Tpo 

en zijn receptor worden beschreven en er wordt een overzicht gegeven van de huidige kennis 

omtrent de activiteiten van Tpo. De factoren die van invloed zijn op de hoeveelheid circule

rend Tpo wordt nader beschouwd en de mogelijke waarde van Tpo als diagnostisch hulpmid-
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del wordt in het kort beschreven. In de hierop volgende hoofdstukken worden met name de 
laatste twee onderwerpen verder bestudeerd. 
Voor het meten van de concentratie Tpo is een test ontwikkeld die beschreven staat in Hoofd
stuk 2. De test is gebaseerd op drie monoklonale antistoffen met een verschillende specifici
teit. Bij het bepalen van normaalwaarden van de concentratie Tpo in gezonde donoren bleek 
de concentratie in serum 3,4 maal hoger te zijn dan de concentratie in plasma. Zoals later be
schreven (zie Hoofstuk 9) weerspiegelt de concentratie Tpo in plasma de hoeveelheid circule
rend Tpo. De concentratie in serum daarentegen is het totaal van de hoeveelheid circulerend 
Tpo plus de hoeveelheid vrijgekomen Tpo uit geactiveerde bloedplaatjes. In hoofdstuk 2 
wordt tevens de relatie tussen de concentratie Tpo en de hoeveelheid bloedplaatjes beschouwd 
in patiënten die een chemotherapie behandeling ondergingen. In deze patiënten daalt het aan
tal bloedplaatjes sterk doordat de vorming van bloedcellen in het beenmerg wordt geremd 
door de chemotherapie. Daarnaast is gekeken naar de relatie tussen het aantal bloedplaatjes en 
de Tpo concentratie in patiënten die een bloedplaatjestransfusie ondergingen om hun tekort 
aan bloedplaatjes te verminderen. De bevindingen in beide groepen, te weten een omgekeerd 
evenredige relatie tussen het aantal bloedplaatjes en de Tpo concentratie tijdens chemothera
pie en een daling in de Tpo concentratie in plasma na bloedplaatjestransfusie, zijn conform 
het model dat bloedplaatjes Tpo kunnen binden en aldus de concentratie Tpo in bloed beïn
vloeden. 
In Hoofdstuk 3 wordt de kinetiek van Tpo na een bloedplaatjestransfusie nader bestudeerd. 
Op verschillende tijdstippen werd bloed verzameld van patiënten die zo'n transfusie onder
gingen. Aangetoond werd dat het verdwijnen van Tpo uit de circulatie na een bloedplaatjes
transfusie direct gerelateerd was aan de binding van Tpo door bloedplaatjes. Tegelijk met de 
daling in de Tpo concentratie in het plasma trad een stijging op in de Tpo-inhoud van de 
bloedplaatjes. 
In de literatuur worden de lever en de nier gezien als de belangrijkste producenten van Tpo. 
De productie van Tpo door deze organen wordt verondersteld constant te zijn. De resultaten 
uit Hoofdstuk 4 geven aan dat de bijdrage van de nier aan de totale lichaamsproductie van 
Tpo van ondergeschikt belang is aan die van de lever. In patiënten met een ernstige nieraan
doening bleek de concentratie Tpo niet verlaagd te zijn maar zelfs enigszins verhoogd (bij een 
normaal aantal bloedplaatjes). De bron van deze (licht) verhoogde Tpo spiegels is nog onbe
kend. 
Om te onderzoeken of Tpo concentraties informatie geven over de oorzaak van een tekort of 
teveel aan bloedplaatjes zijn Tpo metingen in verschillende patiëntengroepen uitgevoerd en 
geanalyseerd. In Hoofdstuk 5 is de concentratie Tpo in patiënten met een trombocytopenie, 
een tekort aan bloedplaatjes, gemeten. In patiënten met een trombocytopenie als gevolg van 
een verhoogde afbraak van bloedplaatjes (zoals in idiopathische trombocytopene purpura: 
ITP) was de Tpo concentratie normaal tot licht verhoogd. De concentratie Tpo in patiënten 
met een verlaagde bloedplaatjesproductie daarentegen (bijvoorbeeld na chemotherapie of bij 
een aangeboren stoornis in de vorming van megakaryocyten: amegakaryocytaire trombocyt
openie), was sterk verhoogd. Op basis van de Tpo meting kan dus een onderscheid gemaakt 
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worden tussen een trombocytopenie als gevolg van een verhoogde afbraak van bloedplaatjes 
(normale Tpo concentratie) en een verlaagde aanmaak van bloedplaatjes (hoge Tpo concen
tratie). Hoofdstuk 6 laat zien dat normale Tpo concentraties ook gevonden werden bij allo-
immuun-gemedieerde trombocytopenie (NAIT) in foetussen en pasgeborenen. In NAIT zun 
antistoffen tegen bloedplaatjes aanwezig, wat leidt tot een verhoogde bloedplaatjesafbraak. 
De plasma Tpo concentratie in gezonde foetussen en pasgeborenen bleek gemiddeld iets ho
ger te zijn dan die in volwassenen. De oorzaak hiervan is nog onbekend. De normale Tpo 
spiegels in AITP en de eerder genoemde ITP bij volwassenen, kunnen, gezien de lage bloed-
plaatjesaantallen, beschouwd worden als een relatief tekort aan Tpo. Dit suggereert dat het 
toedienen van extra Tpo aan deze patiënten effectief kan zijn in het verminderen van het 
bloedplaatjestekort door extra stimulatie van de bloedplaatjes aanmaak, de trombocytopoiese. 
Naast Tpo spiegels in patiënten met trombocytopenie zijn ook patiënten met trombocytose (te 
veel aan bloedplaatjes) geëvalueerd (Hoofdstuk 7). In zowel patiënten met trombocytose als 
gevolg van een myeloproliferatief syndroom (MPS) als in trombocytose secundair bij een 
andere ziekte / aandoening of na een operatie (reactieve trombocytose: RT), was de plasma 
Tpo spiegel binnen de normale spreiding tot licht verhoogd. Gezien de hoge bloedplaatjes-
aantallen zijn deze Tpo spiegels relatief verhoogd. Het mechanisme achter deze veronderstel
de ontregeling van de Tpo spiegel is mogelijk verschillend tussen deze groepen. Uit de 
literatuur is bekend dat het aantal Tpo-receptoren op het oppervlak van bloedplaatjes van 
patiënten met MPS verlaagd is, hoewel er geen consensus is of dit voor alle vormen van MPS 
geldt. De resultaten zoals beschreven in Hoofdstuk 7 laten zien dat de hoeveelheid Tpo per 
bloedplaatje in polycythemia vera (PV) en essentiële trombocythemie (ET) (beiden zijn een 
vorm van MPS) lager was dan die in RT. Mogelijk kunnen de bloedplaatjes van patiënten met 
PV en ET minder Tpo opnemen dan normaal waardoor een nieuw evenwicht ontstaat met 
meer circulerende bloedplaatjes. In RT daarentegen, zou overproductie van Tpo de relatief 
hoge Tpo spiegels kunnen verklaren. In patiënten die een grote operatie ondergaan kan zich, 
na de operatie, een trombocytose ontwikkelen (een reactieve trombocytose). In Hoofdstuk 8 
wordt een groep patiënten die een operatie ondergingen beschreven. Vrijwel direct na de ope
ratie was een stijging in de concentratie interleukine-6 (IL-6) waarneembaar. Dit werd ge
volgd door een stijging in de Tpo concentratie, waarna het aantal bloedplaatjes toenam. De 
Tpo stijging in de circulatie werd voorafgegaan door een stijging in Tpo geassocieerd aan 
bloedplaatjes. Mogelijk speelt interleukine-6 (IL-6) een rol in de verhoging van de Tpo con
centratie door het stimuleren van de Tpo productie. In kweekexperimenten was IL-6 in staat 
de Tpo productie door een levercellijn te stimuleren. Andere ontstekingsfactoren zouden ook 
een rol kunnen spelen. 

In Hoofdstuk 9 wordt aangetoond dat bloedplaatjes na activatie Tpo kunnen uitstorten. Een 
deel van dit Tpo is receptor-gebonden, een ander deel is "vrij". De exacte locatie van Tpo in 
het bloedplaatje is onbekend. Het uitstorten van Tpo door geactiveerde bloedplaatjes zou een 
rol kunnen spelen in ziekten waarin plaatjesactivatie een rol speelt, zoals in gedissemineerde 
intravasale stolling (DIS). Als gevolg van DIS treedt grootschalig verbruik van bloedplaatjes 
op. wat kan leiden tot trombocytopenie. Tpo concentraties in deze patiënten zijn verhoogd. 
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Ook in gezonde vrijwilligers die een kleine hoeveelheid endotoxine toegediend kregen, trad 
een verhoging op in de Tpo spiegel, welke gevolgd werd door een stijging in het aantal 
bloedplaatjes (Hoofdstuk 10). In deze individuen treedt, als gevolg van de endotoxine, een 
milde ontstekingsreactie op, wat gepaard gaat met bloedplaatjesverbruik. De stijging in Tpo 
kan het gevolg zijn van een verhoogde Tpo productie onder invloed van ontstekingsfactoren 
(zoals bijvoorbeeld IL-6). Ook kan de verminderde Tpo opname als gevolg van het afgeno
men aantal bloedplaatjes of vrijkomen van Tpo uit geactiveerde bloedplaatjes een rol spelen 
in de stijging van de Tpo concentratie. 

In Hoofdstuk 11 wordt gerapporteerd dat verhoogde Tpo spiegels werden gevonden in pati
ënten met Multiple Myeloma (MM). Bij MM treedt een woekering van zogenaamde plasma
cellen in het beenmerg op, hetgeen kan leiden tot een verstoring van de normale 
bloedcelaanmaak. Toegenomen Tpo spiegels werden gevonden in patiënten met een vermin
derde bloedplaatjesaanmaak, maar ook in patiënten met normale aantallen bloedplaatjes. De 
laatste categorie omvatte patiënten waarin de bloedcelproductie niet verstoord leek, maar ook 
patiënten met aanwijzingen voor een verminderde bloedcelproductie. In de laatste groep is 
extra gevormd Tpo mogelijk verantwoordelijk voor het behoud van een "normale" bloed-
plaatjesproductie. Waar de verhoogde Tpo spiegels hun oorsprong vinden wordt nu nader 
onderzocht. De resultaten betekenen wel dat het meten van de concentratie bloedplaatjes in 
deze patiënten geen goede maat is voor beenfunctie en/of ziekteprogressie. 
Tenslotte worden in Hoofdstuk 12 de gepresenteerde onderzoeksresultaten bediscussieerd en 
samengevat. Zowel de diagnostische waarde van Tpo wordt geëvalueerd, als de implicaties 
die de verkregen resultaten hebben op de regulatie van de trombocytopoiese onder invloed 
van Tpo en de interactie tussen Tpo en bloedplaatjes. 

Geconcludeerd kan worden dat de meting van Tpo in plasma een belangrijke ondersteuning 
vormt voor de diagnostiek van trombocytopenie, namelijk om een verminderde aanmaak van 
bloedplaatjes (sterk verhoogde Tpo concentratie) te onderscheiden van een verhoogde afbraak 
(normale Tpo concentratie). In de diagnostiek van trombocytose kan meting van de Tpo con
centratie gebruikt worden om uit te sluiten dat het te veel aan bloedplaatjes het gevolg is van 
een overproductie van Tpo (dan ziet men zeer hoge Tpo spiegels). Daarnaast onderschrijven 
de resultaten van dit proefschrift een model waarin Tpo constitutief wordt geproduceerd en 
bloedplaatjes een belangrijke rol spelen in de klaring van Tpo. De nier lijkt geen grote rol te 
spelen in de (constitutieve) Tpo productie. De rol van bloedplaatjes in het beïnvloeden van de 
Tpo concentratie daarentegen blijkt tweeledig: de bloedplaatjes kunnen Tpo opnemen maar 
ook uitstorten en zo de "eigen" productie reguleren. Bovendien is het mogelijk dat opregulatie 
van Tpo productie onder sommige omstandigheden onder invloed van bijvoorbeeld onste-
kingsfactoren plaats vindt. 
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Met het einde van dit proefschrift is er ook een einde gekomen aan mijn "AIO-zijn". Zoals al 

eerder door anderen is gememoreerd, is "AIO-zijn" een levenswijze en geen reguliere baan of 

opleiding. Onderzoek doen is je leven en vice versa, met alle "ups" en "downs" die daarbij 

horen. De termen -"high", "normal", "low level"- en -"up-" en "downregulation"- zijn dan ook 

niet alleen van toepassing op de bevindingen beschreven in dit proefschrift, maar zijn ook van 

toepassing op het AIO-bestaan. Soms gaat alles razendsnel en lukt het ene experiment na het 

andere. Dan weer lijkt er nergens iets van te kloppen en moetje hele aanpak en/of theorie op 

de helling. Als je bijna wanhopig bent kan er opeens weer een geweldig resultaat tussen zit

ten. Af en toe moet je afgeremd worden, soms moet je juist een duwtje in de rug krijgen. 

Kortom resultaat of geen resultaat, dipje of euforie, alleen lukt het nie! 

Zonder een goede voorbereiding ("'beprepared" met dank aan Rob): geen proefschrift 

De zinnige en onzinnige discussies aan de eetkamertafel met "de groten" in de Sluisstraat, de 

potjes Scrabble en Rummikub aan de eetkamertafel in de Victoria Regiadreef en de discussies 

en Boeren Bridge spelletjes aan de eettafel in de barrakken hebben de vorming van mijn 

denkvermogen zeker in grote mate beïnvloed. Dank dus aan de uitvinder van de eettafel, aan 

de familie Folman, Opa en Oma van Hout en de barrakkers René, Sylvia en Erwin. 

Zonder inspiratiebronnen en duidelijke doelstellingen: geen proefschrift. 

Albert, jij was natuurlijk het brein achter het Tpo onderzoek. Een onuitputtelijke bron van 

ideeën en altijd weer in staat om een verrassende invalshoek bloot te leggen. Ik heb veel van 

je geleerd. Masja, je was mijn leidraad. Jouw hulp in het denkproces en het stellen van priori

teiten waren onmisbaar. En ja soms was ik ook wel te "mierenneukerig" met al mijn mitsen en 

maren en 1000 controles. Jij was de aangewezen persoon om me daarop te wijzen. Ik heb on

ze brainstormsessies, tijdens de werkbespreking met Sonja en Albert, op de gang, achter een 

overvol bureau of labtafel of tijdens het kerstdiner, altijd erg gewaardeerd. Ik hoop zeker dat 

we dit op de diagnostiek zullen voortzetten. Mas Bedankt! 

Naast mijn promotor en co-promotor wilde ik op deze plaats ook een woord van dank richten 

aan Ellen van der Schoot en Winald Gerritsen die voornamelijk betrokken waren bij de begin

fase van mijn onderzoek maar ook daarna geïnteresseerd bleven. Aan Leendert Porcelijn voor 

zijn enthousiaisme en de versterking van het Tpo team. Aan Rien van Oers voor zijn bijdra

gen tijdens de AMC werkbesprekingen. Ook Lucien Aarden en Jan van Mourik wilde ik hier 

noemen. Ik kon altijd bij jullie binnenvallen met mijn brandende vragen over o.a. immunoas

says en bloedplaatjes en ging altijd weg met nieuwe ideeën. 

Zonder technische en morele back-up: geen proefschrift. 

Goeie collega's zijn het halve werk. Van de "Immunoassay Irma's", voor al uw monoklonalen 

en "Platelet Piet", mijn plaatjes vraagbaak, tot "Multifunctional Marion" die van alle markten 

thuis is. De Taqmannen Onno en Rob D waren onmisbaar voor de DNA/RNA vraagstukken. 

Dank ook aan Gijsbert van Willigen: dat waren nog eens goeie bommen! Onmisbaar was ook 

Bernadette en later ook Laura. Jullie hielden mijn "ELISA brein" scherp. Als er problemen 

met de Tpo of GC ELISA rezen waren jullie als ervaringsdeskundigen altijd de eersten die het 

merkten. Met goed overleg, testje hier, testje daar kwam het altijd goed. Dank in dit verband 
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ook aan Elly Huiskes.Joep van Oers, bij jou kon ik altijd aankloppen voor technische advie
zen, bedankt! 
Christine, Gabor, Taco, Marike, Martine: inmiddels allemaal student af maar voor mij toch 
nog een beetje student. Christine, mijn eerste "echte" stagiaire. Bedankt voor de energie die je 
in de GC-ELISA gestoken hebt. Ik was blij dat je "bleef hangen" op het CLB zodat ik nog 
eens plaatjes bij je kon bietsen en bij kon kletsen. Gabor, niet mijn stagiair maar wel een grote 
hulp. Zonder jou geen hoofdstuk 4 en waarschijnlijk beduidend minder controlemonsters van 
gezonde donoren. s'Nachts plasma's draaien in je eentje na een campagne is een stuk minder 
gezellig. Taco, we gaan nog door met de Kahler studie, bedankt voor je gezelligheid. Marike, 
je was onmisbaar voor hoofdstuk 8. Ik heb je helaas niet heel vaak gesproken op het AMC, 
maar ben onder de indruk van het werk datje in korte tijd verricht hebt. Bedankt. Met betrek
king tot hoofdstuk 8 en 7 wil ik ook Bart Kuenen (al vóór mijn AIO-tijd student af) bedanken 
voor het verzamelen van patiëntenmateriaal en voor het meedenken in het Tpo team. Ten
slotte Martine. Jammer dat de chemostudie geen artikel is geworden. We hebben er alles aan 
gedaan. De KPN zal ons dankbaar zijn voor al die lange telefoongesprekken waarin we de ups 
en downs van de Tpo spiegel in ieder patiënt uitgebreid bespraken. Bedankt voor je inzet. 
I also would like to thank Matthias Ballmaier for helpful discussions, especially in the first 
years of my project, and of course for his hospitality and the BBQ. Bernd and Petra Jilma, 
thanks for asking me to participate in the endotoxemia and other studies. I hope we will con
tinue our co-operation in the future. 
Bij het afronden van een project hoort vaak een manuscript. In dit kader wilde ik Dirk Roos 
bedanken voor de kritische evaluatie en de nauwkeurigheid en snelheid waarmee hij de manu
scripten nakeek. Daar kan geen spellingchecker tegenop! 
Heel belangrijk voor de moraal is ook de collegiale gezelligheid en steun (en bloeddonaties) 
in barre tijden. Dat was er genoeg! Met de oude garde in PI 12 en later met de celchemisten 
erbij in PI 14, de lol op het lab, de stapavonden in A'dam en de legendarische Anton borrels 
op vrijdagmiddag. IHE-ers en IHE-diagnostiekers, jullie zijn met te veel om allemaal op te 
noemen en uit angst dat ik iemand "vergeet" dan maar zo: BEDANKT! Ook dank van dit 
Tpo-meisje aan mijn collega's van "de Speciële" op het AMC. Helaas was ik niet zo vaak op 
het AMC als ik gewild had, maar als ik er was voelde ik me altijd direct thuis, bedankt voor 
jullie interesse, hulp en gezellige lab-uitjes. Martijn Kerst en alle andere AMCers en patiënten 
die een bijdrage hebben geleverd aan de inzameling van bloed: bedankt! Ook wilde ik mijn 
ex-collega's van de Medische Afdeling noemen. Vooral Anita die mijn "laatste loodjes" stress 
onderging wilde ik bedanken voor de steun, gezelligheid en onze ethische bespiegelingen. 
Dank ook aan mijn nieuwe collega's op IH-D voor hun hartelijke ontvangst waardoor mijn 
"echte laatste loodjes" aanzienlijk lichter waren. Ik doe mijn best om van een Tpo/plaatjes 
meisje ook een rooie cel/druppelmiep te worden (geen NH4C1 meer!). Dank aan mijn reisge
noten Andy, Thalia en de NKIers. Ik heb er heel wat uurtjes treinen met jullie opzitten! 
Van mijn IHE collega's wil ik in het bijzonder de staarten noemen: Pauline, mijn maatje van 
het eerste uur en labbuurvrouw. O.K. ik maakte een hoop troep op mijn labtafel maar die van 
jou kon ik toch niet overtreffen. Carlijn, iets later begonnen op een ander project maar wel in 
hetzelfde schuitje. Lekker beppen in kweekhok, plee of elders. Staart Esther, altijd in voor een 
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feestje. Jammer voor ons maar leuk voor jou dat je naar het AMC verhuisde. En natuurlijk 
Sonja. Ik had zelf geen beter Tpo maatje kunnen kiezen. Samen lekker klagen, schelden of 
constructief nadenken als het tegen zat, afreageren tijdens het "rondje Sloterplas", flink uit ons 
dak gaan op een congres (gamba's !!) of tijdens een eraan vast geplakte vakantie. 
Geen officiële "staart" maar wel onmisbaar: Shreyas. Als er iemand is waaraan ik het verza
melen van materiaal kon overlaten was jij het wel. Bedankt voor al je hulp, steun en geregel. 
Gelukkig lopen er nog wat projecten door na mijn "AIO-zijn" zodat we af en toe weer eens 
lekker in de stress kunnen raken over de validiteit van onze protocollen om er later achter te 
komen dat alles gewoon perfect klopt. 

Zonder omslag: geen boekje. 
Erik, bedankt datje de tijd vond om "alweer" een omslag voor een proefschrift te ontwerpen. 
Het resultaat van het tweeluik mag er zijn. Saillant detail: jij bent de eerste die de term en in
vulling van "het Tpo zijn" heeft gelanceerd. Dank ook aan Claire en Storm die jou de tijd 
hebben gegund om te stoeien met dit "Tpo zijn". 

Zonder ontspanning, vriendschap en liefde: geen proefschrift. 
De "BW-tutten weekendjes", de "van Geet-weekendjes", de "Barrakkers-weekendjes": jaar
lijks terugkerende uitputtingslagen waarin ik weer even tot rust kon komen. Ik hoop dat we dit 
nog lang vol houden. Mijn studiegenoten maar bovenal goede vriendinnen Ilse, Sabine en My 
wil ik in het bijzonder bedanken voor hun vriendschap. Ik kon bij jullie altijd aankloppen voor 
ontspanning (tappen, "total body" squash, stofzuiger squash, "ik gun je dat laatste puntje niet" 
squash, conditietrainen, spelletjes, beppen (email, telefoon of in levende lijve), Dom beklim
men, bos- en strandwandelingen etc.) maar ook om even lekker te klagen, uit te razen of de 
"zin van het leven" te bespreken. Ook Danielle, die ik veel te weinig zie (ga ik na mijn pro
motie zeker goed maken), wilde ik bedanken voor haar vriendschap. 

In deze alinea horen natuurlijk ook mijn ouders en broertje (tja dat "tje" gaat er nooit af) en 
Piet en Marijke thuis. Bedankt voor jullie onvoorwaardelijke steun en liefde. 
Tja Rob, bij deze noem ik je dan toch ook maar (haal die grijns van je gezicht). In navolging 
van jouw dankwoord heb ik de laatste plaats voor je gereserveerd. De schuld die je opge
bouwd hebt tijdens jouw promotietijd heb je aardig ingelost. Het verschil zal echter altijd wel 
een kwartje blijven. Eigenlijk zijn er teveel dingen waarvoor ik je zou willen bedanken, geen 
beginnen aan. Een samenvatting dus. Bedankt voor al je steun en liefde tijdens mijn promotie 
"ups and downs". Dank voor het "afstaan" van de computer en de studeerkamer, voor je on
misbare hulp en geduld in de strijd tegen de "MSWord-bugs" en andere mij tot wanhoop 
brengende computerproblemen. Dank ook voor alle boodschappen. Ik beloof bij deze dat ik 
zelf ook weer vaker op zaterdag de supermarkt zal trotseren. Helaas heeft jouw variant op 
Shakespeares "to be or not to be" in de vorm van "To P Or not To P Or.." het met gered. Hij 
was echt te flauw. Bedankt datje er was, bent, en hopelijk nog lang zult zijn! 

Claudia 
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C U R R I C U L U M V I T A E 

Claudia Coretta Folman werd op 19 juli geboren te Utrecht. In 1989 behaalde zij haar diploma 
op het ongedeeld VWO aan College de Klop alwaar zij eindexamen deed in 8 vakken. In dat
zelfde jaar startte zij haar studie Biomedische Wetenschappen aan de Rijksuniversiteit Leiden 
(RUL). In 1990 voltooide zij de propaedeuse. In het kader van de doctoraalfase van haar 
studie heeft zij vijf onderzoeksstages verricht. De eerste drie stages werden achtereenvolgens 
gelopen op de afdelingen Anthropogenetica (Prof. dr GB van Ommen), Gerontologie (Prof. dr 
GJ Ligthart) en Parasitologic (Prof. dr AM Deelder) van de RUL. Haar hoofdvakstage liep zij 
op de afdeling Immunohematologie (dr THM Ottenhoff en Prof. dr RRP de Vries) in het (toen 
nog) Academisch Ziekenhuis Leiden. Als extra stage heeft zij onderzoek verricht op de 
"Cardiovascular Research Unit" aan de "University of Edinburgh" in Schotland, UK (dr PF 
Currie en dr. RA Riemersma). Na het behalen van haar doctoraalexamen is zij in 1995 begon
nen als assistent in opleiding (AIO) bij de Universiteit van Amsterdam, vakgroep Inwendige 
Geneeskunde van het Academisch Medisch Centrum (AMC). Het onderzoek beschreven in 
dit proefschrift is verricht binnen de afdeling Hematologie van het AMC en de afdeling Im
munohematologie Experimenteel van het CLB te Amsterdam (hoofd: Prof. dr Dirk Roos), 
onder supervisie van Prof. dr Albert EGKr von dem Borne en dr Masja de Haas. Na het 
aflopen van haar AIO-contract in oktober 1999 is zij tijdens het schrijven van haar 
proefschrift een halfjaar (part-time) werkzaam geweest als Manager Klinisch Onderzoek op 
de Medische Afdeling van het CLB. Sinds 1 november 2000 is zij werkzaam als post-doc op 
de afdeling Immunohematologie Diagnostiek van het CLB. 
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