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Chapter 4

General introduction
The height of the normal level of blood platelets (150-350 x 109/l) and their short
life span (approximately 10 days) explain their production rate of 150 x 106/min.
Thrombopoietin (Tpo) is the key growth factor in this production (reviewed in1).
Tpo consists of a 153-amino-acid long amino-terminal receptor-binding domain
and a 179-amino-acid carboxy-terminal domain, which is involved in its secretion
and protection from proteolysis. The Tpo receptor, Mpl, was discovered in 19922
and is expressed on haematopoietic stem cells (HSCs; CD34+), the large polyploid
megakaryocyte (MK; platelet progenitor) and platelets themselves.3 Though genetic
elimination of Mpl and Tpo in mice was shown to lead to a strong reduction (85%)
of platelet numbers (reviewed in4), some platelets are still formed. While synergy
with Tpo has been described for SCF,5 effective platelet formation might also depend
on factors like SDF-1 and FGF-4. Upregulation of adhesion molecules by these
factors enhances late megakaryocytic development and platelet formation by growth
promoting interactions between MK and marrow cells.6

Tpo in diagnostics
After the cloning of the Tpo gene in 1994 (reviewed in7), Tpo mRNA was found to be
present in many tissues. Its production, however, is dominated by the liver.8,9,10
Under normal conditions, Tpo production is constant and its plasma level
is regulated by internalization and degradation after binding to Mpl-expressing
cells.11,12 This usually negative correlation between Mpl-expressing cells and Tpo
levels can be used to distinguish different forms of thrombocytopenia. For example,
patients with normal platelet production but low numbers due to shortened survival
time by autoimmune antibodies (AITP), have normal levels of Tpo.13 In contrast,
chemotherapy-induced loss of MKs and platelets, and thus Mpl-expressing cells,
leads to high Tpo levels.14
Pitfalls in the interpretation of Tpo levels, however, should be discerned.
Improperly high Tpo levels are sometimes observed in patients with high platelet
counts. For example, in patients with reactive thrombocytosis Tpo levels seem
secondary to inﬂammatory factors like interleukin-6 (IL-6),15 e.g. after surgery.16
Furthermore, patients with primary or essential thrombocythaemia (ET) and also
other myeloproliferative syndromes have high Tpo levels, probably due to Mpl
downregulation or defective Mpl metabolism and thus defective Tpo clearance by the
circulating platelets.17,18

Bone marrow and megakaryocytopoietic assays in diagnostics
While bone marrow smears can visualize extreme dysplastic or absent
megakaryocytopoiesis, deﬁnite conclusions about the effectiveness of platelet
production can hardly be made. Moreover, the in vivo clearance of radiolabelled
blood platelets enables determination of platelet destruction and production rate,
but these assays are cumbersome and rarely performed nowadays. Therefore, in vitro
megakaryocytopoietic assays may be an alternative to distinguish between intrinsic
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or exogenous defects in megakaryocytopoiesis. These tests comprise standardized
Tpo-driven cultures in which induction of megakaryocytopoiesis from HSCs can
be quantiﬁed. For example, HSCs of patients with congenital amegakaryocytic
thrombocytopenia (CAMT) usually cannot be expanded into MK.19 This rare disorder
is associated with mutations in the Tpo receptor gene, c-mpl.20,21,22 We are presently
investigating if these mutations lead to absent or aberrant Mpl expression, and thus
reduced Tpo binding or Mpl signalling.
In similar assays, using no or low amounts of Tpo, spontaneous or fast MK
formation from HSCs is strongly diagnostic for myeloproliferative diseases like ET or
Polycythaemia Vera (PV).23 Comparison of gene expression in these and normal MKs
might reveal genes that play a role in this aberrant megakaryocytopoiesis.
Finally, a European research consortium is presently characterizing the speciﬁc
gene transcription proﬁles of cultured MKs (by subtraction of the transcriptome of
cultured erythroblasts, which originate from a common progenitor24). Moreover, all
possible single nucleotide polymorphisms (SNPs) within these genes are determined.
The ﬁnal goal of this work is to correlate the presence or absence of these SNPs
with changed platelet functionality in patients, e.g. with cardiovascular disease,
thrombosis, or bleeding tendency.
Use of Tpo/Mpl agonists in therapy
An overview of clinical studies with recombinant Tpo is given by Kuter et al.25 Tpo
was shown to be effective in raising blood platelet counts in both AITP and human
immunodeﬁciency virus (HIV) related idiopathic thrombocytopenic purpura (ITP),
but also before surgery and before platelet aphaeresis. This Tpo-increased yield of
platelet aphaeresis might become especially interesting if successful cryopreservation
of platelets is possible. In this respect, recent tests with autologous freeze-thawed
platelets, showed no transfusion reactions and similar increments of platelets as
were obtained with fresh allogeneic platelets.26 Possible Tpo-induced activation
and adhesion of platelets,27 however, are still issues to be looked at. Antibody
formation against exogenous Tpo, with the risk of cross reactivity with endogenous
Tpo, was initially reported. However, this was never observed after intravenous
administration.
Finally, new non-Tpo Mpl agonists should be mentioned. With high Mpl afﬁnity,
very low immunogenity and so far no discernable differences in intracellular signalling
and in vitro megakaryocytopoietic activity, these agents seem very promising. In
accordance, an AMGEN produced Mpl agonist showed clinical effectiveness in AITP
patients.28
Ex vivo expanded megakaryocytes for therapy
Initially, the most important use of Tpo analogous and Mpl agonists was projected for
patients with chemotherapy-induced thrombocytopenia and bleeding risk. However,
Tpo administration after high-dose chemotherapy did not shorten the period of very
low platelet counts or lower the need for platelet transfusions.29,30 In contrast, Tpo
preceding chemotherapy might have a stem cell protecting effect with reduction of the
early thrombocytopenia.31 The lack of sufﬁcient Mpl-expressing cells in this aplastic
period appeared to be the limiting factor for Tpo effectiveness. In accordance, an
increased presence of megakaryocytic progenitor cells, within stem cell transplants,
correlated with reduced platelet recovery periods.32
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Ex vivo predifferentiation and expansion of HSCs towards MKs might thus be
a way to shorten post-chemotherapy platelet recovery. Within animal experiments
this ex vivo culture approach was shown to accelerate platelet count recovery.33,34
In humans, Bertolini et al.35 were the ﬁrst to show that ex vivo expanded MKs can
be administered safely with less need for platelet transfusions compared to historic
controls. We are shortly starting a phase 1 trial in which patients with non-Hodgkin
disease will receive autologous expanded MKs from puriﬁed CD34+ cells, together
with a standard autologous stem cell transplant. Using only megakaryocyte growth
and development factor (MGDF)/recombinant human Tpo (rhTpo) and only IL-1,
sufﬁcient numbers of megakaryocytic progenitors and MKs for transfusion purposes
can be generated.36
So far, this treatment modality is not cost-beneﬁt effective in most conditions. It
might, however, be an option for Jehovah’s Witnesses or patients that are refractory
(by HLA, HPA antibodies) for allogeneic platelet transfusions. Ex vivo MK expansion
might also be a solution for patients with very long blood platelet repopulation times.
Drayer et al. excluded intrinsic defects in the stem cells of these particular patients
by showing normal MK formation in in vitro cultures.37
An increased efﬁcacy to generate MKs from CD34+ in vitro will allow broader use.
Expansion of the HSCs before MK differentiation might be a solution. Tpo itself is
known to stimulate self-renewal of CD34+ HSCs. Very recently, it was demonstrated
that Tpo exercises this effect, at least partly, through p38 MAPK activation leading to
activation of USF-1, which in turn activates transcription of HOXB4.38 In analogy to
recently published approaches,39,40 we are presently investigating if hyper-expression
by addition of pure TAT-HOXB4 or HOXB4 protein increases the MK yield in our
cultures.
Finally, the homing of expanded MKs should be optimized. At ﬁrst we will
investigate, using non-obese diabetic/severe combined immunodeﬁcient (NOD/
SCID) mouse models, which cell type (the CD34+CD41+ MK-progenitor cell or the
more mature CD34-CD41+ MK) is responsible for the increased platelet recovery.

Reference list
1
2

3

4
5
6

7

64

Kaushansky K and Drachman JG. The molecular and cellular biology of thrombopoietin:
the primary regulator of platelet production. Oncogene 2002; 21: 3359-3367.
Vigon I, Mornon JP, Cocault L, Mitjavila MT, Tambourin P, Gisselbrecht S, Souyri M.
Molecular cloning and characterization of MPL, the human homolog of the v-mpl oncogene:
identiﬁcation of a member of the hematopoietic growth factor receptor superfamily. Proc
Natl Acad Sci U S A 1992; 89: 5640-5644.
Methia N, Louache F, Vainchenker W, Wendling F. Oligodeoxynucleotides antisense to the
proto-oncogene c-mpl speciﬁcally inhibit in vitro megakaryocytopoiesis. Blood 1993; 82:
1395-1401.
Alexander WS. Thrombopoietin and the c-Mpl receptor: insights from gene targeting. Int J
Biochem Cell Biol 1999; 31: 1027-1035.
Drayer L, Boer A-K, Esselink M, Vellenga E. Synergistic STAT5 transactivation by SCF and
TPO in megakaryocytic MO7e cells. Blood 2003; 102: 836a-836a.
Avecilla ST, Hattori K, Heissig B, Tejada R, Liao F, Shido K, Jin DK, Dias S, Zhang F,
Hartman TE, Hackett NR, Crystal RG, Witte L, Hicklin DJ, Bohlen P, Eaton D, Lyden D, De
Sauvage F, Raﬁi S. Chemokine-mediated interaction of hematopoietic progenitors with the
bone marrow vascular niche is required for thrombopoiesis. Nat Med 2004; 10: 64-71.
Kaushansky K, Broudy VC, Lin N, Jorgensen MJ, McCarty J, Fox N, Zucker-Franklin

Thrombopoietin in diagnostics and therapy

8

9

10
11

12
13

14
15

16

17

18
19

20
21

22

23

24

25

D, Lofton-Day C. Thrombopoietin, the Mpl ligand, is essential for full megakaryocyte
development. Proc Natl Acad Sci U S A 1995; 92: 3234-3238.
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: 101-107.
Nomura S, Ogami K, Kawamura K, Tsukamoto I, Kudo Y, Kanakura Y, Kitamura Y,
Miyazaki H, Kato T. Cellular localization of thrombopoietin mRNA in the liver by in situ
hybridization. Exp Hematol 1997; 25: 565-572.
Linthorst GE, Folman CC, van Olden RW, von dem Borne AE. Plasma thrombopoietin levels
in patients with chronic renal failure. Hematol J 2002; 3: 38-42.
Folman CC, von dem Borne AE, Rensink IH, Gerritsen W, van der Schoot CE, de Haas
M, Aarden L. Sensitive measurement of thrombopoietin by a monoclonal antibody based
sandwich enzyme-linked immunosorbent assay. Thromb Haemost 1997; 78: 1262-1267.
Folman CC, de Jong SM, de Haas M, von dem Borne AE. Analysis of the kinetics of TPO
uptake during platelet transfusion. Transfusion 2001; 41: 517-521.
Porcelijn L, Folman CC, Bossers B, Huiskes E, Overbeeke MA, Schoot CE, de Haas
M, von dem Borne AE. The diagnostic value of thrombopoietin level measurements in
thrombocytopenia. Thromb Haemost 1998; 79: 1101-1105.
Engel C, Loefﬂer M, Franke H, Schmitz S. Endogenous thrombopoietin serum levels during
multicycle chemotherapy. Br J Haematol 1999; 105: 832-838.
Konishi H, Ochiya T, Yasuda Y, Sakamoto H, Muto T, Sugimura T, Terada M. HST-1/
FGF-4 stimulates proliferation of megakaryocyte progenitors synergistically and promotes
megakaryocyte maturation. Oncogene 1996; 13: 9-19.
Folman CC, Ooms M, Kuenen BB, de Jong SM, Vet RJ, de Haas M, von dem Borne AE. The
role of thrombopoietin in post-operative thrombocytosis. Br J Haematol 2001; 114: 126133.
Werynska B, Ramlau R, Podolak-Dawidziak M, Jankowska R, Prajs I, Usnarska-Zubkiewicz
L, Kuliczkowski K. Serum thrombopoietin levels in patients with reactive thrombocytosis
due to lung cancer and in patients with essential thrombocythemia. Neoplasma 2003; 50:
447-451.
Kaushansky K. Etiology of the myeloproliferative disorders: the role of thrombopoietin.
Semin Hematol 2003; 40: 6-9.
van den Oudenrijn S, Bruin M, Folman CC, Bussel J, de Haas M, von dem Borne AE. Three
parameters, plasma thrombopoietin levels, plasma glycocalicin levels and megakaryocyte
culture, distinguish between different causes of congenital thrombocytopenia. Br J
Haematol 2002; 117: 390-398.
Germeshausen M, Ballmaier M, Welte K. Implications of mutations in hematopoietic growth
factor receptor genes in congenital cytopenias. Ann N Y Acad Sci 2001; 938: 305-320.
Ballmaier M, Germeshausen M, Schulze H, Cherkaoui K, Lang S, Gaudig A, Krukemeier S,
Eilers M, Strauss G, Welte K. c-mpl mutations are the cause of congenital amegakaryocytic
thrombocytopenia. Blood 2001; 97: 139-146.
van den Oudenrijn S, Bruin M, Folman CC, Peters M, Faulkner LB, de Haas M, von dem
Borne AE. Mutations in the thrombopoietin receptor, Mpl, in children with congenital
amegakaryocytic thrombocytopenia. Br J Haematol 2000; 110: 441-448.
Escoffre-Barbe M, Beaucornu P, Dauriac C, Amiot L, Bernard M, Fauchet R, Lamy T, Fardel
O. Advantage of CFU-MK cultures using a serum-free collagen method for the biological
exploration of Essential Thrombocythemia and Polycythemia Vera. Blood 2003; 102: 340b340b.
Debili N, Coulombel L, Croisille L, Katz A, Guichard J, Breton-Gorius J, Vainchenker W.
Characterization of a bipotent erythro-megakaryocytic progenitor in human bone marrow.
Blood 1996; 88: 1284-1296.
Kuter DJ and Begley CG. Recombinant human thrombopoietin: basic biology and
evaluation of clinical studies. Blood 2002; 100: 3457-3469.

65

Chapter 4
26

27

28

29

30

31

32

33

34

35

36

37

38

39

66

Vadhan-Raj S, Kavanagh JJ, Freedman RS, Folloder J, Currie LM, Bueso-Ramos C,
Verschraegen CF, Narvios AB, Connor J, Hoots WK, Broemeling LD, Lichtiger B. Safety and
efﬁcacy of transfusions of autologous cryopreserved platelets derived from recombinant
human thrombopoietin to support chemotherapy-associated severe thrombocytopenia: a
randomised cross-over study. Lancet 2002; 359: 2145-2152.
Van Os E, Wu YP, Pouwels JG, Ijsseldijk MJ, Sixma JJ, Akkerman JW, De Groot PG, van
Willigen G. Thrombopoietin increases platelet adhesion under ﬂow and decreases rolling.
Br J Haematol 2003; 121: 482-490.
Bussel JB, George JN, Kuter DJ, Wasser JS, Aledort LM, Chen M-G, Nichol JL. An
open-label, dose-ﬁnding study evaluating the safety and platelet response of a novel
thrombopoietic protein (AMG 531) in thrombocytopenic adult patients with Immune
Thromobcytopenic Purpura (ITP). Blood 2003; 102: 86aNash RA, Kurzrock R, DiPersio J, Vose J, Linker C, Maharaj D, Nademanee AP, Negrin
R, Nimer S, Shulman H, Ashby M, Jones D, Appelbaum FR, Champlin R. A phase I trial
of recombinant human thrombopoietin in patients with delayed platelet recovery after
hematopoietic stem cell transplantation. Biol Blood Marrow Transplant 2000; 6: 25-34.
Archimbaud E, Ottmann OG, Yin JA, Lechner K, Dombret H, Sanz MA, Heil G, Fenaux P,
Brugger W, Barge A, O'Brien-Ewen C, Matcham J, Hoelzer D. A randomized, double-blind,
placebo-controlled study with pegylated recombinant human megakaryocyte growth and
development factor (PEG-rHuMGDF) as an adjunct to chemotherapy for adults with de
novo acute myeloid leukemia. Blood 1999; 94: 3694-3701.
Vadhan-Raj S, Patel S, Bueso-Ramos C, Folloder J, Papadopolous N, Burgess A,
Broemeling LD, Broxmeyer HE, Benjamin RS. Importance of predosing of recombinant
human thrombopoietin to reduce chemotherapy-induced early thrombocytopenia. J Clin
Oncol 2003; 21: 3158-3167.
Dercksen MW, Weimar IS, Richel DJ, Breton-Gorius J, Vainchenker W, Slaper-Cortenbach
CM, Pinedo HM, von dem Borne AE, Gerritsen WR, van der Schoot CE. The value of ﬂow
cytometric analysis of platelet glycoprotein expression of CD34+ cells measured under
conditions that prevent P-selectin-mediated binding of platelets. Blood 1995; 86: 37713782.
Ratajczak MZ, Ratajczak J, Machalinski B, Mick R, Gewirtz AM. In vitro and in vivo
evidence that ex vivo cytokine priming of donor marrow cells may ameliorate posttransplant
thrombocytopenia. Blood 1998; 91: 353-359.
Bruno S, Gunetti M, Gammaitoni L, Dane A, Cavalloni G, Sanavio F, Fagioli F, Aglietta M,
Piacibello W. In vitro and in vivo megakaryocyte differentiation of fresh and ex-vivo expanded
cord blood cells: rapid and transient megakaryocyte reconstitution. Haematologica 2003;
88: 379-387.
Bertolini F, Battaglia M, Pedrazzoli P, Da Prada GA, Lanza A, Soligo D, Caneva L, Sarina
B, Murphy S, Thomas T, della Cuna GR. Megakaryocytic progenitors can be generated
ex vivo and safely administered to autologous peripheral blood progenitor cell transplant
recipients. Blood 1997; 89: 2679-2688.
van den Oudenrijn S, de Haas M, Calafat J, van der Schoot CE, von dem Borne AE.
A combination of megakaryocyte growth and development factor and interleukin-1 is
sufﬁcient to culture large numbers of megakaryocytic progenitors and megakaryocytes for
transfusion purposes. Br J Haematol 1999; 106: 553-563.
Drayer AL, Smit Sibinga CT, Esselink MT, De Wolf JT, Vellenga E. In vitro megakaryocyte
expansion in patients with delayed platelet engraftment after autologous stem cell
transplantation. Ann Hematol 2002; 81: 192-197.
Kirito K, Fox N, Kaushansky K. Thrombopoietin stimulates Hoxb4 expression: an
explanation for the favorable effects of TPO on hematopoietic stem cells. Blood 2003; 102:
3172-3178.
Amsellem S, Pﬂumio F, Bardinet D, Izac B, Charneau P, Romeo PH, Dubart-Kupperschmitt
A, Fichelson S. Ex vivo expansion of human hematopoietic stem cells by direct delivery of

Thrombopoietin in diagnostics and therapy

40

the HOXB4 homeoprotein. Nat Med 2003; 9: 1423-1427.
Krosl J, Austin P, Beslu N, Kroon E, Humphries RK, Sauvageau G. In vitro expansion of
hematopoietic stem cells by recombinant TAT-HOXB4 protein. Nat Med 2003; 9: 14281432.

67

