Thrombopoietin: From Theory to Reality
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Theterm thrombopoietin (TPO) wasfirst pennedin 1958 to
describe the primary regulator of platelet production.
Multiple effortsto purify the hormone throughout the 1970s
and 1980swere unsuccessful, because of the scarcity of the
protein in even the richest physiologic source of the hor-
mone (thrombocytopenic plasma), and the biochemical com-
plexity of thisasastarting material for purification®. How-
ever, the cloning of the proto-oncogene c-mpl® opened an
aternativerouteto theidentification of TPO. Detailed study
of the c-mpl gene reveaed it to encode an orphan hemato-
poietic cytokine receptor, and its tissue distribution and
experiments designed to eliminate its expression suggested
that c-mpl encodes the TPO receptor®®. Using three dis-
tinct strategies, five separate groups either purified protein
or cloned cDNA for TPO in 1994©. Thisreview will focus
on the physiology of TPO production and function, con-
centrating on recent findings that help to explain platelet
homeostasis and how our understanding of TPO biology
can trandateinto better care of thrombocytopenic patients.

The Molecular Biology of Thrombopoietin

The cloned human TPO cDNA encodes apredicted polypep-
tide of 353 amino acids, including a 21 amino acid secre-
tory leader sequence”9, Like all of the other known he-
matopoietic growth factors®?, application of secondary
structure algorithmsindicate that TPO foldsinto afour al-
phahelix bundle, with two long loops connecting the first
and second, and third and fourth helices. Severa of the
amino acids on thefirst, third and fourth helicesand two of
the interhelical loops that interact with the Mpl receptor
have also been mapped®>d. The TPO gene localizes to
human chromosome 3g21%9, aregion rearranged in a pa-
tient with thrombocytosis and blastic transformation of
chronic myeloid leukemia®®. The polypeptide can be con-
ceptually divided into two domains; the amino-terminal
154 residues of the mature polypeptide bears striking se-
guence homology with erythropoietin (EPO) and binds to
the Mpl receptor. The carboxyl-terminal domain bears no
resemblance to any known proteins, but contains multiple
sites of both N- and O-linked carbohydrate modification
(Figure 1). This latter feature accounts for the large dis-
crepancy between the predicted and actual M _of the pro-
tein; 50% of the 70 kDa TPO molecule is carbohydrate.
Functionsfor the carbohydrate containing carboxyl-termi-
nal domain include increasing the circulatory survival of
the protein®®, allowing for a tenfold increase in biocavail-
ability of thefull length form over onelacking the carboxy!-
terminal region, and improving the secretory efficiency of
TPO. Here, again, inclusion of the carboxyl-terminus of the
protein enhances secretion of TPO tenfold over that seenin
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cellsexpressing thetruncated protein®”. Themolecular basis
for this finding is uncertain, but the two most intriguing
models propose that the carboxyl-terminus of the protein
aids in folding of the receptor binding domain, or that it
protects the amino-terminus from proteolytic destruction
during itsintracellular processing. Studiesin multiplelabo-
ratoriesare underway to better understand the implications
of these findings both for TPO in particular, and for the
physiology of protein secretion in general.

The Physiology of Thrombopoietin

Theavailability of recombinant thrombopoietin hasallowed
the rapid physiologic characterization of the protein. The
hormone isthe major regulator of megakaryocyte matura-
tion, supporting 1) the formation of platel et-specific gran-
ules; 2) demarcation membranes and platelet fields; 3) the
expression of platel et specific membrane proteins, includ-
ing the glycoprotein (gp) I1b/111a fibrinogen receptor and
the gp 1b/V/IX von Willebrand factor receptor; 4) mega
karyocyte adhesion through activation of gpl1b/ll1a, VLA-
4 and VLA-5; 5) endomitosis and its resultant polyploid
state; and 6) the formation of platelets from single mega-
karyocytes in serum-free culture®®22, Other cytokines fall
to induce similar levels of megakaryocyte maturation if
endogenous TPO effects are blocked®. The hormone is
also avery potent inducer of proliferation of megakaryo-
cytic progenitor cells. By itself, optimal levels of the hor-
mone can induce the proliferation of up to 75% of all mar-
row progenitor cells committed to the megakaryocyte lin-
eage®?, and at lower levels the hormone acts synergisti-
cally to enhance megakaryocyte devel opment in combina-
tion with interleukin (IL)-3, stem cell factor (SCF), IL-11
and EPO®@, At least one of the mechanisms by which TPO
actsis by suppression of progenitor cell apoptosis®),

In addition to its effects on megakaryocytes and their
immediate precursors, TPO can support the survival of he-
matopoietic stem cells and acts in synergy with IL-3 and
SCF to induce these cells into the cell cycle and increase
their output of both primitive and committed hematopoi-
etic progenitor cells of all lineages??). These in vitro &f-
fectsarereflective of in vivo events; genetic elimination of
TPO or itsreceptor is associated with reduction of the num-
bers of marrow hematopoietic progenitor cells of all lin-
eagesto approximately 25% of normal values®29, the num-
ber of primitive spleen colony-forming cells®, and the num-
ber of long-term repopul ating hematopoietic stem cells®Y.,

The Regulation of Thrombopoietin Production

The preponderance of available data indicates that TPO
blood levelsvary inversely with the combined megakaryo-
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Figure 1. Thrombopoietin and its relationship with Erythropoietin. The polypeptide structure of TPO is illustrated and
the features shared with EPO highlighted, including four alpha helices, multiple sites of both N- and O-linked
carbohydrate modification, and a carboxyl-terminal extension which bears no similarity to any known proteins.

cyteand platel et mass. The explanation for theinverserela-
tionship is thought to lie in the constitutive production of
thehormonein several organs(e.g. liver and kidney®?) and
the presence of Mpl receptors on megakaryocytes and plate-
lets. Most investigatorsbelieve the relatively fixed total body
TPO production rate is moderated by plasma uptake and
destruction by cells bearing Mpl receptors®. Thus, when
platelet numbers are high, most of the thrombopoietin pro-
ducedisdestroyed, leaving little to stimulate thrombopoi e-
sis. In contrast, in the presence of thrombocytopenia, par-
ticularly those states with concomitant megakaryocyte de-
ficiency (aplastic anemia, myelosuppressive therapy), the
plasmaconcentration of thrombopoietin is high because of
low levelsof Mpl-mediated destruction. Althoughitisclear
that this model can account for some aspects of
thrombopoietin availability, careful examination of theavail-
able data indicates that additional mechanisms must con-
tributeto theregulation of hormone production during times
of increased platelet demand. For example, aprecise indi-
rect relationship between thrombopoietin levels and plate-
let count does not hold in severa thrombocytopenic states,
such asimmune thrombocytopenic purpura®?, and evenin
thrombocytopenic patientswith high TPO levelsthereisno
strict relationship between the two parameters®. In cases
of platelet destruction, in which megakaryocytic hyperpla-
siaoccurs, it has been suggested that the increased mega:
karyocyte mass is responsible for increased hormone ca-
tabolism, masking what would otherwise have been an
increased thrombopoietin state®®. However, if this were
gtrictly the case, aninverserelationship between megakaryo-
cyte volume and thrombopoietin level s should exist, apre-
diction not supported by the one study in which these two
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parameters were carefully assessed®. It is also possible
that the reduced level s of thrombopoietin in some states of
platelet destruction is responsible for the thrombocytope-
niaper se. For instance, about one quarter of patientswith
what is otherwise typical idiopathic thrombocytopenic pur-
pura do not display increased platelet turnover or mega-
karyocytic hyperplasia®. Thrombopoietin levels have not
been checked in this subset of patients, but reduced levels
(by either immune targeting or other mechanisms) could
account for the thrombocytopenia found in these patients.
Moreover, additional mechanismsfor thrombopoietin regu-
lation have been identified. For example, interferon-gand
TNF-a upregulate hepatic endothelial cell thrombopoietin
MRNA®) and I L-11 upregul ates hormone production from
marrow accessory cells*. Thesefindings could help to ex-
plain why some patients with reactive thrombocytosis dis-
play blood thrombopoietin levelstoo high for their platel et
count“. And thrombopoietin production from liver cells
falsin the presence of interferon-a, potentialy helping to
explain the worsening of thrombocytopenia associated with
the use of that agent for viral liver disease®?, at least in part.

The Thrombopoietin Receptor, c-Mpl

The thrombopoietin receptor wasinitially cloned asthe cel-
lular homologue of a murine transforming oncogene, v-
mpl®. Recognized as a hematopoi etic growth factor recep-
tor by virtue of its characteristically spaced cysteine resi-
dues and tryptophan-serine-anything-tryptophan-serine
juxtamembrane pentapeptide (the* WSXWSbox™), severa
features of c-mpl expression suggested an important rolein
megakaryocyte formation®4, This supposition was con-
firmed with the cloning of thrombopoietin. Equilibrium
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binding experimentswith radiol abel ed thrombopoietin re-
vedl asingle class of receptors with a binding affinity of
~100 pM; platelets display approximately 25 receptors per
cell®d, Megakaryocytes display far greater numbers of re-
ceptors, although their precise quantitation has been tech-
nically challenging.

In addition to the signaling isoform of Mpl, (termed
the P form for aunique Pst | restriction endonuclease site
present in the region encoding the cytoplasmic domain),
several other isoforms of the receptor have been predicted
to exist based on the presence of alternate forms of mMRNA
identified in receptor bearing cells. Potential alternate
isoformsof Mpl include 1) asolubleversion of Mpl (which
arises by splicing out of the exon encoding the WSXWS
and transmembrane regions®); 2) amembrane bound form
of thereceptor (theK form, for aunique Kpn | site) derived
from retention of the tenth Mpl intron, and encoding a
polypeptide that lacks the carboxyl terminal 113 residues
(eliminating the box1/box2 and most of the other signaling
motifs recognized in the intracytoplasmic domain of the
receptor); and 3) another membrane-bound form that lacks
24 amino acids of the extracellular domain. It is unlikely
that any of the alternate formsof Mpl other thantheK form
of Mpl bind thrombopoietin (e.g. mutation of the WSXWS
region of the growth hormone receptor unfolds the pro-
teind*?) and none likely signals, potentially making their
presence splicing artifacts. Itisformally possible, however,
that the K form of Mpl acts as a decoy receptor.

The binding of thrombopoietin to Mpl is believed to
result in receptor dimerization“, an event that leadsto the
cross-phosphorylation and activation of members of the
Janusfamily of kinases. JAK activation appearsto beacriti-
cal event for signaling; genetic elimination of JAK2 leads
to fetal lethality due to afailure of hematopoiesis®. Like
several other hematopoietic growth factor receptors, the
binding of thrombopoietinto Mpl induces JAK2 and TYK2
activation (although the latter is of less importance
[Drachman JG, Millett KM, Kaushansky K: Mpl signa
transduction requires functional JAK2, not TYK2. J Biol
Chem, in press]), which then phosphorylate a subset of re-
ceptor Tyr residues, forming docking sites for several sig-
naling intermediates. Proteins bound and subsequently ac-
tivated by JAK2 include the nascent transcription factors
STAT3 and STATS5, the adapter proteins Grb2, Shc and its
associated phosphatase SHI P, the GTP exchange factors Vav
and SOS, and the hematopoietic receptor-related phos-
phatase SHP-24752, However, two important questions have
recently arisen in the field. First, is JAK activation suffi-
cient to induce al of the effects of Mpl receptor engage-
ment, and second, are the tyrosine residues of the receptor
critical or superfluoustargets of JAK2? Several recent ex-
periments have shed surprising new insights on these ques-
tions.

Evidencefrom several quarters suggeststhat JAK2 ac-
tivation is sufficient to transmit a proliferative stimulusin
hematopoietic cells. For example, the introduction of afu-
sion receptor composed of the extracellular and transmem-
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brane domains of the erythropoietin receptor and the ki-
nase domain of JAK2 induces cellular proliferation in he-
matopoietic factor dependent FDC2 cells®. A similar re-
sult was reported for an epidermal growth factor (EGF) re-
ceptor/JAK?2 fusion in a similar hematopoietic cell line,
32D®4. In contrast, we have found that a similar strategy
linking the thrombopoietin receptor to JAK 2 fails to sup-
port the proliferation of yet another growth factor depen-
dent cell line, BaF3 cells, indicating the danger in relying
too heavily on theresultsfrom transformed cell lines. More-
over, noneof these cell typesdifferentiatesinto normal blood
cells, precluding any conclusions of the role of JAK2 in
celular differentiation. Only from the study of receptor
mutants introduced into primary cells can one be certain
whether JAK activation is sufficient for receptor signaling,
studiesthat are actively underway in anumber of laborato-
ries.

The second question of whether the tyrosine residues
that become phosphorylated in response to thrombopoietin
binding are critical for receptor signaling has also yielded
an unexpected answer. Introduction of an Mpl receptor that
has been truncated 69 residues beyond the transmembrane
domain wasintroduced into CD41-selected, gpl I b-express-
ing marrow cellsderived from an mpl -/- mouse. Cellswere
then grown in the presence of thrombopoietin and evalu-
ated. Wefound that an equal number of megakaryocytes, of
full maturity, developed in response to thrombopoietin as
when the full length mpl receptor was used. As the trun-
cated Mpl receptor is not phosphorylated ontyrosinein re-
sponse to thrombopoietin, at least in BaF3 cells, these re-
sults suggest that the phosphotyrosine docking sitesinduced
by hormone binding are not essential for receptor function.
A similar conclusion was derived from studies using ho-
mologous recombination to introduce the same truncated
receptor into an mpl -/- mouse®™. These results stand in
contrast to those obtained by eliminating al of thetyrosine
residues of the erythropoietin receptor®®. In these studies,
alteration of the eight erythropoietin receptor cytoplasmic
domain tyrosine residues to phenylalanine abrogated the
capacity of the receptor to transduce adifferentiative signal
infetal liver erythroid progenitor cells. Thus, it appearsthat
the signals derived from all receptors are not qualitatively
similar.

Other hematopoietic growth factors a so activate mem-
bers of the Src family of cytoplasmic kinases, an event re-
quiredfor cellular proliferation®?. Many of these molecules
(e.g. SOF%8 or Src™) activate the Ras/Raf and PI3K path-
ways, which have profound effectson mediators of cell cycle
control and survival. For example, GTP-Ras activates Raf-
1€ which then activates 1) the cdc25A phosphatase®?,
critical for early cell cycle progression; 2) MEK-1, essen-
tial for mitogen-activated protein kinase (MAPK) activa-
tion (see below), and when translocated to mitochondrig;
and 3) the bcl family member bad, preventing its interac-
tion with and neutralization of the cell survival factor bcl-
262 PI3K activates Akt, also acritical mediator of cell sur-
vival.
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MAPKs act primarily upon nuclear transcription fac-
tors, including members of the Ets, Rel and AP-1 families®,
The genes affected by these transcription factors play im-
portant rolesin cell proliferation and survival, and include
p21, p27, G, cyclins, bcl family members, and caspase in-
hibitors. MAPK sare also thought to play animportant role
in megakaryocyte physiology, as prolonged MAPK activar
tionwaslinked to differentiationinthe UT-7/mpl cell ling®.
More recently, we have had the opportunity to test the ef-
fects of MAPK blockade in primary megakaryocytes, us-
ing PD 98059, an inhibitor of the MAPK activating enzyme
MEK-1. Wefound that theinhibitor reduced the number of
megakaryocytes present following a four day culture in
thrombopoietin, and substantially blocked their
polyploidization (Rojnuckarin B, Drachman JG, Kaushansky
K: Thrombopoietin-induced activation of the mitogen-acti-
vated protein kinase pathway in normal megakaryocytes:
Rolein endomitosis. Submitted for publication).

Thrombopoietin and Clinical Hematology

Finally, therole of recombinant thrombopoietin asathera-
peutic agent has been evaluated in severa settings. Thetox-
icity and therapeutic efficacy of thrombopoietin has been
tested in mice, rats, dogs, non-human primates, cancer pa-
tients and normal volunteers. In al studies administration
of a single dose of any form of thrombopoietin was safe;
specifically, therewere no signs of hepatic, renal or pulmo-
nary toxicity, capillary leak, coagulopathy or hematopoi-
etic toxicity, and no evidence of the acute phase response
characteristic of many of the other cytokines known to af-
fect megakaryocyte devel opment. However, when amodi-
fied version of thrombopoietin, termed PEGylated recom-
binant human megakaryocyte growth and devel opment fac-
tor (PEGrhM GDF), was given subcutaneously on multiple
occasions to normal platelet pheresis volunteers, approxi-
mately 1% of individua s devel oped antibodiesthat appeared
to cross-react with their own thrombopoietin, resulting in
prolonged thrombocytopenia. Such complications have not
been seen in cancer patients given the drug. Nevertheless,
thisresult lead to the discontinuation of trials of the agent
innormal platel et transfusion donors.

When administered to animals treated with modest
doses of either chemotherapy, radiation, or both,
thrombopoietin has consistently resulted in higher nadir
platelet countsand accel erated platel et recovery®69. [t also
has displayed favorable effects on erythrocyte and granul o-
cyterecovery in animal models, consistent with itsin vitro
stimulatory effects on cells of these hematopoietic lin-
eages'®%), In one study conducted in rhesus monkeys, ad-
ministration of thrombopoietin after sublethal irradiation
resulted in functional iron deficiency, confirming its effect
on erythropoiesis and arguing for study of prophylactic ad-
ministration of iron in patients receiving thrombopoi etin®.
Together, these results suggest that the therapeutic efficacy
of the hormone might be broader than initially anticipated.

In contrast to the successful preclinical trials of the hor-
mone in ameliorating thrombocytopenia and often pancy-
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topenia associated with non-ablative myelosuppressive
therapies, the effectiveness of thrombopoietin in accel erat-
ing platelet recovery following stem cell transplantation has
been less than impressive. The administration of various
forms of the hormoneto lethally irradiated mice receiving
marrow cells accelerated platelet recovery by two to four
days™™, but did not augment hematopoietic recovery when
lower numbers of bone marrow cellsweregiven™. Inmice
receiving peripheral blood stem cell transplantsthe hormone
was less effectivel™.

Another potential usefor thrombopoietinistoimprove
the quality of the marrow or stem cellsto be used for trans-
plantation. In one study designed to address this issue,
thrombopoi etin was administered to murine marrow donors,
and the hematopoietic recovery of the lethaly irradiated
recipients monitored™. Compared with mice receiving
marrow from normal donors, both platelet and red cell re-
covery was more rapid in animals receiving marrow cells
from thrombopoietin-treated mice, irrespective of whether
the recipients received the hormone or not. Theresultswere
similar inastudy of peripheral blood stem cell transplant in
mice™. However, given the adverse effects of PEGrhMGDF
on normal platel et transfusion donors, therole of thisagent
in mobilizing or preparing stem cell donorsisuncertain.

Theresults of several thrombopoietin toxicity trialsin
cancer patients are now available™ ™, In al studiesthe ad-
ministration of either recombinant human thrombopoietin
(rhTPO) or PEGrhM GDF was safe, and when administered
prior to chemotherapy was associated with substantial in-
creases in platelet production. Although no signs of local
or systemic toxicity were observed in these studies, it must
be noted that patientswith ahistory of cardiac, pulmonary,
vascular or thrombotic disease were excluded from all phase
I/11 clinical trials.

Resultsfrom threetrials of rhTPO or PEGrhMGDFin
atotal of 101 patientswith cancer treated with carboplatin-
based chemotherapeutic regimens have been reported.™>™
Inall three studies platel et counts returned to baseline sig-
nificantly faster, and in two of the three studies nadir
platelet counts were higher in the patients given recombi-
nant hormone, as compared with either those given placebo
or thesame patientsduring their first cycle of chemotherapy.
However, the chemotherapy regimensadministered in two
of thesetrialsinduced only modest thrombocytopenia(mean
nadir platel et countsin the placebo groups of 111,000/m™
and 60,000/m("7); in neither study was the hospital course
shortened or were significant numbers of platelet transfu-
sionsrequired. Inthethird study™®, compared to afirst cycle
of chemotherapy without rhTPO, nadir platelet counts and
the number of thrombocytopenic days were both signifi-
cantly improved by the use of the hormone following the
second cycle of chemotherapy (p<0.001). Moreover, of the
patients enrolled in this study, 59% required platel et trans-
fusionsafter their first cycle of chemotherapy, but only 26%
needed them following the cycle of chemotherapy aug-
mented with rhTPO (p=0.02).

Thrombopoietin increases the number of megakaryo-
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cytic and other hematopoietic progenitors in vitro and in
vivo, and it mobilizes stem and progenitor cells from the
marrow into the circulation, properties that might benefit
patients receiving stem-cell transplants. In 40 patientswith
breast cancer undergoing autologous bone marrow trans-
plantation™, administration of PEGrhMGDF ledto a5 to
6 day earlier rise in platelet count to 20,000/m and a 48
percent reduction in the use of platelet transfusions as com-
pared with placebo trested patients. However, it has not been
effectivein patients undergoing autol ogous peripheral blood
stem cell transplantation(™9,

Thrombopoietin has moved from concept to reality in
the past five years. Its physiological properties have been
extensively studied; theresults have both supported old con-
cepts and generated new ones, but have clearly established
that the hormoneisthe primary regulator of megakaryocyte
and platelet production. Despite these advances, many ex-
citing new findings lay ahead. Virtually nothing is known
of the genesresponsible for commitment to the megakaryo-
cyticlineage, elimination of thenormal control mechanisms
that allow polyploidy to develop, or the molecular mecha
nisms responsible for platelet formation. The availability
of the primary regulator of megakaryocyte and platelet for-
mation should provide investigators with important new
tools to probe these fascinating questions, and may also
provide a means to reduce the toxicity of marrow failure.
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