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Abstract
Endogenous thrombopoietin (eTPO) regulates platelet production by increasing the number, ploidy
and maturation rate of bone marrow megakaryocytes. Early attempts to treat thrombocytopenia by
the administration of recombinant TPO were successful but were complicated by the development
of antibodies to one of the recombinant proteins. Two new TPO mimetics have recently been
approved by the Food and Drug Administration for the treatment of immune thrombocytopenia (ITP).
Romiplostim is a peptide TPO mimetic composed of an IgG Fc fragment to which are attached four
14-amino acid TPO peptides that activate the TPO receptor by binding to the extracytoplasmic
domain just like eTPO. Romiplostim is administered as a weekly subcutaneous injection.
Eltrombopag is a non-peptide TPO mimetic that is a 442 Da drug that binds to a transmembrane site
on the TPO receptor and thereby activates it. It is administered daily as an oral tablet. Administration
of both romiplostim and eltrombopag to healthy volunteers produced a dose-dependent rise in platelet
count beginning on day 5 and peaking at days 12-15. Both have been highly effective in increasing
the platelet count in patients with ITP and are currently being studied in the treatment of other
thrombocytopenic conditions (MDS, chemotherapy, liver disease).

Introduction
In 1958 Kelemen proposed that a “thrombopoietin” must exist that would regulate platelet
production just as erythropoietin was known to regulate red blood cell production.1 But it was
not until 1994 that five laboratories reported the purification and/or cloning of thrombopoietin.
While some called it Mpl ligand [after the Mpl (myeloproliferative leukemia) receptor,2, 3
correctly proposed as the thrombopoietin receptor in 19924], others called it megakaryocyte
growth and development factor (MGDF),5 megapoietin,6 or thrombopoietin (TPO).7 The
historical name for this molecule, TPO, has become widely accepted as has the name TPO
receptor (instead of Mpl receptor).

After these discoveries, two recombinant thrombopoietins entered clinical trials in 1995:
recombinant human TPO (rhTPO) and pegylated recombinant human MGDF (PEG-rhMGDF).
rhTPO was a full-length, glycosylated recombinant protein identical to endogenous TPO
(eTPO) and was produced in mammalian cells. PEG-rhMGDF was a non-glycosylated,
recombinant protein comprising the first 163 amino acids of the native molecule, produced in
bacteria, and then chemically coupled to a 20 kDa PEG (polyethylene glycol) moiety. Both
recombinant thrombopoietins had a half-life of ∼40 hours and both markedly increased the
platelet count in human volunteers, platelet apheresis donors, and patients undergoing non-

Correspondence: David J. Kuter, M.D., D.Phil., Hematology Division, Yawkey 7940, Massachusetts General Hospital, 55 Fruit Street,
Boston, MA 02114, kuter.david@MGH.harvard.edu, Fax: (617) 724-6801, Phone: (617) 726-8743.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Hematol. Author manuscript; available in PMC 2011 July 1.

Published in final edited form as:
Semin Hematol. 2010 July ; 47(3): 243–248. doi:10.1053/j.seminhematol.2010.02.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



myeloablative chemotherapy, as well as in patients with ITP or MDS (for review see
reference8).

Unfortunately, a few patients who received PEG-rhMGDF (but not rhTPO) developed
antibodies to the recombinant TPO that cross-reacted with eTPO causing thrombocytopenia;
9 further development of recombinant thrombopoietic molecules ceased.

Given the perceived benefits of the recombinant TPO molecules, efforts were then made to
create new TPO mimetics that were not antigenic and might have improved pharmacologic
properties. A number of peptide and non-peptide TPO mimetics have been developed, and two,
romiplostim and eltrombopag, have been approved by the US Food and Drug Administration
(FDA). This article reviews the biology and chemistry of these TPO mimetics.

Structure and Physiology of eTPO
Endogenous human TPO is a 95 kDa protein that contains 332 amino acids of which the first
153 residues define the receptor-binding portion of the molecule. This region is not
significantly glycosylated and is approximately 23 percent identical to (and 50 percent
homologous with) erythropoietin.5 Despite its similarity to erythropoietin, it does not bind the
erythropoietin receptor and erythropoietin does not bind the TPO receptor. Crystal structure
analysis of this part of the TPO molecule has identified two important receptor-binding areas:
a 13-amino acid high-affinity site (3.3×109 M-1) and an 11-amino acid low-affinity binding
site (1.1×106 M-1) that allow one TPO to bind two TPO receptors.10 The remaining 179-residue
C-terminal region has a large number of proline and glycine residues with 6 N-linked
glycosylation sites and serves as a chaperone.

eTPO is made at a constant rate in the liver with no storage form and is released from
hepatocytes into the circulation.11 Except for hepatic disease or resection, there is no known
alteration of eTPO synthesis. There does not appear to be a “sensor” of the platelet count that
regulates eTPO production.6 Rather, eTPO is made at a constant rate by the liver and enters
the circulation and most is cleared by avid receptors on platelets and possibly megakaryocytes.
Upon binding, eTPO is internalized and degraded.12 With a decrease in platelet production,
eTPO clearance is reduced, and eTPO levels rise.

Effect of TPO Binding to the TPO Receptor
TPO receptors are found on a wide range of the hematopoietic cells, ranging from stem cells
to mature platelets. They are not found on non-hematopoietic tissue or solid tumor cells.13 The
TPO receptor is a typical hematopoietic receptor and contains two reduplicated cytokine
receptor homology (CRH) domains (with the distinctive WSXWS sequence motif), a
transmembrane region, and a cytoplasmic domain that interacts with a wide variety of
intracellular signaling pathways. (Figure 1) It probably exists as a preformed but inactive dimer.
Upon TPO binding to the distal CRH domain, steric inhibition is probably released, thereby
activating the receptor; deletion of the distal CRH produces a receptor that is constitutively
active in the absence of ligand binding.14

TPO receptor activation leads to phosphorylation of the cytoplasmic domain of the receptor as
well as downstream activation of JAK2, STAT5, MAP kinase, and PI-3 kinase as well as a
number of anti-apoptotic pathways.15 (see article by Geddis in this issue) This increases the
viability of stem cells and precursors of all lineages.16 For megakaryocyte precursors, TPO
increases their number, endomitosis, and maturation, prevents apoptosis, and thereby increases
platelet production.6 The anti-apoptotic effect of TPO is probably important in patients with
ITP: bone marrow megakaryocytes and megakaryocyte precursors are already increased but
these cells are undergoing apoptosis mediated by anti-platelet IgG and T cells, thereby limiting
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platelet production. TPO treatment probably reduces the apoptotic rate of these megakaryocyte
precursors and permits full platelet production.17 Once produced, platelets are still affected by
TPO. High (pharmacological, not physiological) TPO concentrations sensitize platelets to
weak agonists such as ADP but do not cause spontaneous aggregation.18

Romiplostim
In 1997, a 14-amino-acid peptide was identified that had no sequence homology with TPO but
bound and activated the TPO receptor.19 Chemically linking two 14-amino acid peptides
together increased its activity 10,000-fold, comparable to that of recombinant TPO. Unlike the
monomeric peptide, with two different receptor binding sites just like eTPO, the dimeric
peptide could now more efficiently bind and activate the TPO receptor. However, peptides
have very short half-lives, making them inconvenient drugs.

A stable and effective peptide TPO mimetic was achieved by attaching four of these 14-amino-
acid peptides to the C-terminus of an IgG1 Fc fragment, creating a new biologic platform called
a “peptibody”. (Figure 2) Two of these 14-amino-acid peptides were attached to each arm of
the Fc γ heavy chain using polyglycine linkers. The peptibody contains functional CH2 and
CH3 regions, allowing it to be bound by the FcRn receptors but not to fix complement. Since
it contains four identical peptides that have no sequence homology with TPO, if antibodies
formed against these peptides, they would not cross-react with and neutralize eTPO as had
occurred with PEG-rhMGDF. Developed under the names AMP-2 and AMG-531, it is now
called romiplostim (Nplate).20

Romiplostim competes with TPO for binding to the TPO receptor but with a 15-fold lower-
binding affinity (D. Kuter, unpublished data, 2002). Nonetheless, once bound, romiplostim
rapidly produces phosphorylation of the TPO receptor and activation of the JAK2 and STAT5
pathways like eTPO. (Figure 1) It stimulated dose-dependent CFU-Mk growth and increased
megakaryocyte ploidy in culture.21

In mice and rhesus monkeys romiplostim produced a dose-dependent rise in platelet count with
no major toxicities even after prolonged exposure. In 40 healthy volunteers, the platelet count
response to single subcutaneous or intravenous doses of 0.1-10 mcg/kg was studied.22 The
platelet count did not start to rise until approximately Day 5, followed by a dose-dependent
rise in platelet count that peaked on Days 12-16. (Figure 3) At the highest dose of 10 mcg/kg,
a 6-fold increase in platelets occurred with a mean platelet count of 1380×109/L (range:
923-1790×109/L). There was a nearly linear relationship between romiplostim dose and platelet
count rise (r2 = 0.815). (Figure 4) By Day 28, platelet counts had returned to their baseline
level with no rebound thrombocytopenia. There was no effect upon white blood cell or red
blood cell counts. Intravenous and subcutaneous doses produced the same response. Except
for mild headache, subjects reported no serious adverse events; none developed antibodies to
romiplostim. Romiplostim did not cause spontaneous platelet aggregation but did sensitize
platelets to weak agonists. This is probably not a clinically relevant effect because extensive
prior studies showed no increased thrombosis in animal models or in cancer chemotherapy
patients treated with recombinant TPO (for review see 8).

After single doses of 0.3-10 mcg/kg, the pharmacokinetics of romiplostim is non-linear with
a half-life of 120-140 hours. The long half-life is largely due to the binding of romiplostim by
the FcRn receptors which internalize it and then release it back into the circulation, just like
normal IgG. It is ultimately cleared from the body by the reticuloendothelial system. There
have been few studies in patients with renal or hepatic impairment, but no dose adjustments
would seem to be required in this setting given its structure and metabolism.
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Romiplostim has been shown to be highly effective in increasing the platelet counts in patients
with ITP (see article by Ghanima and Bussel in this issue) and is currently approved by the
FDA for the treatment of thrombocytopenia in patients with chronic ITP who have had an
insufficient response to corticosteroids, immunoglobulins, or splenectomy.20 It is not to be
given to pregnant or nursing women because it is likely to be transported into the fetus or milk
by FcRn receptor.

Romiplostim is available only through a restricted distribution program called the Nplate
NEXUS (Network of Experts Understanding and Supporting Nplate and Patients) Program
(1-877-Nplate1). It is supplied as 250 or 500 mcg vials of a sterile, preservative-free,
lyophilized, solid white powder for subcutaneous injection.20 For chronic ITP patients,
romiplostim is administered as a weekly subcutaneous injection at a dose of 1-10 mcg/kg.
Although an initial dose of 1 mcg/kg is suggested in the prescribing information,20 the mean
therapeutic dose in several trials was 3-4 mcg/kg;23 recently an initial dose of 3 mcg/kg was
demonstrated to be effective.24 Subsequent dosing is based on the platelet count with a usual
target of 50-200×109/L.

Known adverse effects of romiplostim include worsening of thrombocytopenia upon
discontinuation (“rebound thrombocytopenia”) and increased bone marrow reticulin (but
without consequent cytopenias). (See article by Cuker in this issue)

Eltrombopag
A second approach to the identification of TPO mimetics was to screen libraries of chemical
structures for the ability to activate the TPO receptor (using a TPO-dependent luciferase
reporter construct). A surprisingly large number of non-peptide TPO mimetics have been so
identified. Initial hydrazone compounds were subsequently modified to create structures with
favorable pharmacokinetic properties (eg, solubility, oral bioavailability, and metabolism) that
were as potent as recombinant thrombopoietin.25, 26

Developed under the name SB497115, eltrombopag (Promacta, Revolade) is a member of the
bioarylhydrazone class of compounds with an empirical formula of C25H22N4O4 and a
molecular weight of 442.5 d. It has an acidic (COOH) group at one end, lipophilic (CH3) groups
at the other end, and a metal chelate group in the center.27 (Figure 5)

Eltrombopag has a number of properties which it shares with almost all of the other non-peptide
TPO mimetics.

• It is orally available and amenable to daily, possibly weekly, administration.26

• It binds only to the human and chimp TPO receptor.28 While minimizing off-target
effects, this has certainly limited effectiveness studies in preclinical models.

• It probably binds to the transmembrane region of the TPO receptor and histidine 499
in this region appears to be vital. (Figure 1) This residue is a leucine in all species but
humans and chimpanzees and explains the strict species restriction. In studies where
the human TPO receptor was changed at residue 499 from histidine to leucine,
eltrombopag was no longer active. Changing residue 499 from a leucine to a histidine
in the murine TPO receptor allowed eltrombopag to be active.29

• Since eltrombopag does not compete with TPO for receptor binding it has effects that
are at least additive to TPO both in tissue culture and in preclinical animal models.28

Eltrombopag binds to the TPO receptor probably by association with metal ions (eg, zinc) and
induces phosphorylation of the TPO receptor with subsequent activation of the JAK2, STAT5,
PI-3 kinase, and MAP kinase pathways, but with less intensity than TPO. It promoted the
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growth of TPO-dependent cell lines. It produced a dose-dependent increase in CFU-Mk,
megakaryocyte number, ploidy and maturation but only for cells from chimps and humans.
26, 28

Extensive toxicology studies were performed in mice, rats and dogs and showed no
immunotoxicity, teratogenicity or carcinogenicity. The major toxicities were increased
cataracts (juvenile rodents) and hepatotoxicity (rodents and dogs); increased cataracts have not
been seen in subsequent human studies.27 However, due to the species-specificity of this drug,
preclinical efficacy studies were limited to three chimpanzees. Daily doses of 10 mg to chimps
were well tolerated with no clinical or laboratory abnormalities noted. One chimp increased
the platelet count 2-fold and the other two increased 1.5 fold.28

In healthy humans, single doses of eltrombopag did not produce a rise in platelet count.
However daily doses for 10 days did show a modest dose-dependent rise in platelets; as with
recombinant TPO, the platelet count started to rise on Day 8 and peaked at Day 16 (after 10
days of treatment).30 (Figure 6) By Day 22 (12 days after the last treatment) platelets had
returned to baseline without a rebound thrombocytopenia. Doses below 30 mg a day had little
effect. The mean increase in platelet count was 24% (258×109/L to 320×109/L), 43%
(254×109/L to 363×109/L) and 50% (235×109/L to 355×109/L) for the 30, 50 and 75 mg doses,
respectively.a Platelet aggregation and activation were not affected by eltrombopag.31 None
of the 73 subjects had any adverse effects.

The pharmacokinetics of eltrombopag was linear and dose-dependent with an elimination half-
life of 21-32 h. Additional studies have demonstrated the following pharmacological properties
of eltrombopag:27

• It is an inhibitor of the OATB1B1 transporter and may increase the exposure of
patients to drugs (eg, rosuvastatin) that are substrates of OATB1B1.

• Polyvalent cations (iron, calcium, aluminum, magnesium, selenium, zinc) reduce the
absorption of eltrombopag (probably by binding to its metal chelate site).

• AUC is 70-80% higher in East Asian than Caucasian patients.

• Eltrombopag is highly protein bound in the circulation.

• Oral absorption of the 75 mg dose is >52% with peak serum concentrations occurring
at 2-6 h.

• Once absorbed, eltrombopag is highly metabolized and eliminated in the feces (59%)
and urine (31%).

• Eltrombopag plasma levels increase in proportion to the extent of hepatic dysfunction.

• The effect of renal impairment has not been studied.

Eltrombopag is supplied as 25 and 50 mg tablets and is currently FDA-approved for the
treatment of thrombocytopenia in patients with chronic ITP who have had an insufficient
response to corticosteroids, immunoglobulins, or splenectomy.27 It is available through a
restricted distribution program (PROMACTA CARES, 1-877-9-PROMACTA). The initial
dose in ITP is usually 50 mg daily (25 mg if East Asian or if moderate or severe hepatic
insufficiency is present) with subsequent doses (up to 75 mg) determined by the platelet count.
It is taken on an empty stomach 1 h before or 2 h after a meal. It should not be taken within 4
h of any meal or products containing polyvalent cations (antacids, dairy products). Other drugs

aIt should be noted that at the maximal FDA-approved doses, romiplostim is ∼8 times more potent in raising the platelet count in healthy
volunteers than is eltrombopag. It remains to be demonstrated whether this difference in potency is clinically important.
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(eg, rosuvustatin) that are substrates of OATB1B1 should have their dose reduced. Liver
function tests should be checked before starting and at intervals thereafter. Eltrombopag is not
to be given to pregnant or nursing women.

Known adverse effects of eltrombopag are the same as romiplostim but also include a 13%
rate of abnormal liver function tests (See article by Cuker in this issue).

Conclusions
Romiplostim and eltrombopag are new FDA-approved TPO mimetics that are highly effective
in raising the platelet count in ITP. When compared with other chronic ITP therapies (eg,
corticosteroids), they have minimal adverse effects even after years of administration. Both
continue to be studied in other thrombocytopenic conditions including MDS (see article by
Bryan et al. in this issue), chemotherapy (see article by Vadhan-Raj in this issue), and chronic
hepatitis (see article by Tillmann and McHutchinson in this issue).
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Figure 1.
Mechanism of activation of TPO receptor by TPO, romiplostim, and eltrombopag. The TPO
receptor has been proposed to exist as an inactive preformed dimer (left) with proximal
(CRH-1) and distal (CRH-2) cytokine receptor homology (CRH) domains. Upon binding of
thrombopoietin of ?or? romiplostim to the distal CRH-2 domain or binding of eltrombopag to
the transmembrane region, the receptor (right) conformation changes and a number of signal
transduction pathways are activated that increase platelet production.

Kuter Page 8

Semin Hematol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Structure of romiplostim. Romiplostim is composed of the Fc (fragment “crystallized”) portion
of IgG1 to which two 14-amino acid TPO peptides (purple) are coupled via glycine bridges
(green) at the carboxy-terminus of each γ heavy chain. Interchain (at cysteines C7 and C10)
and intrachain (cysteines C42-C102, C148-C206) disulfide bridges are indicated in red. Heavy
chain constant domains 2 (CH2) and 3 (CH3) are also shown. Romiplostim has a molecular
weight of ∼60 kDa.
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Figure 3.
Romiplostim increased the platelet count in healthy human volunteers. Mean (+/- SD) platelet
counts after single subcutaneous (SC, open symbols) or intravenous (IV, closed symbols)
administration of various doses of romiplostim or placebo. Dashed lines indicate normal
platelet count ranges (150-450×109/L). Note logarithmic scale for platelet count.
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Figure 4.
Dose-response effect of romiplostim on peak platelet counts in healthy human volunteers after
single intravenous (solid symbols) or subcutaneous (open symbols) dose of romiplostim or
placebo (see Figure 3 for more details).
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Figure 5.
Structure of eltrombopag [3′-{(2Z)-2-[1-(3,4-dimethylphenyl)-3-methyl-5-oxo-1,5-
dihydro-4H-pyrazol-4-ylidene]hydrazino}-2′-hydroxy-3-biphenylcarboxylic acid].
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Figure 6.
Eltrombopag increased the platelet count in healthy human volunteers. Platelet count (+/- SD)
after administration of the maximal dose of 75 mg daily for ten days (solid bar) to 9 healthy
volunteers.

Kuter Page 13

Semin Hematol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


