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Abstract Aplastic anemia is a bone marrow failure syn-
drome that causes pancytopenia and can lead to life-
threatening complications. Bone marrow transplantation
remains the standard of care for younger patients and those
with a good performance status but many patients may not
have a suitable donor. Immunosuppressive therapy is able
to resolve cytopenias in a majority of patients with aplastic
anemia but relapses are not uncommon and some patients
remain refractory to this approach. Patients may require
frequent blood and platelet transfusion support which is
expensive and inconvenient. Life-threatening bleeding
complications still occur despite prophylactic platelet
transfusion. Thrombopoietin (TPO) mimetics, such as
romiplostim and eltrombopag, were developed to treat
patients with refractory immune thrombocytopenia but are
now being investigated for the treatment of bone marrow
failure syndromes. TPO is the main regulator for platelet
production and its receptor (c-Mpl) is present on mega-
karyocytes and hematopoietic stem cells. Trilineage
hematopoietic responses were observed in a recent clinical
trial using eltrombopag in patients with severe aplastic
anemia refractory to immunosuppression suggesting that
these agents can provide a new therapeutic option for
enhancing blood production. In this review, we discuss
these recent results and ongoing investigation of TPO mi-
metics for aplastic anemia and other bone marrow failure
states like myelodysplastic syndromes. Clonal evolution or
progression to acute myeloid leukemia remains a concern
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when using these drugs in bone marrow failure and patients
should only be treated in the setting of a clinical trial.
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Introduction

Aplastic anemia is a rare, life-threatening bone marrow
failure disorder characterized by pancytopenia and a
hypocellular bone marrow. Most cases are due to autoim-
mune attack of marrow stem and progenitor cells leading to
pancytopenia [1]. Allogeneic bone marrow transplantation
offers the opportunity for cure in younger patients, but
most are not suitable candidates for transplantation due to
advanced age or lack of a histocompatible donor. Com-
parable long-term survival in severe aplastic anemia is
attainable with standard immunosuppressive treatment
(IST). However, of those patients treated with IST, one-
quarter to one-third will not respond, and 3040 % of
responders relapse. These patients can have persistent
thrombocytopenia, require regular platelet transfusions,
which are expensive and inconvenient, and are at risk for
further serious bleeding complications.

Pathophysiology of thrombocytopenia in aplastic
anemia

Thrombocytopenia is a major cause of morbidity and
mortality in patients with aplastic anemia. At presentation,
virtually all patients with aplastic anemia are thrombocy-
topenic: platelet counts of <50,000 or 20,000/uL are
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diagnostic criteria for moderate and severe aplastic anemia,
respectively. Decreased hematopoietic stem and progenitor
cell numbers and function, resulting in impaired megak-
aryocytopoiesis and insufficient mature platelet production,
are the causes of thrombocytopenia.

The clinical efficacy of immunosuppression and much
laboratory data suggest that the ultimate mechanism leading
to hematopoietic stem and progenitor depletion is immune-
mediated attack and destruction [1, 2]. The frequency of the
most primitive hematopoietic cells is profoundly decreased
and, even with clinical response to immunosuppressive
therapy, can remain persistently low, as reflected by studies
utilizing long-term culture-initiating cells (LT-ICs) and
cobblestone formation. Stem cell numbers are markedly
diminished and transcriptome analysis demonstrates a pro-
apoptotic profile for CD34+ cells from aplastic anemia
patients compared to healthy controls, signifying stem cells
under stress 3, 4]. This severely diminished population of
stem cells subsequently leads to a paucity of megakaryo-
cytes capable of producing platelets.

Clinical consequences of thrombocytopenia

Thrombocytopenia in aplastic anemia causes bleeding,
usually petechiae and ecchymoses of the skin and mucous
membranes, epistaxis and gingival hemorrhage. Bleeding
is not typically observed until the platelet count falls below
10-20,000/pL. Life-threatening bleeding can occur in the
presence of accompanying physical lesions related to the
underlying aplastic anemia or treatment with immunosup-
pression, such as corticosteroid-related gastritis, or neu-
tropenia-related fungal infection of the lungs [5, 6].
Intracranial hemorrhage is most feared, as this complica-
tion can be life threatening or severely debilitating if not
promptly treated [7]. Introduction of routine platelet
transfusions in patients with aplastic anemia led to a clear
reduction of bleeding complications. Yet, even in the
modern era when platelet transfusions are widely used both
prophylactically and therapeutically, in long-term follow-
up studies as many as 10 % of patients presenting with
aplastic anemia still eventually die of bleeding [8]. There is
also evidence for asymptomatic hemorrhage, such as
cerebral microbleeds, although their clinical significance is
currently unknown [9].

Treatment of thrombocytopenia

The main treatment for thrombocytopenia related to bone
marrow failure has been platelet transfusion support, while
awaiting a response to IST or engraftment following allo-
geneic stem cell transplantation. Months typically are

required for platelet counts to respond following IST, and
time from diagnosis to a sibling or particularly a matched
unrelated transplant can be even longer. Routine practice is
to provide prophylactic platelet transfusions to avoid sig-
nificant bleeding in these intervals. Most guidelines rec-
ommend transfusing patients with thrombocytopenia
prophylactically when platelets fall to <10,000/puL, or in
patients with fevers or a bleeding history, <20,000/uL [10].
However, it is important to realize that the clinical evi-
dence supporting transfusion thresholds was gathered pri-
marily from patients with hematologic malignancies
undergoing chemotherapy or stem cell transplantation, not
aplastic anemia, and these thresholds remain controversial.

Using these thresholds for transfusion typically requires
patients to receive transfusions once or twice weekly due to
the short half-life of platelets. The frequency of transfu-
sions is dependent on the residual platelet production, the
half-life of the platelets transfused, and whether the patient
is significantly alloimmunized. Splenomegaly and platelet
sequestration are not generally a problem in AA. Prior to
the introduction of leukocyte-depleted blood products in
the 1980s, a significant proportion of patients developed
HLA alloimmunization and became refractory to platelet
transfusions. In addition, studies demonstrated that the
number of pre-transplant transfusions was associated with
an increased risk of graft failure [11] and death [12] fol-
lowing hematopoietic stem cell transplant. Since the
introduction of universal leukoreduction of blood products,
the incidence of HLA alloimmunization appears to be low,
although there are no formal studies in AA. In the trial to
reduce alloimmunization to platelets (TRAP), patients with
acute myelogenous leukemia (AML) were less likely to
become refractory to platelet transfusions if they received
filtered apheresis platelets [13]. However, it is our experi-
ence that even patients with alloimmunization and severe
thrombocytopenia can survive without catastrophic bleed-
ing for many years with HLA-matched platelets.

Hematopoietic growth factors

The clinical trials of hematopoietic growth factors, mainly
erythropoietic-stimulating agents (ESAs) and G-CSF and
also GM-CSF and IL-3, to treat aplastic anemia have been
disappointing. There is little rationale for use of cytokines
that act on committed hematopoietic progenitors in specific
differentiated lineages. First, since receptors for these
cytokines are not present on primitive stem cells, and
progenitors and lineage-committed precursors able to
respond are missing or profoundly reduced, treatment at
best might be expected to shorten time to recovery of blood
counts following therapy, once immunosuppression or
transplantation allows some recovery of stem cell numbers.
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Second, endogenous erythropoietin and G-CSF levels are
extremely elevated in SAA [14, 15]. Whereas in myelo-
dysplastic syndrome (MDS), low endogenous levels of
erythropoietin are present in a small proportion of patients
but predict responsiveness to ESAs [16, 17]. Clinical trials
have examined GM-CSF, G-CSF, stem cell factor (SCF) and
IL-3, as single agents or added to standard immunosup-
pressive therapy for aplastic anemia. In this setting, G-CSF
has been widely studied in combination with horse ATG
plus CsA. This regimen has not been shown to improve
outcomes in several randomized trials [18—20] and the most
recent European guidelines for the management of aplastic
anemia only support the use of a short course of G-CSF in
the setting of severe systemic infections, but advise against
their routine use entirely 10]. A recent meta-analysis of 19
individual trials concluded that there was no impact on
survival or response rate with the addition of these cytokines
to standard immunosuppressive regimens [21].

TPO receptor agonists for aplastic anemia

Thrombopoietin (TPO) is the principal endogenous regu-
lator of platelet production. TPO is a potent endogenous
cytokine that binds to its receptor (c-Mpl) on megakaryo-
cyte progenitors and stimulates a number of signal trans-
duction events promoting megakaryocyte proliferation, and
maturation and platelet release [22]. TPO levels are greatly
increased in aplastic anemia [23]. Conversely, in immune
thrombocytopenia (ITP) TPO levels are within the normal
range or only moderately increased, and this finding sug-
gested the utility of a TPO receptor agonist in this clinical
condition [23, 24]. However, the regulation of endogenous
TPO production is not yet fully understood. In the
“sponge” model, following constitutive synthesis by the
liver, TPO is passively regulated by its binding to TPO
receptors on platelets and megakaryocytes [25].

Multiple lines of evidence support a pleiotropic role for
TPO in hematopoiesis, beyond its obvious function as the
primary endogenous factor controlling platelet production.
First, TPO receptors are present on primitive hematopoietic
stem and progenitor cells [26]. Second, hematopoietic
repopulating assays performed in mice support a role for
TPO in hematopoietic stem cell survival, self-renewal, and
expansion [27, 28]. Third, TPO/c-Mpl signaling in humans
plays a role in regulating quiescent hematopoietic stem
cells [29]. Fourth, humans with bi-allelic mutations in
c-Mpl develop congenital amegakaryocytic thrombocyto-
penia (CAMT); a disorder characterized by severe throm-
bocytopenia presenting shortly after birth. Patients with
CAMT typically have absent or greatly diminished mega-
karyocytes in the bone marrow and are at high risk for
developing aplastic anemia [30]. Fifth, the equivalent Mpl
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knockout mouse model (Mpl(—/—)) demonstrates reduced
numbers of hematopoietic stem and progenitor cells [27,
31, 32]. And finally, a homozygous nonsense mutation in
the Mpl gene has been reported in association with familial
aplastic anemia [33].

Although TPO levels are very elevated in bone marrow
failure syndromes [23, 34], the hypothesis that supraphysi-
ologic pharmacologic levels might be therapeutic is being
explored with TPO receptor agonists. The lack of benefit of
other growth factors, such as EPO and G-CSF, may be
because these cytokines act on more committed myeloid
progenitors. The ability for TPO to act on less differentiated
progenitor cells supports a hypothetical role in treating bone
marrow failure. Eltrombopag (Promacta), is a synthetic,
nonpeptide, oral thrombopoietin mimetic that noncompeti-
tively binds to c-Mpl in a region distinct from that of
thrombopoietin. Upon binding to c-Mpl, eltrombopag acti-
vates signaling through JAK-STAT (Janus-associated
kinase-signal transducers) and MAPK (mitogen-activated
protein kinase) pathways. In a nonrandomized phase II trial
conducted at the National Institutes of Health, 25 patients
with severe aplastic anemia and thrombocytopenia refrac-
tory to immunosuppression were treated with eltrombopag
[35]. All patients were transfusion dependent for platelets
and had failed a median of 2 rounds of IST (range 1-4) prior
to enrollment. The starting dose of eltrombopag was 50 mg
daily (the typical starting dose in ITP), and the dose was
escalated every 2 weeks by 25 mg if the platelet count
remained below 20,000/pL to a maximum of 150 mg daily.
All but one patient reached this maximum dose since el-
trombopag was well tolerated and had few side effects. The
primary endpoint was improvement in blood counts with
defined responses for each lineage after 12 weeks. 44 % (11/
25) of patients had a hematological response after
12-16 weeks, with responses in all 3 lineages seen. The
majority of responders became transfusion-independent for
platelets (9/11) with an average eventual increase in platelet
count of 44,000/uL. Remarkably, clinically significant
increases in the erythroid lineage were observed in six
patients (6/11) and nine patients had a neutrophil response
(9/11). Of note, while responses were detected by
3—4 months on therapy, maximal and trilineage responses
were slower, occurring in responding patients remaining on
drug in an extension phase of the trial (Fig. 1). These clin-
ical results support the hypothesis that c-Mpl stimulation can
directly improve trilineage hematopoiesis.

Serial bone marrow biopsies including a pre-treatment
bone marrow biopsy were performed in order to monitor
response and toxicity. Three of four patients with hemato-
logic responses who were followed for more than 8 months
had normalization of bone marrow cellularity that mirrored
the normalization of their peripheral blood counts (Fig. 2).
Previous studies using TPO mimetics to treat ITP suggested
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chronic TPO receptor stimulation might lead to bone mar-
row fibrosis [36]. However, in the current study for aplastic
anemia there was no evidence to indicate myelofibrosis,
even among patients who responded and underwent serial
bone marrow biopsies every 6 months for up to 30 months.
In ITP, patients treated with TPO mimetics have supranor-
mal levels of megakaryocytes in order to keep up with
platelet destruction, and fibrosis is likely related to release of
fibrogenic cytokines by megakaryocytes.

As expected, measurements of serum thrombopoietin
levels of patients during the treatment were markedly ele-
vated compared to healthy controls, but they remained

unchanged over time. Analysis of leukocytes’ telomere
Hemoglobin
Trilineage = 6
Bilineage =7
Unilinege = 4
Neutrophils

Fig. 1 Multi-lineage hematologic responses to eltrombopag (venn
diagrams show the number of patients with unilineage, bilineage, and
trilineage hematologic responses). Adapted from Olnes et al. [35]

length and immunophenotypic panel of T cell subsets were
also unrevealing for significant differences pre- or post-el-
trombopag, or between that of responders and nonresponders.

While strategies are ongoing investigating this agent in
naive patients with severe aplastic anemia, in moderate
aplastic anemia and in myelodysplastic syndromes, ours is
currently the only published study of the use of a TPO
mimetic for acquired bone marrow failure.

TPO receptor agonists for thrombocytopenia
in myelodysplastic syndromes

Preclinical research showing that eltrombopag stimulates
megakaryopoiesis in patients with myelodysplastic syn-
dromes (MDS)[37], while potentially decreasing malignant
cells [38] provide a rationale for testing TPO agonists in
this setting. Furthermore, TPO levels are also elevated in
MDS, but to a lesser extent as in aplastic anemia [39].
Romiplostim has been tested in patients with lower risk
MDS and thrombocytopenia [40]. This single-arm study
reported durable platelet responses in 46 % of patients with
decreased bleeding events and platelet transfusion fre-
quency. There were two cases (5 %) of progression to
acute myeloid leukemia (AML) and four cases (9 %) of
increases in blasts counts, which reversed on discontinua-
tion of romiplostim. A subsequent randomized, double-
blind, placebo controlled trial treating patients with low to
intermediate risk-1 disease was terminated early due to
more cases of AML progression in the treatment arm. In
total 219 patients were randomized 2:1 to treatment with

Fig. 2 Bone marrow cellularity
in patients with trilineage 1.
responses to eltrombopag.

Adapted from Olnes et al. [35]
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romiplostim (147 patients) to placebo (72 patients). There
were 11 patients with progression to AML, 10 on the
treatment arm versus 2 on the placebo arm, giving a hazard
ratio (HR) of 2.51 for patients treated with romiplostim.
Circulating myeloblast numbers increased to greater than
10 % in 28 patients, with 25 of these on the treatment arm.
Eight of these patients were diagnosed with AML. A
warning was subsequently added to the prescribing infor-
mation, based on these results of increased blast cell counts
and increased risk of progression to AML in patients with
MDS. On long-term follow-up of this study published in
abstract form and presented at ASH 2012 [41], however,
two more cases of AML developed in the placebo arm that
had not been included in the previous analysis; with a
median follow-up of 17.8 months, AML rates were 8.9 %
for romiplostim and 8.5 % for placebo with a HR of 1.2 for
those on drug to progress to AML. Of interest, twelve of
the 22 cases of AML were in patients who were RAEB-1.
Standard therapy for MDS includes hypomethylating
agents and lenalidomide [42]. These agents are effective
with about half of patients responding but have significant
toxicity and commonly cause cytopenias [43, 44]. Romi-
plostim has been used in combination with standard ther-
apy for low-risk MDS in an attempt to reduce
complications from thrombocytopenia and to prevent
course delays or dose reductions. A phase 2 study inves-
tigated adding romiplostim to patients with low- or inter-
mediate-risk MDS receiving azacytadine [45]. Forty
patients were randomized to either 500 or 750 pg of
romiplostim or placebo subcutaneously once weekly during
4 cycles of azacytadine. There was no statistically signifi-
cant difference in the primary endpoint of clinically sig-
nificant thrombocytopenic events (CSTEs) defined as grade
3 or 4 thrombocytopenia (platelet count <50,000/puL),
starting on day 15 of the first cycle or by a platelet trans-
fusion at any time during the treatment period between
groups although numbers were small. However, the higher
dose of romiplostim did raise median platelet counts during
cycle 3 on day 1 and at the nadir compared to placebo.
Romiplostim has been used in combination with the
hypomethylating agent decitabine [46]. Patients with low-
or intermediate-risk MDS were randomized to either pla-
cebo or romiplostim at 750 pg. The primary endpoint was
CSTEs as defined in the romiplostim/azacytadine study.
Similar to that study the numbers were too small to detect
significant differences between the groups although there
were trends towards higher platelet counts at the beginning
of treatment cycles, lower rates of platelet transfusion and
less bleeding events in the romiplostim treated group.
These two studies suggest a modest clinical benefit to
combining hypomethylating agents with romiplostim with
no added toxicity. Neither of these small studies were
adequately powered to detect a significant difference
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between placebo and romiplostim treatment groups and
larger clinical trials may be needed.

Lenalidomide therapy while useful in patients with low-
risk MDS causes thrombocytopenia in 44—74 % of patients
[47, 48], which may lead to dose reduction and treatment
interruptions. Combination therapy with a TPO agonist
could, hypothetically, result in improved outcomes if dos-
ing schedules could be maintained. This approach was
investigated in a phase 2, placebo controlled, multicenter
study which randomized 39 patients with low or interme-
diate-1 risk MDS to placebo, romiplostim at 500 or 750 pg
dose while receiving four cycles of lenalidomide [49]. In
the romiplostim groups, there was a trend towards higher
percentage of patients achieving MDS treatment responses
and lower percentage of patients who received transfusions
during the four cycles. No romiplostim dose response was
seen probably because of small numbers. There was a
decreased risk of reduction or delay in lenalidomide dosing
with 50 % of patients receiving placebo, 36 % in the
500 pg and 15 % in the 750 pg group requiring a reduc-
tion. This study also had too few patients to come to clear
conclusions regarding the utility of combination therapy.

Preliminary data using eltrombopag in MDS have
recently been reported orally and in abstract form at ASH
2012. Promising results were described from an ongoing
Italian multicenter trial, which enrolled patients with low
and intermediate-1 IPSS risk disease and platelet counts
less than 30,000/pL [50]. By exclusion criteria, patients
were ineligible for or refractory to other treatments. El-
trombopag commenced at 50 mg and was increased every
2 weeks to a maximum of 300 mg. At a median follow-up
of 6 months, five of ten patients on drug had had a com-
plete response as defined by a platelet count greater than
100,000/uLL and absence of bleeding. One patient in the
treatment group had a response (R) defined as an increase
in platelet count of >30,000/uL if baseline is >20,000/uL
or if baseline <20,000/puL an increase of <20,000/puL and
increase by at least 100 %, not due to transfusions. Just one
patient had a response in the placebo arm and was called an
‘unstable response.” There were no progressions in the
treatment arm and one in the placebo arm. Eltrombopag
has also been used in patients with advanced MDS, and
preliminary results were presented in poster form at ASH
2012 by an independent group of investigators [51]. 17
patients with advanced MDS (int-2 to high risk by WHO
criteria) or AML with thrombocytopenia were treated with
eltrombopag for 8 weeks with dose increases if no platelet
response was seen. 24 % of patients had a response. In all
11 patients with post baseline bone marrow examinations
there were no clinically meaningful increase in blasts from
pre-treatment. As these results have yet to be published in a
peer reviewed journal, the data should be regarded as
preliminary and not definitive.
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Risk of clonal evolution or progression

Patients with aplastic anemia have a rate of clonal evolu-
tion of about 15 % over 10 years [52]. There is a concern
that, as TPO agonists stimulate stem cells, they may also
stimulate dysplastic or leukemic stem cells and precipitate
or accelerate clonal evolution in these patients. Currently, it
is unclear whether treatment with TPO receptor agonists
may increase, or decrease, the risk of clonal evolution to
myelodysplasia and leukemia in bone marrow failure.
Despite the concern that some leukemia blast cells express
TPO receptors, in vivo and in vitro studies thus far suggest
eltrombopag inhibits proliferation of leukemic cells while
continuing to stimulate megakaryopoiesis [38, 53, 54].
More clinical data are necessary to determine if this is
more than just a theoretical risk. In the only published
study using TPO agonists in aplastic anemia clonal evo-
lution to monosomy 7 developed in 2 patients who did not
have a response [35]. Long-term follow-up data will be
crucial to investigate whether this is a valid concern in this
group of drugs. Routine utilization of these drugs to treat
patients with aplastic anemia or MDS is premature and not
advised: we strongly warn against their use in routine
practice until there is more information on long-term out-
comes and risks.

Future directions

Current NIH protocols are testing eltrombopag in combi-
nation with immunosuppression for treatment-naive severe
aplastic anemia, and as a single agent in patients with
moderate aplastic anemia and myelodysplastic syndrome.
The majority of the hematologic responses observed fol-
lowing initial treatment with standard immunosuppression
(h-ATG/CsA) for SAA are partial, with only a few patients
achieving normal blood counts. The explanation for partial
recovery and relapse are not fully understood, but incom-
plete elimination of auto-reactive T cells and insufficient
stem cell reserve are both possible. Furthermore, 10-15 %
of SAA patients treated with standard immunosuppression
will eventually develop an abnormal karyotype, with
monosomy 7 being most common, which portends pro-
gression to myelodysplasia and leukemia. Clonal evolution
is less frequent in complete responders to immunosup-
pression. Although horse ATG/CsA represented a major
advance in the treatment of SAA, refractoriness, incom-
plete responses, relapse, and clonal evolution limit the
success of this modality. Thus, newer regimens are needed
to address these limitations, and provide a better alternative
to stem cell transplantation.

One approach to augment the quality of hematologic
responses to immunosuppression therapy is to improve

immune attack ATG/CsA

T probability
of recovery

T probability
of failure

stem cell number

Fig. 3 Potential Role for eltrombopag to augment responsiveness to
ATG/CsA

underlying stem cell function (Fig. 3). Previous attempts to
improve responses in SAA with hematopoietic cytokines,
including erythropoietin, G-CSF, and stem cell factor, have
proved unsuccessful. TPO has stimulatory effects on more
primitive multilineage progenitors and stem cells in vitro
and in animal models. The recent demonstration that el-
trombopag can stimulate trilineage responses even amongst
patients with profoundly refractory SAA, supports a role
for TPO receptor agonists in stimulating stem cells. Further
studies are necessary to investigate whether exogenous
treatment with eltrombopag allows normalization of HSC
numbers and/or function despite high levels of endogenous
TPO, and why some patients appear to have a persistent
deficit in HSC function despite absence of active immune
attack. Eltrombopag specifically binds to the human and
chimpanzee TPO receptor excluding mice as a useful
model to study broad differences between eltrombopag and
TPO. However, using an in vivo NOD/SCID mouse xe-
notransplant model, eltrombopag has been shown to
selectively expand hematopoietic stem/progenitor cells in
human umbilical cord blood [55]. Furthermore, signal
transduction pathways favored stimulation of earlier HSC/
HPC populations by eltrombopag.
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