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Abstract: Anemia is a common feature of both benign and malignant hematologic diseases. Beta-
thalassemia (β-thalassemia) syndromes are a group of hereditary disorders characterized by inef-
fective erythropoiesis, due to a genetic deficiency in the synthesis of the beta chains of hemoglobin,
often accompanied by severe anemia and the need for red blood cell (RBC) transfusions. Myelodys-
plastic syndromes (MDS) are characterized by cytopenia(s) and ineffective hematopoiesis, despite a
hypercellular bone marrow. Primary myelofibrosis (PMF) is a clonal myeloproliferative neoplasm
characterized by reactive fibrosis of the bone marrow, accompanied by extramedullary hematopoiesis.
Luspatercept, previously known as ACE-536, is a fusion protein that combines a modified activin
receptor IIB (ActRIIB), a member of the transforming growth factor-β (TGF-β) superfamily, with the
Fc domain of human immunoglobulin G (IgG1). It has shown efficacy in the treatment of anemia
due to beta β-thalassemia, MDS and PMF and recently gained approval by the Federal Drug Agency
(FDA) and the European Medicines Agency (EMA) for transfusion-dependent (TD) patients with
β-thalassemia and very low to intermediate-risk patients with MDS with ringed sideroblasts who
have failed to respond to, or are ineligible for, an erythropoiesis-stimulating agent. In this review, we
describe the key pathways involved in normal hematopoiesis and the possible mechanism of action
of luspatercept, present its development and data from the most recent clinical trials in β-thalassemia,
MDS and PMF, and discuss its potential use in the treatment of these hematological disorders.

Keywords: luspatercept; anemia; beta-thalassemia; myelofibrosis; myelodysplastic syndromes;
ineffective erythropoiesis; TGF-beta inhibitor

1. Introduction

Luspatercept, previously known as ACE-536, is a modified activin receptor type IIB
ligand trap (ActRIIB) which is currently being tested for use in diseases characterized
by ineffective erythropoiesis, such as beta-thalassemia (β-thalassemia), myelodysplastic
syndromes (MDS) and primary myelofibrosis (PMF) [1–3]. Clinical development of luspa-
tercept was initiated after the incidental observation that another ligand trap, sotatercept,
an activin receptor type IIA, was associated with an increase in the levels of hemoglobin
(Hb) in postmenopausal women when administered for osteoporosis [4]. In preclinical
studies, luspatercept has been shown to enhance late-stage erythroid maturation, by inhibit-
ing the GDF11-mediated Smad2/3 signaling, both in a steady state and under conditions
of stress, regardless of the level of erythropoietin (EPO) [5,6]. Following initial findings,
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phase I, II and III clinical trials were designed and launched in healthy volunteers [6],
β-thalassemia [1,7] and MDS [8], and in PMF with or without a Janus kinase (JAK) inhibitor
(NCT03194542, NCT04717414). In this review, we describe the key pathways involved in
normal hematopoiesis and the possible mechanism of action of luspatercept, present its
development and data from the most recent clinical trials in β-thalassemia, MDS and PMF,
and discuss its potential use in the treatment of these hematological disorders.

1.1. Key Pathways in Erythropoiesis

A regulatory network including various cytokines, mainly EPO and regulators of iron
metabolism, are involved in erythropoiesis, which can adjust to changing physiological
needs and to various pathological conditions. Erythropoiesis is tightly regulated by a
complex network of transcription factors, among which GATA-binding protein 1 (GATA-1),
the master transcriptional regulator of erythropoiesis, is essential for differentiation, mat-
uration and globin chain synthesis. GATA-1 is protected in the nucleus during terminal
erythroid differentiation by heat shock protein 70 (HSP70), a supervisor protein that enables
the refolding of proteins denatured by cytoplasmic stress to prevent their aggregation [9].

The process of erythropoiesis is also regulated by members of the transforming growth
factor-beta (TGF-β) superfamily. This superfamily contains more than thirty soluble pro-
teins, such as the bone morphogenetic proteins (BMPs), activins and growth differentiation
factors (GDFs) [10].

BMPs and GDFs interact with combinations of type I and type II receptor dimers,
such as activin receptors II A and B (ActRIIA and ActRIIB), to produce multiple possible
signaling complexes, leading to the activation of one of two competing sets of SMAD
transcription factors [11]. GDF11 binds to both ActRIIA and ActRIIB and phosphorylates
Smad and non-Smad intracellular signaling proteins [12]. SMADs are responsible for the
downstream signal transduction to the nucleus (Figure 1). GDF11 is mainly expressed in
early, immature erythroid progenitors and is necessary for their survival and for inhibition
of terminal differentiation [13].

1.2. Ineffective Erythropoiesis in β-Thalassemia

Beta-thalassemia is an inherited monogenic disorder characterized by reduced or
absent production of the β-globin chain, resulting in an α/β-chain imbalance and accumu-
lation of highly toxic free α-chains [14]. Ineffective erythropoiesis in β-thalassemia leads to
anemia and, subsequently, to tissue hypoxia and overexpression of EPO, which results in
accumulation of early erythroid progenitors. However, the erythroid progenitor maturation
process fails, and erythroblasts succumb to apoptosis [9]. Over time, the combination of
tissue hypoxia, increased EPO and ineffective erythropoiesis creates a vicious cycle that
ultimately leads to a massive expansion of erythroblasts (Figure 1) [15]. In parallel, α-globin
chains isolate HSP70 in the cytoplasm, resulting in cleavage of GATA-1 by caspase 3. This
results in end-stage maturation arrest and apoptosis at the erythroblast stage [9]. As noted
above, GDF11-ActRIIB-Smad2/3-dependent signaling is a key regulatory mechanism in
proliferating erythroid precursors, controlling their late-stage maturation both in a steady
state and under conditions of stress.
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Figure 1. Beta-thalassemia is characterized by reduced or absent production of the β-globin chain
due to deletions or mutations in the β-globin gene. This results in an α/β-chain imbalance and
accumulation of highly toxic free α-chains leading to intramedullary apoptosis and peripheral
hemolysis. Ineffective erythropoiesis in β-thalassemia leads to anemia and, subsequently, to tissue
hypoxia and overexpression of EPO, which results in accumulation of early erythroid progenitors.
However, the erythroid progenitor maturation process fails, and erythroblasts succumb to apoptosis.
Over time, the combination of tissue hypoxia, increased EPO and ineffective erythropoiesis creates a
vicious cycle that ultimately leads to a massive expansion of erythroblasts.

1.3. Ineffective Erythropoiesis in MDS

MDS are a heterogeneous group of clonal hematopoietic disorders characterized by
ineffective hematopoiesis, bone marrow failure and dysplasia in hematopoietic cells of
one or more cell lineages, with a varying risk of transformation to acute myeloid leukemia
(AML). Low-risk MDS usually present with anemia, carry a low risk of transformation to
AML and are associated with prolonged overall survival (OS) [16]. Anemia in lower-risk
MDS is managed symptomatically with RBC transfusions and/or EPO-stimulating agents
(ESAs), in particular, recombinant epoetin-alfa [8] and beta [17]. About one-third of patients,
however, exhibit primary resistance to ESAs, or lose response over time, following two
years of treatment.

In MDS, overactivation in the TGF-β signaling has been described [18]. In addition,
higher levels of expression of GDF11 were noted in low-risk MDS patients compared to
healthy controls [19], while GDF11 levels were negatively correlated with hemoglobin
levels in low-risk MDS patients and with late-stage erythroblasts and RBC levels in high-
risk MDS patients [20]. Therefore, TGF-β-directed suppressive treatments could restore
late-stage erythropoiesis in MDS patients and ameliorate their anemia.

1.4. Ineffective Erythropoiesis in PMF

PMF is a BCR-ABL1-negative myeloproliferative neoplasm (MPN) characterized by
anemia, abnormal cytokine expression leading to reticulin fibrosis and constitutional symp-
toms, extramedullary hematopoiesis hepatosplenomegaly, leukemic progression and short-
ened survival [21,22].
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The molecular mechanisms that govern PMF pathophysiology include driver muta-
tions (JAK2, c-MPL, calreticulin) and sub-clonal mutations in genes involved in epigenetic
regulation, RNA splicing, protein ubiquitination and apoptosis. Apart from the pathways
affected by these mutations, other deregulated pathways include the PI3K/AKT/mTOR,
the hedgehog and the TGF-β pathways. In particular, TGF-β1 is highly expressed in PMF
and is involved in the pathogenesis of fibrosis and megakaryocyte hyperplasia [23,24].
In addition, GATA1 transcription factor expression is reduced in PMF megakaryocytes,
which is thought to contribute directly to PMF pathogenesis under the negative control of
TGF-β1 [25,26].

Currently, the only treatment that can prolong survival or provide a potential cure
for patients with PMF is allogeneic stem cell transplant (AlloSCT), which is associated
with significant treatment-related mortality and severe morbidity. Alternative treatment
options are mainly palliative, with no modification of the natural history of the disease.
Hydroxyurea may be used in the proliferative phase of PMF and has been shown to
be effective in reducing the splenic size by half in approximately 40% of patients [27].
Ruxolitinib and fedratinib are JAK inhibitors that have shown spleen volume reduction
and amelioration of constitutional symptoms. In MF, anemia stems from multiple factors
that are mutually related and only partially understood. Besides constitutive activation
of the JAK–STAT pathway and dysregulated inflammatory cytokine production, leading
to inhibition of bone marrow erythropoiesis, sequestration and destruction of circulating
erythrocytes by the enlarged spleen is one of the factors contributing to the pathogenesis
of anemia in MF patients. Disease-related anemia can be exacerbated by treatment with
ruxolitinib and to a lesser extent with fedratinib because of myelosuppression [28,29]. The
limited treatment options for PMF-associated anemia include androgens, recombinant
erythropoietin [30], prednisone and thalidomide, but they offer low response rates and
short duration of response [22]. Momelotinib is a small-molecule JAK1/JAK2 inhibitor
that suppresses hepcidin expression, leading to stimulation of erythropoiesis [31]. Clinical
data from the phase 2 and the two phase 3 SIMPLIFY trials showed high rates of sustained
transfusion independence [32,33]. In the Momentum trial, momelotinib will be tested
against danazol, seeking registrational approval [34]. Iron chelation has also been studied
in PMF patients and two Italian multicenter studies recently reported iron chelation and
erythroid response [35,36]. Pre-clinical models suggest that TGF-β1 inhibition might have a
beneficial effect in reactivating normal hematopoiesis in PMF [3,37]. Thus, the current data
provide a rationale for exploring the efficacy of agents acting against the TGF-β1/GDF11-
ActRIIA/B-SMAD2/3 pathway in promoting erythropoiesis.

2. The Mode of Action of Luspatercept: Ligand Traps of Activin Receptor II in
Ineffective Erythropoiesis

Sotatercept (ACE-011) is a chimeric protein consisting of an extracellular domain
of ActRIIA and the Fc domain of human immunoglobulin G1 (IgG1) (Figure 2). Early
preclinical studies evaluated its murine analogue, RAP-011, as it was thought that targeting
activin receptor signaling, and possibly other TGF-β superfamily members, could be of
therapeutic value in osteoporosis-related bone loss [38]. Unexpectedly, sotatercept demon-
strated a notable erythroid response when administered to otherwise healthy subjects with
osteoporosis, with the aim of increasing bone density. This observation was not reported
as an adverse event, but on the contrary, the authors identified that this effect could be
beneficial to patients with ineffective erythropoiesis [39]. Nevertheless, due to this finding,
the drug was not further explored in the setting of postmenopausal osteoporosis.
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Figure 2. The TGF-β signaling pathway and its ligand traps.

Luspatercept (ACE-536) is a fusion protein consisting of a modified human activin
IIB receptor (ActRIIB) extracellular domain, with the Fc domain of human immunoglob-
ulin G1 (IgG1). Although it may appear similar to sotatercept, their potential to trap
activin A differs [16]. It has been proposed that luspatercept binds GDF11 and inhibits
GDF11-ActRIIB-Smad2/3-dependent signaling, promoting late-stage maturation of ery-
throid precursors [19]. However, a recent preclinical study by Guerra et al. showed the lack
of GDF11 did not improve anemia or prevent the activity of RAP-536 in a mouse model of
β-thalassemia, indicating that GDF11 is not the only target of luspatercept [40].

TGF-β ligands, activins, GDFs and BMPs bind to a type II receptor (ActRIIA, ActRIIB),
which phosphorylates receptor-regulated Sma and Mad-related proteins (R-SMAD). R-
SMAD/coSMAD complexes gather in the nucleus, where they enable transcription and
participate in the regulation of target gene expression. Sotatercept and luspatercept are
modified receptors of activin (activin receptor-II trap ligands) that have been developed
from the fusion of the extracellular part of activin receptors (ActRIIA or ActRIIB) and the
Fc part of IgG immunoglobulin. They function as a selective trap ligand that inhibits the
activation of the SMAD pathway.

3. Clinical Development of Luspatercept
3.1. Phase I Clinical Trials in Healthy Volunteers

The first in-human, phase I clinical trial of luspatercept was conducted in 32 healthy
postmenopausal women with a mean age of 59 years who were randomized in sequen-
tial cohorts of eight subjects to receive up to two doses of either 0.0625, 0.125 and 0.25
mg/kg or a placebo (3:1 randomization), given subcutaneously (sc) every two weeks [6].
Luspatercept was well tolerated at dose levels of up to 0.25 mg/kg over the one-month
treatment period, and the incidence of adverse events (AEs) was comparable across treat-
ment groups, including the placebo. Most AEs (83%) were mild in severity and were
considered unrelated to the study treatment. The Hb increased from baseline 7 days after
initiation of treatment with luspatercept. The mean increase was dose-dependent and
was maintained for several weeks following treatment. The proportion of subjects with



Diseases 2022, 10, 85 6 of 15

Hb increase from baseline ≥1.0 g/dL increased in a dose-dependent manner to 83.3% of
subjects in the highest dose group of 0.25 mg/kg [6].

3.2. Clinical Development of Luspatercept in β-Thalassemia

Two phase II single-arm, multicenter studies, specifically a dose-finding base and an
open-label extension study (NCT01749540 and NCT02268409), were conducted to deter-
mine the tolerable and recommended dose and schedule for adult patients with TD or
non-TD (NTD) β-thalassemia [7]. The primary endpoint was erythroid response, defined as
an increase in Hb from baseline of ≥1.5 g/dL for ≥2 weeks (in the absence of RBC transfu-
sions) for NTD patients, and a reduction in RBC transfusion burden over a 12-week period
of ≥20%, compared with pre-treatment for TD patients. In the three-month dose-finding
study, 35 patients were treated with six escalating dose levels from 0.2 to 1.25 mg/kg of
luspatercept every three weeks. In the extension cohort, doses from 0.8 to 1.25 mg/kg were
administered to 29 patients. The primary endpoint was met, as protocol-defined erythroid
response occurred in 71% of NTD patients and 81% of TD patients receiving the higher
doses of luspatercept. Pharmacokinetic analysis confirmed that 1.0 mg/kg of luspatercept
is an appropriate starting dose for further studies in patients with β-thalassemia, with
titration up to 1.25 mg/kg. The use of luspatercept at a dose of 0.6–1.25 mg/kg led to a
mean increase in Hb of ≥1.5 g/dL from baseline for at least 14 days in more than half (58%)
of the NTD patients. Of the TD patients, most (81%) recorded a ≥20% reduction in RBC
transfusion requirements [7].

Luspatercept was generally safe and well tolerated in all 64 patients treated, at all
dose levels, with most AEs being grade one or two, mainly during the first eight weeks,
with a clear trend to decrease with time. The most frequent AEs (≥10%) were bone pain,
headache, myalgia, arthralgia, musculoskeletal pain, back pain and injection site pain. No
treatment-related grade-four AEs or serious AEs or treatment-related deaths were reported,
and only 4/64 (6%) patients discontinued treatment because of AEs [41].

The BEYOND trial is a phase II, double-blind, randomized, placebo-controlled, mul-
ticenter study to determine the efficacy and safety of luspatercept vs. placebo in adults
with NTD β-thalassemia (NCT03342404). The primary objective is to evaluate the effect
of luspatercept versus placebo on anemia, as measured by increase in mean Hb in the
absence of transfusions over a continuous 12-week interval, from week 13 to week 24,
compared to baseline. The study has completed recruitment and results were recently
presented [42]. It included 145 patients, of which 96 were treated with luspatercept, while
49 received a placebo. A total of 74 (77.1%) patients treated with luspatercept achieved
the primary endpoint versus none out of 49 in the placebo arm (p < 0.0001). The pri-
mary endpoint was achieved by 40 of 55 (72.7%) luspatercept patients with mean baseline
Hb< 8.5 g/dL (versus 0 in placebo arm; p < 0.0001), and 34 of 41 (82.9%) with mean baseline
Hb ≥ 8.5 g/dL (versus 0 in placebo arm; p < 0.0001) [42]. Moreover, in the same study,
investigators found that luspatercept not only reduced RBC transfusion burden in patients
with NTD β-thalassemia, but also improved quality of life [43]. Regarding the adverse
events, no thromboembolic events occurred in either arm [42].

The BELIEVE study (NCT02604433), a phase III, double-blind, randomized, placebo-
controlled, multicenter study, was designed to determine the efficacy and safety of luspater-
cept plus BSC versus placebo plus BSC in TD adults with β-thalassemia [1]. The inclusion
criteria included TD adult patients with β-thalassemia or Hb E/β-thalassemia. Patients
were randomized 2:1 to receive either luspatercept or a placebo every three weeks for
≥48 weeks [1]. Patients in both treatment arms continued to receive RBC transfusions and
iron chelation therapy to maintain the same baseline Hb level. The primary endpoint was
a ≥33% reduction in RBC transfusion burden, with a reduction of ≥2 RBC units, during
weeks 13 to 24. Key secondary endpoints included ≥33% reduction in transfusion burden
and at least 2 RBC units in the later time period, at weeks 37 to 48, and ≥50% reduction in
transfusion burden and at least 2 RBC units at weeks 13 to 24, and at the later time period,
at weeks 37 to 48, and mean change in RBC transfusion burden at weeks 13 to 24. A total
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of 336 patients were randomized with a median age of 30 years (range 18–66 years). The
β0/β0 genotype was observed in 30% patients in the luspatercept arm and 31% patients in
the placebo arm. The primary endpoint was met by a significantly greater proportion of
patients in the luspatercept arm: 21.4% (48/224) of patients vs. 4.5% (5/112) of patients in
the placebo arm achieved a reduction of at least 33% in the RBC transfusion burden, and of
≥2 RBC units, during weeks 13 to 24 [1].

All the subgroups benefited consistently from luspatercept treatment, even the difficult-
to-treat patients, such as those with a β0/β0 genotype or patients receiving more than
6 RBC units/12 weeks at baseline. The more demanding endpoint of a ≥50% reduction in
RBC transfusion burden plus ≥ 2 RBC at weeks 13–24 and 37–48 was achieved by 7% and
10% of the 224 patients receiving luspatercept, respectively, compared to 1.8% and 0.9% of
112 patients receiving a placebo, and the difference was statistically significant. In addition,
40.2% of patients receiving luspatercept achieved a ≥50% reduction in transfusion burden
over any consecutive 12 weeks of the study, compared to 6.3% patients on placebo, while
for any 24-week period, the percentages were 16.5% and 0.9%, respectively. For the patients
that achieved a reduction in the transfusion burden of at least 33% and 50%, a reduction
of approximately 6 and 8 RBC units, respectively, was estimated per patient per 24 weeks.
Response was observed earlier for non-β0/β0 than for β0/β0 genotype patients, according
to a post hoc analysis. The median longest duration of response with luspatercept was
around 100 days for those who responded during any 12-week interval [1].

Concerning iron parameters, in the limited duration of 48 weeks of the study, the least
square mean difference in serum ferritin levels was −348 µg per liter (95% CI, −517 to
−179) between treatment arms. This was not clinically relevant for liver iron concentration
and myocardial iron deposition, probably due to the chronic nature of the disease. Iron
accumulation is a slowly reversible procedure and this reduction in serum ferritin levels,
together with the indirect benefit of the reduction of the transfusion burden and the
continuing chelation therapy, mark a positive trend in the iron balance.

Treatment-emergent AEs (TEAEs) observed in the BELIEVE study were generally
consistent with data already reported from phase II studies. TEAEs of all grades were
reported more frequently in the luspatercept treatment, including bone pain (19.7% vs.
8.3%), arthralgia (19.3% vs. 11.9%), dizziness (11.2% vs. 4.6%), hypertension (8.1% vs. 2.8%)
and hyperuricemia (7.2% vs. 0%). Bone pain was more frequent during the first 12 weeks in
both arms; it was rather of short duration and could be alleviated with regular analgesia. No
malignancy or pre-malignant indication was reported. Thromboembolic events occurred in
eight patients (3.6%) in the luspatercept arm and in one patient (0.9%) in the placebo arm.
All the eight patients in the luspatercept group had undergone splenectomy and had at
least one risk factor for thromboembolic events. The discontinuation rate due to an adverse
event was 5.4% for the luspatercept arm and 0.9% for the placebo, and no deaths were
reported in either treatment group [1].

Luspatercept thus demonstrated significant reductions in the RBC transfusion burden
in adults with TD β-thalassemia and was granted FDA and EMA approval for patients with
β-thalassemia who require regular RBC transfusions. A phase 2a study (NCT04143724)
evaluating the safety and pharmacokinetics of luspatercept in regularly transfused pediatric
patients due to β-thalassemia is ongoing.

Luspatercept thus demonstrated significant reductions in RBC transfusion burden in
adults with TD β-thalassemia and was granted FDA and EMA approval for patients with
β-thalassemia who require regular RBC transfusions. A Phase 2a study (NCT04143724)
evaluating the safety and pharmacokinetics of luspatercept in regularly transfused pediatric
patients due to β-thalassemia is ongoing.

The role of luspatercept on extramedullary hematopoiesis needs to be further explored,
since the data are limited and conflicting. There is one case of recurrent spinal cord
compression due to an extramedullary hematopoietic mass (EHM) in a thalassemic patient
on luspatercept that was ultimately treated with radiotherapy [44]; one case of a TD patient
that achieved transfusion independence with a later asymptomatic increase of the EHM
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and another case with a >50% reduction in the transfusion burden and stable EHM [45].
As the authors suggest, luspatercept might be a new therapeutic option for these patients,
by improving ineffective erythropoiesis and decreasing the need for transfusions; on the
other hand, patients need to be monitored closely and discontinue treatment if they do not
respond in order to avoid undesired erythroid expansion [45].

3.3. Clinical Development of Luspatercept in MDS

PACE-MDS (NCT01749514) was a phase II, multicenter, open-label, dose-finding
study for adult patients with lower-risk MDS or non-proliferative chronic myelomono-
cytic leukemia (CMML) with anemia, with or without the need for RBC transfusion sup-
port [46]. All patients were to receive luspatercept every 21 days at dosages ranging from
0.125 mg/kg to 1.75 mg/kg, for a maximum of 12 weeks; then, after assessment for safety
and efficacy, they could be considered for enrolment in the extension study (NCT02268383).
In the extension cohort, patients received 1.0 mg/kg, with dose titration up to 1.75 mg/kg,
for a maximum of five years. Due to the short duration of treatment, a modified endpoint
was introduced as the primary endpoint in the 12-week base study, namely the proportion
of patients achieving modified International Working Group (IWG)-defined hematological
improvement–erythroid (HI-E), defined as an increase in Hb ≥ 1.5 g/dl from baseline for
14 days or longer in low transfusion burden (LTB) patients and a reduction in RBC trans-
fusion requirements of ≥4 units or more, or a 50% or higher reduction in RBC units over
eight weeks compared with pre-treatment transfusion burden in high transfusion burden
(HTB) patients [47]. Following review of the efficacy data, dosages of 0.125–0.5 mg/kg were
deemed sub-therapeutic, and only patients treated at higher dose concentrations (51/58)
were included in the efficacy evaluable population. Of the 51 patients treated with higher
luspatercept dose concentrations (0.75–1.75 mg/kg), across both base and extension studies,
32 (63%) patients achieved IWG HI-E. Of the 17 LTB patients, 65% (11) achieved HI-E, and
13 showed sustained increases in mean Hb from baseline for at least 15 months, of which
11 (85%) maintained the Hb increase for a median duration of 8.3 months. Of the HTB pa-
tients, 62% (21/34) treated with higher doses (0.75–1.75 mg/kg) achieved HI-E, while 79%
(15/19) achieved IWG HI-E with a median response duration of 11.6 months. Achievement
of HI-E appeared to be similar, regardless of prior use of ESAs or lenalidomide. According
to the baseline serum level of EPO, 76% of patients with EPO < 200 IU/L, 58% of patients
with EPO ≥ 200 and ≤500 IU/L, and 43% of patients with EPO > 500 IU/L achieved HI-E;
thus, luspatercept appeared effective, even in patients with higher EPO, where ESAs show
poor activity. Luspatercept treatment produced more frequent and more robust responses
in patients with RS ≥ 15% (69% achieved IWG HI-E) or SF3B1 mutations (77% achieved
IWG HI-E). Regarding RBC transfusion independence (RBC-TI), 38% of evaluable patients
(16/42) achieved RBC-TI across both studies, most of whom had previously failed ESA
treatment. Of the previously transfused patients who continued receiving luspatercept into
the extension study, 50% (11/22) remained transfusion-free for ≥8 weeks, with a median
duration of RBC-TI of 15.3 months. Multivariable logistic regression analysis showed that
EPO (<100 IU/L vs. ≥100 IU/L; p = 0.04) and SF3B1 mutation status (yes vs. no; p = 0.01)
had a significant effect on IWG HI-E. EPO (<500 IU/L vs. ≥500 IU/L; p = 0.02), and iron
chelation therapy use (yes vs. no; p = 0.01) exerted significant effects on RBC-TI. Analysis
of safety showed that grade-three AEs considered related to treatment were reported in
only 5% of patients who received at least one dose of the study drug. In summary, the
PACE-MDS study reported that 1.0 mg/kg luspatercept with up to 1.75 mg/kg titration
is the appropriate starting dose for further studies in patients with MDS, that the drug
is effective in patients with high endogenous EPO, regardless of prior ESA use, and that
response was more frequent and robust in patients with RS ≥ 15% or SF3B1 mutations [46].

Following the PACE-MDS study, a phase III, double-blind, randomized, placebo-
controlled, multicenter study was designed to evaluate the efficacy and safety of luspater-
cept vs. placebo in subjects with anemia due to very low, low or intermediate MDS with RS
who required RBC transfusions, named the MEDALIST study (NCT02631070) [48]. Eligible
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patients were adults with MDS of very low, low or intermediate risk according to the re-
vised international prognostic scoring system (IPSS-R), with RS according to the WHO 2016
criteria, who were refractory, intolerant or unlikely to respond to ESAs and required regular
RBC transfusions (≥2 units/8 weeks in the 16 weeks prior to randomization). The patients
were randomized 2:1 to receive luspatercept, at a starting dose of 1.0 mg/kg with dose es-
calation up to 1.75 mg/kg or placebo, every three weeks for ≥24 weeks, with no cross-over
allowed. The primary endpoint was the proportion of patients who were RBC-TI over any
consecutive eight weeks or longer within week 1 through week 24. The key secondary
end point was the proportion of patients who were RBC-TI over any consecutive 12-week
period or longer within week 1 through 24 and week 1 through 48. A total of 229 patients
(63% male) were randomized and received luspatercept (n = 153) or a placebo (n = 76). The
median age was 71 years and median time from diagnosis was 41.8 months; 218 (95%)
patients had previously received ESAs and 213/218 (98%) had disease refractory to ESAs.
The primary endpoint of RBC-TI for eight weeks or longer was met by 58/153 patients
(38%) receiving luspatercept, compared with 10/76 (13%) patients receiving a placebo, and
this difference was statistically significant (p < 0.001). All subgroups consistently benefited
from luspatercept treatment, but patients with a RBC transfusion burden < 4 units/8 weeks
during the 16 weeks prior to treatment benefited the most. Regarding the key secondary
endpoint, 43 patients (28%) receiving luspatercept achieved RBC-TI for 12 weeks or longer,
compared to six (8%) in the placebo arm during the first 24 weeks. The median duration of
the longest single period of RBC-TI in primary endpoint responders was 30.6 weeks for
luspatercept and 13.6 weeks for placebo. A mean increase of at least 1.0 g/dL was achieved
in 35% in the luspatercept arm vs. 8% in the placebo arm during weeks 1 through 24, and
41% vs. 11% during weeks 1 through 48, respectively. The safety profile was consistent with
that reported in the phase II PACE-MDS study [46]. AEs of any grade occurring in ≥10% of
patients were fatigue (27% vs. 13%), diarrhea (22% vs. 9%), asthenia (20% vs. 12%), nausea
(20% vs. 8%), dizziness (20% vs. 5%) and back pain (19% vs. 7%) in the luspatercept vs. the
placebo arm, respectively. Grade-three or four AEs occurred in similar percentages in the
luspatercept and placebo arm (42% vs. 45%) [48].

Longer-term efficacy analyses of the MEDALIST study showed that 45.1% of patients
treated with luspatercept and 15.8% treated with placebo achieved RBC-TI ≥ 8 weeks.
In addition, during weeks 1–48, RBC-TI ≥ 16 weeks was achieved by 28.1% of patients
treated with luspatercept and by 6.6% of patients that received a placebo (p < 0.0001). AEs
were more common in luspatercept than in the placebo arm and they included fatigue and
diarrhea [49]. Regarding other secondary endpoints of the MEDALIST study, neutrophil
and platelet counts were increased with luspatercept in lower-risk MDS [50]. Of the 25 pa-
tients evaluable for HI-Neutrophil, more luspatercept vs. placebo-treated patients achieved
HI-Neutrophil during weeks 1 to 24 (13.3% vs. 0.0%) and weeks 1 to 48 (20.0% vs. 10.0%).
Of the 14 patients evaluable for HI-Platelet, more luspatercept vs. placebo-treated patients
achieved HI-Platelet during weeks 1 to 24 (50.0% vs. 33.3%) and weeks 1 to 48 (62.5% vs.
33.3%). It is worth noting that the number of evaluable patients was very low, and the
results should be cautiously assessed. Paradoxically, infections, mainly grade-one or two,
were more frequent in patients treated with luspatercept vs. placebo (53.6% and 40.8%) [50].
Furthermore, in the MEDALIST trial, the health-related quality-of-life outcomes were
without meaningful changes within groups and between groups across all domains [51].
Patients treated with luspatercept remained longer on treatment and had more durable
and repeated episodes of RBC-TI response events than patients treated with a placebo. The
median time from randomization to AML progression for patients treated with luspatercept
was 61.7 months (range 56.7–223.6) vs. 32.7 months (range 30.1–60.4) with the placebo [52].
Moreover, patients randomized to luspatercept in the MEDALIST trial had an increase
of erythropoiesis-associated biomarkers (e.g., blood reticulocyte counts, ratio of reticulo-
cytes/soluble transferrin receptor 1) [53]. A retrospective analysis from the MEDALIST trial
showed that 23 participants had Myelodysplastic Syndrome/Myeloproliferative Neoplasm
with Ring Sideroblasts and Thrombocytosis (MDS/MPN-RS-T). Out of these participants,
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14 were treated with luspatercept, while nine received a placebo. The primary endpoint of
RBC-TI for ≥8 weeks during weeks 1–24 was achieved by 64.3% of patients treated with
luspatercept vs. 22.2% of patients who received a placebo (odds ratio 11.3; 95% confidence
interval [CI] 1.19, 106.12; p = 0.028) [54].

The COMMANDS study (NCT03682536), a phase III, open-label, randomized study,
was also designed to compare the efficacy and safety of luspatercept with that of epoetin-
alpha for the treatment of anemia in ESA naive patients with IPSS-R very low, low or
intermediate-risk MDS who require RBC transfusions. The presence of RS is not an eligibil-
ity criterion. The primary endpoint of the study is RBC-TI over the first 24 weeks. Secondary
endpoints are HI-E per IWG within 24 weeks, time to and duration of HI-E, duration of
RBC-TI ≥ 24 weeks and ≥84 days, and evaluation of changes in QoL, pharmacokinetic
factors, and time to AML and OS.

A retrospective study of patients with MDS and RS treated with luspatercept was re-
cently published [55]. This study included 39 patients. Thirty-two patients (87%) were IPSS-
R very low/low-risk patients at the time of initial diagnosis and thirty-one patients were
transfusion-dependent at the time of treatment initiation. Overall, 5/31 (16%) transfusion-
dependent patients and 2/8 of transfusion-independent patients (25%) met the criterion of
anemia response [55]. Multivariable analysis of variables identified Epo level > 80 IU/L at
diagnosis and ALC ≥ 1.8 × 109/L at time of luspatercept treatment initiation as predictors
of response. Median response duration was six months for transfusion-dependent patients,
while the duration of response for the two transfusion-independent patients was three
and seven months, comparable to the eight months observed in the MEDALIST trial. Of
note, among the total seven responding patients, four lost their response in 3–7 months.
The small size of the responding population and the transient nature of response made
the authors question the cost-effectiveness of the drug [55]. This discrepancy highlights
the need for more real-world data, not only in MDS, but also in thalassemic patients, since
clinical trials have specific eligibility criteria and a certain design, and their results may not
be applicable to a more general population.

Whether luspatercept can substitute ESAs in low-risk MDS patients is being studied in
the COMMANDS trial, a randomized, phase III trial enrolling approximately 350 patients
with LR-MDS who require at least 2 U RBC transfusion every eight weeks as an upfront
strategy (NCT03682536). What would be really interesting to test is the combination
of luspatercept and ESAs in low-risk MDS patients, since the former affects late-stage
hematopoiesis and the later early stage.

3.4. Clinical Trials of Luspatercept in PMF

Given the association between luspatercept inhibiting factors in PMF pathogenesis,
and the pre-clinical data on luspatercept in β-thalassemia and MDS, studies in PMF are
warranted. At the time of writing, no full-paper results evaluating luspatercept in PMF
were available, but two ongoing studies are registered on clinicaltrials.gov. The first is
a phase II, multicenter, open-label study design evaluating the efficacy of luspatercept
in PMF, post-polycythemia vera MF and post-essential thrombocythemia MF-associated
anemia in TD and NTD patients (NCT03194542). All patients received luspatercept at 1
mg/kg sc on day 1 of a 21-day cycle, initially for 169 days, and responders continued for
an additional 1.5 years, and the primary endpoint is an increase in Hb of 1.5 g/dL from
baseline values over any consecutive 84-day period without RBC transfusion in the RBC-TI,
while TD patients should become RBC-TI over any consecutive 84-day period. A total of
74 patients with MF were enrolled. Cohort 1 included 41 patients who did not receive
ruxolitinib and did not receive any RBC transfusion; in Cohort 2, patients did not receive
ruxolitinib but had received 2–4 RBC transfusions per month in the 12-week period before
enrollment; 33 enrolled patients received a stable dose of ruxolitinib for at least 16 weeks, of
which 14 did not receive RBC transfusions (Cohort 3A) and 19 were transfusion dependent
(Cohort 3B). An absolute Hb increase ≥ 1.5 g/dL at every measurement from baseline over
any consecutive 12 weeks was noted in 2/20 (10%) and 3/14 (21%) patients in Cohorts 1
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and 3A, respectively. RBC-TI over any consecutive 12 weeks was achieved by 2/21 (10%)
and 6/19 (32%) patients in Cohorts 2 and 3B. Notably, median duration of Hb response
was 20 weeks in Cohort 1 and 12 weeks in Cohort 3A. A minority of AEs were grade 3–4 in
severity, and no treatment-related deaths were noted [56].

The second currently recruiting study (NCT04064060) is a phase IIIb, open-label,
single-arm, rollover trial that addresses long-term safety in a large number of patients
(estimated enrollment: 665) with MDS, β-thalassemia, PMF and MPN-associated MF who
have participated in other luspatercept clinical trials. The patients will receive 1 mg/kg
luspatercept on the first day of a 21-day cycle. Primary endpoints include occurrence of AEs,
progression to high/very high-risk MDS or AML and occurrence of other malignancies,
and the secondary outcome includes overall survival.

4. Practical Considerations for Use of Luspatercept in Clinical Practice

Luspatercept is administered subcutaneously at a starting dose of 1 mg/kg every
21 days for both MDS with RS and TD-thalassemic patients, and the dose can be further
adjusted based on response [1]. A full blood count should be taken prior to each admin-
istration in order to assess the hemoglobin levels [1]. Further experience is needed to
determine the dose and the frequency of administration after the first year of treatment.
In the BELIEVE trial, there were early and late responders, in 12–24 week intervals and in
37–48 week intervals, respectively. Response was observed earlier for non-β0/β0 than for
β0/β0 genotype patients [1].

Regarding the adverse events, as mentioned above, thromboembolic events occurred
in eight splenectomized patients in the luspatercept arm versus one patient in the placebo
arm. Considering that thalassemia is a hypercoagulable state, thromboembolic events are
expected [57]. However, the prescribing information of luspatercept suggests monitor-
ing patients for signs and symptoms of thromboembolic events and institute treatment
promptly. Thromboprophylaxis should also be considered in high-risk patients for throm-
boembolic events. Blood pressure should also be measured before each administration.
Luspatercept is not an appropriate treatment for women considering pregnancy, since it
may cause fetal harm, while breastfeeding is also not recommended (SPC).

5. Other Indications and Possible Future Uses of Luspatercept

Except for β-thalassemia and MDS with RS, luspatercept and other activin receptor
ligand traps seem to be promising treatments for Diamond–Blackfan anemia and other
types of anemia [58,59]. Finally, luspatercept may also have synergistic or additive action
when used with other pharmacological agents, such as recombinant erythropoietin, or
other agents targeting the TGF-β pathway, such as Galunisertib [59–61].

6. Conclusions

Luspatercept, a fusion protein consisting of ActRIIB, a modified activin receptor IIB
and a member of the TGF-β superfamily, and IgG1, the Fc domain of human immunoglob-
ulin G, has been studied in the treatment of β-thalassemia and lower-risk MDS and MF
following the serendipitous discovery of the drug’s effect on erythropoiesis. Based on the
BELIEVE and MEDALIST trial data, respectively, luspatercept has recently been approved
by the FDA and EMA for the treatment of TD β-thalassemia patients and for patients
with very low to intermediate-risk MDS with RS who have failed or are ineligible for an
EPO-stimulating agent.

The precise mode of action of luspatercept has not been completely elucidated. Gene
profiling is not a routine process for patients with β-thalassemia and no specific mutations
or markers have yet been identified to predict response. In thalassemic patients, luspa-
tercept is well tolerated and its benefits outweigh the risks of gene therapy, as age and
performance status are not a barrier. It could at any time ‘bridge’ gene therapy in the case
of no or partial response. The reduction in RBC transfusion burden is of great importance,
since it is associated with infections and complications related to iron overload (e.g., cardiac
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failure) [62,63]. Moreover, the reduction in RBC transfusion leads to a decrease in clinic
visits and, subsequently, improvement in quality of life. In low-risk MDS, the treatment
options are very limited when patients do not respond or lose response to ESAs and their
needs for RBC transfusions increase. The dosing scheme of luspatercept promotes com-
pliance; however, more data are needed regarding the duration of response. Results from
clinical trials in MDS patients will answer the question whether luspatercept is more effica-
cious than or can be combined with ESAs. Regarding PMF-associated anemia, the initial
results from the ongoing phase II study suggest significant clinical activity of luspatercept
in these setting, including those receiving concomitant ruxolitinib. A minority of AEs
were grade 3–4 in severity, consistent with previous studies in MDS and beta-thalassemia.
Real-world data are also eagerly awaited to confirm the clinical trial data and further define
the safety profile of the drug. Finally, since ineffective erythropoiesis is a feature of various
conditions, the use of luspatercept should be further explored in order to be established as
a new tool for treating anemia besides thalassemia and MDS with RS.

Author Contributions: Conceptualization, D.T. and E.H.; writing—original draft preparation, D.T.,
E.H., E.K., L.B. and A.M.; writing—review and editing, E.H.; supervision, E.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: E.H. has received advisory Board/consulting fees/honoraria from Amgen,
Abbvie, Genesis, Janssen Cilag, Pfizer, Roche, Takeda. D.T. is a former employee of Genesis Pharma
SA. E.K. has received honorarium from Abbvie. L.B. and A.M. declare no conflict of interest.

References
1. Cappellini, M.D.; Viprakasit, V.; Taher, A.T.; Georgiev, P.; Kuo, K.H.M.; Coates, T.; Voskaridou, E.; Liew, H.K.; Pazgal-Kobrowski,

I.; Forni, G.L.; et al. A Phase 3 Trial of Luspatercept in Patients with Transfusion-Dependent beta-Thalassemia. N. Engl. J. Med.
2020, 382, 1219–1231. [CrossRef] [PubMed]

2. Fenaux, P.; Platzbecker, U.; Mufti, G.J.; Garcia-Manero, G.; Buckstein, R.; Santini, V.; Diez-Campelo, M.; Finelli, C.; Cazzola,
M.; Ilhan, O.; et al. Luspatercept in Patients with Lower-Risk Myelodysplastic Syndromes. N. Engl. J. Med. 2020, 382, 140–151.
[CrossRef] [PubMed]

3. Ceglia, I.; Dueck, A.C.; Masiello, F.; Martelli, F.; He, W.; Federici, G.; Petricoin, E.F., 3rd; Zeuner, A.; Iancu-Rubin, C.; Weinberg, R.;
et al. Preclinical rationale for TGF-beta inhibition as a therapeutic target for the treatment of myelofibrosis. Exp. Hematol. 2016, 44,
1138–1155.e4. [CrossRef] [PubMed]

4. Sherman, M.L.; Borgstein, N.G.; Mook, L.; Wilson, D.; Yang, Y.; Chen, N.; Kumar, R.; Kim, K.; Laadem, A. Multiple-dose,
safety, pharmacokinetic, and pharmacodynamic study of sotatercept (ActRIIA-IgG1), a novel erythropoietic agent, in healthy
postmenopausal women. J. Clin. Pharmacol. 2013, 53, 1121–1130. [CrossRef]

5. Suragani, R.N.; Cawley, S.M.; Li, R.; Wallner, S.; Alexander, M.J.; Mulivor, A.W.; Gardenghi, S.; Rivella, S.; Grinberg, A.V.; Pearsall,
R.S.; et al. Modified activin receptor IIB ligand trap mitigates ineffective erythropoiesis and disease complications in murine
beta-thalassemia. Blood 2014, 123, 3864–3872. [CrossRef]

6. Attie, K.M.; Allison, M.J.; McClure, T.; Boyd, I.E.; Wilson, D.M.; Pearsall, A.E.; Sherman, M.L. A phase 1 study of ACE-536, a
regulator of erythroid differentiation, in healthy volunteers. Am. J. Hematol. 2014, 89, 766–770. [CrossRef]

7. Piga, A.; Perrotta, S.; Gamberini, M.R.; Voskaridou, E.; Melpignano, A.; Filosa, A.; Caruso, V.; Pietrangelo, A.; Longo, F.;
Tartaglione, I.; et al. Luspatercept improves hemoglobin levels and blood transfusion requirements in a study of patients with
beta-thalassemia. Blood 2019, 133, 1279–1289. [CrossRef]

8. Fenaux, P.; Santini, V.; Spiriti, M.A.A.; Giagounidis, A.; Schlag, R.; Radinoff, A.; Gercheva-Kyuchukova, L.; Anagnostopoulos,
A.; Oliva, E.N.; Symeonidis, A.; et al. A phase 3 randomized, placebo-controlled study assessing the efficacy and safety of
epoetin-alpha in anemic patients with low-risk MDS. Leukemia 2018, 32, 2648–2658. [CrossRef]

9. Arlet, J.B.; Dussiot, M.; Moura, I.C.; Hermine, O.; Courtois, G. Novel players in beta-thalassemia dyserythropoiesis and new
therapeutic strategies. Curr. Opin. Hematol. 2016, 23, 181–188. [CrossRef]

10. Valent, P.; Busche, G.; Theurl, I.; Uras, I.Z.; Germing, U.; Stauder, R.; Sotlar, K.; Fureder, W.; Bettelheim, P.; Pfeilstocker, M.; et al.
Normal and pathological erythropoiesis in adults: From gene regulation to targeted treatment concepts. Haematologica 2018, 103,
1593–1603. [CrossRef]

11. Rider, C.C.; Mulloy, B. Bone morphogenetic protein and growth differentiation factor cytokine families and their protein
antagonists. Biochem. J. 2010, 429, 1–12. [CrossRef] [PubMed]

12. Zhang, Y.; Wei, Y.; Liu, D.; Liu, F.; Li, X.; Pan, L.; Pang, Y.; Chen, D. Role of growth differentiation factor 11 in development,
physiology and disease. Oncotarget 2017, 8, 81604–81616. [CrossRef] [PubMed]

13. Paulson, R.F. Targeting a new regulator of erythropoiesis to alleviate anemia. Nat. Med. 2014, 20, 334–335. [CrossRef]

http://doi.org/10.1056/NEJMoa1910182
http://www.ncbi.nlm.nih.gov/pubmed/32212518
http://doi.org/10.1056/NEJMoa1908892
http://www.ncbi.nlm.nih.gov/pubmed/31914241
http://doi.org/10.1016/j.exphem.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27592389
http://doi.org/10.1002/jcph.160
http://doi.org/10.1182/blood-2013-06-511238
http://doi.org/10.1002/ajh.23732
http://doi.org/10.1182/blood-2018-10-879247
http://doi.org/10.1038/s41375-018-0118-9
http://doi.org/10.1097/MOH.0000000000000231
http://doi.org/10.3324/haematol.2018.192518
http://doi.org/10.1042/BJ20100305
http://www.ncbi.nlm.nih.gov/pubmed/20545624
http://doi.org/10.18632/oncotarget.20258
http://www.ncbi.nlm.nih.gov/pubmed/29113418
http://doi.org/10.1038/nm.3524


Diseases 2022, 10, 85 13 of 15

14. Makis, A.; Hatzimichael, E.; Papassotiriou, I.; Voskaridou, E. 2017 Clinical trials update in new treatments of beta-thalassemia.
Am. J. Hematol. 2016, 91, 1135–1145. [CrossRef]

15. Tanno, T.; Miller, J.L. Iron Loading and Overloading due to Ineffective Erythropoiesis. Adv. Hematol. 2010, 2010, 358283. [CrossRef]
16. Fenaux, P.; Kiladjian, J.J.; Platzbecker, U. Luspatercept for the treatment of anemia in myelodysplastic syndromes and primary

myelofibrosis. Blood 2019, 133, 790–794. [CrossRef] [PubMed]
17. Santini, V. Clinical use of erythropoietic stimulating agents in myelodysplastic syndromes. Oncologist 2011, 16 (Suppl. S3), 35–42.

[CrossRef]
18. Zhou, L.; Nguyen, A.N.; Sohal, D.; Ying Ma, J.; Pahanish, P.; Gundabolu, K.; Hayman, J.; Chubak, A.; Mo, Y.; Bhagat, T.D.; et al.

Inhibition of the TGF-beta receptor I kinase promotes hematopoiesis in MDS. Blood 2008, 112, 3434–3443. [CrossRef] [PubMed]
19. Suragani, R.N.; Cadena, S.M.; Cawley, S.M.; Sako, D.; Mitchell, D.; Li, R.; Davies, M.V.; Alexander, M.J.; Devine, M.; Loveday, K.S.;

et al. Transforming growth factor-beta superfamily ligand trap ACE-536 corrects anemia by promoting late-stage erythropoiesis.
Nat. Med. 2014, 20, 408–414. [CrossRef]

20. Han, Y.; Wang, H.; Shao, Z. GDF11 Increased in Patients with Myelodysplastic Syndrome. Blood 2015, 126, 5224. [CrossRef]
21. Cerquozzi, S.; Farhadfar, N.; Tefferi, A. Treatment of Myelofibrosis: A Moving Target. Cancer J. 2016, 22, 51–61. [CrossRef]

[PubMed]
22. Tefferi, A. Primary myelofibrosis: 2019 update on diagnosis, risk-stratification and management. Am. J. Hematol. 2018, 93,

1551–1560. [CrossRef] [PubMed]
23. Chagraoui, H.; Komura, E.; Tulliez, M.; Giraudier, S.; Vainchenker, W.; Wendling, F. Prominent role of TGF-beta 1 in

thrombopoietin-induced myelofibrosis in mice. Blood 2002, 100, 3495–3503. [CrossRef] [PubMed]
24. Agarwal, A.; Morrone, K.; Bartenstein, M.; Zhao, Z.J.; Verma, A.; Goel, S. Bone marrow fibrosis in primary myelofibrosis:

Pathogenic mechanisms and the role of TGF-beta. Stem Cell Investig. 2016, 3, 5. [CrossRef] [PubMed]
25. Zingariello, M.; Martelli, F.; Ciaffoni, F.; Masiello, F.; Ghinassi, B.; D’Amore, E.; Massa, M.; Barosi, G.; Sancillo, L.; Li, X.; et al.

Characterization of the TGF-beta1 signaling abnormalities in the Gata1low mouse model of myelofibrosis. Blood 2013, 121,
3345–3363. [CrossRef]

26. Gilles, L.; Arslan, A.D.; Marinaccio, C.; Wen, Q.J.; Arya, P.; McNulty, M.; Yang, Q.; Zhao, J.C.; Konstantinoff, K.; Lasho, T.; et al.
Downregulation of GATA1 drives impaired hematopoiesis in primary myelofibrosis. J. Clin. Investig. 2017, 127, 1316–1320.
[CrossRef]

27. Martinez-Trillos, A.; Gaya, A.; Maffioli, M.; Arellano-Rodrigo, E.; Calvo, X.; Diaz-Beya, M.; Cervantes, F. Efficacy and tolerability
of hydroxyurea in the treatment of the hyperproliferative manifestations of myelofibrosis: Results in 40 patients. Ann. Hematol.
2010, 89, 1233–1237. [CrossRef]

28. Verstovsek, S.; Mesa, R.A.; Gotlib, J.; Levy, R.S.; Gupta, V.; DiPersio, J.F.; Catalano, J.V.; Deininger, M.; Miller, C.; Silver, R.T.; et al.
A double-blind, placebo-controlled trial of ruxolitinib for myelofibrosis. N. Engl. J. Med. 2012, 366, 799–807. [CrossRef]

29. Pardanani, A.; Harrison, C.; Cortes, J.E.; Cervantes, F.; Mesa, R.A.; Milligan, D.; Masszi, T.; Mishchenko, E.; Jourdan, E.; Vannucchi,
A.M.; et al. Safety and Efficacy of Fedratinib in Patients With Primary or Secondary Myelofibrosis: A Randomized Clinical Trial.
JAMA Oncol. 2015, 1, 643–651. [CrossRef]

30. Naymagon, L.; Mascarenhas, J. Myelofibrosis-Related Anemia: Current and Emerging Therapeutic Strategies. Hemasphere 2017, 1,
e1. [CrossRef]

31. Chifotides, H.T.; Bose, P.; Verstovsek, S. Momelotinib: An emerging treatment for myelofibrosis patients with anemia. J. Hematol.
Oncol. 2022, 15, 7. [CrossRef]

32. Mesa, R.A.; Kiladjian, J.J.; Catalano, J.V.; Devos, T.; Egyed, M.; Hellmann, A.; McLornan, D.; Shimoda, K.; Winton, E.F.; Deng, W.;
et al. SIMPLIFY-1: A Phase III Randomized Trial of Momelotinib Versus Ruxolitinib in Janus Kinase Inhibitor-Naive Patients
With Myelofibrosis. J. Clin. Oncol. 2017, 35, 3844–3850. [CrossRef] [PubMed]

33. Harrison, C.N.; Vannucchi, A.M.; Platzbecker, U.; Cervantes, F.; Gupta, V.; Lavie, D.; Passamonti, F.; Winton, E.F.; Dong, H.;
Kawashima, J.; et al. Momelotinib versus best available therapy in patients with myelofibrosis previously treated with ruxolitinib
(SIMPLIFY 2): A randomised, open-label, phase 3 trial. Lancet Haematol. 2018, 5, e73–e81. [CrossRef]

34. Verstovsek, S.; Chen, C.C.; Egyed, M.; Ellis, M.; Fox, L.; Goh, Y.T.; Gupta, V.; Harrison, C.; Kiladjian, J.J.; Lazaroiu, M.C.; et al.
MOMENTUM: Momelotinib vs danazol in patients with myelofibrosis previously treated with JAKi who are symptomatic and
anemic. Future Oncol. 2021, 17, 1449–1458. [CrossRef] [PubMed]

35. Elli, E.M.; Iurlo, A.; Aroldi, A.; Caramella, M.; Malato, S.; Casartelli, E.; Maffioli, M.; Gardellini, A.; Carraro, M.C.; D’Adda,
M.; et al. Deferasirox in the management of iron-overload in patients with myelofibrosis: A multicentre study from the Rete
Ematologica Lombarda (IRON-M study). Br. J. Haematol. 2019, 186, e123–e126. [CrossRef]

36. Di Veroli, A.; Campagna, A.; De Muro, M.; Maurillo, L.; Trawinska, M.M.; LeonettiCrescenzi, S.; Petriccione, L.; Romano, A.;
D’Addosio, A.; Cenfra, A.; et al. Deferasirox in the treatment of iron overload during myeloproliferative neoplasms in fibrotic
phase: Does ferritin decrement matter? Leuk. Res. 2019, 76, 65–69. [CrossRef]

37. Gastinne, T.; Vigant, F.; Lavenu-Bombled, C.; Wagner-Ballon, O.; Tulliez, M.; Chagraoui, H.; Villeval, J.L.; Lacout, C.; Perricaudet,
M.; Vainchenker, W.; et al. Adenoviral-mediated TGF-beta1 inhibition in a mouse model of myelofibrosis inhibit bone marrow
fibrosis development. Exp. Hematol. 2007, 35, 64–74. [CrossRef]

38. Raje, N.; Vallet, S. Sotatercept, a soluble activin receptor type 2A IgG-Fc fusion protein for the treatment of anemia and bone loss.
Curr. Opin. Mol. Ther. 2010, 12, 586–597.

http://doi.org/10.1002/ajh.24530
http://doi.org/10.1155/2010/358283
http://doi.org/10.1182/blood-2018-11-876888
http://www.ncbi.nlm.nih.gov/pubmed/30602619
http://doi.org/10.1634/theoncologist.2011-S3-35
http://doi.org/10.1182/blood-2008-02-139824
http://www.ncbi.nlm.nih.gov/pubmed/18474728
http://doi.org/10.1038/nm.3512
http://doi.org/10.1182/blood.V126.23.5224.5224
http://doi.org/10.1097/PPO.0000000000000169
http://www.ncbi.nlm.nih.gov/pubmed/26841017
http://doi.org/10.1002/ajh.25230
http://www.ncbi.nlm.nih.gov/pubmed/30039550
http://doi.org/10.1182/blood-2002-04-1133
http://www.ncbi.nlm.nih.gov/pubmed/12393681
http://doi.org/10.3978/j.issn.2306-9759.2016.02.03
http://www.ncbi.nlm.nih.gov/pubmed/27358897
http://doi.org/10.1182/blood-2012-06-439661
http://doi.org/10.1172/JCI82905
http://doi.org/10.1007/s00277-010-1019-9
http://doi.org/10.1056/NEJMoa1110557
http://doi.org/10.1001/jamaoncol.2015.1590
http://doi.org/10.1097/HS9.0000000000000001
http://doi.org/10.1186/s13045-021-01157-4
http://doi.org/10.1200/JCO.2017.73.4418
http://www.ncbi.nlm.nih.gov/pubmed/28930494
http://doi.org/10.1016/S2352-3026(17)30237-5
http://doi.org/10.2217/fon-2020-1048
http://www.ncbi.nlm.nih.gov/pubmed/33423550
http://doi.org/10.1111/bjh.15964
http://doi.org/10.1016/j.leukres.2018.11.012
http://doi.org/10.1016/j.exphem.2006.08.016


Diseases 2022, 10, 85 14 of 15

39. Ruckle, J.; Jacobs, M.; Kramer, W.; Pearsall, A.E.; Kumar, R.; Underwood, K.W.; Seehra, J.; Yang, Y.; Condon, C.H.; Sherman, M.L.
Single-dose, randomized, double-blind, placebo-controlled study of ACE-011 (ActRIIA-IgG1) in postmenopausal women. J. Bone
Min. Res. 2009, 24, 744–752. [CrossRef]

40. Guerra, A.; Oikonomidou, P.R.; Sinha, S.; Zhang, J.; Lo Presti, V.; Hamilton, C.R.; Breda, L.; Casu, C.; La, P.; Martins, A.C.; et al.
Lack of Gdf11 does not improve anemia or prevent the activity of RAP-536 in a mouse model of beta-thalassemia. Blood 2019, 134,
568–572. [CrossRef]

41. Chen, N.; Laadem, A.; Wilson, D.M.; Zhang, X.; Sherman, M.L.; Ritland, S.; Attie, K.M. Pharmacokinetics and Exposure-Response
of Luspatercept in Patients with Beta-Thalassemia: Preliminary Results from Phase 2 Studies. Blood 2016, 128, 2463. [CrossRef]

42. Taher, A.T.; Cappellini, M.D.; Kattamis, A.; Voskaridou, E.; Perrotta, S.; Piga, A.; Filosa, A.; Porter, J.B.; Coates, T.D.; Forni, G.;
et al. The BEYOND study: Results of a phase 2, double-blind, randomized, placebo-controlled multicenter study of luspatercept
in adult patients with non-transfusion dependent beta-thalassemia. In Proceedings of the 26th Congress of the European
Hematology Association, Hague, The Netherlands, 9–17 June 2021. [CrossRef]

43. Kattamis, A.; Viprakasit, V.; Cappellini, M.D.; Voskaridou, E.; Piga, A.; Porter, J.B.; Coates, T.D.; Forni, G.L.; Shetty, J.K.;
Miteva, D.; et al. Luspatercept Improves Quality of Life and Reduces Red Blood Cell Transfusion Burden in Patients with
Non-Transfusion-Dependent β-Thalassemia in the BEYOND Trial. Blood 2021, 138, 3081. [CrossRef]

44. Abbarh, S.; Al-Mashdali, A.F.; Abdelrazek, M.; Gurusamy, V.M.; Yassin, M.A. Recurrent spinal cord compression due to
extramedullary hematopoiesis in thalassemia patient: Case report. Medicine 2022, 101, e29334. [CrossRef] [PubMed]

45. Alashkar, F.; Klump, H.; Lange, C.P.; Proske, P.; Schussler, M.; Yamamoto, R.; Carpinteiro, A.; Berliner, C.A.; Schlosser, T.W.; Roth,
A.; et al. Luspatercept, a two-edged sword in beta-thalassemia-associated paravertebral extramedullary hematopoietic masses
(EHMs). Eur. J. Haematol. 2022, 1–8. [CrossRef] [PubMed]

46. Platzbecker, U.; Germing, U.; Gotze, K.S.; Kiewe, P.; Mayer, K.; Chromik, J.; Radsak, M.; Wolff, T.; Zhang, X.; Laadem, A.; et al.
Luspatercept for the treatment of anaemia in patients with lower-risk myelodysplastic syndromes (PACE-MDS): A multicentre,
open-label phase 2 dose-finding study with long-term extension study. Lancet Oncol. 2017, 18, 1338–1347. [CrossRef]

47. Cheson, B.D.; Greenberg, P.L.; Bennett, J.M.; Lowenberg, B.; Wijermans, P.W.; Nimer, S.D.; Pinto, A.; Beran, M.; de Witte, T.M.;
Stone, R.M.; et al. Clinical application and proposal for modification of the International Working Group (IWG) response criteria
in myelodysplasia. Blood 2006, 108, 419–425. [CrossRef]

48. Fenaux, P.; Platzbecker, U.; Mufti, G.J.; Garcia-Manero, G.; Buckstein, R.; Santini, V.; Díez-Campelo, M.; Finelli, C.; Cazzola, M.;
Ilhan, O.; et al. The Medalist Trial: Results of a Phase 3, Randomized, Double-Blind, Placebo-Controlled Study of Luspatercept to
Treat Anemia in Patients with Very Low-, Low-, or Intermediate-Risk Myelodysplastic Syndromes (MDS) with Ring Sideroblasts
(RS) Who Require Red Blood Cell (RBC) Transfusions. Blood 2018, 132, 1. [CrossRef]

49. Zeidan, A.M.; Platzbecker, U.; Garcia-Manero, G.; Sekeres, M.A.; Fenaux, P.; DeZern, A.E.; Greenberg, P.L.; Savona, M.R.; Jurcic,
J.G.; Verma, A.; et al. Longer-term benefit of luspatercept in transfusion-dependent lower-risk myelodysplastic syndromes with
ring sideroblasts. Blood 2022. [CrossRef]

50. Garcia-Manero, G.; Mufti, G.J.; Fenaux, P.; Buckstein, R.; Santini, V.; Díez-Campelo, M.; Finelli, C.; Ilhan, O.; Sekeres, M.A.; Zeidan,
A.M.; et al. Neutrophil and platelet increases with luspatercept in lower-risk MDS: Secondary endpoints from the MEDALIST
trial. Blood 2022, 139, 624–629. [CrossRef]

51. Oliva, E.N.; Platzbecker, U.; Garcia-Manero, G.; Mufti, G.J.; Santini, V.; Sekeres, M.A.; Komrokji, R.S.; Shetty, J.K.; Tang, D.; Guo,
S.; et al. Health-Related Quality of Life Outcomes in Patients with Myelodysplastic Syndromes with Ring Sideroblasts Treated
with Luspatercept in the MEDALIST Phase 3 Trial. J. Clin. Med. 2022, 11, 27. [CrossRef]

52. Platzbecker, U.; Santini, V.; Komrokji, R.S.; Zeidan, A.M.; Garcia-Manero, G.; Buckstein, R.J.; Rose, S.; Fabre, S.; Miteva, D.; Zhang,
J.; et al. Analysis of Duration of Response, Exposure-Adjusted Safety and Progression to Acute Myeloid Leukemia (AML) for
Patients with Lower-Risk Myelodysplastic Syndromes (LR-MDS) Receiving Luspatercept in the MEDALIST Study. Blood 2021,
138, 1524. [CrossRef]

53. Platzbecker, U.; Zhu, Y.; Ha, X.; Risueño, A.; Chan, E.; Zhang, G.; Dunshee, D.R.; Acar, M.; Shetty, J.K.; Ito, R.; et al. Effect of
Luspatercept on Biomarkers of Erythropoiesis in Patients (Pts) with Lower-Risk Myelodysplastic Syndromes (LR-MDS) in the
Medalist Trial. Blood 2020, 136, 38–39. [CrossRef]

54. Komrokji, R.S.; Platzbecker, U.; Fenaux, P.; Garcia-Manero, G.; Mufti, G.J.; Santini, V.; Diez-Campelo, M.; Finelli, C.;
Jurcic, J.G.; Greenberg, P.L.; et al. Efficacy and Safety of Luspatercept Treatment in Patients with Myelodysplastic Syn-
drome/Myeloproliferative Neoplasm with Ring Sideroblasts and Thrombocytosis (MDS/MPN-RS-T): A Retrospective Analysis
from the Medalist Study. Blood 2020, 136, 13–15. [CrossRef]

55. Farrukh, F.; Chetram, D.; Al-Kali, A.; Foran, J.; Patnaik, M.; Badar, T.; Begna, K.; Hook, C.; Hogan, W.; McCullough, K.B.; et al.
Real-world experience with luspatercept and predictors of response in myelodysplastic syndromes with ring sideroblasts. Am. J.
Hematol. 2022, 97, E210–E214. [CrossRef]

56. Gerds, A.T.; Vannucchi, A.M.; Passamonti, F.; Kremyanskaya, M.; Gotlib, J.R.; Palmer, J.M.; McCaul, K.; Ribrag, V.; Mead, A.J.;
Harrison, C.N.; et al. A Phase 2 Study of Luspatercept in Patients with Myelofibrosis-Associated Anemia. Blood 2019, 134, 557.
[CrossRef]

57. Taher, A.T.; Otrock, Z.K.; Uthman, I.; Cappellini, M.D. Thalassemia and hypercoagulability. Blood Rev. 2008, 22, 283–292.
[CrossRef]

http://doi.org/10.1359/jbmr.081208
http://doi.org/10.1182/blood.2019001057
http://doi.org/10.1182/blood.V128.22.2463.2463
http://doi.org/10.1097/hs9.0000000000000566
http://doi.org/10.1182/blood-2021-148535
http://doi.org/10.1097/MD.0000000000029334
http://www.ncbi.nlm.nih.gov/pubmed/35758362
http://doi.org/10.1111/ejh.13849
http://www.ncbi.nlm.nih.gov/pubmed/36045599
http://doi.org/10.1016/S1470-2045(17)30615-0
http://doi.org/10.1182/blood-2005-10-4149
http://doi.org/10.1182/blood-2018-99-110805
http://doi.org/10.1182/blood.2022016171
http://doi.org/10.1182/blood.2021012589
http://doi.org/10.3390/jcm11010027
http://doi.org/10.1182/blood-2021-145723
http://doi.org/10.1182/blood-2020-136705
http://doi.org/10.1182/blood-2020-137232
http://doi.org/10.1002/ajh.26533
http://doi.org/10.1182/blood-2019-122546
http://doi.org/10.1016/j.blre.2008.04.001


Diseases 2022, 10, 85 15 of 15

58. Ear, J.; Huang, H.; Wilson, T.; Tehrani, Z.; Lindgren, A.; Sung, V.; Laadem, A.; Daniel, T.O.; Chopra, R.; Lin, S. RAP-011 improves
erythropoiesis in zebrafish model of Diamond-Blackfan anemia through antagonizing lefty1. Blood 2015, 126, 880–890. [CrossRef]

59. Parisi, S.; Finelli, C.; Fazio, A.; De Stefano, A.; Mongiorgi, S.; Ratti, S.; Cappellini, A.; Billi, A.M.; Cocco, L.; Follo, M.Y.; et al.
Clinical and Molecular Insights in Erythropoiesis Regulation of Signal Transduction Pathways in Myelodysplastic Syndromes
and beta-Thalassemia. Int. J. Mol. Sci. 2021, 22, 827. [CrossRef]

60. Bewersdorf, J.P.; Zeidan, A.M. Transforming growth factor (TGF)-beta pathway as a therapeutic target in lower risk myelodys-
plastic syndromes. Leukemia 2019, 33, 1303–1312. [CrossRef]

61. Feld, J.; Navada, S.C.; Silverman, L.R. Myelo-deception: Luspatercept & TGF-Beta ligand traps in myeloid diseases & anemia.
Leuk. Res. 2020, 97, 106430. [CrossRef]

62. Cappellini, M.D.; Cohen, A.; Porter, J.; Taher, A.; Viprakasit, V. (Eds.) Guidelines for the Management of Transfusion Dependent
Thalassaemia (TDT), 3rd ed.; Thalaessemia international Federation: Nicosia, Cyprus, 2014.

63. Farmakis, D.; Triposkiadis, F.; Lekakis, J.; Parissis, J. Heart failure in haemoglobinopathies: Pathophysiology, clinical phenotypes,
and management. Eur. J. Heart Fail. 2017, 19, 479–489. [CrossRef] [PubMed]

http://doi.org/10.1182/blood-2015-01-622522
http://doi.org/10.3390/ijms22020827
http://doi.org/10.1038/s41375-019-0448-2
http://doi.org/10.1016/j.leukres.2020.106430
http://doi.org/10.1002/ejhf.708
http://www.ncbi.nlm.nih.gov/pubmed/28000341

	Introduction 
	Key Pathways in Erythropoiesis 
	Ineffective Erythropoiesis in -Thalassemia 
	Ineffective Erythropoiesis in MDS 
	Ineffective Erythropoiesis in PMF 

	The Mode of Action of Luspatercept: Ligand Traps of Activin Receptor II in Ineffective Erythropoiesis 
	Clinical Development of Luspatercept 
	Phase I Clinical Trials in Healthy Volunteers 
	Clinical Development of Luspatercept in -Thalassemia 
	Clinical Development of Luspatercept in MDS 
	Clinical Trials of Luspatercept in PMF 

	Practical Considerations for Use of Luspatercept in Clinical Practice 
	Other Indications and Possible Future Uses of Luspatercept 
	Conclusions 
	References

