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Summary

Sotatercept (ACE-011), a recombinant human fusion protein containing

the extracellular domain of the human Activin receptor IIA, binds to and

inhibits activin and other members of the transforming growth factor -b
(TGF-b) superfamily. Administration of sotatercept led to a rapid and sus-

tained increase in red blood cell (RBC) count and haemoglobin (Hb) in

healthy volunteers (phase I clinical trials), but the mechanism is not fully

understood. Mice treated with RAP-011 (murine ortholog of ACE-011)

respond with a rapid (within 24 h) increase in haematocrit, Hb, and RBC

count. These effects are accompanied by an equally rapid stimulation of

late-stage erythroid precursors in the bone marrow (BM). RAP-011 also

induces a significant increase in erythroid burst-forming units and erythro-

poietin, which could contribute to additional, sustained effects on RBC

production. Further in vitro co-culture studies demonstrate that BM acces-

sory cells are required for RAP-011 effects. To better understand which

TGF-b family ligand(s) mediate RAP-011 effects, we evaluated the impact

of several of these ligands on erythroid differentiation. Our data suggest

that RAP-011 may act to rescue growth differentiation factor 11/Activin

A-induced inhibition of late-stage erythropoiesis. These data define the

mechanism of action of a novel agent that regulates RBC differentiation

and provide the rationale to develop sotatercept for the treatment of anae-

mia and ineffective erythropoiesis.

Keywords: haemoglobin, erythropoiesis, activin receptor IIA inhibition.

The regulation of erythropoiesis in the steady state is homeo-

static, with the number of erythrocytes produced being equal

to those lost through senescence; however, in the event of

anaemia, the balance is offset, resulting in the activation of a

stress response which acts to compensate for the drop in ha-

ematocrit (Hct) and haemoglobin (Hb) (Paulson et al,

2011). The regulation of early erythropoiesis requires stem

cell factor (SCF, also termed KITLG) and erythropoietin

(EPO) for the proliferation and survival of erythroid cells

(von Lindern et al, 2004; Richmond et al, 2005). Anaemia, as

defined by a decline in circulating red blood cells (RBCs), is

one of the most common haematological pathologies in both

adults and children. Treatment of anaemia ranges from die-

tary iron supplementation and other vitamins/minerals essen-

tial for erythropoiesis to blood transfusions and treatment

with corticosteroids and/or EPO, the primary signal that

drives stress erythropoiesis. However, current erythropoiesis-

stimulating agents (ESAs) have limitations, including unde-

sirable and serious side effects (cardiovascular and tumour-

promoting), high cost of manufacture and non-convenient

routes of administration (Lombardero et al, 2011). Most

importantly, many patients with chronic kidney disease,

myelodysplastic syndrome (MDS) and thalassaemia (charac-

terized as ‘ineffective erythropoiesis’), simply do not respond

to EPO (Lindberg, 2005; Gardenghi et al, 2010; Ramanath

et al, 2012). There is therefore a clinical need for novel

agents that have a different mechanism of action from exist-

ing ESAs.

Members of the transforming growth factor beta (TGF-b)
superfamily have been studied as potential regulators of
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erythropoiesis, iron regulation and globin expression, but

data in the literature is mixed. Although Activin A was ini-

tially described as erythroid differentiation factor and shown

to stimulate the maturation and differentiation of RBCs

(Murata et al, 1988), the mechanism by which Activin A

influences erythropoiesis remains unclear and, in fact, there

are data from in vitro and in vivo studies that support both

erythropoiesis-stimulatory (Shiozaki et al, 1989, 1992) and

erythropoiesis-inhibitory effects (Nakao et al, 1991; Irion

et al, 2010). Similar data have also been attributed to Activin

B (Uchiyama & Asashima, 1992) and bone morphogenetic

protein 4 (BMP4) has been described as a key regulator of

response in stress anaemia (Lenox et al, 2009; Wu & Paul-

son, 2010).

Sotatercept (ACE-011), a recombinant fusion protein con-

sisting of the extracellular domain of the human Activin

receptor IIA (ActRIIA) linked to the human immunoglobulin

G1 (IgG1) Fc domain, is a ligand trap which binds a number

of TGF-b superfamily ligands including Activin A, Activin B,

growth differentiation factor 11 (GDF11) and BMP10 (Table

SI). The competitive binding of these ligands in blood and

tissues by sotatercept results in inhibition of the ActRIIA

receptor signalling pathway, impeding biological processes

attributed to these pleiotropic proteins.

Administration of sotatercept induces an increase in RBC

count and Hb in healthy human subjects, but the mechanism

is not fully understood (Ruckle et al, 2009). The rapid onset

of its erythrocytic effects suggests that sotatercept may target

the later stages of erythropoiesis, differentiating it from EPO,

which acts on earlier stages of erythroid development. A

recent study has suggested that sotatercept may partially res-

cue inhibition of erythroid differentiation by bone marrow

stromal factors (Iancu-Rubin et al, 2013). Here, we have

explored the potential cellular and biochemical mechanisms

by which sotatercept may regulate erythropoiesis. Defining

specific erythroid populations that are targeted and stimu-

lated by a murine ortholog of ACE-011 (RAP-011) will help

to determine the role of TGF-b members in the regulation of

erythropoiesis. The differential mechanism of action of sota-

tercept compared to ESAs provides an alternative for the

treatment of anaemia associated with various pathologies.

Materials and methods

Compound

The extracellular domain (ECD) sequence of ActRIIA is com-

pletely conserved among numerous species including mouse,

rat, cynomologus monkey and humans. However, in order to

reduce the potential immunogenicity of the human molecule

and to maximize the opportunity to maintain exposures in

chronic models, a murine surrogate molecule was con-

structed by exchanging the human IgG1 Fc sequence portion

of sotatercept with its murine IgG2a homolog. The resultant

construct, referred to as RAP-011 (ActRIIA-mIgG2aFc) has

similar in vitro binding characteristics as sotatercept and has

been routinely employed in both cellular and pharmacology

studies.

Mouse models

Six- to 8-week-old C57BL/6 female mice were purchased

from Charles River (Morrisville, NC, USA). Animal handling

and experimental procedures were conducted in accordance

with national and institutional guidelines for animal care and

use.

Phosphate-buffered saline (PBS) (vehicle control), RAP-

011 (30 mg/kg) or recombinant human EPO (rhEPO)

(600 iu/kg) were administered intraperitoneally on day 0. At

24, 48, 72, 96 h and 7 d post-treatment, animals were sacri-

ficed and peripheral blood (PB), bone marrow (BM) and

spleen were collected. PB was evaluated for complete blood

counts (Quality Veterinary Laboratory, Davis, CA, USA) and

plasma was saved to perform mouse EPO quantification by

enzyme-linked immunosorbent assay (Quantikine; R&D Sys-

tems, Minneapolis, MN, USA; kit does not recognize

rhEPO). BM cells were obtained by flushing both femurs and

spleen-cell preparations were obtained by gently crushing the

tissues to release the cells. Preparations were filtered to

remove debris and washed twice in PBS and BM and spleen

cells were assayed by flow cytometry for erythroid precursor

(Figure S1) and reticulocyte counts as well as seeded in semi-

solid media for erythroid burst-forming units/erythroid col-

ony-forming units (BFU-E/CFU-E) quantification and RNA

and proteins were collected to measure Hb content (Support-

ing information). The relative quantification of gene expres-

sion was performed using the cycle threshold increment

method.

Direct culture of human cells

Human BM CD34+ cells from healthy donors were plated in

Methocult media to assess BFU-E and CFU-E growth (Sup-

porting information) (Lopez-Holgado et al, 2005). Human

CD36+ cells were cultured in liquid media to evaluate RAP-

011 effects on erythroid differentiation (Figure S2). In some

experiments, Activin A, Activin B and GDF11 (R&D Sys-

tems) were added to the cultures with each fresh addition of

media, at concentrations of 30 ng/ml for Activins or 50 ng/

ml for GDF11.

Long-Term Bone Marrow Cultures

Long-Term Bone Marrow Cultures (LTBMC) were carried

out according to the method of Gartner and Kaplan with

slight modifications (Supporting information) (Gartner &

Kaplan, 1981). After 3–4 weeks of culture, when all cellular

components (confluent stromal layer, adipocytes and cobble-

stone areas) were present, RAP-011 (50 lg/ml) was added

to cultures every 2 d for 5 d before co-culture. In some
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experiments, Activin A (50 ng/ml), Activin B (50 ng/ml),

BMP10 (50 ng/ml) or GDF11 (30 ng/ml) were added to the

cultures for 20 min to evaluate Smad2/3 signalling by Wes-

tern blot (Supporting information).

CD34+ or CD36+ cell co-culture with LTBMC

LTBMC media was replaced by erythroid differentiation

media supplemented with rhEPO (2 u/ml). RAP-011 (50 lg/
ml) was added to cultures every 2–3 d. For BFU-E/CFU-E

studies, 104 CD34+ cells were seeded on the upper surface of

the transwell plates for 3 d. Then, 5 9 103 cells were seeded

in MethoCultTM H4435 to assess BFU-E and CFU-E as pre-

viously described (Lopez-Holgado et al, 2005). To evaluate

late-stage precursors, 2 9 105 CD36+ cells were stained with

carboxyfluorescein succinimidyl ester (CFSE; Life Technolo-

gies, Grand Island, NY, USA) according to the manufac-

turer’s protocol and were seeded on the upper surface of the

transwell plates. After 3 and 5 d, cells from the upper com-

partment were harvested for immunophenotypic analyses or

staining with May-Grunwald-Giemsa (Merck KGaA, Darms-

tadt, Germany).

Statistical analysis

At least five independent samples were evaluated and data

are expressed as a mean � standard deviation (SD). A paired

student t-test was used to evaluate the significance of the dif-

ferences when only two groups were studied. Comparison

between more than two groups was made by analysis of vari-

ance (ANOVA) and a post-hoc Bonferroni test was performed

to confirm differences between groups. Statistical level was

set at a level of P < 0�05.

Results

ActRIIA pathway inhibition by RAP-011 rapidly
increases RBC parameters in mice

RAP-011 was administered to C57BL/6 mice to evaluate the

effect on the erythroid compartment over a 1-week time per-

iod and these effects were compared with those of rhEPO.

After performing dose-response studies (data not shown), a

dose of 30 mg/kg was selected for the current study; however

it is not known whether the system is saturated following

this single dose. A single dose of 30 mg/kg RAP-011 signifi-

cantly increased Hct, Hb and RBCs and changes were first

evident at 24 h post-treatment (Fig 1A–C). Small but signifi-

cant changes in the mean corpuscular volume (MCV) and

mean corpuscular haemoglobin (MCH) were observed at

later time points despite an increase in cellular Hb content

on day 3 and 4 post-RAP-011 treatment (Fig 1D–F). In con-

trast, the erythroid response after one dose of rhEPO

(600 iu/kg) was slower, first appearing at 72–96 h post-treat-

ment (Fig 1A–C). As previously described, rhEPO stimulated

reticulocyte release into the circulation, starting approxi-

mately 24 h after treatment. In addition, rhEPO increased

reticulocyte Hb content 48–72 h post-treatment; however,

the effect of RAP-011 on the reticulocyte count was apparent

only at the end of the study and there was no change in

reticulocyte Hb content (Fig 1G–H). Overall, the kinetics,

magnitude and RBC characteristics mediated by RAP-011 are

distinct from rhEPO.

RAP-011 induces rapid RBC production by stimulating
late-stage precursors in the bone marrow of mice

To elucidate the mechanism of action of RAP-011, the ery-

throid components from mouse BM and spleen were analy-

sed. A single dose of RAP-011 increased the percentage of

Ter119-positive erythroid precursors within 1–3 d post-treat-

ment in the BM (Fig 2A) while, as expected, rhEPO effects

were more evident in spleen cells (Figure S3). Neither rhEPO

nor RAP-011 affected other haematopoietic populations (Fig-

ure S4). Further analysis of the BM Ter119-positive erythroid

compartment after RAP-011 treatment indicated that while

there was limited impact on early erythroid populations

(ProE-Ery A), a higher percentage of the late precursors (Ery

B/C), corresponding to polychromatic/orthochromatic ery-

throblasts (Fig 2B), were present as early as 24 h post-treat-

ment. Flow cytometric analysis of mature BM RBCs revealed

that there were 38�5 � 1�4% enucleated cells within the

Ter119+ cell compartment at 48 h in RAP-011-treated mice

but only 30�5 � 1�6% and 19�1 � 2�3% enucleated cells in

vehicle- or rhEPO-treated mice, respectively (Fig 2C), sug-

gesting that RAP-011 promoted faster maturation of RBCs

within the BM. Our observation was confirmed by visual

examination of BM morphology (Figure S5). Hb concentra-

tion and induction of both alpha and beta chains in the BM

cells of RAP-011-treated mice was also increased, consistent

with the higher percentage of enucleation and late erythroid

cells (Fig 2D and Figure S6). This is in contrast to the effects

of rhEPO on earlier BM erythroid populations. The effects of

RAP-011 on splenic erythropoiesis were less marked and not

statistically significant (Figure S7). In contrast, rhEPO had

greater effects on splenic compared to BM erythropoiesis,

consistent with previous studies in murine models (Vogel &

Gassmann, 2011; Elliott & Sinclair, 2012). EPO stimulated

early erythroid precursors (ProE-EryA) in the spleen during

the first days after treatment (24–72 h) (Figure S7).

RAP-011 promotes BFU-E expansion and EPO
production in mice

To better understand the sustained effects of RAP-011 on

RBC production that were observed in phase 1 clinical

studies, bone marrow and splenic erythroid progenitors,

BFU-E and CFU-E, were enumerated following drug treat-

ment in mice. At 24–48 h after treatment, RAP-011

increased the percentage of bone marrow-derived erythroid
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

Fig 1. RAP-011 increases red blood cell parameters in wild type mice with faster kinetics than erythropoietin (EPO). (A) Peripheral blood red

blood cell (RBC) count, (B) Haemoglobin (Hb), (C) Haematocrit (Hct), (D) Mean Corpuscular Volume (MCV), (E) Mean Corpuscular Haemo-

globin (MCH), (F) Mean Corpuscular Haemoglobin Concentration (MCHC), (G) reticulocyte count and (H) Haemoglobin content in reticulo-

cytes (CHr) during the first week after dosing revealed different kinetics in RBC parameters between Vehicle (white), EPO (grey) and RAP-011

(black) treatments. Data represent mean � standard deviation. *, **, ***: P < 0�05, P < 0�01, P < 0�001.
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progenitors (BFU-E) by 20–30% compared to vehicle con-

trol (Fig 3Ai) and induced the formation of larger colonies

(Fig 3Aii and Figure S8) compared to vehicle- and rhEPO-

treated mice. rhEPO increased CFU-E progenitors in BM

(Fig 3Aii) and this effect was more evident in spleen-

derived BFU-E and CFU-E cells (Fig 3B). CFU-E numbers

after EPO treatment were increased greatly and then

decreased progressively while they were differentiating to

proerythroblasts (Figure S7).

Additionally, RAP-011 treatment increased murine plasma

EPO levels starting at 4 d post-treatment and peaking with a

threefold increase at 7 d. Likewise, we observed an increase

in renal EPO mRNA expression approximately 4 d following

treatment and persisting for 7 d (Fig 3C, D). This suggests

(A)

(B)

(C) (D)

Fig 2. RAP-011 rapidly increases late-stage

precursors and enucleated cells in bone mar-

row (BM). (A) Bone marrow cells from mice

treated with vehicle (white), erythropoiein

(EPO, grey) or RAP-011 (black) were harvested

at different time-points and analysed by flow

cytometry. RAP-011 treatment increased the

percentage of erythroid committed Ter119+
cells in bone marrow at days 2 and 3. (B)

Within the Ter119+ cells, erythroid precursors

from proerythroblast to mature cells were char-

acterized into four stages of differentiation,

ProE, EryA, EryB and EryC, by flow cytometry

using Infinicyt software. Quantification of these

stages revealed a rapid increase in late-stage

precursors from polychromatic erythroblast to

mature red blood cells (EryB and Ery C) at

24–72 h after RAP-011 treatment. (C) The

rapid erythroid differentiation induced by

RAP-011 in late-stage bone marrow erythroid

precursors was also reflected in a higher per-

centage of mature enucleated cells present at

48 h. (D) Consistent with this higher percent-

age of erythroid cells, the concentration of cel-

lular haemoglobin was also increased during

the first days after treatment in RAP-011-trea-

ted mice (black) when compared with Vehicle

(white) or EPO (grey). *, **, ***: P < 0�05,
P < 0�01, P < 0�001 RAP-011 vs. Control; ♦,

♦♦, ♦♦♦: P < 0�05, P < 0�01, P < 0�001 EPO vs.

Control; ○, ○○, ○○○: P < 0�05, P < 0�01,
P < 0�001 RAP-011 vs. EPO.
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that the EPO stimulation is systemic and that it may be

responsible for RAP-011-induced increase in splenic precur-

sors as well as the increase in peripheral blood reticulocytes

at 7 d post-treatment. Interestingly, while RAP-011-induced

EPO did stimulate an increase in CFU-E colonies, it was not

to the magnitude seen with rhEPO treatment (Fig 3B, Table

SII). The effects of sotatercept, the human version of the

drug, on EPO were also observed in healthy volunteers but it

has not yet been confirmed whether the induction is physio-

logically relevant in humans (Ruckle et al, 2009). To summa-

rize, RAP-011 may maintain sustained RBC effects following

the initial, rapid increase by stimulating BFU-E formation

and by inducing EPO.

Bone marrow microenvironment mediates RAP-011
effects on erythroid cells

In order to investigate the mechanism of action through

which RAP-011 increases RBC parameters, we conducted a

series of in vitro experiments to evaluate potential cellular

effects of RAP-011 on human cells. We demonstrate that in

liquid culture, RAP-011 does not act directly on erythroid

progenitors or on precursors to stimulate growth/differentia-

tion in vitro (Figure S9).

To evaluate if RAP-011 effects on erythropoiesis are medi-

ated indirectly by cells in the BM microenvironment, human

CD34+ or CD36+ cells (depending on whether the assay end-

point was enumeration of early progenitors or later-stages of

differentiation) were co-cultured with BM long-term culture-

initiating cell (LTC-IC) cultures (as described in the Materi-

als and methods) which form an in vitro microenvironment

containing adipocytes, stromal cells and macrophages that

supports haematopoietic cell growth and differentiation (Fig-

ure S10). These LTC-IC BM cultures were treated with vehi-

cle or RAP-011 and then co-cultured with either CD34+ or

CD36+ cells to evaluate how RAP-011 impacts the BM cells

which in turn, regulate RBC development.

In a first set of experiments, CD34+ cells were co-cul-

tured with LTC-IC for 72 h with no impact on total cell

number (Fig 4A). Then, cells were assayed for colony for-

mation in semisolid medium. RAP-011 treatment for 72 h

significantly increased the number of BFU-E (Fig 4B), con-

sistent with our observation in the murine model at 24–

72 h after dosing. There was no impact on CFU-E (data

not shown).

Next, to better evaluate RAP-011 effects on later stages of

erythroid differentiation, CD36+ cells were used as a starting

point and co-cultured with LTC-IC culture in liquid medium

to support late stage erythroid precursor growth and differ-

entiation. As seen in Fig 5A, no differences in cell number

between treated and untreated cultures were observed. How-

ever, differentiation of glycophorin A positive (GPA+) cells

was more pronounced following RAP-011 treatment (Fig 5B

and Figure S11). Although untreated cells had the ability to

fully differentiate, most cells were found at ProE/EryA. In

RAP-011-treated cultures, similar erythroid kinetics were

observed after 3 d in co-culture but by day 5, a statistically

higher percentage of cells had shifted from Ery A to Ery C,

pointing to the ability of RAP-011 to accelerate later stages

of erythroid maturation. Finally, RAP-011 probably requires

the presence of multiple BM cell types in the microenviron-

ment to mediate its effect because co-culturing CD34+ cells

with isolated cellular components (macrophages, stromal

cells or haematopoietic cells) had little effect on stimulating

proliferation or maturation of erythropoietic precursors (data

not shown).

In order to determine if RAP-011 promoted proliferation

or differentiation during erythropoiesis, the number of cell

divisions was quantified by CFSE staining. During the 5 d in

co-culture, both control and RAP-011-treated GPA+ cells

underwent an average of three divisions (Fig 5C), indicating

that RAP-011 did not preferentially increase the number of

divisions; however, the percentage of cells that underwent

these three divisions was higher in cultures treated with

RAP-011, suggesting that RAP-011 induced faster cellular

maturation/differentiation (Fig 5D). Moreover, we also anal-

ysed cell viability in these GPA+ cells. At the end of culture,

when cell populations were most mature, the percentage of

apoptotic death was higher in the control versus RAP-011-

treated cells (Fig 5E). This suggests that RAP-011 may pro-

mote survival of late-stage precursors.

Collectively, these findings demonstrate that factors

secreted by the BM microenvironment probably mediate

RAP-011 effects on RBC differentiation. Furthermore, by

evaluating erythroid maturation in vitro, we showed that

RAP-011 exerts effects on both early erythroid progenitors

(BFU-E) as well as on the latter stages of erythropoiesis and

that this effect may be mediated by increased maturation rate

and survival.

RAP-011 rescues TGF-b family ligand-induced inhibition
of erythropoiesis in vitro

To assess potential candidates which may mediate the eryth-

ropoietic effects of RAP-011, we selected three high affinity

RAP-011 ligands that were also highly expressed in mouse

BM: Activin A, Activin B and GDF11 (Table SI) and evalu-

ated their effects on Smad signalling in BM cells as well as

on erythroid differentiation of CD36+ cells. First, we evalu-

ated the ability of RAP-011 to block Smad2/3 phosphoryla-

tion induced by these ligands in LTC-IC cells. When Smad2

and Smad3 are phosphorylated they form a heteromeric

complex with Smad4, allowing translocation of the complex

to the nucleus. Once in the nucleus, Smads can target a vari-

ety of DNA binding proteins to regulate transcriptional

responses. As shown in Fig 6, RAP-011 effectively blocked

phosphorylation of Smad2/3 downstream of Activin A, Acti-

vin B and GDF11 but not BMP10 stimulation; inhibition

was most evident following addition of Activin A or GDF11

to the cultures.
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In a different set of experiments, CD36+ cells were cul-

tured in liquid media containing one of each of the three

ligands. GDF11 and Activin A treatment significantly

decreased the number of CD36-derived cells (Fig 7A). Con-

comitant treatment of these cells with RAP-011 effectively

reversed the growth inhibition, but had no effect on

untreated cells (Fig 7A). GDF11 and Activin A also signifi-

cantly decreased the percentage of GPA-positive cells, while

significantly increasing the percentage of CD45-positive cells.

Again, RAP-011 blocked these effects (Fig 7B–C). Treatment

of CD36+ cells with Activin B had no effects on growth or

differentiation.

Finally, we also evaluated the effect of the TGF-b family

ligands on early erythroid progenitors and demonstrated that

activin A, but not GDF11 or activin B, inhibited BFU-E

colony growth. Interestingly, RAP-011 treatment effectively

reversed this inhibition (Fig 7D). BMP10 is a ligand to which

RAP-011 binds but is not highly present in the BM environ-

ment (Table SI); BMP10 had no effect on BFU-E colony for-

mation. These data suggest that inhibition of both GDF11

and Activin A may contribute to the erythropoietic stimula-

tory effects of RAP-011.

Discussion

We have demonstrated that inhibiting activin receptor IIA

signalling can result in increased RBC, Hct and Hb within

24–48 h, a response more rapid than that following rhEPO

treatment. Analysis of BM cells indicated that a faster rate of

differentiation of late precursors contributes to the mecha-

nism of action of RAP-011. RAP-011 treatment induced a

significant increase in the pool of more mature erythroid

precursors (poly/orthochromatic erythroblasts) in the BM

while rhEPO targeted erythroid progenitors (CFU-E) and

early precursors (ProE) from the ProE stages and exerted its

effects primarily on the murine spleen. The lack of spleen

response during early time-points (Figures S3 and S7) and

the high increase of mature erythroid cells in BM after RAP-

011 treatment clearly differentiate RAP-011 from EPO

through their mechanisms of action and moreover, our

results suggest that while EPO plays a more important role

in the murine stress erythroid response [taking place in the

spleen of the adult mouse (Socolovsky, 2007)], RAP-011 pri-

marily modulates steady state erythropoiesis in the BM. Fur-

thermore, RAP-011 induced a more rapid differentiation/

enucleation of Ter119+ cells, giving rise to mature enucleated

cells (almost 40% of erythroid cells) within 48 h with no

detectable change in reticulocyte number in the peripheral

blood. Because of technical limitations (differentiation of

RBC precursors into a sufficient and measurable number of

mature cells in culture is not possible) we could not study

this finding in vitro; in vivo we did not detect increased

numbers of reticulocytes even at earlier time points (2 and

10 h after dosing). This implies that treatment with RAP-011

induces reticulocytes to mature to RBCs in the BM. We

believe that the faster maturation may occur in BM because

we have consistently detected a higher percentage of mature

erythrocytes in BM of RAP-011-treated mice than in controls

(Fig 2C). It is possible that other mechanisms may mediate

the rapid increase in Hb and Hct after RAP-011 treatment

but additional experiments conducted to measure RBC half-

life and plasma volume suggest that neither are probably

responsible for the rapid, RAP-011-induced RBC effects (R.

Kumar, R. Suragami, S. Pearsall, unpublished data).

In addition to stimulating late-stage erythropoiesis, we

also observed that RAP-011 significantly increased BM BFU-

E colony number and size. Interestingly, the larger-sized col-

onies resemble those found in the spleen of mice undergoing

erythropoietic stress (Paulson et al, 2011) and suggest that

RAP-011 may also induce an acute response in early BM

(A) (B)

Fig 4. RAP-011 effects on erythroid burst-forming units (BFU-E) are

mediated by bone marrow stroma. RAP-011 stimulation of in vitro

erythroid differentiation requires co-culture with bone marrow cells.

Although human CD34+ cells cultured for 72 h under these

conditions showed no change in cell number (A), a significant

increase in BFU-E number following RAP-011 treatment was

observed (B). *: P < 0�05.

Fig 3. RAP-011 sustained effect may be mediated by BFU-E expansion and EPO production. BM (A) and spleen (B) cells from mice treated with

vehicle (light grey), EPO (dark grey) or RAP-011 (black) were culture in semisolid media to evaluate the number (i) and morphology (ii) of

BFU-E and CFU-E colonies (iii) to determine the effects of ActRIIA inhibition on erythroid progenitors. RAP-011 treatment increased BFU-E

number and size in BM at early time-points and also impacted spleen progenitors by day 7. Late effects in spleen may be mediated by an increase

in EPO production by RAP-011-induced plasma EPO (C) and increased EPO expression in kidney (D). Data represent mean � SD. Images

acquired with an Olympus microscope by phase contrast observation at 109 magnification. BFU-E, erythroid burst-forming units; CFU-E, ery-

throid colony-forming units; EPO, erythropoietin; BM, bone marrow. *, ***: P < 0�05, P < 0�001 RAP-011 vs. Control; ♦, ♦♦, ♦♦♦: P < 0�05,
P < 0�01, P < 0�001 EPO vs. Control; ○, ○○, ○○○: P < 0�05, P < 0�01, P < 0�001 RAP-011 vs. EPO.
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progenitors. The magnitude of increase was indeed similar to

what was observed in spleen after rhEPO treatment. This

finding may partly account for phase 1 clinical observations

where, in addition to rapidly stimulating RBC parameters,

sotatercept also sustained Hct and Hb increases for approxi-

mately 3 months after a single dose in healthy volunteers

(A)

(B)

(C)

(D) (E)

Fig 5. RAP-011 effects on late-stage erythroid

precursors are mediated by differentiation and

survival of late-stage erythroid precursors.

CD36+ cells were used to assess RAP-011 effect

on late-stage erythroid precursors in a co-cul-

ture system. Inhibition of ActRIIA ligands by

RAP-011 did not affect cell number of CD36+
derived cells during co-culture time (A), but

modified differentiation pattern by favouring

late-stage differentiation after 5 d of culture

when compared with vehicle-treated cells (B).

At this time-point, CD36+ cells grown in the

presence of RAP-011 contained a statistically

higher percentage of EryC cells than the vehicle

control group, where most cells were retained

at an early stage of differentiation (B). Number

of divisions of these CD36+ derived cells

grown in co-culture conditions, was quantified

by carboxyfluorescein succinimidyl ester

(CFSE) staining. The in vitro expansion of late-

stage erythroid cells mediated by RAP-011 is

not due to an increase in the number of divi-

sions but by a higher number of cells reaching

the last division by day 5 (red line) (C). This

may be due to faster maturation of cells as well

as a decrease in apoptosis/death of most

mature cells. After 5 d of culture, the percent-

age of cells undergoing the last division was

higher when cells were treated with RAP-011

(D). At this time-point, cells grown in control

conditions showed increased apoptosis/cell

death, determined by Annexin V and 7AAD

expression, but RAP-011 was able to rescue

this effect and maintain viability of these

mature cells (E). Data represent mean � stan-

dard deviation. *, **, ***: P < 0�05, P < 0�01,
P < 0�001.
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(Ruckle et al, 2009). Interestingly, we also observed an

induction of plasma EPO levels following RAP-011 treat-

ment. Although we have not yet verified the physiological

relevance of this effect, it may also contribute to the drug’s

sustained effects. This EPO induction corresponded with

increased peripheral blood reticulocytes and a modest

increase in CFU-E, although the increase was not as high as

observed after exogenous administration of human EPO.

Also, a concordant increase of EPO message was observed in

the kidney, implying that the regulation of erythropoiesis by

RAP-011 may be systemic and not limited to activity within

the haematopoietic environment. This sustained effect of

RAP-011 as well as the mechanism responsible for EPO

induction are very interesting but not fully understood.

These are high priorities in ongoing experiments to better

understand RAP-011 mechanism of action.

The production of mature RBCs is regulated by complex

cell-cell interactions as well as extrinsic factors secreted by

cells in the BM microenvironment (Molineux et al, 2009;

Iancu-Rubin et al, 2013). Osteoblasts, vascular and most

stromal cells are implicated in haematopoietic stem cell

maintenance and controlling fate decisions to initiate cell

proliferation and differentiation commitment (Walkley,

2011). Iancu-Rubin et al (2013) demonstrated that RAP-011

was able to reduce the inhibitory effect of conditioned media

from stromal cells on human erythropoiesis. In our hands,

neither stromal cells nor haematopoietic cells, alone, were

sufficient to confer the effects of RAP-011 on erythropoiesis.

For the full stimulatory effect, both cell types were required

in co-culture with erythroid precursors. Using this human in

vitro system for erythroid differentiation, we were not only

able to reproduce the effects on erythroid progenitor and

precursor cells observed in our murine studies but also could

confirm a central role for the BM microenvironment in

mediating effects of RAP-011. Furthermore, we have been

able to better define the role of the TGF-b superfamily of

ligands in the regulation of erythropoiesis. The precise role

of these ligands is currently not well understood (Shiozaki

et al, 1989, 1992; Nakao et al, 1991; Irion et al, 2010). RAP-

011, a biological tool that can bind to and inhibit ActRcIIA

ligands, is a reagent that enables a more careful study and

understanding of the role of these ligands in erythropoiesis.

Due to the role of Activin A on bone metabolism, the use of

RIIA FC chimeras as well as ACE-011/RAP-011 in several

models of skeletal diseases has been previously described

(Pearsall et al, 2008). We attribute the novelty of our studies

to the use of this drug, which inhibits Activin A, among

other TGF-b family ligands, for the treatment of anaemia.

We focused on the ligands with highest binding affinity and

show that both Activin A and GDF11 but not Activin B or

BMP10 play an important role in erythropoiesis. We demon-

strated that GDF11 and Activin A exert an inhibitory effect

on erythropoiesis and demonstrated that RAP-011 was able

to abrogate the GDF11-mediated inhibitory effect. Our data

suggest that RAP-011 activity may be mediated by, but prob-

ably not limited to, GDF11 and Activin A. Difficulties in

detecting and measuring soluble ActRIIA/B affinity-purified

native ligands have been previously described (Souza et al,

2008) and although we have not shown direct binding

between RAP-011 and GDF11, Activin A or other ligands in

these experiments due to technical limitations, these ligands

are present (Table SI) and produced by BM microenviron-

ment. Our results are in keeping with the fact that several

members of the TGF-b superfamily of ligands have been

implicated as negative growth regulators, or ‘chalones’. They

play an important homeostatic function to maintain the size

(A) (B)

Fig 6. RAP-011 inhibits Smad2/3 phosphorylation in bone marrow cells. TGF-b ligands with high affinity for RAP-011 as well as high expression

in mouse bone marrow (GDF11, Activin A and Activin B) were selected to evaluate their effects on Smad signalling in bone marrow cultures (A).

RAP-011 blocked ligand-stimulated phosphorylation of Smad2 and Smad3 in bone marrow cells from LTC-IC cultures (B).
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of mature tissue compartments (McKnight, 1997): such as

muscle (McPherron et al, 1997), bone (Canalis, 2009), adi-

pose tissue (Zamani & Brown, 2011), or olfactory epithelium

(Lander et al, 2009). Regarding erythropoiesis, there exists

controversial data related to Activin A functions. As occurs

with many members of this pleiotropic family of ligands,

slight differences in dosing scheme, duration of treatment,

cell type and context can impact the results of the study.

While initial publications described that Activin A promoted

maturation of BFU-E (Nakao et al, 1991), CFU-E (Shiozaki

et al, 1989) and more mature erythroid precursors (Okabe-

Kado et al, 1991), more recent publications evaluating hae-

matopoietic differentiation of embryonic stem cells or

induced pluripotent stem cell point to a pivotal role for Acti-

vin A signalling in the maintenance of self-renewal and pluri-

potency (Vallier et al, 2005; Xiao et al, 2006) as well as in

maintaining commitment to the mesodermal lineage (Nostro

et al, 2008; Pearson et al, 2008). However, Activin A was

shown not to be necessary, and was perhaps even inhibitory

with regard to definitive erythroid differentiation (Nonaka

et al, 2008; Kennedy et al, 2012). Moreover, in transgenic

mice over-expressing a soluble form of its receptor an

increase on RBC parameters was also described (Yamawaki

et al, 2013). The results from our studies using the ActRIIA-

Fc ligand trap, RAP-011, suggest that GDF11 and Activin A,

as well as other ligands, may also be ‘chalones’ for the blood,

specifically regulating the homeostasis of mature RBCs. We

suggest that RAP-011 increases RBC parameters by blocking

inhibitory signals induced by TGF-b superfamily members,

and contributes to normal homeostatic mechanisms regulat-

ing erythropoiesis.

There are a number of therapeutic implications for our

findings. Current dogma suggests that EPO is the major fac-

tor governing erythropoiesis. The first phase of CFU-E ery-

throid differentiation is highly EPO-dependent, whereas later

stages are no longer dependent on EPO. RAP-011 increases

erythropoiesis at the BFU-E progenitor level and also on later

stage erythroid precursors after they lose responsiveness to

(A)

(B)

(D)

(C)

Fig 7. RAP-011 rescued TGF-b ligand-induced

growth inhibition in erythroid cultures. High

affinity RAP-011 ligands were selected to evalu-

ate their effects on erythroid differentiation of

CD36+ cells. Growth curves representing the

total number of viable CD36+ derived cells at

each time-point in culture revealed that both

GDF11- and Activin A- inhibited growth and

that RAP-011 reversed this effect. Activin B did

not appear to impact cell growth (A). Flow cy-

tometric characterization of erythroid and

non-erythroid lineage cells elucidated by stain-

ing with antibodies against GPA or CD45,

respectively, demonstrated that RAP-011 was

able to rescue Activin A (B) and GDF11-

induced (C) inhibition of erythroid commit-

ment (GPA+ expression). Effect on erythroid

progenitors was also evaluated by culturing

CD34+ cells these ligands. The number of

BFU-E progenitors was diminished following

culture with Activin A. RAP-011 was able to

rescue BFU-E numbers (D). BFU-E, erythroid

burst-forming units; CFU-E, erythroid colony-

forming units; GPA, glycophorin A. *, ***:
P < 0�05, P < 0�001.
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EPO. These effects are mediated by the BM microenviron-

ment through targeting ActRIIA ligands, such as GDF11.

This mechanism is completely different from how classical

ESAs function, supporting a rationale for using sotatercept as

a new therapeutic agent to manage anaemia in diseases of

ineffective erythropoiesis, such as b-Thalassaemia, Diamond-

Blackfan Anaemia (DBA), or MDS. In these conditions, the

homeostatic mechanism is unbalanced, resulting in a hyper-

proliferative marrow with accumulation of mature and

abnormal erythroid precursors and peripheral anaemia. Also,

these patients have high EPO levels and as such, often

respond poorly to EPO therapy. It is possible that in diseases

where this homeostatic mechanism regulating RBC produc-

tion is unbalanced, the effects of sotatercept may be even

greater than in the normal, homeostatically-balanced envi-

ronment. This hypothesis has been evaluated in preclinical

disease models and is currently being investigated in b-Thal-
assaemia, MDS and DBA clinical trials.

In conclusion, we have explored the potential mechanisms

by which RAP-011 may regulate erythropoiesis and have

demonstrated that inhibition of ActRIIA signalling can rap-

idly stimulate RBC production, Hb and Hct in mice. Fur-

thermore, the stimulatory effect of RAP-011 on BM

erythropoiesis appears to be indirect and probably mediated

by inhibition of bone marrow-derived factors, such as Acti-

vin A and GDF11. RAP-011 acts on both BFU-E progenitors

and also on mid-late erythroid precursors, distinguishing it

from EPO, which acts on CFU-E and early precursors in the

erythropoiesis differentiation pathway. Finally, we propose

that members of the TGF-b superfamily, such as GDF11 and

Activin A, may be negative growth regulators acting on late

stage erythropoiesis – ‘erythropoietic chalones’ – and that

RAP-011 blocks these ligands to rapidly increase RBC param-

eters. These data have contributed to defining a regulatory

checkpoint of erythropoiesis and support the rationale to

develop sotatercept for the treatment of anaemia and ineffec-

tive erythropoiesis.
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