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The TGF-β family ligands myostatin, GDF11, and activins are neg-
ative regulators of skeletal muscle mass, which have been reported
to primarily signal via the ActRIIB receptor on skeletal muscle and
thereby induce muscle wasting described as cachexia. Use of a sol-
uble ActRIIB-Fc “trap,” to block myostatin pathway signaling in nor-
mal or cachectic mice leads to hypertrophy or prevention of muscle
loss, perhaps suggesting that the ActRIIB receptor is primarily re-
sponsible for muscle growth regulation. Genetic evidence demon-
strates however that both ActRIIB- and ActRIIA-deficient mice
display a hypertrophic phenotype. Here, we describe the mode of
action of bimagrumab (BYM338), as a human dual-specific anti-
ActRIIA/ActRIIB antibody, at the molecular and cellular levels. As
shown by X-ray analysis, bimagrumab binds to both ActRIIA and
ActRIIB ligand binding domains in a competitive manner at the crit-
ical myostatin/activin binding site, hence preventing signal trans-
duction through either ActRII. Myostatin and the activins are
capable of binding to both ActRIIA and ActRIIB, with different affin-
ities. However, blockade of either single receptor through the use of
specific anti-ActRIIA or anti-ActRIIB antibodies achieves only a par-
tial signaling blockade upon myostatin or activin A stimulation, and
this leads to only a small increase in muscle mass. Complete neutral-
ization and maximal anabolic response are achieved only by simul-
taneous blockade of both receptors. These findings demonstrate the
importance of ActRIIA in addition to ActRIIB in mediating myostatin
and activin signaling and highlight the need for blocking both re-
ceptors to achieve a strong functional benefit.

activin | myostatin | ActRII | dual antibody | hypertrophy

Skeletal muscle wasting occurs in a variety of pathophysio-
logical settings, including sepsis, renal failure, diabetes,

chronic obstructive pulmonary disease, and cancer (1). Muscle
atrophy also occurs from casting, immobilization, or prolonged
bed rest (2), and in the age-related loss of skeletal muscle known
as sarcopenia, which is a component of the larger concept of frailty
and weakness often observed in elderly individuals (3, 4). Several
negative regulators of muscle mass have been reported to act
through the activin receptor type IIB (ActRIIB) (5, 6). The best
characterized ligands are myostatin [also known as growth and
differentiation factor 8 (GDF8)] (7–9) and activin A (10–13),
while there is some uncertainty with regard to the contribution of
GDF11 (13–15) at regulating muscle mass and function, although
it has been demonstrated that administration of GDF11 inhibits
regeneration in a dose-responsive fashion (16, 17). Indeed, all
those ligands are able to inhibit muscle differentiation and to in-
duce muscle fiber atrophy. Recent work examining the relative
contribution of various ligands, activin A, activin B, beyond
myostatin, unveiled a strong synergistic response upon blockade of
both activin and myostatin (18, 19), with some cross-species dif-
ference between mice and primates (18).

Myostatin and activin A bind to and signal through either
ActRIIA or ActRIIB on the cell membrane, with ActRIIB initially
identified as myostatin’s prime receptor (20).
Multiple myostatin pathway inhibitors, all aiming at ligand(s)

neutralization, have been generated with the therapeutic aim of
stimulating muscle growth or preventing muscle loss in settings of
human muscle disease. These pharmacological candidates include
neutralizing antibodies to myostatin (21–23), a modified myostatin
propeptide which blocks myostatin (24), as well as broader agents,
such as a soluble ActRIIB-Fc “receptor trap” (11, 25–27), neu-
tralizing any ligand capable of binding ActRIIB, including ligands
which have affinity for other TGF-β receptors (13), and an anti-
ActRII receptor antibody, bimagrumab, which was shown to
prevent myostatin and activin A signaling (28). All of these ap-
proaches have been shown to increase postnatal muscle growth in
mice, albeit to different degrees—pure myostatin inhibition being
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less effective than the broader approaches when administered
postnatally. Administration of soluble ActRIIB or of anti-ActRII
antibody led to muscle hypertrophy both in naive and in myostatin
knockout mice, confirming that other activin type II receptor li-
gands besides myostatin contribute to the inhibition of muscle
growth (11, 28). Both agents also prevented muscle wasting in
several disease models, ranging from glucocorticoid-induced atro-
phy (28) to cancer cachexia (26, 29), as indeed myostatin and activin
A had been reported to induce muscle wasting and cachexia (5, 6,
30). The development of an anti-ActRII neutralizing antibody
represents a potential therapeutic entry for the treatment of mul-
tiple conditions associated with muscle wasting, by significantly re-
ducing the activity of myostatin, activin A, and GDF11. While there
has been a lot of focus on ActRIIB in particular, we present here
evidence for the need to neutralize both ActRIIA and ActRIIB, as
opposed to selective inhibition of either of the two receptors,
ActRIIA or ActRIIB, for an anabolic response in adult rodents.

Results
Bimagrumab Binds to both ActRIIA and ActRIIB Ligand Binding
Domains. The crystal structures of the Bimagrumab Fv frag-
ment in complex with the human ActRIIA and ActRIIB ligand
binding domains (LBDs) were determined at 2.35-Å and 2.00-Å
resolution, respectively (Fig. 1 and SI Appendix, Table S1). The

human ActRIIA and ActRIIB LBDs share 55% amino acid se-
quence identity (SI Appendix, Fig. S1) and the same “three-finger
toxin fold” (31), a seven-stranded antiparallel β-sheet stabilized
by five disulfide bridges. Bimagrumab binds to the concave face
of the LBDs (Fig. 1 A and B), with excellent electrostatic and
shape complementarity (SI Appendix, Fig. S2 and Table S2). The
epitopes for ActRIIA and ActRIIB LBD involve residues spread
over many distinct elements of secondary structure, the β4–β5
loop playing, however, a conserved central role for both recep-
tors (Fig. 2). The epitopes include many acidic residues and
several exposed aromatic residues (Fig. 2 and SI Appendix, Table
S2). A structural overlay of the two Fv complexes shows that the
antibody binds the two LBDs in the same way, despite the rel-
atively low overall conservation (65%) of all epitope residues
(Fig. 1D). The affinity of the bimagrumab Fab for ActRIIA
(Kd = 973 pM) is >50-fold lower in comparison with ActRIIB
(Kd = 16 pM) and in line with a prior report (28). An in-depth
inspection of the binding interface suggests that Trp78, Asp80,
Phe82, Asn83, Glu52, and Phe101 are particularly important
epitope residues of the ActRIIB LBD. Two of these residues are
different in ActRIIA: Glu52 is an aspartic acid and Phe82, an
isoleucine. While these differences may appear conservative,
they result in the loss of a strong salt bridge between Glu52 and
Arg98 of H-CDR3, and in the loss of multiple aromatic–aro-
matic interactions between Phe82 and Trp101 of H-CDR3,
Phe93 and Tyr98 of L-CDR3, and Tyr32 of L-CDR1. Interest-
ingly, a further consequence of the Glu52Asp difference is a
change in conformation of the corresponding epitope loop (β2–
β3), which moves away from the antibody and retains flexibility in
the complex, as judged from its relatively higher temperature
factors (SI Appendix, Fig. S3). The β5–β6 loop, which contributes
few binding interactions in the ActRIIB complex, is also shifted
away from the antibody in the ActRIIA complex, albeit to a
lesser extent. Taken together, and in comparison with the
ActRIIB complex, the shift of these two loops leads to a signif-
icant decrease in the number of LBD residues located at the
antibody interface (20 instead of 29) and in the amount of buried
solvent-accessible surface (1,547 Å2 instead 2,047 Å2). There-
fore, the reduced binding affinity of bimagrumab to ActRIIA
compared with ActRIIB can be mainly ascribed to two mutations
affecting important epitope residues (Glu52 to Asp and Phe82 to
Ile), which lead to a reduction in the size of the binding interface
and in the total number of intermolecular interactions.
We have also determined the structure of the bimagrumab Fab in

the unliganded state at 1.78-Å resolution. A structural overlay of the
antibody VH/VL domain in the free and antigen-bound states does
not reveal any large conformational changes affecting the paratope
and shows that bimagrumab binds the ActRII LBDs by a mainly rigid
lock-and-key-fit mechanism (SI Appendix, Fig. S4). The very high,
picomolar binding affinity of bimagrumab toward the ActRIIB LBD
results from an unusually good shape complementarity, combined
with strong electrostatic and hydrophobic interactions involving all six
CDRs, and a lock-and-key-fit mechanism of association.
The surface of the ActRII LBD involved in ligand binding has

been revealed by crystallographic analyses of the BMP-2 (32) and
BMP-7 (33) complexes with the mouse ActRIIA LBD and the hu-
man BMP-2 (34), and activin A (35, 36) complexes with mouse or rat
ActRIIB LBD. As examplified in Fig. 1C with the activin complex,
the natural ligand binds to the concave side of the ActRII LBD, and
the overlap between the ligand and the antibody binding surfaces is
therefore extensive (Fig. 1 E and F). Hence, bimagrumab blocks a
functional epitope at the ligand binding surface on the ActRIIA and
ActRIIB LBD and therefore directly competes with ligand binding
to these receptors, thus preventing signaling, as described below.

Cellular Role of ActRIIA and ActRIIB in Response to Myostatin and
Activin A. We generated ActRIIA-specific and ActRIIB-specific
antibodies, which bound, respectively, with 488-pM affinity to
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Fig. 1. Binding modalities of bimagrumab to ActRIIA and ActRIIB. Crystal
structures of the bimagrumab Fv (light/dark blue ribbon) complex with
(A) human ActRIIA LBD (gold ribbon) or (B) human ActRIIB LBD (red ribbon),
shown in the same orientation. (C) Crystal structure of the mouse ActRIIB
LBD complex with human activin-β (PDB entry 1S4Y) (35), shown in the same
orientation as in A, B, and D. (D) Overlay of the ActRIIA Fv complex (gold
ribbon) and ActRIIB Fv complex (red ribbon). (E) Footprint of activin (gray
surface, calculated from PDB entry 1S4Y) and (F) bimagrumab on the ActRIIB
LBD. Note the extensive overlap between the two binding surfaces.
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ActRIIA for antibody CSJ089 and with 64-pM affinity to
ActRIIB for antibody CQI876 (each antibody demonstrated no
detectable binding to the other activin type II receptor). Bima-
grumab and the other antibodies described here, displayed no
cross-reactivity to a panel of antigens, including Alk4, Alk5,
TGF-βRII, TGF-βRIIB, BMPRII, and MISRII, up to concen-
trations 1,000-fold above the affinity for their target antigen. We
thereafter confirmed binding to native cell surface-expressed
antigens. Using the specific anti-ActRIIA (CSJ089) and anti-
ActRIIB (CQI876) antibodies, very similar staining intensities
(SI Appendix, Table S3) were detected for both receptors, sug-
gesting similar expression of ActRIIA and ActRIIB in
HEK293T/17 cells (Fig. 3A). In those cells, we could clearly detect
myostatin and activin A induced Smad2/3 signaling through
CAGA-Luc reporter gene activity (Fig. 3B and SI Appendix, Table
S4), demonstrating that these receptors were competent to trans-
duce signaling. Using the specific ActRIIA and ActRIIB antibodies
and combination thereof as well as the dual antibody bimagrumab,
analysis of ActRII receptor usage by myostatin and activin A was
investigated. Both myostatin and activin A exhibited binding to
ActRIIA and ActRIIB (affinity for ActRIIA, Kd of 701 pM and
5.3 pM and for ActRIIB, Kd of 130 pM and 6.5 pM, for myostatin
and activin A, respectively). Upon increasing concentrations of
antibodies, only the combination of the anti-ActRIIA and anti-
ActRIIB antibodies or the dual-specific antibodies bimagrumab
and CDD861 (affinity to ActRIIA, Kd of 134 pM and to ActRIIB,
Kd of 62 pM) (Fig. 3B) allowed for complete blockade of the
myostatin- or activin A-Smad2/3 signaling response. In contrast,
treatment with either the anti-ActRIIA or anti-ActRIIB antibody
reduced signaling by 30–50% only, clearly demonstrating that
myostatin and activin A engage both receptors for triggering their
cellular response, and that blockade of a single receptor is not
sufficient to completely inhibit signaling, which then operates via
the remaining ActRII receptor.

Role of ActRIIA and ActRIIB Neutralization in Hypertrophic in Vivo
Response. To assess the relative role of ActRIIA and ActRIIB
in mediating muscle hypertrophy, we treated SCID mice weekly
for 4 wk with either 6 or 20 mg/kg of the anti-ActRIIA antibody
(CSJ089), the anti-ActRIIB antibody (CQI876), the combination
of anti-ActRIIA and anti-ActRIIB antibodies, or bimagrumab.

Consistent with our previous publication (28), bimagrumab-
treated mice exhibited a dose-dependent increase in body weight
between 16 and 22% (Fig. 4A) compared with sham-treated or
control SCID mice, whereas the anti-ActRIIA or anti-ActRIIB
Ab-treated mice showed a body weight gain of 10%, whatever
the dose administered. These data suggest that this is the maximal
response achievable via administration of single-specificity anti-
bodies. Mice receiving the combination of both treatments dem-
onstrated a body mass gain of 22% similar to bimagrumab. The
gain in body weight upon bimagrumab intervention correlated
with a marked increase of hind-limb muscle mass observed mac-
roscopically at necropsy (Fig. 4B and SI Appendix, Table S5). The
gastrocnemius were increased by 22% and 26%, quadriceps and
tibialis anterior by 20–30%, and soleus by 18–38%, with 6 mg/kg/wk
and 20 mg/kg/wk treatment, respectively, compared with control
SCID mice. Anti-ActRIIA (CSJ089) and anti-ActRIIB (CQI876)
antibody-treated mice at both 6 and 20 mg/kg showed an overall
muscle hypertrophy of ∼10%, confirming previous observation
made on body weight, suggesting target saturation at 6 mg/kg/wk
for both anti-ActRIIA and anti-ActRIIB treatments. Compared
with bimagrumab, CQI876 has a lower affinity for ActRIIB; how-
ever, increasing the dose of CQI876 from 20 mg/kg to 100 mg/kg
did not result in a greater magnitude of anabolic response after
2 wk of treatment (Fig. 4D), in line with the cellular response to
myostatin or activin A achieved upon anti-ActRIIB antibody
treatment only. Again, the combination treatment showed an
additive response on muscle mass, i.e., muscle hypertrophy dem-
onstrated a dose-dependent increase, and importantly followed
the same pattern as the bimagrumab-treated mice compared with
control SCID mice.
This pattern of body and muscle weight response already ob-

served 2 wk post-treatment (SI Appendix, Fig. S5 A and B) was
reproduced using an anti-ActRIIA antibody with higher affinity,
which did not result in a stronger response of the single specific
antibody alone. Experiments conducted with another dual anti-
body CDD861, which exhibited reduced affinity to ActRIIB,
better affinity for ActRIIA, and therefore a twofold selectivity
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Fig. 3. Cellular responses to ActRIIA and ActRIIB neutralization. (A) Binding of
anti-ActRIIA (CSJ089, blue), anti-ActRIIB (CQI876, orange), anti-ActRIIA and
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activin A (10 ng/mL)-induced Smad2/3 response in a CAGA-luciferase reporter
gene assay in HEK293T/17 cells.
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for the two receptors, in comparison with bimagrumab yielded
very similar responses in 4-wk studies (Fig. 4F). Additionally, the
very same magnitude of response upon single versus dual re-
ceptor blockade was observed in a 4-wk rat study (SI Appendix,
Fig. S5C). Upon complete receptor inhibition, either through a
combination of anti-ActRIIA and anti-ActRIIB antibodies or by
using the dual-receptor inhibiting bimagrumab treatments, in-
creased circulating levels of activin A were detected (Fig. 4G).
While this occurred, expression levels of activin A (Inhba gene)
in skeletal muscle remained unchanged (Fig. 4F), as also
reported in Latres et al. (18) upon use of ActRIIB-Fc for Inhba,
pointing toward circulating ligand accumulation due to receptor
blockade by the antibodies, preventing ligand internalization and
subsequent degradation.
Muscle functional responses were monitored in the 6 or 20 mg/kg

bimagrumab groups in SCID mice, treated for 4 wk, using an in
situ evaluation of contractile function (Fig. 3C). An increase in
basal isometric twitch force of the gastrocnemius muscle was ob-
served, reaching significance only in the highest dose group of
mice for which the muscle mass gain was the most important.

Discussion
Bimagrumab exhibits picomolar binding affinity toward both the
ActRIIA and the ActRIIB LBD, which is surprising in view of
the relatively low (55%) amino acid sequence identity between
these two receptor subtypes. Our crystallographic studies dem-
onstrate that bimagrumab binds the ActRIIA and ActRIIB LBD
in essentially the same way and prevents signaling through these
receptors by blocking their ligand binding surface on the LBD.
The very high, single-digit picomolar binding affinity of bima-
grumab toward the ActRIIB LBD results from an unusually
good shape complementarity, combined with strong electrostatic
and hydrophobic interactions involving all six CDRs, and a
mainly lock-and-key-fit mechanism of association. The relatively
weaker, but still subnanomolar binding to the ActRIIA LBD can
be ascribed to two mutations affecting important epitope

residues, which lead to a reduction in the size of the binding
interface and in the total number of intermolecular interactions.
Activin A, GDF11, and myostatin have been reported to bind

ActRIIA and ActRIIB albeit with different affinities (13, 37), in
contrast to original findings highlighting binding of myostatin to
ActRIIB (20). At a cellular level, and on cells expressing similar
level of ActRIIA and ActRIIB, treatment with single-specificity
antibody, either anti-ActRIIA or anti-ActRIIB, reduced Smad2/3
downstream signaling by 30–50% only, clearly demonstrating
that myostatin and activin A engage both receptors for triggering
of their cellular response, and that blockade of a single receptor
does not preclude response via the remaining one. This observa-
tion was independent of antibody affinity and was confirmed with
several other specific neutralizing antibodies (example provided in
SI Appendix, Fig. S5). Only the combined use of the anti-ActRIIA
and anti-ActRIIB antibodies or the use of dual antibodies bima-
grumab and CDD861 allowed for complete blockade of the
myostatin or activin A response. The full Smad2/3 signaling
blockade achieved with bimagrumab was two- to threefold more
potent than with the combined use of anti-ActRIIA and anti-
ActRIIB Abs, possibly due to higher affinities of bimagrumab
toward the two receptors, compared with the two specific anti-
bodies used, or to dual specificity of a single antibody leading to
unique engagement and blockade of ActRIIA and ActRIIB
complexes. Indeed, both dual neutralizing antibodies bimagrumab
and CDD861 exhibited lower IC50 of blocking myostatin or activin
A signaling, despite slightly different affinities for ActRIIA and
ActRIIB as well as different selectivity.
Whereas ActRIIA-specific and ActRIIB-specific antibodies

showed moderate skeletal muscle hypertrophy when administered
alone, their combination induced hypertrophy exceeding a simple
additive effect of the two antibodies and similar to bimagrumab,
confirming that the combination of anti-ActRIIA and anti-ActRIIB
inhibition is superior to either single ActRIIA or ActRIIB in-
hibition. Indeed, the muscle mass increase achieved with bima-
grumab is strikingly superior compared with the effect achieved by
blocking either receptor alone, suggesting that functionally, at the

Fig. 4. Hypertrophy response as measured via (A) body weight, (B) muscle weight change from sham group, after 4-wk treatment with ActRIIA-specific Ab,
ActRIIB-specific Ab, combination thereof, and bimagrumab in SCID mice (n = 12 per group). Mice were untreated, sham group (white), or treated with weekly
s.c. injection of isotype control antibody (20 mg/kg/wk) or of anti-ActRIIA Ab (CSJ089, blue, 6 or 20 mg/kg), an anti-ActRIIB Ab (CQI876, orange, 6 or 20 mg/kg),
a combination of CSJ089 and CQI876 (black, 6 or 20 mg/kg of each Ab), or bimagrumab (green, 6 or 20 mg/kg). (C) Invasive muscle contractile function
determination in gastrocnemius muscle of sham (white) and bimagrumab (green, 6 and 20 mg/kg)-treated groups, average of three stimulations. Hyper-
trophy response was measured through gastrocnemius and quadriceps muscle weight changes in SCID mice, (D) after 2-wk treatment with the same anti-
bodies as in A, all dosed at 20 mg/kg, with CQI876 being also dosed at 100 mg/kg (orange crosses), (E) after 4-wk treatment with weekly s.c. injection of
isotype control antibody (stripes), dual anti-ActRIIA/ActRIIB Ab (CDD861, green pattern, 20 mg/kg), and bimagrumab (green, 20 mg/kg). (F) Activin A (inhba
gene) expression changes in gastrocnemius muscle of SCID mice, after 2-wk treatment with isotype control, combination of anti-ActRIIA and anti-ActRIIB Abs
(black), or bimagrumab (green) as in D. (G) ELISA data for activin A level in serum from mice of D/F. Data are presented as mean ± SEM analyzed using one-way
ANOVA; differences vs. control were considered statistically significant, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Unpaired t test 20 vs. 6 mg/kg, #P < 0.05.
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efficacious doses used, bimagrumab works by blocking both re-
ceptors. The apparent lack of a dose–response on body weight
with either the anti-ActRIIA– or the anti-ActRIIB–specific anti-
bodies suggested that target saturation was already achieved at
6 mg/kg, whereas the effect of the combination of both antibodies
was additive. However, Lee et al. reported no gene dosage fea-
ture, i.e., no phenotype in heterozygous ActRIIA and ActRIIB
mice (11), and hypertrophy only in full single knockout mice.
While multiple ligands, activin A, activin B, myostatin, GDF11,

BMP9, and BMP10 have been reported to bind ActRIIs in various
biochemical or cellular systems (13), some also signal via addi-
tional receptors, such as BMPRII. A newer generation of ligand
trap of the TGF-β superfamily deprived of BMP9/10 binding has
come forward (38) to alleviate some vascular findings likely re-
lated to BMP9/10 neutralization observed with the first generation
of soluble ActRIIB decoy (27, 39). No such effects related to
activating BMPs have been observed with bimagrumab so far (40–
42). Aside for the myostatin/activin/Smad2/3 muscle inhibitory
pathway, a key role of the BMP/Smad1/5 pathway at promoting
muscle growth and regulating its maintenance has been reported
simultaneously by two groups (43, 44). A strong interplay between
inhibition of the muscle growth repressing Smad2/3 pathway and
the converse activation of the growth promoting BMP/Smad1/5
axis has been identified (19, 43, 44). With the strong anabolic
response ascribed to inhibition of ActRII/Smad2/3 observed upon
bimagrumab administration, we cannot fully exclude a component
coming from activation of the Smad1/5 axis, despite lack of evi-
dence at this stage.
Blocking myostatin alone in adult mice induces around 15%

hypertrophy (21, 22), much lower than the anabolic gain reported
here with bimagrumab or combination of the two anti-ActRII
antibodies, which illustrates that other ligands in addition to
myostatin are contributing to the inhibition of skeletal muscle
through these receptors—probably mostly activin A, based on
blood levels (22). Evidence reported in elderly humans treated
with anti-myostatin neutralizing antibody demonstrates a smaller
magnitude of muscle mass changes, such as an appendicular lean
body mass (aLBM) increase of 2–3% (23, 45), while studies con-
ducted in sporadic inclusion body myositis and sarcopenia patients
with bimagrumab demonstrated aLBM changes of 5–6% (41, 42).
Thus, to achieve strong therapeutic benefit in the treatment of

muscle wasting conditions, myostatin inhibition and single activin
type II receptor blockade are both less effective than dual re-
ceptor blockade with the single agent, bimagrumab. If one were
to achieve this same effect with an antibody to the ligands, it
would be necessary to simultaneously inhibit myostatin, activins,
and perhaps GDF11 as well, in those conditions in which it is
elevated (46).

Materials and Methods
Material and Reagents. All recombinant proteins were from R&D Systems and
the hActRIIB19-137-hFc fusion protein was produced internally. Monoclonal
antibodies against ActRIIA (CSJ089 and CQI872) and ActRIIB (CQI876), or both
receptors (CDD861), were identified utilizing human Fab phage display libraries
(HuCAL, HuCAL PLATINUM; MorphoSys AG), selected for neutralization of
myostatin binding to ActRIIA and ActRIIB. Anti-chicken lysozyme Ab (isotype
control Ab), anti-ActRIIA (CSJ089 and CQI872), anti-ActRIIB (CQI876), bima-
grumab, and CDD861 were all obtained from Novartis. “All data relevant to the
article are available upon request without restriction. Materials disclosed herein
may be made available upon request under a material transfer agreement.”
Secondary Ab, anti-human IgG (H+I) Alexa 647 was from Invitrogen.

Affinity Measurement Through Biacore. Surface plasmon resonance (SPR)
measurements were performed using a Biacore T200 equipped with a protein
A sensor chip (GE Healthcare). The human ActRIIA and ActRIIB-Fc proteins (R&D
Systems) were captured at a density of ∼100 resonance unit on the chip. Flow
cell 1 served as a reference. The kinetic binding data were collected by sub-
sequent injections of 1:2 dilution series of the Fabs (ranging from 0.2 to
50 nM). The surfaces were regenerated with 10 mM glycine-HCl, pH 1.5. The

raw data were double referenced, i.e., response of the measuring flow cell was
corrected for response of the reference flow cell, and in a second step, re-
sponse of a blank injection was subtracted. The sensorgrams were fitted by
applying a 1:1 binding model (global Rmax and local RI) to calculate kinetic
rate and dissociation equilibrium constants. Three independent assays
were performed.

Cell Culture. HEK293T/17 cells (ATCC) were stably transfected with a (CAGA)
12-luciferase reporter gene derived from the PAI-1 promoter cloned into
pGL3 reporter construct (Promega) and cultivated in DMEM (4.5 g/L high
glucose, w/o L-glutamine, w/o sodium pyruvate) supplemented with 10% FCS
(Gibco), 1% glutamine (Invitrogen), pen/strep 1× (Invitrogen), 1 mM sodium
pyruvate (Sigma), 5 μg/mL blasticidin (Gibco).

Flow Cytometry Analysis. HEK293T/17 cells were stained with anti-ActRII as
well as isotype control antibodies, and an Alexa Fluor 647-conjugated goat
anti-human IgG secondary antibody. Just before FACS analysis on a FACS-
Calibur instrument, 20 μL of To-Pro solution (Invitrogen) was added and
acquisition performed using FL-1 (dead cell) and FL-4 (Alexa 647) using
Cellquest Pro software. Fluorescent intensity (FL-4) of bound anti-ActRII
antibodies was plotted and the mean fluorescence intensity (MFI) derived.

Reporter Gene Assay. Stable CAGA12-Luc transfected HEK293T/17 cells were
stimulated and the reporter gene activity was measured using Britelite Plus
(Perkin-Elmer), on a spectrophotometer (SpectramaxM5; Molecular Devices).

Animal Efficacy Studies. Animal experiments were performed according to
Swiss animal welfare standards on animal experimentation after approval by
cantonal veterinarian authorities under license number BS-2476. The following
efficacy studies were performed: (i) Dose–response efficacy of the anti-ActRIIA
Ab, anti-ActRIIB Ab, and bimagrumab in naive SCID mice for 4 wk. Twelve-
week-old male CB-17 SCID mice (Janvier Laboratories) were randomized based
on body weight and untreated or treated with weekly s.c. injections of vehicle
(isotype control), anti-ActRIIA Ab (CSJ089), anti-ActRIIB Ab (CQI876), a combi-
nation of both CSJ089 and CQI876, or bimagrumab, at 6 or 20 mg/kg/wk for
4 wk, themice receiving the combination treatment, administered 6 or 20mg/kg
of each Ab, i.e., a total dose of 12 and 40 mg/kg. Body weight was monitored
weekly and on day 28, mice were anesthetized to evaluate their muscle
strength (detailed procedure below). Mice were killed with CO2, serum, and
the gastrocnemius with plantaris muscle, quadriceps muscle, tibialis anterior
muscle, soleus muscle, and the extensor digitorum longus (EDL) muscle were
collected and weighed as well as various organs (heart, liver, white adipose
tissue, kidney, and testis). The tibialis muscle was embedded in OCT and frozen
in liquid nitrogen-cooled isopentane and processed for histological analysis. (ii)
Efficacy study of the anti-ActRIIA Ab, anti-ActRIIB Ab, CDD861, bimagrumab in
naive SCID male mice for 2 wk. Twelve-week-old mice were treated weekly s.c.
with isotype control, anti-ActRIIA Ab (CSJ089), anti-ActRIIB Ab (CQI876),
combination of both CSJ089 and CQI876, dual ActRIIA/ActRIIB Ab (CDD861), or
bimagrumab, all at 20 mg/kg, with an additional group of CQI876 also at
100 mg/kg. Body weight was recorded once weekly and the mice were killed
as specified above. The gastrocnemius muscle and tibialis anterior muscle were
harvested and weighed. (iii) Profiling of anti-ActRIIA Ab, anti-ActRIIB Ab, and
bimagrumab in naive rats for 4 wk. A total of 20 mg/kg of isotype control,
CSJ089, CQI876, or a combination of both Abs, were injected weekly i.v. in
12-wk-oldWistar rats. After 28 d, rats were killed and the tibialis anterior muscle,
quadriceps muscle, and gastrocnemius muscle were dissected and weighed.

In Situ Evaluation of Contractile Function. In mice deeply anesthetized with
isoflurane, the distal tendon of the gastrocnemius muscle was attached to a
force transducer (Grass Technologies). The muscle was stimulated through an
electrode (Hugo Sachs Electronik) on the sciatic nerve adjusted to reach an
optimum length for the development of isometric twitch force. An electric
stimulation was preceded with a single electrical pulse to produce a twitch
response. The voltage of stimulation was adjusted to produce a maximal
twitch response. Muscle was rested for 20 s between twitch responses. Op-
timal muscle lengthwas achievedwhen twitch forcewasmaximal. Themuscle
was stimulated at increasing frequencies from 10 to 160 Hz, with stimulation
for 300 ms and rest for 30 s between successive stimuli. The frequency force
relationship was derived afterward. Maximum absolute isometric tetanic
force was determined from the plateau of the frequency–force relationship.

Statistical Analysis. All results are presented as mean ± SEM and were ana-
lyzed using one- or two-way analysis of variance (ANOVA), differences after
Bonferroni post hoc test were considered statistically significant or unpaired
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two-tailed Student t test according to the experimental design. Values were
considered statistically significant at *P < 0.05; **P < 0.01.

Purification and Crystallization of the Bimagrumab Fab. The bimagrumab Fab
was expressed in Escherichia coli TG1−, purified by metal chelation and
cation exchange chromatography and concentrated by ultrafiltration to
9.8 mg/mL in 10 mM Tris, pH 7.4, 25 mM NaCl. Fab crystals grew from 18%
PEG 5,000 monomethylether, 50 mM Tris pH 8.0.

Expression and Purification of the ActRIIA LBD. The ActRIIA LBD (Uniprot entry
P27037, amino acid residues 20–134) with an APP-tag (EFRHDS) was
expressed in HEK293-6E cells and purified by anti-tag affinity chromatog-
raphy followed by size-exclusion chromatography.

Expression and Purification of the ActRIIB LBD. The ActRIIB LBD (Uniprot entry
Q13705, amino acid residues 24–117) was cloned as a cleavable thioredoxin-
His6 fusion protein, expressed intracellularly in E. coli Shuffle and purified by
metal chelation chromatography.

Purification and Crystallization of the ActRIIB LBD Fv Complex. The Bima-
grumab Fv was expressed in E. coli W3110, purified by metal chelation and
size-exclusion chromatography and mixed with 1.4-fold molar excess of the
thioredoxin-His6 fusion protein. Cleavage of the thioredoxin fusion was per-
formed on the protein complex using PreScission protease. The Fv complex
was then purified by anion exchange and size-exclusion chromatography and
concentrated to 6–10 mg/mL for crystallization screening. Cubic crystals dif-
fracting to 3.35 Å were obtained from 1.4 M ammonium sulfate, 0.1 M

sodium acetate, pH 4.6. Orthorhombic crystals diffracting to high resolution
grew after 2 mo from 0.1 M phosphate-citrate buffer pH 5.4, 40% PEG 300.

Purification and Crystallization of the ActRIIA LBD Fv Complex. The bima-
grumab Fv and the ActRIIA LBD were mixed at a 1:1 molar ratio and the
complex was purified by size-exclusion chromatography, concentrated to
12.6 mg/mL and crystallized. Monoclinic crystals grew from 0.1 M sodium
citrate tribasic, 25% wt/vol PEG 3350.

Crystallographic Data Collection, Structure Determination, and Refinement. All
diffraction data were collected at the Swiss Light Source, beamlines PX-II and
PX-III. Structures were solved by molecular replacement and refined using
standard crystallographic methods.
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