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Introduction

ABSTRACT

Activin A belongs to the TGF-p superfamily and plays an important role in bone metabolism. It was reported
that a soluble form of extracellular domain of the activin receptor type IIA (ActRIIA) fused to the Fc domain of
murine IgG, an activin antagonist, has an anabolic effect on bone in intact and ovariectomized mice. The
present study was designed to examine the skeletal effect of human ActRIIA-IgG1-Fc (ACE-011) in non-
human primates. Young adult female Cynomolgus monkeys were given a biweekly subcutaneous injection of
either 10 mg/kg ACE-011 or vehicle (VEH) for 3 months. Treatment effects were evaluated by
histomorphometric analysis of the distal femur, femoral midshaft, femoral neck and 12th thoracic vertebrae,
by uCT analysis of femoral neck and by biomarkers of bone turnover. Compared to VEH, at the distal femur
ACE-011-treated monkeys had significantly increased cancellous bone volume (+ 93%), bone formation rate
per bone surface (+ 166%) and osteoblast surface (+ 196%) indicating an anabolic action. Monkeys treated
with ACE-011 also had decreased osteoclast surface and number. No differences were observed in
parameters of cortical bone at the midshaft of the femur. Similar to distal femur, ACE-011-treated monkeys
had significantly greater cancellous bone volume, bone formation rate and osteoblast surface at the femoral
neck relative to VEH. A significant increase in bone formation rate and osteoblast surface with a decrease in
osteoclast surface was observed in thoracic vertebrae. uCT analysis of femoral neck indicated more plate-like
structure in ACE-011-treated monkeys. Monkeys treated with ACE-011 had no effect on serum bone-specific
alkaline phosphatase and CTX at the end of the study. These observations demonstrate that ACE-011 is a dual
anabolic-antiresorptive compound, improving cancellous bone volume by promoting bone formation and
inhibiting bone resorption in non-human primates. Thus, soluble ActRIIA fusion protein may be useful in the
prevention and/or treatment of osteoporosis and other diseases involving accelerated bone loss.

© 2010 Elsevier Inc. All rights reserved.

hypercalcemia and hypercalciuria and can be prescribed for only two
years in the US [2,3]. Until now, there are no FDA-approved drugs that

Most of the drugs approved for the prevention and treatment of
osteoporosis (i.e. selective estrogen modulators, bisphosphonates and
calcitonin) act by inhibiting bone resorption and thereby preventing
further bone loss [1]. They do not stimulate new bone formation, and
thus fail to reverse prior bone loss. In contrast, parathyroid hormone
(PTH), the only FDA-approved anabolic agent, increases bone re-
modeling and improves bone mass and microarchitecture [2]. How-
ever, PTH has adverse effects, including nausea, dizziness, headache,
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play dual role in inhibiting bone resorption and also stimulating bone
formation. Thus, there is a clear clinical need to develop anabolic-
antiresorptive compounds since targeting both osteoblasts and osteo-
clasts might be the most effective therapeutic approach to reverse
0steoporosis.

Activins are multifunctional proteins that belong to the TGF-3
superfamily and are composed of four different 3-subunits (BA, BB, BC
and RE) [4,5]. Homo- and heterodimerization of BA and (3B subunits
gives rise to three biologically active glycoproteins, including activin A
(PA-PA), activin B (BB-3B) and activin AB (PA-BB). Activins mediate
their signal transduction cascades through serine-threonine kinase
receptors, including the type I receptors, comprising the activin
receptor-like kinase 2 (ALK2) and 4 (ALK4), and the type Il receptors,
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comprising the activin type IIA (ActRIIA) and type IIB (ActRIIB) [6-8].
Activins bind with high affinity to ActRIIA or ActRIIB receptors leading
to the recruitment and phosphorylation of ALK4 followed by acti-
vation of intracellular signaling molecules, Smad 2 and 3 [9].

Mice with a mutation in the gene encoding the activin BA
subunit have development-related defects in their secondary
palates and die within 24 h of birth while mice deficient in activin
BB are viable, indicating a crucial role of activin PA in craniofacial
development [10]. Activin A is abundantly localized in extracellu-
lar bone matrix but its precise role in bone homeostasis is con-
troversial. It has been shown that activin A enhances the induction
of ectopic bone formation when implanted concurrently with
BMPs [11], increases osteoblast proliferation and collagen synthesis
[12] and stimulates fracture healing [13]. Local injection of activin
A onto the periosteum of parietal bone in newborn rats increases
the thickness of periosteum and bone matrix layers [14]. However,
several studies demonstrated an inhibitory effect of activin A
on osteoblast differentiation in murine, rat, and human in vitro
[15-17]. Additionally, activin A stimulates osteoclastogenesis in
vitro whereas inhibin exhibits an opposite effect [18]. It has been
recently reported that an activin antagonist, the soluble extracellu-
lar domain of ActRIIA fused to a murine IgG2a-Fc (ActRIIA-mFc),
stimulates bone formation, resulting in increased bone mass and
strength in intact and ovariectomized (OVX) mice [19]. In addition,
ActRIIA-mFc decreases osteoclast surface after 2 weeks of treatment
in 12-week-old mice.

The purpose of the present study was to extend previous work by
testing a human ActRIIA-IgG1-Fc fusion protein (ACE-011, Fig. 1) in
non-human primates. We addressed the following questions: (1) does
ACE-011 increase cancellous bone volume in Cynomolgus monkeys, a
species in which bone remodeling is similar to that in humans; (2) if
so, is increased bone volume due to an increase in bone formation, a
decrease in bone resorption or both; (3) does ACE-011 alter cortical
bone mass; and (4) what impact does ACE-011 have on biomarkers of
bone turnover? The skeletal actions of ACE-011 were determined
using bone histomorphometry, uCT and serum markers of bone
metabolism. Our findings indicate that biweekly treatment with
10 mg/kg ACE-011 for 3 months is well-tolerated and acts as anabolic
and antiresorptive agent, increasing cancellous bone mass at various
sites in Cynomolgus monkeys.

Extracellular
Activin Domain
Receptor of ActRIIA
Type lIA
(ActRIIA)

ACE-011
19G,
Immunoglobulin

Fc Domain
of IgG,

Fig. 1. A schematic diagram of human fusion protein of the extracellular domain of
ActRIIA and the Fc domain of IgG; (ACE-011).

Materials and methods
Study design

Young adult female Cynomolgus monkeys (Macaca fascicularis,
n=11) were quarantined and acclimated to laboratory conditions
for 30 days prior to release to a stock colony (Bridge Laboratories,
Maryland). Animals from the stock colony were transferred to an
experimental room and housed individually in stainless steel cages for
7 days prior to experiments. They were fed fresh food twice daily
(Certified Global Harlan Teklad Laboratory 2055C Primate Diet) and
provided water ad libitum. The study room was maintained at 18 to
29 °C, with a humidity range of 30 to 70%, under a 12-h light, 12-
h dark cycle. Animals were provided with environmental enrichment
consisting of visual contact with other non-human primates, food
puzzles (at least three times a week) and/or rubber toys that
remained in the cage. Additionally, fruit and/or other primate treats
were given to the animals periodically throughout the study. All
animal experiments were conducted in accordance with the Institu-
tional Animal Care and Use Committee and in accordance with
provisions of the USDA Animal Welfare Act, the PHS Policy on
Humane Care and Use of Laboratory Animals, and the US Interagency
Research Animal Committee Principles for the Utilization and Care of
Research Animals.

Following acclimatization, eleven monkeys were randomly divid-
ed into vehicle- (VEH, n=5) and ACE-011-treated group (n=6). A
prior pharmacokinetic study indicated that a single subcutaneous
injection of 1, 10 and 30 mg/kg body weight ACE-011 dose
dependently increases serum ACE-011 concentration with an elimi-
nation half-life of 7-9 days (20). Therefore, ACE-011 was adminis-
tered biweekly to determine the skeletal effects and the 10 mg/kg
dose was chosen as an efficacious dose in this animal model.

The monkeys were injected subcutaneous with either PBS (VEH)
or ACE-011 (10 mg/kg body weight) every 14 days for 3 months.
Cageside observations for mortality, moribundity, general health and
signs of toxicity were conducted daily. Clinical observations included
evaluation of skin and fur characteristics, injection site, eye and
mucous membranes, respiratory, circulatory, autonomic and central
nervous systems. Daily qualitative food consumption was evaluated.
Blood samples were collected after an overnight fast from the femoral
vein into serum separator tubes on days 1 (baseline), 15, 29, 43, 57,
71, 85 and 92 of treatment for determination of serum biomarkers of
bone turnover, including bone alkaline phosphatase (ALP) and C-
terminal telopeptide of type I collagen (CTX).

Following VEH or ACE-011 administration on study day 71, all
animals were administered tetracycline (30 mg/kg) by an intrave-
nous infusion pump (12.6 ml/kg/h) through a saphenous vein using
an Advanced 1200 series infusion pump. On study day 85, all animals
were administered calcein (1 mg/kg) as a slow bolus (3 to 5min)
intravenous injection through a saphenous vein. The animals were
euthanized via an intravenous dose of sodium pentobarbital followed
by exsanguination on study day 92. The left femurs and 12th thoracic
vertebrae were removed, cleared of adherent tissues and fixed in 70%
alcohol.

Cancellous bone histomorphometry

Histomorphometry was used to examine changes in cancellous
bone architecture at three different sites, including distal femur,
femoral neck and 12th thoracic vertebra. The 3.5-cm-long distal
femurs were cut using low-speed diamond-edge saw (Isomet Plus,
Buehler, Lake Bluff, IL, USA) and the cortical bone of ventral femurs
were trimmed off to expose distal metaphysis to 70% ethanol. The
distal femur was embedded in methyl methacrylate (Polysciences,
Warrington, PA) with condyle head down. For the femoral neck, the
proximal femurs were clamped in the chuck of low-speed diamond-
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edge saw and femoral head and neck were cut from the shaft. Most of
the femoral head was removed using a grinder-polisher (Phoenix
Alpha and Beta Grinder-Polishers, Buehler, Lake Bluff, IL, USA).
The femoral neck was then fixed in 70% ethanol and embedded in
methyl methacrylate, with the femoral head end down. After nec-
ropsy, the 12th thoracic vertebrae were cut sagittally and transverse
processes were removed. The left side of the vertebral body was
processed for histomorphometric analysis.

Distal femur, femoral neck and vertebra were dehydrated in
ethanol, infiltrated, and embedded without demineralization
in methyl methacrylate. Undecalcified longitudinal sections of the
distal femur metaphysis (8 um thick) were cut with Jung Polycut E
microtome (Leica, Heidelberg, Germany) and mounted unstained
for dynamic measurements. Consecutive sections were cut at 5 um
thickness and toluidine blue stained to quantitate bone cell measure-
ments. The vertebra and femoral neck sections were cut on a Leica RM
2165 microtome (Heidelberg, Germany). All histomorphometric
indices were measured at 25x objective and area of each field is
approximately 0.16 mm?. A sampling site of 10 fieldsx 7 fields was
established in the secondary spongiosa of the distal metaphysis of
femur. The femoral neck was oriented and measurements were made
in the cancellous region comprising 9 fields x 7 fields located centrally
in the section. Vertebral measurements were made 0.8 mm below the
growth plate comprising 14 fieldsx5 fields. Histomorphometric
parameters were carried out semiautomatically using OsteoMeasure
image analyzer (OsteoMetric Inc., Atlanta, GA) and expressed
according to standardized nomenclature [21]. The following measure-
ments were obtained: bone volume per tissue volume (BV/TV, %),
trabecular thickness (Tb.Th, pm), trabecular separation (Tb.Sp, pm)
and trabecular number (Tb.N, /mm). Mineralizing surface per bone
surface (MS/BS, %) was defined as the percentage of double-labeled plus
1/2 single-labeled surface. Mineral apposition rate (MAR, pum/day)
was defined as the mean distance between the fluorescent labels
divided by the interval of 14 days. Bone formation rate was calculated as
the product of MS/BS and MAR and expressed per bone surface referent
(BFR/BS, um?/pum?/year), bone volume referent (BFR/BV, %/year) and
tissue volume referent (BFR/TV, %/year). Osteoblast surface (Ob.S/BS,
%) and osteoclast surface (Oc.S/BS, %) were determined as trabecular
surface covered by large basophilic cuboidal cells and multinucleated
(2 or more nuclei) cells in toluidine blue stained sections, respec-
tively. Osteoblast number (N.Ob/BPm, /mm) and osteoclast number
(N.Oc/BPm, /mm) were counted and expressed per bone perimeter.
Osteoid surface (OS/BS, %), osteoid thickness (O.Th, um) and eroded
surface (ES/BS, %) were measured.

Cortical bone histomorphometry

Cross-sections (150 pm thick) obtained from midshaft of the left
femur using low-speed diamond-edge saw were ground on a grinder-
polisher to approximately 20 pm thick and mounted unstained. Cross-
sectional area (CSA, mm?), cortical area (CA, mm?), medullary area
(MA, mm?), periosteal perimeter (mm) and endocortical perimeter
(mm) were measured at 2.5x objective.

UCT analysis

A high-resolution desktop micro-tomographic imaging system
(nCT40, Scanco Medical AG, Briittisellen, Switzerland) was used
to assess trabecular bone microarchitecture in the mid-femoral neck
region adjacent to where the histomorphometric sections were
taken. Specimens were embedded in plastic. Scans were acquired over
1 mm using a 20 pm isotropic voxel size, 70 kVp and 114 mAs, and
were subjected to Gaussian filtration. A cylindrical volume of interest
(height=1 mm, diameter =4 to 6 mm, depending on size of femoral
neck) including only trabecular bone was identified for each speci-
men. Images were segmented using an adaptive-iterative algorithm

and morphometric variables were computed from the binarized
images using direct, 3D techniques. We assessed bone volume frac-
tion (BV/TV, %), trabecular thickness (Tb.Th, pm), trabecular number
(Tb.N, /mm), trabecular separation (Tb.Sp, pm), connectivity density
(ConnD, /mm3), and structure model index (SMI), which describes
the plate-vs-rod-like nature of the architecture.

Serum analyses

Serum bone-specific ALP

The Ostase assays were performed with the Access Immunoassay
System'" (Beckman Coulter) which provides a quantitative measure-
ment of bone ALP. The Access Ostase assay is a one-step immunoen-
zymatic assay.

Serum CTX

These assays were performed with the Serum Crosslaps® kit from
Nordic Bioscience (Herlev, Denmark) which is an enzyme immuno-
assay kit for the quantitative determination of a type 1 collagen
specific sequence in serum.

Statistical analysis

Results are expressed as mean 4+ SEM. Because of the small sample
size in this study, differences between groups were compared using a
non-parametric Mann-Whitney U test. Measurements at p<0.05
(one-tailed) were considered to be statistically significant. The non-
parametric statistical analyses were performed with GraphPad Prism
version 4.0. Dixon's Q-test was used for testing and removing an
outlier in control group.

Results

Based on previous findings that the pharmacological blockade
of activin signaling through the ActRIIA receptor has skeletal ana-
bolic effect in mice, it was of interest to further examine the effects
of activin antagonist on bone turnover in non-human primates.
Biweekly subcutaneous dosing of 10 mg/kg ACE-011 was generally
well tolerated. No treatment-related changes in clinical observation
were reported over 3-month period. However, there was an incidence
of diarrhea in one monkey on study days 18, 70, 71, 76 and 77 leading
to withdrawal of this monkey from ACE-011-treated group. Gross
pathology revealed no visible lesion in gastrointestinal tract and the
illness was not considered test article related. In addition, one outlier
was found in controls and all data from this animal were eliminated
from the group mean.

ACE-011 stimulated bone formation and inhibited bone resorption in
cancellous bone

Table 1 summarizes the cancellous histomorphometric findings at
distal femur, femoral neck and 12th thoracic vertebra. Compared to
VEH, ACE-011 significantly increased cancellous bone volume by 93%
with a 42% increase in trabecular thickness, 39% increase in trabecular
number and 51% decrease in trabecular separation at the distal femur
metaphysis. Bone formation rate was substantially increased in ACE-
011-treated monkeys, due to significant increases in both mineraliz-
ing surface and mineral apposition rate. Osteoblast surface and
osteoblast number were increased by a factor of 3 in monkeys treated
with ACE-011. In addition, ACE-011 suppressed indices of bone
resorption, including osteoclast surface, osteoclast number and
eroded surface. Similar to the distal femur, ACE-011 treatment led
to an increase in cancellous bone volume at the femoral neck relative
to VEH. The increase in bone volume was associated with increased
indices of bone formation such as mineralizing surface, mineral
apposition rate, bone formation rate expressed per bone surface
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Table 1
Effects of ACE-011 on cancellous bone histomorphometry at three different sites.
Parameters Distal femur Femoral neck Thoracic vertebra
VEH ACE-011 VEH ACE-011 VEH ACE-011
(n=4) (n=5) (n=4) (n=5) (n=4) (n=5)

BV/TV (%) 22.01+3.64 42.4741.90" 40.77 £3.82 53.81+3.53" 26.77 +£3.84 31.88+1.40
Tb.Th (um) 137+10 194+ 11° 176 +£13 211426 120.254+10.39 122.26 +6.60
Tb.N (/mm) 1.58 +0.19 220+0.07" 2.30+0.09 2.664+0.28 220+0.15 2.6240.10"
Th.Sp (um) 532+ 106 262+13" 259423 186 +£32 342 444 261+12"
MS/BS (%) 11.95 +0.98 20.58+£2.61% 9224277 16.47 +0.58" 7.99+1.34 15.89 +3.04"
MAR (um/day) 1.04+0.07 1.58+0.04" 0.8140.05 1.10+0.10" 1.09+0.11 0.96 4-0.08
BFR/BS (um?>/um?/year) 45.05+3.45 120.01+17.86" 28.00+9.04 66.21+6.62" 32914797 55.37+11.25
BFR/BV (%/year) 64.90 +4.59 144.72 +32.69" 34.144+13.71 70.16+9.91 55.63 +15.02 90.99 +17.54
BFR/TV (%/year) 16.07 £+ 2.65 59.82+11.61" 1242 4+3.80 35.92+5.76" 14.02 +2.89 2847 +4383"
N.Ob/BPm (/mm) 3.554+0.37 10.46+0.88* 1.00+0.58 3.224+0.84 2.55+0.82 4.55+0.61
Ob.S/BS (%) 6.7240.60 19.87+1.817 1.52+0.77 487+1.06" 3.504+1.02 6.82+£095"
0S/BS (%) 22.534+4.34 28.944+1.14 8.71+5.41 11.46 +3.62 11.77 £2.99 13.62 +3.86
0.Th (um) 11.84 +0.66 14.15+0.55" 8.89+0.76 9.91+0.52 11.85+1.63 9.54+0.24
N.Oc/BPm (/mm) 0.584+0.19 0.25-+0.04" 0.24+0.09 0.32+0.09 0.21+0.05 0.114+0.03
Oc.S/BS (%) 3.72+0.39 157 +0.26" 1.66 +0.66 2.06+0.57 1.164+0.28 0.46+£0.12"
ES/BS (%) 7.0540.28 446+1.04" 2.744+0.70 2.254+0.15 243+0.11 0.77+£0.17*

Results are mean + SEM. *p <0.05 compared to vehicle.

referent and tissue volume referent and osteoblast surface. However,
osteoclast surface and osteoclast number were similar in VEH- and
ACE-011-treated animals. Fig. 2 shows representative images of distal
femur and femoral neck in VEH- and ACE-011-treated monkeys. In
thoracic vertebrae, monkey treated with ACE-011 exhibited a non-
significant increased cancellous bone volume compared to VEH-
treated monkey. However, bone formation rate was significantly
increased when expressed per tissue volume referent. The increase in
bone formation rate resulted in a 19% increase in trabecular number
and a 24% decrease in trabecular separation. Treatment with ACE-011
increased osteoblast surface and decreased osteoclast surface and
eroded surface relative to VEH controls.

ACE-011 had no effect on cortical bone histomorphometry

The effects of ACE-011 on cortical bone histomorphometry at
femur midshaft are shown in Table 2. There were no differences in
cross-sectional area, cortical area, marrow area, periosteal perimeter
and endocortical perimeter between VEH- and ACE-011-treated
monkeys. A 14-day interlabel interval was not sufficient to separate
the two fluorochrome labels at periosteum and endocortical bone,
preventing the measurement of mineral apposition rate.

ACE-011 changed structure model type toward plate-like architecture

UCT analysis of femoral neck is summarized in Table 3. Monkeys
treated with ACE-011 had slightly higher cancellous bone volume
(p=0.095) and significantly lower (i.e.,, more plate-like) SMI
(p=0.032, Fig. 3). The structure model type changed toward more
plate-like in ACE-011-treated monkeys (Fig. 3). Tb.Th, Tb.N, Tb.Sp and
Conn.D did not differ significantly between VEH- and ACE-011-
treated monkeys.

ACE-011 had no effect on serum bone-specific ALP and CTX levels

Serum levels of bone formation marker ALP and bone resorption
marker CTX in the VEH and ACE-011 group were similar on day 1.
Serum ALP levels showed a trend for an increase at study days 15 and
29 (36-40%), but returned to near baseline levels by the end of the
study (day 92). At the end of the study, there was no change in serum
bone-specific ALP in VEH- and ACE-011-treated monkeys (99.69 +
44,51 vs 126.73 £22.38 ng/ml). These transient early changes in
bone ALP are consistent with those seen in a Phase I study in human

patients (22). CTX levels did not differ between VEH and ACE-011
group at the end of the study (1.78 £0.59 vs 1.86+0.39 ng/ml).

Discussion

The present study investigates the skeletal effects of soluble
ActRIIA fusion protein ACE-011 in non-human primates. Treatment
with 10 mg/kg ACE-011 every 14 days for 3 months was well-
tolerated and not associated with any serious adverse events. ACE-
011 had a positive effect on cancellous bone mass and architecture
primarily at appendicular sites whereas the midshaft diaphyseal
femur, an ideal site for the analysis of cortical bone in non-human
primates, remained relatively unchanged. The increased cancellous
bone volume in ACE-011-treated monkey was due to a marked
increase in bone formation accompanied by either a modest decrease
or no change in bone resorption.

The histomorphometric results reported here confirm previous
findings that the inhibition of activin signaling through the ActRIIA
receptor has anabolic effect in mice [19]. Cancellous bone formation
rate when expressed per tissue volume was increased at distal
femur, femoral neck and thoracic vertebra following administration
of ACE-011. The increase in bone formation rate led to increased
cancellous bone volume. pCT analysis of femoral neck indicated
more plate-like trabecular structure in ACE-011-treated monkeys.
Although changes in cancellous bone volume at thoracic vertebra
were not statistically significant, the magnitude of increase was 19%.
The lack of statistical significance may be related to low sample size
in these studies, or the use of a human Fc molecule in monkeys which
may elicit an antibody response by the monkeys leading to increased
clearance or reduced bioactivity of the drug in a repeat dosing
setting. Serum bone-specific ALP, a marker of bone formation, was no
significant change after 3 months of ACE-011 treatment. Other
studies in monkeys have shown variable responsiveness of bone
biomarkers to increased bone formation associated with anabolic
agents [23,24]. The variable results could be due to different
responses in cortical and cancellous bone or related to the mech-
anism of action of different compounds. However, longer-term
studies would be necessary to detect the effects of ACE-011 on bone
turnover markers. A compression test of 5th lumbar vertebra indi-
cated that ACE-011 increased stiffness, yield force and work to
failure [20]. These findings suggest that the soluble ActRIIA fusion
protein ACE-011 improve mechanical properties.

The actions of ACE-011 may parallel the role of follistatin, an
endogenous soluble protein which binds multiple TGF-p ligands,
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Fig. 2. Representative photomicrographs showing Von Kossa's stain and fluorescent sections from distal femur metaphysis in Cynomolgus monkeys treated with VEH (A, E) and ACE-
011 (B, F) and femoral neck in Cynomolgus monkeys treated with VEH (C, G) and ACE-011 (D, H), respectively.
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Table 2
Effects of ACE-011 on static cortical bone histomorphometric measurements at midshaft
femur.

Parameters VEH ACE-011
(n=4) (n=5)

CSA (mm?) 66.09 +4.83 65.814+2.73

CA (mm?) 41.76 +£2.83 46.41+2.77

MA (mm?) 2433 +£3.97 19.39+1.85

Periosteal Perimeter (mm) 30.66+1.70 29.66 4 0.65

Endocortical Perimeter (mm) 18.11+1.60 15.96 +0.77

Results are mean 4- SEM. CSA, cross-sectional area; CA, cortical area; MA, marrow area.

including activin, and prevents them from interacting with their
receptors [25]. Follistatin is expressed locally in most of tissues that
also express activin [26-30], including muscle, brain, kidney, salivary
gland, liver, adrenal gland, ovary, testis and bone, but is not found at
high levels in circulation, indicating that it may act in a paracrine
manner to block ligand signaling. In bone cells, follistatin transcript is
detected in osteoblasts [30], osteocytes [30] and MC3T3-E1 cells [31].
The extent of mineralization may be regulated by the ratio of activin
A-to-follistatin in mature osteoblasts [17]. In vitro, neutralization
of endogenous activins by follistatin increases matrix mineraliza-
tion through mechanisms that include altered extracellular matrix
composition and maturation. However, the role of ACE-011 in matrix
mineralization will need to be examined further since the ash con-
tent of the L4 vertebrae was not altered in treated animals [20].
Follistatin was shown to play a role in bone development since mice
deficient in follistatin are growth retarded, have abnormal tooth and
craniofacial development and die within hours of delivery [32]. In
addition, follistatin causes a dose-dependent blunting of BMP-
induced osteoclastic bone resorption [33]. These results support
our findings that ACE-011, which is systemically available and
capable of binding to existing activin A, promotes bone formation by
increasing osteoid thickness, mineral apposition rate, mineralizing
surface, bone formation rate and osteoblast surface and decreases
osteoclast surface, leading to increased cancellous bone mass. It
should be noted that follistatin is known to regulate multiple ligands
in the TGF-p family beyond activin A, including BMP-2, 4 and 7 which
may also contribute to the osteoblast effects seen with follistatin
deficiency.

The observed anabolic effects of ACE-011, an activin A antagonist,
on the skeleton are in contrast to a previous report that activin A at
low doses (1-5 pg/kg) markedly increases vertebral bone mass and
mechanical strength in aged OVX rats [34]|. However, in the same
study, a higher dosage of activin A (25 pg/kg) diminishes the
magnitude of these effects, providing evidence that the effects of
activin on skeleton are dose-dependent. It therefore appears that the
pharmacological blockade of activin signaling leads to increased bone
mass in the present study.

Treatment with ACE-011 for 3 months had an inhibitory effect on
cancellous bone resorption, suppressing osteoclast surface and eroded
surface at distal femur and thoracic vertebra. Although a previous

Table 3

Effects of ACE-011 on cancellous bone microarchitecture of femoral neck.
Parameters VEH ACE-011

(n=4) (n=5)

BV/TV (%) 39.46 +3.05 47.23 £2.99
Tb.Th (um) 176 +7 193 +19
Tb.N (/mm) 2.54+0.16 2.80+0.23
Tb.Sp (um) 388429 308439
Conn.D (/mm?) 18.85+2.00 19.91 £ 4.22
SMI (—) —0.13+£031 —120+035"

Results are mean 4 SEM. *p <0.05 compared to vehicle.

Fig. 3. Representative three-dimensional pCT images showing more plate-like
trabecular structure in ACE-011- (B) than VEH-treated monkeys (A).

study indicated that ActRIIA-mFc administration did not have any
effect on bone resorption in OVX mice, it decreased osteoclast num-
ber and eroded surface after 2 weeks treatment in intact mice [19].
However, our findings are in agreement with those of Gaddy-Kurten
et al. and others [18,35], who reported that activin A stimulates
osteoclastogenesis in vitro. It has been shown that activin A stimulates
IkB-a, induces nuclear translocation of phosphorylated-NF«<B and
increases RANK expression in osteoclast precursors [36]. The
inhibitory effects of ACE-011 on bone resorption may be mediated,
in part, by the ability of this compound to negatively regulate the
actions of endogenous activin A and subsequently inhibit osteoclas-
togenesis. Although serum CTX, which measures systemic resorption,
was not significantly altered, our histomorphometry data suggest that
bone resorption might be decreased by ACE-011, at least in part, in
cancellous bone. Indeed, the observed decreases in indices of can-
cellous bone resorption such as osteoclast surface and eroded surface
in the distal femur and thoracic vertebra indicate that bone resorption
was suppressed in monkeys treated with ACE-011.

Recently, a phase I clinical trial demonstrated that a single dose of
ACE-011 caused a dose-dependent increase in serum levels of bone-
specific ALP and dose-dependent decrease in CTX and TRACP 5b levels
in postmenopausal women [22]. These results are consistent with our
findings in monkeys that ACE-011 not only stimulates osteoblast
formation, but also inhibits osteoclast resorption.
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In conclusion, our results indicate that subcutaneous injection of
soluble ActRIIA fusion protein ACE-011 for 3 months has no serious
adverse effect. We detected significant changes in the bone anabolic
effect of ACE-011 in Cynomolgus monkeys. Based on marked increases
in osteoblast surface at distal femur and femoral neck, ACE-011 had
a strong stimulatory effect on bone formation. In addition, ACE-011
served as antiresorptive agent at distal femur and thoracic vertebrae.
These positive findings in non-human primate extend previous
observations in rodents, and provide strong rationale for clinical
investigation of ACE-011 for treatment of skeletal fragility.
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