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A recent study suggests that activin inhibits bone matrix mineralization, whereas treatment of mice with a
soluble form of the activin type IIA receptor markedly increases bone mass and strength. To further extend
these observations, we determined the skeletal effects of inhibiting activin signaling through the ActRIIA
receptor in a large animal model with a hormonal profile and bone metabolism similar to humans. Ten
female cynomolgus monkeys (Macaca fascicularis) were divided into two weight-matched groups and
treated biweekly, for 3 months, with either a subcutaneous injection 10 mg/kg of a soluble form of the
ActRIIA receptor fused with the Fc portion of human IgG; (ACE-011) or vehicle (VEH). Bone mineral density
(BMD), micro-architecture, compressive mechanical properties, and ash fraction were assessed at the end of
the treatment period. BMD was significantly higher in ACE-011 treated individuals compared to VEH: 4 13%
(p=0.003) in the 5th lumbar vertebral body and + 15% (p = 0.05) in the distal femur. In addition, trabecular
volumetric bone density at the distal femur was 72% (p=0.0004) higher than the VEH-treated group.
Monkeys treated with ACE-011 also had a significantly higher L5 vertebral body trabecular bone volume
(p=0.002) and compressive mechanical properties. Ash fraction of L4 trabecular bone cores did not differ
between groups. These results demonstrate that treatment with a soluble form of ActRIIA (ACE-011)
enhances bone mass and bone strength in cynomolgus monkeys, and provide strong rationale for exploring
the use of ACE-011 to prevent and/or treat skeletal fragility.
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Introduction subcutaneous injections, there is a need to find a drug with a more

convenient dosing regimen that preferably maintains or depresses

Two classes of drug therapies, anti-resorptives and anabolics, are
used in the clinical setting to combat osteoporosis-related bone loss
and consequent elevated fracture risk. Anti-resorptives effectively
block the actions of osteoclasts and thereby prevent the worsening of
fracture risk due to continued bone loss, but they are unable to
stimulate new bone formation. Parathyroid hormone (PTH) is the
only FDA-approved anabolic treatment for osteoporosis. Parathyroid
hormone treatment (with either teripartide, 1-34, or the full peptide,
1-84) stimulates bone formation but also increases bone resorption.
The anabolic effects of PTH are prominent in the cancellous bone
compartments but more limited at cortical bone sites [1]. Thus, PTH is
a potent anabolic drug but given the requirement for daily

* Corresponding author. Department of Orthopaedics MSC 7774, University of Texas
Health Science Center at San Antonio, 7703 Floyd Curl Dr., San Antonio, TX 78229, USA.
Fax: +1 617 567 6295.

E-mail address: fajardor@uthscsa.edu (RJ. Fajardo).

8756-3282/$ - see front matter © 2009 Published by Elsevier Inc.
doi:10.1016/j.bone.2009.09.018

bone resorption while increasing bone formation.

Activin A, a member of the transforming growth factor beta (TGF-p)
superfamily, has been reported to have differing roles in bone
metabolism and repair. The roles of activin have been characterized
as inhibiting osteoblast differentiation [2], inhibiting bone minerali-
zation [3], promoting osteoclastogenesis [4-6], regulating modeling
and formation of the bony palate and long bones [7-9], and
promoting fracture healing [10,11]. As a member of the TGF{
superfamily, which includes the bone morphogenetic proteins, it is
not surprising that activin A influences bone metabolism, but its exact
role(s) remain to be determined. In vitro studies suggest that activin
inhibits bone matrix mineralization, whereas follistatin, a soluble
protein that sequesters activin A, promotes matrix mineralization [3].
In vivo treatment with a soluble form of the activin A type II receptor
(ActRIIA) to sequester activin and block the signaling pathway
corroborates this negative effect of activin A on bone formation
[12]. Intermittent treatment of mice with a soluble murine ActRIIA
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fusion protein significantly increases trabecular and cortical bone
volume, strength, and bone formation rate with no concomitant
stimulation of bone resorption [12].

The recent work demonstrating a bone anabolic effect due to
activin A inhibition strongly suggests that further investigation of
this signaling pathway may lead to the development of a novel
anabolic therapy for bone fragility. The goal of this study was to
further characterize the efficacy of the ActRIIA fusion protein to
promote bone formation in nonhuman primates. The cynomolgus
macaque primate model is a logical next step because it is larger in
body mass, shares many similarities with humans in the female
hormonal profile, and also has intracortical remodeling [13]. Based
on prior in vivo results with the soluble ActRIIA binding protein, we
predict that treatment will result in increased bone density, as well
as improved trabecular micro-architecture and bone strength. Here
we report the effects of short-term treatment (7 doses over
3 months) with the human ActRIIA fusion protein ACE-011 on
cancellous and cortical bone of the axial and appendicular skeleton
in cynomolgus monkeys.

Materials and methods
Pharmacokinetics of ACE-011 in cynomolgus monkeys

All of the protocols described below were approved by the
Institutional Animal Care and Use Committee. Nine male cynomol-
gus monkeys (Macaca fascicularis) were divided into three groups
and dosed by a single subcutaneous (SC) injection of ACE-011 at 1.0,
10.0 and 30.0 mg/kg. Blood was collected from the femoral vein
prior to dosing and at 0.25, 0.5, 1, 4, 8, 24, 48, 96, 168, 252, 336, 504
and 672 h following SC administration of ACE-011. For plasma
analyses, blood was collected in tubes containing dipotassium
ethylenediaminetetraacetic acid (anticoagulant) and stored frozen
until analyzed. Plasma samples were assayed using a competitive
ELISA format to minimize non-specific binding. A rabbit anti-goat
IgG antibody (Southern Biotech) was coated onto a 96-well
microtiter plates. Plates were blocked to minimize non-specific
binding. Reference standard and test samples were diluted in
normal cynomolgus monkey plasma and added to the plates.
Biotinylated ACE-011 (300 ng/mL) was then added to the plates
followed by a goat anti-ActRIIA antibody (1200 ng/mL, R&D
systems). Plates were incubated for 2 h at room temperature and
then washed. Plates were incubated with streptavidin-conjugated
alkaline phosphatase and PNPP substrate was added to produce a
colorimetric reaction in direct proportion to the concentration of
biotinylated ACE-011 captured on the plates. Plates were read on a
Versamax Plate reader (Molecular Devices) and quantified with
SOFTmax Pro (Molecular Devices, v 4.8). Data were analyzed by
non-compartmental analysis using WinNonLin Professional Edition
(Pharsight Corporation, v. 5.0.1).

Effects of ACE-011 treatment on bone mass and strength

After a 30-day quarantine and a subsequent 30-day acclimatiza-
tion period, eleven young adult cynomolgus females (ages approxi-
mately 3-5 years) were split into two weight-matched groups. One
group was treated with vehicle (VEH) (10 mM TBS, n=5, weight
range: 2.0-3.8 kg, average weight=2.6 kg + 0.7) and the other was
treated with a soluble human form of the ActRIIA fusion protein (ACE-
011) (n=6, weight range, 2.0-3.1 kg, average weight =2.5 kg + 0.4).
The ActRIIA fusion protein contains the extracellular domain of the
activin A type Il receptor, the Fc domain of human IgG; and is similar
in structure to the murine form of this fusion protein [12]. The ACE-
011 was provided biweekly for 3 months (7 total doses) as a 14.5 mg/
mL solution and was dosed at 0.69 mL/kg for a subcutaneous dose of
10 mg/kg (or an equal volume of VEH). Animals were fed a diet of

standard monkey chow (Certified Global Harlan Teklad Laboratory
2055C Monkey Diet) and given water ad libitum. The diet was also
supplemented with fruits and vegetables periodically. Temperature
and humidity were closely monitored in the animal rooms and
12-h light/dark cycles were provided. Animal enrichment consisted of
food puzzles and a variety of rubber toys that remained with each
individual. One female became transiently ill with persistent diarrhea
and no appetite over a 72-h period during the study so she was
eliminated from further assessments. Veterinary observations during
the study indicated that all animals, including VEH and ACE-011
treated, experienced transient bouts of diarrhea, soft feces, vaginal
discharge, and appetite loss, but these were not considered test article
related. Necropsies performed on another set of female cynomolgus
monkeys given this dose and higher doses did not show any
gastrointestinal abnormalities resulting from ACE-011. This suggested
that the lone female's illness was not treatment-related, but the
impact on the study was uncertain so the animal was removed from
the analysis.

At the end of the treatment period, animals were euthanized and
specimens collected for detailed analysis. In particular, the right femur
and lumbar vertebrae were harvested fresh, wrapped in saline soaked
gauze and frozen at — 20 °C. Planar X-ray films of the bone specimens
indicated that the growth plates remained open in one individual
from each group. The effects of ACE-011 on the skeleton were
assessed using dual-energy X-ray absorptiometry (DXA), peripheral
quantitative computed tomography (pQCT), micro-computed tomog-
raphy (UCT), mechanical testing, and bone ashing.

Areal bone mineral density by dual-energy X-ray absorptiometry

Areal bone mineral densities (aBMD, mg/cm?) of excised right
femora and 5 lumbar vertebrae were determined using dual-energy
X-ray absorptiometry (QDR4500, Hologic Inc, Bedford, MA). During
scan acquisition, femora and vertebrae were placed on a 2.5 cm thick
lucite platform which simulated the X-ray attenuation of soft tissue.
Vertebrae were positioned on their side, such that X-rays passed
through in the medio-lateral direction, and a region of interest
encompassing only the vertebral body was used to assess BMD.
Femora were scanned with X-rays passing in the antero-posterior
projection, and the region of interest included the whole femur and a
region (2 mm in height) in the distal femoral metaphysis.

Volumetric bone mineral density by peripheral quantitative computed
tomography

Right femora were scanned using a XCT Research SA (Stratec,
Pforzheim, Germany). Two scans were acquired per femur. First, three
slices (0.5 mm interslice spacing) were acquired in the distal femoral
metaphysis to measure trabecular bone mineral density (VBMDryy).
These scans included trabecular and cortical bone. The middle slice
was positioned at the 88% length mark of the femur (from the
proximal-most point on the greater trochanter, see Fig. 1). Next, three
slices (0.5 mm inter-slice spacing) were acquired at the midshaft to
calculate cortical bone mineral density (VBMDc.). All scans were
completed with the following settings: 50 kV, 6 mm aluminum
filter, 300 pA, and 0.100 mm cubic voxels. To assess vVBMDr, in the
metaphysis independent of the cortical bone, an iterative contour
detection script was used to delimit the periosteal boundary and an
attenuation coefficient gradient contour detection method was used
to delimit the trabecular bone compartment. The iterative contour
detection (contour mode 2 in Stratec software v 5.5) method to
identify the periosteal boundary uses a linear attenuation coefficient
threshold set by the software and then identifies the first bone pixel.
This pixel is then compared to its adjacent pixels to determine
contiguity. If contiguity is determined, then a region growing process
begins to identify the outer bone boundary. After the periosteal
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Fig. 1. X-ray image of a cynomolgus macaque femur with the locations of the (A)
metaphyseal and (B) midshaft pQCT scans. At each site, three slices were acquired. The
dashed line represents the location of the second or middle slice in each suite of pQCT
scans.

boundary is identified, then the gradient contour detection method
(peel mode 5 in Stratec software) is used to isolate the trabecular
bone compartment. For every periosteal boundary bone pixel, a line of
pixels perpendicular to the outer bone surface is identified. The pixel
identified as closest to the average linear attenuation coefficient value
of the first maximum and minimum across the endosteal boundary
(similar to the full width half maximum thresholding technique) is
marked as the limit of the trabecular bone compartment. This process
is repeated until the full trabecular bone compartment is delineated.
Lastly, a threshold of 169 mg HA/cm?> was applied to segment the
trabecular bone from the background and quantify the vBMDy,. Three
slices were used to calculate the mean vBMDy, for the vehicle and
ACE-011 treated groups.

Cortical bone mineral density in the midshaft was assessed by
application of a threshold of 710 mg HA/cm?® to segment the bone
from the background. After thresholding, the vBMD, was calculated.
Three slices were used to calculate the mean vBMD¢, for the vehicle
and ACE-011 treated groups.

Micro-architecture of L5 vertebral bodies

Micro-computed tomography (Scanco pCT-40, Briittisellen, Swit-
zerland) image data were acquired of the L5 vertebral body. Bones
were immersed in saline and scanned with the following settings:
70 kV, 114 mA, 36 mm field of view (FOV), and 0.036 mm isotropic
voxels. The 3D trabecular and cortical bone structure of the
vertebral bodies were assessed. Prior to structural evaluation,
trabecular bone volumes of interest (VOI) were created manually,
with the VOI boundary approaching the endosteal border of the
cortical shell (Fig. 2a). The first slices of the trabecular bone VOI were
positioned ten slices caudal to the last visual appearance of the cranial
growth plate. The last image slice of the VOI was positioned ten slices
cranial to the caudal growth plate. The average number of slices in the
VOI was 300 (range 236-376 slices). Cortical bone VOI were
constructed by manually outlining the periosteal and endosteal
surfaces of the ventral cortical shell (Fig. 2b). The cranial and caudal
boundaries of these ROI were the same as those for the trabecular
bone VOLI. The trabecular bone structural variables quantified in the L5
vertebral bodies included the bone volume fraction (BV/TV),
structural model index (SMI), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), and the degree of
anisotropy (DA). The thickness of the ventral cortical bone shell
(Ct.Th) was also quantified.

Fig. 2. Micro-computed tomography grayscales images showing the L5 vertebral body.
The trabecular bone volume of interest (a) approached the endosteal boundaries of the
vertebral body. The cortical bone volume of interest (b) encompassed the ventral
cortical shell.

Prior to all structural analyses, a constrained Gaussian filter was
used to suppress noise. The filter width (0.8) and filter support (1)
were kept constant for all samples. Volumes of interest were
individually thresholded using an automated, iterative algorithm
previously described [12,14-18].

Compressive mechanical properties of lumbar vertebrae

The posterior elements of all L5 vertebrae were removed using a
small rotary hand saw. Intact vertebral bodies were embedded in
square plastic end caps filled with polymethylmethacrylate (PMMA).
Two millimeters of each end (cranial and caudal) were immersed in
the PMMA using a custom-made micrometer-embedding jig. During
the embedding process specimens were kept hydrated by spraying
them with physiologic saline and wrapping exposed portions of the
bone with saline-soaked gauze.

Specimens were mechanically tested in uniaxial compression
using a custom-made moment-relief platen on a servo-hydraulic
materials testing system (8511, Instron, Norwood, MA). All tests were
conducted in displacement control and followed previously reported
protocols for cynomolgus monkeys [19,20]. Specimens were com-
pressed 0.075 mm/s (apparent strain rate 0.005 per second) to 30%
deformation (4 mm) using a 10-kN load cell. Load and displacement
data were recorded at 100 Hz. We recorded the yield strength,
stiffness, failure strength, and work to failure from the load-
displacement data. The stiffness was calculated as the slope of the
linear portion of the load-displacement curve at a 0.2% offset. The



RJ. Fajardo et al. / Bone 46 (2010) 64-71 67

a 160

140

120

100

80

60

Cmax (ugfmL)

40

20

R2=0.9934

0 5 10 15

20 25 30 35

Dose (mg/kg)

100

ACE-011 (ug/mL)
=

0.1

—O—1mg/kg
—0—‘10mg/kg
+30mg/kg

0 48 96 144192240288336384432480528576624672720

time (HR)

Fig. 3. Subcutaneous administration of ACE-011 demonstrates a dose dependent linear pharmacokinetic profile (a) r? = 0.993 with a serum half-life (b) of 7-9 days.

failure strength was identified as the first post-yield plateau in load-
displacement curve and work to failure was calculated as the area
under the curve up to the failure strength.

Ash content

Trabecular bone cores (4 mm diameter and 8 mm length) from the
4™ Jumbar vertebral body were incinerated to determine their relative
mineral content. First the marrow was removed from the bone cores
by sonic agitation. Then the bone cores were placed in custom-made
aluminum foam cups (of known weight) and dehydrated at 75 °C for
3 days. During these 3 days each bone core was weighed to the

thousandths of grams, every 24 h with a digital scale (Analytical Plus
Scale, Ohaus, Pinebrook, NJ) in order to identify the point at which
their weight ceased to change (dry weight). After dehydration, the L4
cores were ashed at 600 °C for 6 h and weighed again to determine ash
weight. The relative ash content was calculated by multiplying the
ratio of ash weight to dry weight by one hundred.

Statistical analyses
Group means and standard deviations were calculated and one-

way analyses of variance were used to compare the treatment effects
of ACE-011 to the VEH. A non-parametric equivalent test (Wilcoxon)

Table 1
Pharmacokinetic parameters.
Group Dosing frequency Dose (- AUC 0-672 AUCinf CL Vss tizh
(mg/kg) (pg/mL) (pg-h/mL) (pg-h/mL) (mL/h/kg) (mL/kg)
1 Single SC dose 1 9.05 2275 2415 0.41 99.6 167
2 10 57.4 13,583 14,839 0.67 176.6 181
3 30 1335 31,128 35,841 0.84 260 215
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was used to compare ACE-011 and VEH results when a Kolmogorov-Z
test indicated that one group's data were not normally distributed. All
significance tests were one-tailed since we hypothesized that ACE-
011 would lead to increased bone mass, density, improved micro-
architecture, and mechanical properties of bone. This hypothesis
derived directly from the demonstrated bone anabolic effects of an
ActRIIA fusion protein in mice [12]. The significance threshold (o) was
set to 0.05.

Results
Pharmacokinetics

A single SC dose administration of ACE-011 at 1.0, 10.0, or
30.0 mg/kg to male cynomolgus monkeys was well tolerated and
displayed a linear pharmacokinetic profile (Fig. 3a) with mean area
under the plasma concentration curve from zero to 672 h (AUCq_g72nr)
values of 2275; 13,583; and 31,128 pg h/mL, respectively (Table 1).
The ACE-011 profile was biphasic, characterized by a rapid absorption
phase and a slow elimination phase, as expected for extravascular
administration (Fig. 3b). The maximum plasma concentration (Cpax)
values were 9.05, 57.4, and 133.5 pg/mlL, respectively and were
reached within 48 h. The mean terminal elimination half-life (t;,2)
ranged from 7 to 9 days and the clearance (CL) ranged from 0.41 to
0.84 mL/kg/h. The observed pharmacokinetic properties were
considered typical of an antibody or antibody fusion protein (i.e.,
low CL, volume of distribution (Vss) and a long t;,5).

Areal and volumetric BMD

Monkeys treated with ACE-011 had higher vertebral (+ 13%,
p=10.003) and distal femur aBMD (+ 15%, p=0.03) compared to VEH
(Table 2). There was no significant difference in the total femur BMD
measurement. ACE-011 treatment resulted in a 72% higher vBMDr;, in
the distal femur compared to VEH (p=0.0004, Fig. 4). In contrast,
vBMD¢; (tissue mineral density) and cortical bone area at the femoral
midshaft were similar in the VEH and ACE-011 treated groups (Fig. 5).
In addition, cortical thickness (VEH=1.7 mm+0.1, ACE-011=1.8
mm =+ 0.2), periosteal perimeter (VEH=22.2 mm4+ 2.1, ACE-
011=22.1 mm+ 1.2), and endosteal perimeter (VEH=13.2 mm+ 1.8,
ACE-011=12.1 mm = 1.4) were also similar between groups.

Vertebral micro-architecture

Trabecular bone volume (BV/TV) was significantly greater in the
L5 vertebral body of ACE-011 treated monkeys (+ 16%, p=0.002,

Table 2
Means (standard deviations) of the BMD, vertebral micro-architecture, and percent ash.
VEH ACE-011 Change
DXA-BMD
Vertebral BMD (mg/cm?) 4324 (26.4) 489.2 (20.8)* +13%

Total femur BMD (mg/cm?) 395.6 (35.6) 429.6 (27.2) +8%
Distal femur BMD (mg/cm?) 294.8 (34.9) 3394 (26.3)* +15%
L5 vertebral micro-architecture
BV/TV (%) 33.8 (2.6) 392 (1.7)** +16%
SMI (—) 0.70 (0.25) 0.09 (0.20)**  —87%
Conn.D (mm™3) 15.57 (2.20) 2021 (5.82) +30%
Tb.N (mm~") 2.0 (0.1) 2.23 (0.2)* +11%
Tb.Th (mm) 0.191 (0.009)  0.187 (0.015) —2%
Tb.Sp (mm) 0.456 (0.037) 0392 (0.045)*  —14%
DA (1) 1.3 (0.1) 1.3 (0.1) =
Ct.Th (mm) 0.428 (0.036)  0.448 (0.056) +5%
Ash
Percent ash 61.7 (1.5) 62.3 (2.2) 0.9%

Asterisks indicate significant difference between VEH and ACE groups: *p<0.05,
Kok
p<0.01.
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Table 2 and Fig. 6). This increase in BV/TV was associated with an
increase in Tb.N (4 11%, p=0.04) and a decrease in the structure-
model index (—87%, p=0.002), suggesting that ACE-011 is producing
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ACE-011

Fig. 6. Micro-computed tomography grayscale images of a VEH and ACE-011 treated L5 vertebral body shown in coronal section. The trabecular bone BV/TV increased 16%
(p=0.004) in the ACE-treated monkeys. In these selected images, VEH L5 trabecular BV/TV = 34% and ACE L5 trabecular BV/TV = 39%.

more plate-like structures compared to the VEH-treated monkeys. A
trend was also seen in the ACE-011 treated monkeys towards greater
connectivity density (+30%) though this did not reach statistical
significance. Trabecular thickness and the thickness of the anterior
cortex did not differ between groups.

Mechanical properties

Compared to VEH, ACE-011 treated animals showed consistent
improvements in the compressive mechanical properties of the
vertebral bodies. ACE-011 treated females had increased compressive
stiffness (23%, p=0.055), yield force (23%, p=0.06), failure load
(23%, p=0.08), and work to failure (46%, p=0.05) (Fig. 7).
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The relative ash contents for both the VEH- and ACE-011-treated
groups were approximately 62% (Table 2) and did not differ by
treatment.

Discussion

This study assessed the skeletal effects of activin inhibition in a
large animal model via a soluble ActRIIA fusion protein (ACE-011)
that sequesters activin A. We hypothesized that treatment with ACE-
011 would increase bone mass and strengthen the mechanical
properties of bone. The cynomolgus monkey (Macaca fascicularis)
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Fig. 7. ACE-011 improved the compressive mechanical properties of the L5 vertebral bodies. ACE-011 treatment resulted in strongly positive trends in vertebral body (a) stiffness
(+23%), (b) yield force (+23%), and (c) failure load (4 23%) consistent with increased bone mass. Finally, the (d) work to failure increased 46% in the ACE-011 treated females.

*p<0.05.
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model was chosen based on its size, the similarity in its monthly
hormonal profile to humans, and the fact that nonhuman primates,
like humans, remodel cortical bone [13,21]. Overall, the results
indicate that the soluble fusion protein ActRIIA (ACE-011) improved
bone mass, microarchitecture, and the compressive mechanical
properties of the L5 vertebral body, but did not alter the bone tissue
mineral density.

A variety of methods was used to assess the quantitative response
of the skeleton to activin inhibition and the patterns to these results
were consistent. ACE-011 treatment improved trabecular bone density
in the femur and L5 vertebrae (DXA-based, pQCT-based), as well as L5
microarchitecture (UCT) and compressive mechanical properties.
Parameters such as the L5 trabecular connectivity density, L5 vertebral
body yield load, and L5 failure load also demonstrated improvements
consistent with increased trabecular bone mass even though these
results were just beyond the margin of statistical significance. The
anabolic effects of activin inhibition in these primates are consistent
with the work previously completed on mice. A murine form of the
ActRIIA fusion protein (RAP-011) stimulated trabecular bone forma-
tion in the axial and appendicular skeletons, as well as improved L5
compressive mechanical properties [12].

The anabolic response to treatment with ACE-011 in cynomolgus
monkeys appears to have some anatomical site dependence. Distal
femur trabecular bone density increased 72% but the L5 trabecular
BV/TV only increased 16%. A similar site specific response to ACE-011
was observed in mice, where distal femur and L5 vertebral body
trabecular BV/TV increased 248% and 51%, respectively [12]. These
site specific differences may result from baseline differences in
trabecular bone turnover rates, where rodent data have shown that
histological markers of trabecular bone turnover are higher in the
distal femur and proximal tibia than in lumbar vertebral bodies [22-26].
Moreover, the site specific sensitivity to ACE-011 is unlikely a result of
quantitative methodological differences. Three-dimensional pQCT-
calculated vBMD (apparent density) and 3D pCT calculated BV/TV are
related and highly correlated variables.

The ash fraction results potentially shed light on the role of activin
in bone metabolism. Eijken et al. [3] reported that activin specifically
regulated the matrix mineralization process, instead of regulating the
amount of matrix deposited. They assumed that decreased in vitro
calcium production was caused by activin inhibiting or halting the
mineralization of the osteoid matrix deposited by osteoblast popula-
tions. Through this interpretation, it was also assumed that the
amount of osteoid matrix deposited by activin-treated osteoblasts
was unchanged compared to the controls or a follistatin-treated group
(the latter treatment resulted in more calcium per well). However,
our data do not appear to support the concept that activin inhibition
affects the process of osteoid matrix mineralization. The similar ash
fraction results in this study strongly suggest that the higher BMD
values in ACE-treated individuals result from increased bone mass
instead of an alteration in the balance between osteoid matrix
deposition and its mineralization. This increased mass could be
attained by either enhanced matrix production by osteoblasts,
increased osteoblast proliferation, or both. Preliminary work by our
group [27] suggests that both mechanisms are responsible for the
increased bone mass in the ACE-011 treated group. Activin is a known
regulator of cell proliferation in a variety of cell types [28] but its
potential impact on the rate of matrix deposition is new. Interestingly,
activin inhibition using ACE-011 has a similar effect on bone mass and
strength as inhibin, which is another member of the TGF-p
superfamily. The similar outcomes of ACE-011 and inhibin treatment

are not surprising since inhibin also sequesters activin and prevents
ligand binding [29].

This study indicates that ACE-011, like PTH, increases bone mass in
non-human primate metaphyseal regions and vertebral bodies, and
improves the compressive properties of lumbar vertebral bodies [30-33].
The pharmacokinetic profile of ACE-011 demonstrates bioavailability by

subcutaneous administration and is favorable for intermittent dosing
regimens. Nevertheless, a few limitations of this study need to be
addressed. First, the dosing regimen lasted 3 months in small
experimental groups. Although the results indicated a strong anabolic
response to this short-term ACE-011 administration with no adverse
effects on soft tissues and organs (data not shown), more and larger
studies are necessary to understand the long-term impact of activin
inhibition. This small primate study, like the initial primate PTH
investigations [33], was necessary to corroborate the anabolic effects
initially observed in rodent models. Further studies in ovariectomized
(OVX) individuals will be needed to determine whether ACE-011 has the
capacity to return bone mass levels to normal in an estrogen-depleted
non-human primate model. The fact that the murine form of the ActRIIA
fusion protein returned OVX bone mass levels to normal in mice [12]
suggests that ACE-011 will be similarly effective in non-human primates.

In summary, this study contributes to a growing body of evidence
suggesting that activin negatively regulates bone mass acquisition.
Short-term and infrequent dosing with ACE-011 can have profoundly
positive consequences on bone quality. In addition, image data
(pQCT) and preliminary histology data suggest that ACE-011 does
not induce cortical bone porosity due to increased turnover, unlike
PTH [30]. The fact that activin inhibition has now been shown to
improve bone mass, architecture, and mechanical properties in mice
and non-human primates suggests that a new treatment for
pathologic bone loss may exist.
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