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Abstract

HIV-infected individuals are at an increased risk of osteoporosis despite effective viral
suppression. Observations that myostatin null mice have increased bone mass led us to
hypothesize that simian immunodeficiency virus (SIV)-associated bone loss may be attenuated by
blocking myostatin/TGFp signaling. In this proof-of-concept study, pair-housed juvenile male
rhesus macaques were inoculated with SIVmac239. Four weeks later, animals were treated with
vehicle or Fc-conjugated soluble activin receptor 11B (ActR2B-Fc, iv. 10 mg * kg~ * week™1) —
an antagonist of myostatin and related members of TGFp superfamily. Limb and trunk bone
mineral content (BMC) and density (BMD) using dual-energy X-Ray absorptiometry, circulating
markers of bone growth and turnover, and serum testosterone levels were measured at baseline and
during the 12-week intervention period. The increase in BMC was significantly greater in the
ActRIIB.Fc-treated group (+8 g) than in the placebo group (-4 g) (p < 0.05). BMD also increased
significantly more in the ActRIIB.Fc-treated macaques (+0.03 g/cm?) than in the placebo-treated
animals (+0 g/cm?) (p < 0.005). Serum osteocalcin was about two-fold higher in the ActRI1B.Fc-
treated group than in the placebo group (p < 0.05), but serum C-terminal telopeptide and
testosterone levels did not differ significantly between groups. The expression levels of TNFalpha
(p < 0.05), GADDA45 (p <b 0.005), and sclerostin (p < 0.038) in the bone-marrow were
significantly lower in the ActRIIB.Fc-treated group than in the placebo group.

Conclusion—The administration of ActRIIB.FC in SIV-infected juvenile macaques significantly
increases BMC and BMD in association with reduced expression levels of markers of bone
marrow inflammation.
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1. Introduction

Although antiretroviral therapy has profoundly reduced morbidity and mortality associated
with human immunodeficiency virus (HIV) infection, the loss of bone mass remains a
significant concern even among HIV-infected individuals on highly active anti-retroviral
therapy [1-5]. The past decade has witnessed considerable investment in the development of
novel pharmacologic therapies for the treatment of musculoskeletal decline associated with
HIV and other chronic diseases. Among the novel pharmacologic therapies in development
are function-promoting drugs such as myostatin antagonists and selective androgen receptor
modulators. Myostatin is a highly conserved member of the TGFp superfamily and is
expressed in adult skeletal muscle as well as in the adipose tissue and the cardiac muscle [6—
8]. Spontaneous mutations in myostatin gene are associated with muscle hyperplasia and
hypertrophy in a number of mammalian and non-mammalian species [9-12]. Conversely,
over-expression of myostatin is associated with loss of muscle mass [13-15].

Several strategies to inhibit myostatin action have been tested for their ability to increase
muscle mass in postnatal life in preclinical models and in a limited number of human trials
[16-18]. These studies have revealed new roles for myostatin in other physiological systems,
including the bone. Myostatin null mice exhibit increased bone strength and bone mineral
density in limbs, trunk, and jaw compared to wild type mice [19-23]. Like other members of
TGFp superfamily, myostatin activates signaling upon binding to a heterodimeric complex
made up of type 2 receptors activin receptor 2B/2A and type 1 receptors activin receptor-like
kinase 4/5 (Alk4/5) [24]. Activin receptor I1B is expressed on the surface of many cell types
including osteoblasts [25]. In a recent single ascending-dose study, ActRIIB.Fc increased
serum bone-specific alkaline phosphatase and decreased serum C-terminal type | collagen
telopeptide levels in healthy post-menopausal women [26]. ActRIIB.Fc increases bone mass
in both limbs and vertebrae [27] and prevents bone loss caused by androgen deprivation in
mice [28]. The bone anabolic effect of ActRIIB.Fc is observed even in myostatin null mice
[27], suggesting the involvement of additional TGFB/BMP ligands [29-31].

Chronic HIV infection has been associated with osteoporosis and an increased risk for
fractures [32—-34]. Furthermore, increased myostatin expression has been shown in HIV-
infected patients with wasting [35]. Juvenile macaques experience a failure to thrive and
bone loss when inoculated with SIV in a manner similar to that observed in HIV-infected
children [36]. Accordingly, we conducted a proof-of-concept placebo-controlled trial in a
nonhuman primate model of SIV-infection to test the hypothesis that administration of an
ActRIIB.Fc ligand trap would attenuate the loss of bone mass associated with SIV-infection.
The SIV model closely parallels the human disease and, therefore, was utilized to study the
effects of ActRIIB.Fc on bone mineral content, bone mineral density, and bone markers.
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2. Methods

Male rhesus macaques were pair-housed in a centralized Animal Biosafety Level 2
(ABSL-2) facility at the New England Primate Research Center and were maintained in
accordance with the Guide for the Care and Use of Laboratory Animals (ILAR, 8th edition,
2011). The study protocol was approved by Harvard Medical School’s Standing Committee
on Animals. Macaques were fed a certified commercial primate diet (8714; Teklad) and
provided fresh water ad libitum.

2.1. Animal assighment

Fourteen male juvenile (2.5-3-year-old) rhesus macaques (Macaca mulatta) were studied.
All macaques were inoculated intravenously with SIVmac239 (50 ng of p27 viral-antigen
equivalent) and randomized into two groups with seven animals per group based on age and
major histocompatibility complex status. Four weeks after SIV inoculation, the treated group
was injected from weeks 4 to 16 with ActRIIB.Fc (10 mg/kg/week, intramuscular), an
experimental grade biologic provided by Dr. Carl Morris (Pfizer, Inc., Cambridge, MA,
USA). The animals in the control group received weekly injections of an equal volume of a
saline placebo.

The details of the baseline characteristics and longitudinal health status during the
intervention period have been published [37]. One animal in the treated group was
euthanized due to early AIDS-like symptoms. Among the 13 animals that completed the
study, two were excluded because of unusually higher levels of serum testosterone than the
other animals, likely caused by the earlier than expected onset of puberty. Another animal in
the control group was excluded as it showed large gains in body mass and bone mass during
the experimental period (above 3 times interquartile range outlier limit calculated for the rest
of the sample), whereas all other animals in its group lost body mass or bone mass, as
expected [38].

Dual energy X-ray absorptiometry (DXA) scans were performed with a total body scanner
(Lunar, GE Healthcare, Westborough, MA, USA), by generating x-rays at 2 energy levels
(40 and 70 kVp) as previously described [38]. Animals were sedated with Ketamine HCI (10
mg/kg) intramuscularly. A series of transverse scans were obtained from head to toe, at 1-cm
intervals. Data were collected for ~120 pixel elements/transverse scan, with a pixel size of 5
x 10 mm. Bone mineral density (BMD) and bone mineral content (BMC) were derived
using the computer algorithms provided by the manufacturer. As the juvenile macaques
included in the study were still growing, bone mineral content was used as the primary
outcome.

2.2. RT-gPCR

Bone marrow was harvested from the femur bone at the time of necropsy and stored frozen
at —80°C. Tissue samples were homogenized in 3 volumes of Trizol (#15596018, Invitrogen,
Carlsbad, CA, USA) on ice. RNA was purified using RNeasy mini kit (#74134, Qiagen,
Valencia, CA, USA). Single strand cDNA was synthesized using ProtoScript® First Strand
cDNA Synthesis Kit (#E6300S, New England Biolabs, Ipswich, MA, USA) following the
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manufacturer’s instruction. Real-time PCR was performed using SYBR master mix on an
ABI 7500 Sequence Detection System (Thermo-Fisher, Waltham, MA, USA). Primer
sequences are listed together with the corresponding gene bank accession number in
Supplemental table 1 (Table S1).

2.3. Serum testosterone measurement

Serum testosterone was measured using liquid chromatography tandem mass spectrometry
(LC-MS/MS). This assay has been certified by the Centers for Disease Control’s Hormone
Assay Standardization Program for Testosterone (HoST) and described previously [39]. The
lower limit of quantification of the assay is 0.01 ng/mL. Inter-assay coefficients of variation
were 7.8%, 5.9%, and 3.5%, at testosterone concentrations of 2.5, 5.0, and 10.0-ng/mL
respectively.

2.4. Serum ELISA

Monkey C-telopeptide of type I collagen ELISA Kit (MBS737402) and Monkey N-terminal
& mid-regional Osteocalcin ELISA Kit (MBS744305) were purchased from Mybiosource
(www.myhbiosource.com) and used following the manufacturer’s instruction.

2.5. Statistical analyses

All statistical analyses were performed using SAS 9.3 software (SAS Institute, Cary NC)
and Prism software (version 4.0c; GraphPad Software Inc.). For changes in BMC and BMD,
between baseline and subsequent time points during intervention, a marginal model with
repeated measures was performed to take into account within subject correlation. All models
contained baseline covariate, treatment and time effects and were tested for significance of
time and treatment interaction. If interaction was not significant, it was removed from the
model and analyses focused on overall treatment effect. Pearson correlation coefficients with
corresponding p-values were calculated for the relation of the change in BMC and BMD
with the gene-expression levels as well as the change in lean body mass. For the
comparisons of two independent samples, #test and non-parametric Wilcoxon-Mann-
Whitney tests were performed for normally distributed and non-normal data, respectively.
Statistical significance in all tests was assigned at 0.05 level of alpha.

3. Results

3.1. ActRIIB.Fc administration increases bone mineral content and density

The rhesus macaques used in this studied were 2.5 to 3 years old, an age at which the
macaques are undergoing pre-pubertal skeletal growth. Over the 16 week period, the body
mass and lean mass remained unchanged in the control group, whereas a significant increase
in lean mass was found in the ActRIIB.FC-treated group, as we recently reported [37].
Values of BMC and BMD were determined at baseline (4 weeks after SIV inoculation and
right before treatment was initiated) and repeated during week 8 and week 16 after SIV
inoculation (after 4 and 12 weeks of intervention). As shown in Fig. 1A, total body BMC
declined with time in the control group while a reverse trend was detected in the
ActRIIB.Fc-treated group. There was a significantly greater gain of BMC in animals
assigned to the ActRIIB.Fc group than in those assigned to the control group (p < 0.05). In
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addition, longitudinal measurements of the trunk and arms revealed greater gains in the
regional BMC in the ActRIIB.Fc group than in the placebo group (Fig. 1C-D). Changes in
the leg BMC followed the same trend although the difference did not reach statistical
significance (Fig. 1E, p = 0.165). The BMD declined in the control group during the
intervention group but increased significantly in ActRIIB.Fc-treated macaques (Fig. 1B).
Overall, there was a significantly greater increase in BMD in the treatment group from week
4 to 16 than in the control group (p < 0.05). Detailed changes for individual animals are
shown in supplemental Fig. S1.

3.2. The effects of ActRIIB.Fc on serum bone markers

Osteocalcin (OTC), the main non-collagenous hydroxyapatite-binding protein synthesized
by osteoblasts, is a marker of osteoblast activity [40]. ActRIIB.Fc administration resulted in
significantly higher serum OTC levels than saline administration (Fig. 2A, p = 0.004).
Serum concentrations of CTX-1, a marker of bone resorption [40], did not differ between the
groups (Fig. 2B), neither did serum concentrations of calcium and inorganic phosphate (not
shown).

3.3. The effects of ActRIIB.Fc on serum testosterone level

SIV infection was associated with a progressive decline in serum testosterone levels in both
groups with no significant difference between the two groups (Fig. 2C). At the end of the
experiment, mRNA expression of androgen receptor in the femoral bone marrow also
revealed no significant between the two groups (Fig. 2D).

3.4. The effects of ActRIIB.Fc on bone marrow gene expression

Analysis of bone marrow by RT-qPCR revealed lower expression levels of TNFa in the
ACctRIIB.FC-treated group than that in the control group (Fig. 3A), in line with prior reports
that myostatin suppression leads to reduced serum TNFa level [41]. Bone marrow
expression of GADDA45, the gene for growth arrest and DNA damage repair and also a
downstream target of TGFB signaling [42], was lower in the ActRIIB.Fc-treated group as
compared to the control group (Fig. 3B). The gains in BMC were negatively associated with
GADD45 and TNFa (Fig. 3C-D) expression levels [43-48].

Sclerostin (SOST) is a newly established inhibitor of osteoblastic bone formation [43-45].
Although SOST is normally expressed in osteocytes, it can be induced in osteoblasts and
osteoclasts by inflammatory bone diseases [46—49]. Consistent with the reduction in marrow
TNFa expression, a significant reduction in SOST mRNA (Fig. 4A) coupled with a
borderline significant reduction in plasma SOST level (p = 0.07, Fig. 4B) was found in the
ActRIIB.Fc group.

We also examined bone marrow expression of a panel of genes related to bone formation
and resorption, including markers of osteoblast and osteoclast activity (Fig. S2), the Wnt co-
receptors and antagonists, as well as the RANKL to OPG ratio (Fig. S3). However, no
significant between-group differences in the expression of these genes were detected.
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3.5. Correlation between bone mass and body lean mass

Bone mass is positively correlated with skeletal muscle mass [50,51]. We found that the
ActRIIB.Fc-associated gain in BMC was positively correlated with the gain in lean body
mass (Fig. 5A, r = 0.68, p = 0.03). A borderline significant positive association was also
observed between the changes in BMD and the gain in lean body mass (Fig. 5B, r =0.59, p
=0.07).

The systemic viral burden, CD4* cell counts and the ratio of CD4*/CD8" cell counts were
not significantly different between the two groups (Fig. S4). Similarly, blood glucose (Fig.
S5A) and serum cholesterol concentrations did not differ between groups (Fig. S5B).

4. Discussion

Our study provides the first evidence that administration of ActRIIB.Fc, a potent antagonist
of myostatin and related ligands in the TGF superfamily, prevents the loss of bone mineral
content and bone mineral density in SIV-infected juvenile macaques. This study provides the
rationale for targeting activin receptor 11B ligands to prevent and reverse the HIV-associated
loss of bone mass [37].

Administration of ActRIIB.FC was associated with significantly higher serum osteocalcin
level, suggesting increased osteoblastic bone formation. This effect was associated with
reduced bone marrow expression of TNFa, GADDA45 and SOST in the SIV-infected
monkeys. This observation is in agreement with previous reports that these genes are
mutually inducible and subject to induction during chronic inflammatory diseases and by
myostatin per se [41,47,52]. Importantly, treatment with ActRIIB.Fc results in continuous
bone growth without affecting serum testosterone levels, suggesting that its bone effect
occurs independently or downstream of testosterone, consistent with a previous report that
ACctRIIB.Fc reverses bone loss induced by androgen-deprivation in rodents [28]. It will be
interesting to determine if co-administration of ActRIIB.Fc with testosterone may generate
additive or synergistic anabolic effect, an approach that may also provide useful mechanistic
insights for each drug.

The gains in BMC were positively associated with gains in lean body mass. We do not know
whether the observed increases in BMC and BMD represent a direct effect of the
ACctRIIB.Fc on the bone or an indirect effect resulting from increased muscle mass. Positive
correlation between muscle mass and bone mass has been reported with partial or complete
myostatin inactivation in mice [50,51,53,54]. Recent studies suggest that myostatin may
have direct catabolic effects on bone metabolism [55-58].

The pathophysiologic mechanisms of bone loss and bone growth arrest in HIV/SIV-infection
are not completely understood. Circulating mediators of inflammation and immune
activation, general catabolic effects of the virus, and suppression of sex hormones and
growth factors are likely contributors. Our data indicate that changes in total BMC is
associated with the increased expression levels of inflammatory marker TNFa and GADD45
in SIV-infected macaques. In addition, serum testosterone levels, which would have been
expected to rise with age in the pre-pubertal juvenile macaques, were suppressed after SIV-
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infection. The bone anabolic effect of testosterone has been well-documented in human and
animals including boys reaching puberty [28,59-64], a developmental stage mirrored in our
non-human primate model. Thus, our data suggest that low testosterone and inflammation,
two consequences of SIV infection, may contribute to the bone growth arrest and loss of
bone mass in placebo-treated, SIV-infected macaques.

While this manuscript was in preparation, a study of the effect of another ActRIIB.Fc
molecule (ACE-031) in children with Duchenne muscular dystrophy (DMD) reported a
trend towards increased bone mineral density [65]. This trial in children with DMD was
stopped early because of increased frequency of nose and gum bleeding and telangiectasias
in ActRIIB.Fc-treated subjects. We did not observe this adverse effect in our study using a
different ActRIIB.Fc molecule. These differences in adverse effect profile between these
compounds could reflect differences in the specificity of their binding to BMP9; it is also
possible that the adverse effect noted in DMD patients could be due to an interaction of the
molecule with the underlying disease because this adverse effect was not found in a prior
study of the same molecule in postmenopausal women [26].

Limitations of this work include the small sample size of the study; the use of saline as
placebo control rather than nonimmune serum; and the lack of a non-infected control group
treated with placebo or active medication in parallel. Furthermore, the intervention duration
of 12 weeks, although sufficient to demonstrate the hypothesized treatment effects on BMC
and BMD, may not reflect bone effects under longer course treatment. Nevertheless, this
study provides proof of concept of the potential therapeutic utility of ActRIIB.Fc treatment
in prevention of bone loss in HIV infection, especially in the context of ART [66,67].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Efgfects of ActRIIB.Fc on SIV-induced bone loss. Rhesus monkeys were infected with SIV at
time zero. Four weeks after the infection, half of the animals were randomly assigned to be
treated with ActRIIB.Fc (O), and half with saline control (A), by weekly injection. DEX
scan was performed at wk. 4, 8, and 16. (A) Total BMC, (B) Total BMD, (C) Trunk BMC,
(D) Arm BMC, (E) Leg BMC. Results are plotted as the difference between the
measurement at each time point and that measured at wk. 4 (mean + SE).
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Fig. 2.

Efgfects of ActRIIB.Fc on serum osteocalcin (A: OTC), C-terminal telopeptide (B: CTx-1),
Testosterone (C), and bone marrow expression of androgen receptor (D). Rhesus monkeys
were infected with SIV once at zero time point, randomized four weeks later and treated
with ActRIIB.Fc (O) and vehicle saline (A), as described in Fig. 1. Serum levels of OTC
and CTx-1 were analyzed by ELLISA. Serum testosterone was analyzed by LC-MS/MS.
Results are plotted as mean + 95%CI. Bone marrow mRNA in week 16 was analyzed by RT-
gPCR, normalized to house-keeping gene HPRT, and analyzed by #test. Each dot represents
on individual animal.
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Effects of ActRIIB.Fc on bone marrow gene expression. Bone marrow was harvested at the
end of treatment and analyzed by RT-gPCR for the expression of TNFa (A), and growth
arrest and DNA damage gene 45 (B, GADD45), normalized to house-keeping gene HPRT
(3, ActRIIB.Fc; A, saline control). Results were shown as dot plots with each dot
represents on individual animal, and analyzed by unpaired #test. Association between the
gain in BMC and marrow gene expression for TNFa (C), and GADD45 (D), analyzed by
Pearson correlation test.
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Fig. 4.

Effects of ActRIIB.Fc on sclerostin expression. (A) Bone marrow mRNA level of sclerostin
(SOST), normalized to house-keeping gene HPRT, and (B) Plasma SOST concentration at
the end point (O, ActRIIB.Fc; A, saline control). Results were shown as dot plots with each
dot represents on individual animal, and analyzed by unpaired ~test.
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Association between the gain in lean body mass (LBM) and bone mineral content (A, BMC)
or bone mineral density (B, BMD). Results were shown as dot plots with each dot represents
on individual animal, and analyzed by Pearson correlation test. Results in the upper circles
belong to the group treated with ActRIIB.Fc, and those in the lower square belong to the
saline control group.
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