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R E S EARCH ART I C L E
GENE THERAPY
Follistatin Gene Delivery Enhances Muscle Growth
and Strength in Nonhuman Primates
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Antagonists of myostatin, a blood-borne negative regulator of muscle growth produced in muscle cells, have
shown considerable promise for enhancing muscle mass and strength in rodent studies and could serve as
potential therapeutic agents for human muscle diseases. One of the most potent of these agents, follistatin,
is both safe and effective in mice, but similar tests have not been performed in nonhuman primates. To assess
this important criterion for clinical translation, we tested an alternatively spliced form of human follistatin that
affects skeletal muscle but that has only minimal effects on nonmuscle cells. When injected into the quadriceps
of cynomolgus macaque monkeys, a follistatin isoform expressed from an adeno-associated virus serotype
1 vector, AAV1-FS344, induced pronounced and durable increases in muscle size and strength. Long-term ex-
pression of the transgene did not produce any abnormal changes in the morphology or function of key organs,
indicating the safety of gene delivery by intramuscular injection of an AAV1 vector. Our results, together with
the findings in mice, suggest that therapy with AAV1-FS344 may improve muscle mass and function in patients
with certain degenerative muscle disorders.
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INTRODUCTION

Severe weakness of the quadriceps is a defining feature of several neu-
romuscular disorders, including sporadic inclusion body myositis,
Becker muscular dystrophy, and myotonic dystrophies. Despite pro-
gress in understanding the pathophysiological basis of these condi-
tions, few treatment strategies have produced satisfactory results.
Androgen steroids, popular among athletes, offer a means to enhance
strength but pose long-term risks (1). Glucocorticosteroids, used in
patients with Duchenne muscular dystrophy (DMD) (2, 3), improve
muscle strength and function in the short term, but their long-term
benefits remain unclear (4). Gene manipulations to treat genetic mus-
cle disease, including gene replacement (5–8), exon skipping (9), and
mutation suppression (10, 11), are being assessed in early clinical
trials, but lasting benefits have yet to be established. Moreover, these
approaches are not applicable to muscle disorders that lack a defined
gene defect, such as facioscapulohumeral muscular dystrophy, char-
acterized by weakness and degeneration of voluntary muscles (12).

An alternative strategy, inhibition of the myostatin pathway, has
shown substantial promise in preclinical studies, in which significant
enlargement of muscle mass and increased muscle strength have been
noted (13–17). Myostatin is a member of the transforming growth
factor–b (TGF-b) superfamily of signal peptides that is expressed specif-
ically in developing and adult skeletal muscle (18). In myogenic cells,
myostatin induces down-regulation ofMyo-D, an earlymarker ofmuscle
differentiation, and decreases the expression of Pax-3 andMyf-5, which
encode transcriptional regulators of myogenic cell proliferation (19).
1Center for Gene Therapy, Research Institute at Nationwide Children’s Hospital, Columbus,
OH 43205, USA. 2College of Medicine, Ohio State University, Columbus, OH 43210, USA.
3College of Veterinary Medicine, Ohio State University, Columbus, OH 43210, USA.
*To whom correspondence should be addressed. E-mail: Brian.Kaspar@NationwideChildrens.
org (B.K.K.); Jerry.Mendell@NationwideChildrens.org (J.R.M.)
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Myostatin signaling acts through the activin receptor type IIB
(ActRIIB) on skeletal muscle, triggering a cascade of intracellular
events (20). After recruitment of a co-receptor, followed by sequential
phosphorylation of TGF-b–specific Smads, the protein complex trans-
locates to the nucleus, where it controls the expression of specific myo-
genic regulatory genes (19–21). Inhibition of this pathway results in
muscle hypertrophy and increased strength. Indeed, injection of a neu-
tralizing monoclonal antibody to myostatin led to increased skeletal
muscle mass in mice without undue side effects (22). This method
was found to be safe in a subsequent clinical trial, although dose
escalation was limited by cutaneous hypersensitivity restricting po-
tential efficacy (23).

Several myostatin-binding proteins capable of regulating myostatin
activity have been discovered. Follistatin is an especially robust antag-
onist ofmyostatin andhas even shownmuscle-enhancing effects beyond
those predicted by myostatin inhibition alone (24). This naturally oc-
curring glycoprotein,whichpreventsmyostatin frombinding toActRIIB
receptors on muscle cells (14), occurs in two distinct isoforms (FS288
and FS315), a result of alternative splicing of the precursor messenger
RNA (25, 26). FS288, but not FS315, functions in reproductive physi-
ology collaboratively with activin and inhibins of the hypothalamic-
pituitary-gonadal axis (27, 28), which suggests that FS315 would be the
more reliable isoform for exclusively targeting muscle. In a previous
study, we tested the effects of follistatin in a small animal model by
injecting normal and dystrophic mice intramuscularly with an adeno-
associated virus serotype 1 (AAV1) expressing the human FS344 trans-
gene, which encodes the FS315 protein isoform. This treatment led to
significant increases in muscle mass and strength even when given to
older mice showing repeated cycles of muscle degeneration and regen-
eration (29). Thus, using a relatively noninvasive strategy in mice, we
were able to achieve long-term gene expression with positive effects on
degenerating muscle.
nceTranslationalMedicine.org 11 November 2009 Vol 1 Issue 6 6ra15 1
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Despite the safety and potent myostatin-inhibitory effects of AAV1-
FS344 in mice, such results are not necessarily applicable to humans.
We therefore extended our FS344 gene transfer technology to a non-
human primate, the cynomolgus macaque (Macaca fascicularis), to es-
tablish a paradigm for strengthening the quadriceps muscle that could
serve as the basis for testing in patients.We report here that injection of
AAV1-FS344 was well tolerated by all macaques and led to increased
muscle mass and strength.
RESULTS

Gene delivery to muscle
We injected the vector AAV1-FS344 under the control of the ubiqui-
tously strong cytomegalovirus promoter (CMV-FS) or themuscle creatine
www.Scie
kinase promoter (MCK-FS), which provides muscle-specific gene ex-
pression, into the right quadriceps muscle of six normal cynomolgus
macaques. Briefly, each animal received three 500-ml doses of the vector
injected at 3-cm intervals in a diagonal line extending from a proximal
site (7 cm below the inguinal ligament) to the midpoint of the quadri-
ceps muscle. This pattern was intended to provide vector to adjacent
bellies of the vastus medialis, rectus femoris, and vastus lateralis mus-
cles (Fig. 1A).A total dose of 1 × 1013 vector genomeswas administered
per treatment. The product of the human FS344 transgene used in
these studies has 98% homology with follistatin in nonhuman primates.
In all comparisons, the contralateral quadriceps served as a noninjected
control. To control for any remote effects of naturally occurring follistatin,
we conducted parallel studies in age-matched, untreated macaques.
Because gene transfer can be compromised by the immune system, as
demonstrated in both preclinical studies (30–32) and human gene ther-
nceTranslationalMedicine.org
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apy trials (33), wemaintained the animals
with the immunosuppressants tacrolimus
(2.0 mg/kg) and mycophenylate mofetil
(50 mg/kg) beginning 2 weeks before vec-
tor administration.

Bioactivity of AAV1-FS344
In both the CMV-FS (n = 3) and the
MCK-FS (n = 3) cohorts, we necropsied
one macaque at 5 months and two at 15
months after vector administration and
then measured concentrations of human
follistatin in the quadricepsmuscle of each
animal. The three CMV-FS–treated pri-
mates had marked increases of follistatin
(>20 ng permilligram tissue) at both 5 and
15 months after gene transfer, in contrast
to the minimally elevated concentrations
in the MCK-FS–treated group (Fig. 1B).

We alsomeasured the external circum-
ference of the thigh muscles at the mid-
point of the quadriceps muscle every 4
weeks after gene transfer through week
20 (before any animals were necropsied).
Macaques in the CMV-FS group showed
a 15% increase in quadriceps circumference
over baseline (P = 0.01) at 8 weeks after
treatment, followed by growth stabilization
throughweek 20 (Fig. 1C). Although quad-
riceps size increased by 10% (P = 0.02) in
the MCK-FS group, this beneficial effect
was delayed relative to the CMV-FS group
(12 weeks versus 8 weeks), and by week
16, there was an overlap between quadri-
cepsmeasurements in theMCK-FS group
and the untreated controls. The gains in
quadriceps circumference achieved with
AAV1-FS344 were maintained from
week 20 to week 60 after treatment for
CMV-FS [20.5 ± 1.15 cm (SEM) at 20
weeks (n = 3) versus 21.75 cm at 60 weeks
(n = 2)] and MCK-FS [18.17 ± 0.46 cm
(SEM) at 20 weeks (n = 3) versus 19.75 cm
Fig. 1. Injection of AAV1-FS344 into the quadriceps increases muscle mass in cynomolgus macaques.
(A) AAV1-FS344 was administered by three direct unilateral injections into the right quadriceps

muscle (total dose of 1 × 1013 vector genomes in 1.5 ml). Indian ink tattoos, drawn immediately after
the injections, allowed the vector to be localized at necropsy. (B) Concentrations of human follistatin
in muscle, as measured by enzyme-linked immunosorbent assay at 5 and 15 months after injection.
The values represent individual macaques with four muscle samples analyzed per macaque. (C) In-
creases in quadriceps size after injection of AAV1-FS344, driven by either the CMV-FS or the MCK-FS
promoter. Mean ± SEM values for three macaques per treatment are shown. Asterisks indicate a 15%
increase over baseline at 8 weeks in the CMV-FS group (P = 0.01) and a 10% increase in the MCK-FS
group (P = 0.02). (D) Quadriceps enlargement seen at necropsy of MCK-FS and CMV-FS macaques.
11 November 2009 Vol 1 Issue 6 6ra15 2
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at 60 weeks (n = 2)] without any appreciable loss. Enlargement of the
quadriceps muscle in these animals was sufficient to be appreciated by
gross inspection of the excised quadriceps at the time of necropsy (5
months after injection) (Fig. 1D). Together, the results show that ex-
pression of the FS344 transgene under control of the CMV promoter
results inmoremuscle follistatin than does theMCKpromoter, leading
to more robust increases in quadriceps size.
www.Scie
Histologic sections comparing control and follistatin-treated quad-
riceps muscles showed an increase in mean fiber size diameter at 20
weeks in both the CMV-FS [87.7 ± 1.30 mm (SEM), P = 0.001)] and
the MCK-FS (73.0 ± 0.74 mm, P = 0.04) groups (n = 3 each) relative
to untreated controls (65.5 ± 0.62 mm) (Fig. 2, A and B, and fig. S1A).
Follistatin treatment primarily affected fast-twitch oxidative glycolytic
type 2a and fast-twitch glycolytic type 2b fibers. Myofibrillar adenosine
nceTranslationalMedicine.org
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triphosphatase (ATPase) staining (pH4.6)
revealed increases in the mean diameters
of both type 2a [CMV-FS: 85.4 ± 2.13 mm
(SEM),P<0.001;MCK-FS: 71.4 ±2.53mm,
P = not significant (n.s.), versus controls,
66.3 ± 1.15 mm] and type 2b [CMV-FS:
102.3 ± 1.13 mm (SEM), P < 0.001; MCK-
FS: 79.3 ± 0.56 mm,P=n.s., versus controls,
77.0 ± 0.95 mm] fibers without alterations
in the ratio of muscle fiber types (types
1, 2a, and 2b each represented about one-
third of total fibers) (Fig. 2, C to E, and
fig. S1B). Therefore, the enhancement of
type 2 fibers by CMV-FS treatment is
likely to augment high force–generating
fibers, used for getting to a standing posi-
tion or compensating for knee weakness.
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Correlation with muscle strength
In principle, the muscle enlargement we
observed would be expected to correlate
with increases in muscle strength. This
prediction can be technically challenging
to test in macaques, requiring in situ quad-
riceps muscle measurements in anesthe-
tized animals. Nonetheless, we assessed
muscle strength in two CMV-FS and two
MCK-FS macaques by comparing mea-
surements for the treated leg with those
for the contralateral untreated side (tech-
nical problems prevented data interpreta-
tion for the second CMV-FS macaque).
Twitch force measurements in treated
muscles of the two MCK-FS macaques
showed an 11.8% and a 35.7% increase,
respectively, relative to findings in the
opposite untreated side (Table 1). These
same animals had 12.3% and 77.9% in-
creases in tetanic force overmeasurements
of the untreated side. In the single CMV-
FSmacaque, the twitch force was increased
by 26.3% and the tetanic force by 12.5%.
The greatest percent increases in twitch
and tetanic forces were found in the quad-
riceps muscle of an MCK-FS macaque
(MCK-FS #2, Table 1) whose untreated
leg showed the lowest force generation
among all of the legs tested. This re-
sult may indicate that increased muscle
size after follistatin treatment does not
Fig. 2. AAV1-FS344 treatment causes myofiber hypertrophy and affects fast-twitch type 2 myofibers
in the quadriceps muscle. (A) H&E staining of quadriceps muscle reveals myofiber hypertrophy in

CMV-FS macaque (right) compared to untreated control (left). Scale bars, 20 mm. (B) Morphometric
analysis of quadriceps muscle at 5 months after AAV1-FS344 injection demonstrates a significant in-
crease in mean fiber diameter (dotted lines) of both MCK-FS (P < 0.04, n = 3 muscle samples) and
CMV-FS (P < 0.001, n = 3 muscle samples) animals relative to untreated controls (n = 3 muscle
samples). (C) Representative fiber types determined by ATPase staining (pH 4.6) of quadriceps muscle
from CMV-FS macaques (right) and untreated controls (left). Scale bars, 20 mm. (D) Fiber type ratios in
control, CMV-FS, and MCK-FS muscles. Mean ± SEM values for three animals are shown. (E) Mean ±
SEM fiber diameters (dotted lines) of fast-twitch oxidative glycolytic type 2a and fast-twitch glycolytic
2b fibers show significant increases in three CMV-FS animals relative to untreated controls (P < 0.001);
slow-twitch oxidative type 1 fibers are not affected. Similar but not statistically significant trends are
apparent in the MCK-FS group (n = 3).
Table 1. Strengthmeasurements of AAV1-FS344–treated quadriceps inmacaquesmeasured in newtons (N).
Treatment group

Twitch force (N)
 Tetanic force (N)
Control leg
 Treated leg
 % Increase
 Control leg
 Treated leg
 % Increase
MCK-FS #1
 17.0
 19.0
 11.8
 65.0
 73.0
 12.3
MCK-FS #2
 4.2
 5.7
 35.7
 24.0
 42.0
 77.9
CMV-FS
 19.0
 24.0
 26.3
 64.0
 72.0
 12.5
11 November 2009 Vol 1 Issue 6 6ra15 3
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necessarily result in a proportional stron-
ger force generation, as has been seen with
other approaches to myostatin inhibition
(34). Additional study will be required to
resolve this issue, yet the enhancement
of force generation after treatment with
both CMV-FS and MCK-FS supports the
clinical effort to improve muscle mass and
strength.

Absence of immune response
to gene transfer
Despite administering immunosuppressive
drugs to both theMCK-FS–treated and the
CMV-FS–treated macaques, we could not
be certain that we had avoided immune re-
sponses to the AAV capsid and human fol-
listatin. Thus, we used the enzyme-linked
immunospot (ELISpot) assay to detect
antigen-induced secretion of cytokines by
T cells isolated monthly from peripheral
blood mononuclear cells (PBMCs). At
no time during the study did we observe
antigen-specific interferon-g (IFN-g) re-
sponses to either follistatin or the AAV1
capsid (Fig. 3) in either the MCK-FS or
the CMV-FS group; this finding suggests
that, under the condition of this experi-
ment, therapy with the FS344 gene ex-
pressed by an adeno-associated viral vector
did not elicit an immune response.

Lack of toxicity from transgene
expression
To assess the long-term safety of this
treatment, we performed a panel of hem-
11 November 2009 Vol 1 Issue 6 6ra15 4

e

Fig. 3. The FS344 transgene and the AAV1 capsid do not produce cellular immune responses. (A)
PBMCs were isolated before injection and at monthly intervals thereafter and then were stimulated
with human follistatin peptide pools (I and II) and AAV1 capsid peptide pools (I, II, and III) or with
concanavalin A (ConA; positive control). IFN-g release was measured with an ELISpot assay;
representative data obtained at 5 months after injection are shown. (B) Mean ± SEM SFCs for each
antigen per 1 × 106 PBMCs are shown over 5 months for each treatment group (n = 3). Increases
in SFC did not exceed 25, the threshold (red dashed line) for significance with this assay in our
laboratory.
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Table 2. Blood and serum chemistry profiles of the AAV1-FS344–treated ma-
caques. Hematology and serum chemistries were monitored throughout the
study monthly after gene transfer with CMV-FS and MCK-FS. Data from 5 and 15
months are shown. The values are means ± SD (n = 3); there were no significant
changes at any time. CK, creatine kinase; ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; BUN, blood urea nitrogen; GGT, g-glutamyltranspeptidase.
MCK-FS
 CMV-FS
Baseline

5 Months after

injection

15 Months after

injection

Baseline
5 Months after
injection
15 Months after
injection
Hemoglobin (mg/dl)
 11.7 ± 1.2
 12.3 ± 0.7
 13.5
 12.9 ± 0.9
 12.9 ± 0.3
 12.6
Leukocytes (103/mm3)
 9.4 ± 3.6
 11.0 ± 1.8
 7.5
 13.2 ± 1.7
 10.8 ± 2.8
 15.5
Platelets (103/mm3)
 444.7 ± 78.6
 473.7 ± 101.5
 448.5
 475.3 ± 21.2
 470.0 ± 10.8
 432.0
CK (U/liter)
 282.3 ± 123.3
 103.3 ± 34.0
 261.0
 315.1 ± 436.8
 —
 141.0
ALT (U/liter)
 29.7 ± 12.9
 19.7 ± 2.1
 31.5
 28.7 ± 10.3
 21.7 ± 4.6
 29.5
AST (U/liter)
 35.3 ± 3.51
 34.7 ± 9.9
 37.5
 44.3 ± 11.4
 31.7 ± 6.0
 35.5
BUN (mg/dl)
 19.0 ± 1.0
 12.3 ± 1.5
 16.0
 16.3 ± 4.9
 16.0 ± 4.4
 18.0
Creatinine (mg/dl)
 0.5 ± 0.1
 0.8 ± 0.1
 0.7
 0.9 ± 0.2
 0.9 ± 0.1
 0.9
GGT (U/liter)
 72.0 ± 28.8
 92.0 ± 38.7
 77.5
 77.0 ± 20.7
 71.3 ± 18.2
 75.0

http://stm.sciencemag.org/
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atologic and biochemical tests every 4 weeks for the duration of the 15-
month study.Neither theMCK-FS nor theCMV-FS group (n=3 each)
showed abnormal changes from baseline in liver, kidney, or muscle
function or in hematopoiesis (Table 2). Normal serum concentrations
of creatine kinase confirmed histologic studies of skeletal and cardiac
muscle, demonstrating that gene transfer does not cause muscle fiber
breakdown (Fig. 4). Female macaques in the CMV-FS or MCK-FS
group (n = 1 each) maintained normal menstrual cycles throughout
the study, and sperm isolated from a CMV-FS male macaque showed
normalmotility and counts (tables S1 and S2 and fig. S2). Additionally,
concentrations of follicle-stimulating hormone (FSH), luteinizing hor-
mone (LH), estradiol, and testosterone remained within normal phys-
iological concentrations compared to the baseline values. We did find a
slight increase in estradiol and LH concentrations in one macaque
(MCK-FS #2); however, these were within normal ranges and within
the normal fluctuations seen in vivarium-housed nonhuman primates
www.Scie
(Table 3). A complete necropsy was performed on all macaques at ei-
ther 5 or 15 months after treatment. To further evaluate the effects of
gene transfer on key organs, we collected heart, liver, lung, spleen, kid-
ney, testis, ovary, and uterus and processed the tissue sections by stain-
ing with hematoxylin and eosin (H&E) for a blinded histopathologic
analysis by a board-certified veterinary pathologist (S.E.W.). Examina-
tion of the heart showed that this organ was of normal size in both
treated and untreated macaques. Moreover, in stained sections of car-
diac tissue, cardiomyocytes did not show evidence of hypertrophy (Fig.
4A). Morphometric analysis revealed no differences in cardiomyocyte
diameter amongCMV-FS,MCK-FS, and control animals [28.78 ± 0.71
mm (SEM) versus 28.17 ± 0.50 mm versus 29.7 ± 1.03 mm, respectively]
(Fig. 4B). Similarly, none of the other organs examined had abnor-
malities that could be attributed to gene transfer. These findings suggest
the long-term safety of AAV1-FS344 therapy controlled by the CMV
or MCK promoter in nonhuman primates.
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Fig. 4. AAV1-FS344 treatment does not cause hypertrophy of cardiomyocytes.
(A)H&Estainingof cardiacmuscle fromboththeMCK-FSandtheCMV-FSgroups

Scale bars, 50 mm. (B) Morphometric analysis shows similar mean ± SEM dia-
meters of cardiomyocytes from AAV1-FS344–treated macaques (MCK-FS and
nc
reveals normal cardiac muscle histology compared with nontreated controls.
 CMV-FS groups) compared with untreated controls (n = 3 per group).
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Table 3. Hormonal findings in AAV1-FS344–treated cynomolgus ma-
caques. Hormonal concentrations were followed in each cynomolgus ma-
caque after gene transfer. FSH, LH, estradiol, and testosterone showed
little change from baseline. Concentrations from each individual animal
can be traced by number. Empty slots at 15 months were the result of
previous necropsies (PN). The widest variations were seen in the male tes-
n

tosterone concentrations. The baseline values of testosterone were low as
seen in some vivarium-housed macaques. Those with low values re-
mained in the same range after gene transfer. Each value represents a
single animal, reported in the same order at each test interval. The broad
fluctuations of some hormone concentrations are consistent with findings
in macaques held in vivariums.
D
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Time point
 Animal no.

FSH (ng/ml)
 LH (ng/ml)
ceTranslationalMedicine
Estradiol (pg/ml)
.org 11 November 2009
Testosterone (ng/ml)
Males
 Females
 Males
 Females
 Females
 Males
Baseline
 1
 0.53
 1.7
 0.34
 0.57
 49.08
 0.13
2
 0.74
 1.39
 2.21
 1.03
 17.65
 8.28
3
 0.39
 0.35
 1
4
 0.34
 0.18
 0.12
5 Months
 1
 0.52
 1.65
 0.68
 0.51
 74.22
 0.27
2
 0.42
 1.39
 0.78
 2.35
 61.3
 9.02
3
 0.5
 0.55
 4.99
4
 0.36
 0.25
 1.67
15 Months
 1
 PN
 1.21
 PN
 0.64
 72.01
 PN
2
 0.29
 2.42
 0.23
 2.34
 56.54
 5.48
3
 PN
 PN
 PN
4
 0.45
 0.42
 7.42
Vol 1 Issue 6 6ra15 5
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DISCUSSION

In this study, therapy with an isoform of human follistatin delivered
by an AAV1 vector to quadriceps muscle in cynomolgus macaques
resulted in increased muscle size and strength. Expression of the
transgene, FS344 complementary DNA (cDNA), which encodes the
soluble circulating 315–amino acid follistatin protein isoform (35),
affected skeletal muscle exclusively; the likelihood of an effect on non-
muscle tissue is low, owing to the poor affinity of the FS344 product
for heparan sulfate proteoglycan–binding sites on cell surfaces (36).
We did not observe any treatment-related pathologic changes inmajor
organ systems by analysis of serum chemistries or by direct histologic
examination. Our results also indicate that AAV1-FS344 treatment
does not appear to interfere with reproductive physiology in primates,
as serum estradiol, testosterone, LH, and FSH concentrations remained
similar to baseline throughout the study.

The FS344 transgene exhibited long-term expression for up to 15
months after gene transfer. Muscle growth was apparent in both the
MCK-FS and the CMV-FS groups for the first 12 weeks after treat-
ment, after which the growth rates appeared to stabilize. This result
suggests that, after a peak increase in growth, a feedback loop sustains
the enlarged muscle fibers while preventing uncontrolled growth.
This model is consistent with observations of spontaneous myostatin
inhibition seen in cattle or in mice lacking the myostatin gene (18, 37).
The CMV-FS had the largest effect onmuscle size, which suggests that
dosage of follistatin is important and that the CMV promoter is supe-
rior to the MCK promoter for high-level expression of transgenes in
the muscle.

The potential use of AAV1-FS344 for muscle strengthening has im-
portant implications for patients with muscle diseases. In DMD, the
most common severe form of childhood muscular dystrophy, experi-
mental and clinical gene replacement strategies use a small dystrophin
cDNA designed to fit into an AAV vector (38). Co-delivery of the small
dystrophin fragment with a second growth-enhancing agent insulin-
like growth factor 1 resulted in full functional recovery in the mdx
mouse (39). We suggest that FS344 could fill a similar role when
co-delivered with small dystrophins. Other forms of muscular dys-
trophy might also respond to FS344 gene therapy. In facioscapulo-
humeral muscular dystrophy, for example, in which gene replacement
or other types of gene manipulation are not feasible because of the
absence of a specific gene defect, one might achieve a clinically sig-
nificant result by targeting AAV1-FS344 to the focal muscle groups
that are affected by the disease (12). Finally, the gene therapy we de-
scribe could be useful against acquired disorders, such as sporadic
inclusion body myositis, in which quadriceps muscle weakness is an
important cause of disability (40).

Despite the beneficial effects of follistatin gene therapy that we
demonstrated in macaques, these animals did not have a degenerative
muscle disease, and so our findings may not translate successfully to
clinically effective treatments for such diseases. In particular, genetic
disorders of muscle are characterized by cycles of degeneration and
regeneration, which could lead to loss of the nonintegrating AAV1
vector, hence diminishing therapeutic efficacy. Nevertheless, there
are data suggesting that this may not be a problem and that AAV1-
FS344 therapy may in fact be useful in patients. First, myostatin inhi-
bition with AAV1-FS344 leads to increased muscle size and strength
and lowers serum creatine kinase in the mdx mouse model of DMD
(29) despite the pronounced cycles of muscle degeneration-regeneration
www.Scie
in this animal model. The benefits of AAV1-FS344 treatment persist for
more than a year in these mice, which suggests that as muscle strength
and size increased, a protective shield developed to guard muscle from
further degeneration-regeneration (29). In addition, in human DMD,
the number of muscle fibers undergoing regeneration at any one time
is very limited relative to themdxmouse (41). Second, in another disease
that might be treated with AAV1-FS344 therapy, sporadic inclusion
body myositis, the pathologic process is very slow, with ambulation
persisting for a mean 13 ± 8 years after onset (42). The primary focus
for our gene therapy approach is the quadriceps, as loss of strength in this
particular muscle group is minimal over any 6-month period (43), pre-
dicting only minor loss of the viral vector. Finally, by establishing that
follistatin can inhibit myostatin with an adeno-associated virus, our
studies provide the basis for tests of other integrating viruses, such as
lentivirus, which transduce muscle and stem cells effectively and may
be less affected by rounds of muscle degeneration and regeneration.
MATERIALS AND METHODS

Animals
The cynomolgusmacaqueswere a gift fromBattelle andwere housed at
the nonhuman primate facility of the Research Institute at Nationwide
Children’s Hospital. Protocols for all animal studies were approved by
the Institutional Animal Care and Use Committee and conducted in
accordance with the Department of Agriculture Animal Welfare Act
and the Guide for the Care and Use of Laboratory Animals.

Cloning and AAV production
The cDNA for the human FS344 gene was obtained fromOrigene and
cloned by Kpn l/Xba l restriction into anAAV inverted terminal repeat
vector plasmid containing the MCK promoter or by Xho l/BamHI re-
striction into a second AAV vector plasmid containing the CMV pro-
moter. Recombinant AAV1 vectors were produced by a standard
triple-transfection calcium phosphate precipitation method using hu-
man embryonic kidney 293 cells (44, 45). The production plasmids
were (i) pAAV.CMV-FS or pAAV.MCK-FS, (ii) rep2-cap1–modified
AAV helper plasmid encoding the cap serotype 1, and (iii) an adeno-
virus type 5 helper plasmid (pAdhelper). Viruses were purified from
clarified 293 cell lysates by sequential iodixanol gradient purification
and ion exchange column chromatography with a linear NaCl salt gra-
dient for particle elution. Vector genome titers were determined by
quantitative polymerase chain reaction (QPCR) as described (46).
Primer and probe sequences are provided in table S3.

Follistatin enzyme-linked immunosorbent assay
Muscle follistatin was evaluated with a human follistatin immunoassay
kit (Quantikine; R&D Systems) according to the manufacturer’s in-
structions. Briefly, total soluble protein was isolated from the muscle
tissue with CelLytic MT Mammalian Tissue Lysis reagent (Sigma). A
total of 100 mg of protein was loaded per well, and muscle follistatin
concentrations were determined against a standard curve made with
recombinant human follistatin provided by the manufacturer.

Morphometrics
During necropsy, skeletal muscles were dissected and snap-frozen in
liquid nitrogen–cooled isopentane. Cryosections, 8 to 10 mm thick,
nceTranslationalMedicine.org 11 November 2009 Vol 1 Issue 6 6ra15 6
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were stainedwith eitherH&Eormyofibrillar ATPase (pH4.6) for anal-
ysis of fiber diameters. For each animal, 12 random 20× images were
captured with a Zeiss AxioCamMRC5 camera. For each fiber type, the
smallest diameter was measured with a calibrated micrometer using
AxioVision 4.2 software (Zeiss). A frequency distribution was used
to determine percentage of fibers within 20-mm intervals. Cardiac
muscle was collected during necropsy, and formalin-fixed tissues were
sectioned at 4 mm and stained with H&E for analysis of cardiomyocyte
diameter. About 400 cardiomyocytes were measured for each animal.

Muscle physiology
These experiments were performed immediately before necropsy.
Macaques were sedated with Telazol (3 to 6 mg/kg) and maintained
on isoflurane and oxygen (4 to 5%). Buprenorphine (0.1 mg/kg) was
given to minimize pain. The femoral nerve was dissected and affixed
with miniature platinum-stimulating electrodes connected to a stimu-
lator (STIM2; Scientific Instruments). Quadriceps muscle was prepared
free of skin, fascia, and connective tissue. The hip was immobilized with
restraining straps around the lower waist and upper thigh. The distal
tendonwas disconnected at the patella and secured to a force transducer
(Imada, DS-2) for assessment of twitch and tetanic contractions after
muscle stimulation.

Immune response studies
PBMCs were collected at baseline and monthly intervals after vector
delivery and tested in an IFN-g ELISpot assay for reactivity to human
follistatin and AAV1 capsid antigens. Briefly, 96-well polyvinylidene
difluoride microtiter plates (Millipore) were precoated with antibodies
tomacaque IFN-g (U-Cytech), and 2 × 105 PBMCs inAIM-Vmedium
containing 2% heat-inactivated human serumwere added to each well.
Duplicate wells contained pools of overlapping synthetic peptides at a
concentration of 1 mg/ml (18 amino acids in length with an 11-residue
overlap) prepared for the AAV1 capsid (104 peptides) and human fol-
listatin (48 peptides; Genemed Synthesis). Plates were incubated at 37°C
for 36 hours and developed for spot formation by using a second anti-
body to IFN-g conjugated to enzyme followed by substrate. Spot-
forming colonies (SFCs) in the microtiter wells were quantified with a
CTL analyzer. Green fluorescent peptide pool served as the negative
control, whereas concanavalin Awas used as the positive control for cell
viability. The number of spots was calculated by subtracting the number
of negative control spots from each well.

Statistical analysis
We used means and SEM or SD to summarize results obtained with
more than two macaques; otherwise, individual values are reported,
and all statistical analyses were performed with GraphPad Prism
software and paired t tests.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/1/6/6ra15/DC1
Fig. S1. MCK-FS causes myofiber hypertrophy and predominantly affects fast-twitch type 2
myofibers in the quadriceps muscle.
Fig. S2. Morphological effects on sperm from male cynomologus macaques treated with
AAV1-FS344.
Table S1. Menstrual cycles in untreated control and AAV1-FS344–treated cynomolgus macaques.
Table S2. Spermmotility andmorphology of untreated control and AAV1-FS344–treated cynomolgus
macaques.
Table S3. Primer and probe sets used in quantitative polymerase chain reaction (QPCR) for
vector genome quantification.
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