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Sporadic inclusion body myositis, a variant of inﬂammatory
myopathy, has features distinct from polymyositis/dermatomyositis. The disease affects men more than women, most
commonly after age 50. Clinical features include weakness
of the quadriceps, ﬁnger ﬂexors, ankle dorsiﬂexors, and
dysphagia. The distribution of weakness is similar to Becker
muscular dystrophy, where we previously reported improvement following intramuscular injection of an isoform of follistatin (FS344) by AAV1. For this clinical trial, rAAV1.CMV.
huFS344, 6  1011 vg/kg, was delivered to the quadriceps muscles of both legs of six sporadic inclusion body myositis subjects. The primary outcome for this trial was distance traveled
for the 6-min walk test. The protocol included an exercise
regimen for each participant. Performance, annualized to a median 1-year change, improved +56.0 m/year for treated subjects
compared to a decline of 25.8 m/year (p = 0.01) in untreated subjects (n = 8), matched for age, gender, and baseline
measures. Four of the six treated subjects showed increases
ranging from 58–153 m, whereas two were minimally improved
(5–23 m). Treatment effects included decreased ﬁbrosis and
improved regeneration. These ﬁndings show promise for follistatin gene therapy for mild to moderately affected, ambulatory
sporadic inclusion body myositis patients. More advanced
disease with discernible muscle loss poses challenges.

INTRODUCTION
The term “inclusion body myositis” (IBM) was originally proposed in
1971 to describe a chronic inﬂammatory myopathy with intranuclear
and intracytoplasmic tubular ﬁlaments within muscle ﬁbers.1 Clinical
and pathologic studies over more than four decades have supported
this condition as a disorder distinct from other idiopathic inﬂammatory myopathies.2 Incidence and prevalence statistics conﬁrm sporadic IBM (sIBM) to be the most commonly acquired muscle disease
after age 50.3 Men are more affected than women (ratio of men
to women, 3:1).4 The disorder is sporadic with insidious onset and
distinctive features suggesting a dual role for both immunopathogenic
and ongoing degenerative events. The typical clinical ﬁndings include

quadriceps muscle weakness and atrophy, ﬁnger ﬂexor and ankle dorsiﬂexor weakness, and dysphagia. These features distinguish sIBM
from other inﬂammatory myopathies, and diagnostic criteria were
initially established by Griggs et al.5 and later modiﬁed by HiltonJones et al.6
Inﬂammation is prominent in sIBM, with similarities to polymyositis.7 Intact myoﬁbers are surrounded and invaded by inﬂammatory
cells consisting of macrophages and cytotoxic CD8+ T cells and
the ubiquitous overexpression of MHC-1 on the surface of muscle
ﬁbers.8,9 Distinguishing histological hallmarks of sIBM consist of
rimmed vacuoles ﬁlled with granular material, Congo red-positive
amyloid deposits,10 and 15- to 18-nm tubuloﬁlamentous inclusions
seen by electron microscopy. Additional features include ragged red
ﬁbers associated with mitochondrial gene deletions,11–13 increased
numbers of COX-negative ﬁbers, and overexpression of aB-crystallin14 that associates with amyloid precursor protein (APP)15 and
pro-inﬂammatory markers indicative of a cell stress response (phosphorylated tau, presenilin-1, apolipoprotein E, g tubulin, clusterin,
a-synuclein, and gelsolin).16
sIBM has no treatment; weakness is progressive and impairs activities
of daily living, with wheelchair dependency by 10 years in most
cases.17 The disease is notoriously refractory to immune suppression.18 The list of therapeutic failures begins with corticosteroids representing the most frequently used pharmacologic agent to treat
sIBM. The logic is apparent given the inﬂammatory ﬁndings on muscle biopsy, but, after decades of research, there is unequivocal agreement supporting the lack of glucocorticoid efﬁcacy in sIBM.18–21
Additional therapies have also focused on the possible beneﬁts of
immune suppression and include intravenous immunoglobulin in

Received 4 December 2016; accepted 15 February 2017;
http://dx.doi.org/10.1016/j.ymthe.2017.02.015.
Correspondence: Jerry R. Mendell, MD, Gene Therapy Center, Nationwide Children’s Hospital, 700 Children’s Drive, Columbus, OH 43205, USA.
E-mail: jerry.mendell@nationwidechildrens.org

Molecular Therapy Vol. 25 No 4 April 2017 ª 2017 The American Society of Gene and Cell Therapy.

1

Please cite this article in press as: Mendell et al., Follistatin Gene Therapy for Sporadic Inclusion Body Myositis Improves Functional Outcomes, Molecular Therapy (2017), http://dx.doi.org/10.1016/j.ymthe.2017.02.015

Molecular Therapy

Table 1. Follistatin sIBM Patient Demographics with 6MWT Data before and after Treatment
Subject

Age at Onset (years)

Age at GT (years)

Baseline 6MWT (m)

Final 6MWT (m)

1

50

59.6

459

464

6MWT Change from Baseline (m)
5

24.0

2

61

66.7

385

494

108

24.0

3

70

72.4

402

424

23

2.0

4

65

72.7

500

567

67

16.0

5

62

63.0

428

486

58

12.0

6

63

65.1

498

651

153

12.0

Median

62.5

65.9

443.5

490

62.5

Duration of Follow-Up (months)

14.0

GT, gene therapy. The median for age, baseline, and ﬁnal distance on 6MWT and change from baseline are shown for each subject.

randomized clinical trials,22,23 b-interferon-1a,24,25 methotrexate,26
anti-thymocyte globulin,27 etanercept,28 alemtuzumab,29 and simvastatin.30 In addition, initial attempts to inhibit myostatin using an
antibody, bimgrabumab, to block the Activin IIB receptor looked
favorable31 but later failed in a phase II/III clinical trial (Novartis,
April 21, 2016).
In 2008, we laid the foundation for an alternative strategy to treat
sIBM based on the knowledge that disruption of myostatin, also
known as the growth and differentiation factor 8 (GDF-8) gene in
wild-type mice, resulted in a widespread increase in skeletal muscle
mass.32 The muscle-building effects of follistatin (FS) were even
more profound, as demonstrated in myostatin (Mstn/) knockout
mice that carried the FS transgene, making it an attractive target for
translation.33 In clinical application, the alternatively spliced FS
cDNA isoform FS344, preferred because of minimal effects on the hypothalamic-pituitary-gonadal axis,34,35 proved to be safe and effective
in an intramuscular gene transfer trial to the quadriceps muscle in
Becker muscular dystrophy.36 Based on these ﬁndings, a similar
gene transfer study of rAAV1.CMV.huFS344 to the quadriceps muscle was initiated for sIBM. Although weakness between Becker
muscular dystrophy and sIBM has a similar distribution in the lower
limbs, the results in a traditionally refractory inﬂammatory, vacuolated myopathy were less predictable.

RESULTS

study and were monitored according to a previously published clinical trial schedule.38,39
T cell responses toward AAV1 capsid and follistatin were monitored
by interferon g (IFN-g) enzyme-linked immunospot (ELISpot) assay
and were below 50 spot-forming cells/million peripheral blood
mononuclear cells (PBMCs) prior to enrollment.38,39 Study participants underwent an initial screening visit to establish criteria for
enrollment, and this included a pre-treatment muscle biopsy. Prednisone (60 mg daily) was started 2 weeks later and continued for
1 month prior to rAAV1.CMV.huFS344 injections as a precaution
against an immune response to the AAV capsid, especially in light
of the underlying inﬂammatory milieu in sIBM. The prednisone
dose was maintained for approximately 30 days after gene delivery.
Muscle biopsies provided a histopathological assessment of muscle
at baseline to compare with a follow-up biopsy on the opposite extremity on day 180 after gene transfer. The extremity undergoing
initial biopsy was chosen by a randomization table and taken from
the proximal vastus lateralis, thus determining the post-biopsy site
in the opposite extremity targeting the same head of the quadriceps.
Serum chemistry/hematology batteries were assessed at baseline, on
days 7, 14, 30, 60, 90, and 180, and yearly to evaluate adverse effects
because of gene transfer and included complete blood count, liver
function studies, kidney function (cystatin C),40 amylase, creatine
kinase, and serum hormones (follicle-stimulating hormone [FSH],
leutinizing hormone [LH], testosterone, and estrogen).

Study Design

The baseline characteristics of the six male participants are outlined
in Table 1. Each fulﬁlled previously published diagnostic criteria5
and conditions deﬁned in Investigational New Drug (IND) 14845.
The Institutional Review Board at Nationwide Children’s Hospital approved the clinical trial protocol that was registered at
ClinicalTrials.gov. The protocol followed the Helsinki Declaration,
and all patients gave their written informed consent prior to participation. The study was designed to target sIBM ambulatory patients
with knee extensor weakness (Medical Research Council [MRC]
grade 4).37 All were 50 years of age or older (62.5 median age) at
the time of disease onset, with gene transfer at a median age of 65.9
years. Serum neutralizing antibody titers to adeno-associated virus
(AAV)1, assessed by ELISA, had to be below 1:50 at the start of the
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rAAV1.CMV.huFS344 was prepared and delivered by the research
pharmacist at Nationwide Children’s Hospital (NCH) to the procedure room at the time of gene transfer on ice (not frozen) and administered to the subject within 8 hr of preparation. Handling of
the rAAV1.CMV.huF344 gene followed compliance standards for
biosafety level 1 vectors.39 The ﬁnal volume to the quadriceps muscle
of each limb was diluted in 6 mL of lactated Ringer’s (1 mL per syringe). The exact sites of gene injections in the heads of the quadriceps
muscle were chosen by pre-treatment magnetic resonance images
scored according the modiﬁed Hawley scoring system, which has
shown good correlation with histological ﬁndings in previous
studies.41–43 The sites of the vastus medialis (VM), rectus femoris
(RF), and vastus lateralis (VL) marked for injection were those best
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Table 2. Comparison of 6MWT following FS344 Gene Therapy
Baseline 6MWT (m)

Final 6MWT (m)

Treated group (n = 6)

443.5 (402.0, 498.0)

489.5 (464.0, 567.0)

+62.5 (23.0, 108.0)

+56.0 (50.3, 138.0)

Untreated group (n = 8)

459.0 (439.5, 469.0)

420.0 (388.5, 447.5)

33.0 (77.0, 8.0)

25.8 (57.6, 7.9)

0.59

0.01

0.001

0.001

p Values

th

Change from Baseline (m)

Annualized Changea (m)

Group

th

All values are expressed as median (25 percentile, 75 percentile).
The performance of the subjects was annualized to a median change over 1 year.

a

preserved with the least ﬁbrosis and fat replacement. At the time of
injection, 12 sites of the best preserved regions of quadriceps each
received 0.5 mL of vector that was further guided by a MyoJect
Luer lock electromyography (EMG) needle electrode that recorded
compound muscle action potentials to ensure that viable muscle
was present at the site of delivery.
A novel protocol design was introduced, taking advantage of observations from the follistatin Becker muscular dystrophy gene therapy
trial showing that the most active patients in that trial achieved the
best results on the 6-min walk test (6MWT).36 Additional studies
by Hansen et al. demonstrated that exercise induces a marked increase in plasma follistatin.44 For this sIBM gene therapy trial, each
patient was encouraged to exercise up to his or her own tolerance
three times per week, but, at a minimum, he or she should ride a stationary bicycle for 15 min and perform knee extension leg lifts with a
5-pound ankle weight (three repeats of ten leg extensions) three times
per week.
Functional Response to Treatment

Table 1 shows the baseline and ﬁnal distance in meters on the 6MWT
for each subject (n = 6). The treated patients were followed at regular
intervals for 1–2 years. Patient 3 could no longer participate in testing
2 months after gene therapy because of a fall that resulted in a
concussion and a torn hamstring muscle. Because this was an
intent-treat analysis, his data were included up to the point of injury.
To standardize reporting of the results, the performance of subjects
(Table 1) was annualized to a median 1-year change to provide a
standard score for comparison across the lengths of follow-up between subjects (Table 2). Treated subjects (n = 6) improved +56.0
m/year (+4.7 m/month), whereas a cohort of untreated sIBM patients
(n = 8) followed in our Neuromuscular Clinic matched for age,
gender, and baseline 6MWT decreased by 25.8 m/year (2.1
m/month) (p = 0.01) (Table 2; Figure 1). Secondary motor outcomes,
including “Timed Up and Go” and “Ascending 4 Stairs” are shown at
1 year after gene therapy for all subjects (Table S1). This time point
is comparable for all participants except for subject 3, who fell
2 months after gene transfer. Ascending stairs improved for all
patients, and four patients improved in “Timed Up and Go”.
A variable in this study that appeared to inﬂuence the outcome was
exercise. At each visit, participants turned in a log of their exercise
regimen. The patients reporting the most intense exercise routines
(exceeding the recommended minimum) improved by 108 m (sub-

ject 2) and 153 m (subject 6) compared to baseline (Table 1). These
two patients, plus subjects 4 and 5, reported greater exercise tolerance
and improved activities of living following gene delivery. Peak follistatin levels did show a correlation with improvement in the 6MWT
(Figure S1).
No adverse events (AEs) or serious AEs (SAEs) were encountered
related to gene therapy (Table S2). As in our prior report for Becker
muscular dystrophy follistatin gene therapy, we found no changes
in pituitary-gonadal hormone levels (FSH, LH, estrogen, or testosterone) or any organ system assessment of the heart, liver, kidney,
or bone marrow by physical exams or repeated chemistries
throughout the study. Assessment of the IFN-g ELISpot assay for
T cell immune responses to the AAV1 capsid showed no consistent
pattern of T cell immunity, and serum follistatin antibody levels remained below 1:50 titers. Patients with sIBM are subject to falling
because of weakness of the quadriceps muscles that results in knees
giving way. As reported above, subject 3 had a fall that resulted in
an SAE of a concussion and torn hamstring, which prevented him
from ﬁnishing the motor assessment (he was followed for other
adverse events). Subject 4 had two SAEs that prevented testing at
two time points. The ﬁrst was due to a biking accident, and the second
was due to a fall that required several weeks of rehabilitation. He
recovered from both and was able to participate in motor assessments, increasing his 6MWT by 67 m 16 months after gene transfer
(Table 1).
Muscle Biopsy Findings

We compared muscle biopsies 30 days prior to and 6 months after
gene transfer. Two patients (5 and 6) had microscopic slides of
parafﬁn-embedded muscle from a previous biopsy, and we chose
not to obtain another pre-treatment biopsy (muscle biopsy ﬁndings
were an exploratory outcome for this trial). Quantitative pre- and
post-treatment measures were restricted to tissue processed in our
laboratory (subjects 1–4). All post-treatment biopsies demonstrated
an increase in the number of muscle ﬁbers per square millimeter
area and a decrease in the endomysial connective tissue and fat content and the inﬂammatory component. The histologic appearance of
muscle following follistatin treatment (Figure 2) shows normalization
of ﬁber size appearance and distribution, decreased central nuclei, and
signiﬁcantly diminished muscle ﬁbrosis in three of the four posttreatment biopsies (Figures 3A–3C). Moreover, we found downregulation of the expression levels of the ﬁbrosis markers transforming
growth factor b (TGF-b), collagen 1A (Col1A), and ﬁbronectin in
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Figure 1. Annualized 6MWT Change in Treated versus Untreated sIBM
Groups
Shown is a comparison of the median annualized change in the distance walked in
the 6MWT over 1 year following rAAV1.CMV.huFS344 treatment of sIBM (treated
group, n = 6) versus the untreated sIBM control group matched for age, gender, and
baseline 6MWT. Treated subjects improved +56.0 m/year, whereas untreated
patients’ performance decreased by 25.8 m/year (*p = 0.01). Results per subject
are shown in Table 1 and Figure S1.

the post-treatment biopsies correlating with these histopathological
improvements (Figure 3D).
These ﬁndings collectively suggested that the treatment established a
more uniform and normalized size distribution; i.e., improved radial
growth of ﬁbers resulting from enhanced muscle regeneration.
Because mammalian target of rapamycin complex 1 (mTORC1) is
the major activator of radial growth/protein synthesis in muscle,45
we then investigated whether mTORC1 was activated by the follistatin gene therapy as previously reported.46 The activity of mTORC1
was assessed by the phosphorylation levels of its substrates, eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1)
and the ribosomal protein S6 kinase1-targeted protein (S6P), using
western blot analysis. The phosphorylated S6P and 4E-BP1 levels
were higher in the post-treatment samples, compatible with ongoing,
increased protein synthesis 6 months after treatment compared
with baseline pretreatment samples (Figure 4). We also found a
decrease in the phosphorylated levels of the cell stress sensor
AMP-activated protein kinase (AMPK) in response to follistatin
treatment.47,48
DNA copy number at the site of the biopsy is shown in Table S3 for
each patient undergoing treatment.

DISCUSSION
Myostatin is a muscle-speciﬁc secretory protein that regulates muscle
growth.1 We have chosen to use follistatin to inhibit the myostatin
signaling pathway for sIBM for several reasons. First, we were previously able to demonstrate both safety and a therapeutic beneﬁt
following gene delivery using AAV1.CMV.huFS344 in Becker
muscular dystrophy.36 We found a functional increase in the 6-min
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walk distance (6MWD) without adverse events. These ﬁndings established a potential path for treatment of sIBM, a signiﬁcantly different
condition, even though the distribution of muscle weakness has similarities. sIBM is an enigmatic condition with ongoing debates about
pathogenesis: is it predominantly inﬂammatory versus primarily a
myopathic or a degenerative disease with secondary inﬂammation?
Follistatin as a therapeutic tool for treatment of sIBM has three potential mechanisms to combat crucial aspects on both sides of the debate.
First, follistatin binds to activins inhibiting the release of pro-inﬂammatory cytokines and precluding the development of monocyte/macrophages, myeloid dendritic cells, and T cell subsets, all potentially
contributing to sIBM.49 Further beneﬁts result from a reduction
in muscle ﬁbroblast proliferation stimulated by myostatin inhibition.50,51 As predicted, in our study, the post-treatment biopsies
showed histological evidence of decreased ﬁbrosis along with downregulation of the expression levels of the ﬁbrosis markers TGF-b,
Col1A, and ﬁbronectin, providing direct evidence for this effect of follistatin. In sIBM, it is highly unlikely that we could achieve a therapeutic beneﬁt without reducing ﬁbrosis. The third arm that provides a
favorable environment for upregulating follistatin in chronic muscle
disease is its ability to stimulate myoblasts to express MyoD, Myf5,
and myogenin, all myogenic transcription factors that promote muscle regeneration.45 Moreover, follistatin-mediated increased muscle
mass and force-producing capacity is concomitant with mTOR
activation and increased protein synthesis independently of myostatin-driven mechanisms. It has been shown that Smad3/Akt/mTOR/
S6Kinase1/2/S6P signaling plays a critical role in this process.46 Our
ﬁndings of an overall increased activity in mTORC1 in the post-treatment biopsies, assessed by increased phosphorylation levels of its
substrates, 4E-BP1 and S6K1-targeted ribosomal protein S6P, provide
the ﬁrst in vivo evidence in patients for these biological effects of
follistatin. Ultimately, the combined effect of reducing ﬁbrosis and
inﬂammation while promoting muscle cell regeneration supports a
favorable milieu for muscle recovery, as seen in this translational
gene therapy clinical trial. It is also important to add that the combination of a glucocorticoid effect received by sIBM subjects for about
60 days, in the presence of exercise and follistatin upregulation, could
have inﬂuenced outcomes. An interesting possibility is that the upregulation of Akrin1 expression in the presence of suppression of myostatin following FS344 gene delivery provided a contributory path
for muscle growth. Glucocorticoids usually suppress the ability of satellite cells to promote muscle growth, accounting for steroid-related
muscle atrophy. However, a paradoxical effect is seen from the
combinational effect of follistatin and steroid therapy, resulting in
myostatin inhibition, increased Akrin1 expression, and potentiation
of muscle regeneration.52
Another interesting arm of the therapeutic efﬁcacy illustrated in this
clinical gene therapy trial is the beneﬁt of a combined gene delivery of
follistatin with a muscle contraction exercise program. In the follistatin Becker muscular dystrophy gene therapy trial, we thought that patients who reported a continued ability to adhere to active schedules
were those who improved most consistently in the 6MWT.36 There is
also clear evidence from prior studies in patients and in mice that
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Figure 2. Histopathology in Pre- and Post-follistatin
Treatment Muscle Biopsies
(A–D) Representative H&E-stained cross sections from
the pre-follistatin (A and C) and post-follistatin (B and D)
muscle biopsies for subject 2 (A and B) and subject 4
(C and D). Both subjects improved in their distance walked
on the 6MWT (Table 1). Post-treatment samples show
fewer small basophilic regenerating fibers, less variation in
fiber size, and fewer central nuclei. (E and F) The fiber size
histograms for subject 2 (E) and subject 4 (F) illustrate a
decrease in small fiber subpopulation and a shift toward
normalization of fiber size distribution with an increase in
the number of fibers within the normal size range. (G)
Quantification of multinucleated fibers as percent of total
number of fibers with internal nuclei showed a significant
reduction in the post-treatment samples, suggestive of
normalization of the internal cytoarchitecture. *p = 0.0267
by two-tailed t test.

expression of follistatin increases with exercise.44 The exercise
regimen we recommended in this clinical trial was modest: riding a
stationary bicycle for 15 min and knee extensor leg lifts with a
5-pound weight while in a sitting position (three sets of ten) three
times per week on alternating days. We monitored the program
with patient-recorded logs that were brought to the clinic at each
follow-up appointment. Four subjects followed the exercise program
with little variation (subjects 2, 4, 5, and 6) and also voluntarily performed additional exercises (especially subjects 2 and 6; Table 1; Figure S1). These are the subjects who were found to have the greatest
gains in the 6MWD. It is also important to note that all patients
in this study improved in outcome measures, but the difference
was striking between the exercise cohort (subjects 2,4, 5, and 6)
and the non-exercise cohort (subjects 1 and 3) while the dose of
rAAV1.CMV.huFS344 remained the same for all participants. A
question could be raised regarding efﬁcacy entirely related to exercise,
but we believe this to be highly unlikely given the failure of exercise
alone (including 10-m and 30-m walk, timed-up-and-go, stair climbing) to improve function in the absence of follistatin therapy.53,54
Future follistatin gene therapy clinical trials in muscle diseases of
varying causes might beneﬁt from a combined exercise-gene therapy
regimen.

had the advantage of a uniform, higher dosing
schedule of 6  1011 vector genomes (vg)/kg/
leg in all subjects. There were no treatmentrelated AEs or SAEs. Unrelated AEs occurred
in two subjects (6%), characterized as falls, and
one subject (3%) had a biking accident. It is
worth pointing out that this subject continued
to show functional improvement despite the injuries that would usually result in further decline
in this disease, suggesting an enhanced muscle-regenerative capacity
based on follistatin gene transfer. Other unrelated adverse events are
provided in Table S2. No serum chemistry or hormone abnormalities
were seen, including gonadotropins, testosterone, or estrogen levels,
following gene therapy. There was no consistent pattern of T cell immunity speciﬁc to the AAV1 capsid pool, as evaluated by ELISpot assays, and serum anti-follistatin antibody levels remained below 1:50
titers.
In conclusion, this is the ﬁrst clinical trial to show clear evidence of a
treatment beneﬁt in sIBM. This is an important step for this disease,
and further studies are warranted. Questions continue regarding how
long the treatment beneﬁt will persist and in what range of severity we
can expect to see improvement. Obviously, the treatment paradigm
must also be extended to include females before we can assess the
full effect of follistatin gene delivery for sIBM. In addition, the
sIBM patients treated in this trial were ambulatory and relatively
mildly affected. More severely affected patients might beneﬁt from
systemic delivery. This trial was unequivocally safe and, combined
with our prior results in Becker muscular dystrophy, continues to
support follistatin gene therapy for muscle disease delivered by AAV.

MATERIALS AND METHODS
The proﬁle of the follistatin isoform FS344 delivered by intramuscular
injection to sIBM patients conﬁrmed the safety of the prior Becker
muscular dystrophy study using the same cassette. The sIBM patients

Vector Production

The AAV1 vector product was produced as previously described using the human follistatin gene ﬂanked by AAV2 inverted terminal
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Figure 3. Reduced Fibrosis after Follistatin Gene Therapy
(A–C) Representative cross-sections stained with picrosirius red from pre-treatment (A) and post-treatment (B) biopsies. The quantification of endomysial connective tissue in
pre- and post-treatment biopsies is shown as percent fibrosis for individual patients (patients 1–4) (C). Significance (*p < 0.05) was assessed by two-tailed t test. Error bars
represent mean + SEM. (D) Expression levels of fibrosis markers evaluated from quadriceps muscles: TGF-b, Col1A, and fibronectin pre- and post-gene therapy (n = 4
in each) versus normal control (n = 3). Error bars represent ± SEM (reduced but not significant because of pretreatment variability).

repeat (ITR) sequences and encapsidated into AAV1 virions.33 The
construct contains the cytomegalovirus (CMV) immediate early promoter/enhancer and uses the b-globin intron for high-level expression. All plasmids used in the production process were produced
by Aldevron under its Good Manufacturing Practice Source
(GMP-S) quality system and infrastructure. rAAV1.CMV.huFS344
was produced in the Nationwide Children’s Viral Vector GMP
manufacturing facility. Release testing, including the ﬁnal ﬁll product,
was performed by our quality assurance unit (QAU). Certiﬁcates of
stability and analysis were submitted to and approved by the Food
and Drug Administration (FDA).
MRI for Guidance of Gene Transfer Sites

The MRI studies completed were non-contrast-enhanced images obtained from both legs, collected at baseline and 6 months after gene
therapy treatment for all subjects. Axial T1-weighted images of the
lower extremities to the knees were analyzed for injection sites. The
MRI studies were scored using the modiﬁed Hawley system, which
has been validated in previous studies and has shown good correlation with histological ﬁndings.41–43 Areas of skeletal muscle with a
baseline score of 2a or less were targeted. Two of the study investigators evaluated the pre-treatment MRI, a radiologist (M.H.) as well as a

6

Molecular Therapy Vol. 25 No 4 April 2017

neurologist (S.A.), and they came to a consensus of preserved areas of
skeletal muscle that were marked as injection sites.
Muscle Biopsy Analysis

For each patient, pre- and post-treatment quadriceps muscle biopsies,
processed according to our well established protocols at NCH, were
used for quantitative histopathology, real-time qPCR, and western
blot analyses, with the exception of two pre-treatment biopsies performed previously elsewhere (subjects 5 and 6), from which only
the microscopic slides were available. H&E-stained cross-sections
were used for ﬁber size measurements and counts of central nuclei.
A mean total area analyzed per biopsy was 2.25 ± 0.43 mm2, derived
from randomly obtained 20 images. Fiber diameters were recorded
with a calibrated micrometer using the AxioVision 4.2 software
(Zeiss). Fiber size distribution histograms were expressed as number
per square millimeter. In random images, the number of ﬁbers with
one or more internal nuclei and the percent of ﬁbers with internal
nuclei were determined. Quantiﬁcation of endomysial and perimysial
connective tissue was limited to pre- and post-treatment biopsies
done at NCH using picrosirius red stains (Abcam, ab150681) (patients 1, 2, 3, and 4). The level of ﬁbrosis was analyzed on 20 photographs using ImagePro software from 12 randomly selected ﬁelds in
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Figure 4. Western Blot Analysis of mTOR and AMPK
Signaling before and after Gene Transfer
(A–C) Representative western blot images and analysis
of mTOR and AMPK signaling in pre- and posttreatment quadriceps muscles of four subjects and
normal control quadriceps muscles. Quantitation of
mTOR targets are shown: (A) P-4EBP1(Thr37/46), (B) P-S6P
S6P9(Ser235-Ser236), and (C) P-AMPK(Thr172). The results
in (A) and (B) show increased expression levels of the
phosphorylated form of proteins normalized to actin and
expressed as percent of normal muscle values. The results in (C) show reduction after treatment. Error bars
represent mean + SEM, showing trends following treatment without reaching significance. n = 4 in the pre- and
post-treatment groups, and n = 3 in the normal muscle
control group.

pre- and post-treatment biopsies. The red area (representing the
ﬁbrotic area) was expressed as percent of total area in each image,
and the mean ± SEM was determined to represent each biopsy.
qPCR Experiments

The genomic DNA and RNA were extracted from fresh-frozen muscle biopsies using the QIAGEN QIAamp DNA mini kit (#51304) and
High Pure RNA isolation kit (Roche, #11828665001), respectively.
cDNAs were synthetized using the Transcriptor First Strand cDNA
synthesis kit (#04379012001). Standard real-time qPCR was performed to quantify the number of vector genome copies per microgram of genomic DNA using Fast SYBR Green Master Mix (Thermo
Fisher Scientiﬁc, catalog no. 4385612) according to the manufacturer’s instructions. Primers for the CMV promoter were as follows: F 50 -GTTTGACTCACGGGGATTTC-30 , R 50 -GGCGGA
GTTGTTACGACATT-30 . The pAAV.CMV.FS344 plasmid vector36
was serially diluted for making a standard curve. Other qPCR experiments were performed by using iTaq Universal SYBR Green Supermix (Bio-Rad, #1725122). Primer sequences for TGF-b (F: GGA
AATTGAGGGCTTTCGCC, R: CCGGTAGTGAACCCGTTGAT),
COL1A (F: CCCCGAGGCTCTGAAGGTC, R: GGAGCACCAT
TGGCACCTTT), and ﬁbronectin (F: ACAAACACTAATGTTAA
TTGCCCA, R: CGGGAATCTTCTCTGTCAGCC) were designed
using NCBI’s Primer Blast. All qPCR experiments were done by using
the ABI 7500 real-time PCR machine, and the results were computed
and analyzed using Data Assist Software (ABI).
Protein Extraction and Western Blot Analysis

For the western blot analysis, fresh-frozen muscles samples were
homogenized in radioimmunoprecipitation assay (RIPA) lysis
buffer (Thermo Fisher Scientiﬁc, #89900) with 1 Halt protease
inhibitor (Thermo Fisher Scientiﬁc, #78429) and 1 phosphatase
inhibitor (Sigma, P0044). The same amount of protein for each
sample was loaded on 4%–12% Bolt Bis-Tris Plus precast polyacrylamide gels (Thermo Fisher Scientiﬁc, #NW04120BOX) and

transferred to polyvinylidene ﬂuoride (PVDF) membranes (GE
Healthcare, #10600021). The following antibodies were used: from
Cell Signaling Technologies, anti-phospho S6P(Ser235-Ser236) (#4858),
anti-phospho 4EBP1(Thr37/46) (#2855), and anti-phospho AMPK(Thr172)
(#2535); from Santa Cruz Biotechnology, anti-Actin H-300 (#10731).
The secondary antibody was anti-rabbit (HAF008) immunoglobulin
G (IgG) conjugated with horseradish peroxidase (HRP) (R&D Systems). Speciﬁc signals were developed using Amersham ECL Prime
western blot detection reagent followed by exposure to X-ray ﬁlms
(Denville, #E3018). Bands on the ﬁlm were pictured using a camera
(Sony A600), and the band intensities were quantiﬁed using Quantity-One software (Bio-Rad). The relative content of the analyzed
protein band in each sample was determined by normalizing band
intensities to the content of Actin in the same sample.
IFN-g ELISpot Analysis

ELISpot assays were performed on fresh PBMCs as previously
described using AAV1 capsid peptide pools and follistatin.36 Concanavalin A (Sigma) served as a positive control and 0.25% DMSO as a
negative control. Human IFN-g ELISpot kits were purchased from
U-CyTech. After the addition of PBMCs and peptides, the plates
were incubated at 37 C for 48 hr and then developed according to
the manufacturer’s protocol. IFN-g spot formation was counted using a Cellular Technologies Limited systems analyzer.
Anti-AAV Neutralizing Antibody Titers

The assay is based on the ability of neutralizing antibody (Nab) in
serum to block target cell transduction with a b-galactosidase
(b-gal) reporter vector stock. C12 rep-expressing HeLa cells (Viral
Vector Core, Nationwide Children’s Hospital) were plated in a 96well plate (Corning) at a concentration of 5e4 cells/well. Plates were
incubated at 37 C with 5% CO2. The following day, an aliquot of patient serum was heat-inactivated for 30 min at 56 C. The serum was
diluted in duplicate 2-fold with DMEM in a 96-well plate so that the
plate contained 1:50–1:1,638,400 dilutions. 5e7 DNAse-resistant
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particles (DRPs)/mL AAV1.CMV.bgal virus was added to the serially diluted wells in a volume of 25 ml. For the assay cutoff, 25 mL of
5e7, 1e7, and 5e6 DRPs/mL were added to other wells containing 1:50
diluted naive serum. The 96-well plates were then rocked for 2–5 min
and incubated for 1 hr at 37 C. The medium was then removed, and
all 50 mL of the diluted serum/AAV1 complexes was added to the corresponding well containing C12 cells. 50 mL of the Ad5 (MOI = 250)
was added to the diluted serum samples. After overnight incubation at
37 C, the medium was replaced with 10% fetal bovine serum (FBS)
and DMEM. The medium was removed after 36 hr and gently washed
with 200 mL/well of PBS (Invitrogen). 100 mL/well of Pierce b-gal
assay reagent (Thermo Fisher Scientiﬁc) was added and incubated
for 30 min at 37 C. The plates were then read at 405 nm on a
SPECTRAmax M2 plate reader (Molecular Devices). The 5e6
DRPs/mL positive control was the assay cutoff, which represents an
equivalent of 10% infection and 90% neutralization. The furthest
serum dilution producing an average absorbance at 405 nm, which
was less than the average absorbance of the 5e6 DRPs/mL positive
control, was considered the anti-AAV1 titer.

formed all molecular and pathology review analyses. L.R.K. performed all molecular and immunology review analyses. S.L. processed, sectioned, and stained all muscle biopsies and performed all
tissue allocations. K.S. performed all morphometric analyses of the
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