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DNA-Mediated Gene Therapy in a Mouse Model
of Limb Girdle Muscular Dystrophy 2B
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Mutations in the gene for dysferlin cause a degenerative dis-
order of skeletal muscle known as limb girdle muscular dystro-
phy 2B. To achieve gene delivery of plasmids encoding dysferlin
to hind limb muscles of dysferlin knockout mice, we used a
vascular injection method that perfused naked plasmid DNA
into all major muscle groups of the hind limb. We monitored
delivery by luciferase live imaging and western blot, confirming
strong dysferlin expression that persisted over the 3-month
time course of the experiment. Co-delivery of the follistatin
gene, which may promote muscle growth, was monitored by
ELISA. Immunohistochemistry documented the presence of
dysferlin in muscle fibers in treated limbs, and PCR confirmed
the presence of plasmid DNA. Because dysferlin is involved in
repair of the sarcolemmal membrane, dysferlin loss leads to
fragile sarcolemmal membranes that can be detected by perme-
ability to Evan’s blue dye. We showed that after gene therapy
with a plasmid encoding both dysferlin and follistatin, statis-
tically significant reduction in Evan’s blue dye permeability
was present in hamstring muscles. These results suggest that
vascular delivery of plasmids carrying these therapeutic genes
may lead to simple and effective approaches for improving
the clinical condition of limb girdle muscular dystrophy 2B.
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INTRODUCTION
There are over 50 forms of hereditary muscular dystrophy due to mu-
tations in different genes affecting muscle function.1 Most of these
disease genes are recessive, making these disorders candidates for
gene therapy by addition of a functional copy of the gene that is
mutated.2 One of these recessive muscular dystrophies is limb girdle
muscular dystrophy 2B (LGMD2B), caused by deficiency of dysfer-
lin,3,4 a protein involved in repair of the sarcolemmal membrane.5,6

Mutations in the gene for dysferlin (DYSF) lead to a degenerative dis-
order of skeletal muscle, centered on muscles of the pelvic and shoul-
der girdles, with progressive involvement of distal limb muscles.3–7

Mouse models that lack dysferlin are available and have been used to
demonstrate gene therapy for LGMD2B using a gene delivery strategy
based on adeno-associated virus (AAV).6,8–11 Although promising re-
sults have been achieved in these studies, they also highlight some of
the challenges of an AAV-mediated approach for LGMD2B. The dys-
ferlin coding sequence is 6.2 kb long, but AAV is unable to package
genes longer than 5 kb. Therefore, dual vector strategies8–10 or deleted
forms of dysferlin11 have been used, which may reduce the efficiency
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or effectiveness of the therapy. In addition, an AAV gene therapy
strategy presents problems with vector immunogenicity,12 vector
loss, and the challenges and expense of large-scale viral vector pro-
duction. The use of plasmid DNA as a vector could address these chal-
lenges because plasmid DNA has no size limit, is not immunogenic, is
produced at a lower cost, and has the potential to integrate into the
genome if an integration mechanism is provided.13

Jon Wolff and colleagues14 showed in 1990 that plasmid DNA pro-
vided surprisingly high levels of persistent gene expression when
the DNA was introduced by intramuscular injection in mouse mus-
cles. In order to deliver the DNA more broadly to multiple muscles,
the Wolff group developed a method they called hydrodynamic
limb vein injection.15 In this method, the hind limb circulation was
transiently blocked by a tourniquet near the hip joint. Naked DNA
was injected into the saphenous vein near the ankle joint in a volume
of saline buffer sufficient to cause exit of the fluid and DNA from the
blood vessels. This process of extravasation placed the DNA in direct
contact with muscle fibers, where it was taken up and transcribed,
leading to significant levels of delivered protein in the muscle fibers.
The delivery process was simple, fast, and safe and lead to transfection
of approximately 10% of muscle fibers in a single dose. Furthermore,
the process could be repeated at intervals to build up incremental
levels of therapeutic protein.16 The method was translated to monkey
limbs with similar efficiency,17,18 and the fluid delivery procedure was
found to be safe and well tolerated in muscular dystrophy pa-
tients,19,20 suggesting the possibility of clinical translation.

We experimented here with plasmid DNA-mediated vascular deliv-
ery in a mouse model of LGMD2B. Given the lack of size limit with
plasmid vectors, it was possible to co-deliver the therapeutic dysferlin
gene with other genes that might be beneficial. Therefore, we also
demonstrated co-delivery of the 344-aa secreted isoform of the gene
for follistatin (FST), which has a role in muscle anabolism.21 Follista-
tin has been shown to be beneficial in studies in mouse models of
Duchenne muscular dystrophy, a severe form of muscular dystrophy,
especially when co-delivered with the therapeutic dystrophin gene.22

Even though there is evidence that overproduction of follistatin alone
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Figure 1. Plasmids and DNA Injection

(A) Map of plasmid pKLD-CAG-DYSF-CPL (pDYSF) expressing human dysferlin. (B) Map of plasmid pKLD-CAG-DYSF-CFL (pDYSF-FST) expressing human dysferlin and

follistatin. (C) Schematic diagram illustrating blood vessels andmuscles involved in vascular muscle perfusion method. (D) Luciferase live imaging photo of BLAJ/NRGmouse

legs 4 weeks after injection with pDYSF (left) and HBSS (right), shown with a bioluminescence intensity gradient.

Molecular Therapy: Methods & Clinical Development
may be harmful in LGMD2B mice,23 we hypothesized that muscle
delivery by gene therapy of both dysferlin and follistatin on the
same vector might be beneficial. In this study, we experiment with
plasmid-mediated delivery of dysferlin or dysferlin plus follistatin
in a mouse model of LGMD2B, assaying levels and distribution of
gene expression by luciferase live imaging, western blotting, immuno-
histochemistry, and ELISA, presence of plasmid DNA by PCR, and
benefit to muscle by the Evan’s blue dye (EBD) assay of muscle mem-
brane permeability. These studies indicate that robust delivery of
therapeutic proteins is possible by this method and may lead to bene-
ficial changes in muscle physiology.
124 Molecular Therapy: Methods & Clinical Development Vol. 7 Decem
RESULTS
To carry out our plasmid gene therapy approach for LGMD2B, we
utilized two therapeutic plasmids (Figures 1A and 1B). The plasmids
carry the cDNA for human DYSF, a 6.2-kb coding sequence.24 To
obtain strong expression of DYSF, we used the CAG promoter
enhancer, encompassing the widely expressed CMV enhancer,
chicken b-actin promoter, and a hybrid intron.25,26 We also included
the cHS4 chicken insulator element to combat silencing of gene
expression.27 The rabbit b-globin 30 UTR, thymidine kinase polyA
sequences, and bovine growth hormone polyA were used for tran-
scription termination. In addition, marker genes encoding mCherry,
ber 2017



Figure 2. Comparison of Single and Double Vascular Injections of pDSYF in

BlAJ/NRG Mice in a 4-Week Experiment

(A) Timeline of the experiment; all mice received a first injection of plasmid pDYSF at

day 0, whereas half of the mice also received a second injection of pDYSF at day 14.

Luciferase live imaging was performed 2 and 28 days after injections. All mice were

harvested at day 28. (B) Representative luciferase live images of mice 28 days after

single (left) or double (right) doses of pDYSF. (C) Bioluminescence radiance values

were graphed for control (HBSS alone) and single and double doses of pDYSF.

Although double dose values trended higher, the difference in levels observed

between the single and double dose groups was not statistically significant.

(D) Western blot images of protein extracted from the four hind limb muscle groups

from two representative legs after injection with either HBSS or a double dose of

pDYSF. NRG represents the wild-type level of dysferlin, whereas NRG/BlAJ rep-

resents the null level of dysferlin in BlAJ/NRG mice. (E) Western blot band quanti-

fication of all the data showed an upward trend in dysferfin expression in the double

dose groups that was not statistically significant. The dotted line represents 100% of

wild-type levels of dysferlin. Q, quadriceps; H, hamstring; T, tibialis anterior; G,

gastrocnemius. Data are mean ± SEM, with n = 3 to 4.
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puromycin resistance, and firefly luciferase, linked by p2A sequences
for coordinated expression, were part of the dysferlin expression
cassette present in pKLD-CAG-DYSF-CPL, abbreviated pDYSF (Fig-
ure 1A).24,28 To obtain a plasmid that co-expressedDYSF and FST, we
removed the puromycin resistance gene from pDYSF, which was not
needed in these experiments, and substituted DNA sequences encod-
ing the 344-aa isoform of human follistatin, yielding pKLD-CAG-
DYSF-CFL, abbreviated pDYSF-FST (Figure 1B).

To achieve widespread delivery of therapeutic plasmids to hind limb
muscles, we applied the hydrodynamic limb vein injection method
described by Hagstrom et al.,15 which utilizes naked DNA and dis-
tributes it to all the major muscle groups of the mouse hind limb. As
diagrammed in Figure 1C, we transiently blocked the hind limb
Molecular Th
circulation by clamping a rubber tourniquet as high on the leg as
possible. 400 mg plasmid DNA in Hank’s balanced salt solution
(HBSS) buffer were injected into the saphenous vein near the ankle
using a needle attached to a syringe pump for rapid (8 mL/min) and
controlled delivery of the fluid. Introducing the DNA in a volume
of �1 mL to the leg in the presence of the tourniquet forced the
fluid to exit the vasculature, where the plasmid DNA came in con-
tact with muscle fibers, which are competent to take up naked DNA.
Successful delivery was monitored by observing transient swelling of
the limb as well as distribution of the blue dye that was included in
the injection fluid. To detect expression of the plasmid DNA after
injection, we followed expression of the firefly luciferase gene on
the therapeutic plasmids by luciferase live imaging. As shown in
Figure 1D, a bright luciferase signal was seen in legs injected with
plasmid DNA, whereas no signal was seen in legs receiving buffer
alone or elsewhere in the body.

The low immunogenicity of naked plasmid DNA itself allows the po-
tential for multiple doses to be administered. The Wolff group16 es-
tablished that at least six doses of plasmid DNA could be given
sequentially, with corresponding increases in the amount of protein
delivered and the number of fibers transfected. In an initial gene ther-
apy experiment, we tested the effect of two doses of DNA versus a sin-
gle dose. As shown in Figure 2A, mice were given a single dose of
pDYSF in one leg; then, 2 weeks later, a second dose of pDYSF was
given to half of the animals in the same legs. The contralateral legs
were injected with HBSS alone. All animals were harvested 4 weeks
after the first injection. Luciferase bioluminescence live imaging was
done on day 2 to verify injection quality, then again just before mus-
cles were harvested. The mice were approximately 6 months old at the
time of injection and approximately 7 months old at the end of the
experiment. As shown in Figure 2B, strong luciferase signals were
observed in legs that received DNA. Figure 2C indicates that the
average luciferase signal tended to be stronger after 2 doses than after
a single dose, as expected.

To quantify the levels of dysferlin protein present in the treated
muscles, western blots were performed on protein extracted from
the quadriceps, hamstring, tibialis anterior, and gastrocnemius mus-
cles, and dysferlin levels were visualized by western immunoblotting
with an antibody that recognized the 237-kDa dysferlin protein
(Figure 2D). Equal amounts of protein (25 mg) were loaded in
each lane, and the 37-kDa GAPDH protein was imaged as a loading
control. Protein extracted from the parental NRG mice, which were
wild-type for dysferlin, was used as a positive control representing
the normal wild-type level of dysferlin. Protein extracted from un-
treated BlAJ/NRG mice was used as a negative control and con-
tained no detectable dysferlin, in keeping with the null phenotype
of the mouse model.8 Amounts of dysferlin protein present in
legs treated with buffer or pDYSF were quantified by normalizing
to GAPDH and using the NRG sample to represent 100%. Average
amounts of dysferlin present as a percentage of wild-type levels are
shown in Figure 2E for the legs receiving a single or double dose of
plasmid DNA. We generally observed more dysferlin protein in the
erapy: Methods & Clinical Development Vol. 7 December 2017 125
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Figure 3. Vascular Injection of pDYSF or pDYSF-FST in BlAJ/NRGMice in a

12-Week Experiment

(A) Timeline of the experiment; all mouse legs received a single vascular injection of

either HBSS alone, pDYSF, or pDYSF-FST at day 0, and hind limb muscles were

collected at 12 weeks. Luciferase live imaging was performed at 2 days, 6 weeks,

and 12 weeks after injection. (B) Representative luciferase images of the same

mouse at 2 days, 6 weeks, and 12 weeks after injection with pDYSF-FST. (C) Similar

levels of bioluminescence were observed in mice injected with pDSYF and pDYSF-

FST. These levels were persistent over the time course of the experiment. (D)

Representative western blot images of three mouse legs injected with pDYSF-FST;

the H, Q, and G muscle groups were analyzed. NRG represents the wild-type level

of dysferlin, whereas NRG/BlAJ represents the null level of dysferlin in BlAJ/NRG

mice. Lane L is the protein size ladder. (E) Western blot band quantification showed

no significant difference in dysferfin expression between the two plasmids FST. The

dotted line represents 100% of wild-type levels of dysferlin present in NRG mice. Q,

quadriceps; H, hamstring; G, gastrocnemius. Data are mean ± SEM, with n = 4–13.
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gastrocnemius and hamstring muscles than in the tibialis anterior
and quadriceps muscles, and there was a trend toward higher levels
of dysferlin protein after two doses. However, because even a single
dose yielded values averaging 25 to >100% of normal, we decided
to administer just a single dose of plasmid DNA in further
experiments.

To test the durability of gene expression over a longer time period
and to measure possible benefit of the treatment, we carried out a
DYSF gene therapy experiment that lasted approximately 3 months.
In addition to mice that received the pDYSF plasmid, we included a
group of mice that were treated with a plasmid, pDYSF-FST, car-
rying both the DYSF gene and the gene encoding human FST to
test the possible benefit of that combination. As shown in Figure 3A,
the experimental scheme involved a single dose of plasmid DNA or
126 Molecular Therapy: Methods & Clinical Development Vol. 7 Decem
HBSS buffer in each leg, with luciferase live imaging done 2 days
after treatment to monitor injection success and at 2, 6, and
12 weeks to examine retention of gene expression. Two mice were
treated with HBSS buffer alone, 4 with pDYSF, and 6 with
pDYSF-FST. Each group of mice contained both genders, and the
mice were aged 8–9 months at the start of the experiment
and 11–12 months at the end. We deliberately used older animals
to simulate patients in whom the disease process was well
underway.7,29

Figure 3B shows images of a representative mouse treated with
pDYSF-FST 2 days, 6 weeks, and 12 weeks after DNA injection. In
Figure 3C, we graphed all the luciferase data, revealing that pDYSF
and pDYSF-FST plasmids gave rise to similar levels of luciferase
expression. Luciferase expression rose between 2 days and 2 weeks
and then was stable for the 12-week duration of the experiment.
The levels of dysferlin protein present in the quadriceps, hamstring,
and gastrocnemius muscles were evaluated by western blot. Figure 3D
shows a representative western blot for three legs that received
pDYSF-FST. Dysferlin values were normalized using GAPDH and
plotted as a percentage of normal levels of dysferlin in Figure 3E.
Both pDYSF and pDYSF-FST expressed similar levels of dysferlin
that averaged�100% or more of normal levels, with the highest levels
in the gastrocnemius muscles. The delivery efficiency for the different
muscle groups followed a similar order, as we observed in the previ-
ous experiment, although the absolute amounts of dysferlin protein
trended higher in the longer experiment (Figure 2E compared with
Figure 3E).

The muscles in this experiment were also analyzed by immunohisto-
chemistry (Figure 4A). All sections were stained with laminin to
demarcate the positions of muscle fibers. In the NRG-positive control,
dysferlin was visible near the sarcolemmal membrane. In the BlAJ/
NRG mouse model of LGMD2B, no dysferlin staining was visible,
consistent with the null phenotype of these animals,8,29 and no dysfer-
lin staining was visible in muscles that received only HBSS. Sections
from gastrocnemius, hamstring, and quadriceps muscles from legs
that received pDYSF showed dysferlin-positive fibers, generally
brighter than normal levels of dysferlin, with the presence of cyto-
plasmic vesicles, as has also been commonly observed in an AAV-
mediated gene therapy experiment in mice.8–11 A gastrocnemius
muscle that received pDYSF-FST is also shown. These sections
represent some of the highest densities of dysferlin-positive fibers
we observed, with fiber counts revealing that 10%–12% of fibers
were positive for a single dose. Because not all sections had this level
of dysferlin-positive fibers, the overall density of positive fibers for
this single dose was <10%.

A separate experiment was performed, in which �7-month-old
mice received one dose of HBSS buffer, pDYSF, or pDYSF-FST.
Muscles were harvested after 1 month to analyze the presence of
plasmid DNA by PCR and the levels of follistatin protein present
in the muscles by ELISA. We performed PCR on DNA extracted
from these muscle samples using primers that detected luciferase
ber 2017



Figure 4. Further Analysis of 12-Week Gene Therapy

Experiment in BlAJ/NRG Mice

(A) Immunohistochemistry staining on G, H, and Qmuscle

sections harvested 12 weeks after vascular injection of

HBSS alone, pDYSF, or pDYSF-FST. Laminin is stained

red, and dysferlin is stained green. A section from the

positive control NRG mouse is also shown. Bar, 50 mm.

(B) Presence of plasmid DNA was detected by PCR in

muscles injected with HBSS alone, pDYSF, or pDYSF-

FST. Left diagram shows the position of the primers used

to detect an identical 1,242-bp region of DNA present on

pDYSF and pDYSF-FST. Representative PCR lanes show

DNA extracted from Q, H, and G muscles from legs

treated with either HBSS alone or pDYSF-FST. Control

lanes are B = BlAJ/NRG, NRG; B+D = BlAJ/NRG +

pDYSF; and B+F = BlAJ/NRG + pDYSF-FST. (C) Folli-

statin concentration was quantified by ELISA from mus-

cles injected with HBSS, pDYSF, or pDYSF-FST. Legs

injected with pDYSF-FST expressed significantly more

follistatin than legs injected with HBSS alone or pDYSF

(pooled for statistical purposes) 28 days after the in-

jections. (D) Concentration of Evan’s blue dye was

significantly lower in hamstring muscles of legs injected

with pDYSF-FST compared to legs injected with HBSS

alone or pDYSF 12 weeks after injections. Variability

was also significantly lower in muscles injected with

pDYSF-FST compared to HBSS alone or pDYSF-injected

muscles, as determined by F test. Q, quadriceps; H,

hamstring; G, gastrocnemius. Data are mean ± SEM, with

n = 4–8 and *p < 0.05.

www.moleculartherapy.org
plasmid sequences not present in the genome. As shown in Fig-
ure 4B, a strong PCR band was detected in legs that received
plasmid DNA, but not in those that received only HBSS buffer, veri-
fying the existence of plasmid DNA in these muscles. As shown in
Figure 4C, levels of follistatin were significantly higher in muscles
that received pDYSF-FST compared to those receiving pDYSF or
HBSS, which reflected only the basal level of endogenous follistatin
present in mouse muscles.

To analyze whether we could detect any improvement in the condi-
tion of the treated muscles, we injected Evan’s blue dye into the
mice intraperitoneally 1 day before harvest of the muscles in the
12-week experiment. Evan’s blue dye is able to enter muscle fibers
only if their sarcolemma is permeable, a condition increasingly pre-
sent with progression of LGMD2B due to the membrane repair defect
present in dysferlin-deficient muscle fibers. We showed that the
hamstring muscle was the most permeable hind limb muscle to
Evan’s blue dye at age matching of these mice.29 When the gastrocne-
Molecular Therapy: Methods & Cli
mius and hamstring muscles were analyzed for
levels of Evan’s blue dye, we found a trend
downward in the treated muscles, with a sta-
tistically significant drop in Evan’s blue dye up-
take present in hamstring muscles treated with
pDYSF-FST (Figure 4D). Furthermore, the ani-
mal-to-animal variability, as determined by
F test, was also lower in muscles that received pDYSF-FST, and this
difference was statistically significant (Figure 4D).

DISCUSSION
In this study, we demonstrated a gene therapy using naked plasmid
DNA that distributed substantial amounts of therapeutic protein to
hind limb muscles in a mouse model of LGMD2B. By performing a
relatively simple procedure of vascular injection of DNA in the pres-
ence of a tourniquet to block circulation transiently, amounts of ther-
apeutic dysferlin protein approaching or exceeding normal levels were
detected in hind limb muscles by western blot 3 months after treat-
ment. Immunohistochemistry confirmed the presence of dysferlin in
musclefibers, andPCRconfirmed thepresence of plasmidDNA. Lucif-
erase live imaging provided a convenient surrogate marker to evaluate
the strength and durability of gene expression of the delivered genes.

Previously, this vascular delivery method had been applied to
mdx mouse models of Duchenne muscular dystrophy by the Wolff
nical Development Vol. 7 December 2017 127
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group.16 Generally, similar results were seen in the levels of gene
expression observed and the preferential delivery to similar muscle
groups, including the gastrocnemius and hamstring. In those studies,
plasmids expressing full-length dystrophin provided stable dystro-
phin expression for the lifetime of the mice.16 Protection from Evan’s
blue dye permeability was seen when about 20% of normal levels of
dystrophin were present, distributed among 11%–16% of fibers.16

Repeat delivery was used to increase the amount of dystrophin pro-
tein and percentage of dystrophin-expressing fibers. Repeated deliv-
ery was found to increase the therapeutic protein level in a linear
fashion, whereas the number of fibers transfected rose at a slower
rate,16 presumably due to repeat delivery to some fibers, perhaps
due to their proximity to blood vessels. Our results show that this
methodology can be extended to other forms of muscular dystrophy,
with similar results.

This approach contrasts with the current focus on AAV-mediated de-
livery for muscle gene therapy. Because it is uncertain whether the
AAV approach will be sufficient, developing alternative gene therapy
strategies may offer valuable options for patients. The primary advan-
tage of the AAV system is that it can provide for efficient delivery to
tissues via a receptor-mediated process involving the viral capsid that
has often worked well in mice. By the same token, the presence of a
viral capsid of fixed dimensions and composed of foreign proteins
also creates limitations. Plasmid DNA has no size limit and, as
demonstrated here, can accommodate the full-length dysferlin coding
sequence. By contrast, AAV is a small, packaged virus with a fixed size
limit of �4.7 kb. The full-length dysferlin coding sequence is 6.2 kb
long and will not fit in AAV vectors. As a result, partial dysferlin
sequences or dual vector approaches that require recombination in
recipient cells are being used in AAV gene therapy development for
dysferlinopathy.8–11 However, dual vector approaches compromise
efficiency and increase complexity, whereas partial fragments of the
protein may have only partial activity. Use of the full-length coding
sequence is more desirable and feasible with the plasmid system.

Another potential advantage of the plasmid system is lesser immune
response. The AAV capsid stimulates an immune response in hu-
mans, and most humans have pre-existing antibodies to AAV, which
may complicate treatment by inactivation of incoming virus.12 More-
over, after an AAV-based gene therapy is administered, a neutralizing
antibody response to the AAV capsid may interfere with further treat-
ment. The need for re-treatment is likely for muscular dystrophy
because the muscle target is large and AAV gene therapy may not
be permanent. By contrast, it has been shown that plasmid can be
re-administered multiple times.16

An additional potential advantage of a plasmid system is the ability to
integrate the plasmid covalently into the genome, for example, by us-
ing phiC31 integrase or another integration system.13,30,31 Integrated
plasmid DNA becomes a permanent part of the genome, which may
prolong therapeutic gene expression. Lack of integration of most of
the AAV vector population means that therapeutic gene expression
could diminish over time. AAV also has little ability to correct muscle
128 Molecular Therapy: Methods & Clinical Development Vol. 7 Decem
stem cells, which are dividing cells that rapidly lose unintegrated
DNA.32 Ease of manufacture is another potential advantage of a
plasmid system. It is relatively easy and cheap to make plasmid
DNA from bacteria. By contrast, the viral manufacturing and purifi-
cation process is time consuming and expensive. A potential disad-
vantage of plasmid delivery is less efficient delivery. However, it
should be noted that although AAV delivery in mouse muscle is effi-
cient, it may be less efficient in humans due to a larger size and more
potent immune response. A conceivable potential strategy is to
administer an initial dose of AAV vector to achieve widespread
coverage, followed by vascular injection of plasmid to boost expres-
sion over time.

Our results suggest that a large amount of dysferlin protein was made
in a subset of fibers. It remains possible that low levels of dysferlin
expression in additional fibers were obscured by the strong expression
in some fibers. This uneven distribution of therapeutic protein may
not be ideal for the types of structural or enzymatic proteins involved
inmany forms of muscular dystrophy. On the other hand, this pattern
of distribution is attractive for delivery of secreted proteins. Follistatin
is a small, conserved protein that is secreted locally and binds to and
inhibits myostatin, a transforming growth factor b (TGF-b) family
member that is expressed almost exclusively in developing and
mature muscle and acts to shut down muscle growth.21 Follistatin
can stimulate muscle growth even in myostatin null mice by inhibit-
ing additional TGF-b family members, including activin.33 The
344-aa isoform of human FST that we used here has been tested in
a human clinical trial that claimed a possible therapeutic benefit in
Becker muscular dystrophy patients.34 Favorable distribution of
locally secreted follistatin by the vascular delivery method we em-
ployed may help explain why the plasmid that encoded both dysferlin
and follistatin appeared to be more therapeutically effective than a
plasmid with dysferlin alone.

Expression of dysferlin in 100% of fibers is not required for clinical
efficacy. For example, in a study of delivery of a truncated dysferlin
gene with AAV, systemic delivery led to expression of dysferlin
in�10% of muscle fibers in the gluteal muscles, but this was sufficient
for histological and functional recovery.11 Although plasmid delivery
to muscle by this vascular method is restricted to the area delineated
by the tourniquet and does not include the heart, the heart is rarely
affected in LGMD2B1,2 and is not a critical target in this disorder.
Furthermore, cardiac avoidance is an asset in some forms of muscular
dystrophy, like LGMD2A, in which expression of the therapeutic
calpain3 protein is toxic in the heart.35

In follow-up studies, it would be advantageous to treat younger ani-
mals and wait a longer period of time before evaluation. Such a pro-
tocol would provide a more rigorous test of safety and might result in
more dramatic results from the gene therapy, permitting documenta-
tion of clinical benefits throughmuscle function testing. Furthermore,
immune-competent Bl/AJ mice will be used in order to help predict
any immune response resulting from therapeutic plasmids, from
which marker genes such as luciferase will be removed. It is also of
ber 2017



www.moleculartherapy.org
interest to test delivery of follistatin alone to better evaluate the benefit
we saw in this study of a plasmid carrying both dysferlin and follista-
tin. It would be informative to evaluate muscle mass in those studies
because increase in muscle mass is a documented feature of follistatin
activity.21–23 It may also be beneficial to employ genomic integration
of the plasmid. Genomic integration of plasmid DNA with phiC31
integrase, using a different delivery method and experimental setting,
was shown to increase levels and duration of therapeutic protein
expression and improve its distribution in muscle fibers.13 If the
phiC31 integrase system also works to bring about sequence-specific
genomic integration in this system, it may offer a simple, attractive
addition to this gene delivery approach.30,31

Vascular delivery of naked DNA has been extended to larger species
than mice, including pigs and non-human primates.17,18,36 In partic-
ular, 184 primate limbs were injected by the Wolff group, including
upper and lower limbs; all animals recovered quickly, without obvious
side effects or deficits to muscles, nerves, or blood vessels.17,18

Furthermore, there was little attenuation in efficiency of delivery in
the larger animals compared to the results in mice. This is important
because gene therapy methods often fail to translate well during the
thousand-fold scale-up from mouse to human. Furthermore, high
volume injection of fluid in lower and upper limbs was tested in hu-
man clinical trials in muscular dystrophy patients and was found to be
safe, feasible, and well tolerated.19,20 This delivery method clearly pro-
vides long-term expression of the therapeutic gene because we carried
out a 12-week experiment and observed abundant dysferlin expres-
sion, a protein with a half-life of only�4–6 hours.37 These results sug-
gest that this gene therapy approach may have potential for clinical
application and could also be extended to further forms of limb girdle
muscular dystrophy, such as LGMD2A and LGMD2D.

MATERIALS AND METHODS
Plasmids and DNA

The therapeutic plasmid carrying the dysferlin coding sequence
pKLD-CAG-DYSF-CPL was constructed as described.24 Briefly, the
plasmid contains the human dysferlin cDNA cloned into the
pKLD-CAG backbone,28 along with a gene expression cassette encod-
ing mCherry, puromycin resistance, and firefly luciferase connected
by p2A skipping peptides. To construct a derivative that also encoded
follistatin, the puromycin resistance gene in pKLD-CAG-DYSF-CPL
was replaced with the coding sequence for the 344-aa isoform of
human follistatin, synthesized as a gBlock gene fragment (Integrated
DNA Technologies, Coralville, IA) using the AgeI restriction enzyme
site. Plasmid DNA used for animal injections was purified with an
endotoxin-free maxi- or giga-prep kit (Macherey-Nagel, Düren,
Germany) following the manufacturer’s instructions.

Mice

We utilized dysferlin null A/J mice that were crossed onto the
C57BL/6 background to make the Bl/AJ strain.6,8 Bl/AJ mice
(B6.A-Dysfprmd/GeneJ, stock number 012767) were provided by the
Jackson Laboratory (Bar Harbor, ME) from a colony maintained by
the Jain Foundation. To obtain immune-deficient mice, we crossed
Molecular Th
the Bl/AJ mice with NRG mice that were deficient in B, T, and
NK cells.38 NRG mice (NOD.Cj-Rag1tm1Mom Il2rgtm1Wjl/Szj, stock
number 007799) were purchased from Jackson Laboratory. The
resulting BlAJ/NRG mice were characterized in detail29 and
donated to Jackson Laboratory as stock number 029663 (NOD.Cg-
Rag1tm1MomDysfprmdIl2rgtm1Wjl/McalJ). The Stanford Administrative
Panel on Laboratory Animal Care approved all procedures performed
on animals. The Stanford Comparative Medicine program is ac-
credited by the Assessment of Laboratory Animal Care International.

Vascular Injection

Plasmid DNA was injected into mouse hind limbs using the vascular
delivery procedure described by Hagstrom et al.15 Briefly, mice were
anesthetized with a ketamine-xylazine cocktail (K: 10 mg/mL,
X: 1 mg/mL), a tourniquet was placed at the proximal joint of the
leg, and a small incision wasmade near the ankle joint. 400 mg plasmid
DNA in 1mLHBSS (ThermoFisher Scientific,Waltham,MA) or 1mL
HBSS buffer alone were injected into the saphenous vein using a
10-mL Luer-Lok syringe (Becton Dickinson, Franklin Lakes, NJ)
attached to a 33G needle (TSK Laboratories, Tochigi, Japan) at a
rate of 8mL/min using a Legato 210 syringe pump (KDScientific, Hol-
liston, MA). The needle was withdrawn, pressure was applied for
1 min, the tourniquet was released, and the incision was sutured. Pat-
ent blue dye (0.25 mg/mL; Thermo Fisher Scientific) was included in
the injection fluid to monitor injection success.

Luciferase Live Imaging

Mice to be imaged were anesthetized with 1.5% isofluorane through a
nose cone. Luciferin substrate (1 mg/mL PBS; Biosynth, Itasca, IL)
was injected into the intraperitoneal cavity (100 mL/10 g body weight).
10 min after luciferin injection, luminescence was detected using an
in vivo imaging system (IVIS Spectrum Pre-Clinical In Vivo Imaging
System, PerkinElmer, Waltham, MA) and associated software for
quantitation. Luminescence images were acquired at exposure times
of 1 s or less. Luminescence was quantified within regions of interest
in units of photons/s/cm2.

Western Blots

The quadriceps, hamstring, gastrocnemius, and tibialis anterior mus-
cle groups were dissected frommouse hind limbs. Muscle lysates were
prepared with RIPA buffer supplemented with HALT Protease Inhib-
itor Cocktail (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. The supernatant-containing protein extract was
denatured with Laemmli Sample Buffer (Bio-Rad, Hercules, CA) sup-
plemented with 100 mM DTT. In each lane of a 10% TRIS-glycine
SDS-PAGE gel (Bio-Rad), 25 mg protein extract was electrophoresed
at 70 V in ice cold PAGE running buffer (0.1% SDS, 25 mM Tris, and
250 mM glycine). Samples were transferred onto a 0.45 mm PVDF
membrane (Thermo Fisher Scientific) for 60 min at 100 mA at 4�C.
Membranes were blocked in 0.2% BSA and 2% milk diluted in TBS
with 0.2% Tween 20. Dysferlin detection was achieved with a
1:1,000 dilution of rabbit-anti-dysferlin (Abcam, Cambridge, UK).
GAPDH was probed with a 1:10,000 dilution of rabbit-anti-GAPDH
(Abcam) in blocking solution. Rabbit antibodies were probed with
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either a 1:5,000 dilution of goat-anti-rabbit immunoglobulin G (IgG)
horseradish peroxidase (HRP) secondary antibody (Thermo Fisher
Scientific) or a dilution of IRDye secondary antibodies (LI-COR Bio-
sciences, Lincoln, NE). Blots were developed in Clarify Western ECL
Substrate according to the manufacturer’s protocol (Bio-Rad) and
imaged using the ChemiDoc Touch Imaging System (Bio-Rad) or
the Odyssey CLx (LI-COR Biosciences).

Immunohistochemistry

Muscles were harvested and snap frozen in OCT in liquid nitrogen.
Serial 12-mm cryostat sections were obtained throughout the muscles.
Sections were fixed in 4% paraformaldehyde (PFA) for 10 min and
washed 3 times with PBS for 1–2 min. Sections were blocked in
10% donkey serum in PBS for 1 hr. Primary antibodies were prepared
in block solution and incubated overnight at 4�C in a humid chamber.
The next day, slides were washed 3 times with PBS and stained
with 2nd antibody for 30 min at room temperature. Slides were
washed with PBS 3 times and visualized. Dysferlin was detected
with the rabbit NCL-Hamlet antibody (1:500, Leica Biosystems, Buf-
falo Grove, IL), and laminin was detected with a rat a-laminin anti-
body (1:1,000, Sigma, St. Louis, MO). Goat a-rabbit conjugated to
Alexa 488 (1:1,000, Life Technologies, Carlsbad, CA) and a-rat con-
jugated to Alexa 594 (1:1,000, Life Technologies) were used as second-
ary antibodies.

ELISA for Follistatin

Follistatin levels were measured using a follistatin ELISA kit (R&D
Systems, London, UK) following instructions provided by the manu-
facturer. A standard curve was constructed using the provided folli-
statin standards. Protein extract samples from each muscle group
were diluted 1:10 in Calibrator Diluent RD5-21. Both standards
and samples were pipetted into wells pre-coated with immobilized
antibody, followed by incubation with a follistatin-specific enzyme-
linked monoclonal antibody. Substrate solution was then added to
each well, with color development proportional to the amount of fol-
listatin bound. Plates were read with a Tecan Infinite 200Pro micro-
plate reader (Tecan Group, Mannedorf, Switzerland) at 450 nm, with
its reference at 570 nm.

PCR

Presence of therapeutic plasmid in muscle was detected by PCR.
Genomic DNA was extracted from muscles using the Wizard
Genomic DNA Purification Kit according to the manufacturer’s
instructions (Promega, Madison, WI). Plasmid amplicon was gener-
ated from 200 ng genomic DNA (3 min at 98�C; 20 s at 98�C, 25 s at
63�C, and 60 s at 72�C, 30 cycles; 2 min at 72�C), with the forward
primer binding in the firefly luciferase gene (50- TCTCATCTAC
CTCCCGGTTTT-30) and the reverse primer binding in the rabbit
b-globin UTR region (50-TTTTGGCAGAGGGAAAAAGA-30) using
2xQ5 MasterMix (New England Biolabs, Ipswich, MA).

Evan’s Blue Dye Procedure

To evaluate the membrane permeability of muscle, mice were intra-
peritoneally injected with Evan’s blue dye (Sigma; 100 mL 1% Evan’s
130 Molecular Therapy: Methods & Clinical Development Vol. 7 Decem
blue dye in PBS per 10 g body weight). The following day, muscles
were flash frozen and ground with a mortar and pestle. Following
an overnight incubation in formamide, Evan’s blue dye was quanti-
fied in the supernatant by measuring light emission at 630 nm.39

Statistical Analysis

To determine statistical significance for two groups, comparisons
were made using a Student’s t test; for more than 2 groups,
the ANOVA test was used. The F test was used to analyze the variance
variability of data. Statistical analyses were performed using
GraphPad Prism v.7 (GraphPad Software, La Jolla, CA). A
p value < 0.05 was considered significant.
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