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Micro-dystrophin (mDys) gene therapeutics can improve stri-
ated muscle structure and function in different animal models
of Duchenne muscular dystrophy. Most studies, however, used
youngmdxmice that lack a pronounced dystrophic phenotype,
short treatment periods, and limitedmuscle function tests. We,
therefore, determined the relative efficacy of two previously
described mDys gene therapeutics (rAAV6:mDysH3 and
rAAV6:mDys5) in 6-month-old mdx mice using a 6-month
treatment regimen and forced exercise. Forelimb and hindlimb
grip strength, metabolic rate (VO2 max), running efficiency
(energy expenditure), and serum creatine kinase levels similarly
improved in mdx mice treated with either vector. Both vectors
produced nearly identical dose-responses in all assays. They
also partially prevented the degenerative effects of repeated
high-intensity exercise on muscle histology, although none of
the metrics examined was restored to normal wild-type levels.
Moreover, neither vector had any consistent effect on respira-
tion while exercising. These data together suggest that,
although mDys gene therapy can improve isolated and systemic
muscle function, it may be only partially effective when dystro-
phinopathies are advanced or when muscle structure is signif-
icantly challenged, as with high-intensity exercise. This further
suggests that restoring muscle function to near-normal levels
will likely require ancillary or combinatorial treatments
capable of enhancing muscle strength.
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INTRODUCTION
Most muscular dystrophies result from abnormalities in the structure
and function of the multi-protein dystrophin-glycoprotein complex.1,2

Themost common forms, Duchenne and Beckermuscular dystrophies
(DMD and BMD, respectively), result from genetic anomalies within
the X-linked dystrophin gene and, together, occur at an approximate
frequency of 1 in every 5,000 male births.3,4 The two forms, however,
differ in prognosis, which is dependent upon the relative amount of
functioning dystrophin protein expressed in striated muscle. Disease
progression is rapid and the pathologies are more severe in Duchenne
patients who express little to no functioning dystrophin, whereas in
Becker patients, truncated dystrophins or low protein levels partially
protect striated muscle. Despite these differences, both DMD and
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BMD are primarily treated with palliative care and corticosteroids as
no currently available treatment can compensate for the loss of func-
tioning dystrophin. Developing treatments include novel gene thera-
peutics as several preclinical studies very clearly illustrate the corrective
potential of adeno-associated viral vectors (AAVs) carrying “micro-
dystrophin” (mDys) cDNA payload genes.5,6

The approximately 13.9-kb dystrophin cDNA size greatly exceeds the
5-kb packaging capacity of AAVs.7,8 Nevertheless, mDys, mini-dystro-
phin, or reconstituted full-length dystrophin cDNAs have proven
highly effective in restoringmuscle structure andmany aspects of mus-
cle function when delivered using an AAV vector.5,6 Indeed, three
different mDys gene therapeutics are currently being developed by Solid
Biosciences, Sarepta/Nationwide Children’sHospital, and Pfizer.5 Each
therapeutic contains mDys cDNA constructs coding for truncated dys-
trophin proteins that lack several internal repeating motifs. These
proteins retain amino- and carboxy-terminal cysteine-rich domains
(Figure 1) critical for binding to intracellular g-actin and to the glyco-
protein complex on the muscle cell plasma membrane (i.e., sarco-
lemma).5,6 This provides a functional link between the muscle contrac-
tile elements within the cell and the lateral membrane anchoring
components, which, in turn, stabilizes the muscle cell and prevents
contraction-induced muscle damage and, ultimately, degeneration.9,10

Recent studies compared the efficacy of several novel mDys gene ther-
apeutics inmdx4cv mice.11 Each mDys protein contained functional do-
mains that were either lacking in previously developed versions or that
were placed within different intramolecular contexts. They all retained
conserved regions for binding to g-actin and b-dystroglycan and, in
addition, contained different combinations of spectrin-like repeats
(R1–R24) from the internal rod domain (Figure 1A). Other domains
020 ª 2019 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2019.11.015
mailto:danrodgers@aavogen.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2019.11.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Micro-dystrophin and Experimental Designs

(A) The wild-type dystrophin protein is composed of three general domains: the amino terminus with two calponin homology (CH) domains, the central rod domain composed

of spectrin-like repeats (numbered), a cysteine-rich (CR) domain, and a carboxy terminus composed of two coiled-coil repeats.68 Other more specific domains are aligned to

these and include binding domains for actin (ABD); laminin (LBD); intermediate filaments (synemin and plectin); proteins in the DGC complex (b-dystroglycan, syntrophin, and

dystrobevin); neuronal nitric oxide synthase (nNOS), which binds to repeats 16 and 17 via a-syntrophin; and four interspersed hinge domains (H1–H4). Horizontal lines

indicate relative positions of labeled domains. (B) Structural components of differentmicro-dystrophins correspond to those labeled in (A). Also indicated are themass of each

protein and the corporate developer. (C) Treatment timeline of experiments. All mice were 6 months old when starting experiments. Forelimb and hindlimb grip strength

measures were collected monthly on all mice, for a total of 7 measures over 6 months. Forced treadmill running was used to assess systemic muscle function and to

exacerbate the dystrophic phenotype during the last month. This included initial and final VO2 max tests and 6 intervening training sessions (T1–T6) over 4 weeks (W1–W4).

Mice were terminated 24 h following the last VO2 max test. Procedures are listed above the timeline, and ages of mice are listed below.
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were incorporated and included two or three of the hinge domains
(H1–H4) that contribute to protein flexibility. Repeats R16–R17
were also included as they are necessary for neural nitric oxide synthase
(nNOS) localization to the dystrophin glycoprotein complex at the
sarcolemma.12–14 One of the constructs tested here, mDysH3, is struc-
turally similar to that being developed by Sarepta/Nationwide Chil-
dren’s Hospital (ClinicalTrials.gov: NCT03375164) and differs only
by a switched hinge domain, H3 for H2.15 Unlike mDys5, which is be-
ing developed by Solid Biosciences (SGT-001; ClinicalTrials.gov:
NCT03368742), neither of these constructs contain R16 and R17 (Fig-
ure 1B). Thus, it is possible that they provide more flexibility due to the
additional hinge domain but lack an nNOS binding domain that can
preserve contraction-induced vasodilation, thereby preventing
ischemic damage.12 Both mDysH3 and mDys5, however, lack H2 and
should not produce a ringbinden phenotype.15,16
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These recent studies suggest that refinements to the rod domain alone
can significantly improve the functionality of mDys gene therapeutics
when compared to the previously established “best” candidate,
mDysH3.11 They identified two constructs that performed slightly bet-
ter than the others and this includes mDys5. However, these studies
were performed using very young mice (2 weeks old), as do most pre-
clinical studies for DMD, and only minimal tests of muscle function
(specific force and contraction-induced injury). Such assessments are
highly appropriate for establishing proof of concept and for
comparing the relative efficacy of different therapeutics, but their re-
sults may not translate to clinical success as the development of path-
ophysiological signs in any dystrophic model accumulates with age.
More comprehensive studies of older dystrophic mice using rigorous
tests of muscle function are, therefore, needed to adequately deter-
mine the relative effectiveness of any treatment.
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Figure 2. Changes in Forelimb and Hindlimb Grip

Strength over Time

Mice were injected with 0, 5 � 1011 (low dose, -L), or 5 �
1012 (high dose, -H) vg of rAAV6:mDys5 (mDys5) or

rAAV6:mDysH3 (mDysH3), and grip strength was measured

monthly as in Figure 1. The key in (A) applies to the whole

figure and each point represents mean ± SEM (n = 6, p %

0.05). (A–D) Absolute forelimb (A), absolute hindlimb (B),

normalized forelimb (C), and normalized hindlimb (by body

weight) grip strength of wild-type (WT, injected with 0 vg)

C57BL/10 and mdx mice injected with all doses (mdx =

0 vg). (E and F) Percent change in absolute forelimb (E) and

hindlimb (F) grip strength from the initial measurements

(time 0). The only difference between vectors occurred in (B)

(mDysH3-H > mDys5-H) at 10 and 11 months. Otherwise,

significant differences between dose groups are indicated

by letters as follows: a, WT differs from all other groups; b,

WT differs from all others, and low doses differ from high

and mdx; c, WT differs from others, and both doses differ

from mdx; d, WT differs from low doses; e, WT differs from

low doses and mdx, while both doses differ from mdx; f,

mdx differs from all others; g, WT and high doses differ from

others, and low doses differ from mdx; h, the dose groups,

WT, andmdx all differ from each other; i, high and low doses

both differ from all others; j, high doses and mdx differ from

others; k, no differences; l, high doses differ from others.
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We compared mDysH3 and mDys5 gene therapeutics using older
adult mdx mice and chronic exercise exacerbation as this produces
a dystrophic phenotype that more closely resembles the human con-
dition.17–21 Our experimental design incorporated a long treatment
period of 6 months and tests of systemic muscle function that
resemble those used in clinical trials (e.g., 6-minute walk test, respira-
tory function, grip strength). Our results indicate that both therapeu-
tics possess the potential to significantly improve different aspects of
skeletal muscle structure and systemic muscle function, even when
the dystrophinopathies are advanced. Nevertheless, they also indicate
that both therapeutics were only partially effective at the doses tested.
This is consistent with previous studies using oldmdxmice,22–25 often
with even higher doses of similar mDys gene therapeutics, and sug-
gests that ancillary support may be needed to compensate for the
accumulated effects of muscle degeneration over time.

RESULTS
Study Design

Experiments were performed on untreated wild-type C57BL/10 con-
trol mice and on treated and untreated mdx mice. Mice were first
analyzed and treated when 6 months old and were terminated
when 12 months old (Figure 1C). Compared to young adult mdx
124 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
mice (e.g., 2–3 months old), such older adult
mice express a more pronounced dystrophic
phenotype but are still capable of completing
rigorous exercise protocols.19,21 Grip strength
measures were collected on all mice before inject-
ing the treated groups, which received retro-
orbital (RO) injections of low (5 � 1011 vg per mouse) or high (5 �
1012 vg per mouse) doses of rAAV6:mDys5 or rAAV6:mDysH3 imme-
diately after assessing initial fore- and hindlimb grip strength. Such
measures were subsequently collected monthly for 6 additional
months. During the final month, mice exercised twice weekly on res-
piratory treadmills, with 2 and 3 days of rest between exercise ses-
sions, using a previously optimized protocol for assessing systemic
muscle function in mdx mice.20 This included initial and final VO2

max tests, which measures the maximal volume of O2 consumed dur-
ing exercise, on weeks 1 and 8 and six intervening “training” sessions.
Final grip strength measures were collected immediately before the
last VO2 max test, and mice were subsequently terminated after 24 hr.

Grip Strength

When the study began, absolute forelimb and hindlimb grip strength
of wild-type mice was significantly higher than that of all mdx mice,
regardless of treatment group (Figures 2A and 2B). The forelimb
levels remained relatively constant in wild-type mice thereafter,
increased and plateaued in treated mice, and steadily declined in
untreated mdx mice after 3 months. No differences were detected
among the treated groups, although their values were significantly
higher than those of untreated mdx mice and lower than those of



Table 1. Change in Body Mass

WT Mdx mDys5-L mDys5-H mDysH3-L mDysH3-H

Initial 23.4 ± 0.3 24.0 ± 0.2 23.2 ± 0.3 23.2 ± 0.3 23.5 ± 0.3 24.2 ± 0.2

Final 25.8 ± 0.3 27.3 ± 0.2 26.5 ± 0.3 25.2 ± 0.3 26.8 ± 0.3 25.7 ± 0.2

%
change

10.3 ± 0.1 13.5 ± 0.2 14.3 ± 0.3 6.6 ± 0.3 14.1 ± 0.3 6.3 ± 0.1
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wild-type mice at several time points, especially at and after 3 months.
Normalizing the forelimb data to bodymass helped distinguish differ-
ences between high and low doses, but not between vectors, as the
high doses of both vectors restored strength to wild-type levels, while
the low doses only partially restored strength (Figure 2C).

Normalizing these data to body mass is somewhat misleading as the
body composition and mass of older wild-type and mdx mice often
differ and can change disproportionately (Table 1). In fact, the simi-
larities in forelimb grip strength among wild-type mice andmdxmice
treated with high doses of either vector are due, in part, to normaliza-
tion, as the body mass of the former increased by approximately 10%
and that of the latter increased by 6%. This suggests that treating mice
with high vector doses enhanced, but did not completely restore, fore-
limb strength to normal. Tracking relative changes of normalized
forelimb grip strength over time further distinguished the high-
dose groups from all the others (Figure 2E). Indeed, strength
increased and was maintained in these mice, although there was a
net decrease in the other groups.

Over the first 4 months, absolute hindlimb grip strength steadily
increased in all groups (Figure 2B), which typically occurs in our
experience as mice slowly become accustomed to the assay. Normal-
izing grip strength identified differences similar to those of the fore-
limb measures, as again, no differences were detected between the
vectors and the low-dose treatment had no significant effect while
the high doses progressively increased strength. Moreover, high-
dose treatment fully restored strength in 4 months, although it
declined significantly thereafter, a pattern that also occurred when
plotting relative changes (Figures 2D and 2F). The latter results are
possibly the most informative and very clearly indicate greater
responsiveness among the high-dose groups, despite the fact that
both fore- and hindlimb grip strength began to decline after 3 or
4 months, even in these groups. Nevertheless, as a whole, the grip
strength results together suggest that high doses of either vector are
needed to have long-term effects on partially restoring grip strength,
at least in this particular (i.e., aged) dystrophic mouse model.

Exercise Capacity

The initial VO2 max of all mdxmice, treated or not, was significantly
lower than that of wild-type mice (Figure 3A). Five months of mDys
gene therapy was, therefore, incapable of maintaining VO2max in 11-
month-old mice. Due to the older age of mice when the exercise pro-
tocol began, the VO2 max of most mice, including wild-type mice,
decreased from initial to final tests. This was not unexpected as
Molecul
improved VO2 max only occurs with repeated high-intensity interval
training and has not been demonstrated in wild-type ormdxmice us-
ing the protocol described herein.20,26,27 However, the initial and final
VO2max values were not significantly different inmdxmice receiving
high-dose vector treatment. Note that the relative change in VO2 max
among these groups was nearly identical to that of wild-typemice, just
one third, and significantly different from the change in untreated
mdx mice (Figure 3B). These results are highly novel and suggest
that, even in oldermdxmice, high-dose vector treatment can prevent
the deleterious effects of exercise-induced muscle damage and pre-
serve maximal exercise capacity as measured by VO2 max. The differ-
ences in total distance traveled (Figures 3C and 3D) resembled those
of VO2 max, and although many were not significant, the overall
similar pattern further highlights the beneficial effects of uDys gene
therapy on exercise performance.

The reduced exercise capacity among all mdx mice is possibly best
illustrated by the total energy expended during the initial VO2 max
test (Figure 3E). In fact, there were no differences in the total energy
expended among the groups, despite the fact that treated and un-
treated mdx mice ran shorter distances. In the final VO2 max test,
the energy expended was lower in all but wild-type mice (Figures
3E and 3F). This was consistent with mice running shorter distances
except in mice receiving high doses of either vector where, in compar-
ison to the other groups, the relationship between distance traveled
and energy expended were inversely correlated. These mice ran
similar or longer distances than the others but expended fewer calo-
ries (Figure 3G). This is best illustrated by the energy expenditure
rate, an inverse measure of running efficiency, which increased in
all groups between tests except in mdx mice treated with high doses.
Indeed, the rate decreased by 13% and 20% in mice treated with
rAAV6:uDys5-H and rAAV6:uDysH3-H, respectively (Figure 3H).
This indicates that high-dose treatment of either vector improved
running efficiency as mice ran farther while consuming less energy.

Exercise Training

Previous studies identified pathological markers of exercise training
in the mdx mouse and in the P448L mouse, a model for limb girdle
muscular dystrophy 2i.20,28 The markers include motivational shock
accumulation, VO2 cv (VO2 coefficient of variation, a measure of
VO2 variability during exercise), minimum VO2, and maximum res-
piratory exchange ratio. Throughout the 4-week period, the number
of accumulated shocks increased in all groups. The rate of increase
was not equal, however, as the final number in mdx mice treated
with no or low-dose vectors was 4-fold higher than that of wild-
type mice (Figure 4A). Most importantly, treating mdx mice with
high doses of either vector significantly reduced shock numbers
compared to these groups, although shock levels remained 3-fold
higher than those in wild-type mice.

This pattern of responsiveness is similar to the patterns previously
discussed where treating with high vector doses improves but does
not restore muscle function, although other aspects of exercise
training were, for the most part, unaffected by any treatment. This
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 125
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includes the respiratory metrics as well as total energy expended (Fig-
ures 4B–4F). In fact, very few differences were noted regardless of
metric, training session, or group comparison. This differs from our
previous studies of young dystrophic mice where all of these metrics
differed between dystrophic and wild-type mice, suggesting that
advanced age is itself a confounding factor. Nevertheless, both doses
of both vectors partially restored VO2 cv for the entire study period as
values for treated mdx mice were different from both wild-type and
untreated mdx mice (Figure 4B).

Histological Analysis and Serum Creatine Kinase (CK)

Ramos et al.11 previously demonstrated rAAV6:mDys5 to reduce
muscle fibrosis and both rAAV6:mDys5 and rAAV6:mDysH3 to be
equally effective in transducing muscle mDys expression and in
reducing other aspects of muscle structure and function over a
6-month treatment period, the same period used in the present study.
We, therefore, quantified differences in central nuclei, as this is amore
acute metric of muscle regeneration. Skeletal muscle injury, either
from normal exercise or from pathological insult, induces satellite
cell nuclei incorporation into regenerating fibers. The presence of
central nuclei is, therefore, a well-established degenerative and regen-
erative marker in dystrophic muscle. Although total nuclei counts
were similar in all groups, several significant and tissue-specific differ-
ences in central nucleation were detected (Figures 5A–5C). This was
especially apparent in tibialis anterior (TA) and gastrocnemius mus-
cles where the percentage of fibers with central nuclei as well as the
number of central nuclei were elevated in mdx compared to those
in wild-type mice (Figures 5B and 5C). Moreover, both vectors
reduced these metrics by 33%–50% and in a dose-dependent manner,
although neither vector fully restored wild-type levels. By contrast,
quadriceps and diaphragm were mostly unresponsive to treatment
at these doses as only the high dose of rAAV6:mDys5 had a significant
effect in these specific muscles.

Muscle degeneration is also associated with muscle atrophy and with
reductions in the average muscle fiber cross-sectional area. In fact, the
relative number of small muscle fibers in mdx mice was 2- to 3-fold
higher than in wild-type mice, while conversely, the number of large
fibers was only 33%–50% of wild-type counts (Figures 5E–5G). This
was true for all muscles examined. High doses of either vector altered
the fiber size distribution pattern toward wild-type (i.e., fewer small fi-
bers and more medium or large fibers), with the greatest effect occur-
ring in TAmuscles, which were almost fully restored. The high vector
doses also reduced serum CK levels, a circulating marker of muscle
degeneration, by over 60% (Figure 5H). These data are consistent
with the functional data presented and, again, suggest that moderately
high doses of rAAV6:mDys5 or rAAV6:mDysH3 can significantly
improve a severe dystrophic phenotype—in this case, using muscle
structure as an endpoint—but may not be able to restore it.

DISCUSSION
Because the dystrophic phenotype in mdx mice progressively de-
velops,18,19,21 many pathologies commonly expressed even in young
DMD patients are not expressed in youngmdxmice (fibrosis, muscle
126 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
hypertrophy, cardiac dysfunction, etc.). Thus, the oldermdxmouse is,
in many ways, a superior preclinical model to the more commonly
used young mdx mouse. Early expression of disease pathologies can
also be induced with high-intensity exercise.17,29–31 In fact, the
TREAT-Neuromuscular Disease (TREAT-NMD) network recom-
mends using exercise as a quantitative endpoint in preclinical studies
with mdx mice.32 TREAT-NMD also provides several standardized
protocols for testingmdxmice, including forced exercise and quanti-
fying respiratory and exercise performance.20,33–35 Our combined use
of oldermdxmice and forced treadmill running, therefore, represents
a rigorous attempt to accurately represent a more clinically relevant
condition where muscle structure and function are compromised
from the accumulated effects of muscle degeneration.

Both gene therapeutics tested significantly enhanced various aspects
of skeletal muscle structure and function, although the low doses
tested had minimal significant effects on just a few variables quanti-
fied (e.g., grip strength at some time points, measures of muscle
size in some muscles, VO2 cv). By contrast, the high doses were effec-
tive overall at enhancing or preserving measures of grip strength and
exercise capacity (e.g., VO2 max, distance traveled, metabolic rate,
shock accumulation) while also preserving muscle fiber size and pre-
venting some degeneration (i.e., central nucleation). This protective-
ness, however, was only partially effective, as none of the metrics
measured was restored to healthy wild-type levels at the doses used
here, which has been previously noted in other studies using aged
mdx mice.22–25

Gregorevic et al.22 treated 20-month-oldmdxmice for 4 months with
1 � 1013 vg of a “first-generation” mDys vector and reported partial
effectiveness. The specific mDys expressed in this study (DR4-23/
DCT; Figure 1B) is structurally similar to mDysH3 but contains H2
instead of H3. It also similarly restores some muscle function in
side-by-side comparisons, although animal studies indicate that it
can produce ringed fibers with contraction-induced injury.15 Gregor-
evic et al.22 reported that the body mass of treated mdx mice was
slightly higher than that of untreated mdx mice and was restored to
only 50% of wild-type levels. Serum CK levels were substantially
reduced but remained elevated. The fiber size distribution, central
nucleation, and specific force of TA or diaphragmmuscles were either
not affected by the treatment or were only minimally affected, and
although treated diaphragms were protected from contraction-
induced injury, TA muscles were not.

Gregorevic et al.22 administered a suboptimal dose (producing fewer
than 100% transduced fibers) that is 2-fold higher than the highest
dose used herein, yet they also reported partial restoration of muscle
structure and function. Partial restoration of the cardiac phenotype in
aged mdxmice was also reported using 5� 1012 vg of a cardiac-opti-
mized mDys and AAV9 serotype vector.23,24 This is contrasted by
earlier studies with young mice where a more complete restoration
was demonstrated.36 Wasala et al.37 recently reported that the car-
diac-specific overexpression of a mini-dystrophin in 22-month-old
transgenic mdx mice normalized ECG abnormalities and improved
020



Figure 3. Metrics of Exercise Capacity

VO2 max tests were performed on wild-type (WT) andmdxmice, 5 (initial) and 6 (final) months after injecting with 0, 5� 1011 (low dose, -L), or 5 � 1012 (high dose, -H) vg of

rAAV6:mDys5 (mDys5) or rAAV6:mDysH3 (mDysH3) (see Figure 1). WT andmdxmice were injected with 0 vg, the key in (A) applies to the whole figure, and each histogram bar

represents mean ± SEM (n = 4–6). (A and B) VO2max (A) and the change from initial to final (B). (C and D) Distance traveled before mice fatigued (C) and the change from initial

to final (D). (E and F) Indirect calorimetry was used to calculate the total energy expended (E) and the change from initial to final (F). (G and H) The energy consumption rate was

then calculated by normalizing energy expenditure values to total distance traveled (G) and the change in the energy consumption rate (H). Significant differences between

any two groups (p % 0.05) are indicated by different letters, whereas shared letters indicate no difference.
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cardiac hemodynamics, despite the fact that heart rate, QRS interval,
and Q wave amplitude were only partially corrected. Furthermore,
hemodynamics were improved, but far from normalized, and the
hearts themselves were hypertrophic.

All of this together suggests that the partial amelioration of dystrophic
pathologies in oldermdxmice is actually the norm at medium to high
vector doses. It even occurs in many preclinical studies with young
mdx mice, further indicating that ancillary treatments are needed to
maximize the corrective potential of replacement gene therapy for
muscular dystrophy. This is particularly true when using a rigorous
model system like older mice and exercise-induced injury that
more closely mimic the clinical condition where the accumulated
impact of disease pathogenesis (e.g., fibrosis, inflammation, and ne-
crosis) compromises not only muscle function, but also its maximum
functional potential. Emerging from this “degenerative hole” would
presumably require the development of new and healthy fibers or,
alternatively, substantial enhancement to many of the remaining
fibers.

Ancillary or combinatorial approaches that complement mDys gene
therapeutics are hardly novel as previous studies clearly demonstrated
the benefit of co-delivering a muscle growth promoter, like follistatin
or insulin-like growth factor 1 (IGF1), along with mDys in mdx
mice.38–40 In fact, an AAV-based follistatin gene therapeutic has
already been tested in phase I and phase IIa clinical trials as a sole
treatment for BMD.41 Follistatin binds and antagonizes ActRIIb li-
gands, including myostatin, GDF11, and activin,42 and successfully
improved muscle function in these trials. It also improved muscle
Molecul
function in preclinical proof-of-concept studies with mdx mice,43–48

and its use as a co-therapeutic is superior to that of mDys gene therapy
alone.40 These latter studies demonstrated complete restoration of
skeletal-muscle-specific force and resistance to contraction-induced
injury in 23-month-old mdx mice, whereas mDys gene therapy alone
had minimal effects. However, follistatin’s promiscuity for multiple
ActRIIb ligands requires it to be administered intramuscularly, as tar-
geting the ligands in circulation via any number of approaches (im-
munoneutralization, ligand traps, follistatin, etc.) has the potential
to produce very serious off-target effects or to be less effective.49–51

By contrast, we recently developed a Smad7 gene therapeutic
(AVGN7) that attenuates the intracellular signaling pathways of Ac-
tRIIb receptors in striated muscle and, as a result, avoids these off-
target effects and enhances striated muscle mass and function as
well as exercise and cardiac capacity.52,53 Future studies will, there-
fore, evaluate the efficacy of a combinatorial approach that co-delivers
AVGN7 with one of the mDys vectors described herein.

Both rAAV6:mDys5 and rAAV6:mDysH3 proved to be similarly effec-
tive in nearly all of the assessments. This was not entirely unexpected,
as although mDys5 was one of the two top-performing micro-dystro-
phins tested in a recent comparison by Ramos et al.,11 it was not able
to produce a full functional correction. It did, however, localize nNOS
to the sarcolemma, and although physiological responses to this were
not directly measured, other studies indicate that ischemia and edema
are prevented by such actions.12,54 Ramos et al.11 also reported that
gastrocnemius-specific force was similar in mice treated with
rAAV6:mDys5 or rAAV6:mDysH3, while resistance to contraction-
induced injury was virtually identical whether gastrocnemius or
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 127
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Figure 4. Metrics of Exercise Training

Wild-type (WT) and mdx mice were injected with 0, 5 � 1011 (low dose, -L), or 5 �
1012 (high dose, -H) vg of rAAV6:mDys5 (mDys5) or rAAV6:mDysH3 (mDysH3). WT

and “mdx” mice were injected with 0 vg, the key in (A) applies to the whole figure,

and each histogram bar represents mean ± SEM (n = 6). Between the two VO2 max

tests, mice trained on respiratory treadmills twice a week for 6 sessions, with sub-

maximal effort, at the same speed and time while respiratory gas exchange was

continuously monitored. (A) Electrical shocks are used to encourage mice to remain

on the treadmill and their quantification is a metric of motivation. Differences be-

tween groups are as follows: a, none; b, WT < high doses < low dose =mdx. (B and

C) The fluctuating respiratory pattern common to dystrophic mice20 was quantified

by calculating the mean VO2 coefficient of variation for (B) the entire training period

or (C) each session. (D and E) This fluctuating pattern often results in lower (D)

minimum VO2 and higher (E) maximum respiratory exchange ratio (RER). (F) Total

energy expended during each session was calculated using indirect calorimetry. In

(B)–(F), significant differences (p % 0.05) between any two groups are indicated by

different letters; shared letters indicate no difference.
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diaphragm muscles were used. In addition, Ramos et al.11 treated
2-week-old mdx4cv mice with 1 � 1013 vg per mouse, whereas we
treated 24-week-old mdx mice with half as much vector. Although
mdx4cv mice express a more severe phenotype at an earlier age, the
older mdx mice were likely more debilitated, especially as exercise
was used to exacerbate the phenotype. Thus, the similar responsive-
ness to rAAV6:mDysH3 and rAAV6:mDys5 in the present study could
be explained by the use of animals that aremore severely debilitated as
well as the use of relatively lower vector doses; the challenge was sim-
ply too significant to distinguish subtle differences in efficacy.

Because cardiac and respiratory failure is ultimately responsible for
morbidity and mortality among DMD patients,55,56 the significant ef-
fects of high-dose vector treatment on metrics of exercise capacity,
especially VO2 max and energy expenditure rate, are particularly
important. Indeed, changes in these factors are primarily influenced
by cardiac rather than skeletal muscle function, unless the former
has been optimized with training,57 which did not occur in the present
study and, according to our previous study, is unlikely to occur even
in youngmdxmice.20 This suggests that both mDys gene therapeutics
have the potential to address the primary cause of death in DMD pa-
tients. It also suggests that the non-significant differences between
rAAV6:mDys5 and rAAV6:mDysH3 could have practical conse-
quences, although such reasoning naturally assumes that the treat-
ment efficacy described for mice will translate in clinical trials.

The clinical success of DMD therapeutics may very well depend upon
their ability to ameliorate advanced pathologies as the disease is typi-
cally diagnosed well after many disease symptoms are noticed. Pa-
tients are historically diagnosed at the average age of 5 years, although
some are diagnosed much later even in their mid-20s.4,58 Further-
more, the delay between the expression of early stage pathologies
(lethargy, weakness, hypertrophied calf muscles, etc.) and official
diagnosis is often many years,58–60 during which the disease progres-
sion worsens. All of this suggests that proof-of-concept studies of
mDys gene therapeutics with older mdxmice may be more predictive
of clinical success than those using young mouse models. Such
reasoning applies to other disease interventions (different mDys
020



Figure 5. Histopathological Metrics

(A–D) Fiber and nuclei counts per field in different skeletal

muscles (TA, tibialis anterior; GAST, gastrocnemius; QUAD

quadriceps; and DIA, diaphragm) of wild-type (WT) and

mdx mice injected with 0, 5 � 1011 (low dose, -L), or 5 �
1012 (high dose, -H) vg of rAAV6:mDys5 (mDys5) or

rAAV6:mDysH3 (mDysH3). (A) Total nuclei. (B) Fibers with

central nuclei. (C) Central nuclei. (D) Fiber count. WT and

“mdx” mice were injected with 0 vg, the key in (A) applies to

the whole figure, and each histogram bar represents

mean ± SEM (n = 4–6). (E–G) Fiber cross-sectional area

(CSA) of (E) TA, (F) GAST, and (G) QUADmuscles parsed by

fiber size groups: <3,000 mm, small; 3,001–7,000 mm,

medium; and >7,000 mm, large. (H) Mice were sacrificed,

and serumwas collected 24 h after the final VO2max test to

quantify serum CK levels. Significant differences (p% 0.05)

between any two groups are indicated by different letters,

whereas shared letters indicate no difference.
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gene therapeutics, gene editing, exon skipping, etc.) as well. It also
supports the use of ancillary approaches to enhance dystrophic mus-
cle function, as no therapy to date has ever restored dystrophic muscle
function to non-diseased levels.

MATERIALS AND METHODS
Vector Construction

The recombinant AAV6 mDys vectors reported herein were prepared
in the vector core of the Sen. Paul D. Wellstone Muscular Dystrophy
Specialized Research Center at the University of Washington, as
previously described.11 Briefly, a custom AAV transfer plasmid con-
taining the previously described muscle-specific CK8 regulator
Molecular Therapy: Methods
cassette,61–67 cDNA expression constructs for
mDys5 and mDysH3, and flanking AAV serotype
2 inverted terminal repeats was constructed using
standard recombinant methodology. The result-
ing plasmids, pAAV-CK8-mDys5 and pAAV6-
CK8-mDysH3, were then used to co-transfect
HEK293 cells with pDGM6 packaging plasmids.
Recombinant vectors were subsequently purified
from conditioned medium using ion exchange
and heparin chromatography followed by CsCl
gradient centrifugation to remove empty AAV6
capsids. Concentrated stocks of vector were
then suspended in PBS and stored at �80�C
until use.

Animal Care

Breeding colonies of wild-type C57BL/10 and
dystrophic mdx mice were maintained in envi-
ronmentally controlled rooms of an accredited
vivarium, under a 12-h:12-h light:dark cycle at
Washington State University. Male mice were
provided food and water ad libitum and were
randomly assigned to treated and untreated
groups (n = 6) when 6 months old. Maintenance and use of these
mice was performed according to a protocol preapproved by an insti-
tutional animal care and use committee that met all requirements
specified by the Guide for the Care and Use of Laboratory Animals.
Prior to treatment, forelimb and hindlimb grip strength measures
were recorded for 6-month-old mice as described later. The mdx
mice were then anesthetized via an intraperitoneal (i.p.) injection of
0.25 mg/g tribromoethanol (Avertin) and subsequently injected
retro-orbitally with 5 � 1011 vg (2–2.2 � 1013 vg/kg body mass) or
5 � 1012 vg (2–2.2 � 1014 vg/kg) rAAV6:mDys5 or rAAV6:mDysH3
in a total volume of 150 mL sterile PBS. These doses have been exten-
sively used and were chosen to help distinguish differences between
& Clinical Development Vol. 17 June 2020 129

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
vectors, as the use of sub-optimal doses—those that do not transduce
100% of the fibers—are more likely to identify differences between
vectors when assays that produce sigmoidal response curves are
used. Additional groups of untreated wild-type and mdx mice were
also included as controls.

Grip Strength

Grip strength was quantified on a monthly basis using the Columbus
Instruments Grip Strength Meter (Columbus, OH, USA). Forelimb
measurements were collected by gently pulling the mouse backward
by the tail until the front paws released the T-bar attachment. A
mesh attachment was used for collecting hindlimb measurements.
Mice were scruffed, hindpaws were raked across the mesh, and
then grip strength was again recorded during the release. For both
assays, grip measurements were replicated 5 times each session,
with intervals at a minimum of 1 min between replicates. This ensures
accuracy, reduces variability, and prevents habituation. Mean values
were calculated for each mouse at each time point. These values
were then used to create in-group replicates.

Forced Treadmill Exercise

A four-lane Oxymax FAST Modular Treadmill System from Colum-
bus Instruments (Columbus, OH) was used to quantify different met-
rics of exercise capacity and respiration using a protocol optimized for
mdx mice as previously described.20 Motivational shock units were
programmed to administer a 0.65-mA shock for 200 ms at a fre-
quency of 1 Hz, and airflow through the treadmill chambers was
set at a rate of 0.6 L/min. Mice were acclimated to treadmills by
walking at 5 m/min for 5 min on 3 consecutive days. Mice then began
exercise training with an initial VO2 max test that was followed by 6
training sessions and a final VO2 max test (Figure 1C).

Both VO2 max tests were performed at a 25� incline. Mice ran 5-min
intervals of 5, 9, 12, and 15m/min. The treadmill speed then increased
1.8 m/min every 2 min until mice reached exhaustion (i.e., failure to
reengage the treadmill for 10 consecutive seconds). When this
occurred for a particular mouse, the shock unit was deactivated.
VO2 max was confirmed by the respiratory exchange ratio (RER) ap-
proaching 1.1 and a concurrent VO2 peak. Caloric expenditure was
calculated using CV = 3.815 + 1.232 $ RER, which was derived
from the linear positive correlation between heat per liter of O2 (in
kilocalories). This, in turn, was calculated using heat = CV $ VO2,
RER, and total energy expenditure (in kilocalories). For the 6 training
sessions, mice ran on a 0� incline for 2 min at 5 m/min, 5 min at
8 m/min, 5 min at 12 m/min, and then 20 min at 15 m/min, all of
which is submaximal effort compared to VO2 max testing.

Muscle Histology and Serum CK Assays

Mice were sacrificed 24 h following the final VO2 max test. Quadri-
ceps, gastrocnemius, tibialis anterior, diaphragm muscles, and hearts
were flash frozen in�140�C isopentane. Muscles were sectioned on a
cryostat (10-mm sections) and, prior to staining, sections were fixed
for 10 min in 4% paraformaldehyde and then stained with H&E to
quantify total fibers, central nuclei, and cross-sectional area. When
130 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
quantifying nuclei, no empty spaces were included in the field of
view, as it was filled with muscle tissue, allowing us to normalize
nuclei counts to the field rather than to a specific area. Fiber and cen-
tral nuclei counts were obtained using Adobe Photoshop, while the
cross-sectional area was obtained using ImageJ. Blood was collected
via cardiac puncture, and clots were allowed to form while samples
rested on ice. Samples were then centrifuged at 10,000 rpm for
10 min, and serum was collected. CK levels were then quantified
using a colorimetric assay (Abcam) following the manufacturer’s
instructions.

Statistical Analysis

Statistical analyses were performed using Prism (GraphPad Software;
La Jolla, CA, USA). Significant differences were determined using a
normal or repeated-measures ANOVA (one- or two-way) as needed.
Tukey’s test for multiple mean comparisons was then used to identify
differences between means. Values are presented as mean ± SEM, and
significance was accepted at p % 0.05. In the figures, differences be-
tween means are often indicated by different letters as defined in the
legends. These definitions often differ between figures and panels
(e.g., different letters signify a difference, each letter represents a spe-
cific comparison, etc.).
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