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Dysferlinopathies comprise a family of disorders caused by mutations in the dysferlin (DYSF) gene, leading to
a progressive dystrophy characterized by chronic muscle fiber loss, fat replacement, and fibrosis. To correct
the underlying histopathology and function, expression of full-length DYSF is required. Dual adeno-
associated virus vectors have been developed, defined by a region of homology, to serve as a substrate for
reconstitution of the full 6.5kb dysferlin cDNA. Previous work studied the efficacy of this treatment through
intramuscular and regional delivery routes. To maximize clinical efficacy, dysferlin-deficient mice were
treated systemically to target all muscles through the vasculature for efficacy and safety studies. Mice were
evaluated at multiple time points between 4 and 13 months post treatment for dysferlin expression and
functional improvement using magnetic resonance imaging and magnetic resonance spectroscopy and
membrane repair. A systemic dose of 6x 10" vector genomes resulted in widespread gene expression in the
muscles. Treated muscles showed a significant decrease in central nucleation, collagen deposition, and im-
provement of membrane repair to wild-type levels. Treated gluteus muscles were significantly improved
compared to placebo-treated muscles and were equivalent to wild type in volume, intra- and extramyocellular
lipid accumulation, and fat percentage using magnetic resonance imaging and magnetic resonance spec-
troscopy. Dual-vector treatment allows for production of full-length functional dysferlin with no toxicity. This
confirms previous safety data and validates translation of systemic gene delivery for dysferlinopathy patients.
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INTRODUCTION

THERE IS NO CURE OR TREATMENT for dysferlino-
pathies, a group of related disorders with varying
clinical manifestations caused by absent or mutant
dysferlin (DYSF). Typically, patients present in
their late teens or early twenties with slowly pro-
gressive muscle weakness and high serum creatine
kinase (CK).! Approximately one-third of patients
become wheelchair dependent within 15 years of
onset. There are two major clinical presentations of
dysferlin deficiency. Limb girdle muscular dystro-

phy type 2B is one of the most common limb girdle
muscular dystrophies in the United States, with
worldwide reports of incidence of 1/100,000-1/
200,000,% while Miyoshi myopathy is a more lim-
ited distal lower extremity form of dysferlinopathy.
Miyoshi myopathy often begins distally with atro-
phy of the gastrocnemius muscle and then spreads
over time to affect proximal muscles.? Regardless of
where muscle weakness begins, the disease pro-
gresses to the majority of muscles in the trunk, all
limb muscles, the diaphragm, and, in some cases,
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the heart.* Therefore, treatment that targets all
muscles is imperative. In most cases, pathogenic
DYSF mutations lead to absence of dysferlin pro-
tein expression, causing a progressive muscular
dystrophy, with chronic muscle fiber loss, inflam-
mation, fat replacement, and fibrosis, all of which
are thought to contribute to deteriorating mus-
cle weakness.®

DYSF is a large gene spanning 55 exons over
150kb of genomic DNA.® The associated 6.2kb
cDNA codes the dysferlin protein, which is com-
posed of multiple N-terminal C2 domains with a
transmembrane C-terminal region.®® Dysferlin
has been implicated in multiple roles within skel-
etal muscle, including sarcolemmal membrane
repair,’®1! T-tubule structure and function,'?
vesicle trafficking,'® and endocytosis.'* Although
the expression of dysferlin in monocytes may con-
tribute to disease severity,'> ' pathogenesis has
been shown to be intrinsically linked to skeletal
muscle.'®!® Moreover, anti-inflammatory gluco-
corticoids are ineffective in treating the disease,?’
in spite of being the standard of care for Duchenne
muscular dystrophy and in spite of the character-
ized inflammation in dysferlinopathy muscle bi-
opsies.?1?2 The most widely studied DYSF function
is membrane repair and is the target of many
therapeutics.?>?* Collectively, preclinical studies
that have assessed gene replacement or surrogate
gene replacement have shown that multiple strat-
egies exhibit some efficacy in restoring membrane
repair,’®?® but only those that have delivered
full-length dysferlin have been able to correct the
underlying histopathologic®?® and T-tubule for-
mation?’ defects. Thus, there is strong rationale
to develop therapies that deliver the entire DYSF
transcript.

Gene transfer as a treatment strategy has un-
dergone profound development in recent years
and is particularly applicable for recessive disor-
ders.>1128-31 Moreover, the advancement of vec-
tor production yield capabilities®?3* and systemic
treatment approaches has revolutionized the op-
portunities to create truly clinically meaning-
ful therapies.?® Adeno-associated virus (AAV) is
a nonpathogenic vector with serotype-dependent
tropism for muscle. Serotypes 1, 5, 6, 8, 9, and
rh74 have all been shown to transduce muscle
efficiently.'**¢37 It has been demonstrated that
AAVrh74 broadly distributes DYSF to skeletal
muscle following vascular delivery.'’®® A major
limitation of all AAV vector serotypes is their re-
strictive packaging capacity of ~5kb, which pre-
vents the encapsidation of large genes.*® Multiple
strategies have emerged in the field to address this

constraint, including miniaturization of trans-
genes, concatemerization splicing, and dual vec-
tor delivery.!27324941 Previous work with a dual
vector delivery strategy utilized homologous re-
combination of a split transgene, which allowed for
production of full-length protein.!!

Current treatment strategies are limited, em-
phasizing the need for an effective therapeutic
approach. Early intervention and systemic deliv-
ery of DYSF offers significant advantages, in-
cluding gene restoration to all muscles prior to
limitations introduced by fat and fibrosis, and re-
ducing the immune response following multiple
intramuscular injections.***3 This study presents
delivery of dual vectors carrying the DYSF ¢cDNA
systemically in a dysferlin-deficient mouse model.
This has resulted in long-term widespread ex-
pression in skeletal and cardiac muscle with
improvement in outcome measures, including re-
duced fibrosis and central nucleation, membrane
repair capability, and multiple magnetic resonance
imaging (MRI)-based measurements, including
reversal of intramuscular lipids and fat percent-
age. Additionally, systemic delivery in a nonhuman
primate (NHP) model confirmed previous indica-
tions of vector safety in large animals.

MATERIALS AND METHODS
Dysferlin gene construction

For all gene transfer studies, human dysferlin
cDNA (Genbank #NM_003494.3) was used. The
dual vector dysferlin cassettes were generated to
encompass the 5 or the 3’ portion of the full-length
dysferlin cassette, as previously described.®!! The
5" cassette contains the MHCK?7 promoter, the
chimeric intron, and the first 3370 bp of the dys-
ferlin ¢cDNA flanked by AAV2 inverted terminal
repeats. The 3’ cassette contains the remaining
3866bp of the dysferlin ¢cDNA and the native
3’ untranslated region/polyA sequence. The dual
vectors resultin a 1 kb overlap region that serves as
a substrate for recombination to generate the full-
length dysferlin cDNA. Both constructs were fully
sequenced to confirm plasmid fidelity.

AAYV vector production
pAAV.MHCK7.DYSF5".PTG and pAAV.DYSF3’
.PolyA were packaged into AAV serotype rh74
capsid using the standard triple transfection pro-
tocol, as previously described.!® A quantitative
polymerase chain reaction (PCR)-based titration
method was used to determine an encapsulated vg
titer utilizing a Prism 7500 Fast Tagman detector
system (PE Applied Biosystems).** The follow-
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ing primers/probes were used: AAVrh74 MHCKY7
.DYSF5 .PTG: F primer CCAACACCTGCTGCC
TCTAAA, R primer GTCCCCCACAGCCTTGTTC,
Probe TGGATCCCCTGCATGCGAAGATC; AAVrh74
.DYSF3’.PolyA: F primer AGATCACCCCACTTC
CATCATT, R primer TGAAATATGTCTGAGCT
GATCCAAA, Probe CCTTCTCCCCCAACCCAAC
GCT.

Animal models

Dysferlin-deficient mouse strain. Stocks of
C57BL/6, 129-Dysf "™1Eeam 1 J and B6.A-DysfPr™d/
Gened BlaJ mice were bred and maintained as
homozygous animals in standardized conditions in
the Animal Resources Core at The Research In-
stitute at Nationwide Children’s Hospital. BlaJ
mice were maintained in a private colony at
the Jackson Laboratories sponsored by the Jain
Foundation. The BlaJ mice used for the MRI/
magnetic resonance spectroscopy (MRS) analysis
were maintained at PsychoGenics, Tarrytown, NY.
BLaJ strain mice were previously backcrossed 10
times onto C57BL/6J mice. Control mice (C57BL/6)
were littermates to control for any behavioral var-
iability. In order to undergo MRI/MRS, the mice
were transferred at 6 months of age to Charles
River Laboratories, Finland (study number 112314).
Mice were maintained on a Teklad Global Rodent
Diet (3.8% fiber, 18.8% protein, 5% fat chow) with
a 12:12h dark:light cycle. Procedures used in ex-
periments were approved by the Institutional An-
imal Care and Use Committee at Nationwide
Children’s Hospital (protocol AR08-00017).

NHP. Vendors provided serum from rhesus
macaques before animal purchase for determi-
nation of AAVrh74 binding antibody titers. Ser-
onegative animals (categorized by <1:50 total
antibody titer dilution via enzyme-linked im-
munosorbent assay [ELISA]) were obtained and
housed in twos or threes to promote socialization
in the Animal Resources Core at the Research
Institute at Nationwide Children’s Hospital. All
procedures were approved by the Institutional
Animal Care and Use Committee at Nationwide
Children’s Hospital (protocol AR06-00116).

In vivo gene delivery

In both primate and mouse studies, vector was
delivered in a 1:1 ratio systemically via the vascu-
lature. BlaJ mice were injected in the tail vein at
one of two time points—8 weeks or 6 months—with
6x10' vg (total dose 3x10'? vg of each vector).
The 8-week old cohort was necropsied at 28 weeks

of age for histologic and expression analysis. A
separate cohort of mice, also injected at 8 weeks of
age, was necropsied at 15 months of age following
the final MRI scans. CK levels were determined
from serum samples collected at each time point for
all mice in the study. The BlaJ mice injected at 6
months of age were necropsied 3 months post in-
jection. Tibialis anterior muscles from 4- to 6-week-
old 129-Dysf ™IKeam ] mice were injected with
2x 10" vg total of AAVrh74. MHCK?7.Dysferlin.DV.
A 4kg rhesus macaque was perfused with 2x 10 vg
total dose (1x 10 vg of each vector) in 50 mL total
volume at a rate of 300 mL/h in the cephalic vein.

MRI and MRS

The following treatment groups were used:
group 1—eight wild-type (WT) males treated with
saline; group 2—eight BlaJ males treated with sa-
line; and group 3—eight BlaJ males treated with
AAVrh74-dysferlin. All study mice from each group
were subjected to 11.7 T (Bruker BioSpec) MRI and
1H-MRS at the age of 7, 9,12, and 15 months to
assess longitudinal changes in muscle volumes (3D
GRE with water excitation/fat suppression, TE/
TR=2.7/25ms at a resolution of 81 x 94 x 375 um?),
fat accumulation (same sequence but with water
suppression/fat excitation), and gluteal spectro-
scopic changes (PRESS, TE/TR=10/2,000 ms). At
15 months of age, all mice were evaluated by MRI,
but MRS was only performed on control and Blad-
AAYV mice due to excessive fat infiltration in Blad-
VEH mice, which prevented collection of reliable
MRS data. Peak areas for major metabolites (cre-
atine, choline, taurine, and components for intra-
and extramyocellular lipids) were analyzed using
the LC Model (Stephen Provencher, Inc.), and re-
sults are given relative to water content in tissue.

Histologic analysis

All muscles and organs, unless used for mem-
brane repair assays, were embedded in 7% gum
tragacanth and flash frozen in liquid nitrogen
cooled in isopentane. Frozen sections (12 um) were
collected for immunohistochemistry, immunofluo-
rescence, and Western blot analysis.

Picrosirius red stain and collagen
quantification

Frozen sections placed onto Fisherbrand Su-
perfrost charged microscope slides were fixed in
10% neutral-buffered formalin for 5 min and rinsed
in distilled water. Slides were then incubated in
Solution B (Direct Red 80/2 4 6-Trinitrophenol)
from the Picrosirius Red Stain Kit (Polysciences,
Inc.; catalog #24901) for 15 min. After a thorough
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rinse in distilled water, the slides were placed in
Solution C (0.1N hydrochloride acid) for 2min.
Slides were counterstained for 3 min with 1% fast
green in 1% glacial acetic acid from Poly Scientific
(catalog #S2114) using a 1:10 dilution in deionized
water. Finally, the slides were rinsed again in
distilled water, dehydrated in graded ethanol,
cleared in xylene, and mounted with coverslips
using Cytoseal 60 media from Thermo Fisher Sci-
entific (catalog #8310). Images were taken using
the AxioVision 4.9.1 software. For analysis of Sir-
ius red staining and percent collagen quantifica-
tion, the contrast between the red and green colors
was enhanced using Adobe Photoshop. The color
deconvolution plugin in the ImagedJ software pro-
gram was selected, and the RGB color deconvolu-
tion option was used. The red image includes all
connective tissue from the Sirius red stain. The
green image includes all muscle from the fast green
counterstain. Only the red image and the original
image were used. A threshold was then applied to
the images to obtain black and white images, with
areas positive for collagen in black and negative ar-
eas in white. Using the measure function, the area
of collagen was calculated. The total tissue area
was then determined by converting the originally
image to “8-bit” and adjusting the threshold to 254,
which will be one unit below completely saturating
the image. The total tissue area was then mea-
sured, as done previously, and total area was re-
corded. The percentage of collagen was calculated
by dividing the area of collagen by the total tissue
area. The mean percentage for each individual was
then calculated.

Immunohistochemistry

Immunofluorescence staining for dysferlin was
performed on all transduced tissue to assess effi-
cacy of gene transfer. For dysferlin detection, tis-
sue sections (12 um) were incubated with rabbit
anti-human dysferlin monoclonal antibody (Ab-
cam) at 1:100 in blocking solution (10% goat serum,
0.1% Tween-20 in tris-buffered saline [TBS]) for 1h
at 25°C in a wet chamber. Sections were washed
with TBS 3x20min, re-blocked, and then incu-
bated for 45 min at 25°C with an Alexa 568 goat
anti-rabbit antibody (Invitrogen) at a 1:250 dilu-
tion. Sections were washed in phosphate-buffered
saline (PBS) for 3 x20 min and mounted with Vec-
tashield mounting medium (Vector Laboratories).
Images were captured with a Zeiss Axioskop2 Plus
Microscope and Axiocam MRC5 camera. Four
random 20 ximages (each field with an average of
150 muscle fibers) were captured per muscle, and
the number of fibers with dysferlin labeling was

counted and expressed as the percent of total
number of fibers.

Immunohistochemical staining for CD8a was
performed with rat anti-CD8a antibody (Thermo
Fisher Scientific) and an anti-rat Ig horseradish
peroxidase (HRP) detection kit (BD Biosciences),
following the manufacturer’s directions. Images
were captured with a Zeiss Axioskop2 Plus micro-
scope and Axiocam MRC5 camera. Four random
20 ximages (each field with an average of 150
muscle fibers) were captured per muscle, and the
number of CD8a-positive cells was counted and
expressed as number of positive cells per square
area. Unpaired #-test statistical analysis was per-
formed to compare treatment effect on cells/mm?.

Morphometrics

Centralized nuclei counts were performed on
sections of muscle stained with hematoxylin and
eosin (H&E) from treated animals. Four random
20 xfields of 12 um sections for each muscle were
captured, and the number of fibers with central
nuclei was counted and expressed as a percentage
of the total number of fibers. Two-way analysis
of variance (ANOVA) was performed to compare
treatment effect on central nucleation.

Western blot analysis

From each muscle, fresh-frozen serial tissue
sections were taken for protein preparation. Mus-
cle samples harvested from treated and control
groups were compared to WT tissue for levels of
vector-mediated dysferlin compared to endogenous
dysferlin. Protein (5 ug for WT lanes and 10 ug for
all other lanes) extracted from treated and control
samples was separated by SDS-PAGE (3-8% No-
vex NuPAGE gradient gels; Invitrogen), blotted
on polyvinylidene fluoride membrane, and probed
with NCL-Hamlet (Novocastra) primary antibody
(for dysferlin) at a dilution of 1:1,000, or y-tubulin
antibody (Sigma—Aldrich) at a dilution of 1:10,000,
followed by HRP-labeled goat anti-mouse IgG
(1:5,000; Millipore) or goat anti-rabbit IgG (1:5,000;
Millipore), and signal captured on Hyblot CL au-
toradiography film (Denville). Densitometry anal-
ysis was performed using ImageQuant TL.

Membrane repair analysis

Six-month-old BlaJ mice were injected with
6x 102 vg of AAVrh74. MHCK?7.Dysferlin.DV into
the tail vein. Muscles were harvested 12 weeks post
injection and subjected to a laser-induced injury.
Membrane repair assay was performed on the left
and right flexor digitorum brevis (FDB) muscles of
BlaJ—AAV-treated (n =6), BladJ saline-treated (n=5),



SYSTEMIC DELIVERY OF DYSFERLIN OVERLAPPING VECTORS 753

and age-matched C57BL6 (n=5) mice, as previ-
ously described, when the mice were 9 months
old.!* Briefly, FDB fibers were isolated using a
solution containing 2% w/v collagenase type I
suspended in Dulbecco’s modified Eagle’s medium.
Following dissociation of the muscle, fibers were
placed in a glass-bottom dish holding 2.5 uM of
FM1-43 dye in Dulbecco’s PBS (no Ca/Mg) sup-
plemented with 1.5 mM of Ca®*. Fibers were sub-
jected to laser injury using a FluoView® FV1000
two-photon confocal laser-scanning microscope
(Olympus). Fibers were damaged with an 850 nm
laser-guided spot of 4.48 um at 20% power and
imaged every 5 s for 190 s to visualize FM1-43 dye
uptake. On average, 7-10 fibers were imaged per
muscle per mouse (total 60 WT, 48 Blad-, and 69
BlaJ-AAV-treated fibers). Fluorescence intensity
of dye infiltration surrounding the damage site on
the membrane was analyzed with Image J software
by measuring the integrated density of the pixel
intensity within the defined area. To do so, under a
2xzoom setting on Imaged, a region of interest
(ROI) rectangular box measuring 7.5 yum x 10 ym is
drawn and used to measure the intensity of dye in
that region. In the analysis, measured fluorescence
intensity at an individual time point was normal-
ized to initial intensity measured at t=-5s (pre-
injury) using the equation NI=( — I)/Iy, where NI
is the normalized intensity, I is the measured in-
tensity, and I, is the intensity at t=—5s. When
fluorescence intensity was analyzed, values from
all fibers from each strain were averaged together.
A two-way ANOVA was performed to determine
statistical significance between treated and un-
treated fibers at each time point (p <0.001). BlaJ, WT
fibers, and AAVrh74.DYSF.DV-treated Blad fibers
were significantly different at 190 s post injury.

Immunologic assays

For the NHP, whole blood samples were col-
lected biweekly and used for ELISA and enzyme-
linked immunosorbent spot assay (ELISpot) to
track immunologic response to the viral capsid,
AAVrh74, and the dysferlin transgene product.
ELISAs were performed in 96-well Nunc Maxisorb
ELISA plates coated with 2x10° vg AAVrh74 per
well in carbonate buffer. Serum samples were di-
luted from 1:5 through 1:819,200 in blocking solu-
tion (5% nonfat dry milk, 1% normal goat serum
[Invitrogen] in PBS™) and added to wells for 1h at
room temperature. Sera from previously screened
positive and negative NHPs were used for controls.
Goat anti-monkey IgG-HRP (Sigma—Aldrich) was
used as the secondary antibody for 30min at
room temperature followed by exposure with

Ultra TMB-ELISA solution (Thermo Fisher Sci-
entific). Absorbance of wells at 0D450 was mea-
sured and used to calculate titer of positive
reaction.

Peripheral blood mononuclear cells (PBMCs)
were separated from whole blood samples through
density gradient centrifugation, as previously de-
scribed.*® Briefly, fresh blood samples were spun in
a tabletop centrifuge (Sorval Legend RT), and the
top plasma layer was removed and stored at —80°C.
The remaining blood was mixed with PBS™ (In-
vitrogen), underlayed with Ficoll-Paque (Thermo
Fisher Scientific), and spun for density gradi-
ent separation. The middle layer containing the
PBMCs was removed and subjected to various
wash/spin cycles before a final resuspension in
CellGro RPMI11640 media (Thermo Fisher Scien-
tific) supplemented with 10% fetal calf serum
(Thermo Fisher Scientific), penicillin, and strepto-
mycin. PBMCs were then plated in IP filter plates
(Millipore) at a density of 2x10°cells/well. IP
plate wells were pre-coated with monoclonal anti-
body provided in monkey interferon-y ELISpot kit
(U-Cytech Biosciences). Three peptide pools were
used for the AAVrh74 capsid protein (Genemed
Synthesis) containing 34-36 peptides, each 18
amino acids long and overlapping by 11 residues.
Ten peptide pools encompassing the dysferlin pro-
tein (Genemed Synthesis) containing 48 peptides,
each 15 amino acids long and overlapping by 10
residues. Concanavalin A (Sigma—Aldrich; 1 ug/
mL) served as a positive control and 0.25%
dimethylsulfoxide as a negative control. Peptides
were added directly to the wells at a final concen-
tration of 1 ug/mL. After the addition of PBMCs
and peptides, the plate was incubated at 37°C in 5—
7% CO9 and 100% humidity for 36-48 h. Following
incubation, the plate was developed according to
the manufacturer’s protocol. Interferon-y spot for-
mation was counted using Immunospot software
(Series 3B Analyzer; Cellular Technology Ltd.).

Blood samples from the NHPs were analyzed
monthly for chemistry panel and complete blood
count (CBC) testing internally.

AAVrh74.DYSF.DV biodistribution analysis
Quantitative PCR was performed to quantify the
number of vector genome copies present in targeted
muscle as well as non-targeted organs according to
standard methods.?® Briefly, DNA was isolated
from frozen tissue (twenty 20 um sections) accord-
ing to DNEasy purification kit protocol (Qiagen).
Absolute quantification for the 5" and 3’ vectors
were established by creation of standard amplifi-
cation curves using HindIII-linearized pAAVrh74
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.MHCK7.DYSF5 .PTG and Notl-linearized pAAV
.DYSF3".POLYA, respectively. Standards ranged
from 10° to 10 copies per reaction. All sample re-
actions contained 100ng of DNA, and resulting
copy numbers were determined according to stan-
dard curves performed in parallel. Copy numbers
were reported per microgram of genomic DNA.
Each vector DNA sequence was quantified via
the Tagman system (Applied Biosystems) using
vector-specific primer/probe sets. For AAVrh74
.MHCK7.DYSF5'.PTG, the following sequences
were used: forward primer, 5- CCAACACCTGC
TGCCTCTAAA-3’; reverse primer, 5- GTCCCCC
ACAGCCTTGTTC-3’; probe, 5-TGGATCCCCTGC
ATGCGATC-3" with 5’ 6-FAM fluorophore, internal
ZEN® quencher, and 3’ Iowa Black® FQ quencher
(IDT). For AAV.DYSF3".POLYA, the following se-
quences were used: forward primer, 5-AGATCA
CCCCACTTCCATCATT-3; reverse primer, 5-TG
AAATATGTCTGAGCTGATCCAAA-3’; probe, 5'-C
CTTCTCCCCCAACCCAACGCT-3" with 5" 6-FAM

9 months

A 3 months 6 months

DYSF-/-

AAV.DYSF.DV

AAV.DYSF.DV

fluorophore, internal ZEN® quencher, and 3’ Iowa
Black® FQ quencher.

Statistical analysis

Data were expressed as the meanz*standard
error of the mean (error bars) and analyzed using
a one-way ANOVA or two-way ANOVA with mul-
tiple comparisons between groups and statistical
significance determined through Tukey’s post hoc
analysis test using GraphPad Prism 5 (GraphPad
Software) unless otherwise specified. Asterisks
in figures and reported data denote level of statis-
tical significance as follows: ns, no significance;
*p <0.05; *p < 0.01; ***p < 0.001; and ****p <0.0001.

RESULTS

Previous work!! showed successful gene trans-
fer in dysferlin-null mice through multiple delivery
routes, including intramuscular, isolated vascular,
and systemic injections. As a continuation of that
work, a detailed time course was performed, fol-

12 months 18 months
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Figure 1. Sustained long-term expression following intramuscular delivery in dysferlin null mice. Four-week-old Dysf”~ mice were injected with 2x 10" vg total
dose of AAVrh74.MHCK7.DYSF.DV into the left tibialis anterior (TA) muscle and followed for 3-24 months to monitor expression and histology (n=3 per time point).
(A) Hematoxylin and eosin (H&E) staining demonstrates a significant reduction in centrally located nuclei in the treated TA compared to (B) contralateral control
TA muscles injected with saline. (C) Anti-dysferlin immunofluorescence staining demonstrates dysferlin transgene expression was sustained throughout all time
points (3-24 months). (D) At 6, 9, 12, 18, and 24 months post delivery, there was a significant decrease in central nucleation to <5%. Excluding the 3 month time
point, all values were significant ( p<0.01) for central nucleation quantification. (E) There was no significant decrease in the percentage of dysferlin-positive fivers
over time, and contralateral (right side) muscles demonstrated no dysferlin expression. Two-way analyses of variance (ANOVAs) were utilized to identify
differences in the means between treated and untreated cohorts. Error bars are represented as mean+standard error of the mean (SEM; p<0.05).
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lowing intramuscular delivery over 24 months.
Figure 1 demonstrates that disease progression
is significantly halted up to 24 months in 129-
Dysf™IEeam | J mice injected intramuscularly with
AAVrh74.DYSF.DV at a young age (4 weeks).
Treated muscles show a reduction in centralized
nuclei to <6% post gene delivery (Fig. 1 and Sup-
plementary Fig. S1) and high levels of sustained
dysferlin expression >70% through all time points
(n=3 per group; Fig. 1). Strong cytoplasmic dys-
ferlin staining post gene transfer has been previ-
ously noted.>!12%26 Dysferlin is expressed at both
the sarcolemma and intracellular membranes,
particularly the T-tubules.*® In addition to sarco-
lemmal expression, strong cytoplasmic expression
of dysferlin is commonly noted in regenerating fi-

AAVrh74.DYSF.DV systemic gene
transfer in young mice

The following work presents an intensive study
of systemic (intravenous) delivery of AAVrh74
.DYSF.DV with a focus on highly affected mus-
cles in the BladJ (dysferlin-deficient) mouse model:
the psoas and the gluteus muscles. A decision
was made to study the BlaJ mouse model, as its
phenotype more accurately recapitulates human
disease compared to the 129-Dysf model. In a lon-
gitudinal study of disease progression and func-
tional deficiencies of the BlaJ model, it has been
corroborated that progressive volume loss and
fatty infiltration in the gluteal and psoas muscles
is the most uniform parameter and identifies con-
sistent disease parameters to human dysferlino-

bers in dystrophic patient biopsies®*” as well as pathies.*® In BlaJ mice, the psoas muscle shows
following gene delivery. early signs of dystrophic changes, including high
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Figure 2. Intravenous delivery of AAVrh74.MHCK7.DYSF.DV improves histological parameters in BlaJ mice. (A) H&E staining of the psoas muscle 28 weeks
post treatment demonstrated improvement in fiber size distribution and reduced central nuclei following intravenous delivery of 6x10'? vg total dose of
AAVrh74.MHCK7.DYSF.DV in treated BlaJ mice versus saline-treated mice. (B) Picosirius red staining for collagen demonstrated reduction in fibrosis in
AAVrh74.MHCK7.DYSF.DV-treated psoas muscles. (C) Following AAVrh74.MHCK7.DYSF.DV delivery, there was a trend toward normal fiber diameters, with a
significant increase in mean fiber diameter in treated muscle (27.8+0.17 um) versus control (18.4+0.099 um), and reduced central nucleation in the TA,
quadriceps, triceps, and psoas muscles. (E) Additionally, there was a significant decrease from 37.0% to 9.7% collagen deposition in treated mice compared to
saline-treated mice. Two-way ANOVAs were utilized with post hoc analysis to locate differences in central nucleation and fiber diameters. Error bars are

represented as mean+SEM ( p<0.05).
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levels of centralized nuclei, interstitial collagen
deposition, and infiltration of inflammatory cells
(Fig. 2A). Following intravenous delivery of 6 x 10*?
vg of AAVrh74.DYSF.DV via the tail vein in 8-
week-old Blad mice (n=8), the psoas muscle was
analyzed through multiple measures at 7 months
of age (following 28 weeks of treatment), and
widespread gene expression was demonstrated
throughout all skeletal muscles, with 30.9+5.0% of
fibers transduced in the psoas muscle. Figure 2
demonstrates that delivery of dysferlin transgene
stabilizes the muscle environment, leading to a
normalization of fiber size distribution (Fig. 2C),

Study 1: Long-term
Bla) Placebo n=16
Blal AAV n=16
WT Placebo n=16

where the mean fiber diameter in treated psoas
muscles increased from 27.8 ym versus 18.4 ym in
saline-treated muscle. Significant reductions in
centralized nuclei in the treated tibialis anterior,
quadriceps, triceps, and psoas muscles were also
identified (Fig. 2D and Supplementary Fig. S1).
In addition, a significant reduction of CD8 cells
in treated muscles (25.59 cells/mm?) compared to
untreated (62.23 cellsy'mm?) was demonstrated.
Finally, there was a significant reduction in colla-
gen deposition in treated psoas muscles (9.7%)
compared to untreated BlaJ psoas muscles (37.0%;
Fig. 2E).
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Figure 3. Long-term improvement in collagen deposition and immune staining with AAVrh74.MHCK7.DYSF.DV treatment. (A) At 15 months of age, H&E
staining demonstrated normalization of histology in treated psoas muscles (BlaJ-AAV). (B) Picosirius staining in the gluteus muscle demonstrated a reduction
in collagen deposition. (C) Following long-term treatment in systemically treated mice, there was a trend toward normalization of fiber diameters and
(D) reduced centrally located nuclei in the quadriceps muscle, as shown with H&E staining. (E) Finally, there was a 9.0% reduction in collagen deposition using
picosirius staining in the gluteus muscle. One-way ANOVAs were utilized with post hoc analysis to locate differences in the means. Error bars are represented

as mean+ SEM ( p<0.05).
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Long-term benefits from AAVrh74.DYSF.DV
systemic gene transfer

In order to evaluate the sustainment of benefit
of intravenous gene transfer, additional cohorts
of BlaJ mice were injected with 6x10'% vg of
AAVrh74.DYSF.DV via the tail vein at 8 weeks
of age (n=8) and evaluated at 15 months post in-
jection for histopathology (Fig. 3A) and fibrosis
(Fig. 3B). In the gluteus muscle, fiber diameters
were normalized (Fig. 3C), and reductions in cen-
tral nuclei were noted to variable degrees, with
reduction in quadriceps being significant (Fig. 3D
and Supplementary Fig. S1). Collagen deposition
was reduced to WT levels in the gluteus muscle

BlaJ-AAV

Gas

BlaJ - AAV

TA

..’
..u

(@)

Dysferlin Expression

Bl BlaJ - AAV

% positive for dysferin
L) R -1 o«
(=] = = =] =]
‘0

(Fig. 3D). Additionally, widespread transgene ex-
pression was detected at 15 months of age (Fig. 4A—
C), and centrally located nuclei were only detected
in the dysferlin null fibers (Fig. 4D). Less than 0.5%
of dysferlin-positive fibers had central nuclei,
demonstrating that the transgene derived dysfer-
lin confers almost complete protection from de-
generation. The presence of full-length dysferlin in
treated muscles at 15 months of age was further
confirmed by Western blot analysis (tibialis ante-
rior and gastrocnemius; Fig. 4E).

As an outcome measure, in vivo MRI and MRS
were used to evaluate gluteus and psoas muscles
(MRS data not collected on the psoas due to inad-
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Figure 4. Long-term expression and normalization of centrally located nuclei in AAVrh74.MHCK7.DYSF.DV-treated mice. (A) Robust dysferlin expression was
seen following systemic delivery (6x 102 dose) using anti-dysferlin immune staining with an N-terminal antibody. Gastrocnemius (GAS) and TA muscles are
shown for representation. (B) Sections were co-stained with DAPI to quantify dysferlin positive fibers co-localized with centrally located nuclei. (C) There was
widespread dysferlin transgene expression at 15 months of age >5% in all tissues, with the diaphragm expressing the highest at 53%. (D) It is demonstrated
that the majority of fibers with centrally located nuclei are absent of dysferlin expression (<0.5% are positive for dysferlin and centrally located nuclei). (E) Full-
length dysferlin in treated muscles at 15 months of age was confirmed by Western blot analysis (TA and GAS) compared to wild-type and BlaJ-untreated muscle.
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Figure 5. Long-term improvements using magnetic resonance imaging (MRI) in systemically treated mice with AAVrh74 MHCK7.DYSF.DV. (A) Animals
underwent MRI after 7, 9, 12, and 15 months of age and demonstrated improvements in gluteus volume ( p<0.001), (B) decreased gluteus fat ( p<0.0001), (C)
increased water content to wild-type levels ( p=0.223; p<0.01), and (D) decreased fat percentage significantly at the 15-month time points ( p<0.0001). (E)
MR-spectroscopy was used to evaluate metabolite accumulation and decreased extramyocellular lipid accumulation was demonstrated in the gluteus muscle
(p<0.0001), as well as decreased creatine levels in the muscle to wild-type levels ( p=0.021) (F). Fifteen-month-old BLAJ animals were unable to undergo
magnetic resonance spectroscopy evaluation due to excessive fat infiltration in the saline-treated cohort. Two-way ANOVAs with Tukey post hoc analysis
were utilized to locate differences in the means. Error bars are represented as mean+ SEM ( p<0.05).

equate muscle size) and gluteus muscle volumes,
fat content, extramyocellular lipid accumulation,
and metabolite accumulation at 7, 9, 12, and 15
months of age. Figure 5 demonstrates significantly
increased gluteus volume (Fig. 5A), a reduction in
fat content and percentage of fat (Fig. 5B-D), and
a reduction of extramyocellular lipids and creatine
accumulation (Fig. 5E-F) in the AAV-treated co-
hort, further supporting normalization of muscle
content and functional improvement with long-
term gene transfer of AAVrh74.DYSF.DV.

AAVrh74.DYSF.DV systemic gene
transfer in aged mice

Clinically, dysferlinopathy is most commonly
diagnosed after symptoms and loss of muscle func-
tion have begun. To evaluate whether AAVrh74
.DYSF.DV can potentially treat established dis-
ease, an aged cohort of Blad mice with established
fibrosis and fiber loss was evaluated. AAVrh74
.DYSF.DV was systemically delivered through the
tail vein of 6-month-old BlaJ mice, and animals
were sacrificed 3 months post delivery. A statisti-
cally significant reduction of central nucleation

(Fig. 6A and Supplementary Fig. S1) and a slight
decrease in fibrosis (Fig. 6B) were detected in the
psoas of treated animals. Additionally, dysferlin
expression resulted in functional improvement in
membrane repair of FDB muscle fibers using a
laser injury model (Fig. 6C). Therefore, AAVrh74
.DYSF.DV treatment demonstrates histologic and
functional benefit to aged muscle with existing
fibrosis.

AAVrh74.DYSF.DV NHP systemic
gene transfer

To extend the preclinical findings further in mice
toward a clinical paradigm, a rhesus macaque NHP
model was treated systemically to confirm safety
and efficacy for future clinical trials. Previously,
the effect of 5x 102 vg total dose delivered by in-
tramuscular injection to the left tibialis anterior of
rhesus macaques of both AAV5.DYSF (n=3) and
AAVrh74.DYSF.DV (n=2) was studied, and no
aberrant responses or toxicity to either the capsid
or the transgene were demonstrated.' This study
evaluated the effect of 2x10'* vg/kg dose (1x 10
vg/kg of each vector) delivered intravenously
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Figure 6. Systemic expression and histological improvements in an aged cohort treated with AAVrh74.MHCK7.DYSF.DV. (A) Animals treated at 6 months of
age and sacrificed at 9 months of age demonstrated reductions in centrally located nuclei in psoas muscle using H&E staining. (B) There was slightly reduced
collagen deposition between 6 and 9 months of age with treatment. (C) Dysferlin transgene expression was noted across all muscles following AAV treatment
in this aged cohort, which led to significant improvement in membrane repair capacity in flexor digitorum brevis muscles ( p<0.05 at 190s).

through the cephalic vein of a rhesus macaque. This capsid and dysferlin and anti-AAV antibody titers

dose was proportional (based on animal weight) to (ELISA) on enrolled animals. These studies were
the systemic dose given to mice. Baseline chemis- repeated every 2 weeks for the duration of the
tries were collected, and immunologic studies were study. Three months following treatment, the
performed, including interferon-gamma ELISpot animal was euthanized to obtain a full tissue

analysis to measure T-cell responses to AAVrh74 necropsy. Tissues were used for gene expression
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Figure 7. Systemic delivery in rhesus macaque with AAVrh74.MHCK7.DYSF.DV. (A) Anti-dysferlin immunofluorescence staining in untreated naive rhesus
macaque diaphragm and quadriceps muscles (/eft panel) and systemically treated diaphragm, quadriceps, and hamstring demonstrates robust dysferlin
expression. (B) Enzyme-linked immunosorbent spot assay analysis of T-cell response to dysferlin and AAV peptide pools demonstrates no adverse T-cell
response in the presence of (C) widespread vector genome (vg/ug of genomic DNA) biodistribution quantified using quantitative polymerase chain reaction
(qPCR). Vastus lateralis control and heart control in qPCR biodistribution refers to an uninjected male rhesus macaque.

(Fig. 7A) studies, including histopathology and
biodistribution studies (Fig. 7C) on vital organs.
Immunologic assays did not show any aberrant
responses to the capsid or transgene by ELISpot or
ELISA (Fig. 7B and Supplementary Table S1). In
addition, full CBC and chemistry panels showed
no abnormal values in the macaque (Supplemen-
tary Table S2). Systemic gene transfer in the NHP
thereby established safety and efficacy and vali-
dated moving forward to clinical trial with AAVrh74
.DYSF.DV gene transfer.

DISCUSSION

Previously, successful dysferlin transgene expres-
sion and functional improvement in dysferlin-null
mouse models were documented using intramus-
cular delivery and isolated limb perfusion delivery

of AAVrh74. DYSF.DV.'! Intramuscular delivery
to rhesus macaques demonstrated no toxicity and
established proof of principle for movement to-
ward the clinic, and a systemic delivery approach
with the potential for robust clinical benefit was
further pursued. The current study utilized sys-
temic delivery of AAVrh74.DYSF.DV in young and
aged mouse models and the rhesus macaque. This
study demonstrates that systemic delivery using
AAV-mediated gene delivery results in long-term,
widespread transgene expression and functional
recovery in both dysferlin-null mouse models and
in the rhesus macaque. Treatment with AAVrh74
.DYSF.DV at 4 weeks of age demonstrated long-
term transgene expression at 6 months of age out
to 15 months of age. Furthermore, there were im-
provements in fiber diameters, centrally located
nuclei, and collagen deposition, which contributed
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to stabilization of the muscle environment. As the
disease progresses, the lipid content in the muscle
typically increases, and the volume of infiltrates
vary based on the muscle. Understanding this in-
formation is important in assessing improvements
post gene therapy. Histologic improvements were
corroborated with functional improvements using
MRI/MRS measurements, in which reduced fat
infiltration, retained lean muscle volumes, and
increased water content were observed to WT lev-
els in treated mice aged 15 months.

It was found that the timing of treatment ad-
ministration and duration of treatment impact
the degree of efficacy. However, sustained expres-
sion with histologic and functional benefit was
achieved, irrespective of the treatment paradigm.
This conclusion is pivotal for predicting the long-
term success of systemic AAVrh74.DYSF.DV as a
viable treatment for dysferlinopathy patients. The
most striking results were realized with young
animals treated prior to disease onset, where dys-
ferlin expression persisted for 2 years with no re-
duction. Moreover, the development of centrally
located nuclei, which indicates cycles of degenera-
tion and regeneration, was completely arrested.
These findings implore the establishment of new-
born/early screening to identify dysferlinopathies
during early childhood. This study demonstrates
strong evidence that systematic treatment at a
young age prior to disease onset has the potential
to prevent disease. The results achieved in an aged
cohort were equally intriguing. One of the big
questions that is asked universally is whether gene
replacement therapy has the potential to help
muscular dystrophy patients with advanced dis-
ease. When mice were injected at 6 months of
age with existing fibrosis and fiber loss, functional
benefit was still achieved, evidenced by improve-
ment in membrane repair. Reduction in centrally
located nuclei and levels of fibrosis were also de-
tected, along with efficient gene expression. Thus,
there is a strong rationale that there is the po-
tential for AAVrh74.DYSF.DV delivery to provide
clinical benefit, regardless of disease status.

This study has shown that systemic AAVrh74.-
DYSF.DV treatment in macaque skeletal muscle
can stimulate the overexpression of dysferlin with
no apparent toxicity or systemic immune rejection,
further validating the foundation of preclinical
safety. Potential immune responses were carefully
monitored through both serum ELISAs and PBMC
ELISpot assays, and biodistribution was evaluated
for both overlap vectors in all tissues and organs.
The lack of immune response shown in the pri-
mate is therefore encouraging. Additionally, due to
the lack of immune response and transgene over-
expression in the rhesus macaque, the dose level
utilized will be further translated into the clinic.

In conclusion, systemic delivery of the dual vec-
tor approach for dysferlinopathies provides a very
promising therapeutic strategy for both younger
and older subjects. The results in this study are
encouraging in that they establish efficacy of safety
and absence of toxicity, as well as improvements
histologically and functionally with systemic de-
livery. Furthermore, the long-term transgene ex-
pression and functional improvements are promising
as this treatment is moved toward the clinic.
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