
Original Article
Systemic delivery of AAV5, AAV8, and AAV9
packaging a C5-12-microdystrophin-FLAG
expression cassette in non-human primates
Mengping Liu,1 Erica Cook,1 Yanshan Dai,1 Erich Ehlert,2 Francois du Plessis,2 Jacek Lubelski,2 Bogdan G. Sleczka,1

Petia Shipkova,1 Zhuyin Li,1 Joshua Gamse,1 David Gordon,1 Leonard P. Adam,1 Paul C. Levesque,1

and Glen B. Banks1

1Bristol Myers Squibb, 3551 Lawrenceville Road, Princeton, NJ 08540, USA; 2uniQure, Paasheuvelweg 25a, 1105 BP Amsterdam, the Netherlands
Received 9 August 2024; accepted 14 January 2025;
https://doi.org/10.1016/j.omtm.2025.101411.

Correspondence: Glen B. Banks, Bristol Myers Squibb, 3551 Lawrenceville Road,
Princeton, NJ 08540, USA.
E-mail: gbanks@solidbio.com
Safely achieving therapeutic expression levels with adeno-asso-
ciated virus (AAV) gene therapy is a significant challenge for
treating the large muscle mass in humans. Non-human pri-
mates (NHPs) provide a more accurate assessment of the feasi-
bility of achieving an effective and safe dose than rodents. Here,
we compared a single systemic administration of AAV5, AAV8,
or AAV9 in NHPs, each packaging the C5-12-microdystro-
phin-FLAG expression cassette. At 1 month post-dose, we
compared tissue vector genomes, mRNA, and microdystro-
phin-FLAG protein levels by meso-scale discovery-enzyme-
linked immunosorbent assay, liquid chromatography-mass
spectrometry, and immunofluorescence. The C5-12 promoter
was highly selective for heart and skeletal muscles, when
compared to off-target tissues such as peripheral blood mono-
nuclear cells, lung, liver, and kidney. AAV8 led to higher levels
of microdystrophin-FLAG mRNA and protein in the cardiac
ventricles and skeletal muscles when compared to AAV5 or
AAV9. The AAV8-microdystrophin-FLAG led to �20% of
wild-type NHP dystrophin protein expression levels and was
located on the sarcolemma of �40% of skeletal muscles fibers
and �15% of left ventricular cardiomyocytes. Hematology,
serum chemistry, and pathology were unremarkable. Thus, a
systemic dose of�1.18� 1014 vector genomes/kg AAV8 is pre-
dicted to be safe and efficacious for treating Duchenne
muscular dystrophy (DMD) but has significant room for
improvement.

INTRODUCTION
Gene therapies are diverse modalities that use genes to treat, prevent,
or cure a disease.1 Adeno-associated virus (AAV) can deliver a ratio-
nally designed therapeutic DNA expression cassette that can form
stable episomes in muscle nuclei for years, with the potential to pro-
vide a one-shot long-term treatment of serious unmet diseases.2 AAV
gene therapy is a promising approach for treatment of striated muscle
disorders, including various muscular dystrophies, cardiomyopathies,
and heart failure.3–7 However, safely achieving sufficient therapeutic
expression levels is a significant challenge for the treatment of the
large muscle mass in humans.8
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Non-human primates (NHPs) are particularly important for
translating pre-clinical proof-of-concept studies.9,10 NHPs are
generally utilized to assess dose projection, target engagement,
pharmacokinetics, pharmacodynamics, and various toxicology pa-
rameters before human safety trials.9 Specifically, for AAV gene
therapies, NHPs provide a translatable model to define the suit-
ability of systemic delivery of the gene therapy to achieve an effec-
tive dose, defined by the relationship between AAV vector
genomes (VG), mRNA, protein levels, and biodistribution (pro-
portion of target cells expressing the therapeutic) that are required
for therapeutic benefit in a preclinical model. Together, these
studies provide a more accurate assessment of the feasibility for
achieving an effective and safe dose to treat the target disease in
humans.

AAV serotypes bind different cell surface receptors that define their
relative tropism for certain tissues and can also impact the successful
delivery of the DNA to the nucleus once inside the cell.11–15 The
tropism of AAV8 and AAV9 for striated muscle makes them the cap-
sids of choice in clinical trials and approved therapeutics.5,7,16–18

AAV5 is ancestrally distinct from other capsids, and its tropism for
striated muscle in large animals is less clear.19 AAV5 is an attractive
serotype to study given its proven safety in humans20 and the poten-
tial to treat more patients due to lower global seroprevalence of
neutralizing antibodies (nAbs).21

The therapeutic expression cassette is also critical for safely achieving
sufficient levels of expression to treat disease. Various muscle-specific
promoters have been generated to achieve cardiac-selective expres-
sion, skeletal muscle-selective expression, or striated muscle-selective
expression.22–28 The C5-12 promoter is potentially one of the most
active in striated muscle,22 but less is known about its selectivity
in NHPs.
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Table 1. Percent luciferase expression relative to nAb negative control

nAb test, timing
AAV5 (1.18 � 1014

VG/kg)
AAV8 (1.18 � 1014

VG/kg)
AAV9 (1.18 � 1014

VG/kg)
AAV9 (2 � 1014

VG/kg)

Group ID 1101 1102 1103 2101 2102 3101 3102 3103 4101 4102

AAV5

Pre-treat 51 87 81 51 59 106 156 94 78 60

Day 15 1a 1a 2a 91 101 87 94 93 107 95

Day 29 1a 1a 0a 93 121 118 116 117 89 62

AAV8

Pre-treat 87 34a 101 102 131 82 88 114 111 116

Day 15 110 139 88 0a 4a 111 81 121 102 85

Day 29 74 148 99 2a 6a 107 106 91 94 76

AAV9

Pre-treat 86 2a 18a 86 37 59 93 100 69 65

Day 15 114 84 111 85 18a 0a 1a 6a 1a 1a

Day 29 113 94 97 82 44a 1a 2a 2a 0a 1a

nAbs in the serum lead to low percentages of luciferase expression.
anAb in the serum lead to low percentages of liciferase expression.
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Duchenne muscular dystrophy (DMD) is a severe skeletal muscle
wasting disease, with dilated cardiomyopathy caused by mutations
in dystrophin.29 Dystrophin replacement gene therapies require
rationally designed miniaturized dystrophins to accommodate the
limited packaging capacity of AAV.3,30 Here, we utilized an
epitope-tagged microdystrophin transgene that has previously been
shown to be safe in NHPs when delivered intramuscularly or by local
vascular administration at high doses.31

In this study, we had two primary goals. First, we assessed the tropism
of AAV5, AAV8, and AAV9 in in the cynomolgus monkey (Macaca
fascicularis), when the AAV was manufactured utilizing the baculovi-
rus expression vector system (BEVS).32,33 Second, we examined the
tissue selectivity and activity of the striated muscle C5-12 promoter
in NHPs, where the striated muscles resemble the fiber types found
in humans.34 Here, we found that each serotype effectively transduced
striated muscle, and the C5-12 promoter was highly selective for both
cardiac and skeletal muscles in NHPs.

RESULTS
This was a single-dose exploratory intravenous study in NHPs
(study DN20027) with a 4-week post-dose termination. We
compared BEVS-derived AAV5, AAV8, and AAV9, each pack-
aging the same expression cassette at a dose of 1.18 � 1014

VG/kg AAV5 (n = 3), 1.18 � 1014 VG/kg AAV8 (n = 2), and
1.18 � 1014 VG/kg AAV9 (n = 3) or 2 � 1014 VG/kg AAV9
(n = 2). The expression cassette contains a synthetic striated mus-
cle-specific C5-12 promoter, a human microdystrophin containing
the actin-binding domain, hinge 1, spectrin-like repeats 1–3,
hinge 2, spectrin-like repeat 24, hinge 4, and the cysteine-rich re-
gion originally designed by the Chamberlain laboratory.30,35 and
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adapted to generate ELEVIDYS by Sarepta Therapeutics.17,26 The
miniaturized dystrophin was conjugated to a C-terminal FLAG
tag that was well tolerated in NHPs after limb infusion.31 The
expression cassette has a synthetic poly(A), but no 50 UTR or 30

UTR and is �4.4 kb, including inverted terminal repeats (ITRs).

Selecting NHPs with low levels of nAbs

Pre-treatment serum samples from 15 NHPs were screened by a cell-
based nAb assay and an enzyme-linked immunosorbent assay
(ELISA)-based total antibody assay (Tables 1 and S1). The cutoff
for the nAb assay was luciferase activity that was inhibited by less
than 50% of negative controls (10% fetal bovine serum; asterisk in
Table 1). The positive controls were <50% in all 3 AAV serotype
nAb assays. Five animals were excluded based on high levels of pre-
treatment antibodies and therefore had no group assigned to them
(Table S1). This resulted in 10 NHPs available for the study. Of these,
8 NHPs were identified to have low nAbs for all three tested AAV se-
rotypes (Table 1). The remaining 2 NHPs (group IDs 1102 and 1103)
had low total antibodies (tAbs) and nAbs for AAV5 but were neutral-
ized by AAV8 and/or AAV9 and were therefore chosen to be in the
AAV5 treatment cohort (Table S1).

Post-treatment serum samples from days 15 and 29 were analyzed in
the cell-based nAb assay to determine the level of nAbs against AAV5,
AAV8, and AAV9 serotypes. The post-treatment nAbs were specific
to the administered serotype with no cross-reactivity, with only one
exception being treatment group ID 2102, which was administered
AAV8 but developed nAbs to AAV8 and AAV9. Interestingly, the
AAV5 samples that were neutralized by AAV8 and/or AAV9 in
pre-treatment (group IDs 1102 and 1103) were no longer neutralized
by AAV8 or AAV9 post-treatment.
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Figure 1. Plasma toxicokinetics (TK)

Themean ± SD of C5-12-microdystrophin-FLAG VG/1mL of plasma extracted 1, 3,

6, 24, and 48 h post-dose. Note that the AAV5 VG was cleared faster than either

AAV8 or AAV9.
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Plasma toxicokinetics

To estimate the clearance of each AAV-C5-12-microdystrophin-
FLAG, plasma concentrations of the AAV VG were measured up to
48 h after treatment (Figure 1). AAV5 was mostly cleared from the
blood within �24 h, while AAV8 and AAV9 remained for a period
longer than 48 h (Figure 1).36
Biodistribution and expression in the heart

We next measured the biodistribution and microdystrophin-FLAG
expression in the heart. The highest VG levels were in the atria, but
this translated to minimal levels of mRNA and no microdystro-
phin-FLAG protein in the left atria and low levels in the right
atria (Figure 2). In other regions of the heart, a narrow range
of �1 � 105 to 4 � 105 VG/mg genomic DNA (gDNA) led to a simi-
larly narrow range between �1 � 105 and 6 � 105 mRNA copies/mg
total RNA (Figure 2A). The mRNA translated to low levels of protein
with no clear difference in translation between the tested serotypes
(Figure 2B). However, AAV5 and AAV8 led to the highest expression
in the left and right ventricles when compared to AAV9 at the same
dose of 1.18 � 1014 VG/kg (Figures 2C and S1). Each AAV serotype
had the highest expression in the ventricles, septum, and apex when
compared to the atria (Figure 1C).
Biodistribution and expression in the skeletal muscles

The expression profile was different in skeletal muscles when
compared to the heart. A narrow range between 1 and 2 � 105

VG/mg gDNA led to �10-fold higher levels of mRNA/mg total
RNA in skeletal muscles when compared to the heart (Figures 3A
and S2; unfortunately, we did not measure the AAV9-treated dia-
phragm samples). mRNA levels below �1 � 106 mRNA/mg total
RNA led to low levels of microdystrophin-FLAG protein similar to
that of the heart (Figure 3B). However, levels above �1 � 106

mRNA/mg total RNA led to 3- to 4-fold higher levels of microdystro-
phin-FLAG protein (Figure 3B). One of the NHPs treated with AAV8
(group ID 2102) had the highest levels of protein in the diaphragm,
quadriceps, gastrocnemius, forearm, and tongue, but not mandible
Molecu
or esophagus (Figure 3C). Interestingly, this NHP also developed
cross-reactive levels of nAbs to AAV9 (Table 1).

We also examined microdystrophin-FLAG protein expression by
liquid chromatography-mass spectrometry (LC-MS) to measure the
proportion of the endogenous full-length dystrophin levels. We
compared the highest dose of AAV9 (2 � 1014 VG/kg) to AAV8 at
1.18 � 1014 VG/kg (Figure 3D). The results are consistent with
AAV8 leading to more protein expression than AAV9, and these
levels are approximately 20% of wild-type dystrophin levels with a
dose of 1.18 � 1014 VG/kg AAV8 (Figure 3D).

Proportion of striated muscles expressing microdystrophin-

FLAG

The proportions of cardiomyocytes and skeletal muscle fibers ex-
pressing microdystrophin-FLAG were examined by confocal micro-
scopy with an automated algorithm to define a positive cell. Both
a2-laminin and endogenous dystrophin immunofluorescence were
used to mark the positive muscle membranes (Figure S3). Consistent
with both the meso-scale discovery (MSD)-ELISA and LC-MS data,
the AAV8 (1.18e14 VG/kg) led to the broadest expression of micro-
dystrophin-FLAG when compared to the higher dose (2e14 VG/kg)
of AAV9 (Figure 4).

Off-target tissues

As anticipated, the highest levels of VG were found in the liver (Fig-
ure 5A). The VG liver, lung, and peripheral blood mononuclear cells
led to background levels of microdystrophin-FLAG protein (�1,096
a.u.; Figures 5B and 5C). Only the kidney for AAV5 and AAV9 treat-
ment and liver for AAV9 treatment had microdystrophin-FLAG pro-
tein levels marginally above baseline (Figure 5), showing the excellent
selectivity of the C5-12 promoter for striated muscles.

DISCUSSION
Safely achieving therapeutic expression levels with AAV gene therapy
is a significant challenge for treating the large muscle mass in hu-
mans.8 NHPs provide a more accurate assessment of the feasibility
of achieving an effective and safe dose to treat the target disease in hu-
mans.9,10 Here, we found that AAV5, AAV8, and AAV9 generated
using BEVS were each able to deliver the microdystrophin-FLAG
therapeutic expression cassette to striated muscles and that the C5-
12 promoter was highly selective for striated muscles.

The biodistribution and expression in NHPs differs substantially
from those in rodents. For instance, AAV8 and AAV9 lead to higher
expression in the heart compared to the skeletal muscles in rodents,
with diaphragm being the lowest.15,26 The opposite result was
achieved in NHPs, where the highest expression is in skeletal muscles
when compared to the heart, and the biodistribution and expression
in the diaphragm were similar to those of the limbmuscles. The better
tropism in rodent hearts may be driven by species differences in AAV
receptor sequences and/or by the higher heart rates (�550 bpm)
when compared to NHPs (60 bpm). Furthermore, AAV5 has poor
tropism for striated muscles in rodents but was comparable to
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 3
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Figure 2. Expression and biodistribution in the heart after systemic delivery of AAV-C5-12-micordystrophin-FLAG

(A) The relationship of VG/mg gDNA versus mRNA/mg total RNA for each sample. Dashed box shows the atria samples with high VG levels but low mRNA levels. (B) The

relationship of MSD-ELISA-quantified microdystrophin-FLAG protein levels versus mRNA/mg total RNA for each sample. The dashed line shows the average background

arbitrary units from the MSD-ELISA. (C) The mean ± SD MSD-ELISA protein levels from each region of the heart, including LV (left ventricle), RV (right ventricle), LA (left atria),

RA (right atria), septum, and apex.
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AAV8 in NHP hearts.11,37 The differences between rodents and
NHPs underscore the importance of evaluating biodistribution and
expression in large animals to extrapolate dose projections more
accurately for humans.

Overall, systemic delivery of AAV8 led to better biodistribution and
protein expression in striated muscles of NHPs when compared to
AAV5 and AAV9. The VG in the tissues were similar between sero-
types, and this may have resulted from the short timeline of this study
(�1month) as it may require longer time periods to clear VG that did
not effectively form stable concatemers in the nucleus. Comparisons
of VG, mRNA, and protein levels clearly reveal that VG delivered by
AAV8 led to more effective transcription of microdystrophin-FLAG
mRNA, and this greater level of mRNA led to more muscle cells ex-
pressing moremicrodystrophin-FLAG protein. AAV8 is also superior
to AAV9 in neonatal dog hearts.16 The biology behind this is unclear.
Perhaps one explanation is that AAV8 protects the VG from TLR9-
mediated immune responses12 better than either AAV5 or AAV9,
but this would need to be tested.

The rational design of miniaturized muscle-specific promoters is
important to accommodate the limited available DNA size that can
package into AAV and to optimize expression in striated muscles
to achieve efficacious doses of protein.22–27 The miniaturization of
creatine kinase promoters has been incorporated into rationally de-
signed therapeutic expression cassettes to treat DMD.23,38,39 Careful
analyses of CK7 and MHCK7 revealed preferential expression in
fast fiber types.23 Most mouse skeletal muscles are fast 2b fiber types
that are not found in humans.34 We tested the C5-12 striated muscle-
specific promoter because it has no fiber type preference.22,28,40 Here,
the C5-12 promoter led to highly selective striated muscle-specific
expression in NHPs, with the only exception being low levels (just
above background) in the kidney. While the biology behind the better
translation of low levels of VG in skeletal muscles versus cardiac mus-
cles is unclear, it is possible that the C5-12 promoter is more active in
skeletal muscles than the heart or reflects the skeletal muscle syncy-
tium.41 Similarly, that the high level of VG in atria did not lead to
high levels of mRNA or protein is consistent with the C5-12 promoter
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being less active in atria. However, another possible explanation is
that the VG were simply not cleared due to the short timeline of
this study. More experiments are needed to better understand the
relative activities as this can impact dose projections.

Each cardiac and skeletal muscle disease will have its own expression
requirements to achieve efficacy. For DMD, approximately 20% of
mini-dystrophin protein levels lead to substantial efficacy in trans-
genic mice when the protein is expressed in every cell. Here, delivery
of 1.18 � 1014 VG/kg of AAV8-microdystrophin-FLAG led to 20%
wild-type dystrophin protein levels in approximately 30%–50% of
skeletal muscle fibers and 17% of left ventricle cardiac cells. Pre-clin-
ical and clinical studies predict that expression as low as�5% can lead
to efficacy and that 15% of normal levels of dystrophin in all muscle
cells can prevent dystrophic pathology, depending on the function-
ality of the truncated dystrophin.3,30,42–48 More localized delivery
methods such as intramuscular injection and isolated limb perfusion
can achieve much greater levels of expression,31 but these localized
delivery methods are not ideal for treating the vast muscle mass in hu-
mans. This study also serves as the basis for comparing capsid evolu-
tion efforts, which are already showing great promise in reaching
more striated muscles with lower doses in NHPs.49–51

MATERIALS AND METHODS
AAV production

AAV5 was manufactured using the BEVS, as previously described
(US Patent 10837027).32,33 AAV8 and AAV9 were generated using
the samemethods, except that the AAV8 or AAV9 (hu.14) CAP genes
were utilized instead of the AAV5 CAP gene. The DNA expression
cassette contained a C5-12 promoter, a microdystrophin-FLAG
transgene that has previously been demonstrated to be safe in
NHPs when systemically delivered at high doses,31 and a synthetic
poly(A) within the ITRs, totaling 4,412 bp. The 50-L production runs
yielded 2.4 � 1016 VG AAV5-microdystrophin-FLAG (36% full
capsids), 3.1 � 1015 VG (25% full capsids) AAV8-microdystrophin-
FLAG, and 2.4 � 1016 VG/mL (43% full capsids) AAV9-
microdystrophin-FLAG. The production of AAV8 enabled the
administration of two monkeys at 1.18 � 1014 VG/kg, whereas the
025



Figure 3. Expression and biodistribution in the skeletal muscles after systemic delivery of AAV-C5-12-micordystrophin-FLAG

(A) The relationship of VG/mg gDNA versus mRNA/mg total RNA for each sample. Note that the AAV8 samples shown in blue have more mRNA. (B) The relationship of MSD-

ELISA-quantified microdystrophin-FLAG protein levels versus mRNA/mg total RNA for each sample. The dashed line shows the average background arbitrary units from the

MSD-ELISA. Note that the AAV8 levels in blue have moremRNA and protein than AAV5 or AAV9. (C) Themean ± SDMSD-ELISA protein levels from each skeletal muscle. (D)

LC-MS quantification of microdystrophin-FLAG protein as a percentage of wild-type NHP dystrophin.
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production of AAV9 enabled the treatment of three monkeys at
1.18 � 1014 VG/kg and two monkeys at 2 � 1014 VG/kg. The endo-
toxin units (EU) were each below 0.1 EU/mL, with a bioburden
less than 1. The vectors were formulated in 1� PBS (minus Ca2+

and Mg2+), 5% sucrose, and 0.02% Tween 20 and stored at �80�C.

nAbs

Cynomolgus monkeys (M. fascicularis) were selected for low total and
nAbs. Serum samples were flash frozen in liquid N2, shipped on dry
ice, and stored in a �80�C freezer until analysis. Serum from 15 pre-
and post-test NHPs were examined for AAV5, AAV8, and AAV9
tAbs and nAbs, as previously described.52 Total antibody assessments
were performed using an ELISA. Briefly, the method consisted of
coating 96-well polypropylene plates overnight with purified AAV5,
AAV8, or AAV9 capsids at �4 mg/mL each. A purified monkey
immunoglobulin G (IgG) was used as a positive control. Blocked
and washed plates were probed the following day with a serial dilution
of the serum samples and detected with horseradish peroxidase-
labeled anti-monkey IgG detection Abs. Background signal was de-
tected in wells without serum incubation. In total, two experimental
runs were performed: one for the detection of Abs in pre-treatment
samples and another for post-treatment samples. Treatment emer-
gent tAbs were assessed by comparing raw data units obtained in
Molecu
the ELISA for post-treatment samples with the raw data units of
respective pre-treatment samples. In the total Ab assay, all results
above background were accepted. Assay precision (percent CV [coef-
ficient of variation]) was evaluated for replicate samples where appli-
cable. In general, percent CV was shown to be <20%. For nAb assays,
percent CV was shown to be <35%. However, in 8% of the samples,
CVs were >35% because one of the replicates was close to noise.
Results from the nAb assay are shown as % of negative control, and
data were accepted when the positive controls (positive quality assay
%50%) respect to negative quality control. A 50% cut point was used
to determine whether a sample was positive. Test samples with an
average percentage of <50% were considered positive for the nAb
response.

NHPs and dosing

A total of 10 NHPs with low tAbs and nAbs were selected for dosing
with AAV. Methylprednisolone acetate was intramuscularly dosed at
2 mg/kg to all animals from days 0 to 3 post-AAV administration to
mitigate any potential compound side effects. NHPs also received an
oral dose of 5 mg famotidine 0–3 days post-AAV administration to
inhibit gastric acid production during steroid administration to miti-
gate potential treatment-related inappetence. This was a single-dose
exploratory intravenous study in monkeys with a 4-week post-dose
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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Figure 4. Microdystrophin-FLAG cellular distribution

(A) Representative examples of microdystrophin-FLAG immunostaining in the sarcolemma of NHP quadriceps muscle treated with AAV5, AAV8, or AAV9 C5-12-micro-

dystrophin-FLAG. Scale bar, 100 mm. (B) The mean ± SD proportion of left ventricle, diaphragm, and quadriceps muscle membranes expressing microdystrophin-FLAG.

(C) The mean ± SD fluorescence intensity of left ventricle, diaphragm, and quadriceps muscle membranes expressing microdystrophin-FLAG.
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recovery. We compared n = 3 NHPs with 1.18 � 1014 VG/kg AAV5,
n = 2 NHPs with 1.18 � 1014 VG/kg AAV8, n = 3 NHPs with
1.18 � 1014 VG/kg AAV9, and n = 2 NHPs with 2 � 1014 VG/kg
AAV9. The vector was thawed at 4�C for up to 24 h prior to dosing.
The vectors were not diluted prior to dosing a maximum volume of
7.5 mL/kg bolus infusion. All animal research was internally reviewed
and approved by the BMS Institutional Animal Care and Use Com-
mittee (IACUC).

gDNA isolation and qPCR for plasma toxicokinetics

DNA was extracted from 0.5 mL plasma collected at 1, 4, 7, 24, and
48 h after dosing using the DNeasy Blood and Tissue Kit (Qiagen)
as per the manufacturer’s protocol. The DNA concentrations were
measured with the Nanodrop 8000. Each microdystrophin-FLAG
tag sample was run in duplicate with primer/probe sets (forward
primer 50-AACGCTCAGTTCAGCAAATTTG-30; reverse primer
50-CCTGCAGGTCGGAAAACAGA-30; probe-6FAM-AAGCAGCA
CATCGAG-MGBNFQ) in 384-well clear reaction plates (Applied
Biosystems, catalog no. 4483285). To each reaction, 2 mL gDNA
(80 ng) and 8 mL master mix (5 mL Fast Advanced Master Mix,
0.5 mL 20� FAM primer probe mix, and 2.5 mL water) were added,
and plates were centrifuged for 1 min at 1,000 rpm. Samples were
incubated at 95�C for 10 min, followed by 40 cycles at 95�C for
15 s and 60�C for 1 min using the ViiA7 system and Quant Studio
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real-time PCR software for data analysis (Applied Biosystems).
Plasma microdystrophin DNA was quantified by qPCR using line-
arized plasmid DNA (13,176 bp; 1 ng = 7 � 107 copies) as a
standard.

VG biodistribution in tissues

For gDNA isolation, heart, skeletal muscle, liver, kidney, and lung tis-
sues were homogenized using Qiagen TissueLyser II (catalog no.
85300), and gDNA was isolated using a Qiagen DNeasy 96 blood
and tissue kit (catalog no. 69581). Tissue samples (�20 mg each)
were placed in 96-well plates (costar assay block 1 mL, catalog no.
3958) containing 200 mL Proteinase K-buffer ATL and one 5-mm
steel bead, homogenized using TissueLyser II at 30 Hz for 2 min,
and repeat until it was homogenized. gDNA was isolated following
the manufacturer’s instructions. DNA concentrations were measured
by Nanodrop 8000. For qPCR, each sample was run in duplicate with
primer/probe sets (forward primer 50-AACGCTCAGTTCAGCAA
ATTTG-30; reverse primer 50-CCTGCAGGTCGGAAAACAGA-30;
probe-6FAM-AAGCAGCACATCG-AG-MGBNFQ) in 384-well
clear reaction plates (Applied Biosystems, catalog no. 4483285). To
each reaction, 2 mL gDNA (80 ng) and 8 mL master mix (5 mL Fast
Advanced Master Mix, 0.5 mL 20� FAM primer probe mix, and
2.5 mL water) were added, and plates were centrifuged for 1 min at
1,000 rpm. Samples were incubated at 95�C for 10 min, followed by
025



Figure 5. Expression in off-target tissues

(A) The relationship of VG/mg gDNA versus mRNA/mg total RNA for each sample. Dashed box shows the liver samples with high VG levels but low mRNA levels. (B) The

relationship of MSD-ELISA quantified microdystrophin-FLAG protein levels versus mRNA/mg total RNA for each sample. The dashed line shows the average background

arbitrary units from the MSD-ELISA. Note that the AAV8 levels in blue have more mRNA and protein than AAV5 or AAV9. (C) The mean ± SD MSD-ELISA protein levels from

each off-target tissue. Note that the kidney has low levels of microdystrophin-FLAG protein marginally above background.
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40 cycles at 95�C for 15 s and 60�C for 1 min using the ViiA7 system
and Quant Studio real-time PCR software for data analysis (Applied
Biosystems). Plasma microdystrophin DNA was quantified by qPCR
using linearized plasmid DNA (13,176 bp; 1 ng = 7� 107 copies) as a
standard.

mRNA

For isolation of total RNA, tissues were homogenized using Qiagen
TissueLyser II, and RNA was isolated using a Qiagen RNeasy 96 Uni-
versal tissue kit (catalog no. 74881). Tissues (�15 mg each) were
placed in RNeasy kit collection microtubes containing 750 mL Qiazol
reagent and one 5-mm steel bead (Qiagen, catalog no. 69989), ho-
mogenized using TissueLyser II at 30 Hz for 2 min, and this step
repeated until homogenized, followed by a centrifugation at
6,000 � g for 4 min at 4�C. To each tube, 150 mL chloroform was
added, and samples were vortexed vigorously for 15 s. Following a
3-min incubation at room temperature, samples were spun at
6,000 � g for 15 min at 4�C. The aqueous phase was removed
(�360 mL) and transferred to a new tube containing 1 vol RNase
free 70% EtOH. All samples were transferred to a RNeasy 96-well
plate for RNA isolation following the manufacturer’s instructions
(Qiagen). RNA yield was quantified with the Nanodrop 8000. For
cDNA synthesis and subsequent PCR, 1 mg RNA was added to 1
well of a 96-well plate in 10 mL H2O (Plate-Axygen, PCR-96-C-S).
To each well, 10 mL master mix (High Capacity cDNA Reverse Tran-
scription kit, Applied Biosystems) was added, and the plate was
centrifuged at 1,000 rpm. cDNA synthesis was carried out at 25�C
for 10 min, 37�C for 120 min, and 85�C for 5 min, followed by a
hold at 4�C. For qPCR quantification, each sample was run in dupli-
cate with primer/probe sets (forward primer 50-AACGCTCAGTTC
AGCAAATTTG-3’; reverse primer 50- CTGCAGGTCGGAAAAC
AGA -3’; probe-6FAM-AAGCAGCACATCGAG-MGBNFG) in
384-well clear reaction plates (Applied Biosystems, catalog no.
4483285). To each reaction, 2 mL cDNA and 8 mL master mix (5 mL
Fast Advanced Master Mix, 0.5 mL 20� FAM primer probe mix,
and 2.5 mL water) were added, and plates were centrifuged for
1 min at 1,000 rpm. Samples were incubated at 95�C for 10 min, fol-
lowed by 40 cycles at 95�C for 15 s and 60�C for 1min using the ViiA7
Molecu
system and Quant Studio real-time PCR software for data analysis
(Applied Biosystems).

Microdystrophin-FLAG MSD-ELISA

Multi-assay 96-well plate (Meso Scale Discovery, catalog no.
L-15xB) was pre-coated with FLAG tag polyclonal antibody (Invi-
trogen, catalog no. PA1-984B) at a concentration of 10 mg/mL in bi-
carbonate buffer and incubated at 4�C overnight. The plate was then
blocked with 200 mL blocking buffer (5% BSA in PBS; Sigma, cata-
log no. A7030) for 4 h with shaking at room temperature. Heart,
skeletal muscle, liver, kidney, and lung tissues (�30 mg) were placed
in 96-well plates (costar assay block 1 mL, catalog no. 3958) and
homogenized in radioimmunoprecipitation assay (RIPA) buffer
(Sigma, catalog no. R0278) at a concentration of 1 mg tissue/
10 mL RIPA buffer with protease inhibitor cocktail tablets (Roche,
catalog no. 04 693 159 001) using Qiagen TissueLyser at 30 Hz
for 5 min, repeating until homogenized. Tissue RIPA lysate was
diluted 2-fold in a binding buffer (1% BSA, 0.05% Tween 20,
20 mM Tris, pH 7.5 in PBS). To each well, 40 mL tissue lysates
and sulfo-conjugated Manex1011b (10 mg/mL; Developmental
Studies Hybridoma Bank) were added to the pre-coated 96-well
plates and incubated at 4�C with shaking overnight. The plate
was washed three times with PBS containing 0.05% Tween 20
(Bio-Rad, catalog no. 161-0781) and 150 mL MSD read buffer T
with surfactant was added (Meso Scale Discovery, catalog no.
R92TC-1). The plate was then read on the MSD Sector 6000
machine.

Microdystrophin-FLAG LC-MS

Heart, skeletal muscle, liver, lung, and kidney were collected and
immediately frozen. Prior to analyses, the tissues were homogenized
with RIPA buffer (fortified to 1% SDS for cynomolgus monkey sam-
ples) in a 1:10 ratio. The homogenates were digested with trypsin,
and after fractionation for peptide enrichment, the samples were
analyzed by LC-MS/MS by monitoring previously identified unique
peptides corresponding to the endogenous cynomolgus monkey dys-
trophin (MEAWLENFAR) and the dosed human microdystrophin
(TEAWLDNFAR). Stable isotope labeled (SIL) analogs for human
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 7
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and/or cynomolgus monkey peptides were spiked into the homoge-
nate and were used to estimate the measured levels. Total protein
was also obtained and used for normalization purposes.

Proportion of microdystrophin-FLAG+ cells

Heart, skeletal muscle, liver, kidney, and lung tissues were frozen
in Optimal cutting temperature and sectioned in 5-mm slices on
standard microscope slides. On the day of staining, frozen tissue
slides were removed from the �80�C freezer and allowed to
warm to room temperature. Slides were blocked with 200 mL
blocking buffer (Dulbecco’s phosphate-buffered saline [DPBS],
Thermo Fisher, catalog no. 14190144) supplemented with 0.05%
Triton X-100 (Sigma, catalog no. T8787) and 1% BSA (Sigma, cat-
alog no.A9576) for 30 min. Three primary antibodies were diluted
in blocking buffer, including the Alexa 488 conjugated mandys106
(1:200) rabbit anti-FLAG antibody (1:500; Thermo Fisher, catalog
no. PA1-984B) and a rat anti-laminin-2 antibody (1:500; Sigma,
catalog no. L0663). Blocking buffer was removed with a vacuum
aspirator, and primary antibody was added to each slide. Following
a 1-h incubation at room temperature, slides were washed three
times in DPBS. Two secondary antibodies were diluted in blocking
buffer, including an Alexa Fluor 546 goat anti-rat antibody
(Thermo Fisher, catalog no. A11077) and an Alexa Fluor 647
goat anti-rabbit (Thermo Fisher, catalog no. A21244). DAPI was
also included in the secondary antibody solution to counterstain
nuclei in the tissue. Secondary antibody was added to the tissue
and incubated for 30 min at room temperature. Following the
staining protocol, slides were washed three times with DPBS fol-
lowed by a rinse with distilled H2O. One drop of ProLong dia-
mond antifade mountant (Thermo Fisher, catalog no. P36962)
was added to seal the coverslip on the tissue. Slides were saved
at 4�C for imaging the next day. Image acquisition of the micro-
scope slide was conducted on the Opera Phenix HCS imager
(PerkinElmer) equipped with a laser microlens confocal and large
4.7 megapixel complementary metal oxide semiconductor camera.
Fluorescent dyes used for labeling tissues were matched with the
appropriate laser excitation light sources and complementary
emission filters—nucleus (DAPI): excitation 375 nm, emission
435–480 nm; mini-dystrophin (Alexa Fluor 647): ex 640 nm, em
650–760 nm; and laminin (Alexa Fluor 546): ex 561 nm, em
570–630 nm. The software package Harmony 4.9 was used for im-
age acquisition. The software first performed a low-magnification
scan at 5� to identify the region of interest (ROI). A second round
of multi-color image acquisition on the ROI was performed using
a water objective lens at 20� magnification. A montage image of
the ROI was captured with 20% overlap between fields of view. Im-
ages were imported into the Columbus image management system
for analysis and quantitation. A building block analysis routine
was created in Columbus to identify muscle fibers in both heart
and skeletal muscle tissue and quantitate the amount of FLAG
staining. A global image of the entire tissue was created. Each field
of view was inverted so that the software could identify “cells” that
were outlined with laminin stain. Size and intensity filters were
applied to identify only true muscle fibers. The outer membrane
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of the laminin stain was dilated, and the microdystrophin-FLAG
intensity inside this region was calculated (Figure S3). Intensities
were calculated for all tissues for all animal groups. Intensity cut-
offs for “cells” or muscle fibers positive for dystrophin were deter-
mined for each tissue slice from each animal, using a mean inten-
sity plus 3 standard deviations (SDs) calculations.
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