
Original Article
Development of capsid- and genome-modified
optimized AAVrh74 vectors
for muscle gene therapy
Jakob Shoti,1 Keyun Qing,1 Geoffrey D. Keeler,1 Dongsheng Duan,2 Barry J. Byrne,3,4,5 and Arun Srivastava1,4,5

1Division of Cellular and Molecular Therapy, Department of Pediatrics, University of Florida College of Medicine, Gainesville, FL, USA; 2Departments of Microbiology and

Immunology, Neurology, Biomedical Sciences, and Chemical and Biomedical Engineering, University of Missouri, Columbia, MO, USA; 3Child Health Research Institute,

Department of Pediatrics, University of Florida College of Medicine, Gainesville, FL, USA; 4Department of Molecular Genetics and Microbiology, University of Florida

College of Medicine, Gainesville, FL, USA; 5Powell Gene Therapy Center, University of Florida College of Medicine, Gainesville, FL, USA
Received 4 March 2023; accepted 31 October 2023;
https://doi.org/10.1016/j.omtm.2023.101147.

Correspondence: Arun Srivastava, Division of Cellular and Molecular Therapy,
Department of Pediatrics, University of Florida College of Medicine, Gainesville,
FL, USA.
E-mail: aruns@peds.ufl.edu
The first generation of adeno-associated virus (AAV) vectors
composed of the naturally occurring capsids and genomes,
although effective in some instances, are unlikely to be optimal
for gene therapy in humans. The use of the first generation of
two different AAV serotype vectors (AAV9 and AAVrh74) in
four separate clinical trials failed to be effective in patients with
Duchenne muscular dystrophy, although some efficacy was
observed in a subset of patients with AAVrh74 vectors leading
to US Food and Drug Administration approval (Elevidys). In
two trials with the first generation of AAV9 vectors, several
serious adverse eventswere observed, including the death of a pa-
tient in one trial, and more recently, in the death of a second pa-
tient in anN-of-1 clinical trial. In a fourth trial with the first gen-
eration of AAVrh74 vectors, myositis and myocarditis were also
observed. Here, we report that capsid- and genome-modified
optimized AAVrh74 vectors are significantly more efficient in
transducing primary human skeletal muscle cells in vitro and
in all majormuscle tissues in vivo following systemic administra-
tion in a murine model. The availability of optimized AAVrh74
vectors promises to be safe and effective in the potential gene
therapy of muscle diseases in humans.

INTRODUCTION
Recombinant adeno-associated virus (AAV) vectors have been and are
currently beingused as a gene-delivery vehicle for gene therapy of awide
variety of monogenetic human diseases.1–3With 309 Phase I/II/III clin-
ical trials to date, and 5 US Food and Drug Administration (FDA)–
approved AAV-based therapies (Luxturna, Zolgensma, Hemgenix,
Elevidys, and Roctavian), this technology is at the forefront of the
gene therapy landscape.4,5 However, it has become increasingly clear
that there are two major limitations of the first generation of AAV vec-
tors: (1) the naturally occurring capsids trigger an immune response,
especially at high doses, and (2) the single-stranded genome that is
currently used in most of the AAV vectors is transcriptionally less effi-
cient.6 More specifically, in a number of clinical trials, it has been docu-
mented that the administration of high vector doses induces a host cyto-
toxic T lymphocyte immune response to capsid proteins.7,8 At the
clinical level, this immune response results in the clearance of target cells
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expressing the therapeutic gene, as well as serious adverse events (SAEs)
in patients. Recently, the use of the first generation ofAAV8 vectors in a
Phase I/II trial for X-linked myotubular myopathy (XLMTM) resulted
in 3 deaths at a high dose of 3� 1014 vg/kg, and an additional death even
at a lower dose of 1.3� 1014 vg/kg.9 These findings underscore the need
for the development ofmore efficientAAVvectors that could be admin-
istered to patients at lower doses without compromising clinical effi-
cacy. In addition, the use of single-stranded AAV (ssAAV) vectors,
which are transcriptionally less efficient, is necessary for the gene ther-
apy ofDuchennemuscular dystrophy (DMD), given the large size of the
dystrophin gene.

Several gene therapy trials for DMD have been or are currently being
performed using various AAV serotype vectors.3,10 A chimeric AAV
capsid variant, AAV2.5, composed of the AAV2 capsid with 5 muta-
tions from the AAV1 capsid, was first used in a Phase I clinical trial for
DMD and was found to be safe and well tolerated, but no clinical effi-
cacy was achieved.11 In a Phase I/II clinical trial sponsored by Solid
Biosciences using AAV9 vectors, adverse events such as complement
activation and thrombocytopenia causing kidney injury and cardio-
pulmonary insufficiency were reported, although more recent data
showed clinical improvements.12 In a trial sponsored byPfizer, also us-
ing AAV9 vectors, several SAEs occurred such as acute kidney injury
involving atypical hemolytic uremic syndrome and thrombocytopenia
and the death of a patient at a high dose of 2 � 1014 vg/kg.13 More
recently, the death of a patient was reported in an N-of-1 clinical trial
sponsored by Cure Rare Disease using AAV9-CRISPR.14 Sarepta
Therapeutics reported the results of its Phase I/II trial using AAVrh74
vectors. Manageable adverse events (e.g., nausea, vomiting) were
observed in all of the participants in the active cohort, yet the study
failed to meet its primary functional endpoint.15 However, in a post
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hoc analysis, patients at 4 to 5 years of age showed statistically signif-
icant clinical improvement, leading to the FDA approval of SRP-9001
(Elevidys) for this age group of patients.16 However, Elevidys failed to
meet primary end point in a recent Phase III trial. Based on the initial
findings of improvement in timed function tests, there is an ongoing
interest in achieving greater efficacy with next-generation AAV capsid
derivatives and new vector genome designs. The goal of these refine-
ments is to achieve therapeutic levels of the dystrophin protein at a
significantly lower dose of AAVrh74 vectors.

In our previously published studies with AAV2 serotype vectors in
which we performed site-directed mutagenesis of specific surface-
exposed amino acid residues, the resulting next generation
(NextGen) of vectors were observed to be up to 10-fold more efficient
in the mouse liver at a 1-log lower dose,17,18 and less immunogenic19

than their wild-type (WT) counterpart. We have also reported that
the extent of transgene expression from ssAAV vectors could be
augmented up to ?8-fold by modifying the AAV genome to develop
generation X (GenX) ssAAV vectors.20 Furthermore, the combina-
tion of these strategies led to the development of optimized (OptX)
AAV vectors, which were observed to be up to ?20- to 30-fold more
efficacious in human cells in vitro and in mouse tissues in vivo.21

In the present study, we applied this two-pronged strategy to generate
NextGen, GenX, and OptX AAVrh74 serotype vectors and evaluated
their transduction efficiency in primary human skeletal muscle cells
in vitro and in mouse muscle tissues in vivo. Further optimization
of these vectors promises to lead to safer andmore effective gene ther-
apy of neuromuscular diseases in humans.
RESULTS
Development of capsid-modified NextGen AAVrh74 vectors

In our previously published studies, we identified several surface-
exposed specific tyrosine (Y) and threonine (T) residues, the site-
directedmutagenesis of which led to a significant increase in the trans-
duction efficiency of AAV2 serotype vectors.17,18,22 When two Y
residues (Y444F, Y730F) were combined with a T residue (T492) to
generate a triple-mutant (TM) AAV2 vector, its transduction effi-
ciency was further increased significantly.22 Interestingly, the sequence
alignment of AAV2 and AAVrh74 capsids revealed that each of these
corresponding amino acids was conserved (Figure S1A). In addition to
generating the Y444F + Y733F + T494V TM-AAVrh74 vector, we also
generated various single (Y447F; Y733F; N665R; T494V; K547R)-, tri-
ple (Y447F + 733F + N665R; Y447F + 733F + K547R)-, and pentuple
(Y447F + 733F +N665R + T494V+K547R)-mutant AAVrh74 vectors
(Figure S1B), and identified the Y447F + Y733F + T494V TM-mutant
as the most efficient in transducing human HeLa cells in vitro (Fig-
ure S2). Consistent with our previously published studies with the
TM-AAV2 vectors, the increased transduction efficiency of the TM-
AAVrh74 vectors was also due to reduced ubiquitination and protea-
some-mediated degradation, followed by improved intracellular traf-
ficking and nuclear transport (Figure S3). The TM-mutant also
showed the highest mean fluorescence intensity (Figure S2) and inmu-
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
rine hepatocytes even at 1- to 2-log lower doses (Figure S4), and it was
used in all subsequent studies.

Development of genome-modified GenX AAVrh74 vectors

We have previously reported that encapsidation of the ssAAV
genome in which one of the D-sequences in the inverted terminal re-
peats (ITRs) is replaced with a substitute (S)-sequence (shown sche-
matically in Figure S5), into AAV2 capsids leads to vectors, called
GenX, that mediate ?8-fold increased transgene expression compared
with that from conventional ssAAV2 vectors.21 In the present study,
we generated GenX AAVrh74-cytomegalovirus (CMV)-humanized
Renilla reniformis GFP (hrGFP) vectors and compared the extent
of the transgene expression from these vectors, which was observed
to be up to 5-fold higher than that from the WT-ssAAVrh74 vectors
(Figure S6). Interestingly, the extent of the transgene expression from
GenXAAVrh74 vectors was up to�13-fold higher in primary human
skeletal muscle cells (Figure S7).

Development of capsid+genome-modified OptX AAVrh74

vectors

As described previously with the AAV2 serotype,22 OptX AAVrh74
vectors were generated by combining the NextGen capsid-modified
(TM-AAVrh74) and GenX genome-modified GenX AAVrh74) into
one vector. The transduction efficiency of the OptX AAVrh74 vectors
was 4-fold higher than that of theWT AAVrh74 vectors in HeLa cells
as determined by fluorescence microscopy (Figure S8) or flow cytom-
etry (Figure S9).

Evaluation of the transduction efficiency of WT, TM, and OptX

AAVrh74 vectors in primary human skeletal muscle cells in vitro

We next evaluated the transduction efficiency of WT, TM, and OptX

AAVrh74-CMV-hrGFP vectors in primary human skeletal muscle
cells. As can be seen in Figure 1A, OptX AAVrh74 vectors mediated
higher levels of transgene expression at both 1,000 vg/cell and 3,000
vg/cell. Expression data were quantified using ImageJ analysis and
represented as pixels2 per visual field. Analyses revealed that OptX

AAVrh74 vectors resulted in a �5-fold higher expression level as
compared with the WT AAVrh74 vectors (Figure 1B). The enhanced
transduction efficiency of both TM and OptX vectors was not due to
the increased entry of these vectors in primary human skeletal muscle
cells because the total vector genome copy numbers per cell were not
significantly different from those of the WT AAVrh74 vectors
(Figure 1C).

Evaluation of the transduction efficiency of WT and OptX

AAVrh74 vectors in mouse muscles in vivo

We first evaluated the efficacy ofWT, TM, GenX, and OptX AAVrh74
vectors in vivo following direct intramuscular (i.m.) injections in the
gastrocnemius (GA) muscle in C57BL/6 mice (N = 4 each). TM
AAVrh74 vectors were �10-fold more efficient (Figure S10), and
GenX AAVrh74 vectors were �8-fold more efficient (Figure S11)
than their WT counterpart 2 weeks postinjections. OptX AAVrh74
vectors were �2-fold more efficient than TM AAVrh74 vectors (Fig-
ure S12). In the next set of experiments, to more closely mimic the
er 2023
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A B C Figure 1. Transduction efficiency ofWT, TM, andOptX

AAVrh74 vectors in primary human skeletal muscle

cells in vitro

(A) Primary human skeletal muscles were transduced in

triplicate at 1,000 and 3,000 vg/cell, and transgene

expression was visualized under a fluorescence micro-

scope 72 h post-transduction. (B) Data were quantitated

using the NIH ImageJ software. (C) Total vector genome

copy numbers were quantitated by qPCR assays using

hrGFP primers and reported as vector genomes per

microgram of extrachromosomal DNA. Statistical signifi-

cance was determined between WT and TM, WT and OptX

vectors using the Student’s t test. Error bars and p values

are indicated. mol. wt., molecular weight.
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clinical scenario, 1� 1012 vg each of WT and OptX AAVrh74 vectors
were delivered systemically in C57BL/6 mice (N = 6 each) by tail vein
injections. Eight weeks postinjections, tibialis anterior (TA) and GA
muscles were harvested, sectioned, and evaluated for transgene
expression using fluorescence microscopy. These results are shown
in Figure 2A. As can be seen, the transduction efficiency of OptX

AAVrh74 was �4- and �6-fold higher than the WT AAVrh74 vec-
tors in TA and GA muscles, respectively (Figure 2B). Total vector
genome copy numbers were also determined in TA and GA muscles,
in addition to those in liver, diaphragm, and heart tissues from each
mouse. These results, shown in Figure 2C, indicate that whereas a
substantial fraction of both vectors was sequestered in the liver, an
observation previously reported by others,23 the vector genome
copy numbers of both WT and OptX AAVrh74 were not significantly
different in any of the tissues analyzed. These data are consistent with
our previously published studies that the increased transduction effi-
ciency of OptX AAVrh74 vectors is due to improved intracellular traf-
ficking and nuclear transport.17,24

We evaluated the extent of the hrGFP expression in liver, diaphragm,
and heart tissues at the RNA level using qRT-PCR assays. These re-
sults are shown in Figure 3. As can be seen, the delta-delta analyses,
relative to the WT AAVrh74 vector control, revealed that the extent
of the transgene expression from the OptX AAVrh74 vectors was
significantly higher in the liver and diaphragm, but not in the heart.
The delta-delta analyses, relative to the PBS control, also revealed
that the extent of the transgene expression from the OptX AAVrh74
vectors was significantly higher in the liver and diaphragm, but not in
the heart (Figure S13).

Development of, and transgene expression from, GenY AAVrh74

vectors

To further augment the extent of transgene expression from an ssAAV
genome, we replaced the distal 10 nt in the D-sequence in the left ITR
with a consensus full-length glucocorticoid receptor-binding element
(GRE) to create a generationY (GenY) ssAAVvector, shown schemat-
ically in Figure S14. This was based on our previous observation that
Molecular T
the distal 10 nt in the D-sequence share partial homology to the GRE
1/2 site, and that replacement of the distal 10 nt in the D-sequence with
a consensus full-length GRE in an self-complementary AAV2
(scAAV2) vector genome significantly increases the transgene
expression.25

The extent of the transgene expression fromWT and GenY AAVrh74
vectors was evaluated in HeLa cells (Figure S15). A modest �2-fold
increase was observed. We also evaluated the extent of the transgene
expression fromWT and GenY AAVrh74 vectors in the mouse mus-
cle cell line C2C12 (Figure S16) in the absence and presence of tyr-
phostin, known to promote AAV second-strand DNA synthesis.26

As can be seen in Figure S16, the extent of transgene expression
fromGenYAAVrh74 vectors was up to�5-fold higher in C2C12 cells
pretreated with tyrphostin.

We also evaluated the transduction efficiency of WT, GenX,
and GenY AAVrh74 vectors in primary human skeletal muscle cells.
As shown in Figures 4A and 4B, at 3,000 vg/cell, transgene expression
from GenY AAVrh74 vectors was �6-fold higher than that from the
WT AAVrh74 vectors. Again, the increased transgene expression
from both GenX and GenY AAVrh74 vectors was not due to the
increased entry of these vectors because the total vector genome
copy numbers per cell were not significantly different from those of
the WT AAVrh74 vectors (Figure 4C).
Evaluation of the transduction efficiency of TM and OptY

AAVrh74 vectors in mouse muscles in vivo

GenY genomes were packaged into TM capsids to generate OptY

AAVrh74 vectors, and the transduction efficiency of these vectors
was evaluated in mouse TA and GAmuscles following systemic deliv-
ery in C57BL/6 mice (N = 6 each). Transgene expression was evalu-
ated 8 weeks postinjections. These results, shown in Figure 5, indi-
cated that compared with the TM vectors, transgene expression
from the OptY vectors in both TA and GA muscles was higher, albeit
not statistically significant (Figure 5B).
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. Transduction efficiency and biodistribution of WT, TM, and OptX

AAVrh74 vectors in primary murine muscles in vivo

(A) Each vector was injected intravenously at 1 � 1012 vg/mouse, and transgene

expression in TA and GA skeletal muscle sections was visualized under a fluores-

cence microscope 8 weeks postinjection. (B) Data were quantitated using the Im-

ageJ software. (C) Total vector genome copy numbers were analyzed in various

tissues by qPCR assays using hrGFP primers and reported as vector genomes per

microgram of genomic DNA on a logarithmic scale. Statistical significance was

determined between WT and OptX using Student’s t test. Error bars and p values

are indicated. Diaph., diaphragm; ns, not significant.
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We also evaluated the extent of the transgene expression in mouse
liver, heart, diaphragm, and skeletal muscles (GA and TA) at the
RNA level. The delta-delta analysis, relative to the TM AAVrh74 vec-
tor control, indicated that the extent of the transgene expression from
the OptY AAVrh74 vectors was significantly higher in each of the
muscle tissues, but not in the liver (Figure 6). Similarly, the delta-delta
analysis, relative to the PBS control, indicated that the extent of the
transgene expression from the OptY AAVrh74 vectors was signifi-
cantly higher in each of the muscle tissues, but not in the liver
(Figure S17).

DISCUSSION
Because AAV evolved as a virus and not as a vector for the purposes of
delivery of therapeutic genes, it has become increasingly clear that the
first generation of AAV vectors, although efficacious in certain im-
mune-privileged organs such as eye (Luxturna) and brain (Zolgen-
sma), can be further optimized by the approach demonstrated
here.6,27 It is also becoming clear that the host immune response to
the first generation of AAV vectors correlates directly with the vector
dose. Cogent examples of this include the reported deaths of 3 pa-
tients in a gene therapy trial of XLMTM at a high dose of 3 � 1014

vg/kg and the death of a patient at a lower dose of 1.3 � 1014 vg/kg
using the first generation of AAV8 vectors.9 Similarly, the death of
a patient was recently reported in a gene therapy trial of DMD at a
high dose of 1� 1014 vg/kg of the first generation of AAV9 vectors.14

Because the estimated total number of cells in a “reference human” of
70 kg has been reported to be�30 trillion,28 a vector dose of 3� 1014
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
vg/kg (21 quadrillion) would be �700 times the total number of cells
in the body in the XLMTM trial. Even with a lower dose of 1 � 1014

vg/kg (7 quadrillion), the vector dose would still be �234 times the
total number of cells in the body in the DMD trial, remarkably
high numbers indeed. However, this theoretical dose comparison is
much more complicated than in vivo biodistribution, but following
systemic delivery of any AAV vector given in excess of 1 � 1014

vg/kg leads to viremia at a level never reached by a natural infection.
The innate and adaptive response to such a DNA and protein load has
reached the maximum tolerated dose.

For nearly 2 decades, we have expended significant effort to focus on
the limitations of the first generation of recombinant AAV vectors
and the circumvention of these limitations to develop novel AAV vec-
tors that are capable of (1) high-efficiency transduction, (2) efficient
transgene expression, and (3) less immunogenicity. We have ap-
proached this issue from multiple angles. First, by modifying the
AAV capsid protein, we developed the NextGen of AAV vectors,
which are up to 10-fold more efficacious at reduced doses.17,18 These
capsid modifications do not affect tissue tropism or receptor/co-re-
ceptor binding, but rather improve intracellular trafficking and nu-
clear transport by significantly reducing the ubiquitination and pro-
teasome-mediated degradation of the vector.17,24 These vectors are
also less immunogenic.19 Second, we modified the AAV vector
genome to develop the GenX AAV vectors that mediate up to an
8-fold enhanced transgene expression.20 Third, we combined both
strategies to generate the optimized OptX AAV serotype vectors
that are �20- to 30-fold more efficient at further reduced doses.21

In the present study, we extended these approaches to include the
development of GenY and OptY AAV vectors and applied these stra-
tegies to the AAVrh74 serotype, which is known to have efficient
tropism for human skeletal and cardiac muscle tissues and has been
shown to possess an excellent safety profile in the gene therapy of
DMD.29

Studies have shown that�90% of DMD patients will succumb to res-
piratory failure and/or cardiomyopathy.30,31 An ideal AAV vector for
DMD gene therapy must be competent at transducing a patient’s
entire skeletal muscle system as well as the diaphragm and the heart.
The systemic administration of OptX and OptY AAVrh74 vectors in
C57BL/6 mice led to a significant increase in the transduction effi-
ciency and transgene expression across all of the muscle tissues eval-
uated. Although protein-level data were not obtained from the heart
and the diaphragm, the high levels of vector genomes and mRNAs
were detectable in these tissues.

Thus, the clinical significance of this study is directly related to the po-
tential gene therapy of DMD. In the present study, we developed opti-
mized AAV vectors based on the AAVrh74 serotype to provide an
improved iteration that is capable of disease remediation with
reduced doses as compared to high vector doses currently being
administered in DMD clinical trials. Our capsid and genome modifi-
cations (summarized in Table S1) significantly increased the trans-
duction profile of AAVrh74 across various organs following systemic
er 2023



Figure 3. Transgene expression from WT and OptX AAVrh74 vectors in

primary murine muscles in vivo

Total RNA samples isolated from liver, diaphragm, and heart at 8 weeks post-

injection were subjected to RT-PCR-qPCR and analyzed by DCt = (hrGFP Ct –

b-actin Ct). Results are reported as relative expression level or 2�DDCT relative to

WT-AAVrh74 vectors, as described in materials andmethods. Bar graph represents

the respective average of WT- and OptX-AAVrh74 DCt across organs. Statistical

significance was determined between WT and OptX, respective of organ, using the

Student’s t test. Error bars and p values are indicated.
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administration in murine models. Interestingly, none of the modifica-
tions made redirected the AAVrh74 vectors away from targeted tis-
sues. However, following systemic administration, a large fraction
of the vectors was sequestered in the liver, effectively reducing the
bioavailability for muscle transduction. This warrants the develop-
ment of liver detargeted OptX and OptY AAVrh74 vectors. Future
studies will explore further refinement of these vectors to detarget
from the liver to reduce liver sequestration and increase muscle tissue
transduction.

Although our present study was underway, two independent groups
reported the development of novel myotropic AAV vectors—
AAVMYO32,33 and MyoAAV.34 These vectors were derived from
shuffled AAV library and directed evolution. Although a significant
step forward, both vectors are based on AAV9 and they also contain
an arginine-glycine-aspartic acid motif, a specific ligand for integrins.
The efficacy AAVMYO has been documented in normal mice and
mdx mice and that of MyoAAV in both normal and mouse models
of DMD and XLMTM, as well as in nonhuman primates (NHPs).
However, it still remains to be seen whether these vectors will prove
to be safe in clinical trials, given the potential for the creation of hith-
erto unknown T and B cell antigenic epitopes, which may be tolerated
in animal models, but not in humans. In this context, it is noteworthy
that in gene therapy trials with the first generation of AAV serotype
Molecular T
vectors, none of the immune responses was observed in murine,
canine, or NHP models, as was observed in patients with hemophil-
ia.35–38 Furthermore, given the SAEs observed in 4 different clinical
trials with AAV vectors derived from directed evolution,39–42 it re-
mains to be seen whether AAVMYO or MyoAAV vectors would
prove to be safe in the gene therapy of DMD in humans.43

There are 2 limitations in our present study. First, all of the data
generated are from AAVrh74 vectors expressing a reporter gene
rather than a therapeutic gene, which will be pursued in our future
studies. Second, although the efficacy of both OptX and OptY

AAVrh74 vectors was documented in primary human skeletal muscle
cells in vitro, the efficacy of these vectors was limited to murine mus-
cles in vivo. Our current plans include additional studies in a mouse
model of DMD, and in future studies, in a canine model of DMD, fol-
lowed by safety studies in NHPs.

MATERIALS AND METHODS
Cell lines, primary human cells, cell cultures, and reagents

HEK293, HeLa, and C2C12 were purchased from American Type
Culture Collection (ATCC, Manassas, VA) and maintained at 37�C
in 5% CO2 in DMEM (Lonza, Walkersville, MD) supplemented
with 10% fetal bovine serum (FBS; Sigma, St. Louis, MO) and 1%
penicillin-streptomycin (Invitrogen, Grand Island, NY). Primary hu-
man skeletal muscle cells (spindle shaped, elongated, nondifferenti-
ated), isolated from normal human skeletal muscle, were also pur-
chased from ATCC (catalog no. PCS-950-010), and maintained at
37�C in 5% CO2 in mesenchymal stem cell basal medium supple-
mented with 10% FBS and 1% penicillin-streptomycin.

Site-directed mutagenesis of surface-exposed amino acid

residues in AAVrh74 capsids

A 2-stage procedure, based on QuikChange II site-directed mutagen-
esis (Agilent Technologies) was performed by using plasmid pACG-
Crh74.44 Briefly, in stage 1, 2 PCR extension reactions were per-
formed in separate tubes for each mutant. One tube contained the
forward PCR primer and the other contained the reverse primer. In
stage 2, the 2 reactions were mixed, and a standard PCR mutagenesis
assay was carried out per the manufacturer’s instructions. PCR
primers were designed to introduce changes from tyrosine to phenyl-
alanine, asparagine to arginine, threonine to valine, and lysine to
asparagine residues and a silent change to create a new restriction
endonuclease site for screening purposes. All of the mutants were
screened with the appropriate restriction enzyme and were sequenced
before use.

Viral vector production

Vectors were either packaged in-house or by PackGene (Worcester,
MA). Briefly,WT ssCMVp-hrGFP, or GenX ssCMVp-hrGFP genomes
were packaged intoWT or mutated-AAVrh74 capsids using the triple-
plasmid transfection method, mediated by polyethyleneimine 50 (PEI;
linear, molecular weight 25,000; Polysciences, Warrington, PA).
Briefly, HEK293 cells were cotransfected with three plasmids using
PEI, and medium was replaced at 6 h posttransfection. Cells were
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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A B C Figure 4. Transduction efficiency of WT, GenX, and

GenY AAVrh74 vectors in primary human skeletal

muscles cells in vitro

(A) Primary human skeletal muscle cells were transduced

with 3,000 vg/cell of each vector, and transgene expres-

sion was visualized 72 h posttransduction. (B) Quantifi-

cation of fluorescence intensity using the ImageJ software.

(C) Total vector genome copy numbers were quantitated

by qPCR assays. Statistical significance was determined

between WT and GenX, and WT and GenY vectors using

the Student’s t test. Error bars and p values are indicated.
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harvested at 72 h posttransfection, subjected to 3 rounds of freeze-
thawing, and then were digested with 100 U/mL Benzonase (EMD
Millipore, Darmstadt, Germany) at 37�C for 1 h. Viral vectors were pu-
rified by iodixanol (Sigma) gradient ultracentrifugation followed by
ion-exchange chromatography using HiTrap Q HP (GE Healthcare,
Piscataway, NJ), washed with PBS, and concentrated by centrifugation
using centrifugal spin concentrators with a 150,000-molecular-weight
cutoff. Viral vectors were resuspended in 500 mL PBS. Titers were deter-
mined by qRT-PCR assays, as previously described.45,46
AAV transduction assays in vitro

Approximately 1� 105 HeLa and C2C12 cells or 5� 105 primary hu-
man skeletal muscle cells were plated in triplicate in 12-well plates and
incubated at 37�C for 24 h. Cells were washed once with PBS and then
transduced at 37�C for 2 hwith recombinantWTAAVrh74 ormutant
AAVrh74 vectors as described previously.47,48 Cells were incubated in
complete DMEMcontaining 10% FBS and 1% antibiotics/antimycotic
for 72 h. Transgene expression was evaluated as follows.
Fluorescence microscopy

Transduction efficiency was measured by hrGFP fluorescence imag-
ing using a Leica DM IRB/E fluorescence microscope (Leica Micro-
systems Wetzlar GmbH, Wetzlar, Germany). For in vitro samples,
complete media was removed and replenished with PBS, followed
by image acquisition with 3–5 images per well of mock-infected
and vector-infected cells at 100� magnification. For in vivo tissue
slide imaging, light and dark visual fields were acquired to ensure ?
100% cell coverage for proper comparison assessment with 5–6
dark visual field images per slide at 100�magnification. All of the im-
ages were analyzed quantitatively by ImageJ analysis software (NIH,
Bethesda, MD). Transgene expression was assessed as the total area
of green fluorescence (pixel2) per visual field, and bar graphs were
generated representing the mean ± SEM.
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Flow cytometric analysis

Transduced cells were washed 1� with PBS,
trypsinized, and resuspended using complete
media at 72 h postinfection. Suspended cells
were then pelleted by centrifuge at 5,000 rpm
for 5 min. Cell pellets were washed with PBS
1� and then resuspended in 500 mL of ice-
cold PBS and placed on ice. Cells were analyzed using the flow cytom-
eter Accuri C6 (BD Biosciences, Franklin Lakes, NJ) for 100,000
events and followed by processing with the software package FCS
Express 6 Flow.

Isolation of low-molecular-weight DNA

Nuclear DNA fractions from HeLa, C2C12, and human primary cells
were isolated using Hirt’s solution (10 mM Tris, pH 7.9, 10 mM
EDTA, 0.6% SDS). Briefly, transduced and mock-transduced cells
were washed with ice-cold PBS followed by incubation with 1 vol of
Hirt’s solution. Cells were then scraped from the plate and decanted
into tubes. Roughly 0.2 vol of 5MNaCl was added to each tube to pre-
cipitate genomic DNA and placed at 4�C overnight. The following
day, cell debris was pelleted by centrifuge at 13,000 rpm for ?1 h at
4�C. The supernatant (600 mL) was decanted into a new tube and
phenol-chloroform extracted and ethanol precipitated as described
previously.8

qPCR assay

Extrachromosomal DNA, cDNA samples, and standards were serial
diluted and subjected to qPCR using PowerUp Sybr Green 2� Mix
(Thermo Fisher Scientific, Waltham, MA), qPCR primers
(EuroFins, Luxembourg, Luxembourg), and C1000 CFX96 Real-
Time System (Bio-Rad, Hercules, CA). Standards were linearized
plasmids for the respective gene cassette of known masses as deter-
mined by NanoDrop Lite (Thermo-Fisher Scientific). Quantitation
analysis was conducted using Microsoft Excel to generate standard
curves and determine gene copy numbers. For delta-delta relative
mRNA expression analysis, cDNA samples were subjected to qPCR
with hrGFP reporter gene (forward: 50-gtggtgtacatgaacgacgg-30;
reverse: 50-cctggagaagacctacgtgg-30), and housekeeping (b-actin)
gene (forward: 50-acacccgccaccagttc-30; reverse: 50-tacagcccggggag-
cat-30, individually, and subsequent Cts were then used for data
analysis.



Figure 6. Transgene expression from TM and OptY AAVrh74 vectors in

primary murine muscles in vivo

Total RNA samples isolated from various organs were subjected to RT-PCR-qPCR

and analyzed by DCt = (hrGFP Ct – b-actin Ct) respective average of OptY-AAVrh74

DCt and reported as relative expression level or 2�DDCT relative to TM-AAVrh74

vectors, as described in materials and methods. Statistical significance was

determined between TM andOptY AAV vectors using the Student’s t test. Error bars

and p values are indicated.
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Figure 5. Transduction efficiency of TM and OptY AAVrh74 vectors in

primary murine muscles in vivo

(A) Each vector was injected intravenously at 1 � 1012 vg/mouse, and transgene

expression in TA and GA skeletal muscle sections was visualized under a fluores-

cence microscope 8 weeks postinjection. (B) Data were quantitated using ImageJ

software. Error bars are indicated.
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Preparation of whole-cell lysates (WCLs) and

coimmunoprecipitations

WCLs were prepared as described previously,24,49 with the following
modifications. Briefly, 2� 106 HeLa cells were either mock-treated or
treated with 4 mM MG132 for 2 h and then were infected with TM
AAVrh74 vectors at 1 � 104 vg/cell for 2 h at 37�C. For immunopre-
cipitations, at 4 h postinfection, cells were treated with 0.25% trypsin
and washed extensively with PBS to remove any unabsorbed virus
particles. Then, they were resuspended in 1 mL hypotonic buffer
(20 mM HEPES, pH 7.5, 5 mM KCl, 0.5 mM MgCl2) containing
1 mM DTT, 10 mM NaF, 2 mM Na3VO4, 0.5 mM PMSF,
10 mg/mL aprotinin, and 10 mg/mL leupeptin. WCLs were prepared
by homogenization in a tight-fitting Duval tissue grinder until ?95%
cell lysis was achieved as monitored by trypan blue dye exclusion
assay. WCLs were cleared of nonspecific binding by incubation
with 0.25 mg of normal mouse immunoglobulin G (IgG) together
with 20 mL of protein G plus agarose beads for 60 min at 4�C in an
orbital shaker. After preclearing, 2 mg of capsid antibody against
intact AAV2 particles (A20) (mouse IgG3) was added and incubated
at 4�C for 1 h, followed by precipitation with protein G agarose beads
at 4�C overnight on shaker. Pellets were collected by centrifugation at
2,500 rpm for 5 min at 4�C and washed 4 times with PBS. After the
final wash, supernatants were aspirated and discarded, and pellets
were resuspended in equal volumes of 2� SDS sample buffer. Resus-
pended pellet solutions at 20 mL were used for western blotting with
horseradish peroxidase (HRP)–conjugated anti-Ub antibody as
described below. Western blotting was performed as described previ-
ously.17,49,50 For immunoprecipitations, resuspended pellet solutions
were boiled for 5 min and 20 mL of samples were used for SDS-PAGE.
After blocking at 4�C overnight with 5% nonfat milk in 1� Tris-buff-
ered saline, membranes were treated with monoclonal HRP-conju-
gated anti-Ub antibody (1:2,000 dilution). Immunoreactive bands
were visualized using chemiluminescence substrate (SuperSignal
West Pico Plus Chemiluminescent Substrate, Thermo-Fisher Scienti-
Molecular T
fic) and imaged with the Amersham Imager 680 (General Electric,
Chicago, IL).

In vivo transduction analysis

Male C57BL/6 mice were purchased from The Jackson Laboratory
(Bar Harbor, ME) and maintained in the University of Florida Ani-
mal Care Facility. All of the experimental protocols involving animals
were approved by the Institutional Animal Care and Use Committee
guidelines. For i.m. injections, 1 � 109 vg (4 � 1010 vg/kg) of WT
ssCMVp-hrGFP or GenX ssCMVp-hrGFP genomes packaged into
WT or mutant AAVrh74 capsids were injected into the GA muscle
in C57BL/6 mice (N = 4 per group). Two weeks postvector injections,
mice were humanely euthanized and GA tissue was harvested, which
was then cryosectioned and samples were placed on tissue slides. For
tail vein injections, 1 � 1012 vg (4 � 1013 vg/kg) of WT, or OptX

AAVrh74-CMVp-hrGFP vectors were injected into mice (N = 6
per group). At 8 weeks postinjection, mice were humanely euthanized
and organs were harvested, which included the liver, heart, dia-
phragm, GA, and TAmuscles. A portion of all of the organs were sub-
jected to DNA and RNA isolation, whereas only the murine liver, GA,
and TA were cryosectioned and placed on tissue slides. All of the
slides were stored in �80�C until imaging, at which time slides
were stained with DAPI and subjected to fluorescence microscopy.51

Vector genome copy numbers were determined by qPCR using total
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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genomic DNA isolated from all of the tissues. The same tissue sam-
ples (20 mg each) were used for the isolation of total genomic DNA
and RNA using the QIAmp DNA Mini Kit (catalog no. 51304) and
RNeasy Plus Mini Kit (catalog no. 74134), respectively (Qiagen, Ger-
mantown,MD), followed by ProtoScript First Strand cDNA Synthesis
Kit (New England Biolabs, Ipswich, MA) to generate cDNA from
RNA extractions using 20 mg of total RNA. Delta-delta relative
mRNA expression analysis was conducted using each sample’s
DCt = (hrGFP Ct – b-actin Ct). All of the organs were normalized
individually, because RNA extraction efficiency can vary between
cell types, to the respective average WT AAVrh74 DCt and reported
as relative expression level, or 2�DDCT.

Statistical analyses

Results are presented as mean ± SEM. Differences between groups
were identified using an unequal variance, 1-tailed distribution of
the Student’s t test. p values were considered significant under 0.05
and were represented as *p < 0.05 or **p < 0.01.
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