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Systemic and Persistent Muscle Gene Expression in Rhesus
Monkeys with a Liver De-Targeted Adeno-Associated Virus Vector

Alice F. Tarantal>* C. Chang I. Lee,"? Michele L. Martinez,
Aravind Asokan? and R. Jude Samulski*

"Center for Fetal Monkey Gene Transfer for Heart, Lung, and Blood Diseases, California National Primate Research Center, 2Departments of Pediatrics and
3Cell Biology and Human Anatomy, University of California, Davis, California; “Gene Therapy Center, University of North Carolina at Chapel Hill, North Carolina.

The liver is a major off-target organ in gene therapy approaches for cardiac and musculoskeletal disor-
ders. Intravenous administration of most of the naturally occurring adeno-associated virus (AAV) strains
invariably results in vector genome sequestration within the liver. In the current study, we compared the
muscle tropism and transduction efficiency of a liver de-targeted AAV variant to AAV9 following systemic
administration in newborn rhesus monkeys. In vivo bioluminescence imaging was performed to monitor
transgene expression (firefly luciferase) post administration. Results indicated comparable and sustained
levels of systemic firefly luciferase gene expression in skeletal muscle over a period of two years. Quan-
titation of vector biodistribution in harvested tissues post-administration revealed widespread recovery of
vector genomes delivered by AAV9 but markedly decreased levels in major systemic organs from the AAV
variant. These studies validate the translational potential and safety of liver de-targeted AAV strains for

gene therapy of muscle-related diseases.
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INTRODUCTION

RECOMBINANT ADENO-ASSOCIATED VIRUS (AAV) vec-
tors have been established as efficient vehicles
for therapeutic gene transfer to cardiac and mus-
culoskeletal tissue clinically. Approaches involv-
ing the expression of structural proteins such
as minidystrophin to restore muscle function or
myostatin antagonists such as follistatin to in-
crease muscle mass have been evaluated in phase
1 trials.!™® These studies involved direct intra-
muscular injection of a laboratory-derived variant
AAV2.5 or the natural isolate, AAV1, into the
biceps or quadriceps in human patients. Direct
intramuscular gene transfer has also been evalu-
ated for overexpression of soluble or secreted
proteins such as alpha-1 anti-trypsin, lipoprotein
lipase, factor IX, and acid alpha-glucosidase in
clinical trials.*~” Notably, a significant milestone
was achieved with the approval of alipogene ti-
parvovec (Glybera) in Europe for the treatment of
lipoprotein lipase deficiency.®

From a cardiovascular perspective, therapeutic
gene transfer for induction of angiogenesis to re-
vascularize ischemic tissue, correction of familial
hypercholesterolemia, arrhythmias, cardiomyopa-
thies, and gene therapy for heart failure have
all been evaluated.® Notably, success in the treat-
ment of heart failure has been reported in a phase
2 study (CUPID trial) targeting the sarco(endo)-
plasmic reticulum Ca(2") ATPase (SERCA2a),10
although later studies showed no difference in
primary endpoints. The trial established safety
following intracoronary delivery of AAV1/SERCA2a
vectors in advanced heart failure patients. Other
routes of AAV vector administration for achiev-
ing global cardiac expression, such as direct
transepicardial or transendocardial injection after
left thoracotomy as well as venous infusion, have
been assessed in preclinical settings.'’™® It is
noteworthy to mention that the CUPID trial
validated the use of a catheter-based AAV vec-
tor delivery system, which allowed access to the
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coronary artery through a femoral approach. In
parallel, preclinical studies have demonstrated
that the closely related strain AAV6 has demon-
strated superior cardiac transduction in several
large animal models including dogs, sheep, pigs,
and nonhuman primates.'"'2141% Further, although
AAV9 vectors have been shown to be less efficient
than AAV6 or AAVS in canine models and adult
rhesus monkeys, preclinical studies have demon-
strated effective cardiac gene transfer following
intracoronary administration in porcine models
of heart failure.'®

One unaddressed clinical challenge pertaining
to the application of natural AAV isolates for sys-
temic gene expression in muscle is the high trans-
duction efficiency in off-target organs. Although
off-target gene expression can be mitigated to a
certain extent using tissue-specific promoters and/
or microRNA-based strategies,!”® it should be
noted that undesirably high levels of vector genome
copies are still recovered from multiple tissues
following systemic injection.!”® Thus, from a
safety perspective, the continued development of
optimal AAV vectors for achieving efficient and
global muscle gene expression with minimal off-
target effects is essential. In the current study, we
compared the ability of a novel laboratory-derived
AAV?2 based variant, AAV?2i8,%° with AAV9 to
promote robust, selective, and long-term transgene
expression in cardiac and musculoskeletal tissues
following a single intravenous (IV) administration
in newborn rhesus monkeys.

MATERIALS AND METHODS
Vector production

Recombinant AAV2i8 previously described® and
AAV9 vectors packaging the chicken beta actin
promoter driving a firefly luciferase cassette were
produced at the Vector Core at the University of
North Carolina at Chapel Hill (UNC Vector Core)
using previously described methods.?! Vector ge-
nome titers were determined by quantitative PCR
according to established methods.

Rhesus monkeys

All animal procedures conformed to the re-
quirements of the Animal Welfare Act and proto-
cols were approved prior to implementation by the
Institutional Animal Care and Use Committee at
the University of California, Davis. Normally cy-
cling, adult female rhesus monkeys (Macaca mu-
latta) (n =6) with a history of prior pregnancy were
bred and identified as pregnant according to es-
tablished methods.?? Activities related to animal

care (diet, housing) were performed per California
National Primate Research Center standard oper-
ating procedures. Newborns were delivered by ce-
sarean section at term (160+2 days of gestation)
according to standardized protocols®®. Cord blood
samples (12-15mL) were collected at birth (com-
plete blood counts [CBCs], clinical chemistry pan-
els), and animals were raised in the nursery for
postnatal studies.

Vector administration and sample collection

A total volume of 2mL of the AAV vector su-
pernatant (3 x 10'? genome copies/kg; AAV2/9, n=2
one male and one female; AAV2i8, n =4 three males
and one female) was injected IV via a peripheral
vessel (upper limb) on the day of birth. Postinjec-
tion, animals were nursery reared up through 3
months postnatal age and then housed in a juvenile
housing environment. Animals were paired with
another study animal at the appropriate age for the
duration of the study. Infant health, food intake,
and body weights were recorded daily in the nurs-
ery and then on a routine basis thereafter. Blood
samples (3—6 mL, dependent on age) were collected
monthly from a peripheral vessel to monitor CBCs
and clinical chemistry panels.

Bioluminescence imaging

Bioluminescence imaging (BLI) for firefly lucif-
erase expression was performed beginning at 2
weeks then at 1 and 2 months postnatal age, then
approximately every 3—6 months thereafter, and
immediately after an IV injection of D-luciferin
(100 mg/kg), using a IVIS imaging system with
Living Image software (Perkin Elmer, Waltham,
MA) according to established protocols.?* Ventral,
dorsal, and right and left lateral images of each
animal were acquired at each imaging session in a
light-tight chamber, and whole body images were
obtained with quantification. Bioluminescent and
photographic images were superimposed, using
Living Image 3.0 software. Regions of interest were
defined by selecting areas showing biolumines-
cence. Total photons per second per square centi-
meter (p/s) detected in regions of interest were
recorded and compared across animals and time
points.

Tissue harvest

Animals were euthanized with an overdose of
pentobarbital after an IV injection of telazol. Tissue
harvests were performed according to established
protocols at approximately 2 years of age.?® All
organs were removed and imaged for firefly lucif-
erase expression immediately after tissue harvest
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including the brain (cerebral hemispheres, cerebel-
lum), lung lobes (all lobes), all major muscle groups
(e.g., upper and lower limbs, thoracic, intercostals,
abdominal), trachea, esophagus, heart, pericardium,
thymus, spleen, liver (all lobes), axillary/inguinal/
mesenteric lymph nodes, pancreas, right and left
adrenals and kidneys, reproductive organs includ-
ing right and left gonads, gastrointestinal tract
(stomach, duodenum, jejunum, ileum, colon), mus-
cular component of the diaphragm, omentum, and
peritoneum (muscle wall). Bone marrow was also
collected and cryopreserved. All tissues were col-
lected for quantitative PCR and were placed in
1.5 mL microcentrifuge tubes and immediately fro-
zen in liquid nitrogen and stored at <-80°C until
assay. In addition, tissue sections from all of the
above were placed in Optimal Cutting Temperature
(OCT) embedding compound and then quick frozen
over liquid nitrogen or fixed in 10% buffered for-
malin and embedded in paraffin. Representative 5—
6 um sections were obtained from all tissues and
stained with hematoxylin and eosin for routine his-
topathology.?®

Vector genome biodistribution

Genomic DNA was isolated from all tissues
using the Gentra Puregene Tissue kit (Qiagen,
Valencia, CA) as recommended by the manufac-
turer.?® The primers for AAV were as follows: for-
ward 5’-sequence-3’, reverse 5’-sequence-3’, and
probe 5-6FAM-sequence-TAMSp-3’. The &¢-globin
system was utilized as an internal control for DNA
isolation and PCR reactions. The primer sequences
for ¢-globin were as follows: forward 5-TGGCAA
GGAGTTCACCCCT-3’; reverse 5'-AATGGCGACA
GCAGACACC-3’; and probe 5-6FAM-TGCAGGCT
GCCTGGCAGAAGC-TAMSp-3’. Real-time quan-
titative PCR analysis was carried out in 96-well
optical plates using the 7900 ABI Sequence Detec-
tion System (Applied Biosystems, Foster City, CA)
and the TagMan Universal PCR Master Mix (Ap-
plied Biosystems) according to the manufacturer’s
protocols. PCR reactions contained 1xTagqMan uni-
versal master mix with 400nM of forward and re-
verse primers and 100 nM probe in a 25-uL reaction
volume. The PCR protocol consisted of one cycle of
2min at 50°C, 15 min at 95°C, followed by 40 cycles
at 15s at 95°C, and 60s at 60°C.

RESULTS
Outcome

All animals (n=6) displayed normal growth
trajectories when compared to historical and
concurrent controls (data not shown). All CBCs

and chemistry panels were within normal limits
with no abnormalities detected (not shown). Ani-
mals remained robust and healthy throughout the
study period.

BLI reveals systemic and long-term
gene expression

Based on previous mouse studies characterizing
chimeric AAV2 capsid (AAV2i8),%° studies demon-
strated a dramatic de-targeting of liver transduc-
tion and a shift in biodistribution of vector
transduction primarily to skeletal muscle and
cardiac tissue illustrating a sharp contrast in vec-
tor tropism when compared with AAV2-based
vectors which are almost exclusively liver tropic
(Fig. 1a).2° To ensure these original observations
were not species specific, we demonstrated AAV2i8
transduction in the rhesus monkey model when
compared to the well-characterized AAV9 vector
known for systemic transduction in all species
tested. Rhesus monkeys were injected IV with
AAV9 or previously described chimeric AAV2-
based capsid AAV2i8%° vectors packaging a firefly
luciferase reporter transgene driven by the chicken
beta actin promoter. Transgene expression lev-
els were comparable (within 2-fold) at early time
intervals (up to 3 months) post-administration
(Fig. 1b). At later time intervals (6 months to 1
year), AAV2i8 vectors transduced the thoracic and
abdominal regions with higher efficiency compared
to AAV9. Transgene expression levels assessed by
BLI persisted for the duration of analysis. Semi-
quantitation of bioluminescence at different time
intervals revealed that AAV9 mediated rapid onset
of transgene expression compared to AAV2i8
(Fig. 2). In addition, the BLI signal output per-
sisted at high levels in all animals. Robust and
selective muscle gene expression was observed
across the time points and in several harvested
tissues. Specifically, firefly luciferase activity was
observed in the intercostal muscles (1.98x 10! p/
s), quadriceps (1.57x 10! p/s), abdominal muscles
(8.33x10'° p/s), muscular component of the dia-
phragm (1.28 x 10! p/s), and heart (2.06 x 10° p/s),
but was barely detectable over background levels
in the lung or liver lobes with AAV2i8. Taken to-
gether, these results suggest that AAV2i8 and
AAV9 can mediate robust, systemic, and persistent
transgene expression following IV administration
in rhesus monkeys at birth.

Biodistribution

Animals injected with AAV vectors at birth
were euthanized at approximately 2 years post-
natal age and tissues harvested for quantitation of
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Figure 1. (a) BLI of BALB/c mice that were previously injected intravenously (IV) with AAV2, AAVS, or chimeric AAV2i8 showed that the chimeric AAV2
capsid carrying seven amino acids from AAV8 de-targets the liver and concentrates expression in skeletal muscle and heart (see Asokan et al%). (b) Rhesus
monkeys injected IV at birth and imaged using an IVIS®200 system at study time points (1, 3, 6, 12, and 21 months shown).

transgene copies. Overall, animals administered
AAV9 showed higher levels of transduction in more
tissues compared to AAV2i8 (Fig. 3). For example,
AAV9 showed a higher level of transgene copies in
the cerebral hemispheres (4.8x 10" copies of firefly
luciferase per 5x 10* copies of ¢-globin) compared to
AAV?2i8 (1.4 copies of firefly luciferase per 5.0 x 10*
copies of ¢-globin). AAV9 also showed higher levels
in the lung (2.1x10% copies of firefly luciferase
per 5x10* copies of ¢-globin), heart (8.3 x 102 copies
of firefly luciferase per 5x10* copies of ¢-globin),
and muscle (3.8 x10? copies of firefly luciferase per
5x 10* copies of ¢-globin) compared to AAV2i8 (lung:
1.4 x 102 copies of firefly luciferase per 5 x 10* copies
of e-globin; heart: 1.8 x 10* copies of firefly luciferase
per 5x 10* copies of ¢-globin; muscle: 3.1 x 10" copies
of firefly luciferase per 5 x 10* copies of ¢-globin). No
copies to minimal copies of the transgene were ob-
served in the gonads with either AAV vector. AAV9

showed transduction in the liver (2.8 x 10" copies of
firefly luciferase per 5x 10 copies of ¢-globin), but a
very low level of transduction was observed with
AAV?2i8 (2.6 copies of firefly luciferase per 5x10*
copies of &-globin). Taken together, these results
suggest that AAV2i8 appears to display a distinct
biodistribution profile in nonhuman primates when
compared to the natural isolate, AAV9. This obser-
vation is consistent with comparison of the parental
AAV2 capsid backbone to AAV2i8 when analyzed in
mice (Fig. 1a).

DISCUSSION

Tissue tropisms displayed by different AAV se-
rotypes are mediated in part by capsid interactions
with host glycans. The earliest human isolate,
AAV2, which has been evaluated in several clinical
trials, utilizes heparan sulfate for cell surface at-
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Figure 2. Bioluminescence (photons/sec) was quantified for individual animals at all time points. Stable levels of bioluminescence were observed through 21
months as noted. AAV9 showed high, transient expression of firefly luciferase up to 2 months postnatal age. Mean levels of bioluminescence for animals in
each group (n=2 for AAV9, n=4 for AAV2i8) are shown (standard error bars for AAV2i8).

tachment and displays a liver-tropic transduction
profile (Fig. 1a). In earlier studies, several groups
demonstrated that mutation of a basic cluster of
amino acid residues in the major capsid protein,
VP3 of AAV2, abrogated heparin binding and re-
duced transduction in the liver. Subsequently, we
reported the design of a novel panel of liver de-
targeted AAV strains derived from AAV2 by re-
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placing key residues with corresponding residues
from different natural AAV isolates.?® These
novel AAV2i mutants not only displayed decreased
heparin binding and liver transduction, but also
showed systemic muscle tropism. One particular
engineered strain, AAV2i8, which contains six
amino acids from AAVS8 in the altered capsid sur-
face loop, has shown the potential for translation
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Figure 3. Quantitation of vector genome biodistribution with AAV9 or AAV2i8 at 2 years postnatal age. Copies of the firefly luciferase transgene per 5x 10*
copies of globin are shown. The gastrointestinal (Gl) tract includes the stomach, duodenum, jejunum, ileum, and colon; lymph nodes include axillary, inguinal,
and mesenteric. Mean levels of bioluminescence for animals in each group (n=2 for AAV9, n=4 for AAV2i8) (standard error bars for AAV2i8).
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in the context of therapeutic muscle gene trans-
fer applications.

Concurrent with these studies, another natu-
ral human isolate, AAV9, has shown promise for
achieving robust and systemic gene expression
following a single IV bolus dose. This distinct AAV
strain utilizes galactose as the host glycan receptor
and displays widespread transduction in several
animal models including nonhuman primates.?”~3°
Therefore, in the current study, we compared the
ability of AAV2i8 and AAV9 to mediate selective
and efficient gene expression in muscle following
IV administration in newborn rhesus monkeys.
Previous studies have demonstrated that the sin-
gle amino acid insertion can enhance the mus-
cle transduction efficiency of AAV2 and related
strains following direct intramuscular injection. In
the current study, we observed that a single sys-
temic dose in newborn rhesus monkeys resulted in
rapid onset and persistent transgene expression
in multiple tissues over a period of two years. De-
spite comparable transgene expression levels, we
observed several notable differences in tissue bio-
distribution. First, we were unable to recover sig-
nificant viral genome copies from major off-target
organs such as the liver and lung with AAV2i8
vectors. These results are consistent with earlier
studies in rodent and porcine models validating
this laboratory-derived AAV strain as a highly ef-
ficient liver de-targeted vector.?° However, it
should be noted that AAV2i8 vector genomes were
recovered from several other organs including the
thymus, spleen, and prostate at levels similar to
AAV9. Consistent with the muscle-specific firefly
luciferase expression profile in the study reported
here as well as earlier preclinical studies, AAV2i8
vector genome copies were recovered from several
skeletal muscle subtypes. Paradoxically, despite
efficient cardiac gene expression, we were unable
to recover AAV2i8 vector genome copies from car-
diac tissue subtypes. One potential explanation
for this finding is that post-entry processing of
AAV2i8 is highly efficient in cardiac and mus-
cle tissues, resulting in robust gene expression
whereas typical transduction requires 1x10% AAV
genomes to obtain 1 infectious particle that can
complete the infectious pathway. Recent studies in
our laboratory demonstrated numerous small
molecules that will enhance AAV transduction in
animal models up to 100-fold,3! strongly suggesting
that improvement of current AAV vectors by cap-
sid modification or small molecule formulation is
still warranted.

Our results demonstrate that when considering
AAV vectors for efficient widespread muscle de-
livery, the laboratory-derived AAV2i8 strain is an
excellent alternative candidate vector, which when
administered through the IV route in newborns,
can mediate rapid onset and selective and sus-
tained levels of transgene expression in a range of
muscle groups with a liver de-target profile. With
numerous AAV clinical trials using various AAV
vectors (e.g., 2, 8, or 9) all eliciting an immune re-
sponse in human liver, this strongly suggests that
it would be advantageous to utilize natural isolates
to de-target this tissue. To date, we have not
identified any natural isolates that will de-target
liver, but have synthetically engineered capsid vec-
tors that reduce liver transduction significantly. It
is noteworthy to mention that we have also en-
gineered liver de-targeted vectors derived from
AAV9 for systemic gene transfer applications
focused on cardiovascular, pulmonary, musculo-
skeletal, and the central nervous system suggest-
ing that this approach or “rational” design of AAV
capsid with preferred tropism is amenable to all
serotypes and provides researchers with a vector
tool box that may address some of the rate lim-
iting clinical observations currently being en-
countered in numerous phase 1 studies. A similar
clinical paradigm can be envisioned in the
treatment of neuromuscular disorders such as
Duchenne muscular dystrophy or neurologic
diseases wherein the route of vector administra-
tion is likely to be intrathecal, intracisternal, or
intracranial.

In summary, the continued development and
evaluation of novel AAV strains in conjunction
with gene regulation strategies that will allow
spatiotemporal control of transgene expression is
likely to improve vector safety and efficacy in hu-
man clinical trials.
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