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The discovery of naturally occurring adeno-associated virus (AAV) isolates in different animal species and
the generation of engineered AAV strains using molecular genetics tools have yielded a versatile AAV vector
toolkit. Promising results in preclinical animal models of human disease spurred the much awaited transition
toward clinical application, and early successes in phase I/Il clinical trials for a broad spectrum of genetic
diseases have recently been reported. As the gene therapy community forges ahead with cautious optimism,
both preclinical and clinical studies using first generation AAV vectors have highlighted potential challenges.
These include cross-species variation in vector tissue tropism and gene transfer efficiency, pre-existing humoral
immunity to AAV capsids and vector dose-dependent toxicity in patients. A battery of second generation AAV
vectors, engineered through rational and combinatorial approaches to address the aforementioned concerns,
are now available. This review will provide an overview of preclinical studies with the ever-expanding AAV
vector portfolio in large animal models and an update on new lead AAV vector candidates poised for clinical

translation.
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FOREWORD

The biology of adeno-associated virus (AAV) has been extensively
studied since the discovery of the first adeno-associated satel-
lite virus in the 1960s.' The potential application of recombinant
AAV as vectors for gene transfer was realized over the next three
decades. A vast majority of these seminal studies were carried out
with AAV serotype 2, the most prevalent strain found in the human
population. As a result, receptor usage, infectious pathways, tissue
tropism, antigenicity, immune profile, and persistence of AAV2
vectors in a wide range of animal models are now well known.
Also, several phase I clinical trials for gene therapy of inherited
and acquired diseases using first generation AAV2 vectors have
been completed or are currently in progress.? For instance, AAV2
vectors have been evaluated for gene transfer within the liver in
the treatment of hemophilia B, in the lung for treatment of cys-
tic fibrosis, in the brain for treatment of Parkinson’s, Batten’s, and
Canavan’s disease; within the joints for patients with rheumatoid
arthritis; and in the eye for treatment of Leber’s congenital amau-
rosis and age-related macular degeneration.? Perhaps the most
striking example of successful gene therapy in a clinical setting
is the phase I trial of Leber’s congenital amaurosis.’” Persistent
improvement in vision of affected patients has been reported in
over 40 patients treated with AAV2 vectors delivering a corrective
version of the RPE65 gene. However, other clinical trials reporting

partial success, and in some cases none at all, have still been
instrumental in highlighting critical challenges including pre-
existing humoral immunity, vector dose-dependent toxicity and
significant cross-species differences in the nature of the immune
response to AAV?2 vectors and transgene products.

Over the most recent decade of this bench-to-bedside tran-
sition of AAV?2 vectors, several other serotypes and novel AAV
strains have been isolated.’*"* Comprehensive efforts to unravel
the biology of such new AAV isolates have established key differ-
ences in AAV capsid structure, their antigenic diversity and vary-
ing tissue tropisms demonstrated in preclinical animal models.
A summary of current knowledge pertaining to the biology and
capsid structure of different AAV serotypes and pertinent litera-
ture is outlined in Table 1. These features have enabled the rapid
transition of different AAV serotypes into promising lead vector
candidates currently being evaluated in several phase I clinical
trials. For instance, muscle-tropic AAV1, originally isolated as a
contaminant in adenovirus stocks, is being evaluated for intra-
muscular gene delivery in a-1 antitrypsin deficiency, lipoprotein
lipase deficiency, Pompe’s disease, limb girdle muscular dystrophy,
and cardiac failure. The closely related AAV6 strain is also being
evaluated for therapeutic gene transfer in patients with heart fail-
ure. Another nonhuman primate isolate, AAVS, has demonstrated
promising early stage results in a clinical trial for gene therapy
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Table 1 Biology of naturally occurring AAV strains and isolates
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2::1/ :Il(i;l:;s Representative members  Primary (glycan) receptor Secondary receptor (Coreceptor) References
A AAV1 a2,3/a2,6 N-linked sialic acid — (Not known) 119
AAV6 a2,3/a2,6 N-linked sialic acid/heparan sulfate ~ Epidermal growth factor receptor (EGFR) 119-121
B AAV2 Heparan Sulfate Fibroblast/hepatocyte growth factor receptor 122-128
(FGFR/HGFR) Laminin receptor (LR)
Integrin aVp5/a5p1
C AAV2-AAV3 hybrid — — 60
D AAV7 — — 129
E AAVS — LR 124,130
AAV10 — — 131
AAVrh.10 — — 60
F AAV9/AAVhu.14 Galactose LR 124,132
Clones AAV3a/3b Heparan sulfate HGFR/LR 124,133,134
AAV4 a2,3 O-linked sialic acid — 135,136
AAV5 a2,3 N-linked sialic acid Platelet-derived growth factor receptor (PDGFR) 137-139
AAV11 — — 131
AAVrh32.33 — — 30
AAV12 — — 79

Abbreviation: AAV, adeno-associated virus.

of hemophilia B. Importantly, however, the lack of expression in
one subject enrolled in the latter trial reiterated the challenge of
pre-existing neutralizing antibodies (NAbs) against different AAV
capsids in the human population.

Against the backdrop of ongoing clinical trials, the aforemen-
tioned AAV serotypes and several other AAV isolates covering
a broad tissue tropism range have now been extensively charac-
terized in preclinical animal models. In addition, an arsenal of
engineered AAV strains have now been generated with clinically
relevant challenges in mind. In the following review, we will update
progress in the ever-expanding AAV vector toolkit, highlight
recent preclinical studies in large animal models and provide spe-
cific examples of naturally occurring as well as engineered strains
poised for clinical translation. While we have made every effort
to highlight recent contributions to the AAV vector repertoire, it
should be noted that the current version of the AAV portfolio was
made possible by contributions worldwide, some of which might
have been omitted due to the scope of the current review.

NATURAL AAV SEROTYPES: ON BOTH SIDES OF

THE CLINICAL FENCE

Comprehensive evaluations of the tissue tropisms and biodis-
tribution of AAV serotypes 1 through 9 in mouse models have
been published to date. In addition, several AAV serotypes are
now being evaluated in clinical trials as outlined earlier, and their
performance in the clinic has been reviewed elsewhere.? More
recently, collaborative efforts to establish the preclinical trans-
duction profile of different AAV serotypes in large animal mod-
els such as primates, pigs, and dogs have increased. These studies
have provided valuable insight into cross-species differences in
transduction efficiency and immune response to AAV vectors. We
highlight key findings from recent preclinical studies evaluating
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different AAV serotypes in large animal models below (summa-
rized in Table 2).

Liver gene transfer: AAV8

Several studies have validated preferential liver transduction in
nonhuman primates and dog models by AAV8 vectors. While the
absolute transgene expression levels in primate and dog liver have
been shown to be lower than mouse models, promising therapeu-
tic indices have been achieved in large animals."*"* For instance,
intravenous administration of self-complementary AAV8 vec-
tors in the nonhuman primate liver can mediate expression lev-
els of factor IX sufficient for phenotypic correction in hemophilia
patients'®'® and sustained correction of disease in a canine model
of hemophilia.””*' Effects of transient immunosuppression on
AAVS liver transduction in nonhuman primates and the ability
of proteasomal inhibitors to enhance AAVS liver transduction in
canine models have also been evaluated.?>* Moreover, a recent
study evaluating intrauterine gene transfer with AAV8 vectors in
rhesus macaques yielded robust liver-specific expression of fac-
tor IX in injected offspring for up to 2 years.”” In another recent
study, AAV8-mediated hepatic gene transfer in neonatal rhesus
macaques was found to be less stable when compared to ado-
lescent animals. Although infant monkeys displayed transgene
expression in nearly 98% of hepatocytes within 1 week of admin-
istration, a significant loss of transgene expression was observed
~1 month postinjection.**

Taken together with the successful completion of St Jude’s
phase I clinical trial in hemophilia patients,? the aforementioned
studies corroborate the choice of AAV8 vectors as the lead candi-
date for factor IX gene transfer in the human liver. These studies
also provide a roadmap for evaluating AAV8 vectors in clinical
liver gene transfer protocols for treatment of conditions such as
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Table 2 Summary of current and emerging AAV vectors suitable for specific clinical applications

Organs Disease targets AAV serotypes and isolates Emerging vector candidates References
Liver Hemophilia, a-1 antitrypsin deficiency, ornithine AAVS AAV2 (Y—F), AAV7, AAV-HSC15/17 84, 18, 140, 82
transcarbamylase deficiency
Heart  Congenital heart failure, cardiomyopathies AAV1, AAV6, AAV9 AAVMA41, AAV2i8, AAV9.45 112,96, 113
Skeletal Muscular dystrophies, a-1 antitrypsin deficiency, AAV1, AAV6, AAV9 AAV7, AAV2.5, AAV6 141, 92, 86,
Muscle lipoprotein lipase deficiency, lysosomal storage disorders (Y445F/Y731F), AAV2i8, AAV9.45 96, 113
Lung  Cystic fibrosis, a-1 antitrypsin deficiency AAV5 AAV6.2, AAV2.5T, 93,110, 111
AAV-HAE1/2
CNS Parkinson’s, Alzheimer’s, Batten’s, Canavan’s, epilepsy, Intracranial: AAV1, AAV5, For systemic use: AAVrh.10, 61,62,116
amyotrophic lateral sclerosis, spinal muscular atrophy, ~ AAV8 Systemic: AAV9 AAV Clone 32/83
Rett syndrome, lysosomal storage disorders
Eye Leber’s congenital amaurosis, macular degeneration AAV4, AAVS AAVShH10, AAV2 (Y—F), AAV8(Y733F) 114, 84,89

Abbreviation: AAV, adeno-associated virus.

hemophilia B, a-1 antitrypsin deficiency, phenylketonuria and
lysosomal storage disorders to name a few.

A common observation in clinical and preclinical studies is
that pre-existing low levels of NAbs profoundly impact gene trans-
fer efficiency. A recent mechanistic study demonstrated that AAVS
capsid-specific NAb diminished liver deposition of genomes and
increased genome distribution to the spleen.”**” Three separate
studies have established the prevalence of NAbs to AAV8 and
other serotypes in the human population. The NAb prevalence for
AAV8 was noted to be lowest amongst other serotypes in case of
pediatric hemophilia patients (22.6%),” healthy human subjects
(19%)% and a worldwide epidemiology study.*® Despite this rela-
tively favorable antigenic profile for AAV8 in humans, develop-
ment of strategies to evade NAbs would make a diverse patient
cohort eligible for enrollment in clinical trials. Within this frame-
work, generating Nab-escape AAV8 variants and reengineering
antigenic domains on the AAV8 capsid® are likely to yield next
generation vector candidates for liver gene transfer. Furthermore,
the availability of the AAVS crystal structure* should facilitate
engineering new lab-derived AAV strains.

Cardiac and musculoskeletal gene transfer: AAV1,
AAV6, and AAV9

Intracoronary delivery of AAV1 vectors carrying the SERCA2a
gene has been shown to prevent cardiac dysfunction, improve
ventricular remodeling and vascular reactivity in a porcine model
of heart failure.’*** These studies provided the foundation for the
current phase I/II clinical trial of gene therapy for cardiac failure
with AAV1/SERCA2a vectors.” In addition to cardiac muscle,
regional intravenous delivery of AAV1 vectors to the hind limb
of nonhuman primates has also been reported to mediate robust
transgene expression similar to AAV8 in different skeletal muscle
groups without any signs of immunotoxicity.**-

Similar to AAV1, coronary infusion of the closely related
serotype AAV6 mediates efficient and long-term myocardial gene
expression.” Effective cardiac delivery of shRNA encoding vector
genomes by AAV6 has also been demonstrated in canine models.*
Furthermore, a recent report utilizing a novel technique for myo-
cardial gene delivery demonstrates robust cardiac gene transfer
using AAV6 vectors in a sheep model.' Likewise, high transduc-
tion efficiencies have also been demonstrated in skeletal muscle
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of nonhuman primates and a canine muscular dystrophy model
following intramuscular administration of AAV1 and AAV6
vectors, respectively.***> An open label, dose-escalation study in
hemophilia patients involving intramuscular administration of
AAV?2 vectors encoding factor IX revealed the need for higher
transduction efficiency in muscle to attain a sustained therapeutic
effect. More recently, phase I and II clinical trials for gene therapy
of a-1 antitrypsin deficiency involving intramuscular administra-
tion of AAV1 vectors have been successfully completed thereby
supporting the safety and feasibility of this approach.** Similar
application of AAV1 vectors for correction of lipoprotein lipase
deficiency through intramuscular administration in human sub-
jects has also been demonstrated.*

Early studies with AAV9 vectors in infant rhesus macaques
have demonstrated preferential cardiac transduction following
intravenous administration in nonhuman primates similar to
mouse models.*” These studies have now been corroborated by
a preclinical study demonstrating efficient cardiac-specific gene
transfer following intracoronary administration of AAV9 vec-
tors in a porcine model of post-ischemic heart failure.*® However,
another study in adult human primates comparing different AAV
vectors has shown that AAV9 vectors mediate less efficient car-
diac gene transfer than AAV6 in adult nonhuman primates.* That
said, an interesting related observation is that in contrast to liver
studies, cardiac gene transfer efficiency of different AAV sero-
types generally appears to display a lesser extent of cross-species
variation. In addition to delivery to the heart, widespread skel-
etal muscle expression of human mini-dystrophin in a neonatal
golden retriever muscular dystrophy model following intrave-
nous administration of AAV9 vectors has been reported.” Taken
together, preclinical studies in large animal models strongly argue for
the evaluation of AAV serotypes 1, 6, and 9 as lead vector candidates
in gene therapy of cardiac and musculoskeletal disease.

CNS gene transfer: AAV5 and AAV9

In the past 5 years, several studies evaluating the transduction effi-
ciency of different AAV serotypes in the primate brain have been
reported against the backdrop of phase I clinical trials using AAV2
vectors for gene therapy of Canavan’s, Parkinson’s, and Batten’s
disease. For instance, convection-enhanced delivery,”** a dose—
response study and long-term assessment have demonstrated
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clinical improvement in Parkinsonian monkeys with AAV2 vec-
tors.”*** Convection-enhanced delivery of AAV1 vectors in the
nonhuman primate brain revealed transduction of oligodendro-
cytes and astrocytes in addition to the neuronal population.®® In
another recent study in adult cynomolgus monkeys involving
striatal injection of AAV1, AAV5 and AAVS, AAV5 and AAV1
were superior to AAVS8 in transducing neurons in the nonhuman
primate striatum.”” Such efficient intracerebral gene transfer using
AAVS5 vectors following intracerebral injection in nonhuman pri-
mates has now been corroborated in other preclinical studies.”*
Another emerging candidate for central nervous system (CNS)
gene delivery is AAVrh.10, a rhesus macaque isolate belonging to
clade E (AAVS8 family®¢'). This AAV isolate has shown promis-
ing results in the rat brain and found suitable for therapeutic CNS
gene transfer in a mouse model of Batten disease.®

Recent studies have also focused on cross-species comparison
of the ability of AAV9 vectors to traverse the blood-brain barrier
in mouse models and nonhuman primates following intravenous
administration.®* In addition to decreased transduction efficiency
in comparison with the mouse brain, a shift in AAV9 tropism from
neuronal to glial cells was observed in the monkey brain follow-
ing IV administration.** These findings underscore the importance
of cross-species variation in transduction efficiency and tissue
tropism of different AAV serotypes. Furthermore, systemically
injected AAV9 in cynomolgus macaques was efficient at crossing
the blood-brain barrier, with transgene expression being detected
in glial cells throughout the brain and dorsal root ganglia neurons
and motor neurons within the spinal cord.®> Systemic injection of
AAV9 vectors in macaques also results in robust transduction of
skeletal muscle and other peripheral organs. As an alternative strat-
egy, restricted gene expression in the primate CNS has be achieved
by AAVY delivery to cerebrospinal fluid, which efficiently targets
motor neurons. These strategies provide the rationale for transla-
tion of AAV9-mediated gene transfer to patients with CNS-related
disorders. Lastly, a recent study comparing the ability of different
AAV strains to traverse the blood-brain barrier in mice demon-
strates that AAVrh.10 is at least as efficient as AAV9 vectors in CNS
gene transfer following systemic administration.®

Gene transfer to the eye: AAV4 and AAV8

Over the past 5 years, AAV vectors have clearly emerged as lead
candidates for therapeutic gene transfer in a wide range of eye
diseases. The safety and efficacy of AAV2 vectors delivering the
RPE65 transgene in clinical gene therapy of Leber’s congenital
amaurosis has been unequivocally established.* An earlier com-
parison of AAV serotypes 1, 2, and 5 yielded similar transgene
expression levels within retinal pigmented epithelium (RPE) as
well as photoreceptors upon subretinal administration in a canine
model of Leber’s congenital amaurosis.”” Another study has dem-
onstrated successful restoration of vision in RPE65-deficient
Briard dogs using AAV4 vectors, which display selective tropism
for the RPE.®® Transduction efficiency of AAV4 was shown to be
similar to AAV2 vectors in this canine model.

Subretinal administration of AAV8 vectors in canine models
has been shown to mediate transgene expression in the RPE, pho-
toreceptors as well as cells of the inner nuclear layer and ganglion
cells.”” These results suggest that AAV8 vectors might undergo
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transport along neurons of the visual pathway. Moreover, while
no species differences have been noted between rats, dogs and pri-
mates with AAV1, AAV2, or AAV5 vectors, AAV8 vectors appear
to display greater spread in the canine model. A recent dosage
threshold study comparing AAV2 and AAV8 vectors was carried
out in a nonhuman primate model.”” Although both serotypes
demonstrated comparable transduction levels, AAV8 vectors
transduced photoreceptors with greater efficiency when com-
pared to AAV2.

In general, the pre-existing NAb response is thought to mini-
mally affect AAV transduction efficiency in immune-privileged
sites such as the brain or the eye. Nevertheless, it is noteworthy to
mention that a transient increase in anti-AAV2 NAbs was seen in
two of three subjects in the Leber’s congenital amaurosis clinical
trial.> Whether this transient increase in NAbs will impact vector
readministration in the same or contralateral eye remains to be
seen. The availability of other AAV serotypes with similar trans-
duction efficiency or broader tropism within the eye might serve
as an advantage in such a scenario.

Pulmonary gene transfer

Gene transfer to the lung for treatment of diseases such as cystic
fibrosis using AAV vectors has faced several hurdles such as the
lack of availability of appropriate animal models, poor transduction
efficiency due to various physiological barriers and cross-species
variation. Repeated administration of AAV2 vectors encoding the
cystic fibrosis transmembrane regulator, although well tolerated,
failed to demonstrate any significant improvement in lung function
in cystic fibrosis patients.”! Recent studies have demonstrated that
AAV1 vectors mediate more efficient transgene expression than
AAVS following intratracheal delivery in a chimpanzee model.”
These results corroborated studies carried out in cultured human
airway epithelia in vitro. Intratracheal delivery of AAV6 vectors
in immunosuppressed dogs was recently shown to mediate effi-
cient transduction in airway epithelia.”” Recent reports describing
the development of ferret and porcine models of cystic fibrosis
with lung anatomy and cell biology similar to humans are note-
worthy,”*7¢ as these critical advances in the field will likely enable
clinically relevant studies of AAV-mediated lung gene transfer in
large animal models.

OTHER NATURAL AAV ISOLATES

The discovery of several hundred human and nonhuman primate
isolates of AAV has been reviewed earlier.”® Other studies have
reported the isolation of new AAV isolates in ATCC (Manassas,
VA) simian adenovirus stocks.”””” The AAV 12 serotype isolated in
aforementioned studies, which displays 78% identity to AAV4, was
found to be particularly resistant to neutralization by anticapsid
antibodies in human serum. In addition, AAVhu.37 and AAVrh.8
have been noted for their enhanced liver transduction efficiency
in mouse models.* Furthermore, successful gene transfer follow-
ing intracranial as well as intrapleural administration of AAVrh.10
in mouse models has also been demonstrated.®s*8! The City of
Hope Medical Center recently reported the isolation of new AAV9
variants from CD34" human hematopoietic stem cells.®* Notably,
AAV-HSC15 and AAV-HSC17 displayed improved liver trans-
duction efficiency in mouse models when compared to AAV9. In
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another study, the UMass Gene Therapy Center reported isola-
tion of novel AAV5 variants from chimpanzee tissues such as liver,
lung, and heart. One variant, CHt-P6, was found to target alveoli
and airway epithelia and transduce the murine lung at modestly
higher levels than AAVS5 vectors following intranasal instilla-
tion.® Evaluation of these AAV isolates in large animal models is
forthcoming.

REENGINEERED AAV STRAINS: NEXT GENERATION
VECTOR CANDIDATES FOR THE CLINIC

Naturally occurring AAV serotypes and isolates show promise for
gene transfer in a number of clinical indications. However, stud-
ies outlined above have posed the question whether synthetic
AAV strains engineered with defined properties will demonstrate
significant advantages in a clinical setting. New AAV variant or
mutant strains have thus been engineered—either by rational
design or directed evolution—to address clinically relevant chal-
lenges such as dose-related toxicity and gene expression in off-
target tissues. Such reengineered AAV strains have displayed the
potential to markedly reduce vector dose administered owing to
enhanced transduction efficiency in target tissues (summarized in
Table 2). Having established their efficacy in mouse models, these
next generation vectors are poised for translational studies in pre-
clinical large animal models and subsequently add to the growing
pipeline of clinical grade vectors.

Tyrosine-mutant AAV vectors

In an effort to reduce dose-related toxicity of AAV vectors, Zhong,
Srivastava and others* have developed a series of next generation
tyrosine-mutant vectors that display improved gene transfer effi-
ciency. Briefly, phosphorylation of surface-exposed tyrosine resi-
dues on AAV?2 capsids is correlated with decreased transduction
efficiency and thought to occur due to increased ubiquitination
resulting in proteasomal degradation. Mutagenesis of tyrosines
into phenylalanines on the AAV2 capsid was demonstrated to
bypass this critical barrier to transduction and improved gene
transfer efficiency by as much as 30-fold at a log lower vector dose
in mice. Subsequent studies in mice have shown that this strategy
can be broadly applied to different tissues such as liver, retina, and
skeletal muscle and has been expanded to include AAV serotypes
such as AAV3, AAV6, AAVS, and AAV9.#-% A recent report has
also demonstrated that mutation of capsid surface-exposed serines
prone to phosphorylation can enhance transduction in a similar
fashion.” These exciting new reagents are poised for preclinical
dose-variation studies in large animal models. Within this frame-
work, it is noteworthy to mention that enhanced gene transfer by
AAV vectors has been achieved following concurrent administra-
tion of the proteasome inhibitor, bortezomib, in a canine mod-
el.?? Successful translational studies with tyrosine-mutant vectors
would not only corroborate the aforementioned studies, but also
enable reduction in vector dose needed for clinical trials.

AAV2.5

The first example of a hybrid AAV vector to proceed to clinical
trials is AAV2.5, a rationally engineered AAV strain designed to
graft the muscle tropism determinants of AAV1 onto parental
AAV2°" As shown in preclinical studies and in a phase I clinical
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trial of Duchenne muscular dystrophy, AAV2.5 is capable of robust
gene transfer in skeletal muscle. Consistent with an antigenically
distinct profile, this hybrid vector has also been shown to evade
NAbs against both AAV1 and AAV?2 capsids. While this clinical
study highlighted the need to consider T-cell immunity to self and
foreign dystrophin epitopes in Duchenne muscular dystrophy
patients,”” the AAV2.5 vector demonstrated an excellent safety
profile and remains a promising vector candidate for clinical gene
transfer in musculoskeletal diseases.

AAV6.2

Another interesting subset of hybrid AAV vectors are the single-
ton vectors developed by Vandenberghe, Wilson and others.”* For
instance, the engineered AAV6.2 strain contains a single F129L
mutation in the phospholipase A2 domain originally present in the
closely related AAV1. The AAV6.2 vector has also been shown to
mediate efficient gene transfer in comparison with other related
strains within the same clade following intravenous administration
in a mouse model.”* More importantly, this hybrid vector outper-
formed several AAV serotypes in the mouse conducting and nasal
airways as well as cultured human airway epithelia.”* Functional
correction of cystic fibrosis transmembrane regulator expression
cultured cystic fibrosis human airway epithelia has also been dem-
onstrated.” Evaluation of AAV6.2 in large animal models is likely
to shed more light on the translational potential of this hybrid vec-
tor for gene therapy of cystic fibrosis and other lung diseases.

AAV2i8

The UNC Gene Therapy Center has recently developed reengi-
neered AAV vectors demonstrating attenuated liver sequestra-
tion following intravenous administration.”® Liver-detargeting
potential of mutant AAV2 vectors was originally observed as
a consequence of mutating heparin-binding arginine residues
on the AAV capsid by Kern, Kleinschmidt and others.” While
reengineering the heparin-binding footprint of AAV2 with cor-
responding domains from other AAV serotypes, we generated the
hybrid AAV2i8 vector harboring a linear epitope from AAVS. In
addition to being detargeted from the murine liver, this hybrid
strain displayed the ability to traverse the blood vessel barrier and
transduce cardiac and skeletal muscle tissue with high efficiency.
Since then, we have successfully carried out isolated limb infusion
studies® as well as intravenous administration resulting in robust
gene expression in primates (McPhee SW, Asokan A, Tarantal A,
Samulski, R], unpublished results). Notably, low volume injec-
tions of AAV2i8 are significantly more efficient in transducing
primate skeletal muscle during isolated limb infusion studies,
in contrast to AAV8, which only performs well at high injection
volumes. Also noteworthy against the backdrop of AAV2i8 vec-
tor development studies are recent clinical studies of transvenous
limb perfusion with saline® in muscular dystrophy patients at the
UNC Wellstone Center. These studies suggest that high-pressure
retrograde transvenous limb perfusion with saline up to 20% of
limb volume at above infusion parameters is safe and feasible in
adult human muscular dystrophy. Taken together with the afore-
mentioned results, AAV2i8 is a promising lead candidate for cor-
rection of musculoskeletal diseases through isolated transvenous
limb infusions.
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AAVrh32.33

Studies with a hybrid AAV isolate, rh32.33, have demonstrated
that specific capsid domains on this strain augment the CD8"
T-cell responses to both capsid proteins and transgene product.'®
Thus, AAVrh32.33 appears to be distinct from other AAV sero-
types, which have been shown induce a functionally impaired
T-cell response to transgene product in mouse models as well as
the clinic.!®*!”! Based on the aforementioned studies, AAVrh32.33
has been proposed as a new genetic vaccine platform. Evaluation
of the immunogenicity of this hybrid strain in large animal mod-
els is likely to enable development of a robust AAV-based clinical
vaccine platform.

CHIMERIC AND MUTANT STRAINS: EMERGING
CANDIDATES FROM COMBINATORIAL AAV
LIBRARIES

The earliest AAV libraries were random peptide display libraries
generated by Miiller et al.'? Targeted vectors derived from the
aforementioned libraries continue to be developed and validated
in mouse models.'”-'% Additional work in preclinical large ani-
mal models will be needed to determine whether these target-
ing strategies will translate across species. Combinatorial protein
engineering strategies such as error-prone PCR and DNA shuf-
fling followed by directed evolution have yielded several AAV
vectors with important functional mutations relative to a parent
serotype, or chimeras of several serotypes. Several recent studies
have assessed the potential applications of such vectors in rodent
models. Further evaluation of this chimeric AAV portfolio in large
animal models would unequivocally establish their position in the
clinical pipeline. The NAD profile of different AAV strains in com-
monly used animal models is also noteworthy in this regard.'””
Major advances in vector design addressing short-term and long-
term clinical needs that are poised for cross-species characteriza-
tion are listed below (summarized in Table 2).

NAb-escape mutants

Amongst the earliest examples of promising vector candidates
developed using such combinatorial library approaches are the
AAV2-derived mutants, AAV2.15 and AAV2.4." Both these
strains harbor mutations at critical antigenic sites, thereby effi-
ciently evading NAbs in human serum. These strains have the
potential for immediate translation as candidates for vector read-
ministration in ongoing clinical trials. Another approach involves
randomization of previously mapped immunogenic epitopes on
the AAV?2 capsid to evolve NAb-escape mutants.'® More recently,
a structure-based approach to reengineer surface-exposed anti-
genic epitopes previously identified using cryo-EM has been
proposed.® This strategy was used to engineer novel AAV8 NADb-
escape variants suitable for administration in the presence of pre-
existing humoral immunity to the AAVS8 capsid.

Airway-tropic AAV vectors

As outlined earlier, airway gene transfer faces major hurdles such
as the lack of availability of appropriate animal models, poor
transduction efficiency due to various physiological barriers and
cross-species variation. Keeping these challenges in mind, novel
vector candidates for airway gene transfer have been developed
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by subjecting combinatorial AAV libraries to directed evolution
in cultured human airway epithelia. One study yielded an AAV2/
AAV5 chimeric harboring a single point mutation (AAV2.5T)"°
that was 100-fold more efficient than AAV5 vectors in mediating
gene transfer to human airway cultures and rescued chloride ion
transport following cystic fibrosis transmembrane regulator gene
transfer in diseased human airway cultures. These results are cur-
rently being evaluated for translation to a porcine model of cystic
fibrosis.”>”® Another contemporary study yielded two chimeric
strains, AAV-HAE1 and AAV-HAE2, containing capsid compo-
nents derived from AAV1, AAV6 and AAV9 that were more effi-
cient than AAV6 and efficiently corrected the cystic fibrosis defect
in diseased human airway cultures.!! Both studies corroborate
the notion that AAV5, AAV6, and mutants thereof constitute lead
candidates for evaluation in large animal models of lung disease.

Muscle-tropic AAV vectors

Directed evolution of the myocardium-tropic AAVM41, a chi-
meric capsid derived from AAV1, AAV6, AAV7 and AAVS, was
recently achieved by Yang, Xiao and others'* at the UNC Gene
Therapy Center. AAVM41 was shown to be more efficient than
AAV6 in transducing the murine heart. In addition, the mutant
also demonstrated remarkably attenuated tropism for liver, skel-
etal muscle amongst other organs. Efficient rescue of cardiac func-
tions were demonstrated following administration of AAVM41
vectors delivering delta-sarcoglycan in a hamster cardiomyopathy
model. The UNC Gene Therapy Center also recently reported a
subset of liver-detargeted AAV9 mutant vectors, which allowed
efficient gene expression in cardiac and skeletal muscle similar to
parental AAV9.'"* The aforementioned vectors, when combined
with other transcriptional and translational regulation strategies
are likely to yield optimal vector candidates for selective cardiac
or musculoskeletal gene transfer. Evaluation of these vectors in
canine and primate models is forthcoming.

Chimeric AAV vectors for CNS and retinal gene
transfer

Directed evolution of chimeric AAV vectors for transducting astro-
cytes'® has been demonstrated in vitro. Chimeric AAV vectors
derived from the latter approach, particularly a variant of AAV6
named ShH10, have been shown to transduce Miiller glia follow-
ing intravitreal administration in a rat model with high efficiency.
Investigators at UC Berkeley used these variants to test the hypoth-
esis that intravitreal vector administration can provide strong thera-
peutic efficacy across the retina while avoiding the risks inherent
in more delicate subretinal injections, and they recently found that
ShH10 mediated delivery of GDNF significantly ameliorated degen-
eration and vision in a rat retinitis pigmentosa model.'"* These new
vectors are likely candidates for further evaluation in animal mod-
els of Alzheimer’s disease, amyotrophic lateral sclerosis in the CNS
and a broad range of retinal diseases. Similar strategies have been
applied toward evolution of new AAV vectors capable of transduc-
ing neural stem cells and glioma cell lines.'®*'"> While the neural
stem cell-tropic AAVr3.45 vector shows promise as a reagent for
applications involving gene targeting and stem cell reprogramming,
the potential for exploiting oncotropic AAV vectors in preclinical
models of glioma remains to be determined.
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Another interesting development within the framework of
CNS applications is the directed evolution of chimeric AAV vec-
tors that can cross the seizure-compromised blood-brain barrier
in a rat model of epilepsy.** Mosaic clones 32 and 83 derived from
AAV serotypes 1, 3, 8, and 9 demonstrated the ability to efficiently
transduce CNS regions damaged during induced seizures, via the
compromised blood-brain barrier at those sites. Although similar
to AAVS in transduction efficiency, these clones displayed biodis-
tribution profiles markedly reduced peripheral organ tropism
compared to the parental AAV serotypes. Studies evaluating the
therapeutic efficacy of these vectors in a rat model of epilepsy are
forthcoming.

NEW DIRECTIONS: MAINTAINING THE CLINICAL
PIPELINE AND ONGOING TRIALS

The AAV vector toolkit is currently well-equipped with a broad
portfolio of naturally occurring serotypes, reengineered variants,
and chimeric and mutant strains. While evaluation of these strains
continues on both in preclinical animal models and in the gene
therapy clinic, it is critical to maintain a robust pipeline of AAV
vector candidates engineered for specific, future applications.
New strategies to generate combinatorial AAV libraries that will
expand the current portfolio and enable generation of synthetic
AAV strains are required. Increased focus on evolving AAV strains
in clinically relevant settings has only just begun. For instance,
exciting new directed evolution studies were recently carried out
in a pig model and hold considerable potential for developing lead
vector candidates for cystic fibrosis gene therapy.'”’” In addition,
evolution of liver-tropic AAV strains derived from AAV3, AAV6,
AAVS and AAV9 in the humanized Fah™/ _/Rag2_/ _/ILzrg_/ -
mouse model repopulated with over 25% human hepatocytes was
recently reported.’® Directed evolution of AAV strains in other
humanized mouse models as well as canine and primate models
will thus not only help expand the AAV portfolio, but also help
understand cross-species variation in tissue tropism, transduction
efficiency and immune response, ultimately leading to successful
translation of safe gene therapy modalities to the clinic.

Recently, the American Society of Cell and Gene Therapy
held an National Institutes of Health (NIH) symposium showcas-
ing numerous clinical success stories that have accrued in the last
couple of years.? With respect to AAV vectors, mounting data in
a number of therapeutic areas clearly supports continued explora-
tion of this vector for gene therapy of monogenic disorders. For
instance, five AAV clinical trials for Leber’s congenital amauro-
sis (three in United States, one in United Kingdom, one in Israel)
treating 35 patients have been carried out. The longest follow-up
extending over 3.5 years, reported no vector related safety issues
with efficacy in most patients with some patients demonstrating
over 63,000-fold improvement in rod photoreceptor-based vision
(Hauswirth and others, ASGCT NIH symposium 2011).” These
outcomes were highlighted by the fact that pseudo-fovea in patients
developed exactly at the site of vector administration, strongly sup-
porting the notion that next generation vectors may overcome these
limitations by intravitreal delivery. Another clinical highlight at the
meeting was the ongoing study with AAV8 vectors packaging self-
complementary FIX administered in hemophilia B patients. Unlike
preceding trials with AAV2 vectors packaging single-stranded FIX
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trials,? the study carried out by groups at St. Jude’s Hospital and
University College London demonstrated long-term expression (18
months and counting) with FIX levels ranging from 1 to 8% (Reiss
and others, ASGCT NIH Symposium 2011).” The latter study cor-
roborates earlier predictions that AAV vector development will
continue to resolve rate-limiting steps observed in earlier trials
(e.g., lower vector dose and higher potency will overcome the dose-
dependent immunotoxicity proposed in the earlier U Penn trial).

The latest clinical results were particularly striking against the
backdrop of discussions held during a breakout session, where
Dr Kathy High discussed the lack of persistent FIX expression in an
immunosuppressed hemophilia B patient administered AAV2 vec-
tors, contrasting results from an earlier preclinical study in rhesus
macaques.” Although obtained from a small patient cohort, results
from the recent St Jude/UCL hemophilia clinical trial,” in conjunc-
tion with earlier studies, suggest that capsid-specific cytotoxic T
lymphocyte response appears to be a minor concern in the clini-
cal setting. Clearly as we accumulate more information in patients,
we can hope to sort these disparities with preclinical studies and
better determine which animal models are of value in guiding the
clinical community forward in utilizing different vectors. Thus, the
long-term therapeutic benefits observed in the St Jude/UCL studies
clearly highlight the fact that continued AAV vector development
is and most likely will be the primary path forward toward solving
these early clinical conundrums. These clinical reports were com-
plemented by data describing other first generation AAV serotypes,
namely, AAV1 in phase II studies for congestive heart failure, AAV9
in early Pompe trials (Byrne and others, ASGCT NIH symposium
2011) as well as chimeric AAV vectors in Duchenne muscular dys-
trophy studies.” Overall, extensive safety data with AAV vectors in
multiple target tissues (brain, ocular, heart, liver, muscle, etc.) con-
tinues to accumulate, with early efficacy being acknowledged in a
majority of these studies. Resolving the issue of pre-existing NAbs
to AAV capsid along with the continued development of tissue-
specific AAV vectors, as described in this review, should usher in
a new generation of AAV vector candidates. Taken together with
the current portfolio, the newly synthesized AAV strains, which are
poised to enter the clinical arena, promise a similar-to-improved
safety profile.

ACKNOWLEDGMENTS

We would like to thank Drs Arun Srivastava (U Florida), Guangping Gao
(U Mass), Krys Bankiewicz (UCSF), Steve Gray, and Nagesh Pulicherla
(UNC) for helpful comments. We would also like to acknowledge funding
support from NIH for A.A. (HL089221, Al072176); D.V.S. (HL081527),
and R.).S. (AlI072176, Al080726, DK084033, U5S4AR056953).

REFERENCES

1. Bowles, DE, Rabinowitz, JE and Samulski, R| (2006). The genus Dependovirus.

In: Kerr JR, Cotmore SF, Bloom ME, Linden RM and Parrish CR (eds). Parvoviruses.
Hodder Arnold Education: London, UK. pp.15-24.

2. Mingozzi, F and High, KA (2011). Therapeutic in vivo gene transfer for genetic disease
using AAV: progress and challenges. Nat Rev Genet 12: 341-355.

3. Maguire, AM, Simonelli, F, Pierce, EA, Pugh, EN Jr, Mingozzi, F, Bennicelli, | et al.
(2008). Safety and efficacy of gene transfer for Leber’s congenital amaurosis. N Engl |
Med 358: 2240-2248.

4. Maguire, AM, High, KA, Auricchio, A, Wright, JF, Pierce, EA, Testa, F et al. (2009). Age-
dependent effects of RPE65 gene therapy for Leber’s congenital amaurosis: a phase 1
dose-escalation trial. Lancet 374: 1597-1605.

5. Bainbridge, ]W, Smith, AJ, Barker, SS, Robbie, S, Henderson, R, Balaggan, K et al.
(2008). Effect of gene therapy on visual function in Leber’s congenital amaurosis.

N Engl | Med 358: 2231-2239.

6. Hauswirth, WW, Aleman, TS, Kaushal, S, Cideciyan, AV, Schwartz, SB, Wang, L et al.

(2008). Treatment of leber congenital amaurosis due to RPE65 mutations by ocular

705



The AAV Vector Toolkit Version 2.0

subretinal injection of adeno-associated virus gene vector: short-term results of a
phase | trial. Hum Gene Ther 19: 979-990.

7. Cideciyan, AV, Aleman, TS, Boye, SL, Schwartz, SB, Kaushal, S, Roman, AJ et al. (2008).
Human gene therapy for RPE65 isomerase deficiency activates the retinoid cycle of
vision but with slow rod kinetics. Proc Nat/ Acad Sci USA 105: 15112-15117.

8. Cideciyan, AV, Hauswirth, WW, Aleman, TS, Kaushal, S, Schwartz, SB, Boye, SL et al.
(2009). Vision 1 year after gene therapy for Leber’s congenital amaurosis. N Engl | Med
361: 725-727.

9. Simonelli, F, Maguire, AM, Testa, F, Pierce, EA, Mingozzi, F, Bennicelli, JL et al. (2010).
Gene therapy for Leber’s congenital amaurosis is safe and effective through 1.5 years
after vector administration. Mol Ther 18: 643-650.

10. Gao, G, Vandenberghe, LH and Wilson, JM (2005). New recombinant serotypes of
AAV vectors. Curr Gene Ther 5: 285-297.

11. Xiao, W, Chirmule, N, Berta, SC, McCullough, B, Gao, G and Wilson, |M (1999).
Gene therapy vectors based on adeno-associated virus type 1. J Virol 73: 3994-4003.

12. Chiorini, JA, Yang, L, Liu, Y, Safer, B and Kotin, RM (1997). Cloning of adeno-
associated virus type 4 (AAV4) and generation of recombinant AAV4 particles.

J Virol 71: 6823-6833.

13. Rutledge, EA, Halbert, CL and Russell, DW (1998). Infectious clones and vectors
derived from adeno-associated virus (AAV) serotypes other than AAV type 2. | Virol
72:309-319.

14. Hurlbut, GD, Ziegler, R], Nietupski, |B, Foley, JW, Woodworth, LA, Meyers, E et al.
(2010). Preexisting immunity and low expression in primates highlight translational
challenges for liver-directed AAV8-mediated gene therapy. Mol Ther 18: 1983-1994.

15. Bell, P, Gao, G, Haskins, ME, Wang, L, Sleeper, MM, Wang, H et al. (2011). Evaluation
of AAV vectors for liver-directed gene transfer in dogs. Hum. Gene Ther 2: 985-997.

16. Nathwani, AC, Gray, |T, Ng, CY, Zhou, |, Spence, Y, Waddington, SN et al. (2006).
Self-complementary adeno-associated virus vectors containing a novel liver-specific
human factor IX expression cassette enable highly efficient transduction of murine
and nonhuman primate liver. Blood 107: 2653-2661.

17. Nathwani, AC, Gray, |T, McIntosh, |, Ng, CY, Zhou, |, Spence, Y et al. (2007). Safe and
efficient transduction of the liver after peripheral vein infusion of self-complementary
AAV vector results in stable therapeutic expression of human FIX in nonhuman
primates. Blood 109: 1414-1421.

18. Gao, GP, Lu, Y, Sun, X, Johnston, |, Calcedo, R, Grant, R et al. (2006). High-level
transgene expression in nonhuman primate liver with novel adeno-associated virus
serotypes containing self-complementary genomes. / Virol 80: 6192-6194.

19. Wang, L, Calcedo, R, Nichols, TC, Bellinger, DA, Dillow, A, Verma, IM et al. (2005).
Sustained correction of disease in naive and AAV2-pretreated hemophilia B dogs:
AAV2/8-mediated, liver-directed gene therapy. Blood 105: 3079-3086.

20. Jiang, H, Couto, LB, Patarroyo-White, S, Liu, T, Nagy, D, Vargas, JA et al. (2006).
Effects of transient immunosuppression on adenoassociated, virus-mediated,
liver-directed gene transfer in rhesus macaques and implications for human gene
therapy. Blood 108: 3321-3328.

21. Sarkar, R, Mucci, M, Addya, S, Tetreault, R, Bellinger, DA, Nichols, TC et al. (2006).
Long-term efficacy of adeno-associated virus serotypes 8 and 9 in hemophilia a dogs
and mice. Hum Gene Ther 17: 427-439.

22. Monahan, PE, Lothrop, CD, Sun, J, Hirsch, ML, Kafri, T, Kantor, B et al. (2010).
Proteasome inhibitors enhance gene delivery by AAV virus vectors expressing
large genomes in hemophilia mouse and dog models: a strategy for broad clinical
application. Mol Ther 18: 1907-1916.

23. Mattar, CN, Nathwani, AC, Waddington, SN, Dighe, N, Kaeppel, C, Nowrouzi, A
et al. (2011). Stable human FIX expression after 0.9G intrauterine gene transfer of
self-complementary adeno-associated viral vector 5 and 8 in macaques. Mol Ther
19: 1950-1960.

24. Wang, L, Bell, P, Lin, J, Calcedo, R, Tarantal, AF and Wilson, JM (2011). AAV8-mediated
hepatic gene transfer in infant rhesus monkeys (Macaca mulatta). Mol Ther 19:
2012-2020.

25. Nathwani, A, Tuddenham, E, Rosales, C, MclIntosh, ], Riddell, A, Rustagi, P et al.
(2010). Early Clinical Trial Results Following Administration of a Low Dose of a Novel
Self Complementary Adeno-Associated Viral Vector Encoding Human Factor IX In Two
Subjects with Severe Hemophilia B. ASH Annual Meeting Abstracts 116: 248.

26. Wang, L, Calcedo, R, Wang, H, Bell, P, Grant, R, Vandenberghe, LH et al. (2010).

The pleiotropic effects of natural AAV infections on liver-directed gene transfer in
macaques. Mol Ther 18: 126-134.

27. Wang, L, Calcedo, R, Bell, P, Lin, J, Grant, RL, Siegel, DL et al. (2011). Impact of
Pre-Existing Immunity on Gene Transfer to Nonhuman Primate Liver with Adeno-
Associated Virus 8 Vectors. Hum Gene Ther 22: 1389-1401.

28. Li, C, Narkbunnam, N, Samulski, R}, Asokan, A, Hu, G, Jacobson, L] et al. (2011).
Neutralizing antibodies against adeno-associated virus examined prospectively in
pediatric patients with hemophilia. Gene Ther (epub ahead of print).

29. Boutin, S, Monteilhet, V, Veron, P, Leborgne, C, Benveniste, O, Montus, MF et al.
(2010). Prevalence of serum IgG and neutralizing factors against adeno-associated
virus (AAV) types 1, 2, 5, 6, 8, and 9 in the healthy population: implications for gene
therapy using AAV vectors. Hum Gene Ther 21: 704-712.

30. Calcedo, R, Vandenberghe, LH, Gao, G, Lin, | and Wilson, JM (2009). Worldwide
epidemiology of neutralizing antibodies to adeno-associated viruses. / Infect Dis
199: 381-390.

31. Wang, Q, Gurda, B, Vandenberghe, L, Lu, J, Li, S and Wilson, M (2011). Selection
of neutralizing antibody-resistant AAV8 variants with structure-guided site-specific
saturated mutagenesis. Mol Ther 19: $129.

32. Nam, HJ, Lane, MD, Padron, E, Gurda, B, McKenna, R, Kohlbrenner, E et al. (2007).
Structure of adeno-associated virus serotype 8, a gene therapy vector. J Virol
81:12260-12271.

33. Kawase, Y, Ly, HQ, Prunier, F, Lebeche, D, Shi, Y, Jin, H et al. (2008). Reversal of cardiac
dysfunction after long-term expression of SERCA2a by gene transfer in a pre-clinical
model of heart failure. | Am Coll Cardiol 51: 1112-1119.

34. Hadri, L, Bobe, R, Kawase, Y, Ladage, D, Ishikawa, K, Atassi, F et al. (2010). SERCA2a
gene transfer enhances eNOS expression and activity in endothelial cells. Mol Ther
18: 1284-1292.

706

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

© The American Society of Gene & Cell Therapy

Hajjar, R|, Zsebo, K, Deckelbaum, L, Thompson, C, Rudy, |, Yaroshinsky, A et al.
(2008). Design of a phase V2 trial of intracoronary administration of AAV1/SERCA2a in
patients with heart failure. | Card Fail 14: 355-367.

Qiao, C, Li, J, Zheng, H, Bogan, J, Li, ], Yuan, Z et al. (2009). Hydrodynamic limb

vein injection of adeno-associated virus serotype 8 vector carrying canine myostatin
propeptide gene into normal dogs enhances muscle growth. Hum Gene Ther 20:
1-10.

Toromanoff, A, Adjali, O, Larcher, T, Hill, M, Guigand, L, Chenuaud, P et al. (2010).
Lack of immunotoxicity after regional intravenous (RI) delivery of rAAV to nonhuman
primate skeletal muscle. Mol Ther 18: 151-160.

Toromanoff, A, Chérel, Y, Guilbaud, M, Penaud-Budloo, M, Snyder, RO, Haskins, ME
et al. (2008). Safety and efficacy of regional intravenous (r.i.) versus intramuscular
(i.m.) delivery of rAAV1 and rAAV8 to nonhuman primate skeletal muscle. Mol Ther
16: 1291-1299.

Raake, PW, Hinkel, R, Miiller, S, Delker, S, Kreuzpointner, R, Kupatt, C et al. (2008).
Cardio-specific long-term gene expression in a porcine model after selective pressure-
regulated retroinfusion of adeno-associated viral (AAV) vectors. Gene Ther 15: 12-17.
Bish, LT, Sleeper, MM, Reynolds, C, Gazzara, |, Withnall, E, Singletary, GE et al.
(2011). Cardiac gene transfer of short hairpin RNA directed against phospholamban
effectively knocks down gene expression but causes cellular toxicity in canines. Hum
Gene Ther 22: 969-977.

White, |D, Thesier, DM, Swain, |B, Katz, MG, Tomasulo, C, Henderson, A et al. (2011).
Myocardial gene delivery using molecular cardiac surgery with recombinant adeno-
associated virus vectors in vivo. Gene Ther 18: 546-552.

Kota, J, Handy, CR, Haidet, AM, Montgomery, CL, Eagle, A, Rodino-Klapac, LR et al.
(2009). Follistatin gene delivery enhances muscle growth and strength in nonhuman
primates. Sci Transl Med 1: 6ral5.

Wang, Z, Kuhr, CS, Allen, JM, Blankinship, M, Gregorevic, P, Chamberlain, JS

et al. (2007). Sustained AAV-mediated dystrophin expression in a canine model of
Duchenne muscular dystrophy with a brief course of immunosuppression. Mol Ther
15: 1160-1166.

Brantly, ML, Chulay, D, Wang, L, Mueller, C, Humphries, M, Spencer, LT et al. (2009).
Sustained transgene expression despite T lymphocyte responses in a clinical trial of
rAAV1-AAT gene therapy. Proc Natl Acad Sci USA 106: 16363-16368.

Flotte, TR, Trapnell, BC, Humpbhries, M, Carey, B, Calcedo, R, Rouhani, F et al. (2011).
Phase 2 clinical trial of a recombinant adeno-associated viral vector expressing
alpha(1)-antitrypsin: interim results. Hum Gene Ther 22: 1239-1247.

Stroes, ES, Nierman, MC, Meulenberg, JJ, Franssen, R, Twisk, ], Henny, CP et al.
(2008). Intramuscular administration of AAV1-lipoprotein lipase S447X lowers
triglycerides in lipoprotein lipase-deficient patients. Arterioscler Thromb Vasc Biol 28:
2303-2304.

Pacak, CA, Mah, CS, Thattaliyath, BD, Conlon, TJ, Lewis, MA, Cloutier, DE et al.
(2006). Recombinant adeno-associated virus serotype 9 leads to preferential cardiac
transduction in vivo. Circ Res 99: e3—e9.

Pleger, ST, Shan, C, Ksienzyk, ], Bekeredjian, R, Boekstegers, P, Hinkel, R et al. (2011).
Cardiac AAV9-ST00A1 gene therapy rescues post-ischemic heart failure in a preclinical
large animal model. Sci Transl Med 3: 92ra64.

Gao, G, Bish, LT, Sleeper, MM, Mu, X, Sun, L, Lou, Y et al. (2011). Transendocardial
delivery of AAV6 results in highly efficient and global cardiac gene transfer in rhesus
macaques. Hum Gene Ther 22: 979-984.

Kornegay, N, Li, J, Bogan, JR, Bogan, D), Chen, C, Zheng, H et al. (2010). Widespread
muscle expression of an AAV9 human mini-dystrophin vector after intravenous
injection in neonatal dystrophin-deficient dogs. Mol Ther 18: 1501-1508.

Hadaczek, P, Kohutnicka, M, Krauze, MT, Bringas, |, Pivirotto, P, Cunningham, |

et al. (2006). Convection-enhanced delivery of adeno-associated virus type 2 (AAV2)
into the striatum and transport of AAV2 within monkey brain. Hum Gene Ther 17:
291-302.

Kells, AP, Hadaczek, P, Yin, D, Bringas, |, Varenika, V, Forsayeth, | et al. (2009). Efficient
gene therapy-based method for the delivery of therapeutics to primate cortex. Proc
Natl Acad Sci USA 106: 2407-2411.

Bankiewicz, KS, Forsayeth, |, Eberling, JL, Sanchez-Pernaute, R, Pivirotto, P, Bringas,

] et al. (2006). Long-term clinical improvement in MPTP-lesioned primates after gene
therapy with AAV-hAADC. Mol Ther 14: 564-570.

Forsayeth, |R, Eberling, JL, Sanftner, LM, Zhen, Z, Pivirotto, P, Bringas, ] et al. (2006).
A dose-ranging study of AAV-hAADC therapy in Parkinsonian monkeys. Mol Ther 14:
571-577.

Hadaczek, P, Eberling, JL, Pivirotto, P, Bringas, ), Forsayeth, ] and Bankiewicz, KS
(2010). Eight years of clinical improvement in MPTP-lesioned primates after gene
therapy with AAV2-hAADC. Mol Ther 18: 1458-1461.

Hadaczek, P, Forsayeth, |, Mirek, H, Munson, K, Bringas, |, Pivirotto, P et al. (2009).
Transduction of nonhuman primate brain with adeno-associated virus serotype 1:
vector trafficking and immune response. Hum Gene Ther 20: 225-237.

Dodiya, HB, Bjorklund, T, Stansell, | 3rd, Mandel, R], Kirik, D and Kordower, JH
(2010). Differential transduction following basal ganglia administration of distinct
pseudotyped AAV capsid serotypes in nonhuman primates. Mol Ther 18: 579-587.
Colle, MA, Piguet, F, Bertrand, L, Raoul, S, Bieche, |, Dubreil, L et al. (2010). Efficient
intracerebral delivery of AAVS5 vector encoding human ARSA in non-human primate.
Hum Mol Genet 19: 147-158.

Markakis, EA, Vives, KP, Bober, |, Leichtle, S, Leranth, C, Beecham, | et al. (2010).
Comparative transduction efficiency of AAV vector serotypes 1-6 in the substantia
nigra and striatum of the primate brain. Mol Ther 18: 588-593.

Gao, G, Vandenberghe, LH, Alvira, MR, Lu, Y, Calcedo, R, Zhou, X et al. (2004). Clades
of Adeno-associated viruses are widely disseminated in human tissues. / Virol/ 78:
6381-6388.

Cearley, CN and Wolfe, JH (2006). Transduction characteristics of adeno-associated
virus vectors expressing cap serotypes 7, 8, 9, and Rh10 in the mouse brain. Mol Ther
13: 528-537.

Sondhi, D, Hackett, NR, Peterson, DA, Stratton, |, Baad, M, Travis, KM et al. (2007).
Enhanced survival of the LINCL mouse following CLN2 gene transfer using the rh.10
rhesus macaque-derived adeno-associated virus vector. Mol Ther 15: 481-491.

www.moleculartherapy.org vol. 20 no. 4 apr. 2012



© The American Society of Gene & Cell Therapy

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Foust, KD, Nurre, E, Montgomery, CL, Hernandez, A, Chan, CM and Kaspar,

BK (2009). Intravascular AAV9 preferentially targets neonatal neurons and adult
astrocytes. Nat Biotechnol 27: 59-65.

Gray, S, Matagne, V, Bachaboina, L, Yadav, S, Ojeda, SR and Samulski, R| (2011).
Preclinical Differences of Intravascular AAV9 Delivery to Neurons and Glia: A
Comparative Study of Adult Mice and Nonhuman Primates. Mol Ther 19: 1058-1069.
Bevan, AK, Duque, S, Foust, KD, Morales, PR, Braun, L, Schmelzer, L et al. (2011).
Systemic gene delivery in large species for targeting spinal cord, brain, and peripheral
tissues for pediatric disorders. Mol Ther 19: 1971-1980.

Zhang, H, Yang, B, Mu, X, Ahmed, SS, Su, Q, He, R et al. (2011). Several rAAV vectors
efficiently cross the blood-brain barrier and transduce neurons and astrocytes in the
neonatal mouse central nervous system. Mol Ther 19: 1440-1448.

Acland, GM, Aguirre, GD, Bennett, |, Aleman, TS, Cideciyan, AV, Bennicelli, | et al.
(2005). Long-term restoration of rod and cone vision by single dose rAAV-mediated
gene transfer to the retina in a canine model of childhood blindness. Mol Ther 12:
1072-1082.

Le Meur, G, Stieger, K, Smith, A, Weber, M, Deschamps, |Y, Nivard, D et al. (2007).
Restoration of vision in RPE65-deficient Briard dogs using an AAV serotype 4 vector
that specifically targets the retinal pigmented epithelium. Gene Ther 14: 292-303.
Stieger, K, Colle, MA, Dubreil, L, Mendes-Madeira, A, Weber, M, Le Meur, G et al.
(2008). Subretinal delivery of recombinant AAV serotype 8 vector in dogs results in
gene transfer to neurons in the brain. Mol Ther 16: 916-923.

Vandenberghe, LH, Bell, P, Maguire, AM, Cearley, CN, Xiao, R, Calcedo, R et al.
(2011). Dosage thresholds for AAV2 and AAV8 photoreceptor gene therapy in
monkey. Sci Transl Med 3: 88ra54.

Moss, RB, Milla, C, Colombo, |, Accurso, F, Zeitlin, PL, Clancy, P et al. (2007).
Repeated aerosolized AAV-CFTR for treatment of cystic fibrosis: a randomized placebo-
controlled phase 2B trial. Hum Gene Ther 18: 726-732.

Flotte, TR, Fischer, AC, Goetzmann, ], Mueller, C, Cebotaru, L, Yan, Z et al. (2010).
Dual reporter comparative indexing of rAAV pseudotyped vectors in chimpanzee
airway. Mol Ther 18: 594-600.

Halbert, CL, Madtes, DK, Vaughan, AE, Wang, Z, Storb, R, Tapscott, S| et al. (2010).
Expression of human alphaT-antitrypsin in mice and dogs following AAV6 vector-
mediated gene transfer to the lungs. Mol Ther 18: 1165-1172.

Sun, X, Sui, H, Fisher, |T, Yan, Z, Liu, X, Cho, HJ et al. (2010). Disease phenotype of a
ferret CFTR-knockout model of cystic fibrosis. / Clin Invest 120: 3149-3160.

Stoltz, DA, Meyerholz, DK, Pezzulo, AA, Ramachandran, S, Rogan, MP, Davis, G|

et al. (2010). Cystic fibrosis pigs develop lung disease and exhibit defective bacterial
eradication at birth. Sci Transl Med 2: 29ra31.

Ostedgaard LS, Meyerholz DK, Chen JH, Pezzulo AA, Karp PH, Rokhlina T et al. (2011).
The DeltaF508 mutation causes CFTR misprocessing and cystic fibrosis-like disease in
pigs. Sci Transl Med 3: 74ra24.

Schmidt, M and Chiorini, JA (2006). Gangliosides are essential for bovine adeno-
associated virus entry. | Virol 80: 5516-5522.

Schmidt, M, Govindasamy, L, Afione, S, Kaludov, N, Agbandje-McKenna, M and
Chiorini, JA (2008). Molecular characterization of the heparin-dependent transduction
domain on the capsid of a novel adeno-associated virus isolate, AAV(VR-942). | Virol
82:8911-8916.

Schmidt, M, Voutetakis, A, Afione, S, Zheng, C, Mandikian, D and Chiorini, JA (2008).
Adeno-associated virus type 12 (AAV12): a novel AAV serotype with sialic acid- and
heparan sulfate proteoglycan-independent transduction activity. / Virol

82: 1399-1406.

De, BP, Heguy, A, Hackett, NR, Ferris, B, Leopold, PL, Lee, ] et al. (2006). High levels
of persistent expression of alphal-antitrypsin mediated by the nonhuman primate
serotype rh.10 adeno-associated virus despite preexisting immunity to common
human adeno-associated viruses. Mol Ther 13: 67-76.

Watanabe, M, Boyer, |L and Crystal, RG (2010). AAVrh.10-mediated genetic delivery
of bevacizumab to the pleura to provide local anti-VEGF to suppress growth of
metastatic lung tumors. Gene Ther 17: 1042-1051.

Smith, LJ, Van Vliet, K, Miller, E, Kauss, MA, Ul-Hasan, TB, Wong, KK et al. (2011).
Functional mapping of tissue tropism of naturally occurring adeno-associated virus
isolates from human hematopoietic stem cells. Mol Ther 19: S127-5128.

Zhong, L, Li, M, Xie, |, Su, Q, He, R, Zhang, Y et al. (2011). Characterization of
chimpanzee-derived novel natural variants of AAV5. Mol Ther 19: S155.

Zhong, L, Li, B, Mah, CS, Govindasamy, L, Agbandje-McKenna, M, Cooper, M

et al. (2008). Next generation of adeno-associated virus 2 vectors: point mutations in
tyrosines lead to high-efficiency transduction at lower doses. Proc Natl Acad Sci USA
105: 7827-7832.

Cheng B, Ling C, Dai Y, Lu Y, Glushakova LG, Gee SW et al. (2011). Development

of optimized AAV3 serotype vectors: mechanism of high-efficiency transduction of
human liver cancer cells. Gene Ther (epub ahead of print).

Qiao, C, Zhang, W, Yuan, Z, Shin, JH, Li, |, Jayandharan, GR et al. (2010). Adeno-
associated virus serotype 6 capsid tyrosine-to-phenylalanine mutations improve gene
transfer to skeletal muscle. Hum Gene Ther 21: 1343-1348.

Petrs-Silva, H, Dinculescu, A, Li, Q, Min, SH, Chiodo, V, Pang, |) et al. (2009). High-
efficiency transduction of the mouse retina by tyrosine-mutant AAV serotype vectors.
Mol Ther 17: 463-471.

Petrs-Silva, H, Dinculescu, A, Li, Q, Deng, WT, Pang, J], Min, SH et al. (2011). Novel
properties of tyrosine-mutant AAV2 vectors in the mouse retina. Mol Ther 19:
293-301.

Pang, )], Dai, X, Boye, SE, Barone, |, Boye, SL, Mao, S et al. (2011). Long-term retinal
function and structure rescue using capsid mutant AAV8 vector in the rd10 mouse, a
model of recessive retinitis pigmentosa. Mol Ther 19: 234-242.

Aslanidi, GV, Govindasamy, L, Ling, C, Zolotukhin, S, Agbandje-McKenna, M and
Srivastava, A (2011). Site-directed mutagenesis of a surface-exposed serine residue
leads to high-efficiency transduction by recombinant adeno-associated virus 2 vectors.
Mol Ther 19: 5128.

Bowles, DE, McPhee, SW, Li, C, Gray, S|, Samulski, JJ, Camp, AS et al. (2011). Phase 1
Gene Therapy for Duchenne Muscular Dystrophy Using a Translational Optimized AAV
Vector. Mol Ther (epub ahead of print).

Molecular Therapy vol. 20 no. 4 apr. 2012

The AAV Vector Toolkit Version 2.0

92. Mendell, JR, Campbell, K, Rodino-Klapac, L, Sahenk, Z, Shilling, C, Lewis, S et al.
(2010). Dystrophin immunity in Duchenne’s muscular dystrophy. N Engl | Med 363:
1429-1437.

93. Vandenberghe, LH, Breous, E, Nam, HJ, Gao, G, Xiao, R, Sandhu, A et al. (2009).
Naturally occurring singleton residues in AAV capsid impact vector performance and
illustrate structural constraints. Gene Ther 16: 1416-1428.

94. Limberis, MP, Vandenberghe, LH, Zhang, L, Pickles, R] and Wilson, |M (2009).
Transduction efficiencies of novel AAV vectors in mouse airway epithelium in vivo and
human ciliated airway epithelium in vitro. Mol Ther 17: 294-301.

95. Song, Y, Lou, HH, Boyer, L, Limberis, MP, Vandenberghe, LH, Hackett, NR et al.
(2009). Functional cystic fibrosis transmembrane conductance regulator expression
in cystic fibrosis airway epithelial cells by AAV6.2-mediated segmental trans-splicing.
Hum Gene Ther 20: 267-281.

96. Asokan, A, Conway, |C, Phillips, JL, Li, C, Hegge, |, Sinnott, R et al. (2010).
Reengineering a receptor footprint of adeno-associated virus enables selective and
systemic gene transfer to muscle. Nat Biotechnol 28: 79-82.

97. Kern, A, Schmidt, K, Leder, C, Miiller, OJ, Wobus, CE, Bettinger, K et al. (2003).
Identification of a heparin-binding motif on adeno-associated virus type 2 capsids.

J Virol 77: 11072-11081.

98. Asokan, A, Hegge, |, Grieger, |C, Li, C, Yadav, S, Samulski, ]| et al. (2010). Validation
of intravascular administration of adeno-associated virus for muscular dystrophies in a
non-human primate model. Mol. Ther. 18: S61-562.

99. Fan, Z, Kocis, K, Valley, R, Howard, JF, Chopra, M, An, H et al. (2011). Safety and
Feasibility of High-pressure Transvenous Limb Perfusion With 0.9% Saline in Human
Muscular Dystrophy. Mol Ther (epub ahead of print).

100. Mays, LE, Vandenberghe, LH, Xiao, R, Bell, P, Nam, H), Agbandje-McKenna, M et al.
(2009). Adeno-associated virus capsid structure drives CD4-dependent CD8+ T cell
response to vector encoded proteins. | Immunol 182: 6051-6060.

101.Lin, SW, Hensley, SE, Tatsis, N, Lasaro, MO and Ertl, HC (2007). Recombinant adeno-
associated virus vectors induce functionally impaired transgene product-specific CD8+
T cells in mice. / Clin Invest 117: 3958-3970.

102.Miller, O}, Kaul, F, Weitzman, MD, Pasqualini, R, Arap, W, Kleinschmidt, JA et al.
(2003). Random peptide libraries displayed on adeno-associated virus to select for
targeted gene therapy vectors. Nat Biotechnol 21: 1040-1046.

103. Michelfelder, S and Trepel, M (2009). Adeno-associated viral vectors and their
redirection to cell-type specific receptors. Adv Genet 67: 29-60.

104.Chen, YH, Chang, M and Davidson, BL (2009). Molecular signatures of disease brain
endothelia provide new sites for CNS-directed enzyme therapy. Nat Med
15:1215-1218.

105.Koerber, |T, Klimczak, R, Jang, JH, Dalkara, D, Flannery, |G and Schaffer, DV (2009).
Molecular evolution of adeno-associated virus for enhanced glial gene delivery.

Mol Ther 17: 2088-2095.

106.)ang, JH, Koerber, |T, Kim, |S, Asuri, P, Vazin, T, Bartel, M et al. (2011). An evolved
adeno-associated viral variant enhances gene delivery and gene targeting in neural
stem cells. Mol Ther 19: 667-675.

107.Rapti, K, Louis-Jeune, V, Kohlbrenner, E, Ishikawa, K, Ladage, D, Zolotukhin, S
et al. (2011). Neutralizing Antibodies Against AAV Serotypes 1, 2, 6, and 9 in Sera of
Commonly Used Animal Models. Mol Ther (epub ahead of print).

108.Maheshri, N, Koerber, |T, Kaspar, BK and Schaffer, DV (2006). Directed evolution of
adeno-associated virus yields enhanced gene delivery vectors. Nat Biotechnol
24:198-204.

109.Maersch, S, Huber, A, Blning, H, Hallek, M and Perabo, L (2010). Optimization of
stealth adeno-associated virus vectors by randomization of immunogenic epitopes.
Virology 397: 167-175.

110. Excoffon, K|, Koerber, |T, Dickey, DD, Murtha, M, Keshavjee, S, Kaspar, BK et al.
(2009). Directed evolution of adeno-associated virus to an infectious respiratory virus.
Proc Natl Acad Sci USA 106: 3865-3870.

111.Li, W, Zhang, L, Johnson, S, Zhijian, W, Grieger, JC, Ping-Jie, X et al. (2009).
Generation of novel AAV variants by directed evolution for improved CFTR delivery to
human ciliated airway epithelium. Mol Ther 17: 2067-2077.

112.Yang, L, Jiang, J, Drouin, LM, Agbandje-McKenna, M, Chen, C, Qiao, C et al. (2009).
A myocardium tropic adeno-associated virus (AAV) evolved by DNA shuffling and
in vivo selection. Proc Natl Acad Sci USA 106: 3946-3951.

113.Pulicherla, N, Shen, S, Yadav, S, Debbink, K, Govindasamy, L, Agbandje-McKenna,
M et al. (2011). Engineering Liver-detargeted AAV9 Vectors for Cardiac and
Musculoskeletal Gene Transfer. Mol Ther 19: 1070-1078.

114.Dalkara, D, Kolstad, KD, Guerin, KI, Hoffmann, NV, Visel, M, Klimczak, RR
et al. (2011). AAV mediated GDNF secretion from retinal glia slows down retinal
degeneration in a rat model of retinitis pigmentosa. Mol Ther 19: 1602-1608.

115.Maguire, CA, Gianni, D, Meijer, DH, Shaket, LA, Wakimoto, H, Rabkin, SD et al.
(2010). Directed evolution of adeno-associated virus for glioma cell transduction.
| Neurooncol 96: 337-347.

116.Gray, S, Blake, BL, Criswell, HE, Nicolson, SC, Samulski, R], McCown, T] et al.
(2010). Directed evolution of a novel adeno-associated virus (AAV) vector that
crosses the seizure-compromised blood-brain barrier (BBB). Mol Ther 18:
570-578.

117.Dickey, DD, Bergen, ], Nassar, B, Steines, B, Excoffon, K|, Schaffer, DV et al.
(2011). Directed evolution of AAV in pig airway epithelia in vivo. Mol Ther 19:
$251.

118. Lisowski, L, Chu, K and Kay, MA (2011). Shuffled AAV library selection on human
hepatocytes in vivo. Mol Ther 19: $128-S129.

119.Wu, Z, Miller, E, Agbandje-McKenna, M and Samulski, R| (2006). Alpha2,3 and
alpha2,6 N-linked sialic acids facilitate efficient binding and transduction by adeno-
associated virus types 1 and 6. | Viro/ 80: 9093-9103.

120. Weller, ML, Amornphimoltham, P, Schmidt, M, Wilson, PA, Gutkind, ]S and Chiorini,
JA (2010). Epidermal growth factor receptor is a co-receptor for adeno-associated
virus serotype 6. Nat Med 16: 662-664.

121.Ng, R, Govindasamy, L, Gurda, BL, McKenna, R, Kozyreva, OG, Samulski, R] et al.
(2010). Structural characterization of the dual glycan binding adeno-associated virus
serotype 6. | Virol 84: 12945-12957.

707



The AAV Vector Toolkit Version 2.0

122. Summerford, C and Samulski, R| (1998). Membrane-associated heparan sulfate
proteoglycan is a receptor for adeno-associated virus type 2 virions. / Virol
72:1438-1445.

123.Qing, K, Mah, C, Hansen, |, Zhou, S, Dwarki, V and Srivastava, A (1999). Human
fibroblast growth factor receptor 1 is a co-receptor for infection by adeno-associated
virus 2. Nat Med 5: 71-77.

124.Akache, B, Grimm, D, Pandey, K, Yant, SR, Xu, H and Kay, MA (2006). The
37/67-kilodalton laminin receptor is a receptor for adeno-associated virus serotypes 8,
2,3,and 9. ] Virol 80: 9831-9836.

125. Kashiwakura, Y, Tamayose, K, lwabuchi, K, Hirai, Y, Shimada, T, Matsumoto, K et al.
(2005). Hepatocyte growth factor receptor is a coreceptor for adeno-associated virus type
2 infection. J Virol 79: 609-614.

126.Summerford, C, Bartlett, ]S and Samulski, R] (1999). AlphaVbeta5 integrin:

a co-receptor for adeno-associated virus type 2 infection. Nat Med 5: 78-82.

127.Asokan, A, Hamra, |B, Govindasamy, L, Agbandje-McKenna, M and Samulski, R]
(2006). Adeno-associated virus type 2 contains an integrin alphaSbetal binding
domain essential for viral cell entry. / Virol 80: 8961-8969.

128.Xie, Q, Bu, W, Bhatia, S, Hare, ], Somasundaram, T, Azzi, A et al. (2002). The atomic
structure of adeno-associated virus (AAV-2), a vector for human gene therapy.

Proc Natl Acad Sci USA 99: 10405-10410.

129.Gao, GP, Alvira, MR, Wang, L, Calcedo, R, Johnston, | and Wilson, |M (2002). Novel
adeno-associated viruses from rhesus monkeys as vectors for human gene therapy.
Proc Natl Acad Sci USA 99: 11854-11859.

130.Nam, HJ, Lane, MD, Padron, E, Gurda, B, McKenna, R, Kohlbrenner, E et al. (2007).
Structure of adeno-associated virus serotype 8, a gene therapy vector. J. Virol.
81:12260-12271.

131.Mori, S, Wang, L, Takeuchi, T and Kanda, T (2004). Two novel adeno-associated
viruses from cynomolgus monkey: pseudotyping characterization of capsid protein.
Virology 330: 375-383.

708

© The American Society of Gene & Cell Therapy

132.Shen, S, Bryant, KD, Brown, SM, Randell, SH and Asokan, A (2011). Terminal N-linked
galactose is the primary receptor for adeno-associated virus 9. | Biol Chem 286:
13532-13540.

133. Lerch, TF, Xie, Q and Chapman, MS (2010). The structure of adeno-associated virus
serotype 3B (AAV-3B): insights into receptor binding and immune evasion. Virology
403: 26-36.

134.Ling, C, Lu, Y, Kalsi, JK, Jayandharan, GR, Li, B, Ma, W et al. (2010). Human
hepatocyte growth factor receptor is a cellular coreceptor for adeno-associated virus
serotype 3. Hum Gene Ther 21: 1741-1747.

135.Kaludov, N, Brown, KE, Walters, RW, Zabner, ] and Chiorini, JA (2001). Adeno-
associated virus serotype 4 (AAV4) and AAVS5 both require sialic acid binding for
hemagglutination and efficient transduction but differ in sialic acid linkage specificity.
J Virol 75: 6884-6893.

136. Govindasamy, L, Padron, E, McKenna, R, Muzyczka, N, Kaludov, N, Chiorini, JA
et al. (2006). Structurally mapping the diverse phenotype of adeno-associated virus
serotype 4. | Virol 80: 11556-11570.

137.Walters, RW, Yi, SM, Keshavjee, S, Brown, KE, Welsh, MJ, Chiorini, JA et al. (2001).
Binding of adeno-associated virus type 5 to 2,3-linked sialic acid is required for gene
transfer. | Biol Chem 276: 20610-20616.

138.Di Pasquale, G, Davidson, BL, Stein, CS, Martins, |, Scudiero, D, Monks, A et al.
(2003). Identification of PDGFR as a receptor for AAV-5 transduction. Nat Med 9:
1306-1312.

139. Walters, RW, Agbandje-McKenna, M, Bowman, VD, Moninger, TO, Olson, NH, Seiler,
M et al. (2004). Structure of adeno-associated virus serotype 5. | Virol 78: 3361-3371.

140. Gao, G, Lu, Y, Calcedo, R, Grant, RL, Bell, P, Wang, L et al. (2006). Biology of AAV serotype
vectors in liver-directed gene transfer to nonhuman primates. Mol Ther 13: 77-87.

141.Wang, L, Louboutin, |P, Bell, P, Greig, JA, Li, Y, Wu, D et al. (2011). Muscle-directed
gene therapy for hemophilia B with more efficient and less immunogenic AAV vectors.
J Thromb Haemost 9: 2009-2019.

www.moleculartherapy.org vol. 20 no. 4 apr. 2012



