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deno-associated viruses (AAV) are

non-pathogenic members of the
Parvoviridae family that are being har-
nessed as delivery vehicles for both basic
research and increasingly successful clini-
cal gene therapy. To address a number of
delivery shortcomings with natural AAV
variants, we have developed and imple-
mented directed
throughput

approach to generate novel biomolecules

evolution—a  high-
molecular  engineering
with enhanced function—to create novel
AAV vectors that are designed to prefer-
entially transduce specific cell types in
the system (CNS),
including astrocytes, neural stem cells,
and cells within the retina. These novel
AAV  vectors—which have enhanced
infectivity #n vitro and enhanced infectiv-
ity and selectivity in vivo—can enable
more efficient studies to further our
understanding of neurogenesis, develop-
ment, aging, and disease. Furthermore,

central nervous

such engineered vectors may aid gene or
cell replacement therapies to treat neuro-
degenerative disease or injury.

Adeno-Associated Virus
Background

Adeno-associated viruses (AAV) are a
family of parvoviruses with a 4.7 kb sin-
gle-stranded  DNA genome contained
inside a non-enveloped capsid.1 The viral
genome has 2 inverted terminal repeats
(ITR)—which function as the viral origin
of replication and packaging signal—
flanking 2 primary open reading frames
(ORF): rep (encoding proteins that func-
tion in viral replication, transcriptional
regulation, site-specific integration, and
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virion assembly) and czp." The cap ORF
codes for 3 structural proteins that assem-
ble to form a 60-mer viral capsid." Many
naturally occurring AAV  variants and
serotypes have been isolated,”® and none
has been associated with human disease.
Additionally, recombinant versions of
AAV can be used as gene delivery vectors,
where a marker or therapeutic gene of
interest is inserted between the ITRs in
place of rep and cap.” These vectors have
been shown to transduce both dividing
and non-dividing cells 7 vizro and in vivo
and can result in stable transgene expres-
sion for years in post-mitotic tissue.'

Directed Evolution of Adeno-
Associated Virus for CNS Targets

Differences in the protein capsid
sequences of the natural AAV serotypes
are associated with different gene transfer
properties. Therefore, strategic modifica-
tions to the cap gene have the potential to
yield delivery properties that are distinct
from, and potentially highly advantageous
compared to, any of the natural AAV var-
iants. While rational design has the poten-
tial to increase the efficiency of AAV
vectors, incomplete knowledge of viral
delivery mechanisms coupled with the
vast range of possible sequence modifica-
tions argues for unbiased, high-through-
put algorithms for AAV engineering. In
particular, we have developed directed
vector evolution as a high-throughput
molecular engineering approach to suc-
cessfully generate novel, “designer” AAV
variants with specific sequence modifica-
tions that enable them to overcome formi-
dable barriers to efficient gene delivery in
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a broad range of applications.lo_14 Within
this process, highly diverse libraries com-
posed of ~10"-10° genetic variants of the
AAV cap gene are iteratively subjected to
selective pressures, resulting in enhanced
gene delivery properties such as altered
receptor binding, neutralizing antibody-
evasion capabilities, and novel cell tro-
pism, 10-13

Directed evolution has for example
been applied to create novel AAV vectors
designed to overcome gene delivery bar-
riers and/or preferentially transduce spe-
cific cell types in the central nervous
system.">'® For instance, because natural
AAV  serotypes preferentially transduce
neurons,’” ' research has also been
undertaken to develop AAV vectors that
are capable of efficient transduction of
other neural cells.'®'® For example,
Koerber et al. utilized a diverse library of
AAV variants generated through DNA
shuffling, random mutatgenesis, and sur-
face loop replacement to evolve vectors for
the ability to infect primary human astro-
cytes in culture.'® The resulting vectors
transduced between 2-fold and 15-fold
more primary human astrocytes compared
to AAV serotype 2 (AAV2)."® Two var-
iants tested 7z vivo also transduced 3.3-
fold and 5.5-fold more astrocytes than
wild-type AAV2 within the rat striatum
following intracranial injection.16 These 2
variants display similar peptide motifs at
amino acid 262 (in loop 2 of the AAV
capsid), which may enhance cell binding
or internalization.'®

Using a library of shuffled cap genes
from several wild-type serotypes, Gray
et al. isolated AAV variants capable of
gaining access via intravenous administra-
tion to regions of the brain in which sei-
zure had compromised the blood-brain
barrier."> After kainic acid-induced sei-
zure, 2 clones composed primarily of
wild-type AAV1, 8, and 9 could transduce
cells in the piriform cortex and ventral
hippocampus of rats upon tail vein
administration of the vectors, but no
transduction occurred in brain areas where
the blood-brain barrier was not compro-
mised.’”” Within these brain areas, the
variants efficiently transduced oligoden-
drocytes and neurons, but not astrocytes
or microglia.'”” Comparison of the i
vivo biodistribution of these clones with
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parental serotypes AAV1, 8, and 9
revealed that the portion of AAVS
within these clones likely led to the
ability to cross the seizure compromised
barrier, while the AAV1 portions of the
clones likely led to peripheral organ
transduction pattern.

In addition to efforts to target largely
postmitotic cells, Jang etal. applied
directed evolution to engineer an AAV
variant capable of efficient neural stem cell
(NSC) transduction.” Using a cap library
generated by DNA shuffling, random
mutagenesis, and random peptide inser-
tion, selection for the ability to infect cul-
tured adult hippocampal NSCs yielded
AAV 13.45, an AAV2 variant with a 7
amino acid peptide insertion at position
588."” Compared to wild-type AAV2,
AAV 13.45 mediated 50-fold increased
transduction of rat NSCs and significantly
increased transduction of murine NSCs,
human fetal NSCs, and human embryonic
stem cell (hESC) derived neural progeni-
tor cells in vitro.'” A subsequent study
showed that within an hESC-derived cul-
ture containing a mixture of cells includ-
ing NSCs, neurons, and astrocytes, the
percentage of NSCs infected by AAV
r3.45 was significantly higher compared
to wild-type AAV.'® The variants still
bound heparan proteoglycans
(HSPG, AAV2s primary receptor),
though peptide insertion at amino acid
588 in the parental AAV2 capsid lowered
AAV 3.45s HSPG affinity. In addition,
the inserted peptide, which did not have
homology to any known cell surface pro-

sulfate

teins, likely conferred affinity to an unde-
secondary  receptor  that
potentially mediated viral internaliza-
tion."” AAV 13.45 also efficiently and
preferentially transduced rat and mouse
NSCs following intracranial administra-

termined

tion to the hippocampus. Approximately
65% of the cells transduced in the rat hip-
pocampus by AAV r3.45 were Type 2a
NSCs, and 9% were Type 1 NSCs.'® Fur-
thermore, 60% of Type 2a NSCs and
41% of the Type 1 NSCs, respectively,
were transduced by AAV r3.45 in the rat
brain.'® Similarly, in the mouse brain
approximately 38% of Type 2a NSCs
were transduced in the hippocampus.'®
There has
work in engineering novel AAVs for

also been considerable
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delivery to the neuroretina. The cells
most commonly involved in retinal dis-
ease, photoreceptors and retinal pigment
epithelium, are located in the outer ret-
ina, separated from the vitreous fluid of
the eye by the inner limiting membrane
and several dense cell layers. As a result,
no natural AAVs are capable of trans-
ducing these cells following an intravi-
treal injection, a preferred, noninvasive
route of administration that could con-
ceivably enable vector to transduce the
entire retinal surface area. Therefore,
clinical trials conducted to date—which
have been increasingly successful for
Leber’s congenital amaurosis type 222724
and choroideremia®>—have relied on
vector administration via subretinal
injection, a surgery that can damage
both healthy and diseased retinas and
that results in transduction in a relatively
small portion of the retina.

Two vectors capable of improved outer
retinal transduction upon intravitreal
injection have recently been developed in
rodent. First, Klimczak et al. engineered
an AAV variant, ShH10, capable of highly
specific (over 94% of transduced cells)
and efficient infection of Miiller cells, glial
cells that span the thickness of the retina,
when delivered intravitreally.”® Further
analysis of the individual point mutations
in ShH10 revealed that its N451D muta-
tion decreased the variant’s dependence
on N-linked sialic acids, and this single
point mutation was sufficient to cause
intravitreal Muller cell tropism. In addi-
tion, the D532N mutation appears to
increase affinity to HSPG, which are not a
receptor for the parental AAV6.%® In a
subsequent study, this vector mediated
broad expression of glial cell-derived neu-
rotropic factor (GDNF), which slowed
retinal degeneration in a rat model of reti-
nitis pigmentosal.27

In another study, using 77 vive directed
evolution in a mouse, Dalkara et al. gener-
ated the AAV variant 7m8, which was
capable of transporting genetic cargo
through the retina and directly infecting
photoreceptors after intravitreal deliv-
ery.'® The peptide insertion at amino acid
588 in the parental AAV2 capsid lowered
7m8s affinity for HSPG, though infectiv-
ity was still HSPG-dependent.14 In addi-

tion, the 7 amino acid peptide insertion at
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588 mediated
higher gene expression in mouse photore-
ceptors in vivo compared to wild-type
AAV, and led to the functional rescue of
murine models of X-linked retinoschisis

position substantially

and Leber’s congenital amaurosis type 2.4

Applications of Engineered Viral
Vectors to the Study of the CNS

There has been a strong and increas-
ing interest in applying newly developed
technologies—ranging from  optoge-

. . 29,
to site-specific nucleases®”*’—

netics™® to
investigate basic neuroscience problems
including neurodevelopment, adult neu-
rogenesis, brain activity mapping,31
learning and memory, CNS aging, and
human neurological disease biology. As
model systems for investigation in each
of these areas, transgenic and mutant
mice offer the capacity to study the
effects of targeted gene

modifications in vivo environ-

functional
in an
ment. For example, in the area of adult
neurogenesis, transgenic mouse lines

such as the Nestin-CreER"?
enabled a

mouse
have number of basic
advances.>*>* However, deriving new
lines to study each new gene is highly
time and labor intensive, taking months
to years to create, and their application
to study phenotypes associated with
aging or neurodegenerative disease
models adds considerably more time.*’
Furthermore, the mouse genetics
“infrastructure” is not available in other
organisms, such as large animals.

As a versatile and powerful alterna-
tive, efficient and selective gene deliv-
ery to specific cell types within the
CNS offers the potential to greatly
accelerate basic investigation. Com-
pared to a months-to-years timeframe
to generate (and, if relevant, age) a
new mouse, studies involving targeted
gene delivery with a wild type mouse
can proceed from design to data in a
matter of weeks, even taking into
account the time needed for surgery.
For example, different studies have
implicated Wnt/B-catenin signaling in
both the self-renewal and the lineage
commitment of adult hippocampal
cells,

stem ostensibly contradictory
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results.>*?%3% To address this ques-
the NSC-selective AAV r3.45

harnessed constitu-

tion,
was to deliver
tively-active B-catenin (CA B-catenin)
in the mouse hippocampus.'® The
result was significant increases in the
number of NSCs, neural progenitor
cells, and neurons in the hippocam-
pus, indicating that B-catenin signal-
ing neurogenesis
modulating both proliferation and dif-
ferentiation of NSCs. This first use of

an engineered, targeted AAV to inves-

increases via

tigate neurogenesis presages future
studies with, for example, astrocyte or
NSC-selective vectors to study cell-
extrinsic>®?? and cell-intrinsic mecha-
nisms that control NSC quiescence,
proliferation, self-renewal, and
differentiation.

In the retina, the Miller cell-tropic
AAV vector ShH10 was utilized to
study the role of glial cell secretion of
ciliary neurotrophic factor (CNTEF) in
regeneration. ShH10-mediated
expression of CNTF was sufficient to
promote long-distance regeneration of

severed optic axons in a mouse optic

axonal

nerve crush trauma model.*> The effi-
cient and selective transduction of glial
cells in the retina and subsequent
CNTFR secretion resulted in sustained
regeneration and protection of axons in
the This study also
reported previously unexplored aspects
of the mechanism of CNTFR-mediated
neuronal growth, including the induc-
tion of massive ectopic sprouting of

. 40
optic nerve.

axons in the retina and axonal misguid-
ance in the absence of additional guid-
ance signaling.40 AAV variants ShH10
and 7m8 were also used to elucidate
the mechanism by which cellular reti-
naldehyde-binding protein (CRALBP)
supports cone photoreceptor function.*!
In particular, Xue ez al. utilized ShH10-
mediated expression of CRALBP in
Miiller cells and 7m8-mediated expres-
sion of CRALBP in retinal pigment epi-
thelia in mice lacking the Rlbpl gene
(which encodes CRALBP) to determine
that rescuing CRALBP expression spe-
cifically in Muller cells but not in reti-
nal pigment epithelia improved M-cone
sensitivity and restored the retinal visual

cycle in these mice.
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Considerations for Future
Engineering of AAV for Central
Nervous System Administration

Different natural and engineered AAV
variants have delivery properties that vary
by cell type, tissue target, and species;
therefore, the variant must be carefully
chosen to suit a given application. For
example, although different natural AAV
serotypes share some highly conserved
capsid regions, there are 9 hypervariable
regions*? that result in differences in cell
surface receptor binding and tissue tro-
pism.”® In a study comparing the biodis-
tribution of AAV1-9 following tail vein
administration to mice, differences in
both transduction efficiency and specificity
of the various serotypes could be
observed.*> For example, AAV2 transduc-
tion resulted in 26- to 30-fold more gene
expression from the liver compared to the
skeletal muscle and heart, respectively.”®
AAVG6 gene expression from the heart
was 2.7- to 4.7-fold higher than gene
expression in the skeletal muscle or
liver.®  AAV9 broadly transduced the
heart, liver, lungs, and skeletal muscle tis-
sues evaluated.®

Furthermore, the transduction efficien-
cies and biodistributions of various AAV
serotypes differ between animal species. In
mice and non-human primates, the natu-
ral serotype AAV8 has a much greater liver
transduction efficiency compared to
AAV2.** However, in clinical trials for
hemophilia B, AAV2 and AAVS vectors
mediated similar peak levels of Factor IX
protein expression in patients.45’46 These
species differences are also seen with engi-
neered AAV vectors. Despite strong trans-
duction in the mouse retina using the
variant 7m8, infection in the non-human
primate retina was limited.'* These proof
of concept studies in mouse thus illustrate
another consideration for directed evolu-
tion: gene delivery barriers change with
species, and thus vectors engineered for
optimized delivery in rodents may not
translate to large animals or to patients.
However, future engineering in large ani-
mal models may yield vectors with a
strong translational path to human clinical
studies.

In addition to engineering AAV var-
iants for specificity to certain cell types or
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tissues as described above, another mecha-
nism for restricting gene expression to a
cell type of interest is to engineer the pay-
load being delivered. Endogenous, cell-
type specific promoters have commonly
been used to restrict expression to specific
cells. For example, a rhodopsin promoter
can mediate AAV-mediated gene expres-
sion specifically in rod photoreceptors.'®
Alternatively, the incorporation of short
target sequences for tissue-specific micro-
RNA into the transgene cassette can be
used to detarget gene expression from spe-
cific tissues. When cells that express the
corresponding microRNA are transduced,
binding of the microRNA to the vector
payload functions to downregulate expres-
sion of the transgene. This strategy has
been employed to show that expression
from AAV vectors can be reduced using
liver-specific,” ™’ heart-specific,” and
antigen presenting cell-specific’® micro-
RNA. The use of promoters or microRNA
regulatory elements to express the trans-
gene only from the cell type of interest
will help reduce off-target gene expression
or possible immune responses to the trans-
gene resulting from antigen presentation
of the therapeutic protein. The use of
endogenous promoters can also serve to
decrease the level of expression in cells of
interest compared to stronger viral pro-
moters, which could in some cases main-
tain within  a

transgene expression

therapeutic efficacy window.

Clinical Applications of
Engineered AAV in the Central
Nervous System

In addition to basic studies, gene
delivery can be harnessed for gene or
cell replacement therapies to treat neuro-
degenerative disease or injury. A number
of CNS clinical trials have established
safety but not strong evidence for effi-
cacy to date, and enhanced vectors may
aid future clinical efforts. For example,
delivery of aspartoacylase (for Canavan’s
disease) and CLN2 (for late infantile
neuronal ceroid lipofuscinosis) trans-
genes using natural AAV have been
established as safe.”'>* Use of an engi-
neered vector that achieves more effi-
spread thus  broader

cient and
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transduction of the central nervous sys-
tem could improve efficacy for these
AAV-mediated
delivery of transgenes such as aromatic
L-amino acid decarboxylase (AADC),
glutamic acid decarboxylase (GAD), and

monogenic  disorders.

glial  derived  neurotrophic  factor
(GDNF) have been explored in clinical
53-58 though

these trials have not yet achieved the

trials for Parkinson’s disease,

efficacy necessary to become a treatment,
potentially due to limited delivery effi-
ciency. In one study, the AAV2 vectors
used in the AADC cdlinical trial trans-
duced only 5-6% of neurons near the
injection site in the nonhuman primate
brain.”” Use of an engineered vector for
higher infectivity and broader distribu-
tion could again yield higher efficacy in
such studies.

Analogously, within the eye, subreti-
nal injections of AAV2 vectors have
yielded highly promising results in clin-
ical trials for Leber’s congenital amau-
rosis type 2 and choroideremia.***’
However, many additional retinal dis-
cases that are candidates for gene ther-
apy feature heavily damaged retinas
that would benefit from non-invasive
delivery via the vitreous, which can
also offer broader expression across the
retina compared to a subretinal injec-
tion. Engineered AAV  variants are
needed for outer retinal transduction
from the vitreous. As a final example
of future potential applications, induc-
ible, conditional expression of the fmrl
gene in NSCs resulted in restoration of
fragile X mental retardation protein
expression specifically in adult NSCs
and rescued mice from learning deficits
in a murine model of fragile X syn-
drome.®® Use of an NSC-specific gene
delivery vector could offer a path for
clinical translation.

Gene delivery vectors based on adeno-
associated virus (AAV) have emerged as
effective research tools and promising clin-
ical vectors. Although the central nervous
system presents many barriers to delivery,
novel, engineered AAV vectors capable of
more efficient delivery, more specific tar-
geting, and broader transduction are
increasingly helping to surmount these
challenges and further enable biomedical

research in the CNS.

Neurogenesis

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were

disclosed.

References

1. Knipe DM, Howley PM. Fields’ Virology. Lippin-
cott Williams & Wilkins, Philadelphia, PA, USA,
2007.

2. Gao G-P, Alvira MR, Wang L, Calcedo R, Johnston
J, Wilson JM. Novel adeno-associated viruses from
rhesus monkeys as vectors for human gene therapy.
Proc Natl Acad Sci U S A 2002; 99:11854-9;
PMID:12192090; http://dx.doi.org/10.1073/
pnas.182412299

3. Atchison RW, Casto BC, Hammon WM. Adenovirus-
Associated Defective Virus Particles. Science 1965;
149:754—06; PMID:14325163;  htep://dx.doi.org/
10.1126/science.149.3685.754

4. Hoggan MD, Blacklow NR, Rowe WP. Studies of small
DNA viruses found in various adenovirus preparations:
physical, biological, and immunological characteristics. Proc
Natl Acad Sci U S A 1966; 55:1467-74; PMID:5227666;
http://dx.doi.org/10.1073/pnas.55.6.1467

5. Blacklow NR, Hoggan MD, Rowe WP. Isolation of
adenovirus-associated viruses from man. Proc Natl
Acad Sci U S A 1967; 58:1410-5; PMID:4295829;
http://dx.doi.org/10.1073/pnas.58.4.1410

6. Bantel-Schaal U, zur Hausen H. Characterization of the
DNA of a defective human parvovirus isolated from a
genital site. Virology 1984; 134:52-63;
PMID:6324476; http://dx.doi.org/10.1016/0042-6822
(84)90271-X

7. Mayor HD, Melnick JL. Small deoxyribonucleic acid-
containing viruses (picodnavirus group). Nature 1966;
210:331-2; PMID:5954583; heep://dx.doi.org/
10.1038/210331a0

8. Mori S, Wang L, Takeuchi T, Kanda T. Two novel
adeno-associated viruses from cynomolgus monkey:
pseudotyping characterization of capsid protein.
Virology 2004; 330:375-83; PMID:15567432;
http://dx.doi.org/10.1016/j.virol.2004.10.012

9. Flotte TR. Gene therapy progress and prospects: recom-
binant adeno-associated virus (rAAV) vectors. Gene
Ther 2004; 11:805-10; PMID:15042119; http://dx.
doi.org/10.1038/sj.gt.3302233

10. Maheshri N, Koerber JT, Kaspar BK, Schaffer D V.
Directed evolution of adeno-associated virus yields
enhanced gene delivery vectors. Nat Biotechnol 20065
24:198-204; PMID:16429148;  http://dx.doi.org/
10.1038/nbt1182

11. Koerber JT, Jang J-H, Schaffer DV. DNA shuffling of
adeno-associated virus yields functionally diverse viral
progeny. Mol Ther 2008; 16:1703-9; PMID:18728640;
htep://dx.doi.org/10.1038/mt.2008.167

12. Excoffon KJD, Koerber JT, Dickey DD, Murtha M,
Keshavjee S, Kaspar BK, Zabner J, Schaffer DV.
Directed evolution of adeno-associated virus to an
infectious respiratory virus. Proc Natl Acad Sci U S A
2009; 106:3865-70; PMID:19237554; http://dx.doi.
org/10.1073/pnas.0813365106

13. Asuri P, Bartel MA, Vazin T, Jang J-H, Wong TB,
Schaffer DV. Directed evolution of adeno-associated
virus for enhanced gene delivery and gene targeting in
human pluripotent stem cells. Mol Ther 2012; 20:329—
38;  PMID:22108859;  http://dx.doi.org/10.1038/
mt.2011.255

14. Dalkara D, Byrne LC, Klimczak RR, Visel M, Yin L,
Merigan WH, Flannery JG, Schaffer DV. In vivo-
directed evolution of a new adeno-associated virus for
therapeutic outer retinal gene delivery from the vitre-
ous. Sci Transl Med 2013; 5:189ra76; http://dx.doi.
0rg/10.1126/scitranslmed.3005708

15. Gray S], Blake BL, Criswell HE, Nicolson SC, Samul-
ski RJ, McCown TJ, Li W. Directed evolution of a
novel adeno-associated virus (AAV) vector that crosses

Volume 2 Issue 1


http://dx.doi.org/10.1073/pnas.182412299
http://dx.doi.org/10.1073/pnas.182412299
http://dx.doi.org/10.1126/science.149.3685.754
http://dx.doi.org/10.1126/science.149.3685.754
http://dx.doi.org/10.1073/pnas.55.6.1467
http://dx.doi.org/10.1073/pnas.58.4.1410
http://dx.doi.org/10.1016/0042-6822(84
http://dx.doi.org/10.1016/0042-6822(84
http://dx.doi.org/10.1038/210331a0
http://dx.doi.org/10.1038/210331a0
http://dx.doi.org/10.1016/j.virol.2004.10.012
http://dx.doi.org/10.1038/sj.gt.3302233
http://dx.doi.org/10.1038/sj.gt.3302233
http://dx.doi.org/10.1038/nbt1182
http://dx.doi.org/10.1038/nbt1182
http://dx.doi.org/10.1038/mt.2008.167
http://dx.doi.org/10.1073/pnas.0813365106
http://dx.doi.org/10.1073/pnas.0813365106
http://dx.doi.org/10.1038/mt.2011.255
http://dx.doi.org/10.1038/mt.2011.255
http://dx.doi.org/10.1126/scitranslmed.3005708
http://dx.doi.org/10.1126/scitranslmed.3005708

20.

21.

22.

23.

24.

25.

26.

27.

28.

the seizure-compromised blood-brain barrier (BBB).
Mol Ther 2010; 18:570-8; PMID:20040913; http://
dx.doi.org/10.1038/mt.2009.292

. Koerber JT, Klimczak R, Jang J-H, Dalkara D, Flan-

nery JG, Schaffer DV. Molecular evolution of adeno-
associated virus for enhanced glial gene delivery. Mol
Ther 2009; 17:2088-95; PMID:19672246; http://dx.
doi.org/10.1038/mt.2009.184

. Jang J-H, Koerber JT, Kim J-S, Asuri P, Vazin T, Bartel

M, Keung A, Kwon I, Park KI, Schaffer DV. An
evolved adeno-associated viral variant enhances gene
delivery and gene targeting in neural stem cells. Mol
Ther 2011; 19:667-75; PMID:21224831; htep://dx.
doi.org/10.1038/mt.2010.287

. Kotterman MA, Vazin T, Schaffer D V. Enhanced

selective gene delivery to neural stem cells in vivo by an
adeno-associated viral variant. Development 2015;
142:1885-92; PMID:25968319;  http://dx.doi.org/
10.1242/dev.115253

. Davidson BL, Stein CS, Heth JA, Martins I, Kotin RM,

Derksen TA, Zabner J, Ghodsi A, Chiorini JA. Recom-
binant adeno-associated virus type 2, 4, and 5 vectors:
transduction of variant cell types and regions in the
mammalian central nervous system. Proc Natl Acad Sci
U S A 2000; 97:3428-32; PMID:10688913; http://dx.
doi.org/10.1073/pnas.97.7.3428
Harding TC, Dickinson PJ, Roberts BN, Yendluri S,
Gonzalez-Edick M, Lecouteur RA, Jooss KU. Enhanced
gene transfer efficiency in the murine striatum and an
orthotopic glioblastoma tumor model, using AAV-7-
and AAV-8-pseudotyped vectors. Hum Gene Ther
2006; 17:807-20; PMID:16942441; http://dx.doi.org/
10.1089/hum.2006.17.807
Klein RL, Dayton RD, Tatom JB, Henderson KM,
Henning PP. AAVS, 9, Rh10, Rh43 vector gene trans-
fer in the rat brain: effects of serotype, promoter and
purification method. Mol Ther 2008; 16:89-96;
PMID:17955025; heep://dx.doi.org/10.1038/s).
mt.6300331
Bainbridge JWB, Smith AJ, Barker SS, Robbie S, Hen-
derson R, Balaggan K, Viswanathan A, Holder GE,
Stockman A, Tyler N, et al. Effect of gene therapy on
visual function in Leber’s congenital amaurosis. N Engl
J Med 2008; 358:2231-9; PMID:18441371; http://dx.
doi.org/10.1056/NEJM0a0802268
Maguire A, Simonelli F. Safety and efficacy of gene
transfer for Leber’s congenital amaurosis. N Engl ] Med
2008; 358:2240-8; PMID:18441370; http://dx.doi.
0rg/10.1056/NEJM0a0802315
Maguire AM, High KA, Auricchio A, Wright JF, Pierce
EA, Testa F, Mingozzi F, Bennicelli JL, Ying GS, Rossi
S, et al. Age-dependent effects of RPEG5 gene therapy
for Leber’s congenital amaurosis: a phase 1 dose-escala-
Lancet 2009; 374:1597-605;
htep://dx.doi.org/10.1016/S0140-

tion trial.
PMID:19854499;
6736(09)61836-5
MacLaren RE, Groppe M, Barnard AR, Cottriall CL,
Tolmachova T, Seymour L, Clark KR, During M]J,
Cremers FP, Black GC, et al. Retinal gene therapy in
patients with choroideremia: initial findings from a
phase 1/2 clinical trial. Lancet 2014; 6736:2117-20.
Klimczak RR, Koerber JT, Dalkara D, Flannery JG,
Schaffer DV. A novel adeno-associated viral variant for
efficient and selective intravitreal transduction of rat

Miiller  cells.  PLoS One 2009;  4:7467;
PMID:19826483;  http://dx.doi.org/10.1371/journal.
pone.0007467

Dalkara D, Kolstad KD, Guerin KI, Hoffmann NV,
Visel M, Klimczak RR, Schaffer DV, Flannery JG.
AAV Mediated GDNF Secretion From Retinal Glia
Slows Down Retinal Degeneration in a Rat Model of
Retinitis Pigmentosa. Mol Ther 2011; 19:1602-8;
PMID:21522134; hetp://dx.doi.org/10.1038/
mt.2011.62

Yizhar O, Fenno LE, Davidson TJ, Mogri M, Deisser-
oth K. Optogenetics in neural systems. Neuron 2011;
71:9-34; PMID:21745635; http://dx.doi.org/10.1016/
j-neuron.2011.06.004

www.tandfonline.com

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Doudna JA, Charpentier E. The new fronter of
genome engineering with CRISPR-Cas9. Science 2014;
346:1258096; PMID:25430774

Swiech L, Heidenreich M, Banerjee A, Habib N, Li Y,
Trombetta J, Sur M, Zhang F. In vivo interrogation of
gene function in the mammalian brain using CRISPR-
Cas9. Nat Biotechnol 2014; 33:102-6;
PMID:25326897; http://dx.doi.org/10.1038/nbt.3055

Alivisatos AP, Chun M, Church GM, Deisseroth K,
Donoghue JP, Greenspan R], McEuen PL, Roukes
ML, Sejnowski TJ, Weiss PS, et al. Neuroscience. The
brain activity map. Science 2013; 339:1284-5;
PMID:23470729; htep://dx.doi.org/10.1126/sci
ence.1236939

Lagace DC, Whitman MC, Noonan MA, Ables JL,
DeCarolis NA, Arguello AA, Donovan MH, Fischer
SJ, Farnbauch LA, Beech RD, et al. Dynamic con-
tribution of nestin-expressing stem cells to adult
neurogenesis. ] Neurosci 2007;  27:12623-9;
PMID:18003841; http://dx.doi.org/10.1523/J]NEUR
OSCI.3812-07.2007

Bonaguidi MA, Wheeler MA, Shapiro JS, Stadel RP,
Sun GJ, Ming G, Song H. In vivo clonal analysis reveals
self-renewing and multipotent adult neural stem cell
characteristics. Cell 2011; 145:1142-55;
PMID:21664664; heep://dx.doi.org/10.1016/j.
cell.2011.05.024

Ashton RS, Conway A, Pangarkar C, Bergen J, Lim
K-I, Shah P, Bissell M, Schaffer DV. Astrocytes reg-
ulate adult hippocampal neurogenesis through eph-
rin-B signaling. Nat Neurosci 2012; 15:1399-406;
PMID:22983209; http://dx.doi.org/10.1038/
nn.3212

Haruyama N, Cho A, Kulkarni AB. Overview: engi-
neering transgenic constructs and mice. Curr Protoc
Cell Biol 2009; Chapter 19: Unit 19.10.

Israsena N, Hu M, Fu W, Kan L, Kessler JA. The pres-
ence of FGF2 signaling determines whether B-catenin
exerts effects on proliferation or neuronal differentia-
tion of neural stem cells. Dev Biol 2004; 268:220-31;
PMID:15031118; heep://dx.doi.org/10.1016/j.
ydbio.2003.12.024

Otero JJ, Fu W, Kan L, Cuadra AE, Kessler JA. Beta-
catenin signaling is required for neural differentiation
of embryonic stem cells. Development 2004;
131:3545-57; PMID:15262888;  http://dx.doi.org/
10.1242/dev.01218

Chen B-Y, Wang X, Wang Z-Y, Wang Y-Z, Chen L-
W, Luo Z-J. Brain-derived neurotrophic factor stimu-
lates proliferation and differentiation of neural stem
cells, possibly by triggering the Wnt/B-catenin signaling
pathway. ] Neurosci Res 2013; 91:30-41;
PMID:23023811

Song H, Stevens CF, Gage FH. Astroglia induce neuro-
genesis from adult neural stem cells. Nature 2002;
417:39-44; PMID:11986659;  http://dx.doi.org/
10.1038/417039a

Pernet V, Joly S, Dalkara D, Jordi N, Schwarz O,
Christ F, Schaffer DV, Flannery JG, Schwab ME.
Long-distance axonal regeneration induced by CNTF
gene transfer is impaired by axonal misguidance in the
injured adult optic nerve. Neurobiol Dis 2013;
51:202-13; PMID:23194670;  http://dx.doi.org/
10.1016/j,nbd.2012.11.011

Xue Y, Shen SQ, Jui J, Rupp AC, Byrne LC, Hattar S,
Flannery JG, Corbo JC, Kefalov V]. CRALBP supports
the mammalian retinal visual cycle and cone vision. ]
Clin Invest 2015; 125:727-38; PMID:25607845;
htep://dx.doi.org/10.1172/JCI79651

Padron E, Bowman V, Kaludov N, Govindasamy L,
Levy H, Nick P, McKenna R, Muzyczka N, Chior-
ini JA, Baker TS, et al. Structure of adeno-associ-
ated virus type 4. ] Virol 2005; 79:5047-58;
PMID:15795290; http://dx.doi.org/10.1128/
JVI1.79.8.5047-5058.2005

Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analy-
sis of AAV serotypes 1-9 mediated gene expression and
tropism in mice after systemic injection. Mol Ther

Neurogenesis

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

2008; 16:1073-80; PMID:18414476; http://dx.doi.
org/10.1038/mt.2008.76
Davidoff AM, Gray JT, Ng CY, Zhang Y, Zhou J,
Spence Y, Bakar Y, Nathwani AC. Comparison of the
ability of adeno-associated viral vectors pseudotyped
with serotype 2, 5, and 8 capsid proteins to mediate effi-
cient transduction of the liver in murine and nonhuman
Mol Ther 2005; 11:875-88;
http://dx.doi.org/10.1016/j.

primate  models.
PMID:15922958;
ymthe.2004.12.022
Manno CS, Pierce GF, Arruda VR, Glader B, Ragni M,
Rasko JJ, Ozelo MC, Hoots K, Blatt P, Konkle B, et al.
Successful transduction of liver in hemophilia by AAV-
Factor IX and limitations imposed by the host immune
response. Nat Med 2006; 12:342—7; PMID:16474400;
http://dx.doi.org/10.1038/nm1358

Nathwani AC, Tuddenham EGD, Rangarajan S,
Rosales C, McIntosh J, Linch DC, Chowdary P, Rid-
dell A, Pie AJ, Harrington C, et al. Adenovirus-Associ-
ated Virus Vector-Mediated Gene Transfer in
Hemophilia B. N Engl ] Med 2011; 365:2357-65;
PMID:22149959;  huep://dx.doi.org/10.1056/NE]
Moal108046

Geisler A, Jungmann A, Kurreck J, Poller W, Katus
HA, Vetter R, Fechner H, Miiller OJ. microRNA122-
regulated transgene expression increases specificity of
cardiac gene transfer upon intravenous delivery of

AAV9  vectors. Gene Ther 2011; 18:199-209;
PMID:21048795; http://dx.doi.org/10.1038/
1.2010.141

Qiao C, Yuan Z, Li ], He B, Zheng H, Mayer C, Li ],
Xiao X. Liver-specific microRNA-122 target sequences
incorporated in AAV vectors efficiently inhibits trans-
gene expression in the liver. Gene Ther 2011; 18:403—
10;  PMID:21150938;  http://dx.doi.org/10.1038/
§2010.157

Xie ], Xie Q, Zhang H, Ameres SL, Hung J-H, Su Q,
He R, Mu X, Seher Ahmed S, Park S, et al. Micro-
RNA-regulated, systemically delivered rAAV9: a step
closer to CNS-restricted transgene expression. Mol
Ther 2011; 19:526-35; PMID:21179009; http://dx.
doi.org/10.1038/mt.2010.279

Majowicz A, Maczuga P, Kwikkers KL, van der
Marel S, van Logtenstein R, Petry H, van Deventer
SJ, Konstantinova P, Ferreira V. Mir-142-3p target
sequences reduce transgene-directed immunogenicity
following intramuscular adeno-associated virus 1
vector-mediated gene delivery. ] Gene Med;
15:219-32; PMID:23658149;  http://dx.doi.org/
10.1002/jgm.2712

McPhee SWJ, Janson CG, Li C, Samulski RJ,
Camp a S, Francis J, Shera D, Lioutermann L,
Feely M, Freese A, et al. Immune responses to AAV
in a phase I study for Canavan discase. ] Gene Med
2006; 8:577-88; PMID:16532510; http://dx.doi.
org/10.1002/jgm.885

Worgall S, Sondhi D, Hackett NR, Kosofsky B, Kekat-
pure M V, Neyzi N, Dyke JP, Ballon D, Heier L,
Greenwald BM, et al. Treatment of late infantile neuro-
nal ceroid lipofuscinosis by CNS administration of a
serotype 2 adeno-associated virus expressing CLN2
cDNA. Hum Gene Ther 2008; 19:463-74;
PMID:18473686; heep://dx.doi.org/10.1089/
hum.2008.022

Marks WJ, Ostrem JL, Verhagen L, Starr PA, Larson
PS, Bakay RA, Taylor R, Cahn-Weiner DA, Stoessl AJ,
Olanow CW, et al. Safety and tolerability of intraputa-
minal delivery of CERE-120 (adeno-associated virus
serotype 2-neurturin) to patients with idiopathic Par-
kinson disease: an open-label, phase I trial. Lancet Neu-
rol 2008; 7:400-8; PMID:18387850; http://dx.doi.
org/10.1016/S1474-4422(08)70065-6

Marks WJ, Bartus RT, Siffert ], Davis CS, Lozano A,
Boulis N, Vitek J, Stacy M, Turner D, Verhagen L,
et al. Gene delivery of AAV2-neurturin for Parkinson
disease: a double-blind, randomised, controlled trial.
Lancet Neurol 2010; 9:1164-72; PMID:20970382;
http://dx.doi.org/10.1016/S1474-4422(10)70254-4

e1122700-5


http://dx.doi.org/10.1038/mt.2009.292
http://dx.doi.org/10.1038/mt.2009.292
http://dx.doi.org/10.1038/mt.2009.184
http://dx.doi.org/10.1038/mt.2009.184
http://dx.doi.org/10.1038/mt.2010.287
http://dx.doi.org/10.1038/mt.2010.287
http://dx.doi.org/10.1242/dev.115253
http://dx.doi.org/10.1242/dev.115253
http://dx.doi.org/10.1073/pnas.97.7.3428
http://dx.doi.org/10.1073/pnas.97.7.3428
http://dx.doi.org/10.1089/hum.2006.17.807
http://dx.doi.org/10.1089/hum.2006.17.807
http://dx.doi.org/10.1038/sj.mt.6300331
http://dx.doi.org/10.1038/sj.mt.6300331
http://dx.doi.org/10.1056/NEJMoa0802268
http://dx.doi.org/10.1056/NEJMoa0802268
http://dx.doi.org/10.1056/NEJMoa0802315
http://dx.doi.org/10.1056/NEJMoa0802315
http://dx.doi.org/10.1016/S0140-6736(09
http://dx.doi.org/10.1016/S0140-6736(09
http://dx.doi.org/10.1371/journal.pone.0007467
http://dx.doi.org/10.1371/journal.pone.0007467
http://dx.doi.org/10.1038/mt.2011.62
http://dx.doi.org/10.1038/mt.2011.62
http://dx.doi.org/10.1016/j.neuron.2011.06.004
http://dx.doi.org/10.1016/j.neuron.2011.06.004
http://dx.doi.org/10.1038/nbt.3055
http://dx.doi.org/10.1126/science.1236939
http://dx.doi.org/10.1126/science.1236939
http://dx.doi.org/10.1523/JNEUROSCI.3812-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.3812-07.2007
http://dx.doi.org/10.1016/j.cell.2011.05.024
http://dx.doi.org/10.1016/j.cell.2011.05.024
http://dx.doi.org/10.1038/nn.3212
http://dx.doi.org/10.1038/nn.3212
http://dx.doi.org/10.1016/j.ydbio.2003.12.024
http://dx.doi.org/10.1016/j.ydbio.2003.12.024
http://dx.doi.org/10.1242/dev.01218
http://dx.doi.org/10.1242/dev.01218
http://dx.doi.org/10.1038/417039a
http://dx.doi.org/10.1038/417039a
http://dx.doi.org/10.1016/j.nbd.2012.11.011
http://dx.doi.org/10.1016/j.nbd.2012.11.011
http://dx.doi.org/10.1172/JCI79651
http://dx.doi.org/10.1128/JVI.79.8.5047-5058.2005
http://dx.doi.org/10.1128/JVI.79.8.5047-5058.2005
http://dx.doi.org/10.1038/mt.2008.76
http://dx.doi.org/10.1038/mt.2008.76
http://dx.doi.org/10.1016/j.ymthe.2004.12.022
http://dx.doi.org/10.1016/j.ymthe.2004.12.022
http://dx.doi.org/10.1038/nm1358
http://dx.doi.org/10.1056/NEJMoa1108046
http://dx.doi.org/10.1056/NEJMoa1108046
http://dx.doi.org/10.1038/gt.2010.141
http://dx.doi.org/10.1038/gt.2010.141
http://dx.doi.org/10.1038/gt.2010.157
http://dx.doi.org/10.1038/gt.2010.157
http://dx.doi.org/10.1038/mt.2010.279
http://dx.doi.org/10.1038/mt.2010.279
http://dx.doi.org/10.1002/jgm.2712
http://dx.doi.org/10.1002/jgm.2712
http://dx.doi.org/10.1002/jgm.885
http://dx.doi.org/10.1002/jgm.885
http://dx.doi.org/10.1089/hum.2008.022
http://dx.doi.org/10.1089/hum.2008.022
http://dx.doi.org/10.1016/S1474-4422(08
http://dx.doi.org/10.1016/S1474-4422(08
http://dx.doi.org/10.1016/S1474-4422(10

55.

56.

Kaplitt MG, Feigin A, Tang C, Fitzsimons HL, Mattis
P, Lawlor PA, Bland R], Young D, Strybing K, Eidel-
berg D, et al. Safety and tolerability of gene therapy
with an adeno-associated virus (AAV) borne GAD gene
for Parkinson disease: an open label, phase I trial. Lan-
cet 2007; 369:2097-105; PMID:17586305; http://dx.
doi.org/10.1016/S0140-6736(07)60982-9

Christine CW, Starr PA, Larson PS, Vanbrocklin
HF, Bankiewicz KS, Aminoff MJ. Safety and tolera-
bility of putaminal AADC gene therapy for Parkin-
son  disease.  Neurology  2009;  73:1662-9;
PMID:19828868; http://dx.doi.org/10.1212/
WNL.0b013e3181c29356

e1122700-6

57.

58.

Muramatsu S, Fujimoto K, Kato S, Mizukami H, Asari
S, Tkeguchi K, Kawakami T, Urabe M, Kume A, Sato
T, etal. A phase I study of aromatic L-amino acid
decarboxylase gene therapy for Parkinson disease. Mol
Ther 2010; 18:1731-5; PMID:20606642; http://dx.
doi.org/10.1038/mt.2010.135

LeWitt PA, Rezai AR, Lechey MA, Ojemann SG, Flah-
erty AW, Eskandar EN, Kostyk SK, Thomas K, Sarkar
A, Siddiqui MS, et al. AAV2-GAD gene therapy for
advanced Parkinson disease: a double-blind, sham-sur-
gery controlled, randomised trial. Lancet Neurol 2011;
10:309-19; PMID:21419704; http://dx.doi.org/
10.1016/S1474-4422(11)70039-4

Neurogenesis

59.

60.

Hadaczek P, Eberling JL, Pivirotto P, Bringas J, For-
sayeth J, Bankiewicz KS. Eight years of clinical
improvement in MPTP-lesioned primates after gene
therapy with AAV2-hAADC. Mol Ther 2010;
18:1458-61;  PMID:20531394;  http://dx.doi.org/
10.1038/mt.2010.106

Guo W, Allan AM, Zong R, Zhang L, Johnson EB,
Schaller EG, Murthy AC, Goggin SL, Eisch AJ, Oostra
BA, et al. Ablation of Fmrp in adult neural stem cells
disrupts hippocampus-dependent learning. Nat Med
2011; 17:559-65; PMID:21516088; http://dx.doi.org/
10.1038/nm.2336

Volume 2 Issue 1


http://dx.doi.org/10.1016/S0140-6736(07
http://dx.doi.org/10.1016/S0140-6736(07
http://dx.doi.org/10.1212/WNL.0b013e3181c29356
http://dx.doi.org/10.1212/WNL.0b013e3181c29356
http://dx.doi.org/10.1038/mt.2010.135
http://dx.doi.org/10.1038/mt.2010.135
http://dx.doi.org/10.1016/S1474-4422(11
http://dx.doi.org/10.1016/S1474-4422(11
http://dx.doi.org/10.1038/mt.2010.106
http://dx.doi.org/10.1038/mt.2010.106
http://dx.doi.org/10.1038/nm.2336
http://dx.doi.org/10.1038/nm.2336

