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Vectors based on adeno-associated virus serotype 2
(AAV2) have been used extensively in many gene-
delivery applications, including several successful clinical
trials for one type of Leber congenital amaurosis in the
retina. Many studies have focused on improving AAV2
transduction efficiency and cellular specificity by geneti-
cally engineering its capsid. We have previously shown
that vectors-containing single-point mutations of capsid
surface tyrosines in serotypes AAV2, AAV8, and AAV9 dis-
played significantly increased transduction efficiency in
the retina compared with their wild-type counterparts.
In the present study, we evaluated the transduction
characteristics of AAV2 vectors containing combina-
tions of multiple tyrosine to phenylalanine mutations in
seven highly conserved surface-exposed capsid tyrosine
residues following subretinal or intravitreal delivery in
adult mice. The multiply mutated vectors exhibited dif-
ferent in vivo transduction properties, with some hav-
ing a unique ability of transgene expression in all retinal
layers. Such novel vectors may be useful in developing
valuable new therapeutic strategies for the treatment of
many genetic diseases.
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INTRODUCTION

Adeno-associated virus type 2 (AAV2) has been the most exten-
sively studied of the 12 different AAV serotypes currently charac-
terized.! Recombinant vectors based on AAV2 have been widely
used for gene therapy applications in animal models and human
clinical trials.” In the retina, several recent clinical trials involv-
ing treatment of one form of Leber congenital amaurosis, have
shown that AAV2 can be used to deliver a complementary DNA
encoding the normal 65kda retinal pigment epithelium protein

(RPE65) to humans with recessive RPE65 mutations, leading to
vision improvement.>* Conventional AAV vectors carry a linear,
single-stranded DNA genome containing the therapeutic trans-
gene and promoter flanked by palindromic inverted terminal
repeat sequences. The 60-subunit icosahedral AAV2 capsid is
assembled from three overlapping viral proteins VP1 (87 kd), VP2
(73kd), and VP3 (62kd), encoded by the cap gene, in a predicted
ratio of 1:1:10. The three VP capsid proteins share a common
C-terminal sequence, with VP1 containing a unique N-terminal
region of 138 amino acids (VP1u). VP3 is the most abundant
AAV2 capsid protein, comprising ~90% of its structure. The avail-
able crystal structure of AAV2 is ordered from amino acid 217
to 735 (VP1 numbering) within the VP3 common region, thus
defining the minimal VP requirements for capsid assembly. The
VP1u and the N-terminal regions of VP2 (65aa) and VP3 (14aa)
are not ordered, but predicted to be located inside the capsid.”*
The cell surface heparan sulfate proteoglycan is the primary
viral receptor for AAV serotype 2.° Several positively charged resi-
dues, including R484, R487, K527, K532, R585, and R588 of AAV2
have been implicated in heparin binding.!®"" In addition, corecep-
tors such as human fibroblast growth factor receptor 1, integrins
o, B, and 0,581, 37/67 kd laminin receptor, and hepatocyte growth
factor receptor, have also been proposed to interact with AAV2
at the cell surface and modulate internalization and transduction
efficiency.’>'¢ Although AAV2 vectors can transduce a variety of
cell types and tissues, the onset of gene expression is slow and they
typically require several weeks to achieve sustained, steady-state
levels of transgene expression.'”!s Other serotypes such as AAV8
provide higher levels of transgene expression more quickly than
AAV2 in liver,” retina,"” and the brain.?* The AAV capsid has been
reported to influence the transduction efficiency at many steps,
including vector binding to cell surface receptors, internaliza-
tion, cytoplasmic trafficking to the nuclear membrane, and viral
uncoating.?! It has been shown that epidermal growth factor recep-
tor protein tyrosine kinase-mediated phosphorylation of capsid
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surface exposed AAV?2 tyrosine residues leads to ubiquitination
and degradation of viral particles.” Site-directed tyrosine to phe-
nylalanine (Y-F) mutagenesis of some of the seven capsid surface-
exposed AAV?2 tyrosine residues in the VP3 common region has
been observed to result in the protection of vector particles from
proteasome degradation and significant increases in the transduc-
tion efficiency of mutant vectors relative to the wild-type AAV2
vector both in tissue culture and in animals.?® Another approach
to alter capsid structure has employed shuffling of capsid gene
sequences,” for example in generating recombinant AAVs with
an increased ability to infect Miiller cells.>>*

We recently showed that intraocular delivery of self-comple-
mentary AAV vectors-containing single-point Y-F mutations in
some of the seven surface-exposed capsid tyrosine residues in
AAV2, AAVS, or AAV9 led to significantly increased transduction
efficiencies relative to their wild-type counterparts.”” Although
sCAAV vectors bypass the need for conversion of the single-
stranded AAV genome to double-stranded DNA, thus allowing for
a faster and increased expression of the transgene of interest, their
reduced packaging capacity represents a significant disadvantage
for many gene-delivery applications. We therefore sought vector
alternatives that avoided the need for self-complementary vector
genomes for rapid, high efficiency retinal cell transduction.

Here, we examine the transduction characteristics of several
conventional (nonself complementary) AAV2 vectors-containing
various combinations of Y-F mutations in capsid surface-exposed
tyrosine residues following subretinal or intravitreal delivery in
adult mice. We report that the multiply mutated vectors exhib-
ited different in vivo transduction properties, with some having a
unique ability to express the transgene in all retinal layers follow-
ing a single injection on either side of the retina. The potential to
transduce photoreceptors and even some RPE cells, the targets of
most inherited retinal degenerations, following intravitreal vector
delivery may allow avoidance of surgically traumatic subretinal
injections currently necessary to transduce these cell types.

RESULTS

Because single phenylalanine (F) for tyrosine (Y) substitutions had
increased thepotencyof AAV2followingintraocularinjections,” we
analyzed green fluorescent protein (GFP) expression from viruses
containing multiple combinations of Y-F capsid mutations in adult
mouse retinas with respect to effects on tropism and transduction
efficiency relative to wild-type AAV2: two double (Y444,730F)
and (Y704,730F), one triple (Y444,500,730F), one quadruple
(Y272,444,500,730F), one pentuple (Y272,444,500,704,730F)
one sextuple (Y252,272,444,500,704,730F), and one septuple
(Y252,272,444,500,700,704,730F) mutant vectors. One micro liter
(10" total vector genomes) of wild-type AAV2-CBA-GFP or the
tyrosine-mutants were delivered either to the subretinal or the vit-
real space of adult mice. The surface locations of each targeted
tyrosine residue on the AAV?2 capsid are shown in Figure 1.

Behavior of subretinal multiple Y-F mutated

AAV2 vectors

Fundoscopic imaging of living mice was used to monitor GFP
expression following subretinal delivery of various multiple
tyrosine-mutant vectors. Previous studies have shown that it takes
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about 6-8 weeks postinjection for AAV2-mediated gene expres-
sion to reach maximal levels in the retina.'” At 3 weeks postin-
jection, the triple mutant (Y444,500,730F) virus led to intense
and uniform expression of funduscopically detectable GFP fluo-
rescence (Figure 2a). At this same time point, wild-type AAV2
and other Y-F mutants led to less intense or barely detectable
fluorescence (data not shown). At 10 weeks postinjection, when
GFP expression had reached a plateau, this difference remained
(Figure 2b-h). Eyes treated with the triple mutant displayed wide-
spread and intense fluorescence, stronger than wild type and all
other Y-F mutants examined (Figure 2d). GFP expression in the
eyes treated with the sextuple or septuple mutants showed much
weaker fluorescence than triple (Figure 2g,h). Out of the double
Y-F mutants tested, only the (Y444, 730F) showed a detectable
GFP signal in fundus images (Figure 2c).

Transgene expression was analyzed in more detail by immuno-
histochemistry of frozen retinal sections (Figure 3). For subretinal
delivery,inaddition to the expected AAV2 pattern of photoreceptors
and RPE transduction,? which occurred for all mutants, the sextuple
vector (Y252,272,444,500,704,730F) also displayed an unusual abil-
ity to transduce all retinal layers including ganglion cells (Figure 3e).
The images in Figure 3 have been purposely overexposed to reveal
the full details of expression patterns for each mutant. This unique
pattern was also seen in pentuple (Y272,444,500,704,730F), and
septuple (Y252,272,444,500,700,704,730F) mutant vector treated
eyes, although to a lesser degree (Figure 3d,f). GFP fluorescence
was widely distributed over the entire retina (Supplementary
Figure Sla). GFP expression for all other mutants delivered sub-
retinally, including the (Y444,500,730F) triple mutant, was con-
fined primarily to the photoreceptors and RPE cells (Figure 3b),
with a few inner retinal cells being transduced by the quadruple
mutant (Figure 3c). In contrast to other vectors, some of the triple
mutant-treated retinas displayed photoreceptor cell loss (thin-
ning of the outer nuclear layer) and an absence of outer segments
(Supplementary Figure S1b). This apparently toxic effect may be
related to the triple mutants very high levels of GFP expression,
which may lead to photoreceptor dysfunction. That only the triple
Y-F mutant showed this effect is consistent with it being the most
potent for expressing its transgene in photoreceptors (see above).
Moderate expression of GFP is not toxic to the rodent retina.?
Some of the inner retinal neurons transduced by the quadruple and
pentuple mutants are rod bipolar cells, as identified by immunola-
beling with a protein kinase C antibody (Figure 4a,b). Extensive
bipolar cell transduction has not been previously observed fol-
lowing subretinal injection of AAV. Similarly, we also observed
productive infection of retinal ganglion cells (RGCs) following
subretinal injection. Extensive colocalization of GFP with Tuj-1,
a ganglion cell marker, confirms that subretinal pentuple and sex-
tuple mutants transit the entire retinal thickness and transduce
ganglion cells (Figure 4c,d).

Behavior of intravitreal multiple Y-F mutated

AAV2 vectors

GFP expression in the eyes treated intravitreally with various
tyrosine mutants was initially analyzed by immunohistochemistry
of retinal flatmounts to quantitatively evaluate the RGC transduc-
tion ability for each vector 1 month postinjection. At this time

www.moleculartherapy.org vol. 19 no. 2 feb. 2011



© The American Society of Gene & Cell Th . . . . .
e American socely oTbene & el Therapy Behavior of Multiply Mutated Tyrosine AAV2 Vectors in the Retina

Figure 1 Distribution of mutated tyrosine residues (depicted in red) on the AAV2 capsid surface. (a) Molecular model of the complete AAV2
capsid assembled from 60 VP3 monomers generated with the Pymol software (www.pymol.org). (b) A “roadmap” showing the position of the
mutated tyrosine residues (red), heparan sulfate binding sites (blue), NGR motif (green) known to bind the o531 coreceptor, and neutralizing
peptides residues (gray) on the surface of the AAV2 capsid. An icosahedral viral asymmetric unit is depicted by the large triangle bounded by two
threefold axes (filled triangles) separated by a twofold axis (filled oval) and a fivefold (filled pentagon). A close-up view is shown to the right. This
figure was produced with the RIVEM program.*® Note that mutated residues 700, 704, and 730 are located close to the positively charged residues
involved in the interaction with the heparan sulfate receptor, and tyrosines 700 and 704 are part of a neutralizing epitope region.?? AAV2, adeno-
associated virus serotype 2.

triple

quad pent sep

Figure 2 Representative fundus photographs showing GFP expression in vivo after subretinal delivery of multiple Y-F mutant AAV2 vectors in
adult mouse retinas. (a) Strong fluorescence was detectable as early as 3 weeks postinjection in eyes treated with the (Y444,500,730F) triple mutant,
and remained higher for this mutant (d) than for other vectors at 10 weeks postinjection, (b) AAV2 wild type, (c) double mutant (Y444, 730F),
(e) quadruple mutant (Y272,444,500,730F), (f) pentuple mutant (Y272,444,500,704,730F), (g) sextuple mutant (Y252,272,444,500,704,730F),
(h) septuple mutant (Y252,272,444,500,700,704,730F). AAV2, adeno-associated virus serotype 2; GFP, green fluorescent protein.
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Figure 3 Representative images of GFP expression in retinal sections by immunohistochemistry at 1 month after subretinal vector injection
with: (a) double mutant (Y444,730F), (b) triple mutant (Y444,500,730F), (c) quadruple mutant (Y272,444,500,730F), (d) pentuple mutant
(Y272,444,500,704,730F), (e) sextuple mutant (Y252,272,444,500,704,730F), and (f) septuple mutant (Y252,272,444,500,700,704,730F).
Images were intentionally overexposed to allow for visualization of all transduced inner retinal cells. AAV2, adeno-associated virus serotype 2; gcl,
ganglion cell layer; GFP, green fluorescent protein; inl, inner nuclear layer; onl, outer nuclear layer; PR, photoreceptor layer; rpe, retinal pigmented

epithelium.

point, the triple mutant was the only one that displayed signifi-
cantly increased transduction efficiency relative to wild type, with
intense labeling of RGCs and their axons (Figure 5).

In view of the unique transduction properties of some of
the Y-F vectors when injected subretinally, we also studied their
behavior 1 month after intravitreal delivery in wild-type mice by
immunostaining of frozen retinal sections (Figure 6). In this case,
all mutants shared a similar pattern of GFP expression in the gan-
glion, Miiller, and inner retinal cells (Figure 6). However, the qua-
druple and pentuple Y-F mutant vectors also led to uniform GFP
expression through the entire thickness of the retina, even extend-
ing to some RPE cells. It is important to note that the extensive
transduction of the outer retina and occasional areas of RPE cells
were only seen by using the highest titer vectors, those of at least
1 x 10" genome copies/ml. When virus was delivered at tenfold
lower titer (1 x 10'* genome copies/ml), GFP fluorescence was
observed predominantly in ganglion, Miiller cells, and inner ret-
ina (Supplementary Figure S2a). Even at this lower titer, fluores-
cence was consistently seen uniformly distributed over the entire
retina (Supplementary Figure S2b). GFP expression was found
to colocalize with calretinin, a marker of a subset of ganglion and
amacrine cells, in addition to being present in the characteristic
multiple strata of RGC dendritic arbors within the inner plexi-
form layer (Figure 7a). Bipolar cell targeting from these mutants
at 1 month after intravitreal delivery was revealed using protein
kinase C-ol immunostaining in retinal sections (Figure 7b,d). We
estimate that some of the Y-F mutant serotypes described above
were able to increase bipolar cell transduction by at least fourfold
when compared to the wild-type vector, suggesting their potential
use for targeting these cells in a degenerated retina that may have
lost the majority of its photoreceptors.
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In order to evaluate outer retinal transduction using a cell-
specific promoter following intravitreal delivery, an identical capsid
quadruple mutant AAV?2 containing a murine rhodopsin promot-
er-Gfp cassette was delivered at the same titer (1 x 10" genome
copies/ml) as the above vectors. The use of this weaker but photo-
receptor specific promoter also produced widespread fluorescence
in photoreceptor cells throughout the retina (Supplementary
Figure S2¢).

DISCUSSION

The data presented in this article show that mutagenesis of mul-
tiple critical surface-exposed tyrosine residues on AAV2 capsids
can alter the transduction efficiency, kinetics, and perhaps the
penetration ability of the virus when delivered to the retina.
Although conventional single-stranded recombinant AAV2 vec-
tors are able to transduce a variety of retinal cell types including
photoreceptors, RPE, and ganglion cells following either a subreti-
nal or intravitreal approach,?®* they do not efficiently infect cells
of the inner retina except occasionally near the site of injection,
and it usually takes weeks for wild-type vector to reach maximal,
steady-state levels of transgene expression. Another disadvan-
tage of wild-type AAV2 is the frequently seen antibody-mediated
immunity against its capsid, which may prevent transgene expres-
sion in the contralateral eye following vector readministration,
depending on the route of delivery.®® Thus, pre-existing AAV2
neutralizing antibodies in a potential patient may preclude inclu-
sion in a gene therapy protocol. These drawbacks could potentially
be overcome by the use of capsid tyrosine mutants of AAV. For
example, tyrosines 700 and 704 are part of a neutralizing epitope
region comprising residues 697-716 on AAV2 capsid.”> Because
all the highly conserved tyrosine residues described in this work
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GFP (green) + PKC-a. (red)
Quadruple Pentuple

GFP (green) + TUJ-1 (red)
Pentuple Sextuple

Figure 4 Detection of vector-expressed GFP in rod bipolar or gan-
glion cells in frozen retinal sections by immunohistochemistry at
1 month following subretinal injections with different AAV2 Y-F
mutant vectors. (a,b) Arrows indicate colocalization of GFP (green)
and PKC-o positive rod bipolar cells (red) in the retinas treated with
the quadruple and pentuple mutant, respectively; (c¢,d) Colocalization
of GFP (green) with TUJ-1 positive (red) ganglion cells for pentuple and
sextuple mutant-treated retinas. Bar = T0pm. AAV2, adeno-associated
virus serotype 2; gcl, ganglion cell layer; GFP, green fluorescent protein;
ipl, inner plexiform layer; inl, inner nuclear layer; onl, outer nuclear layer;
os, outer segment; rpe, retinal pigment epithelium.
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are located within the C-terminal common region of VP3, their
mutation to phenylalanine affects the entire surface of the AAV2
capsid, potentially altering its interaction with cellular receptors,
intracellular trafficking to the nucleus, and host immune recogni-
tion (see Figure 1). The unique architecture of the retina contain-
ing multiple neuronal layers adds an interesting dimension to the
AAV transduction properties. Thus, even though all Y-F vectors
described here shared a similar transduction pattern with the wild
type, targeting mainly the RPE and photoreceptors after subretinal
delivery, or ganglion cells following the intravitreal route, some
mutants displayed unique properties, including a significantly
higher transduction efficiency for inner neurons, or transduction
of cell types separated from the injection site by multiple layers of
intervening retinal cells.

Changing just three tyrosine (Y) residues on the AAV2 capsid
as in the triple mutant (Y444,500,730F) to nonphosphorylat-
able phenylalanine (F) residues enhances intravitreally delivered
vector transduction efficiency in ganglion cells by >30-fold (see
Figure 5). It has recently been shown that simultaneous conver-
sion of tyrosines 444, 500, and 730 to phenylalanine increases
transgene expression in murine hepatocytes significantly, by
potentially rendering the viral particles less prone to ubiquitina-
tion and proteasomal degradation, and the same phenomenon
may contribute to the increased photoreceptor and ganglion cell
transduction of this triple mutant vector in the retina.*>** In some
eyes, triple mutant treatment caused significant photoreceptor
cell loss following subretinal delivery, suggesting that it is not
always beneficial to overexpress large amounts of protein in some
neuronal cells,” and the choice of weaker, cell-specific promot-
ers may be critical for future therapeutic applications. This toxic
effect was most likely due to GFP overexpression rather than the
vector itself, since the other, less potent multiple Y-F mutant vec-
tors did not cause similar degeneration. Previous studies have also
reported this phenomenon when using a high-titer AAV prepara-
tion in combination with a strong promoter.*

Interestingly, an increase in the number of tyrosine mutations
beyond the three at 444, 500, and 730 did not further enhance
transduction efficiency for either photoreceptors or ganglion cells,

(1]

N
o
*

@
o
L

GFP intensity (arbitrary number)
pixels/mm
N
o
1

e

.

Triple mutant

*P < 0.0001

Figure 5 Immunohistochemistry for GFP protein expression in flat-mount whole retinas at 1 month following intravitreal delivery. (a) WT
AAV2, (b) triple mutant (Y730,500,444F), (c¢) Comparison of GFP intensity of wild-type AAV2 vector and triple mutant in retinal flatmounts. Values
indicate percent GFP intensity relative to treatment with wild-type AAV2 vector. All pictures were taken with the same exposure time to evaluate GFP
intensity using Image). AAV2, adeno-associated virus serotype 2; GFP, green fluorescent protein; WT, wild type.
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Figure 6 Immunostaining for GFP protein expression in retinal sections at 1 month following intravitreal delivery of (a) double mutant
(Y444,730F), (b) triple mutant (Y730,500,444F), (c) quadruple mutant (Y272,444,500,730F), (d) pentuple mutant (Y272,444,500,704,730F),
(e) sextuple mutant (Y252,272,444,500,704,730F), and (f) septuple mutant (Y252,272,444,500,700,704,730F). Note the GFP expression through-
out all retinal layers with the quadruple and pentuple mutant, and intense labeling of Miiller cell outward processes terminating at the outer limiting
membrane (arrows), in all mutants analyzed. Bar = 100 um. AAV2, adeno-associated virus serotype 2; gcl, ganglion cell layer; GFP, green fluorescent
protein; inl, inner nuclear layer; onl, outer nuclear layer; PR, photoreceptor layer; rpe, retinal pigmented epithelial layer.

Quadruple
GFP (green) + calretinin (red)

Pentuple
GFP + PKC-a

GFP (green) + PKC-a. (red)

Figure 7 Evaluation of colocalization of GFP (green) with cell-marker proteins (red), as shown by immunohistochemistry of frozen retinal
sections at 1 month following intravitreal injections with different AAV2 Y-F mutant vectors in adult mice. (a) Colocalization (yellow) of GFP
and some calretinin (red) positive ganglion or amacrine cells after injection of the quadruple mutant. (b,d) Colocalization of GFP (green) and PKC-o
(red) positive rod bipolar in the eyes treated with the quadruple or pentuple mutant vector, respectively; (c,e) Insets of panels (b) and (d) at higher
magnification showing colocalization of GFP and PKC-c in the inner nuclear layer. Bar = 10 um (a;b;d) and 5um (c;e). AAV2, adeno-associated virus
serotype 2; gcl, ganglion cell layer; GFP, green fluorescent protein; ipl, inner plexiform layer; inl, inner nuclear layer; onl, outer nuclear layer; os, outer
segments; rpe, retinal pigmented epithelial layer.

but clearly led to more widespread GFP expression in multiple
retinal layers, including, in some cases, those layers located distal
from the injection site. For example, mutagenesis of six exposed
tyrosines on the AAV2 capsid led to transduction of many inner
retinal cells following subretinal delivery and a relatively uniform
GFP expression even in RGCs. One possible explanation for this
property may be related to the extracellular interactions required
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for vector binding to the cell surface, subsequent capsid entry, or
intracellular events following internalization. Mutating an increas-
ing number of tyrosine residues, located in polar hydrophilic envi-
ronments on the capsid surface, to phenylalanine residues, would
be expected to increase the hydrophobicity of the capsid surface.
Additionally, residues 700, 704, and 730 are located close to a
positively charged patch of amino acids comprising the heparan
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sulfate-binding region on the AAV2 capsid surface (shown in
Figure 1). It is possible that simultaneous modification of these
residues alters AAV2 interaction with its primary heparan sulfate
receptor, thus reducing its affinity for photoreceptors, and allow-
ing the potentially more hydrophobic virus particles to penetrate
more efficiently toward the ganglion cell layer. It should also be
noted that trans-synaptic transport of AAV particles between
neurons through an anterograde or retrograde manner has been
proposed as a mechanism to permit transgene expression over a
wide area.””~* Although axonal transport, known to be dependent
on the capsid structure,” may play a role in the behavior of some
Y/F mutants, it cannot account for the transduction of RPE cells
from vitreal vector because there are no synapses connecting reti-
nal cells with the RPE.

The transduction ability of mutant vectors was different
depending on the delivery route, and this behavior may have
been influenced by the cellular barriers the virus encountered
in each approach, subretinal or intravitreal. Thus, while the sex-
tuple mutant led to GFP expression across the entire retina after
subretinal delivery, it infiltrated less efficiently following the intra-
vitreal route, as no RPE cells and very few photoreceptors were
GFPT™ in this case. One recent study has shown enhanced pen-
etration and transduction of all retinal layers by wild-type AAV
following mild digestion of the inner limiting membrane with
a nonspecific protease,*' suggesting that the retinal intercellular
matrix limits penetration of intravitreally delivered vectors. Thus,
an inner limiting membrane barrier adjacent to vitreally delivered
vector may serve to limit transduction of cells in distal retinal lay-
ers, whereas it would play no such role in limiting subretinal vec-
tor penetration. A combination of mechanisms may contribute to
retinal cell transduction across multiple layers. As discussed above,
some of the Y/F mutants may differ from each other and the wild
type with respect to their tissue penetration potential. Thus, after
subretinal delivery, the triple mutant would be expected to trans-
duce the ganglion cells the most efficiently if it were able to reach
them at the same frequency as other, less potent vectors, such as
the sextuple. Accordingly, while the subretinal triple mutant was
extremely efficient for photoreceptor transduction, suggesting
many vector particles were bound there, few other retinal cells
were transduced. This in turn suggests that the sextuple mutant,
being less efficient at binding to and transducing photoreceptors,
may have a potentially larger penetration potential than the triple
upon subretinal delivery. In the case of intravitreal vector, while
the diffusion of a larger number of mutant AAV2 particles from
the vitreous to the outer retina cannot be entirely ruled out, an
alternative and not mutually exclusive interpretation of the dis-
tribution of GFP expression is that because multiple Y-F mutants
transduce cells efficiently, we can detect their presence in the
interneurons at a lower effective particle number. Previous studies
have shown that although wild type AAV2 preferentially targets
ganglion cells after intravitreal delivery, it also transduces Miiller
glia, amacrine and occasional bipolar and photoreceptor cells.?**
Thus, the widespread GFP expression which becomes apparent
in all these cell types following intravitreal Y-F vector, may stem
simply from an enhancement of the pre-existing wild-type AAV2
potential to target these cells under similar experimental condi-
tions along with the ability of each mutant to intracellular escape
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from proteasomal degradation. More studies will be needed to
precisely elucidate the role of each conserved tyrosine residue
in the biology of AAV?2 in the retina. We note that such unique
transduction properties of mutated AAV vectors which allow
transgene expression to be expressed over large distances in living
tissue might enhance the utility of these vectors for the treatment
of solid tumors.*

Unlike Leber congenital amaurosis type 2 caused by RPE65
mutations, in which photoreceptor cell loss occurs at a relatively
slow rate, disorders characterized by a fast onset of retinal degen-
eration, for example retinal detachment,*** could benefit from
the availability of vectors that possess either an enhanced ability
to transduce the outer retina via intravitreal delivery, or a faster
kinetics and higher transduction efficiency in photoreceptors
cells. Intravitreal delivery is known to be considerably less inva-
sive by avoiding the necessarily traumatic side effects of retinal
detachment associated with subretinal vector injection. Because
the majority of retinal disorders are caused by mutations in
either photoreceptors or RPE cells, administration of these vec-
tors from the vitreal side of the retina would present a distinct
surgical safety advantage, particularly in those cases in which an
underlying genetic defect leads to a degenerative process and a
fragile retina, prone to further damage upon surgically induced
retinal detachment. Remarkably, for some mutant vectors, such
as the quadruple, almost every retinal cell type appears to have
been transduced following the intravitreal approach. This may be
a distinct advantage in many late-stage retinal diseases when all
photoreceptors are lost. For example, Y-F mutant AAV-mediated
expression of microbial-type channel rhodopsins, such as ChR2,
in surviving retinal neurons may represent a viable approach for
restoring some light sensitivity in patients with no photoreceptor
preservation due to advanced retinal degeneration.***” Although
the efficiency of photoreceptor transduction following subretinal
delivery remains higher than the intravitreal option, according to
a recent study*® the transduction potential from intravitreal vector
may increase in a diseased retina, due to an elevated penetration
of AAV particles from the vitreous toward the outer nuclear layer
in damaged retinas. As noted above, it may be advantageous to
have the option of delivering low levels of transgenes to mutant
photoreceptors, avoiding potential toxic effects related to over-
expression of an otherwise therapeutic protein.

In conclusion, novel multiple-Y-F mutant AAV2 vectors
exhibit properties in the retina that suggest valuable options for
potentially safer and more effective treatment of a wide variety of
retinal diseases requiring therapeutic gene delivery. Future stud-
ies will address the mechanisms by which some of these mutant
AAVs lead to widespread transgene expression transiting the
entire retina following a single treatment.

MATERIALS AND METHODS

Production of recombinant AAV2 vectors. Site-directed mutagenesis of
surface-exposed tyrosine residues on AAV2 VP3 was performed as pre-
viously described.”® Vector preparations were produced by the plasmid
co-transfection method as shown previously.* Briefly, the crude iodixanol
fraction, was further purified and concentrated by column chromatography
on a 5-ml HiTrap Q Sepharose column using a Pharmacia AKTA FPLC
system (Amersham Biosciences, Piscataway, NJ). The vector was eluted
from the column using 215mM NaCl, pH 8.0, and the vector containing
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fractions collected, pooled, concentrated, and buffer exchanged into Alcon
BSS with 0.014% Tween 20, using a Biomax 100K concentrator (Millipore,
Billerica, MA). The titer of DNase-resistant vector genomes was measured
by real-time PCR relative to a standard. Finally, the purity of the vector
was validated by silver-stained sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, assayed for sterility and lack of endotoxin, and then ali-
quoted and stored at —80°C.

Intraocular administration of vector. Only adult C57BL/6 mice were
used in this study. All animals were maintained in the University of
Florida Health Science Center in the animal care facilities under a 12/12
hours light/dark environment, and were handled in accordance with the
ARVO statement for Use of Animals in Ophthalmic and Vision Research
and the guidelines of the Institutional Animal Care and Use Committee at
the University of Florida. Before vector administration, mice were anes-
thetized with ketamine (72 mg/kg)/xylazine (4 mg/kg) by intraperitoneal
injection. Wild-type AAV?2 or the tyrosine-mutants were delivered either
to the subretinal or the intravitreal space of adult mice, as previously
described.”” One hour before the anesthesia, the eyes were dilated with
one drop of 1% atropine, followed by topical administration of 2.5% phe-
nylephrine. An aperture within the pupil was made through the cornea
with a 30 1/2-gauge disposable needle and a 33-gauge unbeveled blunt-
tip needle on a Hamilton syringe was introduced through the corneal
opening into the subretinal space. For Intravitreal injections, a 33-gauge
beveled needle was passed through the sclera, at the equator, next to the
limbus, into the vitreous. Each eye received 1 pl of vector at a titer of 1 x
10" genome copies/ml.

Fundus photography. Fundus images were captured every week after
injection for up to 10 weeks, using a Kowa Genesis digital camera con-
nected to a dissecting microscope after anesthetizing the animals and dilat-
ing their pupils as above.

Preparation of retinal flat mounts and cryosections. At 1 month after
vector injection, mice were humanely euthanized, the eyes removed
and fixed with 4% paraformaldehyde in phosphate-buffered saline for
1 hour and the cornea and lens then removed. To make flat mounts,
the entire retina was carefully dissected from the eyecup and radial cuts
were made from the edges to the equator of the retina. For cryosec-
tions, the eyecups were washed in phosphate-buffered saline followed
by immersion in 30% sucrose in the same buffer overnight. Eyes were
then embedded in optimal cutting temperature embedding compound
(Miles Diagnostics, Elkhart, IN) and oriented for 10-um thick trans-
verse retinal sections.

Immunolabeling and histological analysis. Flat-mounted retinas were
incubated with 0.5% Triton X-100 for 1 hour followed by incubation with
a blocking solution of 0.5% Triton X-100 and 1% bovine serum albumin
for 1 hour. Retinas were incubated with a commercial mouse monoclonal
antibody raised against the GFP (Invitrogen, Molecular Probes, Carlsbad,
CA) at 1:400 dilution in blocking solution overnight at room temperature
in a slow orbital shaker. Tissue sections were incubated with 0.5% Triton
X-100 for 15 minutes, then washed three times with phosphate-buffered
saline for 5 minutes each, followed by incubation with a blocking solution
of 1% albumin for 30 minutes. The sections were incubated with the same
mouse monoclonal antibody against GFP at 1:400 dilution overnight at
37°C. A mouse anti-f33 tubulin (TUJ-1; Covance, Richmond, CA), protein
kinase C-ot (mouse sc8393), and calretinin (sc135853) from Santa Cruz
Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA) were used for
colocalization experiments. Retinal flatmounts and sections were exam-
ined by fluorescence microscopy using a Leica TCS SP2 Laser Scanning
confocal microscope (Leica, Heidelberg, Germany). GFP staining intensity
in flat mounts was quantified from fluorescence microscopic images using
Image] (National Institutes of Health) software to determine the fluores-
cence intensity in pixels per unit area. Differences between groups were

300

© The American Society of Gene & Cell Therapy

evaluated with GraphPad Prism software (GraphPad, La Jolla, CA) using
one-way ANOVA followed by Dunnett’s post-test for group comparison.

SUPPLEMENTARY MATERIAL
Figure S1. Immunostained retinal sections of GFP expression at
1 month after subretinal delivery.
Figure $2. Immunostained retinal sections of GFP expression at
1 month after intravitreal delivery.
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