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Abstract

Adeno-associated virus (AAV) has proven an effective gene delivery vehicle for the treatment of retinal disease.
Ongoing clinical trials using a serotype 2 AAV vector to express RPE65 in the retinal pigment epithelium have
proven safe and effective. While many proof-of-concept studies in animal models of retinal disease have sug-
gested that gene transfer to the neural retina will also be effective, a photoreceptor-targeting AAV vector has yet
to be used in the clinic, principally because a vector that efficiently but exclusively targets all primate photo-
receptors has yet to be demonstrated. Here, we evaluate a serotype 5 AAV vector containing the human
rhodopsin kinase (hGRK1) promoter for its ability to target transgene expression to rod and cone photoreceptors
when delivered subretinally in a nonhuman primate (NHP). In vivo fluorescent fundus imaging confirmed that
AAV5-hGRK1-mediated green fluorescent protein (GFP) expression was restricted to the injection blebs of
treated eyes. Optical coherence tomography (OCT) revealed a lack of gross pathology after injection. Neu-
tralizing antibodies against AAV5 were undetectable in post-injection serum samples from subjects receiving
uncomplicated subretinal injections (i.e., no hemorrhage). Immunohistochemistry of retinal sections confirmed
hGRK1 was active in, and specific for, both rods and cones of NHP retina. Biodistribution studies revealed
minimal spread of vector genomes to peripheral tissues. These results suggest that AAV5-hGRK1 is a safe and
effective AAV serotype/promoter combination for targeting therapeutic transgene expression protein to rods
and cones in a clinical setting.

Introduction

Recombinant adeno-associated virus (AAV) has
emerged as the optimal gene delivery vehicle to treat

retinal diseases requiring expression of a specific protein.
AAV is attractive because of its safety, long-term expression,
ability to transduce terminally differentiated cells, and broad
yet selective tropism through the use of the numerous AAV
serotypes currently available (Daya and Berns, 2008; Van-
denberghe and Auricchio, 2012). It has been used successfully
in proof of concept experiments in a variety of animal models
of retinal disease (Stieger and Lorenz, 2010; Sundaram et al.,
2012). Ongoing clinical trials for RPE65-LCA (LCA2) high-
light the ability of subretinally delivered AAV2 to express a
therapeutic transgene in the retinal pigment epithelium,

thereby restoring retinal function and visually evoked be-
havior to patients (Ashtari et al., 2011; Bainbridge et al., 2008;
Bennett et al., 2012; Cideciyan et al., 2008; Hauswirth et al.,
2008; Jacobson et al., 2012; Maguire et al., 2008). However,
because the majority of inherited retinal diseases are caused
by defects in photoreceptor-specific genes (Dryja, 2001), the
development of vectors that will safely and effectively target
transgenes to this cell type is warranted.

Studies have shown that AAV5 exhibits increased tropism
for photoreceptors and faster transduction kinetics relative to
AAV2 (Auricchio et al., 2001; Lotery et al., 2003; Yang et al.,
2002). AAV5 has been shown to effectively target photore-
ceptors in mouse, dog, and nonhuman primate (NHP), and
has been used successfully to restore retinal function and
preserve retinal structure in models of various retinal
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diseases, including retinoshisis, achromatopsia, LCA1,
LCA2, and retinitis pigmentosa (Alexander et al., 2007; Boye
et al., 2010; Gorbatyuk et al., 2010; Komaromy et al., 2010; Li
et al., 2011; Mancuso et al., 2007; Mao et al., 2011; Min et al.,
2005; Pang et al., 2010; Pang et al., 2008; Pang et al., 2012a; Yao
et al., 2011). Recently, it has been shown that this serotype
efficiently transduced cone photoreceptors and produced
trichromatic color vision in an NHP model of red–green
color blindness, making AAV5 the only serotype with
demonstrated therapeutic efficacy in an NHP model of
photoreceptor dysfunction (Mancuso et al., 2009). While
there is a strong impetus to develop AAV vectors that target
cone photoreceptors due to their central role in high-acuity
daylight vision, many diseases exist in which both rods and
cones need to be targeted simultaneously, including, but not
limited to, retinitis pigmentosa, cone-rod dystrophies, and
Leber congenital amaurosis (LCA).

Several proof-of-concept studies have shown that, when
used in conjunction with AAV, the human rhodopsin kinase
(hGRK1) promoter efficiently drives therapeutic transgene
expression exclusively in photoreceptors and restores retinal
function to mouse models of human retinal disease (Beltran
et al., 2012; Boye et al., 2010; Boye et al., 2011; Khani et al.,
2007; Pawlyk et al., 2010; Sun et al., 2010; Tan et al., 2009). It
has been suggested that, due to its small size and proven
activity in murine photoreceptors, hGRK1 is an optimal
promoter choice for targeting rods and cones in a clinical
setting. However, additional studies are needed for two
reasons before reaching this conclusion. First, a recent study
revealed that hGRK1 drives AAV-mediated transgene ex-
pression in rods, but not cones, of the canine retina (Beltran
et al., 2010). It was suggested that this was due to a species-
specific difference in the expression of G-protein coupled
receptor kinases in rods and cones. GRK1 is expressed in
both rods and cones of the mouse and rat retina whereas, in
dogs, its expression is limited to rods (Weiss et al., 2001).
In dogs, desensitization of cones is instead modulated by a
cone-specific isoform, GRK7 (Weiss et al., 2001). In the hu-
man and monkey retina, GRK1 is also expressed in both rods
and cones, but in these species, it is coexpressed along with
GRK7 in cones (Weiss et al., 2001). The existence of multiple
GRK isoforms in primate cones may, therefore, in theory,
limit the ability of the hGRK1 promoter to efficiently target
AAV-mediated transgene expression to these cells. Second,
evidence that rodent models are relatively poor predictors of
AAV transduction in primates continues to emerge (Ivanova
et al., 2010; Yin et al., 2011). Moreover, the structural differ-
ences between primate and rodent retinas, most notably the
existence of a cone-rich fovea in the former, warrants formal
evaluation of AAV vector tropism in nonhuman primate
(NHP) retina prior to clinical application.

Here, we evaluate the transduction profile of AAV5 con-
taining the hGRK1 promoter-driving green fluorescent pro-
tein (GFP) following subretinal delivery in an NHP species
(Macaca nemestrina). We compare these results to those found
in mice injected subretinally with the identical vector. In
addition, we evaluate the presence of neutralizing antibodies
to AAV5 in pre- and post-injection serum samples, the
spread of vector genomes outside the injection site in pe-
ripheral organs, and the existence of any off-target transgene
expression in the retina and optic nerves of the NHP. Using
in vivo imaging and post mortem histology, we also evaluate

whether subretinal injection of this vector resulted in any
gross pathology in NHP retina.

Methods

AAV vector

AAV vector plasmid containing the 292nt version of hu-
man rhodopsin kinase promoter (GRK1)–driving GFP was
identical to that used previously (Beltran et al., 2010). AAV
vector plasmid was packaged in AAV serotype 5 and titered
according to previously published methods ( Jacobson et al.,
2006a; Zolotukhin, 2005). Upon titering of the bulk product,
virus was diluted to 1 · 1012 vector genomes/ml in balanced
salt solution (BSS) (Alcon, Fort Worth, TX) with 0.014 %
Tween-20 ( JT Baker, Philipsburg, NJ) and immediately ali-
quoted in appropriate volumes for NHP and mouse experi-
ments, at 0.750 ml and 0.020 ml, respectively. Virus aliquots
were stored at - 80�C until shortly before injection.

Animals

All procedures performed on NHP and mice were ap-
proved by the Institutional Animal Care and Use Committee
of the University of Alabama at Birmingham (UAB) and the
University of Florida’s Institutional Animal Care and Use
Committee, respectively. All procedures were done in accor-
dance with the Association for Research in Vision and
Ophthalmology Statement for the use of animals in ophthal-
mic and vision research. Three male Macaca nemestrina (ages
6–7 yrs) and five, 5–6-week-old C57BL/6J mice ( Jackson
Laboratory, Bar Harbor, ME) were used in this study. NHP
subject ET-79 was injected in October 2010. Subjects FK-34 and
GD-59 were added to the study in October 2011.

Subretinal injection

All NHP surgical procedures were carried out under
sterile conditions in a dedicated veterinary ophthalmic sur-
gical suite. The subjects were sedated using 100 mg/ml
Ketamine (10 mg/kg IM) and given subcutaneous 0.54 mg/
ml atropine (0.05 mg/kg). An IV catheter was placed and a
saline drip started, then the animal was intubated. Once se-
dated, the eyes were dilated using 2.5% phenylephrine/1%
tropicamide/1% cylate. The animal was placed on a venti-
lator, and general anesthesia was carried out using Iso-
flurane (1.5% maintenance) while vital signs were
continuously monitored. The right eye (subject ET-79) or left
eye (subjects FK-34 and GD-59) were prepared with Betadine
scrub and draped in standard sterile fashion. An Accurus
800CS surgical system with Xenon light source, Total Plus 23
gauge Vitrectomy Pak (Alcon, Inc., Fort Worth, TX) and
Zeiss VISU 200 ophthalmic surgical microscope equipped
with digital video (Endure Medical, Cumming, GA) were
used for the surgery. The posterior segment retina was vi-
sualized using an irrigating Machemer magnifying vitrec-
tomy contact lens (Ocular Instruments, Bellevue, WA). A
standard 23-gauge three-port pars plana vitrectomy was
performed with an inferior infusion cannula maintaining a
continuous pressure of 30 mm/Hg with BSS Plus (Alcon,
Inc., Fort Worth, TX). Subsequently, the superior-temporal
sclerotomy was enlarged with a 20-gauge MVR blade for
the injection cannula. A 39-gauge injection cannula with
20-gauge shaft (Synergetics, O’Fallon, MO) was used to
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deliver vector into the subretinal space of subject ET-79’s
right eye through an injection located 2.5 mm superior-
temporally to fovea in an area where no prominent vascula-
ture was visualized. Approximately 60 microliters of AAV5-
hGRK1-GFP containing 6 · 1010 vector genomes (vector
concentration of 1 · 1012 particles/ml) was delivered creating
a bleb in which a portion also extended under the fovea. This
bleb measured approximately 5.0 mm in diameter (based on
in vivo fluorescence fundus imaging). Injections for FK-34 and
GD-59 were performed in a similar manner as described in
Table 1. The three sclerotomy sites and conjunctiva were su-
tured closed using 9.0 vicryl, and subconjunctival cefazolin
and dexamethasone were administered. To prevent corneal
drying during surgical recovery, triple antibiotic ophthalmic
ointment was applied to both eyes. Upon full recovery, the
subject received intramuscular 0.3 mg/ml buprenex
(0.01 mg/kg) BID for 3 days and 330 mg/ml cefazolin
(25 mg/kg) BID for 7 days. Recovery was uneventful; the
corneas of the treated eyes remained clear with only mild
conjunctival redness, which resolved within a week after
surgery.

The same AAV5-hGRK1-GFP virus prep was also used in
our mouse experiments. A total of one microliter containing
1 · 109 vector genomes (vector concentration 1 · 1012 parti-
cles/ml) was delivered to the subretinal space of five post-
natal day 40 (P40) C57BL/6J mice (one eye only). Subretinal
injections were performed according to methods previously
described (Timmers et al., 2001).

In vivo imaging

Imaging of ET-79 was performed at 3 weeks and 5 weeks
post-injection (the right eye was examined for any baseline
autofluorescence 5 days prior to surgery). Imaging of FK-34
and GD-59 was performed at 2.5 weeks and 5 weeks post-
injection. Subjects were sedated using Ketamine/Acepro-
mazine (10 mg/kg and 0.55 mg/kg, respectively) then the
eyes were dilated using 2.5% phenylephrine/1% tropica-
mide. For corneal lubrication, Refresh (Allergan, Irvine, CA)
or BSS drops were used. Once fully dilated, the subjects
were situated on a custom table, in the ‘‘sphinx’’ position
for imaging, using a Spectralis HRA + OCT (Heidelberg
Engineering, Inc., Germany) scanning laser ophthalmo-
scope. Images were obtained with the 30-degree objective
using infrared (820 nm) and autofluorescence (488 nm)
modes with and without optical coherence tomography
(OCT). Volume OCT scans were obtained in the macular
region of all treated eyes as well as in the peripheral region
of subject GD-59.

Tissue preparation

NHP subjects were euthanized and perfused, and their
eyes enucleated at 48 days post-injection (ET-79) or 96 days
post-injection (FK-34 and GD-59). Retinas from right and left
eyes of subject ET-79 and left eyes from subjects FK-34 and
GD-59 were used in this study. Briefly, subjects were given
sodium heparin (2000 units), then euthanasia was carried out
using 64.8 mg/ml sodium pentobarbital (25mg/kg). Access
for perfusion was achieved using an intra-aortic cannula
inserted through the left ventricle (while the right atrium was
cut). Gravity-fed perfusion was initiated using 2 liters of
vasodilator solution (0.9% NaCl and 1% NaNO2) followed
by 4 liters of fixative (4% paraformaldehyde in 0.1 M Sor-
ensen’s phosphate buffer, pH 7.2). The eyes were enucleated
with approximately 5 mm of proximal optic nerve retained.
Optic nerves from treated and untreated eyes were removed.
A slit was made in each cornea, and then eyes/optic nerves
were placed into fix buffer for an additional 24 hours at 4�C,
then removed and placed into fresh PB buffer (0.1 M Sor-
ensen’s phosphate buffer, pH 7.2) and stored at 4�C until
sectioning. Peripheral tissues were harvested from the eu-
thanized subject in the following order: right testicle, left
testicle, lung, right kidney, left kidney, pancreas, spleen,
liver, right submandibular lymph node, left submandibular
lymph node, heart, and brain. A fresh, sterile instrumenta-
tion pack was used for each organ harvested. Once har-
vested, the tissues were cut into smaller (in triplicate) pieces
with sterile scalpels, flash frozen in liquid nitrogen and
stored at - 80 until DNA extraction. The brain was also re-
moved at this time, blocked in the coronal plane using a
stereotactic device, and placed in PB buffer.

For sectioning, the eyes were dissected to remove the an-
terior portion of the globe and the vitreous removed. For
ET-79, the central retina was divided into three 5-by-8-mm
blocks deemed ‘‘superior,’’ ‘‘macular,’’ and ‘‘inferior’’ (5 mm
in superior/inferior axis, 8 mm in nasal temporal axis), such
that the GFP-positive bleb was contained wholly within two
of the blocks. Using stills from the surgical video and in vivo
GFP imaging as a guide, we determined visually (using the
macula and vasculature pattern as references) that two
blocks, the macular and superior, of approximately 5 by
8 mm encompassed the entire region of the bleb and con-
tained ample superior, inferior, nasal, and temporal bleb
margins. For FK-34, the central retina was divided into five
blocks labeled ‘‘superior,’’ ‘‘central,’’ ‘‘inferior,’’ ‘‘temporal,’’
and ‘‘nasal,’’ with the bleb encompassed within the central
block. For GD-59, the central retina was divided into five
blocks labeled ‘‘superior’’, ‘‘central’’, ‘‘inferior’’, ‘‘optic disk’’

Table 1. Animal and Injection Details

ID # Agea Injection date Sacrifice Eye inj. Volume Bleb location Device Vitrectomy

ET-79 7 yrs 10/2/2010 48 days PI R 60 ll 1012 VG/ml Central plus superior Synergetics Standard
FK-34 7 yrs 8/13/2011 97 days PI L 30 ll 1012 VG/ml Central Synergetics Minimal
GD-59 6 yrs 8/13/2011 97 days PI L 100 ll 1012 VG/ml

200 ll 1012 VG/ml
1. Peripheral-temporal
2. Centralb

Lambert Minimal

aAll subjects were male.
bPossible reflux during injection.
PI, post-injection; R, right; L, left.
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and ‘‘nasal’’ with two blebs extending through the ‘‘superi-
or,’’ ‘‘central,’’ and ‘‘inferior’’ blocks. Once dissected, the
blocks were photographed using a standard dissection mi-
croscope. Optic nerves from ET-79 were oriented such that
resulting sections were taken in the sagittal plane. Embed-
ding of retina and optic nerve tissue consisted of immersion/
equilibration in five different, and successive, solutions: 10%
sucrose/PB; 20% sucrose/PB; 30% sucrose/PB; 4 parts 30%
sucrose/PB to 1 part HistoPrep (Fisher Scientific, Pittsburgh,
PA); and 2 parts 30% sucrose/PB to 1 part HistoPrep. All
incubations took place at room temperature for 30 minutes
except the 30% sucrose/PB, which took place overnight at
4�C. Once the final incubation was complete, the tissue was
placed in 2 parts 30% sucrose to 1 part Histoprep, oriented,
and frozen immediately by partial submersion in liquid ni-
trogen. Embedded retinal blocks from ET-79 were sectioned
on the 8 mm axis in an inferior to superior direction for the
macula block and superior to inferior direction for the su-
perior block (heading toward the bleb in each case). The
central retinal block from FK-34 was sectioned on the 8 mm
axis in a superior to inferior direction. FK-34’s nasal retinal
block was sectioned on the 8 mm axis in a nasal to temporal
direction. The superior, central, and inferior retinal blocks
from subject GD-59 were sectioned on the 8-mm axis in a
superior to inferior direction. All sections were 10 lm thick.
Detailed notes were kept during cryosectioning, keeping
track of every section pulled and whether or not that section
was mounted or discarded, while periodically monitoring
the freshly cut sections with the light microscope. Sectioning
in this manner allowed for reasonable orientation within the
block, keeping in mind that normal variations occur with
cutting at 10lm, including expansion and contraction of
embedding medium.

Superfrost Plus (Fisher Scientific) slides were used,
and the sections were cut on a cryostat (Leica CM3050 S,
Wetzlar, Germany) with the cabinet and object temperatures
set at - 25�C and - 15�C, respectively. For brain sections, the
brain was equilibrated in 25% sucrose in PB buffer for 96
hours following the perfusion, during which three changes of
fresh 25% sucrose in PB buffer occurred. The brains were
then sectioned in the coronal plane at 40 lm on a freezing
microtome. Sections were stored at 4�C in PB.

Mice were sacrificed immediately after imaging. Treated
and untreated eyes were enucleated and placed immediately
in 4% paraformaldehyde. All eyes were prepared for cryo-
sectioning as previously described (Haire et al., 2006). Eye-

cups were serially sectioned at 10 lm with a cryostat (Leica
CM3050 S).

Immunohistochemistry and microscopy

NHP retina and optic nerve cryosections were washed
three times with 1· PBS (15 minutes each). Samples were
then incubated in 0.5% Triton · -100 for 1 hour in the dark at
room temperature and blocked in a mixture of 10% goat
serum in 1· PBS for 1 hour at room temperature. Retina
samples were then incubated with a rabbit polyclonal anti-
body raised against primate cone arrestin (‘‘Lumif,’’ gener-
ously provided by Dr. Cheryl Craft, University of Southern
California) diluted 1:30,000 in a solution containing 1% NHP
serum in 1· PBS (serum was isolated from our NHP subjects
prior to injection procedure) for approximately 12 hours at
4�C. Samples were then washed three times with 1· PBS (10
minutes each) and incubated for 1 hour at room temperature,
with an IgG secondary antibody tagged with Alexa-594
fluorophore (Molecular Probes, Eugene, OR) diluted 1:500 in
a mixture of 1· PBS containing 3% NHP serum (the same
serum used for primary incubation). Autofluorescence
eliminator reagent (Cat. #2160; EMD Millipore, Billerica,
MA) was also applied to retinal sections from FK-34 and
GD-59. Samples were counterstained with 4¢,6¢-diamidino-2-
phenylindole (DAPI) for 5 minutes at room temperature.
After a final rinse with 1· PBS, samples were mounted in an
aqueous-based media (DAKO) and coverslipped. Optic
nerves of ET-79 were counterstained with DAPI only.

Cryosections located within the parafovea were selected
based on a previous study that delineated photoreceptor
topography of the retina in Macaca nemestrina (Packer et al.,
1989) and the careful notes we kept during cryosectioning
(see Methods). Two retinal sections representing proximal
and distal parafoveal retina (located 550 and 850 microns
superior to the foveal pits, respectively) of all subjects were
selected for analysis. A schematic of photoreceptor topog-
raphy adapted from Packer et al.(1989), along with the lo-
cations selected for analysis, are shown in Figure 1.

Mouse retina sections were immunostained according to
previously described methods (Boye et al., 2010) with minor
modifications. Samples were incubated with a rabbit poly-
clonal antibody raised against GFP diluted 1:1000 in 0.3%
Triton/1% BSA for 12 hours at 4�C. Samples were then
washed and incubated in IgG secondary antibody tagged
with Alexa-488 (Molecular Probes) diluted 1:500 in 1· PBS

FIG. 1. Schematic representation of cone
(left) and rod (right) photoreceptor topogra-
phy in Macaca nemestrina retina using a color
scale to reflect average photoreceptor densi-
ties at various eccentricities from the foveal
pit. Dashed rings are spaced 370 lm apart.
Color scale spans the range of 0–200,000
photoreceptors/mm2. Stars are placed in the
two parafoveal retinal regions (‘‘proximal
parafovea’’ - 550 lm superior to foveal pit
and ‘‘distal parafovea’’ - 850 lm superior to
foveal pit), which were chosen for immuno-
histochemical analysis. A Spectralis fundus
image of Macaca nemestrina is shown on the
right with a yellow ring representing the
outermost eccentricity of the figures on left.
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for 1 hour at room temperature. Secondary-only controls
were performed on both mouse and NHP retinal sections.

All NHP and mouse sections were analyzed using spinning
disk confocal microscopy (Nikon Eclipse TE2000 microscope
equipped with Perkin Elmer Ultraview Modular Laser System
and Hamamatsu O-RCA-R2 camera). Raw GFP (NHP sec-
tions) or Alexafluor-488 fluorescence (mouse sections) were
detected with a 488-nm laser line. Cone arrestin (Alexafluor-
594) fluorescence was detected in NHP with a 561 nm laser
line. DAPI fluorescence was detected with a 405-nm laser line.
Images of all fluorochromes (or raw GFP) were obtained se-
quentially using either 20· (air) or 40· (oil) objective lenses.
All settings (exposure, gain, laser power) were identical for
the 20· or 40· objectives, respectively, with one exception.
The 488 exposure alone was slightly reduced when capturing
the 20· image closest to the injection site in ET-79. Because it
was likely exposed to the highest concentration of vector, the
GFP signal in this area of the retina was strongest, hence the
need for a slight reduction in exposure.

Representative areas of NHP retinas were chosen for
analysis; ET-79: 1) foveal pit, 2) proximal parafovea-550 lm
superior to foveal pit, 3) distal parafovea-850 lm superior to
foveal pit, 4) center of the bleb near injection site, 5) the
macular edge of injection bleb, 6) the superior edge of in-
jection bleb, and 7) area outside of the injection bleb; FK-34:
1) foveal pit, 2) parafovea-550 lm superior to foveal pit, 3)
distal parafovea-850 lm superior to foveal pit, 4) periphery
of central bleb; GD-59: 1) foveal pit, 2) parafovea-550 lm
superior to foveal pit, 3) distal parafovea-850 lm superior to
foveal pit, 4) periphery of central bleb, 5) center of peripheral
bleb. Locating specific areas was based on extensive notes
taken during the sectioning process. Care was taken to orient
each NHP block using retinal vasculature as a landmark
during sectioning. These landmarks were compared to
Spectralis images to facilitate orientation. All image analysis
was performed using Volocity 5.5 software (PerkinElmer,
Waltham, MA). Point spread functions (PSFs) for DAPI, 488
and 594, were generated for deconvolution (iterative resto-
ration) of NHP images at a 95% confidence interval and an
iteration limit of 20. Snapshots of final images were exported
in .tiff format.

Biodistribution

The spread of vector DNA in tissues of the treated NHPs
were determined in samples collected at sacrifice accord-
ing to previously described methods with modifications
( Jacobson et al., 2006b). A major difference between our study
and those previously reported is that the biodistribution data
reported here was generated from tissue recovered from a
perfused animal. All tissues examined in this NHP study
were, therefore, exposed to fixative prior to genome recovery.
In addition, data generated from all treated subjects and un-
treated retina (ET-79 only), as well as optic nerves from trea-
ted and untreated eyes, was recovered from £ 0.10 lg of total
genomic DNA. This DNA was extracted from retina and optic
nerve tissue removed from those slides that were not used for
immunostaining. Approximately six retinal sections (10 mi-
crons thick and *1 cm in length) were used for extraction of
0.05 lg of total retinal DNA. Approximately eight sagittal
sections of optic nerve (10 microns thick, *1 cm by *0.5 cm)
were used for extraction of 0.10 lg of total optic nerve DNA.

Genomic DNA extraction and quantitative polymerase chain
reactions (PCRs) were performed as previously described
( Jacobson et al., 2006b; Song et al., 2002) with minor modifi-
cations. Primer pairs were designed to the SV40 poly-adeny-
lation signal (SV40 polyA) region in each vector genome, and
standard curves established using known concentrations of
plasmid DNA containing the same SV40 polyA target se-
quence. DNA from all tissues (three samples per periperhal
organ and one sample for eyes and optic nerves) was assayed
in triplicate. For ET-79, biodistribution was performed on the
lateral geniculate nucleus (LGN) as a whole (value shown is
the average of bilateral analysis), whereas LGN was divided
into right and left quadrants for FK-34 and GD-59.

Neutralizing antibody assays

ARPE-19 cells (purchased from ATCC, Manassas, VA)
were routinely maintained in a culture medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM)—Nutrient
Mixture F-12, 1:1 mixture with Hepes buffer containing 10%
fetal bovine serum (FBS), 0.384% (w/v) additional sodium
bicarbonate, 1% 200 Mm L-glutamine, and 50 mg/ml Gen-
tamicin. Cells were incubated at 37�C in 7% CO2.

NHP serum samples and naive serum from a mouse were
heat-inactivated at 56�C for 35 minutes. Self-complimentary
AAV5-smCBA-mCherry vector (104 genomic copies per cell)
was diluted in serum-free DMEM/F-12 1:1 modified me-
dium and incubated with 2-fold serial dilutions (from 1:10 to
1:1280) of heat-inactivated serum samples in DMEM/F-12
1:1 modified medium for 1 hour at 37�C. The serum-vector
mixture was then used to infect ARPE-19 cells seeded in
96-well plates containing 3 · 104 cells/well for 1 hour. After
1 hour incubation, an equal volume of 20% FBS DMEM/F-12
1:1 modified medium was added to each well and incubated
for 72 hours at 37�C in 7% CO2 (Calcedo et al., 2009). Three
days post-infection, cells were observed under a fluorescent
microscope (Olympus IX 70 Inverted Fluorescent Micro-
scope equipped with a QImaging Retiga 4000R Camera
with RGB-HM-5 Color Filter and QImaging QCapure Pro
6.0 software; QImaging, Surrey, Canada). All images were
taken at identical exposure settings and magnification. Cells
were then dissociated with Accutase solution (MP Biome-
dicals, Solon, OH), and 10,000 cells per sample were coun-
ted and analyzed using a BD LSR II flow cytometer
equipped with BD FACSDIVA 6.2 software (BD Biosciences,
San Jose, CA). mCherry fluorescence was quantified with a
PE-Texas-Red-A filter with an excitation wavelength of
532 nm and an emission band pass of 600–620 nm. The
transduction efficiency was calculated by multiplying the
percentage of cells positive for mCherry by the mean fluo-
rescence intensity (Pajusola et al., 2002; Ryals et al., 2011a).
The neutralizing antibody (NAb) titer was reported as the
highest serum dilution that inhibited self-complementary
AAV5-smCBA-mCherry transduction (mCherry expression)
by ‡ 50%, compared with mouse naive serum control
(Sigma S3509).

Results

Subretinal injections

Injections were carried out using identical instrumenta-
tion, devices, and surgical techniques employed in human
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vitreoretinal surgery so as to accurately reflect the conditions
that would be encountered in future clinical trials. Animal
ET-79 had a vitrectomy followed by injection needle place-
ment superior-temporal so that vector injection propagated
the detachment toward the macula. The surgical protocol in
animal FK-34 was intended to replicate the injection/results
of ET-79 and had a minimal vitrectomy followed by injection
needle placement slightly superior-temporal to the macula
whereby vector injection propagated the detachment toward
the macula (*half the volume of ET-79). Animal GD-59 was
intended to evaluate transduction in both the peripheral and
central retina using two injections, one located peripherally
and one centrally. Additionally, a Lambert subretinal needle
was evaluated as an alternate injection device. During the
initial vitrectomy, animal GD-59 experienced slight surgical-
related trauma to the superior retina. A bipolar cautery
(Synergetics, O’Fallon, MO) was utilized to repair vessel
bleeding.

In life imaging

To initially assess the expression pattern of subretinally-
delivered, serotype 5 AAV vector containing the hGRK1
promoter-driving GFP expression in the primate retina
in vivo, Spectralis images were taken in the Scanning Laser
Ophthalmoscope (SLO) 488 nm autofluorescent mode. Ima-
ging time points and findings are summarized in Table 2.
Subject ET-79 was imaged at 3 (data not shown) and 5 weeks
post-injection (Figs. 2 and 3). Subjects FK-34 and GD-59 were
imaged at 2.5 (data not shown) and 5 weeks post injection
(Fig. 4). Comparison of the video still image of the subretinal
vector bleb at the time of surgery and SLO of subject ET-79 at
5 weeks post-injection revealed that vector-mediated GFP
expression was confined to that portion of the retina that was
detached during the subretinal injection procedure (Fig. 2).
OCT scans through representative areas of the injection blebs
of subjects ET-79 and FK-34 were generally unremarkable
except for some limited cellular disorganization at the im-
mediate injection site and a small area of abnormal re-
flectivity in a focal region of the fovea at the level of
photoreceptor inner/outer segments (IS/OS) and the retinal
pigment epithelium (RPE) (ET-79) (Figs. 3 and 4). With the
exception of this reflectivity, there was no gross pathology
apparent in any of the primate maculas (central blebs) fol-
lowing vector injection. Representative OCT scans from the
superior, central (foveal pit) and inferior macula of the pri-
mate eye taken 1 week before and 5 weeks after subretinal

injection were similar and exhibited normal retinal thickness
and lamination (Fig. 3). GFP expression was present in both
the central and peripheral retina of subject GD-59, with
fluorescence again confined to the limits of each injection
bleb. A retinal hemorrhage created during subretinal surgery
temporal/superior to the fovea is also evident (Fig. 4). Again,
except for limited disorganization at the injection site within
the central bleb (Fig. 4, line 1), OCT scans did not reveal any
pathology in the central or peripheral retina of subject GD-59
(Fig. 4, Supplementary Fig. S1; Supplementary Material
available online at www.liebertonline.com/hum).

With the exception of the area proximal to the injection site
of subject ET-79, which exhibited the highest relative fluo-
rescence, GFP expression appeared homogeneous through-
out the injection bleb (Figs. 2, 3, and 5). In contrast, the
central macular blebs created in subjects FK-34 and GD-59
produced a radial spokelike pattern of GFP expression
(Fig. 4). This pattern of GFP fluorescence was evident in the
488 Spectralis images of both monkeys as well as in retinal
cross sections from these areas (Fig. 4, Supplementary Fig.
S2) and was not evident in the peripheral retina of subject
GD-59. Given these GFP fluorescent spokes follow no dis-
tinct anatomical or cellular pattern, we postulate that this
pattern of GFP expression is the result of an initial re-
attachment of the central retina in a undulating pattern

Table 2. In Vivo Imaging Details

ET-79 5 days pre-injection 20 days post-injection:
GFP signal in bleb

39 days post-injection:
strong GFP signal in bleb

N/A

FK-34 186 days pre-injection
6 days pre-injection

14 days post-injection:
slight GFP signal
peripheral to macula

33 days post-injection:
strong GFP signal in and
around macula

63 days post-injection:
strong GFP signal
in and around macula

GD-59 186 days pre-injection
6 days pre-injection

14 days post-injection:
slight GFP signal
in periphery and
macula superior temporal
shows injection-related
damage

33 days post-injection:
strong GFP signal
in periphery and macula

63 days post-injection:
strong GFP signal
in periphery and macula

GFP, green fluorescent protein.

FIG. 2. Subretinal injection bleb and fluorescent fundus
image at 5 weeks post-injection with AAV5-hGRK1-GFP in
ET-79. Left panel: Yellow arrows in a still photo from the
subretinal injection video denote the limits of the 60 ll in-
jection bleb created during vector administration. Right
panel: Green fluorescent protein (GFP) fluorescence was
detected by 488 nm Spectralis imaging. The macula is indi-
cated with a white arrow. The injection site is indicated with
arrowheads in both panels. Scale bars = 200 lm.
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creating a channeling effect of the vector solution. In humans
with subretinal detachments, it is not uncommon to observe
undulations of the retina during such initial retinal re-
attachments (D. Witherspoon, personal communication,
2011). Furthermore, we speculate that this observation, re-

vealed through the highly sensitive Spectralis imaging sys-
tem, may be an unappreciated phenomenon with respect to
vectors delivered subretinally. The darker appearance of the
primate macula in the autofluorescence imaging mode of the
Spectralis (most evident in the foveal pits of subjects ET-79

FIG. 3. Pre-and post-injec-
tion fluorescent fundus im-
ages and corresponding OCT
scans in the retina of ET-79.
Representative OCT scans
corresponding to superior
macula (scan 1), foveal pit
(scan 2) and inferior macula
(scan 3) taken 5 days before
(top panel) and 39 days after
(bottom panel) AAV5-
hGRK1-GFP injection. An
additional OCT scan is
shown through an area near
the injection site (IS) in the
bottom panel. The injection
needle track is indicated by a
yellow arrow (bottom panel,
IS). Small changes in re-
flectivity at the layer of pho-
toreceptor IS/OS and RPE
are denoted with a yellow
arrow (bottom panel, scan 2).
OCT, optical coherence to-
mography; IS, injection site.
Scale bars = 200 lm. Color
images available online at
www.liebertpub.com/hum

FIG. 4. Post-injection fluo-
rescent fundus images and
corresponding OCT scans in
nonhuman primate (NHP)
subjects FK-34 (top) and
GD-59 (bottom). Top Panel:
Representative OCT scans
corresponding to a superior
region of the vector bleb (scan
1), the superior macula (scan
2), the foveal pit (scan 3), and
the inferior macula (scan 4)
taken 5 weeks after AAV5-
hGRK1-GFP injection in sub-
ject FK-34. Bottom Panel:
Representative OCT scans
corresponding to the injection
site (IS) in a superior region of
central vector bleb (scan 1),
the foveal pit (scan 2), and the
inferior macula (scan 3) taken
from subject GD-59 5 weeks
post-injection. Small changes
in lamination are visible at IS.
Scale bars = 200 lm. Color
images available online at
www.liebertpub.com/hum
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and GD-59 in Figs. 3 and 4), is a typical observation and, as
our immunostaining data shows (Figs. 5 and 6), does not
denote a reduction in GFP expression. This darkening is
thought to be due to the increased concentration of pigment
in this region (Snodderly et al., 1984a). The maximum ab-
sorbance of these pigments is 460 nm (Snodderly et al.,
1984b), which interferes with the 488 nm excitation light re-
sulting in a reduced fluorescence intensity from vector-
transduced cells in these regions. Higher exposure images
taken of the right (pre-injection) and left (untreated) eyes of
subject ET-79 show this macular feature more clearly (Sup-
plementary Fig. S3).

Immunohistochemistry

AAV5-hGRK1-mediated GFP expression was then evalu-
ated at higher resolution in representative areas of the in-
jected primate retinas. Notably, the vast majority of
photoreceptors within the rod-free foveal pit were GFP-
positive and, as expected, all cells were positive for cone
arrestin (Fig. 6). Upon removal of the blue (DAPI) and red
(cone arrestin) channels in the image (Fig. 5), GFP fluores-
cence is apparent in most, if not all, cone cell bodies in the
foveal pits in all three NHP subjects. This finding demon-
strates that despite the existence of additional rhodopsin

kinase isoforms in cones (Weiss et al., 2001), hGRK1 is active
in primate cones. Vector- mediated GFP expression was de-
tected in foveal (Figs. 5 and 6), proximal parafoveal (Fig. 7),
and distal parafoveal (Supplementary Fig. S4) cones of all
NHP subjects. White arrows denote GFP-positive parafoveal
cones at 550 and 850 lm superior to foveal pits of all NHP
subjects (Fig. 7 and Supplementary Fig. S4). At 40· magni-
fication, it is clear that cells that appear morphologically to
be cones in the parafovea also express cone arrestin, thus
confirming their identity (Fig. 7 and Supplementary Fig. S4).
Immunohistochemical analysis revealed that GFP expression
was confined to photoreceptors within the injection bleb,
confirming our in vivo imaging results. This result is consis-
tent with previous studies in which AAV5-mediated GFP
expression was restricted to the injection bleb of subretinally
injected rats (Provost et al., 2005; Stieger et al., 2008). Images
of cross sections chosen from the superior and macular edge
of the bleb (Fig. 5, fields 2 and 5, respectively) define the
boundaries of detectable GFP fluorescence in subject ET-79.
Additional images of the edges of detectable GFP expression
and just beyond it, taken at equal exposure, are shown in
Supplementary Figure S5. GFP expression was also detected
in rod photoreceptors, as evidenced by the expression pat-
terns observed in more peripheral retinal cross sections
dominated by rods (Fig. 5, field 2, and Fig. 8). The vast

FIG. 5. AAV5-hGRK1-mediated GFP expression in rod and cone photoreceptors of ET-79. (A) Cross sections of retina from
outside the injection bleb (1), the superior edge of injection bleb (2), injection site (3), foveal pit (4), and macular edge of
injection bleb (5) immunostained for cone arrestin (red) and counterstained with DAPI (blue). GFP was detected with its
intrinsic fluorescence (green). The Spectralis fundus image is shown for reference (top). Confocal images are shown at 40·
(top row) and 20· (bottom row) magnification. Abnormal cells are denoted with asterisk in 20· and 40· foveal pit images.
The intact RPE monolayer is denoted with a white arrow in the 20· foveal pit image. Scale bar at 40· = 15 lm; scale bar at
20· = 30 lm. DAPI, 4¢,6¢-diamidino-2-phenylindole; RPE, retinal pigment epithelium, OS, outer segments, IS, inner segments,
ONL, outer nuclear layer, INL, inner nuclear layer.
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majority of cell bodies in these rod-rich peripheral sections
are GFP positive and negative for cone arrestin. Thus, most
of these transduced cells must be rods. GFP was expressed
exclusively in cones and rods of all NHP subjects. RPE au-
tofluorescence appeared in all channels in both treated and
untreated eyes of subject ET-79 (Figs. 5, 7, and 8; Supple-
mentary Figs. S4–6). To reduce this artifact, autofluorescence
eliminator reagent was applied to all retinal cross sections of
the second and third subsequent subjects, FK-34 and GD-59.
This eliminated all autofluorescence in the RPE cell layer.
Analysis of retinal tissue outside the bleb of subject ET-79
revealed an absence of AAV5-hGRK1-mediated transgene
expression (Fig. 5, field 1). As expected, no GFP expression
was found in the untreated, contralateral control eye of
subject ET-79 (Supplementary Fig. S6). Control staining with
goat anti-rabbit 594 secondary alone validated the cone ar-
restin antibody specificity (Supplementary Fig. S6).

In order to compare transduction of an identical vector
preparation at the same dose across species (NHP versus
mouse), we subretinally injected the same vector preparation
into the mouse (Supplementary Fig. S7). Consistent with our
results in NHP, GFP expression was seen in the vast majority
of photoreceptors (cell bodies, inner/outer segments) within
the injection bleb (Supplementary Fig. S7).

Biodistribution

Vector genome (vg) biodistribution studies were performed
on injected NHPs to establish whether AAV5-delivered vector
DNA was present in the following tissues: treated retina in-
side and outside injection bleb, untreated retina, optic nerve,
brain, testis, kidney, pancreas, spleen, liver, submandibular
lymph node (SMLN) and heart (Table 3). As expected, a high
amount of vector genomes were recovered from retinal tissue
within the injection blebs of all NHP subjects (ranging from

245,635 to 908,490 vg/lg DNA). Relatively low numbers of
genomes were recovered from retinal tissue outside the in-
jection bleb (ranging from undetectable to 1695 vg/lg DNA),
optic nerves (ranging from 110 to 3020 vg/lg DNA) of the
injected eyes, and select portions of brain. Despite the exis-
tence of vector genomes in these areas, no transgene expres-
sion was detected in retinal tissue outside the bleb (Fig. 5) or
in optic nerves of the treated eyes (data not shown). No vector
genomes were detected in the untreated retina of subject ET-
79 (untreated retinas from FK-34 and GD-59 were not ana-
lyzed) or their optic nerves (all subjects). All peripheral tissues
were negative for AAV5-delivered sequence with the excep-
tion of subject FK-34’s spleen, which was near the limit of
detection (100 vg/lg DNA).

Neutralizing Antibody

All NHP subjects were screened for the existence of NAbs
to AAV5 in serum with an assay using self-complimentary
AAV5-smCBA-mCherry and the ARPE-19 ocular cell line,
previously shown to be efficiently tranduced by AAV5 vec-
tors (Ryals et al., 2011b). Using FACs to score relative
mCherry expression in ARPE-19 cells infected with scAAV5-
smCBA-mCherry in the presence of serial dilutions (ranging
from 1:10 to 1:1280) of NHP serum samples, we found that
none of the three NHP subjects exhibited detectable NAbs to
AAV5 prior to the subretinal injection procedure (all NAb
titers < 1:10) (Table 4). Serum taken from each subject at the
time of sacrifice (ET-79- 48 days post-injection, FK-34 and
GD-59-96 days post-injection) revealed that subjects ET-790
and FK-34 did not develop NAbs to AAV5 following sub-
retinal injection of AAV5-hGRK1-GFP (NAb titers < 1:10)
(Table 4). However, subject GD-59 did develop NAbs to
AAV5, with a titer of 1:640 (Table 4). This subject experi-
enced a retinal hemorrhage during the subretinal surgery,

FIG. 6. AAV5-hGRK1-medi-
ated GFP expression in foveal
cones of NHP retinas. Cross
sections of foveal pits of all
NHP subjects (left: ET-79;
middle: FK-34; right: GD-59).
Images of GFP fluorescence
(green) are shown on top.
Images of GFP fluorescence
(green), cone arrestin immu-
nofluorescence (red), and
DAPI nuclear stain (blue) are
shown below. Confocal im-
ages are shown at 40· mag-
nification. Scale bar = 22 lm.
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during which a vector may have gained access to the pe-
ripheral vasculature. Coincidently, this subject also received
the highest number of total vector genomes (Table 1).

Discussion

This study is the first demonstration that the hGRK1
promoter mediates robust and exclusive transgene expres-
sion in both cones and rods of the nonhuman primate retina.
The pattern of hGRK1-mediated expression in NHP is con-
sistent with that seen in mouse (Boye et al., 2010; Boye et al.,
2011; Khani et al., 2007; Pawlyk et al., 2010; Sun et al., 2010)
and is significant given the variability of GRK1 expression in
cones across species (Weiss et al., 2001), a recent report that
the hGRK1 promoter lacks activity in canine cones (Beltran
et al., 2010) and additional studies demonstrating that pro-
moter activities differ across mammalian taxa (Ivanova et al.,
2010; Yin et al., 2011) (Boye and Gamlin et al., unpublished

results). Despite the many structural differences between the
murine and primate retinas, we show that the transduction
profile of concentration-matched AAV5-hGRK1-GFP in these
two species is comparable. The finding that hGRK1 mediates
efficient transgene expression exclusively in NHP photore-
ceptors following subretinal injection supports incorporation
of hGRK1 into AAV vectors designed to treat photoreceptor-
mediated diseases in a clinical setting.

A secondary finding of this study is the efficient trans-
duction of both NHP rods and cones following subretinal
injection with an AAV5-based vector. This was reproducible
in all three subjects injected on two different surgical dates
separated by 1 year. While the issue of transducing both rods
and cones in an NHP has been investigated previously, re-
sults were conflicting and the imaging techniques used to
evaluate transduction were less sensitive (Lotery et al., 2003;
Mancuso et al., 2007). In 2003, the Davidson lab reported that
an AAV5 vector containing the ubiquitous cytomegalovirus

FIG. 7. AAV5-hGRK1-me-
diated GFP expression in
parafoveal cone photorecep-
tors of NHP retinas. Trans-
verse retinal sections were
taken 550 lm superior to the
foveal pit in ET-79 (top),
FK-34 (middle), and GD-59
(bottom). Left column: GFP
fluorescence (green); middle
column: cone arrestin immu-
nofluorescence (red); right
column: GFP (green), cone
arrestin (red), and DAPI nu-
clear stain (blue). DAPI
staining in the retinal section
from ET-79 is not visible due
to fading over the long stor-
age period. White arrows
in the left column indicate
several GFP-positive cone
photoreceptors exhibiting
characteristic cone cell mor-
phology with thick inner
segments. Confocal images
are shown at 40· magnifica-
tion. Scale bar = 22 lm.
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(CMV) promoter failed to drive GFP expression in cones
following subretinal delivery in rhesus or cynomolgus
monkeys (Lotery et al., 2003). Attempts were made to
transduce cones in multiple anatomical regions, including
the macula, at vector doses ranging from 3–12 · 108 particles
delivered. Postoperative in vivo imaging was performed with
a Zeiss fundoscope. Immunohistochemical analysis of retinal
sections was restricted to cross sections from one monkey
that received a subretinal injection in the nasal retina. Key
differences between this report and the current study may
account for the lack of cone transduction observed, including
differences in vector concentration (a higher concentration of
1 · 1012 particles/ml was used in the current study), pro-
moter choice, and postoperative analysis (a more thorough
analysis of various retinal regions, including the cone-rich
fovea, was performed in the current study). In 2007, the
Neitz lab reported that an AAV5 vector containing the
CHOPS2053 promoter [a promoter fragment containing two
segments of DNA from upstream of the human X-chromo-
some opsin gene array (Wang et al., 1992), also known as
‘‘PR2.1’’] drove GFP expression in cones following subretinal
delivery in the squirrel monkey (Mancuso et al., 2007). Vector

(concentration unreported) was delivered to multiple areas
of the retina, including the macula. Postoperative in vivo
imaging was performed with the RetCamII (Massie La-
boratories, Pleasanton, CA). Immunohistochemical analysis
of a single retinal cross section located ‘‘just inferior to the
fovea’’ revealed GFP-positive cone photoreceptors. The cur-
rent study improves upon previous reports in that we have
utilized state-of-the-art imaging technology to provide a
more detailed analysis of AAV5-mediated transduction, both
in life with fluorescent Spectralis imaging and OCT imaging
and post mortem with confocal microscopy. In addition, we
evaluated AAV5-mediated transgene expression more ex-
tensively by analyzing retinal cross sections from a variety
of retinal areas, including the cone-rich foveal pit and
parafovea.

Previously, Beltran et al. found that when delivered sub-
retinally to dogs, AAV5-hGRK1-GFP vector, at a dose of
2.27 · 1012 total vector genomes delivered, resulted in cone
toxicity (Beltran et al., 2010). AAV5 vectors with the strong
hybrid CMV/chicken beta actin (CBA) promoter showed
general photoreceptor toxicity (outer nuclear layer thinning)
at doses greater than 7.05 · 1011 total vector genomes

FIG. 8. AAV5-hGRK1-me-
diated GFP expression in rod
photoreceptors of NHP reti-
nas. Cross sections were ta-
ken from the periphery of the
subretinal vector blebs in ET-
79 and FK-34 and from the
peripheral subretinal vector
bleb of GD-59. Left column:
intrinsic GFP fluorescence
(green); middle column: cone
arrestin immunofluorescence
(red); right column: GFP
(green), cone arrestin (red),
and DAPI nuclear stain
(blue). DAPI staining from
ET-79 is not visible due to
fading over the long storage
period. 20· images are
shown for ET-79 and FK-34.
20· and 40· confocal images
are shown for GD-59. GFP
fluorescence is evident in
many photoreceptors lacking
cone arrestin expression
(rods) in peripheral retinal
regions of all NHP subjects.
Scale bar at 40· = 22 lm; scale
bar at 20· = 30 lm. OS, outer
segments; IS, inner segments;
ONL, outer nuclear layer;
INL, inner nuclear layer;
GCL, ganglion cell layer.
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delivered (Beltran et al., 2010). In our study, we found that
AAV5-hGRK1-GFP at a dose of 6.00 · 1010 vector genomes
delivered was well tolerated in the NHP retina, with no
apparent photoreceptor toxicity, suggesting the upper limit
of toxicity must be above this concentration. The vector dose
used in the current study falls within the range proven suf-
ficient for restoration of visual function/preservation of ret-
inal structure following AAV5-mediated treatment of
multiple mouse and dog models of photoreceptor-mediated,
inherited retinal disease (Alexander et al., 2007; Boye et al.,
2010; Gorbatyuk et al., 2010; Komaromy et al., 2010; Li et al.,
2011; Mao et al., 2011; Min et al., 2005; Pang et al., 2010; Pang
et al., 2008; Pang et al., 2012b; Yao et al., 2011). In at least 11
reports, all of which utilized AAV5-based vectors produced
by the same laboratory (University of Florida), vectors were
delivered to respective animal models at concentrations be-
tween 1 · 109–4 · 1010 vector genomes delivered. None of

these studies incorporated dose de-escalation analysis, sug-
gesting that the minimum therapeutic dose may fall below
this range. Notably, AAV5 is the only serotype tested thus
far to confer a gain of visual function in an NHP following
transduction of retina (Mancuso et al., 2009). In that study,
AAV5 containing the L/M cone-specific PR2.1 promoter
drove expression of human L-opsin in cones resulting in
trichromacy in previously dichromatic male squirrel mon-
keys. The AAV5-PR2.1-L-opsin vector was delivered sub-
retinally at a dose of *2.7 · 1013 vector genomes delivered.
Co injections of AAV5-PR2.1-L-opsin and AAV5-PR2.1-GFP
at a dose of 8.9 · 1012 delivered vector genomes were per-
formed in order to visualize regions of transduced retina in
life. While a thorough analysis of photoreceptor toxicity was
not performed in this study, the treated squirrel monkeys’
improvements in color vision remained stable for more than
2 years, suggesting that these vector doses were also well
tolerated (Mancuso et al., 2009).

In the current study all NHP retinal cross sections ob-
served within and outside the injection bleb(s) appeared
morphologically normal. Aside from disorganization proxi-
mal to the injection sites, no retinal thinning was observed in
any area. Confirming our OCT results from subject ET-79,
microscopy of the foveal pit of the injected eye revealed a
small clump of cells in the subretinal space (Fig. 5, field 4).
They were small in number and exclusive to this area. The
pattern of autofluorescence (Fig. 5, field 4) and pigmentation
(data not shown) seen in these cells resembled that of the
overlying RPE monolayer. It is known that the adult mam-
malian RPE has the capacity to proliferate under stress
conditions such as retinal detachment (Anderson et al., 1981;
Fisher et al., 2005) when RPE cells divide and daughter cells
migrate from the RPE monolayer to form complex ‘‘cellular
membranes’’ in the subretinal space (Fisher et al., 2005).
These proliferates may exist independent of an intact over-
laying monolayer and, assuming proper polarity, can con-
tinue to support photoreceptor outer segment regeneration
following reattachment(Fisher et al., 2005).

Studies have shown that the immune response to AAV
vectors differs with respect to the route of administration
(Anand et al., 2000; Anand et al., 2002; Barker et al., 2009; Li
et al., 2008; Li et al., 2009). Here we show that subretinal
injection of AAV5 led to generation of neutralizing anti-
bodies (NAb) against vector capsid in one of three NHP
subjects. The finding that post-injection serum from NHP
subject GD-59 had a neutralizing Ab titer (1:640) could be
artifactual because of the retinal hemorrhage that accompa-
nied this injection procedure and/or the increased vector
dose delivered to this subject relative to the other two. In the
absence of surgical complications (subjects ET-79 and FK-34),
neutralizing antibody titers were undetectable. Recent results
from one Leber congenital amaurosis-2 (LCA2) clinical trial
showed that subretinal injection of AAV2 did produce slight
increases in neutralizing antibodies against capsid (Simonelli
et al., 2010). However, these levels were not sustained nor did
they compromise the efficacy of a second subretinal injection
in the contralateral eye (Bennett et al., 2012; Maguire et al.,
2008; Simonelli et al., 2010). Similarly, increases in serum
NAb titers against AAV2 were documented after subretinal
injection in Rpe65 mutant dogs (Amado et al., 2010; Annear
et al., 2011) and in NHPs (Amado et al., 2010). Despite these
measurable immune responses, the safety and efficacy of a

Table 3. Detection of rAAV Vector Sequences

by Polymerase Chain Reaction in Nonhuman

Primate Tissue Samples

ET-79 FK-34 GD-59

Retina (R): Tx inside
injection bleb

+ (908,490) NA NA

Retina (R): Tx
outside injection
bleb

+ (675) NA NA

Retina (L) - + (417,605) + (246635)
Retina (L): Tx

outside injection
bleb

NA - + (1695)

Optic nerve (R) + (3020) - -
Optic nerve (L) - + (510) + (110)
Anterior chiasm + (330) + (133) + (99)
Chiasm proper - + (411) + (211)
Optic tract (R) - - + (146)
Optic tract (L) - + (261) + (1510)
LGN (R) + (590)* + (97) -
LGN (L) + (590)* + (974) + (170)
Testis (R) - - -
Testis (L) - - -
Kidney (R) - - -
Kidney (L) - - -
Pancreas - - -
Spleen - + (104) -
Liver - - -
SMLN (R) - - -
SMLN (L) - - -
Heart - - -

R, right; L, left; Tx, treatment; - , no PCR amplification; + , PCR
amplification of vector sequence (replicated value shown is average,
copy number per lg of DNA); *, value shown is average of bilateral
analysis; SMLN, submandibular lymph node; LGN, lateral genicu-
late nucleus.

Table 4. Neutralizing Antibody (Nab) Titers

of NHP Serum Pre- and Post-subretinal Injection

with AAV5

ET-79 FK-34 GD-59

Pre-injection < 1:10 < 1:10 < 1:10
Post-injection < 1:10 < 1:10 1:640
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second subretinal injection was not compromised. While
these results are not directly comparable to ours due to dif-
ferences in vector serotype, injection volumes, NAb assay
methodology, and surgical outcomes (they reported no sur-
gical complications, whereas our subject GD-59 experienced
a hemorrhage), these authors suggest that generation of NAb
titers against vector capsid does not necessarily preclude
effective re-administration of vector. Additional studies will
be required to establish whether repeat administration of
AAV5 will be equally well tolerated.

This study is the first to examine biodistribution of AAV5-
delivered vector genomes following subretinal delivery to
the NHP eye. Our results are consistent with other studies
that reported either minimal or no vector genomes in dog
and pig brain following subretinal injection of AAV5 vectors
(Mussolino et al., 2011; Provost et al., 2005). Despite detection
of genomes in optic nerve/brain of some subjects, AAV-
mediated GFP expression was restricted to photoreceptors of
the treated eye. Vector genomes were recovered outside the
brain (spleen) only in subject FK-34, but at levels near the
detection limit of the assay, indicating that the biodistribu-
tion pattern is consistent with those reported following
subretinal administration of AAV2 ( Jacobson et al., 2006b).

Analysis of retinal cross sections located throughout the
NHP fovea/macula revealed that AAV5 efficiently trans-
duced rods as well as foveal and parafoveal cones. By in-
ference, we can conclude that AAV5 mediates efficient
transduction of all subclasses of cones, since cones of the
foveal pit are exclusively M and L cones, and S-cones pre-
dominate in the parafoveal ring immediately eccentric to the
fovea (Curcio et al., 1991). Our result differs from that re-
ported following subretinal injections of other AAV sero-
types (Vandenberghe et al., 2011). When delivered at a dose
of 1 · 1010 vg, AAV7, AAV8, AAV9, rh.8R, and rh.64R1 ef-
ficiently targeted rods, while only AAV9 and rh.64R1 effi-
ciently transduced foveal cones. Interestingly, AAV9 and
rh.64R1 failed to efficiently transduce parafoveal cones
(Vandenberghe et al., 2011). Reasons for the differential
ability of AAV serotypes to transduce cones in the parafovea
remain to be elucidated. A possible explanation may lie in
the ability of respective serotypes to transduce S-cones
(Curcio et al., 1991). A more thorough analysis of AAV
transduction profiles of multiple vector serotypes, coupled
with identification of cone subtypes via immunohistochem-
istry, will be required to address this issue. Nevertheless,
gene-targeting to this region will be essential as the earliest
loss of function and degeneration often occurs in para/
perifoveal photoreceptors as a consequence of both normal
aging or a variety of retinal degenerative diseases such as
age-related macular degeneration (AMD), Stargardt’s disease
(STGD), cone/cone-rod dystrophies, achromatopsia, and
LCA (Curcio, 2001; Curcio et al., 1996; Goto-Omoto et al.,
2006; Owsley et al., 2000; Robson et al., 2004; Cideciyan et al.,
2012; Mackay et al., 2011; Okano et al., 2012; Robson et al.,
2008a; Robson et al., 2008b; Scholl et al., 2004).

Ongoing clinical trials using an AAV2 vector to deliver
Rpe65 to the retinal pigment epithelium have proven safe
and effective (Ashtari et al., 2011; Bainbridge et al., 2008;
Bennett et al., 2012; Cideciyan et al., 2008; Hauswirth et al.,
2008; Jacobson et al., 2012; Maguire et al., 2008) and have
provided an encouraging platform from which many other
ocular gene-replacement strategies will likely emerge.

However, an approach involving different AAV vectors will
certainly be required to target therapeutic genes to cells of
the neural retina. Many proof-of-concept studies in animal
models of photoreceptor-mediated diseases have begun to
address what these vectors might be (Stieger and Lorenz,
2010; Sundaram et al., 2012). The current study adds to this
knowledge base and suggests that the hGRK1 promoter, in
conjunction with AAV serotype 5, will be an effective mo-
dality for targeting therapeutic transgene expression simul-
taneously to rod and cone photoreceptors in a clinical setting.
To our knowledge, this study is the first to describe an AAV
vector capable of mediating efficient and exclusive transgene
expression in all photoreceptor subclasses of NHP, including
those in the parafovea, a senstive retinal region that often
exhibits early pathology as a consequence of normal aging
and a variety of inherited retinal diseases.
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