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AAVrh-10 Transduces Outer Retinal Cells in Rodents and
Rabbits Following Intravitreal Administration

Yong Zeng?, Haohua Qian?, Zhijian Wu2, Dario Marangonil, Paul Sieving!:2, Ronald Bush?
1Section on Translational Research for Retinal and Macular Degeneration, National Institute

on Deafness and Other Communication Disorders, National Institutes of Health, Bethesda,
Maryland, United States

2National Eye Institute, National Institutes of Health, Bethesda, Maryland, United States

Abstract

Recombinant adeno-associated virus (rAAV) has been widely used for gene delivery in animal
models and successfully applied in clinical trials for treating inherited retinal disease. Although
subretinal delivery of AAVSs can effectively transduce photoreceptors and/or retinal pigmental
epithelium (RPE), cells most affected by inherited retinal diseases, the procedure is invasive and
complicated, and only delivers the gene to a limited retinal area. AAVs can also be delivered
intravitreally to the retina, a much less invasive nonsurgical procedure. However, intravitreal
administration of non-modified AAV serotypes tends to transduce only ganglion cells and inner
nuclear layer cells. To date, most non-modified AAV serotypes that have been identified are
incapable of efficiently transducing photoreceptors and/or RPE when delivered intravitreally. In
this study, we investigate the retinal tropism of AAVrh10 vector administered by intravitreal
injection to mouse, rat, and rabbit eyes. Our results demonstrate that AAVrh10 is capable of
transducing not only inner retinal cells, but also outer retinal cells in all three species, though the
transduction efficiency in rabbit was low. In addition, AAVrh10 preferentially transduced outer
retinal cells in mouse models of retinal disease. Therefore, AAVrh10 vector could be a useful
candidate to intravitreally deliver genes to photoreceptor and RPE cells.

Introduction

Inherited retinal diseases are a group of heterogenous disorders, most of which are caused by
monogenic alterations resulting in degenerating photoreceptors and/or dysfunctional retinal
pigment epithelium (RPE) that lead to impaired vision. Monogenic alterations can lead to
either a lack of the normal protein resulting in functional insufficiency or to an abnormal
protein producing a gain of toxic effect that damages retinal structure and/or interferes

with retinal biophysiological function. Gene augmentation is being widely utilized to treat
functional insufficiency in retinal disease or retard the progress of retinal degeneration [1-6].
Recombinant virus vectors that are replication deficient, including adenovirus, lentivirus,
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and adeno-associated virus (AAV), have been widely used as a vehicle to deliver the normal
gene into diseased retinas and supplement functional protein in targeted cells [2, 6-9].
Among viral vectors, AAV is one of the most promising vehicles for therapeutic gene
delivery because of its non-pathogenicity, low immunogenicity, long term therapeutic gene
expression, broad range of host and cell type tropism, and the ability to transduce both
dividing and non-dividing cells.

The retina is an ideal target for gene therapy because of its compartmentalization, easy
accessibility, relatively immune-privileged status, and availability for noninvasive functional
and structural examinations [10, 11]. Several clinical trials of gene therapy treatments

for retinal diseases, including Leber congenital amaurosis [12], choroideremia [5], age-
related macular degeneration [13], and X-linked retinoschisis (XLRS) [14, 15], have been
conducted using an AAV-mediated delivery system. AAV2-mediated gene delivery has
recently been approved by FDA to treat patients with hereditary retinal disease caused by
biallelic RPE65 mutations.

As most inherited retinal diseases affect photoreceptor and/or RPE cells, an effective
treatment requires delivering vectors to transduce these outer retinal cells and induce
expression of the normal gene in the targeted cells. There are two major routes of

delivery to transduce cells in the outer retina: through the subretinal space or the vitreous
cavity. Subretinal injection is widely used to deliver vector to produce high photoreceptor
transduction with several serotypes of AAV, including AAV2, 5, 7, 8, and 9 [16-18],

and the RPE can be effectively transduced by AAV1, 2, 4, 5, and 8 [17, 18]. However,
subretinal injection requires specialized surgical skill, and the procedure itself induces
retinal detachment between the photoreceptors and RPE which may cause permanent retinal
damages such as central retinal thinning, macular hole formation and choroidal effusion [9,
19]. In addition, each subretinal injection can only deliver vector to a limited retinal area

in a large eye. In contrast, intravitreal injection is much less invasive and has become a
routine procedure performed in clinical outpatient practice for delivery of other drugs [20,
21]. A large study reported that the complication rate for intravitreal injection is less than
0.03% [22]. However, the main obstacle for using intravitreal injection to target outer retinal
cells is the lack of AAV vectors capable of effectively transducing cells in the deep retinal
layers, which include photoreceptors and RPE cells. Currently, the AAV2 serotype, which
possesses a natural tropism for ganglion cells and inner retinal cells, is the most commonly
used to deliver genes by intravitreal injection. AAV2-based capsid modifications, including
by direct evolutionary screening and exposed surface amino-acid substitution, have been
made to enhance its transduction profile [19, 23, 24]. In addition, AAV5, AAV8 and AAV9
variants have been generated for better retinal transduction by intravitreal injection through
novel capsid design and amino-acid substitutions [25-28]. However, even though some of
these modified vectors exhibit excellent transduction of outer retinal cells in mouse models
[3, 19, 29], none of them is capable of achieving an efficient transduction in large animal
models including non-human primates [30].

The needs for a serotype that can transduce outer retinal cells by intravitreal injection
are growing rapidly. In addition, identifying new capsids with native tropism for
photoreceptor/RPE cells via the vitreous will provide novel insights for modifications
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and rational design to enhance vector infectivity or speed up the gene expression onset.
AAVrh10 is a capsid isolated from rhesus monkey [31]. Due to its tropism for neurons,

this vector has been used extensively as a carrier to deliver genes and treat central nervous
system (CNS) diseases [32-35]. Giove et al reported in 2010 that AAVrh10 was capable

of transducing ganglion cells, inner nuclear cells, Muller cells, and a few photoreceptor

and RPE cells through intravitreal injection in mouse retina [36]. However, this vector has
received little attention in the ophthalmology field. To investigate gene delivery capability of
AAVrh10 and its retinal cellular tropism after intravitreal injection, we used a vector with
enhanced green fluorescent protein (EGFP) driven by cytomegalovirus (CMV) promoter as
a reporter gene, and examined retinal expression of fluorescent protein by fundus imaging
and histology. We used a lower dose and longer incubation time than previously reported by
Giove et al and included the eyes from three species: mouse, rat and rabbit.

Method and Material

Animals

Three lines of mice were used in these studies: RsZ-KO (generated previously in our lab
[2]), which is the retinoschisin-null mouse model, RA0-KO (generated by Humpbhries et al
[37]), which is the rod rhodopsin-null mouse model, and wildtype (littermates of RsZ-KO
mouse). Rats (Sprague Dawley, SD), and rabbits (normal New Zealand White male) were
also used. This research was conducted in accordance with the ARVO Statement on the
Use of Animals in Ophthalmic and Vision Research and was approved by the Animal
Care and Use Committee of the National Eye Institute. Mice were born and reared under
50-lux cyclic light (12 hour:12 hour) in the animal facility at NIH. Five to 6 weeks old rats
were purchased from Taconic (Taconic, Derwood, MD, USA) and reared under standard
animal room cyclic light (12 hour: 12 hour). Six to 8 months old rabbits were purchased
from Covance (Covance, Princeton, NJ, USA) and reared under normal cyclic lighting (12
hour:12 hour). All animals were reared with food and water available ad libitum.

Intravitreal Injection

Recombinant AAVrh10-CMV-EGFP vector, which was packaged as described previously
[38] in the core facility of NEI, was bilaterally administered by intravitreal injection into

4 Rs1-KO mice at age 5 to 5% months, and 10 wildtype littermates at age 5 weeks to 6
months and 4 RA0-KO mice at postnatal day 3. AAVrh10-CMV-EGFP vector was bilaterally
administered into six 6-week old SD rats. Mice and rats were anesthetized by intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and one drop of 0.5% tetracaine
topical anesthetic was applied to the cornea. One microliter of viral vector was injected

into the adult WT and RsZ-KO mouse vitreous body and 0.3 microliter of viral vector was
injected into 3-day old RA0-KO mouse vitreous body at a dose of 5 x 10° vector genomes
(vg) /adult eye and 1.7 x 10° vg /baby eye. Five microliters of vector were injected into

the rat vitreous cavity at three different doses: 2.5 x 109 vgleye (n=4), 2.5 x 1019vg/eye
(n=4), and 2.5 x 1011 vg /eye (n=4). Injections were done through the sclera on the nasal
side of the eye approximately 1 mm posterior to the limbus with a 10-pL Nanofil syringe
with a removable 35-gauge needle (World Precision Instruments, Inc., Sarasota, FL, USA).
AAvrh10-CMV-EGFP vector or saline was bilaterally administered into rabbit eyes. Rabbits
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were anesthetized with IM ketamine (40 mg/kg) and xylazine (3 mg/kg) The eyelid margins
and the conjunctiva at the injection site were disinfected by 5% povidone iodine in BSS.
Fifty microliters of viral vector at two different doses, 2.8 x 1011vg/eye (n=8) and 2.8 x
10%2vg/eye (n=4), or 50 microliters of saline (n=4) were injected into the vitreous cavity

of each eye through the pars plana region in the superior temporal quadrant approximately
2 mm posterior to the limbus with a % cc insulin syringe with a permanently attached
28-gauge needle (ultrafine U-100 syringe-BD Biosciences, San Jose, CA). After injection,
triple antibiotic ophthalmic ointment (neomycin, polymyxin B, and bacitracin) was applied
to the eye.

Rabbit Fundus Imaging and Retina Sectioning

Fundus images were obtained using confocal scanning laser ophthalmoscopy (cSLO,
Spectralis, Heidelberg Engineering, Franklin, MA) at 5 % weeks and 7 %2 weeks post
injection for rabbits injected with 2.8 x 1012 vg/eye, and at 7 weeks and 11 weeks post
injection for those injected with 2.8 x 101! vg /eye. Rabbits were anesthetized with IM
injection of ketamine and xylazine, their eyes dilated with topical administration of 1%
tropicamide and 2.5 % phenylephrine, and the cornea lubricated with Systane Ultra. An
eyelid speculum was inserted to keep the eye open during imaging. The fundi of rabbit eyes
were viewed using a 55° wide-field lens in blue auto-fluorescence mode with a 488 nm laser
to capture the high fluorescence region. Infrared reflectance and multi-color fundus images
were also captured to document the fundus region and evaluate retinal conditions. Selected
areas were further scanned and imaged with a 30° lens to provide better spatial resolution.

Two days after fundus image collection, rabbits were euthanized by anesthetic overdose at
selected time points for evaluation of GFP expression. Prior to enucleation, each eye was
marked for orientation using a suture of Vycril 5.0 in the temporal pole of the ocular bulb.
After enucleation, the whole eye was immersed in 4% paraformaldehyde in PBS for 3 hours
followed by removal of the anterior parts of the eye (lens, cornea and iris), the eye cup

was fixed for an additional 16 hours. The tissue was then cryo-protected with a gradient of
sucrose. Three days after incubation in the final concentration of 30% sucrose, the eyecup
was embedded in Optimal Cutting Temperature (OCT). Cryosections (10 um) were cut
along the dorsal-ventral plane and collected beginning at the temporal (injection) margin of
the eye. Two sections were taken every 100 pm up to the optic nerve and placed on the same
slide. In the region of the optic nerve, two sections were taken every 40 um. A total of 120 to
140 slides (240 to 280 sections) were made from each eye.

Rodent Fluorescent Eyecup Imaging and Retina Sectioning

Mice and rats were euthanized at 8 weeks post injection (PI) with CO, chamber, followed by
cervical dislocation for mice and bilateral pneumothorax for rats. Eyeballs were enucleated
with the third eyelid retained and fixed in 4% paraformaldehyde (PFA) in sodium phosphate
buffer (PBS) on wet ice for 30 minutes, and then the cornea and lens were removed, and the
eyecup fixed another 1.5 hours on wet ice. After washing three times with PBS, fluorescent
images of the eyecups were obtained using a Nikon C2 fluorescence microscope (Nikon,
Tokyo, Japan) with a 10x lens. All fluorescent eyecup images were centered on the brightest
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fluorescent area or the optic nerve head (ONH) if entire eyecup was fluorescent to access the
fluorescent intensity in each injected retina.

Eyecups were then placed in 30% sucrose in 1xPBS at 4°C overnight for cryopreservation
followed by processing for cryosectioning. Approximately 30 sagittal sections of the
injected eye were collected beginning at the nasal margin of the retina and proceeding
through and including the ON head and approximately 200 um of the temporal retina.

Fluorescent Intensity Measurement of Rat Eyecup

Fluorescent eyecup images were evaluated with ImageJ 1.48v (http://imagej.nih.gov/ij;
provided in the public domain by the National Institutes of Health, Bethesda, MD, USA).
They were first converted to back and white with the “Adjust Threshold” command,

then the intensity threshold was adjusted to select areas positive for GFP fluorescence
from background signals by comparison to the original images using the “Huang” method
selected in the “threshold” window. Each fluorescent eyecup gave one measurement of the
integrated density from the entire image, which is a sum of the number of pixels in the
selected area with a brightness above the threshold, and this integrated density was used to
assess the fluorescent level for each retina.

Analysis of the Distribution of Fluorescent cells and Identifying Transduced Inner Nuclear

Cell Type

DAPI staining of section—Rabbit, rat and mouse retinal sections were dried at room
temperature for 1 hour, and stained with 4”,6”-diamidino-2-phenylindole (DAPI; Invitrogen,
Carlsbad, CA, USA) for 10 minutes, and washed with washing buffer for another 10 minutes
followed by mounting with Fluorogel (Electron Microscopy Sciences, Hetfield, PA, USA).
A Nikon C2 confocal microscope with Advanced Element software (Nikon, Tokyo, Japan)
was used to capture and process retinal images, and image analysis was performed using
image-editing software (Photoshop CS6; Adobe Systems, Inc., San Jose, CA, USA).

Immunofluorescence Assay—Rat and mouse retinal sections were rinsed in 0.1%
Triton X-100 in PBS and preincubated with PBS containing 20% normal goat serum (Sigma,
Steinheim, Germany) and 0.5% Triton X-100 at room temperature (RT) for 2 hours to
permeabilize the tissue and block nonspecific antibody binding. Counter-staining to identify
retinal cell types was conducted by incubating sections overnight at 4°C with a mixture

of the primary antibodies listed in the Table 1 diluted in washing buffer. After washing

with washing buffer, sections were incubated with an appropriate secondary antibody
conjugated to red-fluorescent Alexa Fluor 568 dye or green-fluorescent Alexa Fluor 488
dye (Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature. The nuclei were
stained with DAPI in washing buffer, and sections were mounted with Fluorogel. A Nikon
C2 confocal microscope with Advance Element software (Nikon, Tokyo, Japan) was used
to capture and process retinal images, and image analysis was performed by using image-
editing software (Photoshop CS6; Adobe Systems, Inc.).
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Results

Fundus Images

GFP fluorescence was detected in fundus images of rabbit eyes that received either 2.8

x 1012 vg/eye (n=4) or 2.8 x 1011 vg/eye (n=8) of AAVrh10-CMV-EGFP by intravitreal
injection (Figure 1). At both 5 % (Figure 1b) and 7 ¥ (Figure 1d) weeks post injection of
2.8 x 1012 vg/eye, GFP fluorescence was seen around the visual streak and in the inferior
retina. Figure 1a and 1c are multicolor fundus images of the regions showing fluorescence
in Figure 1b and 1d. These regions (red ovals) were further scrutinized using a 30° lens as
shown in Figure 1b1, and 1d1 and 1d2 in which punctate GFP fluorescent dots are clearly
visible. GFP fluorescent signals also form fine white lines (Figure 1b1, red arrow head),
which resemble the optic nerve fibers. One eye that received 2.8 x 1011 vg/eye showed very
strong fluorescence forming a bright white area along the retinal vasculature (Figure 1g) at
7 weeks PI, while the rest of the eyes at that dose had much less fluorescent signal at 7
weeks (Figure 1e and 1f) or 11 weeks PI (Figure 1h and 1i). The fluorescent white dots are
distributed mostly along the retinal vasculature (Figure 1e to 1i, green arrow heads), just to
the optic nerve head (Figure 1f and 1i, yellow arrow heads), in the area of the visual streak,
and in the inferior retina (data not shown). The fluorescent signal intensity did not increase
between PI time points for either dose, which indicates that AAVrh10 vector may reach peak
expression by 5 to 6 weeks PI.

AAVrh10-CMV-EGFP vector was delivered by intravitreal injection into both eyes of six
rats at three different doses, 2.5 x 109 vg/eye (n=4), 2.5 x 1010 vg/eye (n=4) and 2.5 x 1011
vg/eye (n=4) in a volume of 5 ul. Representative fluorescent eyecups from each dose at 8
weeks PI are shown in figure 2A. Figure 2Aa and 2Ab are fluorescence fundus images of rat
eyes receiving 2.5 x 109 vg/eye and show a pattern of well separated green dots (Figure 2Aa
and 2Ab, red arrow heads). Images from eyes that received 2.5 x 1010 vg per eye (Figure
2Ac and 2Ad) show more numerous fluorescent dots (red arrow heads) as well as lines of
fluorescence (white arrows), and in some regions, broad areas of fluorescence (large white
arrow head). Figure 2Ae and 2Af are representative fundus images from eyes receiving

2.5 x 1011 vg per eye that show more intense fluorescence spreading out to cover most of
the retinal area and fluorescent green lines radiating out from the optic nerve head (white
arrows). The retinal transduction efficiency, as measured by the density of fluorescence

in fundus images, was improved significantly by increasing the vector dose (Figure 2B,
nonparametric one-way ANOVA).

AAVrh10 vector was delivered via intravitreal injection into mouse eyes of three lines:
Wildtype (n=20) and RsZ-KO (n=8) received 5 x 10° vg per eye in a volume of 1pl,

and Rho-KO mouse (n=8) received 1.7 x 10° vg per eye in a volume of 0.3 ul. Eyecup
fluorescent images were obtained at 8 weeks PI (Figure3). All twenty injected WT eyes
showed GFP fluorescent signal, but there was large individual variation. Figure 3a-3d
are four-representative fundus images of injected WT mice showing fluorescent signal
limited to around the optic nerve head (Figure 3a) or covering larger areas including the
entire retina (Figure 3d). The signal appears as scattered green dots (white arrow heads),
green lines (white arrows), or broad areas of green (large yellow heads). Figure 3e-3h are
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four-representative fluorescent eyecup images of injected RsZ-KO mice, and Figure 3i-3I
are four-representative images of injected RA0-KO mice. The results of AAVrh10 vector
injection in these two mouse models are similar to WT: fluorescent signal is present in all
injected eyes, but with large individual variation. The distribution can be restricted to the
optic nerve head area (Figure 3e and 3i) or encompass the entire retina (Figure 3h and 3l).

Retinal Cell Tropism of Intravitreal AAVrh10

Rabbit retina—GFP signal was detected in all injected rabbit eyes in sagittal cryosections
of the retina taken from the nasal and temporal sides and through the optic nerve. As seen

in fundus images, the degree of transgene expression varied across individuals. Figure 4
shows representative images of GFP fluorescence and DAPI staining in a cryosection from
the retina shown in Figure 1b, which demonstrates the cellular tropism of AAVrh10 in rabbit
retina based on cell shape and location. Figure 4a shows a region expressing relatively high
fluorescent signal and the many types of retinal cells that are transduced by AAVrh10 vector,
including ganglion cells (red arrow heads), horizontal cells (yellow arrow head), and Miiller
cells (white arrow heads). Figures 4b - 4e show images of a transduced horizontal cell (4b,
yellow arrow head), Muller cells (4c, white arrow heads), ganglion cells and optic nerve
fibers, and RPE cells, respectively (4d-4e, red arrow heads).

Since not many transduced cells exist in rabbit retinas, the cell morphology and localization
are clearly defined on retinal sections without conducting the counter-staining study. We
are able to recognize the transduced retinal cell type according to their morphology and
localization. Therefore, the co-localization study using anti-GFP antibody and cell markers
was not performed in rabbit retinal section.

Rat retina—Cryosections from rat eyecups were taken from regions that displayed green
fluorescence and were stained with DAPI. Representative images are shown on figure 5. The
distribution of green fluorescence can be categorized into three patterns: mainly targeting
the inner retina (Figure 5Aa and 5Ab, ganglion cells: red arrow heads); mainly targeting the
outer retina (5Ac and 5Ad, photoreceptors: white arrow heads; and RPE cells: red arrow
heads); and targeting all retinal layers (5Ae and 5Af, from the GCL to the RPE cell layer,
including INL and ONL with fluorescent process extend into IPL and OPL).

To identify the inner retinal cell types which are transduced by AAVrh10, the sections that
show the highest GFP expression were selected for the counter-staining using anti-GFP
antibody and cell markers. The antibodies that were used for immunofluorescent (IF)
staining are listed in Tablel. Figure 5Ba shows rod bipolar cells labelled with GFP/PKCa
indicated by red arrow heads. Figure 5Bb shows GFP/calbindin labelled horizontal cells
(red arrow heads), Figure 5Bc and 5Bd shows GFP/calretinin or GFP/parvalbumin labelled
amacrine cells (red arrow heads), respectively. GFP positive ganglion cells are present in
all panels of Figure 5B (white arrow heads). These results indicate that amacrine cells,
horizontal cells, and rod bipolar cells are among the GFP positive cells in inner nuclear
layer.

Mouse retina—The distribution of AAVrh10 transduced cells was analyzed in sagittal
cryosections of mouse retina taken from regions showing fluorescence in fundus images of
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mouse eyecups. DAPI staining was done to help determine retinal layers. Figure 6A shows
four representative images of retinal sections from wildtype mouse, each with different GFP
distributions. In Figure 6Aa, the transduced area is limited to just a few ganglion cells

(red arrow heads). In other animals GFP positive cells are more widespread but are either
predominantly in the inner retina (Figure 6Ab) or in photoreceptor cells (Figure 6Ac). 2 out
of 20 injected eyes showed that the transduction occurred almost in the entire retina (Figure
6Ad), and all-layer-transduction happened in about 50% of the retinal area in these eyes. In
another 4 injected eyes, the transduction occurred in more than 50% of the retina area, and
10% to 40% of the sections of these 4 eyes showed the all-layer-transduction. Miller cells
are also GFP positive in some areas as shown in Figure 6Ab (white arrow head).

Unlike WT, most of GFP expression in Rs7-KO mouse is in photoreceptors and RPE cells
with large variation in transduction efficiency. Transduction of outer retinal cells ranged
from a few photoreceptor cells (Figure 6Ba), to most photoreceptor cells and RPE cells
(Figure 6Bc), to almost all the photoreceptor cells and RPE cells (Figure 6Bd). Transduction
efficiency varies greatly among the eyes, and is not correlated with the formation of
cavities in Rs-KO mouse. For example, both retinal sections in either 6Ba and 6Bd showed
no cavities, and yet transduction efficiency is much lower in figure 6Ba than in figure

6Bd. Likewise, both retinal sections in Figure 6Bc and in 6Bb have clear retinal cavities
(white arrows), but the transduction efficiency is much higher in figure 6Bc than in 6Bb.
These results suggest that retinal transduction efficiency of the outer retina by AAVrh10 is
independent of the number and size of cavities.

Like in the RsZ-KO mouse, AAVrh10 transduced cells primarily in the outer retina of RA0-
KO mouse (Figure 6C). Figure 6Ca shows an example in which the RPE only is transduced;
figure 6Cb and 6Cc show examples of inner segment (IS) and a few photoreceptor cells in
addition to RPE cells being transduced; figure 6Cd shows a retina in which all retinal layers
are transduced.

To characterize the inner retinal cell types that are transduced by AAVrh10, sections that
show the highest GFP expression were selected for counter-staining using cell markers and
anti-GFP antibodies listed in Table 1. Figure 7A shows the counterstaining results of WT
retina. The bottom panels are higher magnification images corresponding to the images in
the top panel. In general, the number of transduced inner retinal cells is less in mouse retina
than those observed in rat retina. There were no GFP/PKCa labelled bipolar cells detected
as shown in figure 7Aa and 7Ae, but GFP/Calbindin labelled horizontal cells (Figure 7Ab
and 7Af, white arrow head), GFP/calretinin labelled amacrine cells (Figure 7Ac and 7Ag,
white arrow heads) and /or GFP/parvalbumin labelled amacrine cells (Figure 7Ah, white
arrow head) were detected. The green fluorescent ganglion cells (Figure 7Ac yellow arrow
heads) and the green fluorescent optic nerve fiber (Figure 7Ad, yellow arrow head) were
detected as well. Figure 7B shows the counterstaining result of Rs2-KO mouse retina.
Except for ganglion cells (Figure 7Bc and 7Bd, white arrow heads), we did not detect any
GFP/PKCa positive bipolar cells, GFP/calbindin labelled horizontal cells, GFP/calretinin
labelled amacrine cells, nor GFP/parvalbumin labelled horizontal cells or amacrine cells.
Figure 7C shows the counterstaining result of #/#0-KO mouse retina, the bottom panels
are higher magnification images of the regions imaged in the top panel. Similar to WT

Gene Ther. Author manuscript; available in PMC 2024 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zeng et al.

Page 9

retina, there are calbindin positive horizontal cells (Figure 7Cb and 7Cf, white arrow heads),
and calretinin positive (Figure 7Cc and 7Cg, white arrow heads) or parvalbumin positive
amacrine cells (Figure 7Cd and 7Ch, white arrow heads) transduced by AAVrh10. The
ganglion cells in some areas are transduced as well (Figure 7Cc, yellow arrow heads). No
GFP positive rod bipolar cells were detected in this mouse model either.

Discussion

Our study demonstrated that intravitreal injections of AAVrh10 in mouse, rat, and rabbit
eyes were capable of transducing not only in inner retina cells but also cells in the outer
retina. Strongly transduced photoreceptor cells were detected in both rats and mice, but
transduced rod bipolar cells were detected only in rats. In some area of retina, cells with
Muiller cell morphology and localization were transduced as well, though double labeling
with a cell specific marker was not used. Transduced ganglion cells, horizontal cells, Miller
cells, optic nerve fiber and RPE were detected in all three species, but the transduction
efficiency was much lower in rabbit retina compared to rodent. The following are possible
reasons for this: 1) difference in type of AAV receptors between the eyes of rodents and
rabbit, 2) variation in the thickness and /or components of the inner limiting membrane
(ILM) between the eyes of rodents and rabbit, 3) discrepancy in microenvironment of retinal
cells between rodents and rabbit, and 4) difference in eye size which results in less physical
damage and/or 10P (intraocular pressure) changes following intravitreal injection in rabbit
than in rodent. Some of these same factors may be responsible for individual differences
within species. Our study confirmed the findings of Giove et al [36] who found that
AAVrh10 transduced GCL and INL cells in mice by 4 weeks after intravitreal injection. In
addition, our study revealed that AAVrh10 can effectively transduce the photoreceptor layer
and RPE in rodents and weakly transduce RPE in rabbits. The inconsistent findings between
their study and ours may partially result from the difference in the length of incubation time
after administering vector into the vitreous cavity. Instead of 4-weeks, we used an 8-week
incubation time to allow the transgene to turn on, since it was reported that AAV2 vector
may take up to 15 weeks to reach peak transduction after intravitreal injection [17, 39], and a
self-complimentary AAV8 (scAAV8) vector took 6 to 8 weeks to reach its peak transduction
(our unpublished data).

We found that the tropism of AAVrh10 vector in mouse models of retinal diseases was

not exactly the same as in WT retina. In Rs7-KO and Rho-KO retinas, models of XLRS
and RP, respectively, transduction was outer retina dominant in all injected eyes; transduced
cells mostly resided in photoreceptors and RPE in these retinas. In WT, the distribution of
transduce cells was either inner retina dominant, outer retina dominant or across all retinal
layers. In another words, while the tropism in diseased retinas was consistently greater for
the outer retina with some individual variation in transduction efficiency, the tropism of
AAVrh10 in WT retina was more variable. It was previously reported that the transduction
profile of AAV1,5,8 and 9 vectors delivered by intravitreal injection in a rat model of retina
degeneration was different than in WT; there was increased transduction efficiency and
altered tropism of AAV with viral particles reaching the photoreceptors and RPE rather than
accumulating at the vitreoretina junction as they did in WT [40]. Thus, it will be more
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meaningful to include disease related animal models in testing the retinal tropism of vector
in preclinical studies of human retinal degenerative diseases.

We found that retinal transduction was unevenly distributed in all three species tested, but
there was an especially large individual variation in mice, as we have observed in all of

our preclinical studies of AAV gene therapy by intravitreal delivery [14]. Mice are widely
used to study the tropism of AAV after intravitreal injection, and the availability of models
of genetic retinal diseases is one reason for this. However, the mouse eye is small, and

the space between the limbus and the retina is very narrow; the injecting needle must pass
through retinal tissue to deliver from in the intravitreous. So, the mouse retina is very

easily injured when performing intravitreal injection. The injured retina can introduce DNA
damage and DNA repair. It’s been known for decades that DNA damage and repair in
targeted tissue can enhance AAV transduction efficiency [41, 42]. In addition to physical
contact by the needle insertion causing injury, intraocular pressure elevation due to the rapid
increase in vitreal volume (20% in mouse) could stress the retina and subsequently may
change the cellular microenvironment. For instance, the elevation of intraocular pressure can
cause a change in the distribution of optic nerve dynein protein [43]. Dynein is required for
transporting cellular cargoes, including endosomes, toward the microtubule minus ends [44].
Trafficking of endosome containing AAV particles from the cellular membrane toward the
nuclear membrane along the microtubule is a crucial step for the onset of AAV-mediated
transgene expression [45] . Cells from different individuals or even different cells in the
same region don’t necessarily enter into the same cell cycle in response to stress [46]. Thus,
the impact of injury or intraocular pressure elevation varies from individual to individual and
region to region in a given retina, possibly resulting in variable transduction efficacy. The
large individual variation in AAV transduction in mouse that we and others have found [47,
48] may be partly the result of differing stress-induced changes in the microenvironment
which plays a key role in the AAV transduction profile.

Although results presented in this study illustrated AAVrh10 as a promising vector for
transducing outer retina cells by intravitreal delivery, modifications to its capsid might
further increase its effectiveness for treating retinal diseases. Some retinal diseases,

for example certain mutations in the RPE65 gene in patients with Leber Congenital
Amaurosis (LCA) [49] and certain mutations of the rhodopsin gene in patients with

retinitis pigmentosa (RP) [50], can cause very rapid retinal degeneration, which requires

fast onset of the transgene. Both self-complementary AAV (scAAV) vector and AAV capsid
variants demonstrated a faster onset of transgene and a higher level of expression than
conventional non-modified single strand AAV vector [19, 23, 50]. sSCAAV vector bypasses
the rate-limiting step of second-strand DNA synthesis [51]; surface amino-acid substitution
prevents proteasome-mediated degradation of viral particles [52]; and novel capsids enhance
entry of AAV particles into the cell subsequently improving vector infectivity [26]. Reid

et al. obtained a significantly higher proportion of retina transduced by using a chimeric
AAV?2 vector, in which the combination of tyrosine mutation and 7m8 insertion was
employed in its capsid [48]. Making these modifications to the AAVrh10 capsid, which we
have shown is already more effective at transducing outer retinal cells through intravitreal
administration than other wild type AAV vectors, may give the AAVrh10 vector higher
transduction efficiency, faster transgene onset and novel tropism compared to other modified
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AAV serotypes. Moreover, a self-complementary transgene genome could be used with these
mutant capsids to further enhance transduction efficiency if the size of transgene fits into the
capacity of an AAV vector. Since the neutralizing-antibody seroprevalences are only 21%
for AAVrh10 compared to 71% for AAV2 [53], and preexisting neutralizing antibodies can
compromise the effective gene transfer [54], AAVrh10 may be a better candidate for treating
retinal disease by intravitreal injection. In addition to improving AAV vector infectivity by
capsid modification, an effort should also be made to increase the susceptibility of targeted
cells to AAV infection by changing the cellular microenvironment without permanently
damaging the structure and function of the targeted cells.
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Figurel.
Representative fundus images of rabbit eyes injected with two different doses of AAVrh10-

CMV-EGFP, 2.8 x 1012 (a-d) and 2.8 x 1011 (e-i). (a-b) The multi-color and GFP
fluorescence fundus images obtained from one rabbit eye injected with 2.8 x 1012 vg/eye
and collected at 5 %2 weeks PI. (c-d) The multi-color and fluorescence images for another
rabbit eye collected at 7 %2 weeks. Images were captured with a 55° wide-field lens, and
green arrow heads in 1b and 1d point to the visual streak. (b1, d1, d2) The fluorescent
signal representing transgene expression in the regions highlighted with red ovals in (b and
d) images obtained with a 30° lens. Fluorescent retinal cells appear as punctate white dots,
and optic nerve fibers as white lines (b1, red arrow head). Figures e -g are fluorescent
fundus images of rabbit eyes injected with 2.8 x 1011 vg/eye obtained at 7 weeks PI, and

Gene Ther. Author manuscript; available in PMC 2024 September 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zeng et al.

Page 16

(h) and (i) were obtained at 11 weeks PI. A representative fundus image obtained at 11
weeks PI from an eye injected with saline is shown in (j). Green arrow heads point to the
retinal vasculature, and yellow arrow heads point to fluorescent cells. N, nasal; I, inferior; T,
temporal; ONH, optic nerve head. Scale bar for figure 1a - 1j: 3000 pum.
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Figure 2.
GFP fluorescence in rat retinas eight weeks Pl of three different doses of AAVrh10-CMV-

EGFP. (A) Representative fluorescent images of rat eyecups receiving 2.5 x 10° vgleye (a
and b), 2.5 x 1010 vg/eye (c and d), and 2.5 x 101! vg/eye (e and f). Red arrow heads point
to fluorescent cells, white arrows point to fluorescent optic fiber and large white arrow head
points to fluorescent retinal area. (B) The fluorescence intensity represented by integrated
density as measured with Image J (see Methods) from eyes receiving each of the three
doses of AAVrh10-CMV-EGFP. The fluorescence intensity produced by 2.5 x 1011 vg/eye
was significantly higher than with 2.5 x 10° vg/eye (one-way ANOVA, nonparametric test),
indicating a dose-dependent trend. ONH, optic nerve head. Scale bar. 200 pm.
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Figure 3.
GFP fluorescence in mouse retina eight weeks following intravitreal injection of AAVrh10-

CMV-EGFP. Representative fluorescent images of eyecups from WT mice receiving 5 x 10°
vgleye (a-d), Rs1-KO mice receiving 5 x 10° vg/eye (e-h), and Rho-KO mice receiving 1.7
x 109 vgleye (i-1). White arrow heads point to green fluorescent cells, white arrows point to
fluorescent optic nerve fibers, and large yellow arrow heads point to fluorescent retinal area.
ONH, optic nerve head. Scale bar. 200 pm.
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Figure 4.
Cellular tropism of AAVrh10 in rabbit retina receiving 2.8 x 1012 vg/eye. (a) Transduced

cells in the GCL layer (red arrow heads), horizontal cell (yellow arrow head), and Mller
cells (white arrow heads). (b) Transduced horizontal cell (yellow arrow head), (c) Mdller
cells (white arrow heads), (d) ganglion layer (red arrow head), and (e) RPE cells (red arrow
head). Sections were stained with DAPI (blue) to show the nuclear layers. GCL, ganglion
cell layer; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer. Scale bar. 50 um.
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Figure5.
Cellular tropism of AAVrh10 in the rat retinas receiving 2.5 x 1010 vg/eye (Aa, Ac and Ad)

and 2.5 x 1011 vg/eye (Ab, Ae, Af and B). (A) GFP fluorescence in sagittal cross sections
that represent different transduction efficiencies. Sections were stained with DAPI (blue) to
show the nuclear layers. In some retinas, AAVrh10 predominantly transduced cells in the
inner retina (a and b), including the GCL (red arrow heads) and INL (yellow arrow heads),
and a few Mauller cells (white arrow) spanning the inner and outer layers. In other retinas,
outer retinal cell transduction was dominant (c, d), including RPE cells (red arrow heads)
and photoreceptor cells (white arrow heads). Figures e and f show retinas in which cells in
all layers were transduced, including the GCL, INL, and ONL, inner segments, and RPE
cells. (B) identifies inner retinal cell types stained with GFP antibody using counter-staining
with cell specific markers: (a) PKCa positive bipolar cells (red arrow heads); (b) calbindin
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positive horizontal cells (red arrow heads); (c) calretinin positive amacrine cells (red arrow
heads) and (d) parvalbumin positive amacrine cells (red arrow heads). White arrow heads
point to fluorescent ganglion cells (a — d). RPE, retinal pigmental epithelium cells; IS, inner
segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar (Af and Bc): 50 pm.
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Rho-KO

Figure 6.
Retinal transduction profiles of AAVrh10-GFP in three different mouse strains following

intravitreal administration of 5 x 10° vg/eye (A and B) and 1.7 x 10° vg/eye (C). Sagittal
cross sections of retinas from 4 different mice show the range of transduction profile in
each strain. Sections were stained with DAPI (blue) to show the nuclear layers. (A) WT:
ganglion cell only (a, red arrow heads); inner retinal cell dominant (b); outer retinal cell
dominant (c); and all retinal layers (d) including GCL, INL, ONL, IS, RPE, and a few
Muiller cells in some areas (b, white arrow head). (B) RsZ-KO and (C) Rho-KO transduced
mouse retinas. In these two diseased retina mouse models, AAVrh10 transduced outer retinal
with various efficiencies: a few photoreceptor cells (Ba) and RPE cells (Ca); more than
half of the photoreceptor cells (Bc) and RPE cells (B¢ and Cc); most of the photoreceptor
cells and RPE cells (Bd and Cd). Green fluorescent ganglion cells and optic nerve fiber are
detected in some area as well (Bb, Bd, and Cd, red arrow heads). White arrows point to

the cavities in RsZ-KO (Bb and Bc). GCL, ganglion cell layer; OS, outer segment; IS, inner
segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer.
Scale bar. 50 pm.
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Figure7.
Identification of inner retinal cell types in WT (A), RsZ-KO (B), and RAo-KO (C) mouse

retinas after intravitreal injection of AAVrh10-GFP at 5 x 10° vg/eye (A and B) and 1.7 x
10° vg/eye (C). Retinas were counter-stained with GFP antibody and specific cell markers,
and the lower panels in (A) and (C) show a higher magnification of the images in the
corresponding upper panel. (A) WT mouse retina. (a and €);: PKCa counter-staining shows
no clearly doubled labeled rod-bipolar cells. (b and f): calbindin positive horizontal cells
(white arrow heads). (c and g): calretinin positive amacrine cells (white arrow heads)

and ganglion cells (small yellow arrow heads). (d and h) parvalbumin positive amacrine

cell (white arrow head). (B) RsZ-KO mouse retina. There were no GFP positive inner
retinal cells that could be counterstained with PKCa (a), calbindin (b), calretinin (c), or
parvalbumin (d). White arrow heads indicate calretinin or parvalbumin positive ganglion
cells (c and d). (C) Rho-KO mouse retina. (a and e): PKCa counter-staining shows no
clearly doubled labeled rod-bipolar cells. (b and f): calbindin positive horizontal cells (white
arrow heads). (c and g): calretinin positive amacrine cells (white arrow heads), and ganglion
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cells (small yellow heads). (d and h): parvalbumin positive amacrine cells (white arrow
heads). GCL, ganglion cell layer; OS, outer segment; IS, inner segment; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bar (Cd and Ch): 50 pum.
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Table 1

List of Primary Antibodies Used in Immunohistochemistry

Name Target Host  Dilution Product Source
TP401, Torrey Pines, Biolabs Inc.,
Rabbit ~ 1:1,000
Biolabs Inc., Secaucus, NJ
GFP GFP
2272, Cell Signaling Technology
Mouse  1:1,000
Inc., Danvers, MA 01923
Calbindin Horizontal cell 9848, Sigma-Aldrich Inc.,
Mouse  1:2,000
Louis, MO USA
Calretinin Amacrine cell AB5045, Millipore Corporation,
Rabbit  1:5,000
Ganglion cell Bedford, MA USA
PKCa Bipolar cell sc-8393, Santa Cruz Biotechnology
Mouse 1:500
Inc., Dallas, TX USA
Parvalbumin  Horizontal cell Ab11427, Abcam Inc.,
Amacrine cell  Rabbit  1:1,000 Cambridge, MA USA

Ganglion cell
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