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We previously reported that subretinal injection of
AAV2/5 RK.cpde6p allowed long-term preservation of
photoreceptor function and vision in the rod-cone dys-
plasia type 1 (rcd1) dog, a large animal model of naturally
occurring PDE6P deficiency. The present study builds on
these earlier findings to provide a detailed assessment
of the long-term effects of gene therapy on the spatio-
temporal pattern of retinal degeneration in rcd1 dogs
treated at 20 days of age. We analyzed the density dis-
tribution of the retinal layers and of particular photore-
ceptor cells in 3.5-year-old treated and untreated rcd1
dogs. Whereas no rods were observed outside the bleb
or in untreated eyes, gene transfer halted rod degen-
eration in all vector-exposed regions. Moreover, while
gene therapy resulted in the preservation of cones, glial
cells and both the inner nuclear and ganglion cell layers,
no cells remained in vector-unexposed retinas, except in
the visual streak. Finally, the retinal structure of treated
3.5-year-old rcd1 dogs was identical to that of unaf-
fected 4-month-old rcd1 dogs, indicating near complete
preservation. Our findings indicate that gene therapy
arrests the degenerative process even if intervention is
initiated after the onset of photoreceptor degeneration,
and point to significant potential of this therapeutic
approach in future clinical trials.

Received 17 November 2015; accepted 2 February 2016, advance online
publication 1 March 2016. doi:10.1038/mt.2016.37

INTRODUCTION

Retinitis pigmentosa (RP), or rod-cone dystrophy, is a rare and
incurable hereditary retinal dystrophy that causes the sequential
degeneration of rod and cone photoreceptors.! The first signs of
RP include night blindness and the loss of peripheral vision due
to progressive degeneration of rod photoreceptors.>* Cone death
occurs in the later stages of RP, resulting in the progressive loss of
central vision. RP is characterized by genetic heterogeneity and
affects approximately 1.5 million people worldwide. Of the more

than 70 genes implicated in the etiology of RP to date, a mutation
in the gene encoding the § subunit of rod cGMP-phosphodiester-
ase 6 (PDE6P) has been associated with one of the most prevalent
forms of the disease, which accounts for ~1-2% of all human RP
cases.*® Only a few clinical patterns have been described for RP
associated with the PDE6f mutation. Affected patients develop
early-onset night blindness with progressive loss of the visual
field.” By the age of 40, patients present the ophthalmologic hall-
marks of RP: attenuated retinal vessels, waxy-looking optic nerve
heads, pigmentary changes in the mid- and far-peripheral retina,
and atrophic maculopathy, in some cases with central remnants
of normal retinal pigmented epithelium (RPE).* Although some
preservation of photopic responses may be observed, electroreti-
nograms (ERGs) often fail to detect electrical activity.” Optical
coherence tomography (OCT) in patients carrying the null muta-
tion in the B-subunit of PDEG6 has also revealed massive photore-
ceptor loss and abnormal laminar architecture.'

Currently, there is no effective treatment for RP caused by
PDEG6 deficiency. Initial attempts at gene therapy using various
viral vectors including adenovirus, adeno-associated virus (AAV),
and lentiviral vectors were tested in several murine models car-
rying different mutations in the PDE6f3 gene.!'~'® However, none
of these first approaches resulted in sustained long-term func-
tional rescue in a murine model of PDE6P deficiency, includ-
ing rd1 and rd10 mice. A major limitation of these models is the
massive and rapid photoreceptor degeneration that occurs; this
leaves a narrow therapeutic window during which sufficient lev-
els of transgene expression must be established in photoreceptors
before the effects of degeneration become irreversible. However,
thanks to significant advances in retinal gene therapy and an
improved understanding of murine models, promising results
have been reported in recent years with PDE6B-RP gene addi-
tion therapy.'”'® Subretinal injection of 9 x 10" viral genome (vg)
of AAV 2/8 (Y733F)-SmCBA-mPDEG6 in rd10 mice at postnatal
day 14 has been shown to result in a 58% preservation of rod ERG
responses and long-term morphological rescue.”” More recently,
Nishiguchi et al.'® demonstrated that removal of a mutation in
the Gpr179 gene allows full restoration of vision in rd1 mice, the
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most widely studied model of RP. Injections of 3 x 10" vg of either
AAV8 or AAV9 hRho.hPDE6P in rd1 mice lacking the Gpri79
gene mutation result in the preservation of rows of photoreceptor
nuclei (corresponding to 80% of that seen in wild-type controls),
long-term rescue of ERG responses (approximately 60% with
respect to wild-type controls) for up to 13 months postinjection,
and vision-guided behavior that is absent in untreated animals."®
Although murine models provide proof-of-concept, they have
some limitations for the study of the specific long-term effects of
gene therapy in PDE6[-RP. The low density of cones, particularly
in the central area, makes the rodent retina an imperfect model for
mimicking the PDE6B-RP phenotype, particularly the long-term
preservation of cones in the fovea of patients with severe progres-
sive rod-cone dystrophies. In the present study, we used the rcdl
dog, the eye of which is similar in size, anatomy, and retinal struc-
ture to the human eye. One of the most relevant homologies is
photoreceptor distribution, particularly the cone-enriched region
analogous to the macula® (the visual streak). The rcd1 dog, which
mimics the severe rod-cone dystrophy observed in humans, car-
ries a (2420G>A) nonsense mutation in the C-terminus of the
PDE6P subunit, leading to truncation of the gene product and
a nonfunctional PDE6 holoenzyme.?' While previous studies
in dogs have shown that PDE6B-RP is associated with rapid rod
photoreceptor degeneration followed by progressive cone loss, the
extent of retinal remodeling, the affected cell layers, the spatiotem-
poral distribution of photoreceptor degeneration, and the kinet-
ics of these changes are still relatively unknown.?** We recently
demonstrated that subretinal injection of AAV2/5 or AAV2/8-RK.
cpde6f in PDE6-deficient dogs results in the concomitant long-
term preservation of photoreceptor function and vision for at least
18 months.”

In the present study, we provide a detailed assessment of the
long-term effects of subretinal gene therapy on the spatiotemporal
pattern of cellular degeneration in treated PDE6-deficient dogs.
Moreover, we provide evidence of remarkable preservation of the
retinal structure within the treated area over a 3.5-year period.

RESULTS

Gene therapy provides long-term visual function

In our previous study, 20-day-old rcdl dogs were subretinally
injected with rAAV vectors carrying the canine Pde63 gene under
control of the photoreceptor-specific human rhodopsin kinase
(RK) promoter.” In that study, we evaluated the retinal func-
tion and vision of treated dogs at specific time points up to 18
months postinjection. The present study followed four of those
AAV2/5-treated dogs (T10-T13) to study the long-term effects of
gene transfer on retinal structure (Table 1). Retinal function was
evaluated using simultaneous bilateral full-field flash ERG up to
40 months postinjection (Figure 1a,b). Control recordings were
obtained from healthy controls (PDE6B*~ dogs) and untreated
contralateral eyes from PDE6B/~ dogs (Table 1). The mean scoto-
pic b-wave amplitude in treated retinas was 52+7 uV (n = 3) at 40
months postinjection (mpi) (Figure 1c), indicating prolongation
of rod function. Moreover, these retinas showed b-wave ampli-
tude that equated to 20-25% of the ERG amplitude measured in
healthy eyes and persisted stably for at least 3 years after initial
gene delivery (Figure 1c). Rod responses were undetectable in

868

© The American Society of Gene & Cell Therapy

Table 1 Dogs used in the study: in vivo and postmortem analyses
performed are indicated

In vivo and
Age at euthanasia  postmortem
Group Animal (months) analysis
Healthy dogs H1 8 IHC, OCT
H2 30 ERG, WM
H3 15 WM
H4 Still alive ERG
H5 Still alive ERG
He6 96 IHC
Untreated rcdl Ul 4 IHC
dogs U2 12 THC
U3 14 IHC
U4 42 WM
U5 78 IHC
U6 96 IHC
Treated rcd1 dogs T10, U10 42 ERG, OCT, WM
T11,U11 42 ERG, OCT, IHC
T12 32 ERG, OCT, WM
T13,U13 39 ERG, OCT, IHC

ERG, electroretinogram; IHC, immunohistochemistry; OCT, optical coherence
tomography; T, treated; U, untreated contralateral; WM, whole-mount imaging.

untreated contralateral eyes. All treated eyes showed a robust and
stable preservation of cone function up to 40 months postinjection
(Figure 1d). The mean amplitude of the 30 Hz flicker parameter
for treated eyes at 40 mpi (32 + 4 pV, n = 3) was 60-70% of the nor-
mal range of ERG values observed for healthy retinas (Figure 1d).
By contrast, a progressive decrease in cone ERG amplitude was
observed in all untreated contralateral eyes from approximately
9-40 months of age, at which point it was barely detectable (<10
pV and undetectable in one dog) (Figure 1d).

Natural history of degeneration in rcd1 dogs

First, we evaluated the natural history of degeneration by analyzing
the 3 retinal nuclear layers in rcd1 dogs aged 4 months to 3.5 years
(Supplementary Figures S1 and S2). Six matched retinal regions
in the inferior, superior, and central retina (visual streak) were pre-
cisely analyzed (Figure 2a). Spatiotemporal patterns of degenera-
tion were determined by quantifying rows of photoreceptor nuclei
in the outer nuclear layer (ONL), rows of inner nuclear layer (INL)
nuclei, and Neu-N-positive cells in the ganglion cell layer (GCL)
(Supplementary Figures S1 and S2). In the peripheral retina, a
rapid loss of nuclear rows in the ONL was observed at 4 months of
age (4-month-old rcd1 dogs: 4 + 1 rows; healthy controls (n = 2, 8,
and 96 months of age): 10+ 1; Supplementary Figure S2). By 12
months of age, the ONL had virtually disappeared in rcdl dogs,
with only 1-2 rows of nuclei remaining, and photoreceptors in
the peripheral retina had lost both their outer and inner segments
(Supplementary Figure S1c). The INL and GCL were similar to
those of healthy retinas (Supplementary Figures Slc and S2).
However, examination of retinal sections from 3.5-year-old rcd1l
dogs revealed thin, gliotic retinas lacking retinal nuclear layers in
the periphery and mild periphery (Supplementary Figure Sle).
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Figure 1 Kinetics of rod function restoration and cone function preservation in treated dogs. (a,b) Rod b-wave responses (a) and cone b-wave
responses (b): electroretinographic traces from a healthy control (H2) at 30 months of age and from a rcd1 dog (treated and untreated eyes) at
3, 12, and 36 months postinjection. (c¢,d) Averaged rod-mediated (c) and cone-mediated (d) b-wave amplitudes from healthy retinas (n = 3) (O),
treated retinas ((J) (n = 3), and untreated retinas (A) (n = 3) over a 40-month period after injection. Symbols and bars represent mean + SD. ERG,

electroretinogram; mpi, month(s) postinjection.

By this stage, only the visual streak contained a few rows of photo-
receptor nuclei that persisted in the ONL (3.5-year-old rcd1 dogs:
1.5+0.5 rows; healthy controls: 12+ 2 rows), with total preserva-
tion of the INL and ganglion cells (Supplementary Figure S1f).
Indeed, the INL (4 +1 rows) and NeuN-positive retinal ganglion
cells (RGCs) (47+11 per mm) were similar to those of healthy
controls (rows in INL: 5+ 1; NeuN-positive RGCs: 36+ 3 per mmy;
Supplementary Figure S2).

Effect of gene therapy on retinal nuclear layer
organization

To evaluate the effect of gene transfer on retinal structures, ONL
and INL nuclei and NeuN-positive RGCs were counted in six
retinal regions (Figure 2a). Entire retinas of treated rcdl dogs
collected more than 3 years after vector injection were compared
with untreated contralateral retinas, and retinas of healthy dogs
(n =2, 8, and 96 months of age) (Table 1). Histological analyses
revealed dramatic differences in the retinal morphology between
treated and untreated retinas (Figure 2b). In transduced periph-
eral retinas, we observed preservation of the retinal structures,
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including the 3 nuclear layers, whereas untreated peripheral
retinas had completely degenerated (Figure 2b, Supplementary
Figure S3). Interestingly, quantitative analysis revealed that the
average number of rows of photoreceptor nuclei in the peripheral
retina of 3.5-year-old treated rcd1 dogs was similar to that in the
same region of 4-month-old rcd1 dogs (3.5 years old: 6 +0.8 rows;
4 months old: 6 + 1 rows; Figure 3a). Furthermore, count values
indicated total preservation of the number of cell rows in the INL
(3+0.8) and the number of NeuN-positive RGCs (7 £ 2) in treated
peripheral retinas (healthy control retinas: rows in INL, 3+2;
NeuN-positive RGCs, 6 +2; Figure 3b,c). In the transduced visual
streak, the ONL contained 5+ 0.8 rows of nuclei (three times that
of the untreated visual streak: 1.5+0.5 rows), which equated to
~50% of the ONL thickness in the visual streak of healthy retinas
(12+2 rows) (Figures 2b and 3a).

Rod and cone preservation in response to gene
therapy

To evaluate the long-term effect of gene therapy on photore-
ceptor preservation, we analyzed rod and cone segments in
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Figure 2 Effect of gene therapy on retinal nuclear layer organization. (a) Schematic section of the entire retina. Red circles represent the differ-
ent areas examined. (b) Retinal cross-sections (in peripheral or visual streak) from a healthy dog (H1, 8 months of age) and a 3.5-year-old rcd1 dog
(treated and untreated eyes) indicating the extent of degeneration in the three retinal layers. All magnifications: 40x objective, zoom 1.0 (scale bars,
100 pm). GC, ganglion cells; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, inner and outer segments.

whole-mount retinas using specific markers for rods and cones
(GNAT1 and Peanut lectin agglutinin (PNA), respectively) in
3.5-year-old rcd1 dogs (treated retina and untreated contralateral
retina) and in healthy retinas (n = 2, 15, and 30 months of age)
(Table 1, Figure 4). Focal plane images were acquired at the rod
and cone segment level (Figure 4). Fluorescence microscopy of
whole-mount retinas revealed preservation of rods and cones in
vector-exposed rcdl retinas. Photoreceptor preservation was lim-
ited to treated areas (Figure 4c,j,k). The size of the retinal bleb
was approximately 25-35% of the entire retina, in agreement with
OCT analysis of treated rcd1 dog retinas (n = 4) (data not shown).
Rods were completely absent outside the treated region and in
untreated contralateral retinas (Figure 4b). Similarly, cones were
absent outside the bleb (Figure 4i) and in the peripheral retina
of untreated eyes (Figure 4h). Interestingly, residual cones were
observed in the visual streak of untreated retinas (Figure 4g), in
line with previous histological findings, providing new evidence
of a preserved area in untreated rcd1 dogs of 3 years and older.
However, confocal analysis revealed that these cones had lost their
original shape and contained shorter segments than the cones
of the area centralis (Figure 4e) and visual streak (Figure 4f) of
healthy retinas or treated rcdl retinas (Figure 4j). To precisely
characterize photoreceptor preservation, we further analyzed the
morphology and density of rod and cone subtypes throughout the
entire retina by immunohistochemistry. Rod segments and L/M-
or S-cone opsin-positive outer segments were analyzed using
rod-specific markers (GNAT1) and M- and S-cone opsin-specific
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antibodies (Figure 5). No GNAT1 labeling was observed in
untreated retinas in either the peripheral retina or visual streak
(Figure 5b,k), confirming the complete absence of rods in rcdl
dogs of more than 3 years of age.

Interestingly, while the peripheral region was completely
degenerated in untreated retinas (Figure 5b,eh), we observed
preservation of L/M- and S-cone segments in the visual streak of
untreated retinas (Figure 5n,q). No mislocalization of cone opsins
was observed in the inner segment or cell bodies. However, struc-
tural analysis revealed morphological differences between outer
and inner photoreceptor segments: outer and inner segments were
shortened and morphologically anomalous, and outer segments
were bulbous in shape (Figure 5n,q). Quantitative analysis revealed
fewer L/M- and S-opsin-positive cone outer segments in the visual
streak of untreated retinas versus healthy retinas (Figure 6a,b).
This difference was more pronounced for S cones: only 35% of S
cones were maintained in the visual streak of untreated retinas
(untreated: 7+3 S cones per mm; healthy: 19+ 3 S cones per mm;
Figure 6b).

While immunohistochemistry revealed a total absence of rods
in 3.5-year-old untreated rcd1 dogs (Figure 5b,k), significant pres-
ervation of rods was observed in the peripheral and central areas
of vector-exposed retinas (Figure 5¢,1). Quantification of rod seg-
ments was hampered by their high density and small size. However,
rod density in vector-exposed retinas (Figure 5¢,1) was markedly
lower than in healthy retinas (Figure 5a,j). These observations
were consistent with our histological findings demonstrating a
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loss of nuclear rows in the ONL (Figure 2b). Moreover, in vector-
exposed retinas, immunohistochemistry revealed the presence of
normal cone structures with no mislocalization of cone opsins
in the inner segments or cell bodies (Figure 5f,i,o,r). L/M- and
S-cones were preserved in treated peripheral retinas (Figure 5f,i).
By contrast, all cone photoreceptor subtypes were completely
lost in untreated peripheral retinas (Figure 5e,h). Quantitative
analysis revealed more L/M- and S-opsin-positive cone outer seg-
ments in the visual streak of vector-exposed versus untreated reti-
nas (treated: 172+22L/M and 24+ 3 S cones per mm; untreated:
129+26L/M and 7+3 S cones per mm; Figure 6a,b). Lastly, the
outer segment of the 2 cone subtypes in vector-exposed retinas
(peripheral retina or visual streak) were completely preserved
(Figure 6a,b); cone density in treated peripheral retinas was com-
parable to that seen in the same region in healthy retinas (treated:
9+5 S cones and 101+23L/M cones per mm; healthy: 7+4 S
cones and 88+ 7 L/M cones per mm; Figure 6a,b). Similarly, both
cone subtypes were completely preserved in the visual streak of
treated retinas (treated: 24+3 S cones and 172+23L/M cones
per mm; healthy: 1947 S cones and 178+ 6 L/M cones per mm).
Finally, although cone morphology and number were maintained
in vector-exposed retinas, we noted a slight decrease in the num-
ber of cones at the border of the treated region as compared with
the same region in healthy retinas (treated retinas: 4+1 S cones
and 58 +8L/M cones per mm; healthy retina: 9+4 S cones and
80+15L/M cones per mm; Figure 6a,b).

Effect of gene therapy on inner layers and retinal glia

To examine the effect of gene transfer on the inner retinal neu-
rons, bipolar and horizontal cells were labeled using antibod-
ies against PKCa and calbindin, respectively. We also used glial
markers (anti-GS and anti-glial fibrillary acidic protein antibodies)
to examine Miiller cell structure and reactivity, respectively. The
morphology and immunocytochemistry of the peripheral retina of
3.5-year-old rcd1 dogs (untreated and vector-exposed) and healthy
controls (n = 2, 15, and 30 months of age) was assessed (Figure 7).
In vector-exposed retinas, PKCa staining was observed in the den-
drites projecting toward the rod terminals, and calbindin immu-
noreactivity was detected in the OPL, horizontal cell bodies, and
their dendrites (Figure 7¢,f). By contrast, no PKCo or calbindin
labeling was observed in any part of the untreated peripheral retina
(Figure 7b,e). Interestingly, similar patterns of PKCo and calbin-
din staining were observed in healthy and vector-exposed retinas
(Figure 7a,d,c,f). Miiller cell labeling was only detectable in vector-
exposed retinas (Figure 7h,i), whereas glial fibrillary acidic protein
was expressed by retinal astrocytes in both untreated and vector-
exposed retinas (Figure 7Lk). We observed no appreciable varia-
tion in the expression and distribution of Miiller cell markers in
vector-exposed retinas as compared with healthy controls: GS anti-
bodies labeled all Miiller glial cells, including the soma, processes,
and end feet in the inner and outer limiting membranes (Figure
7i). Immunohistochemistry thus revealed a striking preservation
of retinal glia and inner layers after AAV-mediated gene therapy.

DISCUSSION
In a previous study, we reported that rAAV 2/5-mediated cPDE6[3
expression in a large animal model of severe rod-cone dystrophy,
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Figure 3 Density of retinal nuclear layers in treated rcd1 dogs.
Quantification of ONL nuclei (a), INL cells (b), and NeuN-positive RGCs
(c) were performed in six retinal regions from 3.5-year-old rcd1 dogs
(treated eyes ((J) and untreated contralateral eyes (A)). Treated eyes
were compared with retinas from healthy dogs (n = 2, 8 months and
8 years of age) (O) and unaffected 4-month-old rcd1 dogs (¢). Values
represent the mean + SD. The shaded portion represents the location of
the vector-exposed area. RGC, retinal ganglion cell.

the rcdl dog, resulted in concomitant preservation of photore-
ceptor function and vision for at least 18 months.” In the present
study, we investigated in detail the effect of gene transfer on retinal
structures 3.5 years after treatment. We show that gene replace-
ment therapy in PDE6B-deficient dogs successfully protects the
retina against progressive degeneration.

Despite several successful gene therapy interventions in
murine models of PDE6B-deficiency,!”'® these models have some
limitations for study of the specific long-term effects of gene
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Figure 4 Spatial distribution of rods and cones as observed in retinal
whole mounts. Rod and cone distribution was analyzed in healthy dog
(H3, 15 months of age) and 3.5-year-old-treated rcd1 dog (U10, T10).
Retinal flat mounts were stained with GNAT1 and peanut agglutinin
(PNA) antibody, which specifically label rods (red) and cones (green),
respectively. (a—c) Rod density in healthy retina and rcd1 retinas (treated
and untreated contralateral). (d,h,i) Cone density in peripheral retinas:
healthy, rcd1 (treated and untreated contralateral retinas). (e,f) Cone
density in the visual streak and area centralis, the site of maximum pho-
toreceptor density, in healthy retina. (g) Preserved area in untreated
rcd1 retina. (j) Cone density in the visual streak of treated rcd1 retina.
(k) Cone density in treated areas.

therapy in PDE6B-RP. Nocturnal species, including PDE6p-
deficient mice, possess very few cones, and most coexpress both
S and M opsins in the retina, in contrast to dogs or humans.**
Moreover, unlike human and dog retinas, the mouse retina lacks a
cone-rich region.”*** SD-OCT evaluation of morphological altera-
tions in PDE6B-RP patients has revealed massive rod loss.'*
Studies of the retinas of RP donor patients with different forms
of RP have shown that monolayers of cone somata are still detect-
able in the fovea in advanced stages of the disease.?* These cones
have very short outer segments and exhibit aberrant morpholo-
gies, with bulbous outer segments. To our knowledge, no study has
precisely evaluated the kinetic patterns of retinal degeneration in
the rcd1 dog model. Here, we describe the extent of retinal remod-
eling, the affected cell layers, and the spatiotemporal distribution
of photoreceptor degeneration in the rcdl dog. Interestingly, as
described in PDE6B-RP patients, the visual streak of 3.5-year-
old rcdl dogs retained a monolayer of cone somata consisting of
shortened segments, whereas the retina was completely degener-
ated in both the periphery and mid periphery. Our study further
characterized the preserved area by demonstrating the presence
of L/M- and S-opsin-positive cone outer segments in the visual
streak of rcdl dog retinas up to 6 years of age (data not shown).
The synthesis of opsin and the preservation of INL and GCL in the
visual streak may explain why rcd1l dogs show no signs of visual
impairment in bright light up to at least 6 years of age (data not
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shown), despite cone function undetectable by ERG. Our findings
suggest that the long-term preservation of cones in the rcd1 dog
mimics the spatiotemporal distribution of photoreceptor degen-
eration, in particular the preservation of foveal cones observed in
patients in advanced stages of retinal degeneration.?*~*° Given the
scarcity of human postmortem retina samples, this model could
help elucidate the mechanisms that underlie cone loss in this RP
subset caused by a rod-specific mutation, and mediate the sur-
vival of a few functional cones in the central retina. Little is known
about the molecules that mediate cone cell death or promote cone
protection in the latter stages of rod cone dystrophies, particularly
in the vast majority of cases in which the causal mutation only
affects rods.’**

We have evaluated the effect of gene transfer at over 3 years
post-treatment in rcd1 dogs. The effects of gene therapy on pho-
toreceptor survival have been recently studied in RPE65-deficient
dogs. However, that model, in contrast to the rcd1 dog, is charac-
terized by slow photoreceptor degeneration,** which is detect-
able by OCT at 5 years of age.” The advantage of the rcd1 model
is that the effect of gene transfer on retinal structures can be
observed within a short time frame owing to the severity of the
degeneration. In this model, we identified the retinal bleb, which
represents approximately 25-35% of the entire retina. Surprisingly,
while no rods were observed outside the bleb or in the untreated
contralateral eye, gene transfer halted rod degeneration in all vec-
tor-exposed regions for at least 3.5 years post-treatment. This pre-
servative effect was not complete, as approximately 50% of the rod
nuclei in the ONL were lost. The fact that rod death is not entirely
prevented is unsurprising, as rod degeneration is already under-
way before maximum transgene expression is achieved (over 50%
of rods are already lost by 4 months of age in untreated rcd1 dogs).
Strikingly, PDE6P gene therapy resulted in total preservation of
L/M and S cones. By contrast, no photoreceptors remained in vec-
tor-unexposed retinas, except for 1-2 rows of cones in the visual
streak. Moreover, while loss of the INL and GCL, were observed
outside the retinal bleb, no degeneration of these retinal layers was
observed in vector-exposed regions. Finally, we found that the ret-
inal structure of 3.5-year-old treated rcdl dogs was almost com-
pletely preserved, and was almost identical to that of 4-month-old
rcdl dogs. While photoreceptor degeneration is prevented in
RPE65-deficient dogs treated with gene therapy between 1 and 28
months of age (i.e., before the onset of retinal degeneration),***
treatment administration at 4.8 years of age or older (i.e., during
the retinal degeneration stage) fails to prevent continuous pho-
toreceptor loss in the long term.* In line with previous findings
in RPE65-deficient dogs treated during the retinal degeneration
stage, recent studies have demonstrated temporary improvements
in retinal sensitivity after gene therapy using rAAV2/2.hRPE65 in
patients with retinal dystrophy caused by mutations in the RPE65
gene. However, between 6 months and 3 years after treatment, ret-
inal sensitivity declines and photoreceptor loss is observed in all
patients.”>***! The reasons underlying this decline are unknown.
Moreover, no clear correlation between gene therapy response and
patient age has been observed. One hypothesis is that the amount
of RPE65 protein may be insufficient to promote a long-term
effect. Alternatively, this effect may be due to suboptimal tim-
ing of the intervention. Indeed, in clinical trials patients received

www.moleculartherapy.org vol. 24 no. 5 may 2016



© The American Society of Gene & Cell Therapy

Healthy (H1)

Peripheral retina

,.ufui. 1

!\)\\ 1

Visual streak

Untreated (U11)

Gene Therapy Halts Degeneration in rcd1 Dogs

Treated (T11)

Figure 5 Morphology and density distribution of rod and cone subtypes in retinal sections. Paraffin-embedded retina sections from healthy
dogs (n = 2, 8 months and 8 years of age) and a 3.5-year-old rcd1 dogs (treated and untreated contralateral retina) were stained using rod-specific
markers (GNAT1) or L/M- and S-opsin-specific antibodies. Histochemical detection of rod segments in healthy (H1, 8 months of age) and treated
rcd1 (T11) retinas: peripheral retinas (a,c), and the visual streak (j,1). Absence of rods in untreated rcd1 retina (U11) (b,k). L/M- and S-opsin stain-
ing in peripheral retinas (d,f,g,i) and the visual streak (n,0,p,r) in healthy eyes and treated rcd1 eyes. No detectable L/M or S-opsin expression was
detected in the peripheral retina of untreated rcd1 eyes (e, h). Inmunohistochemistry detection of cone segments in the preserved area of untreated
rcd1 retinas (n,q). Black arrows indicate S-opsin-positive cone outer segments. Magnifications: 40x objective, zoom 2.0 (scale bars, 50 pm). Sections
were counterstained with Mayer’s hemalum. Merged image shows a combination of fluorescence and Mayer’s hemalum staining.

gene therapy during neuronal degeneration. Thus, AAV-mediated
RPE65 gene therapy may fail to arrest the degenerative process if
the intervention occurs after the onset of photoreceptor degenera-
tion. Our results for AAV-mediated PDE6P gene therapy indicate
that although degeneration is already underway by the time trans-
gene expression peaks, further retinal degeneration is prevented
by gene transfer. These findings are in good agreement with those
of Koch and coworkers, who recently generated an inducible
transgenic mouse PDE6fB-RP model in which the PDE6f gene can
be uniformly delivered to all rod photoreceptors after tamoxifen

Molecular Therapy vol. 24 no. 5 may 2016

administration. They demonstrated sustained rescue of photore-
ceptor structures, even when tamoxifen was administered in mild
or even late-stage disease stages.*? These observations support our
findings in a natural dog model of PDE6B-RP, and indicate that
vector administration prior to total rod loss may provide long-
term beneficial effects for PDE6B-RP patients.

In conclusion, our analyses demonstrate that severe, long-
term retinal degeneration can be unequivocally prevented by
gene therapy in PDE6B-deficient dogs over a 3.5-year period.
That these results were obtained in a highly degenerative model is
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Figure 6 Density of cone subtypes in treated rcd1 retinas. L/M-cone subtypes (a) and S-cone subtypes (b) were quantified in six retinal regions
from 3.5-year-old rcd1 dogs (treated ((J) and untreated contralateral (2) eyes). Treated eyes were compared with those of healthy controls (n = 2,
8 months and 8 years of age) (O). Data represent the mean + SD. Shading indicates the location of vector-exposed areas.

Healthy dog (H1)

Calbindin

Untreated eye (U11)

Treated eye (T11)

Calbindin Calbindin

Figure 7 Effect of gene therapy on inner layer and retinal glia. Image showing immunohistochemistry in the peripheral retina of healthy controls
(n =2, 8 months and 8 years of age) and rcd1 dogs (untreated and vector-exposed retinas). Bipolar cells and horizontal cells were labeled using
antibodies against PKC-o. and calbindin, respectively (a-f). Glial cells were stained using anti-GS and anti-GFAP antibodies (g-i). Magnifications: 40x
objective, zoom 1.0, except for PKC-a staining (40x objective, zoom 2.0) (scale bars, 50 um). GFAP, glial fibrillary acidic protein.

encouraging, and points to significant potential for this therapeu-
tic approach in future clinical trials.

MATERIALS AND METHODS

All experiments were performed under the control of our quality
management system, which has been approved by Lloyd’s Register Quality
Assurance to meet the requirements of the international management
system standard ISO 9001:2008. This covers a range of laboratory
activities, including research experiments and the production of research-
grade viral vectors.

Animals. Ten Pde6B~~ and six healthy dogs were used in this study
(Table 1). The dog colony was kindly provided by D.J. Maskell (University
of Cambridge, Cambridge, UK). Research was conducted at the Boisbonne
Centre (ONIRIS, Nantes-Atlantic College of Veterinary Medicine, Nantes)
under authorization #H44273 delivered by the Departmental Direction of
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Veterinary Services (Loire-Atlantique, France). All animals were handled
in accordance with the Guide for the Care and Use of Laboratory Animals.
The experiments involving animals were conducted in accordance with
agreement #00724.01 delivered by the Animal Experimentation Ethics
Committee of Pays de Loire (France) and the Ministry of Higher Education
and Research.

ERG. Retinal function of treated Pde6~/~ dogs (treated eyes and untreated
contralateral eyes) and healthy Pde63*~ controls was evaluated using bilat-
eral full-field flash ERG. Pupils were fully dilated by topical administration
of tropicamide (Laboratoire Théa, France) and phenylephrine hypo-
chloride (Laboratoire Théa, France). The dogs were dark-adapted for 20
minutes and anesthetized after premedication by intravenous injection of
sodium thiopental (Specia Laboratories, Paris, France) followed by isoflu-
orane gas inhalation. Hydroxypropulmethylcellulose (Laboratoires Theala,
Clermont-Ferrand, France) was applied to each eye to prevent corneal
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dehydration during recording, which was performed using a MonColor
computer-based system (Metrovision, Pealrenchies, France) and contact
lens electrodes (ERG-jet; Microcomponents SA, Grenchen, Switzerland).
ERGs were recorded in a standardized fashion in accordance with the rec-
ommendations of the International Society for Clinical Electrophysiology
of Vision,* using a protocol described previously.**

Whole-mount immunofluorescence. Dogs were euthanized by intravenous
injection of sodium pentobarbital (Vealtoquinol, Lure, France), always at the
same time of day and under fixed light conditions. Eyes were enucleated and
both the anterior part and the lens were removed and fixed for 30 minutes
in 4% paraformaldehyde in phosphate-buffered saline (PBS) solution. After
washing, the neuroretina was removed from the RPE-choroid-sclera using a
fine forceps. Retinas were then washed three times in PBS at room tempera-
ture and incubated in a mixture of PNA-FITC lectin antibody (1/250; Vector
Laboratories, Peterborough, UK) and GNAT1 antibody (1/250; Santa Cruz
Tebu Bio). After several washes in PBS, retinas were incubated for 2 hours
at room temperature with 546-conjugated anti-rabbit IgG antibody (1/250;
Life Technologies, Saint Aubin, France). Retinas were subsequently washed
in PBS, mounted in Prolong Gold anti-fade reagent (Life Technologies) and
stored at 4 °C until further microscopic analysis. Flat-mounted neuroretinas
were examined using a laser scanning confocal microscope (Nikon A1RSi).
Three-dimensional digital images were collected at 20x (NA 0.75) and 60x
(NA 1.4) using NIS-Elements confocal software and appropriate fluores-
cence filters for excitation laser 488 and 561 nm. Twenty sections per retina,
representative of the whole eye (from temporal to nasal side), were analyzed.
In each slide, cell counts were performed in three areas each from six differ-
ent regions (n = 360 areas counted per eye). All analyses were performed in
duplicate, with each count performed by a different person.

Histological analysis and immunohistochemistry. Dogs were euthanized by
intravenous injection of sodium pentobarbital (Vealtoquinol, Lure, France).
Eyes were immediately enucleated, fixed for 48 hours in Bouin’s solution,
and embedded in paraffin. Entire retinas were cut into 5-um sections.
Morphological analysis was performed after hematoxylin and eosin staining.
Various antibodies (listed in Supplementary Table S1) were used to iden-
tify the molecular markers that define the different layers of the retina (rod
and cone photoreceptors, INL, GCL, and retinal glia). Sections were depa-
raffinized and rehydrated. Antigen was demasked by boiling the section in
ready-to-use citrate-based epitope retrieval solution, pH 6.0 (AR9961, Leica
Microsystems, Nanterre, France). Nonspecific activity was blocked by incu-
bating the sections for 60 minutes at room temperature in 20% goat serum
in PBS containing 0.1% Triton X-100. Sections were incubated overnight at
4 °C in primary antibody diluted in PBS (Table 1), washed three times for
5 minutes in PBS containing 0.1% Triton X-100, and incubated for 2 hours
at room temperature in 546-conjugated anti-rabbit or anti-mouse IgG anti-
body (Life Technologies). After washing, the nuclei were counterstained with
Mayer’s hemalum solution and the slides were mounted in Prolong Gold
anti-fade reagent (Life Technologies). Stained slides were scanned using the
Hamamatsu NanoZoomer (Bacus Laboratories, Chicago, IL) and analyzed
using NDP.View2 software. Mayer’s hemalum staining and the correspond-
ing fluorescence image were merged using Fiji software (http://fiji.sc).

SUPPLEMENTARY MATERIAL

Figure S1. Natural history of degeneration in rcd1 dogs.

Figure $2. Temporal course of degeneration in rcd1 dogs.

Figure $3. Histochemical detection of NeuN-positive RGCs in a healthy
dog (H1) and in a 3.5-year-old rcd1 dog (treated and untreated con-
tralateral retinas).

Table $1. List of the antibodies used in the study.
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