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The form of hereditary childhood blindness Leber congenital
amaurosis (LCA) caused by biallelic RPE65 mutations is
considered treatable with a gene therapy product approved in
the US and Europe. The resulting vision improvement is well
accepted, but long-term outcomes on the natural history of
retinal degeneration are controversial. We treated four
RPE65-mutant dogs in mid-life (age = 5-6 years) and followed
them long-term (4-5 years). At the time of the intervention at
mid-life, there were intra-ocular and inter-animal differences
in local photoreceptor layer health ranging from near normal
to complete degeneration. Treated locations having more
than 63% of normal photoreceptors showed robust treat-
ment-related retention of photoreceptors in the long term.
Treated regions with less retained photoreceptors at the time
of the intervention showed progressive degeneration similar
to untreated regions with matched initial stage of disease.
Unexpectedly, both treated and untreated regions in study
eyes tended to show less degeneration compared to matched
locations in untreated control eyes. These results support the
hypothesis that successful long-term arrest of progression
with RPE65 gene therapy may only occur in retinal regions
with relatively retained photoreceptors at the time of the inter-
vention, and there may be heretofore unknown mechanisms
causing long-distance partial treatment effects beyond the re-
gion of subretinal injection.

INTRODUCTION

Building on two decades of previous research,' ' RPE65 gene therapy
was recently approved for marketing (Luxturna, voretigene neparvo-
vec-rzyl) to provide improved functional vision to patients with bial-
lelic RPE65 mutations.'>'” There is consensus that the therapy results
in improvement of light sensitivity in the short term, and this is true
in humans as well as mice and dogs.'* Long-term consequences of the
therapy on visual function and arrest of retinal degeneration, on the
other hand, have been more controversial. Data from some investiga-
tors are consistent with the hypothesis that the natural rate of photo-
receptor loss due to RPE65 mutations is not modified by the gene
therapy when treatments are initiated after the onset of degeneration,’
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and the short-term improvements in visual function start waning in
the long term.'®'" Data from others suggest that improved visual
function is stable over the long term,"” and they imply that retinal
degeneration has been stabilized even though supporting photore-
ceptor layer measures have not been provided.

The molecular, biochemical, and cellular bases of the canine and hu-
man diseases are identical,”'>'” but the two have been treated at
different disease stages. The initial work in RPE65 mutant dogs, later
validated by independent groups, treated young dogs in the early
stages of the disease, when photoreceptor dysfunction and severe
visual impairment were predominant but there was little degenera-
tion.”**'®"** The treatments showed rapid improvement in retinal,
subcortical, and cortical visual function,?! which remained stable
long term.” Detailed analysis of retinal photoreceptors demonstrated
distinct preservation of photoreceptor layer measures and structure in
the treatment area 4.8-10.9 years after the initial treatment.’

However, treatment of dogs at mid-life gave more variable results.’
While there was improvement of retinal function in all eyes initially,
degeneration was not halted in some. Other eyes treated at mid-life
had little evidence of retinal degeneration and required longer
follow-up to allow quantitative evaluation of potential differences
between treated and untreated regions.” In the present study, we
have taken advantage of long-term (>4 years) observations and recog-
nition of intra- and inter-retinal and inter-animal differences in the
extent of retinal degeneration among treated mature dogs to deter-
mine the long-term outcomes of gene therapy initiated at mid-life.
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Figure 1. Gene Therapy and Photoreceptor
Preservation

Subretinal gene therapy was performed in RPE65 mutant
dogs at mid-life (5-6 years), and eyes were collected
4-5 years later at 9-11 years of age for morphologic evalu-
ation. Schematics show the treatment boundary (dotted
lines) and illustrated area (thick lines) in the examined section
(gray lines). Compared to the outcomes of treatments per-
formed in young animals, there were both expected (A and B)
and unexpected (C and D) features with mid-life treatment.

Some retinal regions within the treated area showed RPE6G5

expression and retained photoreceptors (A), and some retinal
regions outside the treated area showed no RPEB5S expres-
sion and severe degeneration (B). However, some treatment
boundaries had photoreceptor preservation continuing
beyond the transduction region (C), and some treated re-
gions showed substantial photoreceptor degeneration even
with robust RPEB5 expression (D). Section pairs stained with
H&E (top) or dual immunolabeled with hCAR (green) and
RPE65 (red) are shown. Scale bar, 40 um applies to all

sections. T, temporal retina; N, nasal retina. Labels such as

BR363-0D refer to the animal and eye.

tained in retinal areas with no RPE65 expression,
either in transition zones (Figure 1C) or more
distant sites, or they showed substantial degenera-

tion even when there was robust and uniform
RPE65 expression (Figure 1D). There appeared

to be a striking difference from previous subretinal
gene therapy treatments in young animals, which
always resulted in a well-defined and circum-
scribed area of photoreceptor preservation limited
to the area of RPE65 expression when evaluated
7-10 years after treatment (e.g., see Figure 4 in
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RESULTS

When retinas of 9- to 11-year-old RPE65 mutant dogs were evaluated
with serial sectioning 4-5 years after a single subretinal gene therapy
injection, the results were not always uniform, or consistent, with
the findings expected from injections performed previously in young
animals. In dogs treated at mid-life (5-6 years old), some sections
showed well-preserved photoreceptor nuclei with inner and outer seg-
ments (IS and OS) in retinal regions with intense RPE65 expression in
the retinal pigment epithelium (RPE) (Figure 1A). Regions outside the
treatment area showed absent or remnants of photoreceptors in re-
gions with no RPE65 expression (Figure 1B), supporting the prelimi-
nary conclusion that successful gene therapy must have arrested the
progressive photoreceptor degeneration over these long-term studies.

However, careful examination showed that there were also unex-
pected findings challenging this preliminary conclusion. In some
retinal regions, photoreceptors and their inner and OS could be re-

Cideciyan et al.”). We hypothesized that the differ-
ences in local disease stage at the time of the treat-
ment at mid-life and variability of progression
rates across and between retinas may have contributed to the unex-
pected and variable findings.

Natural history of photoreceptor degeneration in RPE65 mutant
dogs can be approximated from previous work. Generally, mutant
dogs younger than 4 years tend to retain near normal photorecep-
tors, whereas dogs older than 7 years tend to have severe retina-
wide degeneration.*”** Available data are consistent with the
onset of retinal degeneration occurring in the inferior and superior
retinal regions variably between 4 and 7 years and progressing
thereafter.” Photoreceptors along the visual streak region generally
are retained the longest,” and this finding is not unlike human pa-
tients with retained central retinal regions.””> This broad-brush
view, however, does not capture the micro-topographical details
of a variety of disease stages that may exist in neighboring regions
intra-retinally, as well as inter-retinal differences at the time of
treatment.
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To gain insights into the variation of photoreceptor disease staging in
canine mid-life and serve as a possible predictor of treatment
outcomes, we mapped the outer nuclear layer (ONL) thickness topog-
raphy of 13 RPE65 mutant eyes and compared them to younger ani-
mals ~1 year of age and older animals 9-11 years of age (Figure 2). At
1 year, most RPE65 mutant dogs had ONL thickness topography that
was indistinguishable from wild-type (WT) control eyes (Figures 2A
and 2B). By 9 years of age, there was severe retina-wide degeneration,
with some eyes retaining a faint band of photoreceptors along the
visual streak (Figure 2C). At mid-life (5-6 years), the ONL thickness
distribution tended to be unpredictable with greater inter-animal
variability (Figure 2D). Some of the eyes with the mildest stages of dis-
ease, as exemplified by BR304 at age 5.2 years, showed excellent
photoreceptor and ONL preservation in the fovea-like region and
the visual streak, as well as in regions inferior to the optic disc. In
contrast, BR363 at the same age showed overall ONL thinning, espe-
cially in the visual streak and fovea-like region. However, the disease
severity in these 2 dogs was still much less than in 2 other dogs, both
5.1 years of age, which displayed a dramatic loss of ONL as shown in
the topographic maps (Figure 2D, BR323 and BR318). Even in the
better preserved areas of BR318, thinning of the ONL was associated
with shortened photoreceptor IS and a disordered OS layer (Fig-
ure 2D). At this more advanced stage of disease, the inter-animal dif-
ferences were notable. Differences in disease stage in mid-life not only
occurred between animals but also were observed intraocularly. It was
clear that, within eyes, there were remarkable differences in disease
severity, with inferior regions degenerating earlier and faster and
patchy areas of preservation or degeneration occurring in a non-uni-
form distribution (Figure 2D).

The existence of the large differences in the distribution and stage of
disease in mid-life across RPE65 mutant dog retinas could potentially
explain the variable long-term gene therapy outcomes. To better un-
derstand the microscopic correlates of in-life ONL topography mea-
sures, serial sections of retinal tissue blocks were taken that extended
through the bleb and surrounding regions of treated eyes, and corre-
sponding areas of the untreated fellow eyes. Although it was possible
to get a reasonable approximation of the structural correlates from the
tissue-trimming diagrams, it was essential to use features visible in
both modalities in order to co-register histological results (such as
RPE65 expression) with high spatial precision to in-life ONL thick-
ness maps. Features detectable in both modalities included the optic
nerve head boundaries, major blood vessel branchpoints, local retinal
changes at the retinotomy site, localized band of retained ONL at the
visual streak, and correlated changes of ONL thinning apparent on
imaging at the fovea-like region at the center of the area centralis
and the ganglion cell layer thickening apparent on histology.**

Results from the untreated eye of BR275 exemplify this approach and
show the correspondence of the histologic and in-life assessments (Fig-
ure 3). For each eye, dozens of histological profiles of rows of ONL
nuclei were quantified from histological serial sections (Figure 3A)
and matched to ONL thickness profiles derived from in-life imaging
(Figure 3B). Quantitative comparisons of the co-registered multi-
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modality data from 2,079 sampled points across four untreated and
four treated eyes suggested a linear relationship between ONL thick-
ness measured on optical coherence tomography (OCT) and rows of
ONL measured on histology, with a slope corresponding to 4.5 pm
per row of nuclei (Figure 3C). These data were used to estimate retro-
spectively the histologic integrity of retina at the time of the treatment.

To determine the treatment effects of RPE65 gene therapy, we first
analyzed the histology from corresponding loci in treated study and
uninjected fellow control eyes (Figure 4). At the age of histology, all
dogs showed electroretinogram (ERG) asymmetry, demonstrating
greater function summed across the treated retinas as compared to
contralateral eyes (Figure S1), but the localized results were much
more complex. Co-registered maps were used to select two areas
along the visual streak, one inside and one outside the treatment
bleb (Figures 4A-4D, schematics). Serial sections were stained with
H&E, to assess photoreceptor and overall retinal structure, and dual
immunolabeled with human cone arrestin (hCAR)/RPE65 or rod
opsin/RPE65, to assess the two photoreceptor classes. All selected
areas of study eyes showed evidence of progressive degeneration dur-
ing the long-term experiments. Specifically, ONL layer thicknesses at
the selected locations had thinned from 8.8 (+1.5) rows of nuclei (pre-
dicted from in-life imaging) at the time of the treatment to 6.5 (+1.6)
rows of nuclei 4-5 years later (Figure 4). There was no apparent cor-
relation between the extent of photoreceptor preservation and the
existence of RPE65 expression. Areas that were better preserved,
regardless of RPE65 expression, showed distinct labeling of cones
with hCAR and rod OS with rod opsin (e.g., Figure 4A, study eyes).
In some well-preserved areas outside the treatment region (e.g., Fig-
ure 4B, study eyes), the number of hCAR-labeled cones was
decreased, but we could not determine if the loss was in the S- or
L/M cone population as cone class-specific antibodies were not
used. In areas with more advanced degeneration, hCAR-labeled
cone IS were shortened or absent, and rod opsin-labeled OS were
disorganized or absent (e.g., see Figures 4A and 4B, control eyes).

Unexpectedly, we found that untreated areas in the study eyes showed
better photoreceptor preservation than corresponding locations in
the fellow uninjected control eyes (Figure 4). For example, the un-
treated nasal visual streak region of BR275 was much better preserved
with 6-7 rows of ONL nuclei than the comparable locus in the control
eye with 4 rows of ONL nuclei. Similarly, the photoreceptor IS were
elongated rather than shortened, and rod OS were organized rather
than fragmented (Figure 4A, lower row). Untreated loci in the re-
maining three study eyes showed thicker ONL and better photore-
ceptor preservation as compared to matched locations in uninjected
control eyes. The IS and OS were longer and normal or less frag-
mented; matched locations in the control eyes showed OS that were
absent or fragmented and IS that were shortened or absent (Figures
4B-4D, lower rows).

The retinal topographic changes illustrated above for the visual streak
region were extended across wider retinal regions by examining serial
sections through treated and untreated areas of study eyes and
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Figure 2. Natural History of Disease in RPE65 Mutant
Dogs Shows Great Variability
CGBCAN-OD BR457-0 BR458-0D ONL thickness topographies (pseudocolor images) show
" - i A ’ representative 1-year-old RPE65 mutant dogs (B) to have
retained photoreceptors similar to normal wild-type (WT)
dogs (A). In older dogs, 9-11 years of age, severe degener-
ation is common (C), but inter-animal and intra-retinal vari-
ability persists with selective but variable preservation of the
horizontal visual streak. (D) At mid-life, between 5 and 6 years
0 ONL ThicknessE m} 80 1Feg of age, mutant dogs show substantial variability such that
: retinal regions can range from normal to severely degen-
RPE65-mutant 9-11 yo erated, and the variability can be intra-retinal. Histologic im-
ages are shown for three locations in two of the eyes.

& WT ~1yo B RPE65-mutant ~ 1 yo

c BR361-0S (as OD) BR363-0S (as OD) BR275-0D
-
RPEG65-mutant 5-6 yo
D BR363-0S (as OD) BR304-0S (as OD)
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Figure 3. Histological Correlates of In-Life Imaging
Results in RPE65 Mutant Eyes

(A and B) Schematic representation of the retinal features of
a representative eye overlaid with the localization of a block
of serial sections (A, yellow parallel lines) or ONL thickness
topography (B, pseudocolor image). The red oblique line
represents the histologic section shown (A) or an optical

v coherence tomography (OCT) scan (B) registered to assess

Eccentricity

[ 7 . ‘V‘M
’ . ¢y REARREIZON
P oon, mugma AR |

oy 5

WAL R -

A

moye S R L

- - b o ”
S e e O :—vm‘.-

IS
o

BR275-0D; 10.6 yo

[
o

o

o

v

v v

the same retinal region. The white circles superimposed on
the red line are the corresponding points shown histologi-
cally (A, lower row) or in the OCT scan (B, lower row). The
graphs in (A) and (B) represent the rows of nuclei counted
on histologic sections (A) or the ONL thickness determined
by OCT (B). INL, inner nuclear layer; ONL, outer nuclear
layer. (C) Point-by-point correlation between ONL thickness
and rows of nuclei determined from 2,079 co-registered loci
across 8 mutant eyes at 9.4-10.6 years of age (Table S1).
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border of the visual streak. Even though there
was no detectable RPE65 expression, and the
site was at least 6 mm away from the injection
bleb boundary, photoreceptor preservation and
ONL thickness were comparable to the treatment

area. Similar ONL thickness and photoreceptor
\4

ONL Thickness on OCT [um]
8

Eccentricity

preservation were observed in the bleb region in
sections through the center (Figure 5A, C-C)
and the lower parts of the treatment region (Fig-
ure 5A, D-D). Section C-C showed the drop-off
temporally as the section extended supero-tem-
poral from the treatment area and away from
the temporal visual streak. However, the nasal re-

2 mm/div

Soonm gion in this section showed recovery of photore-

c T 50 4 ceptor structure and ONL thickness in the nasal
= 4.48 um/row visual streak area, which had no RPE65 expres-
5 40 sion (Figure 5C). This was not found in slide
2 i o} o o D-D, as the nasal extent was below the nasal
; 500 1 8 o visual streak and in an area of advanced degener-
D 204 % ) ation (Figure 5D). Thus, assessment of therapy
E outcome was strongly dependent not only on
= 109 3 6803 expression of RPE65 but also on topography of
3 o0 o O treatment area in relation to sites that are prefer-

('J é "‘ é é entially preserved regardless of treatment.

Rows of Nuclei [count]

equivalent areas in control eyes. This is illustrated with three of more
than 400 serial sections taken from the treated eye of BR275-OS, for
which we plotted ONL thickness, photoreceptor structure in terms of
IS and OS structural preservation, and RPE65 expression (Figure 5).
The most superior section (Figure 5A, B-B) showed robust RPE65
expression limited to the treatment area where photoreceptor preser-
vation and ONL thickness were preserved (Figure 5B). Nasal to this
area, photoreceptor preservation declined focally at the retinotomy
site to then increase nasally as the section approached the nasal
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We then asked if there was a requisite number of

photoreceptors remaining at mid-life that could
support long-term arrest of retinal degeneration with RPE65 gene
therapy. Because of the inter-animal and intra-retinal variation in dis-
ease severity, we addressed this question by determining the ONL
topographic thickness in the study and control eyes for multiple spe-
cific retinal areas immediately before gene therapy. The loci selected
were distributed within the (eventual) bleb area and the untreated
non-bleb areas based on study eyes. The selection of loci was exactly
duplicated in the uninjected control eyes. ONL thickness was ob-
tained before treatment and at the end of study, 4-5 years later,
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Figure 4. Histopathology from Matched Treated and Untreated Regions in Study and Uninjected Control Eyes

(A-D) Images represent sequential serial sections taken from inside (Bleb) or outside (Non-bleb) the treatment region. All samples are from the temporal or nasal visual streak,
and the corresponding locations are illustrated for study and control eyes. Each image grouping shows H&E-stained sections (left) and immunocytochemistry sections dual
labeled with RPEG5 and hCAR (middle) or RPEG5 and rod opsin (right); DAPI labels nuclei blue. RPEGS5 labeling is only present inside the treatment bleb. hCAR labels intensely
the cone inner segments and synaptic terminals, and rod opsin the rod outer segments, and, when rod opsin is delocalized, the rod inner segments. Scale bar, 40 um applies

to all sections.

and progression was related to the ONL thickness at the time of treat-
ment (Figure 6). A successful treatment effect of gene therapy was
readily demonstrable for those bleb areas in study eyes where the
ONL thickness at the time of treatment was within —0.2 log (63%)
of WT values; progression observed long term was smaller than the
progression in non-bleb areas with similarly mild disease (Figure 5B,

left panel). Progression was —0.07 + 0.05 log in the bleb region and
—0.20 £ 0.10 log in the non-bleb region; the difference was statisti-
cally significant (p = 2E—13). When there was more advanced disease
at the time of treatment, progression of ONL loss in bleb regions of
study eyes was more marked (Figure 5B, right panel green symbols;
—0.19 + 0.21 log) and not substantially different from the progression
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Figure 5. Association of RPE65 Expression with
Preservation of Photoreceptors and ONL

(A) Schematic illustration of the treatment area (dotted
line), and the location of a subset of more than 400 serial
sections of which 40 were stained with H&E and analyzed
for outer nuclear layer (ONL; rows of nuclei) thickness and
photoreceptor preservation (inner and outer segments
assessed separately and graded from 5 [normal] to
0 [absent] and values added). Each point in the graphs
represents the mean + SD for ONL (black filled circles)
and photoreceptor structure (dark gray filled circles).

(9]
O

ONL Thickness (rows of nuclei)®
1S/OS Quality ®
o

RPEBS labeling determined from adjacent serial sections
dual labeled with RPE65 and hCAR or RPE65 and rod
opsin. The 3 sections illustrated in the graphs are 400
(B-B; B), 241 (C-C; C), and 63 (D-D; D). The thick gray line
in (A) represents the expected location of the visual
streak.

for diseases such as choroideremia, CNGA3-
and CNGB3-achromatopsia, retinoschisis, and
RPGR-X-linked retinitis pigmentosa among

RPEG65 Expression
[ None

B patchy

I intense

T 2 mm/div

seen in non-bleb regions (Figure 5B, right panel red symbols; —0.27 +
0.18 log; p = 0.06).

Uninjected control eyes showed a significantly faster rate of progres-
sion than study eyes irrespective of matched initial ONL thickness
values both in bleb-equivalent (—0.41 + 0.17 log) and non-bleb-
equivalent (—0.44 + 0.23 log) regions (Figures 5C and 5D, note
expanded vertical scale). These quantitative in-life imaging results
were consistent with the histological results described above, and
they supported the proposal that a partial treatment effect may be
extending to retinal areas well beyond the bleb formed by the subre-
tinal injection, despite showing no evidence of RPE65 expression.
These results taken together supported the conclusion that more
than 63% of photoreceptors were required to be present at the
time of the treatment to achieve arrest of retinal degeneration long
term. For retinal locations with <63% of photoreceptors, evidence
for a positive modification of the natural history depended on the
control locations chosen; use of contralateral retina controls showed
a treatment effect, whereas intra-retinal controls showed no treat-
ment effect.

DISCUSSION

The successful treatment of the previously incurable RPE65-Leber
congenital amaurosis (LCA) in animal models,”** and the measured
bench'®*® to bedside’ ® translation path'? followed by the approval of
the therapy for marketing in the United States and Europe has ener-
gized the research community, patient groups, and retinal specialists.
Given the large number of inherited retinal disorders with comple-
mentary animal models,””*® the need is high, and the path from
the laboratory to the clinic is accelerating rapidly. Gene therapy trials
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others also have been initiated (https://
clinicaltrials.gov), and, based on exciting new
results, studies for additional diseases, e.g.,
autosomal dominant rhodopsin (RHO) retinitis pigmentosa (RP)**
and Best disease,” are in the IND-enabling pipeline.

The results of these very encouraging studies, however, must be
tempered by having realistic, clear outcome measures, both short
and long term, that inform on the therapeutic efficacy, limitations,
and complications in both patients and animal models. After all,
the goal of gene therapy for inherited retinal diseases is not only to
improve vision but also to do so as permanently as possible and pref-
erably with a single treatment. Hence, the important question, is the
treatment forever? If not, then the studies need to have sufficient rigor
to inform on what needs to be changed or improved to make it so.’
However, clinical trial results in RPE65-LCA have erred toward
simplification. The long wait for any therapy that can improve vision
for inherited retinal degenerations has made affected patients and
their families as well as clinical trialists and science writers’> unrecep-
tive to complexities and caveats about this remarkable achievement.
Moreover, there have been no attempts to confirm or disprove find-
ings by independently replicating such observations. There seems to
be an attitude that the feat should be lauded and not critically evalu-
ated; and effort should now be devoted to making this product
available to those who could benefit from it (“...cannot allow the per-
fect to become the enemy of the good...”””). The route to marketing,
the cost, and potential profits of the RPE65-LCA product have
become models for other biotechnology and pharmaceutical com-
panies in considering whether or how to become involved in treating
orphan retinal diseases.

To address the long-term efficacy of RPE65 gene therapy, we now have
examined the treatment outcomes in the RPE65-LCA canine model
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Figure 6. Progression of Photoreceptor Loss with Gene Therapy

4  Bleb-equivalent region
v Non-bleb equivalent regions

(A and C) ONL thickness topography of study (A) and uninjected control (C) eyes to demonstrate the spatial variation of the retained photoreceptors at the time of treatment.
Black and white dashed lines delineate the bleb region treated in study eyes (A) and the bleb-equivalent region in untreated controls (C). The small squares superimposed on
the ONL thickness topographies indicate the locations sampled for ONL thickness (green/gray squares inside and red/black squares outside treatment bleb). (B and D)
Change in ONL thickness over 4-5 years plotted against ONL thickness at the time of the treatment. ONL thickness values represent normalization to mean wild-type (WT)
value at each sampled location and are shown in log1o units. Better preserved ONL regions (B, left panel) in treated areas of study eyes show limited to no progression (green
symbols), while untreated regions show progression (red symbols). More severely affected areas (B, right panel) generally show progression regardless of treatment. Control
eyes (D) with well preserved ONL in the bleb-equivalent region at the time of treatment (D, left panel) show comparable progression to the non-bleb-equivalent region.
More severely affected areas (D, right panel) show greater progression. Note different scales for the ordinates of (B) and (D) to accommodate the greater progression seen in

control eyes.

when the intervention is delayed to patient-relevant disease stages; i.e.,
when profound dysfunction is accompanied by varying degrees of
photoreceptor degeneration. Our earlier studies indicated that when
treatment is started at the stage of severe dysfunction, but before the
onset of photoreceptor degeneration, the natural disease history is
positively modified such that substantial numbers of photoreceptors
are retained for up to a decade of follow-up along with preservation

of retinal ERG function.”” Similar but much shorter term outcomes
have been reported by other groups;’”** as well, a morphologic/THC
study clearly showed that RPE65 gene therapy slows the photoreceptor
loss, especially of S-cones.*

The situation is more complex in a clinical setting where patients at
the time of treatment have both severe visual dysfunction and
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photoreceptor degeneration that is not uniformly distributed
throughout the retina.>***° To model the characteristics of the pa-
tient’s retinal disease, we selected for study the RPE65 dog model at
mid-life. Not surprisingly, there was considerable complexity in
retinal disease patterns at this stage of life, when dysfunction and
degeneration coexist and complicate the assessment of treatment out-
comes. Issues to be considered include variations in disease severity,
both within the treatment group at the same age and within the same
eye. As well, the influence of topography on disease progression must
be considered in that it might influence selective preservation in the
absence of RPE65 transgene expression or, conversely, facilitate
advancing degeneration in spite of robust expression.

Treatment outcomes in mid-life mutant dogs cannot be assessed
strictly on an age basis, a caution that could equally apply to patient
studies where some investigators have found age-related effects*’
*I ONL thickness topography
maps of dogs at 5-6 years of age show a marked difference in disease
severity, ranging from nearly normal to advanced degeneration that is
not uniformly distributed; as previously shown, the inferior retina de-
generates earlier and faster.” However, the superior retina also degen-
erates, with some areas progressing faster (see Figure 2D). At this age
as well as later, ONL thickness maps show a selective preservation of
the visual streak, the elongated horizontal region located above the
optic disc that tapers nasally and broadens temporally. This region
has the highest density of retinal ganglion cells and cones, and it
can be thought of as the canine equivalent to the primate macula.
The broader temporal expanse of the visual streak is the area centralis
in the center of which is the cone-enriched fovea-like region.** While
the visual streak and area centralis are selectively preserved, the fovea-
like region is not, and it clearly shows thinning/atrophy both in the
~5-year-old group and later at ~9-11 years (see Figures 2 and 3A).
The focal atrophy of the fovea-like region has been previously
described in RPE65 mutant dogs,** and degeneration of this region
is stabilized by gene therapy targeting the temporal quadrant.’>*’

whereas others have found none.

Because of the inter-animal and intra-retinal disease variability, it was
necessary to precisely correlate in vivo and ex vivo analyses. The
former is essential to determine the photoreceptor status at the
time of treatment, and both to assess outcomes. Using landmarks
visible in the en face images and serial histologic sections, it was
possible to precisely register the OCT scans and histologic sections
to obtain a good correlation of every point localized in the serial sec-
tions that is represented in ONL thickness maps. By comparing these
loci, both inside/outside the treatment bleb with the same region in
untreated fellow eyes, it was possible to determine the effect of disease
stage and retinal topography on the treatment outcome.

We showed that areas where the ONL thickness was within 63% or
greater of the WT controls at the time of treatment there was minimal
ifany progression. Areas with ONL thickness less than 63% of control
generally progressed. Other factors to consider in determining out-
comes include the extent and intensity of RPE65 expression. As ex-
pected, in many areas we found good correlation between RPE65
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expression and photoreceptor preservation. However, we also
observed degenerate areas having intense and uniform RPE65 expres-
sion. The pre-treatment ONL thickness maps provided insights, in
some cases, about the discordant observation in that these areas
had established degeneration at the time of treatment (e.g., refer to
BR275-0S in Figures 1D and 6A). In such a case, one could argue
that treatment restored RPE65 expression but could not prevent
further degeneration.

An overall comparison of treated and untreated fellow eyes showed
that treatment had a positive modification of the natural disease his-
tory, and, in treated eyes, this included areas outside the treatment
bleb (see Figures 4 and 6). This was an unexpected finding, as we
assumed that treatment effect would have been more restricted as in
gene augmentation therapies that exclusively target photoreceptor
cells, eg, CNGBS—achromatopsia44 and RPGR-X-linked RP
(XLRP).* With RPE65 gene therapy, on the other hand, treatment re-
stores the retinoid cycle that ultimately results in production of the 11-
cis-retinal chromophore needed for a functioning visual pigment.*® If
the photoreceptor preservation is mediated by the availability of addi-
tional 11-cis-retinal to photoreceptors, possible alternative routes could
include diffusion through the retina and across the vitreous to distant
sites, or diffusion through the interphotoreceptor matrix (IPM) by
interphotoreceptor retinoid-binding protein (IRBP), the carrier for
11-cis-retinal."” Support for the former comes from studies of intravi-
treally administered 9-cis-retinal-conjugated chitosan, which restores
ERG function in RPE65 mutant dogs.48 For the latter, we have found
in this study and others that IRBP is expressed throughout the IPM
in mutants, regardless of the degree of degeneration, until all photore-
ceptors are lost (data not shown and Gropp et al.*®). Other alternatives
to be considered, although less likely, are release of trophic factors due
to surgical manipulation®® and transduction of distant sites by vector
leaking out of the retinotomy site.

Two prior studies argue against gene therapy having a positive effect
beyond the zone of RPE65 expression in the treatment area. The first
is by our group and suggested, possibly incorrectly, that 11-cis-retinal
did not “diffuse across the retina but (was) restricted to the region of
the subretinal injection.”*
rior quadrant regions for injections placed supero-centrally, there is
clearly detectable 11-cis-retinal in supero-temporal and -nasal regions
(see Figure 2 and Table S1 in Acland et al."). The second clearly
showed that S-cone immunolabeling is lost beyond the point where
RPE65 expression ends at the treatment edge (see Figures 5a-5¢ in
Mowat et al.’®). However, the integrity of the retina in areas of
S-cone loss is normal, a suggestion that while S-cones may need
higher levels of 11-cis-retinal for survival, the rods, which make up
the bulk of the ONL, do not. While the question remains unanswered,
it is clear that in treated eyes there is a small but detectable positive
effect outside of the treatment zone, and this needs to be accounted
for in assessing therapeutic outcomes.

While that was true for more distant infe-

In addition to a treatment effect by RPE65 augmentation, retinal
topography plays an important role in determining both the severity
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of disease and its progression. The visual streak and area centralis,
excluding the fovea-like region, are areas in the retinal mosaic that
are more protected from disease severity and progression. This is
clearly evident on the en face ONL thickness maps, which also
show much more severe disease inferiorly, and in the serial sections,
illustrating that there is better preservation in the nasal visual streak,
far from the treatment bleb (see Figures 5B and 5D). At this time, it is
not possible to determine the factor(s) that influences the topographic
distribution of disease.

These results raise the clinically relevant question, are we able to
compare the present canine results with those of human RPE65-
LCA? To do so, we should ask whether young patients have any
detectable retinal degeneration. There is no doubt that there can be
major loss of photoreceptors and visual function in the later decades
of life of RPE65-LCA pa'[ients.’%’38 In the canine model, retinal areas
with ONL thickness > 63% than in WT controls at the time of treat-
ment showed minimal if any progression, while areas with less ONL
thickness generally progressed. Are younger patients free of photore-
ceptor loss and, therefore, of no concern for durability of efficacy if
treatment is administered at young ages?*’ Our study of photore-
ceptor topography in a cohort of untreated children and adolescents
with RPE65-LCA quantified ONL thickness across a wide central
retina of these patients and answers this question.”> There were in-
ter-individual differences between young patients, but not a single
patient had normal photoreceptor layer thickness. Except at the fovea
(with ~60% ONL thickness retained), the average maps of ONL
showed thickness <40% of control across most of the central retina,
and <20% in inferior retinal areas (see Figure 3 in Jacobson
et al.*). Extrapolating from the current study in dogs to humans leads
to the expectation that gene therapy treatment will not halt the pro-
gressive retinal degeneration in most retinal locations of RPE65-LCA
patients at all ages. Of further importance to consider for the interpre-
tation of human clinical trial results was the retained improvements
of the global retinal function measure ERG in the current canine
study while demonstrating major local evidence of degeneration. It
follows that the stability of global measures of function in patients'”
does not rule out progressive degeneration as previously demon-
strated, with local measures of structure and function following
successful gene therapy.”"’

MATERIALS AND METHODS

Animals

All dogs were bred and maintained at the University of Pennsylvania
Retinal Disease Studies Facility (RDSF; Table S1), and they were
housed under identical conditions (e.g., diet, medications, vaccina-
tions, and ambient illumination with cyclic 12 h on-12 h off). All
but 1 of the RPE65 mutants were females used to produce affected
progeny for other studies or colony continuation, and they were
enrolled in long-term studies that did not affect their reproductive
status. Matings of these females had produced puppies: BR275, 1
time and BR323 and BR363, 2 times each; additionally, control female
X236 had puppies 2 times. The studies were carried out in strict accor-
dance with the recommendations in the Guide for the Care and Use of

Laboratory Animals of the NIH and the USDA’s Animal Welfare Act
and Animal Welfare Regulations, and they complied with the Associ-
ation for Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research. The pro-
tocols were approved by the Institutional Animal Care and Use Com-
mittee of the University of Pennsylvania (803269 and 804956). All
electroretinographic and noninvasive imaging procedures, as well as
subretinal injections, were performed under general anesthesia, as
previously described.***>>" Ocular tissues were collected after eutha-
nasia with an intravenous injection of euthanasia solution (Euthasol;
Virbac), and all efforts were made to improve animal welfare and
minimize discomfort.

Vector and Subretinal Injections

Clinical-grade good manufacturing practice (GMP) vector produced
for the phase 1/2 clinical trials was used. The adeno-associated virus
serotype 2 (AAV2) vector has the cytomegalovirus (CMV) enhancer-
chicken beta-actin exon 1-intron 1-exon 2 and the human RPE65
cDNA.”*!” In a prior study, the human and canine transgenes gave
comparable short- and long-term therapeutic efficacy.” In the treated
animals that were part of the study, the vector concentration used was
3.96 x 10" vector genomes/mL, and injection volumes were in the
160- to 200-pL range (Table S1). This dose was comparable to the

ones used in the human clinical trial.”*

Subretinal injections of vector were performed under general anes-
thesia with a subretinal cannula, as previously reported (see below);
the injected volumes aimed to produce a bleb that covered ~20%-—
25% of the retinal surface. The location of the subretinal bleb was re-
corded immediately after each injection. Short-term post-therapy
treatment is standard in our protocols and has been previously
described.***>>* All of the dogs treated by RPE65 gene augmentation
therapy had recovery of ERG rod and cone function to variable de-
grees in the treated eyes 6 weeks after treatment, and function was still
present, although reduced in amplitude, at the end of study.

OCT Imaging and Analyses

En face and retinal cross-sectional imaging was performed with the
dogs under general anesthesia (induction with intravenous [i.v.] pro-
pofol; maintenance with isofluorane). Overlapping en face images of
reflectivity with near-infrared illumination (820 nm) were obtained
(Spectralis HRA+OCT, Heidelberg, Germany) with 30° and 55°
diameter lenses to delineate fundus features, such as optic nerve,
retinal blood vessels, boundaries of injection blebs, retinotomy sites,
and other local changes. Custom programs (MATLAB 7.5; Math-
Works, Natick, MA) were used to digitally stitch individual photos
into a retina-wide panorama. Spectral domain-OCT (SD-OCT) was
performed with linear and raster scans (Spectralis HRA+OCT). Over-
lapping 30° x 20° raster scans were recorded covering large regions
of the retina. Post-acquisition processing of OCT data was performed
with custom programs (MATLAB 7.5). For retina-wide topographic
analysis, integrated backscatter intensity of each raster scan was
used to locate its precise location and orientation relative to retinal
features visible on the retina-wide mosaic formed by near infrared
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(NIR) reflectance images. Individual longitudinal reflectivity profiles
(LRPs) forming all registered raster scans were allotted to regularly
spaced bins (1° x 1°) in a rectangular coordinate system centered
at the optic nerve; LRPs in each bin were aligned and averaged. Intra-
retinal peaks and boundaries corresponding to the ONL were
segmented using both intensity and slope information of backscatter
signal along each LRP. For all topographic results, locations of blood
vessels, optic nerve head, and bleb boundaries were overlaid for
reference.

Morphological Evaluation

Embedding and Sectioning

RPE65-mutant (n = 6) and normal (n = 3) dogs were included in this
study. Globes were harvested at varying endpoints in the study from
dogs immediately following euthanasia and fixed/processed in the
following manner: 4% paraformaldehyde (PFA) for 3 h, 2% PFA
for 24 h, 15% sucrose in PBS for 24 h, and 30% sucrose in PBS for
24 h. The posterior eyecups were isolated at the end of the 4% PFA
fixation step, and tissues were trimmed at the end of the 2% PFA fix-
ation step. Based on the diagrams made at the end of the subretinal
injection procedure, the eyecups were trimmed into quadrants or
hemispheres in order to obtain sections from treated and untreated
regions with a special emphasis for including boundaries or transition
zones between treated and untreated regions. The trimmed tissues
were placed into plastic sectioning molds containing optimum cutting
temperature embedding media (Thermo Fisher Scientific, Waltham,
MA) and flash frozen in liquid nitrogen. Thereafter, the tissue blocks
were kept at —80°C.

IHC

Retinal localization and expression of selected proteins, RPE65,
hCAR, RHO, and IRBP, were performed by double-labeling IHC us-
ing methods previously described.”>** Slides were warmed to 37°C
for 1 h, then incubated overnight at 4°C with the first primary anti-
body (anti-RPE65, mouse monoclonal immunoglobulin G (IgG)1,
1:1,000 dilution, Novus Biologicals, Littleton, CO, NB100-355,
lot#K-1), then subsequently with fluorochrome-labeled secondary
antibody (1:200 dilution of donkey anti-mouse IgG, Alexa Fluor
568, A10037, Invitrogen, Carlsbad, CA) at room temperature for 2
h. The samples were then incubated overnight with the second pri-
mary antibody (either rabbit polyclonal anti-RHO (1:1,000 dilution,
Millipore Sigma, Burlington, MA, AB9279, 10t#2979895), goat poly-
clonal anti-hCAR (1:50), or rabbit polyclonal anti-IRBP (1:1,000 dilu-
tion, gift from Dr. T.M. Redmond, National Eye Institute [NEI]/
NIH), then labeled with the second secondary antibody (either
1:200 dilution of donkey anti-rabbit IgG, A21206, or 1:200 dilution
of donkey anti-goat IgG, A11055, Alexa Fluor 488, Invitrogen), and
cell nuclei stained with DAPI. The slides were mounted with Gelvatol
(pH 8.5; Sigma-Aldrich, St. Louis, MO) and dried at room tempera-
ture overnight, then subsequently stored at 4°C. Labeled slides were
examined with an epifluorescence microscope (Axioplan, Carl Zeiss
Meditec, Thornwood, NY). Transmitted light and epifluorescence
images were obtained with a Spot 4.0 camera (Diagnostic Instru-
ments, Sterling Heights, MI) and examined with Photoshop and
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Hlustrator (Adobe, San Jose, CA). For each antibody, control and
affected canine samples were processed at the same time with the
same antibody concentration and lot number; when capturing images
for documentation, the same magnification and camera settings were
used in all the samples.

Photoreceptor and RPE Evaluation

The tissue blocks were serial sectioned, and every tenth section was
H&E stained. Using a standard Zeiss binocular microscope and
both 20 x and 40x objectives, each section (~8,500- to 14,000-pm to-
tal distance) was fully examined in 500-pm increments. At each point,
ONL thickness was determined by making 3 independent counts of
the number of rows of nuclei from the center and either side of the
field of view. As well, photoreceptor structural integrity was assessed
independently for OS and IS using the following criteria: OS, normal,
disordered, fragmented, absent; IS, normal, shortened, absent, and
represented graphically in Figure 5 spidergrams as the sum of OS
and IS gradings from normal (5) to absent (0) for each. The slides
immediately adjacent on either side of the H&E sections were dual
labeled with a combination of RPE65/hCAR or RPE65/RHO to char-
acterize RPE65 expression in the treated and untreated regions and to
further determine quality of photoreceptor structure and preserva-
tion. RPE65 labeling was classified as intense, patchy, or absent.

Alignment of OCT Scans and Retinal Sections

To properly align the retinal sections with the en face images, the sec-
tions were oriented based on the trimming and embedding records,
section number, optic nerve head position, retinotomy site, ONL
thickness, and blood vessel branching landmarks. From the ONL
thickness counts, a mean ONL thickness value was generated at
each specific retinal locus and compared to ONL thickness from topo-
graphic maps for the length of each section. Retinal blood vessel po-
sition was also measured for each H&E section and compared with en
face images. Using a combination of these objective measurements,
the degrees of freedom could be limited such that the angle of the sec-
tions could be properly oriented and overlaid on the en face images.
The OCT data generated at each time point could also be superim-
posed over the same en face retina images, which allowed for direct
comparison of the OCT measurements at each retina location and
the ONL thickness on histology.

Statistical Methods
Descriptive statistics including mean and SD were used. Group means
were compared with unpaired t tests.

Electroretinography

Full-field flash ERGs were recorded under general anesthesia (induc-
tion with iv. propofol; maintenance with isofluorane) using a
custom-built Ganzfeld dome fitted with the light emitting diode
(LED) stimuli of a ColorDome stimulator (Diagnosys) and methods
previously described.”’ Waveforms were processed with a digital low-
pass (50-Hz) filter to reduce recording noise if necessary. After 20 min
of dark adaptation, rod and mixed rod-cone-mediated responses were
recorded. Following 5 min of white light adaptation, cone-mediated
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signals to a series of single flashes and to 29-Hz flicker stimuli were
recorded.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2019.08.013.
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