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Blindness in Bardet-Biedl syndrome (BBS) is caused by dysfunc-
tion and loss of photoreceptor cells in the retina. BBS10, muta-
tions of which account for approximately 21% of all BBS cases,
encodes a chaperonin protein indispensable for the assembly
of the BBSome, a cargo adaptor important for ciliary trafficking.
The loss of BBSome function in the eye causes a reduced light
sensitivity of photoreceptor cells, photoreceptor ciliary malfor-
mation, dysfunctional ciliary trafficking, and photoreceptor
cell death. Cone photoreceptors lacking BBS10 have congenitally
low electrical function in electroretinography. In this study, we
performed gene augmentation therapy by injecting a viral
construct subretinally to deliver the coding sequence of the
mouse Bbs10 gene to treat retinal degeneration in a BBS10
mouse model. Long-term efficacy was assessed by measuring
the electrical functions of the retina over time, imaging of the
treated regions to visualize cell survival, conducting visually
guided swim assays to measure functional vision, and perform-
ing retinal histology. We show that subretinal gene therapy
slowed photoreceptor cell death and preserved retinal function
in treated eyes. Notably, cone photoreceptors regained their elec-
trical function after gene augmentation. Measurement of func-
tional vision showed that subretinal gene therapy provided a sig-
nificant benefit in delaying vision loss.

INTRODUCTION

Bardet-Biedl syndrome (BBS) is a model ciliopathy. In this disorder,
mutations in genes important for maintaining the function of cilia—
“the antenna of the cell”’—cause cellular dysfunction in multiple cell
types, leading to obesity, polydactyly, renal failure, and blindness.
Many of these mutations disable the function of a protein complex
called the BBSome, which acts as a cargo adaptor to the intraflagellar
transport (IFT) complex, expands the cargo range of IFT in ciliary
trafficking,’ and regulates the movement of cargo proteins in and
out of cilia.” In the retina, the primary cilium of the photoreceptor
has evolved into a structure specializing in phototransduction called
the outer segment, which occupies up to 40% of the photoreceptor
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cell volume.” These enlarged cilia of photoreceptors require more
active protein trafficking for their maintenance compared with the
primary cilia of other cell types, and they in turn render the photore-
ceptors particularly vulnerable to mutations that disrupt ciliary trans-
port or function. The disruption of BBSome function leads to the
inundation of photoreceptor outer segments by more than 100
different proteins normally found in other parts of the cell, including
syntaxin-3 (STX3)." Cellular stress caused by protein mislocalization
contributes to photoreceptor cell death in BBS." In addition, disrupt-
ing the BBSome causes malformation of the photoreceptor outer
segment prior to degeneration,” increased cellular stress,” and eventu-
ally photoreceptor cell death, leading to blindness.””'* Developing
treatments for preventing blindness in BBS is a major research focus
in the last decade.

BBS is a genetically heterogeneous disorder, with at least 22 causative
genes known to date,'' and mutations in BBS10 are the second most
common cause of BBS next to BBSI. Mutations in BBSI10 account for
approximately 21% of BBS cases.'” Although not a part of the
BBSome complex, BBS10 is indispensable for BBSome assembly."
Therefore, intact ciliary transport requires a functional BBS10 gene.
BBS10 belongs to the group II chaperonins and possesses a conserved
ATP-binding site for ATP hydrolysis, suggesting that it may be a cata-
Iytically active enzyme.'> BBS10 forms a complex with BBS6, BBS12,
and six chaperonin-containing TCP1 (CCT) proteins and interacts
with BBSome components BBS2 and BBS7 to facilitate the BBSome
assembly.'” Mouse models with defective Bbs10 function have BBS
phenotypes.'* Bbs10~'~ mice have classical BBS features including
obesity, male infertility, and a progressive loss of photoreceptor cells
in the eye."* By 6 months of age, Bbs10~’~ mice exhibit severe visual
impairment in both light and dark conditions as determined by
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electroretinography (ERG) and the visually guided swim assay.'* The
visually guided swim assay, in particular, provides a quantitative
metric of rodent visual navigation. By 7-8 months of age, nearly all
the photoreceptors are lost in the retinas of Bbs10™"~ mice."* There-
fore, Bbs10~'~ mice recapitulate retinal degeneration and vision loss
seen in BBS10 patients. Of note, prior to notable retinal degeneration,
Bbs10™'~ mice already possess low, barely recordable cone electrical
function in ERG, which is likely caused by the mislocalization of
cone opsins and the loss of transducins in the absence of BBSome
function.'* It remains to be determined whether the early absence
of cone function despite the presence of cone cells can be amended
by the restoration of Bbs10 gene function. Bbs10™'~ mice offer an an-
imal model for evaluating the long-term efficacy of a subretinal gene
therapy to prevent blindness in BBS10 patients.

Control

Bbs107

Figure 1. Progression of retinal degeneration in
untreated Bbs10”~ mice

Bbs10~/~ mice have progressive loss of photoreceptor
cells. (A) OCT images of a Bbs10~~ mouse (right) and a
wild-type or heterozygous control littermate (left) are
shown, and the outer nuclear layers (ONLs) are indicated by
a black solid bar next to the OCT image. (B) At P24, the
thickness of the ONL in Bbs70™~~ mice is 83% of that in
their control littermates. (C) By 4 months of age, more than
half of the retinal photoreceptors are lost in the retinas of
Bbs10~'~ mice. Statistical comparisons for ONL thick-
nesses were performed using two-tailed t tests. The error
bar represents standard error of the mean. (D) STX3, a
SNARE protein normally confined to the photoreceptor
inner segment (IS), mislocalizes to the outer segment (OS)
in Bbs10~'~ mice at P21.

The potential of using gene augmentation ther-
apy to treat BBS has been demonstrated. In a
*% proof-of-concept study where the Bbs8 gene is
temporarily disabled by a gene trap, we showed
that the activation of the Bbs8 gene in young an-
imals by removing the gene trap prevents photo-
receptor cell death and restores photoreceptor
ciliary structure and function in the eye.’

To test whether blindness in BBS type 10 (BBS10)
can be treated with retinal gene augmentation
therapies, we conducted a preclinical study in a
mouse model of BBS10. In this study, we treated
23-31-day-old Bbs10™'~ mice with a subretinal
injection of an adeno-associated virus (AAV) con-
taining the coding sequence of the mouse Bbs10
gene driven by a cytomegalovirus (CMV) promo-
tor. We evaluated retinal electrical function and
the integrity of retinal layers in treated regions
over time up to 10-12 months after treatment to
assess long-term efficacy. We also performed a
vision assay at two different time points after
treatment to determine if gene therapy provided
benefits in delaying vision loss in the disease
course of BBS10. Laboratory mice have averaged life spans of 2-3
years.'>'® The experimental time course chosen in this study reflects
the effect of early intervention on BBS10 disease trajectory over a sig-
nificant portion of the lives of laboratory mice.

Bbs10™

RESULTS

Bbs10 knockout mice have progressive loss of photoreceptors
Bbs10™’~ mice have progressive retinal degeneration characterized by
the gradual loss of photoreceptor cells (Figure 1A). At postnatal day (P)
24, when the retina has completed its maturation process in mice, the
thickness of the outer nuclear layer (ONL) in BbsI 0™/~ mice was 84.5%
of that of their wild-type or heterozygous littermate controls, suggest-
ing the presence of a mild degeneration at this age (controls, 58.0 +
1.0 pm, n = 3; Bble_/_, 49.0 + 4.06 pm, n = 3; p < 0.05; Figure 1B).
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Figure 2. Patient with biallelic BBS10 mutations has rapid retinal
degeneration

(A) OCT images are shown for an 8-year-old patient with biallelic mutations in BBS70
(p.Leud14Ser, p.Cys91Leufs*s) and a 12-year-old control subject. The thickness of
the ONLinthe BBS10 patient is 36.1% of that in the control subject. Inthe OCT images,
the ONL is marked by an asterisk, and the white line next to the asterisk indicates the
thickness of the ONL. The positions of the scans displayed are indicated by thearrowed
green line in the fundus images. (B) ERG waveforms of an 8-year-old BBS10 patient
and a 10-year-old control subject are shown for the dark-adapted 0.01 cd s/m? dim
flash, dark-adapted 3.0 cd s/m? standard combined response, the light-adapted
3.0 cd s/m? bright flash, as well as the light-adapted 30-Hz flicker response.

By 4 months of age, ONL thicknesses in Bbs]1 0™/~ mice were 39.3% of
that in their heterozygous or wild-type littermates (controls, 56.0 +
2.0 um, n = 3; Bbs10™'7,22.0 + 3.61 pm, n = 3; p < 0.005; Figure 1C).
To compare the disease progression in humans and mice, we show op-
tical coherence tomography (OCT) images of a patient with biallelic
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mutations in BBSI0O (p.Leu414Ser [NCBI: NP_078961.3; ClinVar:
NM_024685.4:c.1241T>C; dbSNP: rs786204575] and p.Cys91Leufs*5
[NCBL: NP_078961.3; ClinVar: NM_024685.4:c.271dup; dbSNP:
1rs549625604]). Leu414Ser is a missense mutation classified as patho-
genic or likely pathogenic in the Clinvar database, and p.Cys91Leufs*5
is a common indel mutation that causes an early frameshift in BBSI0.
This patient has been previously reported.'” At 8 years of age, the ONL
thickness of this patient is approximately 36.1% of that in a control sub-
ject (ONL in patient, 41.6 pm; ONL in control subject, 115.3 um; Fig-
ure 2A). Although mouse age and human age are not correlated in a
linear fashion, the degree of ONL degeneration observed in the patient
is roughly comparable with that observed in 4-month-old Bbs10~/~
mice. This BBS10 patient, at age 8 years, has non-recordable waveforms
in all ERG measures tested, including rod-specific 0.01 cd s/m? dim
flash, 3.0 cd s/m? standard combined response ERG, and the cone-spe-
cific 3.0 cd s/m” bright flash as well as the 30-Hz flicker response (Fig-
ure 2B). Bbs10~'~ mice have congenitally absent or low cone photore-
ceptor electrical function, and rod ERGs become non-recordable
between 6 and 9 months of age."* Together, these data suggest that
the lack of BBS10 causes low photoreceptor function and progressive
retinal degeneration, and the disease phenotypes observed in humans
are recapitulated in the BBS10 mouse model.

In normal photoreceptors, the BBSome functions in protein trans-
port. Without the proper functioning of the BBSome, more than
100 proteins, including STX3, flood the photoreceptor outer segment
compartment, causing cellular stress.* As a soluble N-ethylmaleimide
attachment protein receptor (SNARE) protein, STX3 is normally en-
riched in the photoreceptor inner segment and the synaptic layer. In
contrast, in BBS mouse models lacking adequate BBSome function,
including in Bbs1M39OR/M390R Lo~/ and Bbs8 '~ mice, STX3 mis-
localizes to the photoreceptor outer segment, a sign of impaired
ciliary trafficking.>'® We examined STX3 localization in the retinas
of Bbs10™~ mice and their littermate controls at P21. The photore-
ceptor outer segments were labeled using an anti-rhodopsin (RHO)
antibody. In Bbsl0™~ retinas, STX3 immunoreactivity overlaps
with that from RHO, representing the mislocalization of STX3 to
the photoreceptor outer segments (Figure 1D). STX3 shows normal
distribution in retinas of control littermates (Figure 1D). Therefore,
loss of BBS10 leads to STX3 mislocalization to the photoreceptor
outer segment, similar to that observed in mutant models of the
BBSome, suggesting that loss of BBS10 disrupts BBSome-dependent
ciliary trafficking.

AAV2/Anc80 transduces photoreceptors and RPE after
subretinal delivery

For testing subretinal gene therapy in this preclinical mouse model,
we used the AAV2/Anc80 viral vector, the predicted closest common
ancestor of AAV serotypes 1-3 and 6-9,'” to deliver the target gene to
the retina. This viral vector possesses high transduction efficiency for
the photoreceptors and the retinal pigment epithelium (RPE).'” To
visualize the tropism of this AAV, an expression cassette encoding
the green fluorescent protein (GFP), driven by a CMV promoter,
was packaged into the AAV2/Anc80 viral capsid and delivered
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subretinally into 1-month-old heterozygous and wild-type mice. Dur-
ing subretinal injection, the injection of fluid into the subretinal space
creates a localized subretinal bleb, where a part of the retina is de-
tached and elevated and the retina and RPE are temporarily separated
to accommodate the injected fluid. Mice received 2 x 10° viral ge-
nomes (vg) or 8 x 10° vg of AAV2/Anc80-CMV-GFP per eye, and
the sizes of the subretinal blebs raised were recorded at the time of in-
jection. To visualize the transduced areas, fluorescence fundoscopy
was performed to capture the fluorescence from GFP 2 weeks after
subretinal injection (Figure SI). In mice with “excellent” blebs,
defined by a temporary elevation of greater than 50% of total retinal
area, GFP fluorescence was observed in the majority of the retinal area
imaged (Figure S1). In mice with “moderate-sized” blebs, defined by
the temporary elevation of approximately 25% of the total retinal
area, fluorescence fundoscopy showed that the area expressing GFP
was correspondingly smaller, and typically confined to a quadrant
of the retina (Figure S1). In mice with “small” blebs, defined by the
temporary elevation of less than 25% of the total retinal area at
time of injection, the GFP-expressing regions were limited to defined
foci (Figure S1). In the eye shown in Figure S1, which had a small bleb,
visible fluid reflux from the syringe was also noted at time of injection.
In the fluorescence fundus image, the observation of elongated, GFP-
expressing fibers could potentially be caused by the escape of the in-
jected vector into the intravitreal space, thereby transducing ganglion
cells (Figure S1). Overall, the sizes of the subretinal blebs observed
through the operating microscope at time of injection corresponded
to the sizes of GFP-expressing regions seen in fluorescence fundo-
scopy. For the remainder of this study, animals with small or no sub-
retinal blebs at the time of injection were excluded from the study.

To determine whether the observed GFP fluorescence in fluores-
cence fundoscopy arises from the transduction of retinal photo-
receptor cells, we performed fluorescence microscopy using
cryosections of these retinas 1 month after injection of AAV2/
Anc80-CMV-GFP. In an animal that received 2 x 10° vg of
AAV2/Anc80-CMV-GFP and had a moderate-sized bleb after in-
jection, fluorescence images show that, near the injection site (Fig-
ure S1B, arrow), greater than 50% of photoreceptors strongly ex-
press GFP, indicating that this viral vector efficiently transduces
photoreceptor cells. Far away from the injection site (Figure S1B,
arrowhead), presumably at a location outside of the raised bleb,
few photoreceptors express GFP. The percentages of GFP-express-
ing photoreceptors decline as a function of the distance from the
injection site. Numerous RPE cells that strongly express GFP are
also observed (Figure S1C, arrowhead), along with RPE cells that
do not (Figure SIC, arrow), and the proportion of transduced
versus non-transduced RPE cells is also a function of the distance
to the site of injection. Some inner retinal cells also express GFP
(Figure S1B, asterisk). These patterns are not observed in the un-
injected, contralateral eye, even though the scleral tissue exhibits
some degree of autofluorescence (Figure S2). These observations
indicate that the AAV2/Anc80 viral vector effectively transduces
photoreceptor cells and the RPE, as well as some cells in the inner
retina of the mouse eye, when delivered subretinally.

To test whether gene augmentation therapy using the AAV2/Anc80
viral vector could treat retinal degeneration in BBS10, we packaged
a gene expression cassette containing the CMV promoter, the coding
sequence of the mouse Bbs10 gene, and a bovine growth hormone
(bGH) transcription termination signal into the AAV2/Anc80 viral
vector (Figure S3).

Subretinal delivery of AAV2/Anc80-CMV-mBbs10 does not

cause adverse effects

To determine whether the injection of AAV2/Anc80-CMV-mBbs10
causes adverse effects, wild-type or heterozygous mice were subreti-
nally injected with this vector at 8 x 10° vg and compared with
mice that received a subretinal injection of the delivery buffer only
(sham injection), and completely untreated eyes. ERG was performed
at 1, 2, 3, and 5 months after treatment. Injection of AAV2/Anc80-
CMV-mBbs10 did not adversely influence the ERG values of treated
eyes compared with sham-injected eyes and uninjected eyes (Fig-
ure S4). These experiments show that subretinal delivery of AAV2/
Anc80-CMV-mBbs10 did not cause adverse events.

Subretinal gene therapy of Bbs10 delays the loss of rod
photoreceptor function in treated eyes

The AAV?2/Anc80-CMV-mBbs10viral vector was subretinally delivered
to Bbs10~’~ mice between ages of P23 and P31, when photoreceptor
degeneration was at its initial stages. In each animal, one eye was treated,
and the contralateral eye was left untreated as an internal comparison.
Completely uninjected Bbs10™'~ animals were also included in ERG
studies to ensure that the ERG values of untreated eyes in treated ani-
mals were comparable with those of completely untreated animals.

Previously, we showed that the ERGs in Bbs10~’~ mice become non-
recordable by 6-9 months of age.'* To assess whether subretinal gene
therapy maintains retinal function over time, ERG was performed at
1,2, 3, 5,9, and 10.5-12 months after treatment to measure the func-
tion of rods and cones in treated and untreated eyes.

To measure the rod function, eyes were subjected to 0.01 cd s/m? dim
flash after overnight dark adaptation (DA) of the animals. For the
0.01 cd s/m? dim flash, a-wave amplitudes were small even in normal
controls. Therefore, they are not illustrated. At 1.5 months post (MP)
treatment, treated BbsI0™'~ eyes had higher b-wave amplitudes
compared with untreated eyes (Figures 3A and S5), suggesting that
gene therapy can improve the function of the existing rod photorecep-
tors in treated retinas. In both treated and untreated eyes of Bbs10™~
mice, the b-wave amplitudes elicited by the 0.01 cd s/m> dim flash
experienced a decline over several months, consistent with retinal
degeneration. However, the decline in ERG amplitudes was slower
in treated eyes compared with in untreated eyes, suggesting that
gene augmentation slowed down the loss of rod photoreceptor func-
tion in treated eyes. At the experimental endpoint (10.5-12 MP treat-
ment), the average b-wave magnitude of treated eyes was 52.032 +
21.866 nuV (n = 7), in contrast to 2.974 + 0.718 uV in untreated eyes
(n = 15). At the experimental endpoint, a notable ERG waveform
was recorded in six of the seven treated eyes, while no ERG waveform
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Rod photoreceptor function — DA 0.01 cd-s/m2 ERG

Figure 3. Subretinal gene therapy of BBS10 preserves
significant rod and cone functions over the course of

10.5-12 months

(A-C) Rod function was measured by 0.01 cd s/m? dim
flash after dark adaptation (DA). At 1.5 MP treatment, the
treated eye had superior function compared with the un-
treated eye (A), and this response was sustained over
10.5 months, as the response in the untreated eye became
non-recordable (B). Treated eyes had higher b-wave
magnitudes compared with untreated eyes (C). (D-G)
Combined rod-cone function was measured by 3.0 cd s/
m? bright flash under dark-adapted conditions. At 1.5 MP
treatment, the treated eye had a superior response (D),
which was sustained over 10.5 months as the response in
the untreated eye became non-recordable (E). Treated
eyes had higher a- (F) and b- (G) wave amplitudes in

combined response ERGs. Datapoints shown are
averages + standard error of the mean. p values of treat-
ment effect using two-way ANOVA are shown.

recordable by 9 MP treatment (Figure 3F). At the
experimental endpoint (10.5-12 MP treatment),
the average a-wave amplitudes of treated and un-
treated eyes were 18.12 + 7.165 uV (n = 7) and

3.199 £ 0.559 puL (n = 15), respectively. The over-
all treatment effect was statistically significant
(p < 0.05, two-way ANOVA; Figure 3G). The
b-wave amplitudes of the standard combined
response ERG, representing bipolar cell responses
from both rods and cones, demonstrated a similar
trend to the a-wave amplitudes. The decline of
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b-wave amplitudes in treated eyes was slower

1 2 3 5

was detected in any of the seven untreated contralateral eyes (Fig-
ure 3B). The treatment effect was statistically significant over the
course of the experiment (p < 0.0001, two-way ANOVA, Figure 3C).
These datasets suggest that subretinal gene augmentation therapy us-
ing AAV2/Anc80-CMV-mBbs10 slowed down the loss of rod photo-
receptor function in the retinas of Bbs10™'~ mice.

Subretinal gene therapy slows the loss of rod and cone
photoreceptor functions in treated eyes

The combined total function of rod and cone photoreceptors was
measured by subjecting eyes to 3.0 cd s/m* bright flashes after DA
of the animals (also known as standard combined response ERG).
At 1.5 MP treatment, treated Bbs10™~ eyes had higher-amplitude re-
sponses to the stimuli compared with untreated eyes (Figures 3D and
S5). In both treated and untreated eyes, the a-wave amplitudes
declined over time, suggesting continued progression of degeneration
at least in part of the retina. However, the observed decline was slower
in treated eyes. In untreated eyes, the a-wave became essentially non-
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¥
9 10512
Months post treatment

than that in untreated eyes (Figure 3G). At the
experimental endpoint (10.5-12 MP treatment),
the average b-wave amplitudes of treated and un-
treated eyes were 56.071 + 25.250 uV (n =7) and
3.803 + 3.843 pL (n = 15), respectively. The overall treatment effect on
ERG b-wave amplitudes was statistically significant (p < 0.05, two-way
ANOVA; Figure 3G). At the endpoint, six of the seven treated mice
had recordable waveforms in their treated eyes when subject to the
3.0 cd s/m? stimulus, whereas none of the untreated contralateral
eyes had recordable waveforms.

Subretinal gene therapy of BBS10 restores cone electrical
function

Although rods are mainly responsible for vision in low-light conditions,
cones are responsible for daytime, color, and high-acuity vision in hu-
mans. Bbs10~'~ mice have a congenital lack of cone electrical function
prior to notable degeneration on two different cone-specific ERG mea-
sures."* More specifically, after light adaptation (LA) to bleach the re-
sponses from rods, animals were subjected to 15 flashes of 3.0 cd s/m?
light followed by 5-Hz flickering light with the same light intensity.
We used both of these ERG measures to evaluate cone electrical func-
tions in treated and untreated BbsI0™'~ eyes. A previous study has
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Cone photoreceptor function — LA 3.0 cd-s/m? flash ERG

Figure 4. Subretinal gene therapy improves and
sustains cone photoreceptor function in Bbs10™~
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Cone function was measured using two different assays
after light adaptation (LA). (A-C) When subjected toa 3.0 cd
s/m? bright flash, treated eyes had greater amplitudes
compared with untreated eyes at 1.5 MP treatment (A) as
well as 10.5 MP treatment (B). B-wave amplitudes of
treated eyes were significantly better than those of
untreated eyes (C). (D-F) When subjected to a 5-Hz
flicker, cones in treated eyes elicited a periodic waveform
at 1.5 months (D) and 10.5 MP treatment (E), which was
not observed in the untreated contralateral eyes. Over the
course of 10-11 months, treated eyes retained
significantly better amplitudes in cone ERGs (F).
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ANOVA; Figure 4C). The 5-Hz flicker test, the sec-
ond metric for measuring cone electrical function,
showed outcomes similar to the first metric used.
Bbs10™~ mice have a poor, stunted response to
the 5-Hz flicker stimuli at all ages tested."* At 1.5
MP treatment, treated eyes demonstrated a clear
periodic waveform in response to the 5-Hz flicker
(Figure 4D). In contrast, the 5-Hz flicker stimuli
never elicited a substantial response in their un-
treated contralateral eyes at any age (Figures 4D

} p <0.0001

0 T T T T

-10 Months post treatment

——Treated eye  ——Untreated eye

shown that in Cngoz37/ ~ mice, which lack cone photoreceptor function,
there is an absence of recordable ERG signal at stimulus frequencies of
5 Hz and above. This result indicates that, at 5 Hz and above, the ERG
responses are predominantly responses of the cone photoreceptor
pathway.”® The period of 10-min LA further reduced potential re-
sponses from rods. At 1.5 MP treatment, treated Bbs10™/~ eyes had a
robust response to the 3.0 cd s/m” bright flash, whereas untreated
eyes continued to have a poor, stunted response to this stimulus
(Figures 4A and S5). These data show that BBS10 gene therapy restores
the electrical function in cones. We proceeded to determine whether the
restoration of cone functions lasted in treated eyes. At the endpoint
(10.5-12 months post treatment), treated eyes had higher b-wave am-
plitudes compared with untreated eyes (Figure 4C; treated eyes,
10.404 + 2.742 nV, n = 7; untreated eyes, 3.372 + 0.531 puV, n = 15).
The stimulus light elicited a clear waveform in five out of the seven
treated eyes, whereas untreated contralateral eyes displayed either
barely or non-recordable responses (Figure 4B), suggesting that the re-
gained cone electrical function was at least partly retained in most
treated eyes over the course of the experiment (Figure 4C). The overall
treatment effect was statistically significant (p < 0.0001, two-way

and 4E). At the experimental endpoint, treated
eyes had greater responses to the 5-Hz flicker stim-
uli compared with untreated eyes, which lacked an
identifiable waveform (treated eyes, 8.374 +
2271 pV, n = 7; untreated eyes, 1.950
0.368 1V, n = 15; Figures 4E and 4F). At 10.5-12 MP treatment, four
of the seven treated mice had a clear periodic waveform in their treated
eyes, while no waveforms were observed in the untreated contralateral
eyes. The overall treatment effect was statistically significant over the
time course (p < 0.0001, two-way ANOVA; Figure 4F). Therefore,
gene augmentation enabled cone photoreceptor cells to regain their
electrical function in ERG, and in most cases the recovered cone func-
tion was retained or partially retained in the retina over 10-12 months.

T
10.5-12

H+

Photoreceptors showed prolonged survival after gene
augmentation therapy

To measure photoreceptor survival in the retina with and without
gene augmentation therapy, OCT images were acquired to visualize
the central retina as well as peripheral retinal regions. Under our
experimental setting, viral vectors are delivered to the temporal region
of the mouse peripheral retina. OCT images of the treated Bbs10™"~
animal whose ERG traces are displayed in Figures 3A, 3B, 3D, and 3E,
and Figures 4A, 4B, 4D and 4E, are shown in Figure 5A (treated an-
imal 1). At 10 MP treatment, the treated eye of treated animal 1 had a
readily visible layer of photoreceptor cells in optic-nerve-centered

Molecular Therapy: Nucleic Acids Vol. 31 March 2023 169


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

1 3 5
Months post treatment

-o- Treated eyes
- Untreated eyes

A Treated eye Untreated eye
5 ﬁ‘ e
5
c |
9]
3 ”
©
5]
a
5
'—
B
& T
€ 0.031 £
E E 0.04
g 0.02- o Untreated eyes g
o ¢ Treated eyes °
> > 0.02-
0.014 =
8 8
0.00-

7

Figure 5. Gene therapy preserves photoreceptor
survival over the course of at least 10 months

(A) OCT images centering on the optic nerve as well as
visualizing the temporal region of the peripheral retina near
the area of injection are shown for the treated and untreated
contralateral eyes of treated Bbs10~~ animal 1. At 10 MP
treatment, the photoreceptor layer (“*”) is readily visible in
the treated eye, but not in the untreated eye. The ONL is
labeled with “*”, and the INL is labeled with a “+” symbol. (B)
ONL volume within OCT volumetric scans (with a diameter
of 1,400 um) was quantified in treated and untreated
Bbs10~~ mice at 10-12 months post treatment. Data-
points of the treated and untreated eye pairs in an individual
treated mouse are displayed as the same color. The error
bar represents standard error of the mean, and statistical
comparison was performed using one-tailed t-test. (C) OCT
stacks were acquired for the treated and untreated eyes of
3Bbs10~ " miceat 1, 3,5, 7,9, and 12 MP treatment and
ONL volumes captured in the OCT stacks were quantified.
Statistics shown to the right of the graph were acquired

9 12

\12MP ” 9 MP n 7 MP H 5 MP | 3 MP “ 1 MP

OCT images as well as in images of the temporal region of the retina
(Figure 5A, asterisk). In contrast, no ONL can be clearly discerned in
OCT images of the untreated, contralateral eye of that animal (Fig-
ure 5A). We quantified the volume of the ONL within OCT volu-
metric scans of the retinas of seven treated and one untreated
Bbs10™'~ mice at 10-12 months after treatment. One OCT volu-
metric scan captures the retinal layers within a circular area of the
retina with a diameter of 1,400 pm. ONL areas were manually
segmented in consecutive serial images in an OCT stack and con-
verted into volumes. Quantification of the ONL volume in OCT scans
shows that gene augmentation partially preserved photoreceptors in
treated eyes (Figure 5B). At 10-12 months after treatment, the
average ONL volume in the OCTs of treated eyes was 0.0102 +
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D Treated eye Untreated eye

using two-way ANOVA, and statistics above individual da-
tapoints represent those from Sidak’s multiple compari-
sons. The error bar represents standard error of the mean.
(D) OCT images for the treated and untreated eyes of a
Bbs10~/~ animal at 1, 3, 5, 7, 9, and 12 MP treatment are
shown. The ONL is labeled with “*,” and the INL is labeled

“w,n

with a “+” symbol.

0.0048 mm?, and in untreated eyes was 0.0014 +
0.0006 mm’> (p < 0.05, one-tailed unpaired t test).
In Figure 5B, datapoints of the treated and un-
treated eye pairs of each individual treated mouse
are displayed in the same color. Datapoints of
treated animal 1 are shown in purple; datapoints
of treated animal 2 are shown in cyan. Gene
augmentation preserved a group of photore-
ceptor cells in the retina over a significant portion
of a mouse’s adult life, when photoreceptors in
the untreated eye have perished.

To determine whether gene augmentation ther-

apy significantly slowed the rate of photoreceptor
degeneration, we treated three Bbs10~/~ mice in an OCT time course
study and quantified the volume of the ONL in OCT volumetric scans
of their treated and untreated eyes at 1, 3, 5,7, 9, and 12 MP treatment
(Figure 5C). These three animals received OCT scans at every time
point. The datapoints of these three treated Bbs10™'~ mice enrolled
in the time course are colored in shades of gray in Figure 5B. In an
untreated Bbs10™~ eye, the ONL degenerated over time and became
difficult to observe in OCT by 7-9 MP treatment (Figure 5D). In
contrast, the treated eye had a readily visible layer of ONL even at
12 MP treatment (Figure 5D). These data suggest that subretinal
gene therapy delayed cell death and prolonged the survival of photo-
receptors in treated eyes (Figure 5C; n = 3; p < 0.01, two-way
ANOVA). However, photoreceptors in the treated eyes still
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Figure 6. Rod and cone photoreceptors demonstrate long-term survival in
the treated eye of treated animal 1 at 10.5 months post treatment

(A-C) At 10.5 MP treatment, a thick layer of photoreceptors, whose outer seg-
ments (marked with “+”) are labeled with peripherin-2 (PRPH2), are readily
observed in the treated region of the treated eye (A, arrow), but not in regions that
were not transduced by the viral vector (A, arrowhead). In addition, STX3 localizes
to the photoreceptor inner segments and synaptic layer, as expected, in the
treated region of the treated eye (C), but not in untreated regions of the same eye
(B). In (C), the outer segments are marked with “+,” and the inner segments with
“*.” (D-F) Numerous cones, identified by cone-specific transducin subunit GNAT2,
are observed in the treated region of the treated eye (D, arrow), but not in un-
treated regions (D, arrowhead, and E). Radially projected GFAP-positive filaments,
indicative of activated Muller glia, span the untreated regions of the retina
(D, arrowhead, and E), but are absent or nearly absent in the treated region of the
same eye (D, arrow, and F). Scale bars, 500 um in (A) and (D), and 100 pm in (B),
(©), (B), and (F).

underwent a gradual, albeit slower, degeneration (Figure 5C). In this
cohort of three treated Bbs10~/~ animals, the ONL volume at 12 MP
treatment was 0.00270 + 0.00101 mm’ in treated eyes, versus
0.00066 + 0.00012 mm” in their untreated contralateral eyes (Fig-
ure 5C). Some treated Bbs10~/~ animals, which were not part of
this time course study, retained a much greater ONL volume in their
treated eyes at the endpoint (Figure 5B). The cause behind this vari-
ability in efficacy is not completely understood and is a subject of
further investigation. OCT experiments show that subretinal gene
augmentation therapy using AAV2/Anc80-CMV-mBbs10 delayed
cell death and prolonged photoreceptor survival in an animal model
of BBS10.

Rod and cone photoreceptors demonstrate long-term survival in
treated Bbs10™~ animal 1

To identify rod and cone photoreceptors in treated and untreated eyes
at the experimental endpoint, we performed immunohistochemistry
to visualize rod and cone photoreceptor nuclei and outer segments
in the retinas. In addition, we probed for the distribution of the
BBSome cargo STX3, which showed outer segment localization in un-
treated Bbs10~/™ retinas (Figure 1). We illustrate in detail the images
from two treated Bbs10~'~ animals (treated animals 1 and treated an-
imal 2) and compare their treatment efficacy along with their respec-
tive ERG recordings.

In the treated eye of treated animal 1, a thick layer of photoreceptor
nuclei (ONL) can be readily observed in addition to the inner nuclear
layer (INL) in the treated region (Figure 6A, arrow), whereas only a
single row of photoreceptor nuclei remains in untreated regions of
the treated eye (Figure 6A, arrowhead). In the treated region, the
outer segments of surviving photoreceptors are immunopositive for
peripherin-2 (PRPH2), an outer segment marker (Figure 6A and
6C; photoreceptor outer segments are labeled with “+”). In addition,
STX3 localizes to the inner segments of these surviving photoreceptor
“*?) as
well as to the outer plexiform layer, as in normal photoreceptors.
These data indicate that a group of photoreceptors survived for
more than 10 months after treatment and maintained normal distri-
bution of the BBSome cargo, STX3. This observation suggests that the
BBSome function was at least partially restored in the treated photo-
receptor cells. The ERG recordings of this animal are displayed in
Figures 3A, 3B, 3D, 3E and Figures 4A, 4B, 4D, 4E.

cells (Figure 6C; photoreceptor inner segments are labeled with

In ERG experiments, the gene therapy treatment improved the elec-
trical functions of cones in the retinas, which were sustained or
partially sustained over the course of 10-12 months. Therefore, we
probed the retinal sections with an antibody against G-protein sub-
unit o transducin 2 (GNAT2), a cone-specific protein, to identify
the presence of cone outer segments. In the treated eye of animal 1,
numerous GNAT2-positive cone outer segments are observed in
the treated region (Figure 6D, arrow, and Figure 6F), indicating the
presence of surviving cones. Few or no cones are observed in the un-
treated regions of the injected eye (Figure 6D, arrowhead, and 6E) or
in the uninjected contralateral eye (Figure S6), suggesting that cones
that were not transduced by the gene therapy vector have largely peri-
shed at 10.5 MP treatment.

In addition, we looked for markers of active retinal degeneration in
treated and untreated eyes. Active retinal degeneration is typically
accompanied by the presence of inflammatory markers in Muller
glia, including glial fibrillary acidic protein (GFAP). Muller glia, pro-
cesses of which encompass the ganglionic layer to the outer limiting
membrane, are normally devoid of detectable GFAP expression in
healthy physiological conditions.”' Retinal astrocytes, on the other
hand, are normally GFAP positive, and are restricted to the retinal
nerve fiber layer.”' In response to experimental injuries or a genetic
condition with photoreceptor degeneration, GFAP becomes expressed
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in retinal Muller glia, and GFAP+, radially oriented processes across
the retina can be observed.”! Therefore, we probed the retinas with
an anti-GFAP antibody in addition to GNAT2. When we looked for
these indications of active retinal degeneration, the treated area of
the injected eye notably lacks radially oriented GFAP+ processes (Fig-
ure 6D, arrow, and Figure 6F), whereas numerous such processes are
observed in the untreated regions in the same eye (Figure 6D, arrow-
head, and Figure 6E). Radial GFAP+ processes are also abundant in
the untreated contralateral eye (Figure S6). Together, these data suggest
that a pool of photoreceptors survived until the endpoint in the treated
eye. In addition, the treated region in the treated eye had substantially
lower levels of markers of active degeneration, suggesting that retinal
degeneration is drastically reduced by gene augmentation therapy.

Photoreceptor survival and electrical functions of treated
Bbs10™~ animal 2

At 10.5 MP treatment, retinas of treated animal 2 were probed with
anti-STX3 and anti-RHO antibodies. Similarly, in the treated eye of
animal 2, there is a region containing a pool of photoreceptors at
10.5 MP treatment (Figure 7A, arrow, Figure 7C), although the
treated region of this animal appears to be smaller than that in
the treated eye of treated animal 1. Within the treated region (Fig-
ure 7A, arrow), the photoreceptor outer segments are immunopos-
itive for PRPH2 (Figure 7C; outer segments are marked with “+”),
and STX3 localizes to photoreceptor inner segments (Figure 7C; in-
ner segments are marked with “*”). A group of photoreceptors
survived until 10.5 MP treatment in the treated eye of treated
animal 2.

To gain insight into whether the size of treated regions affects the
treatment efficacy, we compared the histological and functional
data of treated animals 1 and 2. In terms of the ONL endpoint vol-
umes, treated animal 2 had the median value of the seven treated
mice, whereas treated animal 1 had the second highest ONL volume
of the group (Figure 5B). The ERG recordings of treated animal 2 at
1.5 MP, 8.5 MP, and 10.5 MP treatment are shown in Figures 7D-7F.
In the treated eye of animal 2, the ERG amplitudes in response to the
0.01 cd s/m? dim flash declined from 1.5 MP (Figure 7D) to 8.5 MP
treatment (Figure 7E). However, the amplitude was largely main-
tained between 8.5 MP and 10.5 MP treatment (Figures 7E and 7F),
suggesting that degeneration of the survived photoreceptors was dras-
tically slowed. In contrast to rods, amplitudes of ERG metrics
measuring cone function (the light-adapted 3.0 cd s/m” single flash
and the 5-Hz flicker) did not decrease between 1.5 and 10.5 MP
(Figures 7D and 7F). A potential explanation is that, while untreated
cones perished over time, the treatment caused a substantial gain of
function in treated cones. Since ERG recordings capture the sum of
the electrical functions throughout the retina, the occurrence of these
two events (the loss of some cones and the gain of function of treated
cones) causes the overall amplitude to be comparable over time. The
presence of surviving photoreceptors in the treated eye of animal 2 is
consistent with the robust recordings of rod and cone electrical func-
tions at the endpoint of the experiment (Figure 7F).
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Functional daytime vision is preserved by BBS10 subretinal gene
therapy

To determine whether gene therapy conferred a benefit in functional
vision, we tested the functional vision of mice with the visually guided
swim assay, which is a quantitative measure of rodent vision. This test
can be performed under different lighting conditions to evaluate rod-
and cone-dependent visual pathways. In this assay, a mouse, placed
inside a pool, is trained to visually identify and swim to a platform.
For 20 different trials, the platform is randomly placed inside the
pool in each trial to prevent memorization by the rodent. The average
time it takes for a mouse to reach the platform (time to platform) pro-
vides a quantitative measure of the rodent’s functional vision. Similar
to the multi-luminance mobility test used in human clinical trials, the
visually guided swim assay can be used to determine functional vision
at different lighting levels. We conducted vision testing under two
different lighting conditions: first, in a room lit by normal fluorescent
ceiling light measuring 13.35 cd/m> (light condition) as well as in a
dark room with only dim red lighting measuring 4.17 x 107°
cd/m? (dark condition). Under the light condition, vision is predom-
inantly supported by the cone pathway, whereas, under the dark con-
dition, vision is predominantly provided by the rod pathway. We have
previously shown that wild-type or heterozygous control mice have
an average time to platform of around 3-5 s in both light and dark
conditions, and that their average time to platform remains stable
over their lives.'* In contrast, we have shown that Bbs10~/~ mice
have worse vision than normal controls at 6 months of age in both
light and dark conditions, and that this swim assay is sensitive enough
to detect differences in the rates of visual decline between the Bbs10 ™’
~ mutants and Bbs1*?*PRM3R mytants, with Bbs10/~ being more
severe."*

To determine whether subretinal gene therapy prevents the loss of
vision in BBS, mice that received gene therapy treatment (in one
eye only) and untreated Bbs10™'~ mice were tested at 4-6 months
of age (3-5 months after treatment) and then at 9-12 months of
age (8-11 months after treatment) in both light and dark conditions.
Injected or uninjected wild-type and heterozygous mice were also
included to ensure reproducibility of the assay. For wild-type or het-
erozygous mice, their time to platform in the light was 3.05 + 0.94 s
(n = 2) between 4 and 6 months of age, and 3.13 + 0.28 s (n = 4) be-
tween 9 and 12 months of age (Figure 8), exhibiting stable vision over
time as previously described.'* In contrast, untreated Bbs10™'~ mice
had an averaged time to platform of 11.48 + 3.25 s in the light between
4 and 6 months of age, which worsened to 28.34 + 1.59 s between 9
and 12 months of age, consistent with a gradual loss of vision due
to retinal degeneration (Figure 8). On the other hand, treated
Bbs10~'~ mice had an averaged time to platform of 7.13 + 1.37 s in
the light between 4 and 6 months of age, and 12.25 + 3.40 s between
9 and 12 months of age, requiring 38% and 57% less time to complete
this visual task than their untreated counterparts at these ages (Fig-
ure 8). The data suggest that treated Bbs10™~~ mice see significantly
better than their untreated counterparts in the light at 8-11 months
after therapy and that BBS10 gene therapy provided long-lasting ben-
efits in preserving functional daytime vision in treated mice.
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Figure 7. Photoreceptors demonstrate long-term survival in the treated eye of Bbs10~~ animal 2 at 10.5 months post treatment

(A-C) In the treated eye of treated Bbs 10~/ animal 2, photoreceptors, whose outer segments (marked with “+) are labeled with peripherin-2 (PRPH2), are readily observed in
the treated region of the eye (A, arrow), but not in untreated regions (A, arrowhead, and B). In addition, in the treated region, STX3 localizes to the photoreceptor inner
segments and synaptic layer, as expected (C), but not in untreated regions of the same eye (B). In (C), the outer segments are indicated with “+,” and the inner segments with
“* ” (D-F) ERG recordings of this treated Bbs 10~ animal at 1.5 (D), 8.5 (E), and 10.5 MP treatment (F) are shown. Clear waveforms were recorded at the endpoint in both rod-
and cone-specific measures in the treated eye, but not in the untreated contralateral eye (F). Scale bars, 500 pm in (A), and 100 um in (B) and (C).
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Figure 8. Subretinal gene therapy prevents or delays the loss of functional
vision in light and dark testing conditions

In normal room lighting, Bbs1 0™/~ mice treated with subretinal gene therapy took
significantly less time to locate the platform compared with their untreated coun-
terparts at 9-12 months of age. Subretinal gene therapy also provided a minor
benefit to treated mice when navigating in dark conditions compared with untreated
Bbs10~/~ mice. Each datapoint represents the averaged swim time of a mouse,
and the error bar represents the standard error of the mean. Statistical comparisons
were made using two-way ANOVA followed by Sidak’s multiple comparisons test.

To determine the effect of subretinal gene therapy on vision in low-
light conditions, mediated by rods, the visually guided swim assay
was performed in these mice under “dark-swim” conditions. The
assay was conducted in a dark room facilitated by dim red lighting
(see section “materials and methods”). For untreated Bbs10~/~
mice, the averaged time to platform in the dark was 24.53 + 1.58 s be-
tween 4 and 6 months of age, which worsened to 30.43 + 2.46 s be-
tween 9 and 12 months of age, consistent with the gradual loss of
night vision due to degeneration of rod photoreceptor cells (Figure 8).
On the other hand, for Bbs10~’~ mice that received subretinal gene
therapy, the averaged time to platform in the dark was 21.06 +
2.00 s between 4 and 6 months of age, and 25.48 + 1.38 s between 9
and 12 months of age, requiring 14% and 16% less time than their un-
treated counterparts to find the platform at these ages (Figure 8).
These results support the notion that subretinal gene therapy pro-
vided a small benefit in preventing the loss of low-light vision over
the BBS disease course.

In summary, subretinal gene augmentation by AAV2/Anc80-CMV-
mBbs10 prolonged the survival of rod and cone photoreceptors in
treated retinas and maintained or partially maintained retinal func-
tions of treated eyes for at least 10-12 months. Considering the life-
span of laboratory mice, intervention by subretinal gene therapy pro-
vided tangible benefits in cell survival and in functional vision
persisting over a significant portion of a mouse’s adult life. Notably,
subretinal gene augmentation therapy partially restored the electrical
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function of existing cone cells in Bbs10~’~ mice, and these restored
functions were maintained fully or partly in the majority of the treated
mice for 10-12 months.

DISCUSSION

Subretinal gene therapy for BBS10 shows long-term efficacy
and delayed degeneration

Mutations in BBS10 account for more than a fifth of all BBS
cases. Gene therapy development for BBS10 holds immense
promise for improving the health and quality of life for these pa-
tients. In the current study, we tested subretinal gene augmenta-
tion therapy by treating 23-31-day-old Bbs10™'~ animals and fol-
lowed the animals for up to 10-12 months after treatment to
evaluate long-term efficacy. Long-term therapeutic efficacy was
evaluated using multiple experimental modalities, including
ERG, OCT, histology, and a functional vision assay. Together,
these experiments provided evidence that subretinal gene therapy
using AAV2/Anc80-CMV-mBbsI10 substantially delayed photore-
ceptor degeneration, restored electrical functions of cone photo-
receptors, and partially preserved functional vision in treated
mice. These therapeutic effects were evaluated up to and per-
sisted for a period of 10-12 months, lasting throughout a signif-
icant portion of the lifespan of laboratory mice. Volumetric
quantification of the ONL using non-invasive OCT imaging in
the same cohort of mice over time showed that photoreceptors
in the treated regions had a slower rate of loss compared with
photoreceptors in corresponding regions in untreated contralat-
eral eyes. ERG analysis showed that retinal electrical function re-
mained recordable in the majority of treated eyes until 10-12
MP treatment when the electrical functions in their untreated
contralateral eyes became non-recordable. Immunohistochem-
istry revealed the presence of rods and cones in treated eyes
with outer segments and physiologically normal distribution of
BBSome cargo, STX3, indicating that BBS10 enabled the BBSome
to carry out cargo transport functions in treated cells. Restored
cargo distribution likely contributes to the slowing of photore-
ceptor cell death, as protein mislocalization between the inner
and outer segments causes cellular stress and photoreceptor
degeneration.” Visually guided swim assay showed that treated
mice had superior functional vision in the light and dark, even
at 9-12 months of age. These pieces of evidence support the
conclusion that subretinal gene augmentation therapy for
BBS10 significantly delays vision loss in a BBS10 animal model.

Subretinal gene augmentation therapy enables the recovery of
cone electrical function

Notably, subretinal gene augmentation not only preserved but
increased the function of treated cones in the retina. Cone photo-
receptors in Bbs10~'~ mice have congenitally low or nearly absent
electrical function in ERG prior to substantial retinal degenera-
tion.'* Subretinal delivery of the viral vector encoding BBS10
enabled the recovery of robust cone-specific electrical signals in
two different ERG tests. Cones with outer segments survived for
at least 10-12 months, visualized by immunohistochemistry. We
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then investigated whether the presence of these cones and their
electrical activity were accompanied by a functional benefit in
vision.

BBS10 gene therapy preserves functional vision in a mouse
model of BBS10

The presence of a recordable ERG signal does not directly correlate
with the presence of functional vision. The most direct measure of
therapeutic efficacy is functional vision. Conducted at 4-6 months
of age and then again at 9-12 months of age, these experiments
showed that gene therapy significantly delayed the complete loss of
vision in these mice. Even when injected only unilaterally, treated
Bbs10~~ mice took 57% and 16% less time than untreated Bbs10™/~
mice to complete visual tasks in the light and in the dark at 9-
12 months of age. Overall, a robust preservation of day vision was
observed in mice treated with subretinal gene therapy, which was
accompanied by the survival of cones and the presence of cone
electrical activities, suggesting that gene augmentation therapy can
significantly delay vision loss in BBS10.

Treatment efficacy correlates with the apparent size of the
treated region

In this study, we noted an apparent correlation between the size of the
treated area and the ERG amplitudes observed in the animal. Depend-
ing on the injection, the size of the raised subretinal bleb and therefore
the size of the region treated by the vector may vary from animal to
animal. In other words, the injected viral vector does not reach the
entire area of the retina, but only the regions around the site of injec-
tion. In our experiments, the size of this region partly accounts for the
variability observed in gene therapy efficacy. In this study, we noted
the potential effect of the size of the treated region on treatment effi-
cacy at the functional level. The smaller apparent treated region in the
treated eye of animal 2 compared with animal 1 corresponds to the
smaller ERG amplitudes recorded at the endpoint in treated animal
2 compared with in animal 1. A plausible explanation is that more
photoreceptor cells were lost in treated animal 2 over time given
the smaller treated region. However, regardless of the size of the
treated region, the surviving photoreceptors in both animals seemed
to show perdurance. The correlation of greater treated area and more
surviving photoreceptors with higher ERG amplitudes in animal 1,
and the proportionally lower, though robust, numbers of photorecep-
tors and ERG amplitudes in animal 2, supports a connection between
anatomic and functional rescue. More experiments are needed to
verify this observation.

Additional challenges in gene therapy remain to be addressed

Previously, to test the feasibility of gene therapy for BBS, we devel-
oped a Bbs8 mouse line in which Bbs8 gene expression, initially in-
hibited by a gene trap placed within the gene, can be re-activated at
any age. Injection of Bbs8"¥'; Flp* mice (mice homozygous for the
inhibitory gene trap insertion in the Bbs8 gene) with tamoxifen in-
duces the expression of tamoxifen-inducible Flp recombinase, which
removes the gene trap and enables the assembly of the complete
BBSome under precise temporal control. Restoring BBSome function

in immature retinas by tamoxifen injections between P9 and P15
mimics the effect of early gene augmentation. Early gene augmenta-
tion fully ameliorated retinal phenotypes in Bbs8¢”%; Flp* mice.” After
removal of the gene trap and re-activation of Bbs8, malformed photo-
receptor outer segments were replaced by new, properly stacked outer
segments in Bbs8"¥'; Flp* mice. STX3 mislocalized to the outer seg-
ments of Bbs8¥"¢’; Flp* mice was cleared along with the malformed
outer segments, and the retinal phenotypes of treated mice were
closely comparable with that of normal controls.” This study demon-
strated that early gene augmentation is feasible.

However, the delivery of a BBS gene by vehicles such as AAV is more
challenging. For example, the overexpression of exogenous BBSI gene
caused toxicity in retinal cells, speaking to the importance of gene
dose.”>** Target gene expression can be additionally influenced by
the choice of AAV as well as the choice of promoters to drive
expression.

After transduction by AAV, the transgene remains in the host cell as
episomal DNA. Even when adequate transduction and expression are
achieved initially, whether the delivered transgene maintains lasting
expression over time is complicated by additional factors. In non-
dividing cells such as in terminally differentiated photoreceptors,
even though the transgene would not be diluted by cellular division,
various mechanisms can still negatively influence gene expression.
For example, both the viral capsid and the foreign episomal DNA
can induce an immune response, leading to the potential destruction
of the host cell. Moreover, the promoter of the transgene can become
silenced by epigenetic modifications. These factors, among others,
can lead to the reduction of transgene expression over time, resulting
in the attenuation of therapeutic effect. Additionally, treated photore-
ceptors can be negatively affected by the degeneration of the sur-
rounding untreated photoreceptors. If the gene dose was insufficient,
BBSome function may have been partially but not fully restored in
treated cells. The reason why photoreceptor cells in treated eyes still
experienced a slowed but gradual cell death despite Bbsl10 gene
augmentation is unknown. Addressing the cause(s) behind the atten-
uation of long-term therapeutic efficacy is an area of active research.

AAV2/Anc80 is a potent vehicle for treating BBS10 with
subretinal gene therapy

Blindness in BBS is caused by photoreceptor cell death. Therefore, the
delivery of the transgene to photoreceptors has been the primary
focus of gene delivery in BBS. Nevertheless, emerging evidence in-
volves the RPE,”* inner retinal neurons,” and endothelial cells*® in
BBS pathologies in the retina. Shown by RNA sequencing, RPE lack-
ing Bbs8 has a marked downregulation of adult-RPE-specific genes
and an upregulation of fetal RPE-specific genes in 1-month-old
mice, suggesting that Bbs8-deficient RPE has delayed maturation.”*
At the functional level, cultured RPE cells lacking BBS8 have a
reduced ability to phagocytose photoreceptor outer segments,”* one
of their principal functions in maintaining physiologic retinal homeo-
stasis. Traditionally thought to solely affect photoreceptor cells, a
more complete picture is emerging in which BBS genes play a role
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in the function of various retinal cell types. Further research investi-
gating the necessary cellular targets for gene therapy will be important
for therapy design.

For the purpose of enhancing cellular transduction profiles, the
AAV2/Anc80 viral vector was engineered using ancestral sequence
reconstruction techniques. This AAV2/Anc80 capsid is the predicted
common ancestor of most known primate AAVs that are currently
used for gene therapy applications, including serotypes 1-3 and 6-
9.”” During the development of this viral capsid vehicle, multiple
Anc80 variants were tested, each exhibiting a somewhat different
cellular tropism.”” This AAV2/Anc80 vector, the L65 variant subtype
in this case, was shown to be highly tropic for retinal photoreceptors
and RPE when injected subretinally.'” Using AAV2/Anc80-CMV-
GFP, we were able to validate and replicate this observation in our
study. In addition, transduction of some Muller glia and ganglion cells
was also noted after subretinal delivery.'” We also observed GFP
expression in inner retinal cells. Since we cannot rule out the impor-
tance of non-photoreceptor cells in achieving optimal gene therapy
efficacy, a viral vector with a broad-targeting profile is ideal for
gene delivery.

Advancing a novel viral vector to clinical use requires extensive
testing; it is therefore worthwhile to explore other AAV's with similar
cellular tropism. Using an eGFP transgene packaged into the viral
constructs, AAV2/Anc80 and AAV8 showed a similar transduction
profile in the retina following subretinal delivery, although a higher
level of expression per photoreceptor was consistently achieved
with the AAV2/Anc80 viral vector.'” Importantly, cone photorecep-
tors were transduced as well as rods after subretinal delivery of a total
dose of 2 x 10° genome capsids in mice (in 2 uL). The AAV2/Anc80
L65 viral capsid transduced 66% of cones in the mouse retina after
subretinal delivery, compared with 41% by AAV8 under similar
experimental settings.”” GFP expression in both cones and rods was
also observed in rhesus monkeys subretinally treated with this vector
at the dose of 1 x 10'® total genome capsids delivered in 150 uL.*’
Since rods, cones, and RPE are known to be affected in BBS, the
AAV2/Anc80 viral vector or a vector with a similar tropism is well
suited for treating retinal degeneration in this disorder. Indeed, in
our study, a robust rescue in cone photoreceptor function was
observed after treatment, and cone-mediated daytime vision was pre-
served. Whether the transduction of the RPE was an essential compo-
nent of the observed efficacy is unknown and merits investigation.

Gene therapy outcomes for different BBS genes depend on their
gene function

Another successful instance of gene augmentation therapy for BBS
was demonstrated for BBS4, which is a component of the BBSome.
Using an AAV containing the mouse Bbs4 gene driven by the
mouse opsin promoter, Bbs4 /™ mice were treated at 2 weeks of
age, and the survival of retinal photoreceptors was evaluated in
12- to 16-week-old animals and in one 45-week-old animal (about
10 months after treatment). At 10 months after treatment, the
treated Bbs4 /" animal had six or seven rows of photoreceptor
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nuclei around the injection site in the treated eye, whereas the un-
treated eye was devoid of photoreceptors at that age.”® The mouse
opsin promoter used would limit the expression of Bbs4 to photo-
receptor cells. It is not clear whether efficacy would be even higher
if the expression of Bbs4 was not limited to photoreceptors by using
a photoreceptor-specific promoter to drive expression. This study
shows that retinal degeneration in Bbs4 ™'~ mice can be treated by
the exogenous delivery of the Bbs4 gene.

It is not clear whether mutations in any BBS gene can be treatable by
gene augmentation using a similar approach. Feasibility of gene ther-
apy in another BBS gene, the Leucine zipper transcription factor like 1
(Lztfl1), was investigated using a Lztfll mouse model with a remov-
able gene trap construct similar to that used for Bbs8. Lztfll directly
interacts with the BBSome through BBSome component BBS9, and
acts as a negative regulator of the ciliary localization of the BBSome.*”
Mimicking gene augmentation of Lz#fll by tamoxifen-induced
removal of the inhibitory gene trap was found to delay photoreceptor
degeneration in treated mice but did not achieve complete phenotypic
rescue, unlike that observed in the Bbs8 model. Specifically, removal
of the gene trap inhibiting Lztfl1 by tamoxifen treatment at P5, P8,
and P12 largely restored photoreceptor outer segment morphology,
but did not correct mislocalization of STX3 to the outer segments.”
Even in newly formed outer segments (at 3 months after tamoxifen
treatment), the majority of STX3 still mislocalized to the photore-
ceptor outer segments, in contrast to the results observed in the
Bbs8 mouse model. These results suggest that LztflI may play a role
in ciliary structural formation in addition to acting as the negative
regulator of the ciliary localization of the BBSome, and the lack of
this role during ciliary formation cannot be amended by treatment
at a later stage. The time window amenable to gene augmentation
therapy for another BBS gene may depend on the role of that partic-
ular gene. As a result, there may not be a globally applicable rescue
time window in BBS due to the heterogeneity of gene functions. Pa-
tients with BBSI0 mutations appear to have more severe retinal
degeneration than patients with BBSI mutations.'” Visual acuity
declined more rapidly in patients with BBS10 mutations compared
with those with BBSI mutations.'” In BBS mouse models, genuine dif-
ferences in rates of degeneration were also observed.’'~*> Mechanistic
knowledge of gene function is a key element in the optimal design of
gene therapy.

Additional tasks lay ahead for the clinical translation of BBS10
subretinal gene therapy

Many tasks lay ahead for the translation of a therapy from small an-
imals to the clinics. The optimization of the DNA expression cassette
and viral capsid to minimize immunogenicity, the gathering of addi-
tional data on safety and toxicity profiles of the vector, dose transla-
tion from small laboratory animals to humans, understanding the
time windows amenable to gene augmentation, establishing appro-
priate recruitment criteria of patients, and selection of relevant end-
points for the evaluation of therapeutic efficacy are only a few exam-
ples of the myriad of design considerations.
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Dose scaling from mice to larger species is not a straightforward task,
but lessons can be learned from past examples of successful gene ther-
apy development. To develop treatments for RPE65-associated Leber
congenital amaurosis (LCA), a mouse model, rd12, was successfully
treated using the rAAV5-CBA-hRPE65 vector delivered at 1 x 10'°
particles in 1 uL.>>** In another study in which AAV2.RPE65 was
delivered subretinally to both mice and dogs to treat LCA, a total
dose of 1 x 10° was delivered in mice (in 1-3 pL),>” whereas a total
dose of 8.25 x 10'° vg was delivered in 150 L in dogs (with a con-
centration of 5.5 x 10°® vg/uL).*
lation from mice to dogs entailed an 82.5-fold increase in total dosage.
This therapy was developed into a successful clinical therapy for hu-
mans. Using voretigene neparvovec (AAV2-hRPE65v2), a total dose
of 1.5 x 10"! vg was injected per eye in a volume of 300 pL into pa-
tients with LCA (in a concentration of 5 x 10® vg/uL).”” The total
dosage for treating humans (using a similar vector) represented a
150-fold increase in dose used in mice. In this case, the concentration
of the vector used remained in a similar range for mice, dogs, and hu-
mans, and the escalation of total dose was mainly a function of the
increase in injection volume. These past examples can serve as initial
guidelines for dose scaling. Additional factors may come into play,
including, but not limited to, difference in the sizes of treated areas
in mouse and humans, total number of treated cells, and variability
in photoreceptor density between species. On average, the mouse
retina has approximately 500,000 photoreceptors per square milli-
meter.”® In contrast, human retina has approximately 140,000 photo-
receptor per square millimeter.”® Dose scaling may therefore take into
consideration the total number of treated cells based on bleb volume

In that particular study, dose esca-

and cell density. Studying larger animal models such as dogs or non-
human primates may provide useful insights. Notably, a non-human
primate model of BBS7 has been found, which occurred naturally in a
colony of rhesus macaques.”” Strategies for effective interspecies dose
scaling are an important area of translational research. The human
eye reaches 90% of adult size at approximately 2 years of age. Before
2 years, injection volume requires adjustment, adding another layer of
consideration.

An important aspect of this study was the identification of appro-
priate endpoints for evaluating therapeutic efficacy, and the end-
points chosen for this study mimicked those selected for human
clinical trials of different retinal dystrophies. For example, for
treating patients with LCA caused by RPE65, the multi-luminance
mobility test, a quantitative measure of vision, was chosen as the
primary endpoint.’” This test measures the ability of the patients
to navigate a 5-foot by 10-foot course with obstacles in or adjacent
to the course. In this current study, the rodent visually guided swim
assay provided a quantitative measure of vision, and can be simi-
larly performed at different lighting levels. In addition, we demon-
strated the utility of using ONL volume in volumetric OCTSs of the
retina as a secondary endpoint to assess the degree of photore-
ceptor degeneration. Comparing ONL volume in treated and un-
treated eyes over time can help determine whether the treatment
altered the rate of degeneration. Measurement of the width of
the ellipsoid zone (EZ) in OCT has been suggested for human

40

studies.”” However, some patients lose the EZ line early in the

course of their disease.

Although many open questions remain, we demonstrated that subre-
tinal gene therapy in a mouse model of BBS10 can delay vision loss in
BBS. Addressing challenges in the attenuation of long-term efficacy,
determining the viability of late-stage treatment, furthering the un-
derstanding of dose-response and interspecies dose translation, and
taking initial steps toward clinical translation are among the top pri-
orities at present.

MATERIALS AND METHODS

Study design

In this study, the long-term efficacy of subretinal gene therapy was
evaluated in a preclinical mouse model of BBS10. Bbs10™/~ animals
between P23 and P31 received subretinal injections of the gene ther-
apy vector containing the BbsI10 gene (AAV2/Anc80-CMV-mBbs10).
In these treated animals, only one eye received the subretinal gene
therapy treatment, and the contralateral eye served as the untreated
control. Completely untreated Bbs10~~ mice were also included in
ERG and OCT experiments. To evaluate the effect of the subretinal
injection procedure on the retina, sham injections delivering the in-
jection buffer only was performed in heterozygous or wild-type ani-
mals and they were compared with untreated heterozygous or wild-
type animals. Both male and female mice were used in this study.
Outcome measures include ERG, OCT, immunohistochemistry,
and visually guided swim assay. ERG was performed at 1, 2, 3, 5, 7,
9, and 11 MP treatment, and OCT was performed at 1, 3, 5, 7, 9,
and 12 MP treatment, to evaluate retinal function and photoreceptor
survival over time.

Exclusion criteria

The subretinal injection procedure creates a temporary separation of
the retina from the RPE, a subretinal bleb, where a part of the retina is
elevated and separated from the RPE to accommodate the injected
fluid. The success of the subretinal injection can be determined by
the presence of the subretinal bleb immediate after the injection. At
the time of the subretinal injections, the size of the retinal blebs was
visually assessed for each animal under the Zeiss OPMI f 170 surgical
microscope, and those animals that had small or no retinal blebs
immediately after the injection were excluded from the study. Cases
with retinal detachment that did not resolve after injection were
also excluded.

An exclusion criterium was established for the visually guided swim
assay. In rare instances, mice that had no desire to swim and repeat-
edly floated in the pool during experimentation were encountered. All
data from a mouse (light and dark testing) was discarded if the mean
swim time of a mouse was greater than 1 standard deviation from the
median of the group, and, consistent floating (floating more than
three times per test episode or more than three corrections of floating
per test episode, either by snapping fingers to create an audible sound
or by flicking of the mouse’s tail) was also present.
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Table 1. Primers for Bbs10 genotyping

Primer Ratio (%) Sequence (5 to 3)
Bbs10KO-WT-Fr 20 CCCATGGTAAGTGGTCAATCAG
Bbs10KO-MT-Fr 45 TCAATGTATCTTATCATGTCTG
Bbs10KO-WT-Rv 35 TGGTCTGGTGGACTCAATGGAC

Human patient

The retrospective review of human OCT data was approved under
IRB# 202002294 by the Institutional Review Board at the University
of Iowa. OCT scans were obtained using the Heidelberg OCT
(Franklin, MA) or Zeiss Cirrus OCT at the University of Iowa. Quan-
tification of ONL thicknesses was performed using Image] at a dis-
tance 2000 pm from the fovea. Full-field ERGs were obtained using
the Diagnosys system using the standard International Society for
Clinical Electrophysiology of Vision (ISCEV) protocols as previously
described."'

Animal husbandry and ethics statement

This study was performed in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All the animals were handled according
to approved Institutional Animal Care and Use Committee (IACUC)
protocol #1041421 of the University of Iowa. The Bbs10 mouse model
was acquired from the KOMP2 Center at the Jackson Laboratory, and
it is now distributed through the Mutant Mouse Resource and
Research Centers (MMRRC) as C57BL/6N-Bbs10™!1(KOMP)Vicg
JMmucd. This mouse model was generated from the embryonic
stem (ES) cell line Bbs10""'KOMP)Vig (yvG13389A-A11, MMRRC).
The C57BL6/NJ congenic version of the Sox2-Cre transgenic line
(strain #014094, Jackson Laboratory) was used as a deleter line to
generate the null allele. The characterization of this mouse model
was described in detail elsewhere."

Animals were housed according to IACUC recommendations.
Both male and female mice were used in this study. Animals
were generated by crossing Bbs10*~ males with either Bbs10*~
or Bbs10™'~ females. Methods of euthanasia used were carbon
dioxide inhalation followed by cervical dislocation. Humane end-
points were strictly observed, and every effort was made to mini-
mize suffering.

Genotyping

Genotyping of Bbs10 mice was performed using Taq polymerase
(M0273, New England BioLabs) using the primers listed in Table 1
following the manufacturer’s instructions. The 10 pL PCR reaction
includes 2 pL of betaine. The cycling conditions consist of 5 min of
initial denaturing step followed by 35 cycles of denaturing step at
94°C (30 s), the annealing step at 55°C (30 s), extension at 72°C
(30 s), and then 2 min of final extension at 72°C. The size for the
wild-type band in the PCR product is 445 bp, and for the knockout
band is 260 bp.
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AAV packaging and subretinal injection

The mouse Bbs10 gene was cloned into a shuttle plasmid (#G0347)
provided by the University of Iowa Viral Vector Core. This shuttle
plasmid consists of the pFBAAV backbone, and contains a CMV pro-
moter, multiple cloning sites, and a bovine growth hormone polyade-
nylation signal. This Bbs10 expression cassette (Figure S3) was pack-
aged into an AAV2/Anc80 viral vector (L65 variant)"’ by the Gene
Transfer Vector Core at the Ocular Genomics Institute, Grousbeck
Gene Therapy Center at Massachusetts Eye and Ear, Harvard Medical
School. The formulation of the synthesized viral vector was
9.98 x 10 genomic copies (gc)/mL, in PBS with an additional
35 mM NaCl and 0.001% PF68.

For subretinal injection, mice were anesthetized with a ketamine/xy-
lazine mixture (87.5 mg/kg ketamine, 12.5 mg/kg xylazine). Subreti-
nal injections were performed with a 32-gauge Hamilton syringe
under a Zeiss OPMI f 170 surgical microscope. For AAV2/Anc80-
CMV-mBbs10, two microliters of virus at 4 x 10° gc/uL concentration
was injected into the temporal subretinal space of the mouse eye. The
dilution buffer consists of 0.001% Poloxamer 188 Solution (P5556,
Sigma Aldrich) in PBS (Gibco, # 10010-023), with addition of NaCl
to make a total concentration of 190 mM NaCl. Subretinal treatment
alternated between the right (OD) and left (OS) eyes for different co-
horts of animals, and the contralateral eyes served as untreated con-
trols. Wild-type or heterozygous mice were also treated with the viral
vector to investigate any abnormal effects due to toxicity.

Fluorescence fundoscopy

Fluorescence fundoscopy was performed using the Phoenix
MICRON III (Bend, Oregon) small animal imaging system. Mice
were anesthetized using a ketamine/xylazine mixture (87.5 mg/kg ke-
tamine, 12.5 mg/kg xylazine), and 1% tropicamide ophthalmic solu-
tion was applied for 3 min prior to the procedure. GONAK hypromel-
lose ophthalmic demulcent solution (NDC 17478-064, Akorn) was
applied on the eye prior to imaging.

ERG

Mice were dark adapted overnight. Mice were anesthetized using a ke-
tamine/xylazine mixture (87.5 mg/kg ketamine, 12.5 mg/kg xylazine),
and 1% tropicamide ophthalmic solution was applied for 3 min prior
to the ERG procedure. GONAK hypromellose ophthalmic demulcent
solution (NDC 17478-064, Akorn) was applied on the eyes prior to
electrode placement. ERG was performed using the Celeris system
from Diagnosys (Lowell, MA). To assess rod function, mice were sub-
jected to dim flashes of 0.01 cd s/m” under dark-adapted conditions.
Combined rod-cone function was measured by bright flashes of 3.0 cd
s/m” under dark-adapted conditions. To assess cone function, mice
were light adapted for 10 min to bleach rods in the retina. Then,
two different measures, one involving isolated 3.0 cd s/m* bright
flashes and the other using a train of 5-Hz flickering light, were
used to evaluate the functions of cones. These tests are standardized
ERG testing protocols established by the ISCEV.** Statistical analysis
of ERG amplitudes was performed with GraphPad PRISM 9.0 using
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two-way ANOVA. Values shown are averages + standard error of
the mean.

OCT

OCT was performed using the ONm600 system from Bioptigen
(Research Triangle Park, NC). Mice were anesthetized using keta-
mine/xylazine mixture, and 1% tropicamide ophthalmic solution
was applied for 3 min to dilate the pupils prior to the OCT procedure.
Volumetric scans were taken centering on the optic nerves, as well as
visualizing the peripheral regions of the retinas containing either the
injection site or the equivalent areas in uninjected eyes. Peripheral
side scans were acquired for both the temporal and the nasal regions
of the eye, and, in these peripheral scans, the optic nerve was moved
just outside the frame of imaging. Therefore, the imaging frames
among different animals were comparable. Quantifications of ONL
thicknesses in control and Bbs10~’~ mice were performed at a posi-
tion 500 um away from the optic nerve head (temporal side) in the
OCT center scans, and values between control and knockout mice
were compared using Student’s t test. For measuring ONL volumes
in treated versus in untreated eyes, area of the entire ONL was manu-
ally segmented in each serial OCT image captured within the volu-
metric scan, and these ONL areas were multiplied by the scan thick-
ness to derive the total ONL volume captured by that OCT volumetric
scan (Figure S7). One OCT volumetric scan encompasses a circular
area of the retina with a diameter of 1,400 pm. Quantification of
ONL volumes were performed in scans focusing on either the central
or peripheral retina containing the treated region in the treated eye of
the animal, and in scans obtained at equivalent locations in the un-
treated contralateral eye of that animal. Values shown are
averages + standard error of the mean.

Visually guided swim assay

The visually guided swim assay, described in detail elsewhere,'*
was modified from the Morris water maze*’ and incorporated fea-
tures of the mouse swim assay developed by Pang et al.** Briefly,
mice were placed in a plastic swimming pool with a platform,
whose position was randomly chosen for each trial. Mice were
trained to visually identify, swim, and climb onto the platform.
This swim assay was performed under two different lighting con-
ditions, first under normal room light measuring 13.35 cd/m? (in a
room with typical fluorescent ceiling lights) or in the dark assisted
by dim red lighting measuring approximately 4.17 x 10> cd/m>.
The swim protocol consisted of four training days performed in
the light, followed by four testing days in the light, then two
training days in the dark, and finally four testing days in the
dark. For each training or testing day, five swim trials were per-
formed per animal. During each testing day of swimming, mice
performed five swim trials to five different randomly selected plat-
form locations. These platforms were the same for all mice in the
test group. A limit of 60 s was set for each swim trial to prevent
mice from becoming fatigued; if the platform was not attained
by 60 s, the mouse was gently removed from the pool, and the
time to platform for that particular trial was recorded as 60 s.
Values shown are averages + standard error of the mean.

Visualizing GFP using fluorescence microscopy

Whole mouse eyes were fixed in 2 mL of 4% paraformaldehyde/PBS
for four nights at 4°C with gentle rotation and washed in PBS over-
night at 4°C with gentle rotation. A puncture was made through
the lens using a 26G syringe, and then the eyes were embedded in
OCT freezing compound by placing it in a methybutane bath chilled
with liquid nitrogen. The tissue blocks were stored at —80°C. The tis-
sue blocks were sectioned at 10-um thickness. Cryosections were per-
meabilized for 7 min using 0.3% Triton X-100 in PBS. Coverslips were
placed after Vectashield mounting medium containing DAPI (Vector
Laboratories) was applied to the sample, and these slides were imaged
using a conventional fluorescence microscope.

Immunofluorescence microscopy

Mouse eyecups were collected and fixed following the protocol
described earlier.*” Briefly, eyecups were fixed in 4% (wt/v) parafor-
maldehyde/PBS for 3 h at 4°C after removal of anterior chamber
and lens. Next, thoroughly washed eyecups were infiltrated and
embedded in acrylamide as previously described.”” Frozen embedded
eyecups were mounted on a cryostat chuck in an orientation that sec-
tions became perpendicular to the retinal plane at the central retina.
Eight-micrometer-thick serial sections were collected from the mid-
dle one-third of eyecups and used for immunohistochemistry.

Immunostaining and imaging procedures were performed as detailed
earlier.”” Briefly, sections were permeabilized with PBS-T (PBS, 0.1%
Triton X-100), blocked in 5% (wt/v) BSA/5% (v/v) normal goat
serum/PBS-T, and stained with indicated antibodies at room temper-
ature for 3 h or at 4°C overnight. After rinsing, secondary antibodies
conjugated to Alexa Fluor 488 or 568 (Life Technologies) were bound
at room temperature for 2 h. After washing, Vectashield mounting
medium containing DAPI (Vector Laboratories) was added, and im-
ages were taken using an Olympus IX71 microscope. Contrast
enhancement was performed in the ImageJ software.

The following primary antibodies were used: anti-GFAP antibody
(MAB3402, Chemicon), anti-GNAT?2 antibody (ab 97,501, Abcam),
anti-PRPH2 antibody (18109-1-AP, Proteintech Group), and anti-
STX3 antibody (MAB2258, EMD Millipore).
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