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In this study, we investigate a gene augmentation therapy
candidate for the treatment of retinitis pigmentosa (RP) due
to cyclic nucleotide-gated channel beta 1 (CNGB1) mutations.
We use an adeno-associated virus serotype 5 with transgene un-
der control of a novel short human rhodopsin promoter. The
promoter/capsid combination drives efficient expression of a
reporter gene (AAV5-RHO-eGFP) exclusively in rod photore-
ceptors in primate, dog, and mouse following subretinal deliv-
ery. The therapeutic vector (AAV5-RHO-CNGB1) delivered to
the subretinal space of CNGB1mutant dogs restores rod-medi-
ated retinal function (electroretinographic responses and
vision) for at least 12 months post treatment. Immunohisto-
chemistry shows human CNGB1 is expressed in rod photore-
ceptors in the treated regions as well as restoration of expres-
sion and trafficking of the endogenous alpha subunit of the
rod CNG channel required for normal channel formation.
The treatment reverses abnormal accumulation of the second
messenger, cyclic guanosine monophosphate, which occurs in
rod photoreceptors of CNGB1mutant dogs, confirming forma-
tion of a functional CNG channel. In vivo imaging shows long-
term preservation of retinal structure. In conclusion, this study
establishes the long-term efficacy of subretinal delivery of
AAV5-RHO-CNGB1 to rescue the disease phenotype in a
canine model of CNGB1-RP, confirming its suitability for
future clinical development.

INTRODUCTION
Gene augmentation therapy driven by adeno-associated virus (AAV)
vectors is being advanced for several blinding inherited retinal degen-
erations (IRDs). This strategy led to the first approved commercial
product, Luxturna, for the treatment of Leber congenital amaurosis
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due to RPE65 mutations.1 Several clinical trials are underway for
other IRDs (see Georgiou et al. for a recent review2), and translational
programs are developing further therapies, including the program
reported here for retinitis pigmentosa (RP) due to mutations in the
cyclic nucleotide-gated channel subunit beta 1 gene (CNGB1).

RP is an important IRD that is genetically heterogeneous, with muta-
tions causing non-syndromic RP having been identified in 69 genes
(see RetNet3 https://web.sph.uth.edu/RetNet, accessed on Jan 17,
2023) and affecting approximately 1 in 4,000 people.4 Biallelic muta-
tions in CNGB1 cause a typical RP with an initial loss of the rod cells
(dim-light responsive photoreceptors that comprise about 95% of the
total number of photoreceptors). Rod photoreceptor loss is followed
by an inevitable and progressive loss of cone cells (brighter light
responsive photoreceptors needed for color vision and good visual
acuity).5–7 CNGB1 mutations are reported to be the sixth most
prevalent cause of recessive IRD, with an estimated 109,247 affected
patients world-wide.8

CNGB1 combines with three CNG alpha 1 (CNGA1) subunits to form
a CNG channel in the cell membrane of rod photoreceptors.9 In the
dark, levels of rod outer segment cyclic guanosine monophosphate
(cGMP) are higher, increasing the chances of CNG channel opening
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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allowing cation influx, which depolarizes the cell. Following light acti-
vation of the rod phototransduction cascade, cGMP is hydrolyzed, the
CNG channels close, and the rod becomes hyperpolarized, reducing
neurotransmitter signaling to second-order neurons. In the absence
of CNGB1, degradation of the CNGA1 subunit occurs, and the outer
segments of rods are almost completely devoid of CNG channels.10,11

Thus CNGB1 deficiency leads to a severe reduction in rod function
and accumulation of cGMP, followed by a slowly progressive loss of
rods and eventually secondary loss of cones. The disease phenotype
shows a disconnect between loss of function and loss of structure,
with an early loss of rod function and dim-light vision preceding signif-
icant loss of rod photoreceptors. This pattern and the slow loss of rods
are important features providing a broad “window of opportunity” for
gene augmentation therapy.12

Fortunately, relevant animal models are available to develop
translational therapy. We have reported initial proof of concept studies
in an engineered mouse and spontaneously occurring dog model of
CNGB1-RP with a complex mutation in CNGB1 (c.2387delA;
2389_2390insAGCTAC) that leads to skipping of exon 26 and intro-
duction of a premature stop codon and lack of CNGB1 expres-
sion.10,11,13,14 The next stage toward a first-in-human clinical trial is
the development of a suitable construct. We have recently reported
on rescue of rod function in the Cngb1-X26 mouse model using an
AAV serotype 5 construct with human CNGB1 cDNA driven by a
novel short human rhodopsin promoter.15 The purpose of this current
study was to further evaluate the suitability of this vector for a future
clinical trial by demonstrating its pharmacodynamic efficacy in a large
animal model with an eye size similar to that of humans. We show that
the short rhodopsin promoter drives efficient rod-specific expression in
nonhuman primates as well as dogs and mice. AAV5-RHO-CNGB1
results in long-term rescue of rod function in the dog model with pres-
ervation of retinal structure and cone function. The vector is therefore a
suitable candidate to advance toward a human clinical trial.

RESULTS
A short human rhodopsin promoter drives rod-specific

transgene expression in nonhuman primates, dogs, and mice

The large size of the CNGB1 cDNA (3.76 kb) requires a construct
with a short rod-specific promoter to avoid exceeding the packaging
limit of AAV vectors (4.7 kb). A short human rhodopsin promoter
(194 bp) was designed based on the human promoter sequence.15

As a test of the efficacy and rod specificity of transgene expression
driven by this novel promoter, an expression cassette with eGFP
packaged in an AAV5 capsid was delivered into the subretinal space
of nonhuman primates (NHPs), mouse, and dog. Table S1 provides
information about the NHP study showing the four treatment doses
investigated. In the NHP eyes, three subretinal injection blebs were
created surrounding the fovea. This multi-bleb approach could be
modified in a human trial to target the perimacular ring of high
rod density while trying to avoid detachment of the fovea, which
has been reported to be potentially deleterious.1,16,17 In all three spe-
cies, expression of eGFP was detected on fluorescent fundus imaging
in vivo by 1 month post injection (PI) (Figures 1 and S1A–S1C). The
NHPs were euthanized 3 months after injection and eyes processed
for immunohistochemistry (IHC) and tissues collected for bio-
distribution studies. The eyes from the injected mice and dogs were
also processed for IHC. In all three species, IHC of frozen retinal
sections showed eGFP expression in the injected retinal regions
(Figures 1, S1D, and S1E). Importantly, this was only present in
rod photoreceptors (appearing in the entire cell length). The NHP
study showed a clear dose effect (Figures 1B and 1C) with a significant
correlation between eGFP expressing rods per unit length of retinal
section and dose used (Welch’s one-way ANOVA, F(3, 1.93) =
122.29, p = 0.009). IHC using rod and cone markers showed eGFP
expression was specific to rods and with no expression detected in
cones or any other retinal cell type (Figure 2 for NHP, Figures S1D
and S1E for dog and mouse).

A biodistribution study analyzing a variety of tissues (Table S2 lists
tissues sampled) from the injected NHPs only detected the vector
genome in one repeat sample of a single optic nerve (animal 1 OD,
dose group 1); all other samples were negative.

Gene augmentation using AAV5-RHO-CNGB1 restores CNG

channel formation, reversing toxic accumulation of cGMP

IHC showed that CNGB1 transgene was exclusively expressed in rod
photoreceptors in the treated regions of the CNGB1-mutant dogs (Fig-
ures 3 and S2–S4). Treatment also resulted in rescue of the endogenous
partner channel subunit (CNGA1) from degradation. In the treated re-
gion, but not the untreated, CNGA1 protein was detectable in rod outer
segments, suggesting formation of chimeric canine CNGA1:human
CNGB1 channels. There appeared to be some effect of dosage on
strength of expression of the CNGB1 transgene as shown by the repre-
sentative sections in Figure 3, but this was a subjective assessment.

A feature of lack of CNG channel function in rod outer segments is
the abnormal accumulation of cGMP. IHC showed that this was
reversed within the treated retinal regions (Figure 4), while in the
same eyes, cGMP could still be detected within the photoreceptors
in the untreated regions. We noted that on many sections of the
treated retinal regions, CNGB1 was detected throughout the rod cells
in addition to the outer segments, which is the functional site of
CNGB1. It was noticeable that with lower transgene expression
toward the edge of the treatment bleb, CNGB1 was only present in
outer segments (Figure S4).

Gene augmentation using AAV5-RHO-CNGB1 rescues rod

function in the CNGB1 dog model

Using ten 3-month-old CNGB1mutant dogs, a dose-escalation study
with four treatment groups (Gp1–Gp4) was performed (Table 1).
Two subretinal injections were given in each treated eye (blebs result-
ing from subretinal injections can be seen on the immediate post-in-
jection fundus images in the first column of Figure 3). Two eyes were
untreated and acted as controls (Gp0). For statistical analysis only,
electroretinography (ERG) and vision testing results from four addi-
tional untreated age-matched CNGB1-mutant dogs from previous
studies were included with the results from the two Gp0 animals to
Molecular Therapy Vol. 31 No 7 July 2023 2029
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Figure 1. Reporter gene expression in nonhuman primates following subretinal injection

(A) Retinal section across injection bleb showing GFP expression (green) within the bleb. Blue is DAPI nuclear stain. Size bar, 100 mm. (B) Representative sections from blebs

of the four dose groups (B1–B4). In each case, GFP expression (using anti-GFP antibody) is shown in green in the left panel, and GFP expression merged with DAPI (blue) is

shown in the right panel. Doses (vector genomes) are indicated above each panel, and animal number, eye, and bleb imaged are indicated beside each panel. A dose effect is

evident. Size bar, 50 mm. Key: INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment. (C) Comparative number of

GFP expressing outer nuclear cell nuclei per unit length for each dose group, illustrating the dose effect. The color key indicates the individual animals.
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Figure 2. Representative IHC of NHP retinal sections showing exclusive rod transduction

(A) Panel illustrating the co-localization of GFP expression with rod arrestin. (B) Double labeling for GFP with cone arrestin showing that there is no detectable GFP expression

in cone photoreceptors. Size bar, 50 mm. Key: INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment.
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avoid a type II statistical error. Rod function was markedly improved
in each treated eye for all four dose groups (Gp1–Gp4) as assessed by
ERG (Figures 5, S5, and S6). The dark-adapted ERGs showed a
lowering of response threshold (i.e., responses present to weaker
flashes) by 1.5–2 log units for b-wave threshold (Figure S5), and am-
plitudes were increased compared with the untreated CNGB1-mutant
dogs. The panel in Figure 5A shows recordings from a representative
untreated eye from a 9-month-old dog compared with a treated eye at
6 and 12 months post treatment. In addition to the single-flash ERGs,
the response to a 5-Hz flicker stimulus at a luminance that stimulates
only rods was recorded (Figure 5B) and showed a similar improve-
ment in function in the treated eyes. Bar graphs in Figures 5C–5E
show the a- and b-wave amplitude improvements for the standard
flashes recommended by the International Society for Clinical Elec-
trophysiology of Vision (ISCEV), which are 0.01 cd‧s/m2 for a rod
only response (only a b-wave is present at this stimulus strength)
and 3 and 10 cd‧s/m2 (both a- and b-waves) for a “standard” and
“strong” flash, both of which have rod and cone contributions. The
red ERG tracings in Figure 5A are the tracings recorded in response
to the ISCEV stimuli. Each treatment group showed a clear and sta-
tistically significant improvement in ERG amplitudes for each lumi-
nance indicative of rod functional rescue (Table S3). This was present
at the 6-month PI time point and maintained in those dogs kept until
12 months PI (Figures 5C–5E) (note Gp1 dogs and three of the five
Gp2 dogs were euthanized prior to the 12-month outcome measure
time point). Tables S3 and S4 show the results of statistical analysis
for each of the ISCEV recommended stimuli. The amplitude of the
5-Hz rod flicker response (Figure 5F) is also considerably improved
following treatment (with a significant difference in mean amplitudes
between each treatment group and untreated controls p < 0.001
F-test, linear mixed model). The increase in the ERG amplitudes at
some luminances in the Gp2 dogs between 6- and 12-month time-
points is partly accounted for the fact that only two of the five dogs
in this group were maintained until 12 months. The mean amplitudes
for Gp3 animals are lower than the other groups. One animal in this
group appeared to develop a mild inflammatory response that was
initially detected on spectral domain optical coherence tomography
(SD-OCT) examination as preretinal vitreous cells. Regions of focal
retinal degeneration developed within the ventral portion of one of
the treatment blebs (discussed further below). This dog had lower
amplitude ERGs than others in the group but still showed evidence
of rod rescue. The degree of rescue showed some within-group vari-
ance, which appeared, as would be expected, to correlate with the final
size of the injection bleb (i.e., the area of the retina treated). There
were significant differences between some of the amplitude measure-
ments between some of the groups (see Table S4). Notably Gp4 am-
plitudes at 6 months PI were significantly greater than those of Gp3
dogs, but by 12 months PI, only the b-wave in response to the
0.01 cd s/m2 luminance was significantly different between the two
groups. Despite some differences between the groups, all groups
showed marked improvement in rod function compared with the un-
treated CNGB1-mutant controls. Further analysis of rod function was
achieved by modeling of the initial downslope of the rod-mediated
a-wave, which provides a measure for maximal photoreceptor
response (Rmax) and retinal sensitivity (S). A secondmethod of using
ERG data to assess retinal function and sensitivity was performed by
modeling the first limb of the dark-adapted b-wave plotted against
stimulus luminance (in normal animals, this is the result of rod func-
tion). This is known as the Naka-Rushton function and utilizes a
Michaelis-Menten formula. Additional ERG measures from seven
untreated young CNGB1mutant dogs were included in the statistical
analysis to avoid a type II statistical error. Modeling of the dark-
adapted rod a-wave (Figure S6) showed significant improvements
in both Rmax of the treated eyes (Rmax of combined treated eyes =
41.4 ± 18.4 mV; untreated controls = 8.5 ± 6.2 mVmixed linear model
F-test: p = 5.44 � 10�7) and in retinal sensitivity S (treated = 79.1 ±

29.7 1/[cd/m2 s3], untreated = 35.9 ± 22.3 1/[cd/m2 s3] mixed linear
model F-test: p = 3.49 � 10�8). There was no difference in these pa-
rameters between the 6- and 12-month PI assessment times. Gp4
dogs had a significantly higher value for Rmax compared with the
other treatment groups (data not shown). Otherwise, there was no
significant difference in these parameters between treatment groups.
Naka-Rushton fitting to the first limb of the dark-adapted b-wave
amplitude versus luminance was used to provide a value for Vmax
(maximum amplitude) and sensitivity S (stimulus strength required
to produce a response amplitude of 1/2 Vmax). For the statistical
Molecular Therapy Vol. 31 No 7 July 2023 2031
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Figure 3. Montage showing retinal cross-sections

from canine eyes from each treatment group from the

highest to the lowest dose

(A) Dose group 4 (17-011 OD), (B) dose group 3 (17-007

OD), (C) dose group 2 (17-040 OD), and (D) dose group 1

(18-076 OS). (E) Untreated portion of a treated eye (17-011

OD). The first column is a color fundus image taken

immediately after subretinal injection. The dotted line shows

the plane of the histological section and the asterisk the

region of the section imaged. The first IHC column is labeled

for CNGB1 (in red) and shows a dosage effect. The next

column shows CNGA1 labeling (in green) also showing a

dosage effect. Note that CNGA1 expression is dependent

on CNGB1 expression. The final column is the merge.

Size bar, 25 mm.
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analysis, results from five untreated age-matched CNGB1 mutant
dogs were used. The value of Vmax and S were both significantly
improved in the treated eyes. Vmax at the 12-month time point
mean of treated eyes was 65.8 ± 34.1 mV, and for untreated, it was
9.6 ± 7.7 mV (mixed linear model F-test: p = 0.015). For S at the
12-month time point, the mean of treated eyes was 0.013 ± 0.03 cd
s/m2 and untreated = 0.26 ± 0.21 cd s/m2 (mixed linear model
F-test: p = 5.1 � 10�7). The improvement in S reflects the left shift
of the b-wave luminance response plots shown in Figure S5 showing
the treated retina could respond to much lower luminance stimuli
than the untreated retina.

Gene augmentation using AAV5-RHO-CNGB1 leads to

preservation of cone function in the CNGB1 dog model

CNGB1-mutant dogs have a relatively slow rod degeneration with a
gradual secondary loss of cones. We analyzed the light-adapted
(cone) ERG to see if the treated dogs had preservation of cone func-
tion. Figure S7 and Table S5 show the amplitudes of the a- and b-wave
responses to the ISCEV standard flash amplitudes and the cone flicker
(33-Hz) responses for the untreated control eyes (group 0 and breed
and age-matched additional eyes to avoid a type II statistical error)
and the treated eyes. These data were analyzed using a split-plot
ANOVA with one grouping factor treatment and one repeat factor
(time, 6 or 12 months PI). The mean amplitudes for a-wave,
b-wave, and flicker were all significantly different between treated
and control (F(1, 18.2) = 20.69 p = 2.4 � 10�4; F(1, 18.4) = 11.9,
p = 2.8� 10�3; F(1, 19) = 7.2, p = 1.5� 10�2 respectively). The effect
2032 Molecular Therapy Vol. 31 No 7 July 2023
of time (6 months vs. 12 months PI) was not sig-
nificant (data not shown).

To further investigate the cone responses, the
Hood and Birch model for the cone a-wave was
applied (Figure S7B).18 This provides a measure
of the maximal photoreceptor response (Rmp3).
This was significantly higher in the treated groups
(all groups combined) (11.03 ± 4.99 mV)
compared with untreated controls (6.43 ±

2.74 mV) (mean ± SD) (mixed linear model F =

2.206, p = 0.027). Taken together, this analysis of cone ERG responses
provides evidence of the preservation of cone function when rod
rescue is achieved by gene augmentation therapy.

Gene augmentation using AAV5-RHO-CNGB1 restores rod-

mediated vision in the CNGB1 dog model

To show whether improved rod ERG function translated into
improved rod-mediated vision, a previously described four-choice
vision testing device was utilized. For each “run,” one of the four
exit tunnels is open. If the dog can see the open tunnel, it will exit
through it. The exit choice and time to exit are recorded. As
CNGB1-mutant dogs maintain cone-mediated vision for several
years, results under scotopic conditions that test rod-mediated vision
were analyzed. At these low light levels, untreated CNGB1 dogs make
mistakes in tunnel choice and are slow to exit. Unaffected wild-type
dogs routinely choose the correct exit and will exit rapidly. Dogs of
all treatment groups (Gp1–Gp4) chose the correct (open) tunnel
nearly 100% of the time and exited the device rapidly (Figure 6).
These results were statistically significant for each treatment
group (see Table S6 for p values). For the dogs maintained until
12 months PI, the vision testing results were no different from those
at 6 months PI. There was no difference in vision testing outcomes
between the four treatment groups. Vision testing at mesopic and
photopic levels showed there was no performance difference between
treated and untreated dogs, both of which performed similarly to
wild-type dogs, reflecting maintained cone vision at these ages (data
not shown).



Figure 4. Gene augmentation therapy reverses disease-related cGMP accumulation

(A) shows an untreated retinal area of a CNGB1mutant dog (17-011 OD group 4). cGMP is in green with the insert showing a magnified view of the region in the white box.

Note cGMP is detected in the inner and outer segment layers of the photoreceptors. (B) shows the same eye in a treated retinal region cGMP is green and CNGB1 red. Note

the lack of accumulation of cGMP in the treated retinal region where CNGB1 labeling is present. Size bar, 25 mm.
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Gene augmentation therapy using AAV5-RHO-CNGB1preserves

retinal structure in the CNGB1 dog model

A comparison of retinal layer thicknesses (measured in vivo by SD-
OCT) at 12months post treatment (Gp 2, 3, and 4) wasmade between
the treatment bleb and the adjacent untreated retina in the same eye
showing outer retinal preservation in the treated eyes. Figure 7B2
shows a heatmap of a treatment bleb (Gp3 dog 17-007 OD lateral
bleb) and clearly shows the preservation of total retinal thickness
compared with the adjacent untreated retina. Figure 7C shows the ra-
tio of thickness of the REC+ (measurement from outer plexiform
layer to retinal pigment epithelium, representing the full length of
the photoreceptors), outer nuclear layer, inner retina (ILM to inner
nuclear layer), and total retinal layer thickness between regions within
the bleb and adjacent retinal regions outside of the bleb. In all three
treatment groups analyzed at 12 months post treatment, the outer
retina was thicker in the treated region (REC+ and outer nuclear layer
[ONL]) for all animals with the exception of one group 3 eye (17-010
OD) in which inflammation had developed in the injected eye (see
below). The inner retina was very similar in thickness between re-
gions, and the total retina was thicker in the treated region (this
was primarily due to preservation of the outer retina). Figure 7D
shows representation SD-OCT cross-sectional images of retina within
the treatment bleb and the adjacent untreated region.

Adverse events in AAV5-RHO-CNGB1 treated dog eyes

The subretinal injections were generally well tolerated, and no adverse
events noted in injected eyes except for one group 3 eye (17-010 OD).
At the 3-month PI time point, vitreous cells were noted on OCT exam-
ination indicative of mild vitreal (or possibly vitreo-retinal) inflamma-
tion. A course of prednisone at a tapering dose (2mg/kg)was instigated,
and this appeared to suppress the inflammation. The eye still showed
rescue of rod functionwith recordable rod ISCEVERGresponse (which
is absent in untreated eyes), although the amplitudes were lower than in
other group 3 eyes. Vision testing also showed that treatment provided
rod-mediated vision.However, circular patches of retinal and choroidal
thinning developed at the lower region of the ventral bleb (Figure S8).
The outer retinal measurements on SD-OCT for this eye showed
some retinal thinning in the bleb compared with the adjacent non-
treated region (see Figure 7C) in addition to the focal areas of complete
loss. IHCshowed that there remainedCNGB1 expression in the non-de-
generated region of the bleb (Figures S4A and S4B).

DISCUSSION
There is an unmet need for a treatment for RP, and currently there is no
curative treatment. CNGB1-RP has several features that make it an
attractive target for gene augmentation therapy. Importantly, the
affectedpatients lack rod function fromanearly age, allowing for poten-
tial early diagnosis, and despite the early onset, they have a slow loss of
retinal structure as rods are gradually lost.12 Cones do not express
CNGB1 and degenerate later in the disease process, following death of
the surrounding supporting rods. The slowprogression of the condition
and the disconnect between loss of function and loss of structure gives
the opportunity for early intervention while a population of potentially
rescuable rod photoreceptors remain, and cone loss has not progressed.
Relevant animal models (both mouse and dog) are established and can
be used for development of translation therapy. The CNGB1-mutant
dog utilized in the current study recapitulates many aspects of human
CNGB1-RP, making it a particularly valuable model.11,14

One potential hurdle for AAV gene augmentation therapy of CNGB1-
RP is that the size of CNGB1 cDNA (3.76 kb) limits the amount of
additional DNA that can be added to the AAV expression cassette
without exceeding its packaging limit of 4.7 kb.19 This leaves less
than 1.0 kb space for additional sequences and, thus, prevents the
use of common and well-established promoters for rod transduction
and regulatory elements (e.g., a combination of bovine growth
Molecular Therapy Vol. 31 No 7 July 2023 2033
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Table 1. List of the dogs and details of the injected dose, eye, and follow-up times

Titer (vg/mL) Total dose delivered (vg total) Dog Sex Eye
Follow-up time
points (months)

Time of euthanasia post
injection (months)

Group 0–2 eyes untreated controls

Nothing nothing 17-038 F left 6, 12 12

Nothing nothing 17-042 F left 6, 12 12

Group 1–3 eyes aav5-rho-cngb1 injected

1E+11 2E+10 17-041 F right 6 6

1E+11 2E+10 17-040 M left 6 6

1E+11 2E+10 18-076 M left 6 9

Group 2–5 eyes aav5-rho-cngb1 injected

5E+11 1E+11 17-041 F left 6 6

5E+11 1E+11 17-040 M right 6 6

5E+11 1E+11 18-073 F right 6, 12 kept long term

5E+11 1E+11 18-074 M left 6, 12 kept long term

5E+11 1E+11 18-076 M right 6 9

Group 3–5 eyes aav5-rho-cngb1 injected

1E+12 2E+11 17-010 F right 6, 12 12

1E+12 2E+11 17-011 M left 6, 12 12

1E+12 2E+11 17-007 M right 6, 12 12

1E+12 2E+11 17-038 F right 6, 12 12

1E+12 2E+11 17-042 F right 6, 12 12

Group 4–5 eyes aav5-rho-cngb1 injected

5E+12 1E+12 17-010 F left 6, 12 12

5E+12 1E+12 17-011 M right 6, 12 12

5E+12 1E+12 17-007 M left 6, 12 12

5E+12 1E+12 18-073 F left 6, 12 kept long term

5E+12 1E+12 18-074 M right 6, 12 kept long term
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hormone polyA with the woodchuck stomatitis virus posttranscrip-
tional regulatory element). In particular, use of the previously well-
characterized 0.8-kb human rhodopsin promoter, which would be
anticipated to be suitable to ensure strong and specific rod expression,
would exceed the optimal packaging limit. In this study we showed
that a <200-bp short version of the human rhodopsin promoter drives
exclusive transgene expression in rod photoreceptors of three species:
mouse, dog, and most importantly NHP. This makes it an excellent
candidate for use in a translational construct. Our recent study in
Cngb1�/� mice showed that this promoter could drive expression
of the human CNGB1 (hCNGB1) cDNA in murine rods and provide
rescue of the phenotype.15 Previous gene augmentation proof-of-
principle studies in the dog model used a GRK1 promoter to drive
expression of the canine cDNA. While use of this vector resulted in
robust rescue of rod function, GRK1 can also drive transgene expres-
sion in cone photoreceptors, which is not desired for treatment of
CNGB1-RP because CNGB1 is not expressed in cones. In the current
study, we were able to show convincing rod functional rescue and
structural preservation in the dog model using this new translatable
construct, which is an important step toward a human clinical trial.
2034 Molecular Therapy Vol. 31 No 7 July 2023
The human CNGB1 protein resulting from transgene expression
was able to combine with endogenous canine CNGA1 to form a func-
tional CNG channel in the rod outer segment. IHC showed that treat-
ment prevented degradation and restored trafficking of the active
CNGA1 channel subunit to the outer segment, which is minimal in
the absence of CNGB1.20 The chimeric channel was functional,
shown by the reversal of the accumulation of cGMP that occurs in
rods in this model and restoration of a rod-mediated ERG as well
as a substantial improvement in scotopic vision. Noticeable on IHC
studies was the presence of the hCNGB1 protein within the entire
rod cell body in addition to the outer segment within the treated
retinal regions. In IHC of wild-type animals, CNGB1 is only detect-
able in rod outer segments.11 The detection of hCNGB1 in the dog
rod cell body and inner segment may indicate that at the vector doses
used there was over-expression of the transgene, and indeed func-
tional rescue was achieved at all doses tested in the current study.
We noted that at the edge of the injection bleb, hCNGB1 was only de-
tected in the rod outer segments (Figure S4). This suggests that as the
dose of vector decreased, the accumulation of hCNGB1 in the cell
body decreased accordingly. Human and canine CNGB1 proteins



Figure 5. Gene augmentation rescue of rod function

(A) ERG dark-adapted luminance series from an untreated eye (17–042 OS 6 mo), an eye 6 months post injection (17-007 OD Gp3), and the same eye 12 months post

injection. The red tracings indicate the ISCEV recommended ERG flash stimuli of 0.01, 3, and 10 cd‧s/m2. (B) Rod 5-Hz flicker (0.025 cd‧s/m2) results in the same eyes as in

(A). (C–E) The mean (+/� SEM) dark-adapted ERG amplitudes for the ISCEV flash stimuli of 0.01, 3, and 10 cd‧s/m2 for the control eyes (Gp0) and the four dose groups (Gp1,

Gp2, Gp3, Gp4). The 6-month post injection time point is in black, and the 12-month time point is in gray. Note that Gp1was only maintained to 6months post injection. There

is no a-wave response at 0.01 cd‧/m2. (F) The mean (+/� SEM) 5-Hz rod flicker amplitudes for the same groups as in (C)–(E).

www.moleculartherapy.org
are not highly conserved at the N-terminus, the most notable differ-
ence being that the dog protein (NCBI Reference Sequence:
NP_001271391.1) lacks a run of 42 residues making the full-length
dog protein 1,209 AA vs. 1,251 AA for the human (NCBI Reference
Sequence: NP_001288.3). This species difference in the protein may
reduce the efficiency of trafficking to the outer segment as it is possible
that hCNGB1 does not bind as efficiently to the canine CNGA1 as the
wild-type canine protein does. Alternatively, excess hCNGB1 that
does not pair with CNGA1 for trafficking to the outer segment might
not be efficiently degraded in the dog rod photoreceptor and thus may
accumulate. A similar accumulation in the inner segment was noted
when the hCNGB1 was expressed in the Cngb1�/� mouse.15 Despite
the species protein differences, it is clear that the human:canine
hybrid CNG channel provides excellent function, with the rod-medi-
ated ERG amplitudes in the current study tending to be higher than
those in our previous study using canine CNGB1 driven by the
Molecular Therapy Vol. 31 No 7 July 2023 2035
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Figure 6. Vision testing. Scotopic vision of CNGB1 mutant dogs restored by gene augmentation therapy

Vision testing outcome from four-choice vision testing device showing results under scotopic lighting levels (0.057 lux). (A) Shows mean (+/�SEM) percentage correct exit

choices. (B) Mean (+/� SEM) time to exit. While the control dogs (GP0) fail to regularly choose the open exit and take a prolonged time to exit the device, dogs in all treated

groups were able to identify the open exit accurately and rapidly exit the device. Gp1 dogs and two of the Gp2 dogs were only kept for 6 months so are not shown in the

12-month post-injection graphs.
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GRK1 promoter.14 Abnormal accumulation of human CNGB1 in the
other parts of the cell body could lead to concerns of a toxic effect.
This does not appear to occur over the long term with treatment ef-
fects staying stable over at least 12 months. One reason for this could
be the fact that CNGB1-only channels are not able to support ion
channel function.21,22 Two animals are being followed for longer to
see if rescue continues to be maintained. However, we did detect
adverse effects in one Gp3 eye (dog 17-010 OD). Evidence of mild
posterior segment inflammation was detected on SD-OCT examina-
tion at 3 months PI. This resolved with systemic steroids; however
localized areas of degeneration developed toward the edge of the
treatment bleb, and overall, there was some thinning of the outer
retinal layers on SD-OCTmeasurement (Figures 7 and S8). Although
showing rod rescue, this eye had lower ERG amplitudes than expected
from the size of the subretinal injection blebs. Taken together, this
could indicate that a lower dose of vector would be optimal to provide
functional rescue without any risk of vector-induced toxicity. Gene-
therapy-associated uveitis is becoming more widely recognized and
can develop even if the administration is into the immune-privileged
subretinal space. There are reports of similar perifoveal chorioretinal
atrophy in patients treated for RPE65 Leber congenital amaurosis
with FDA-approved AAV gene augmentation (Luxturna).23,24

Loss of CNGB1 function results in a slowly progressive condition, as
observed in dogs and in particular CNGB1-RP patients. It therefore
takes a while before the preservation of retinal thickness becomes
apparent. In all the treated eyes (with the exception of the eye that
had inflammation), significant preservation of the outer retinal layers
was apparent 12 months PI (Figure 7). In addition to preservation of
retinal thickness, improvements in visualization of the reflective
bands on SD-OCT that represent the photoreceptor inner and outer
segment regions became apparent after intervention. This structural
improvement was observable not only in the corresponding area
before and after subretinal gene therapy but also in the comparison
2036 Molecular Therapy Vol. 31 No 7 July 2023
of treated to untreated regions within the injected eye. With a rela-
tively slow degeneration, secondary loss of cone function is slow to
develop. Analysis of cone ERGs showed that the treated eyes had
preservation of cone ERG responses with a significant difference in
amplitudes in the treated eyes being detected from as soon as
6 months PI (Figure S7). As cones do not express CNGB1, this shows
that the rescue of rods has a beneficial effect on cones function and
survival. Preservation of cone-mediated vision is a major aim of suc-
cessful therapy for CNGB1-RP. Retinal preservation in the bleb areas
was also apparent on IHC of retinal sections (Figure S2).

Further evidence to support the safety of AAV5 as a delivery vector
was provided by the biodistribution study in NHPs with tissues
collected at 3 months post dosing. The vector genome was not de-
tected in any non-ocular tissues. Of the central visual pathways
sampled, only one repeat sample of optic nerve in a single animal
had detectable vector DNA.

In conclusion, the AAV5-RHO-CNGB1 vector tested in this project is
a very promising translational candidate for a future human clinical
trial addressing CNGB1-RP.

MATERIALS AND METHODS
Vector production

Vector production has been reported previously.15 An AAV5 was
packaged with a construct with a short human rhodopsin promoter
driving expression of either enhanced green fluorescent protein
(eGFP) for reporter gene studies or human CNGB1 cDNA (for dog
therapeutic studies).

Animals

All animal procedures were approved by the relevant Institutional
Animal Care and Use Committee and adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research.



Figure 7. Structural preservation in treated eye

(A) Fundus photographs of Gp 3 (1E+12 Titer, 2E+11 Dose) dog 17-007 OD (right eye). The color fundus images show the injection bleb immediately after injection and then

the fundus 1 year later. (B) B1. The cSLO images show infrared and autofluorescent imaging of the injected region. B2. A heatmap clearly shows the preservation of the

treated retinal area, showing REC+ thickness. (C) REC+, ONL, IR, and TR thicknesses ratio of thickness in treated regions versus thickness in untreated regions at 12months

post injection for three doses/groups (mean ratio +/- SD). This shows preservation of the outer retina layers REC+ and ONL for all groups in the treated regions. (D) cSLO (left)

and SD-OCT high-resolution retinal cross-section (right) images show the treated and untreated adjacent regions. The red arrow indicates the junction between treated and

untreated regions. The two enlarged images above show high magnification of untreated and treated regions. Notice the thicker outer nuclear layer in the treated region and

the improved definition of ELM, EZ, and IZ bands. TR, total retina; REC+, Receptor+; IR, inner retina; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer;

INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; EZ, ellipsoid zone; IZ, interdigitation zone.
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All procedures concerning mice were reviewed and approved by a
competent board appointed by the respective German government
agency (Regierung von Oberbayern).

Nonhuman primates

Four rhesusmacaquemonkeys from the colony at the OregonNational
Primate Research Center were used in the study to assess the efficacy
and specificity of the vector capsid:promoter combination delivered
by subretinal injection. They were maintained for 3 months PI under-
going regular clinical assessment and retinal imaging. After 3 months,
they were euthanized, and the eyes were collected for frozen IHC, and a
variety of tissues (Table S2) were collected for biodistribution studies.

Mice

Seven wild-type mice were used at Ludwig-Maximilians-University.
The reporter gene construct was delivered by subretinal injection,
Molecular Therapy Vol. 31 No 7 July 2023 2037
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and the mice were maintained for 8 weeks. They underwent retinal
imaging every 2 weeks to monitor green fluorescent protein (GFP)
expression. After 8 weeks, mice were euthanized, and the eyes were
processed for frozen IHC.

Dogs

Ten 3-month-old dogs from a colony of CNGB1 mutant dogs were
used in the study to assess phenotype rescue achieved by subretinal
administration of the therapeutic vector. One wild-type dog was
used to test the reporter gene construct.

Subretinal injections

Subretinal injections in NHPs were performed by a vitreoretinal
surgeon via a standard pars plana transvitreal approach without
vitrectomy as previously described25 except that three smaller blebs
(of �30 mL) were made surrounding the fovea but without detaching
the fovea. Two eyes each received one of four vector doses: 6.0E+11,
1.0E+12, 3.0E+12, and 6.0E+12, with the distribution among animals
shown in Table S1.

Subretinal injections in mice were performed using a transscleral
approach as previously described.15

Subretinal injections in dogs were performed via a standard pars plana
transvitreal approach without vitrectomy as previously described26

except that the aimwas to produce two large subretinal blebs in the cen-
tral fundus, one nasal and the other temporal to the optic disc. Fundus
images were taken immediately after the injection using a video fundus
camera (RetCam II, Clarity Medical Systems, Pleasanton, CA. USA).

In vivo retinal imaging

For NHPs, retinal imaging was performed prior to subretinal injection
and at 1, 2, and 3 months PI under anesthesia with isoflurane vapor-
ized in 100% oxygen. Imaging modes included standard color (Zeiss
FF450, Oberkochen, Germany) and ultra-widefield red-green imaging
(Optos California, Optos, Marlborough, MA); SD-OCT (Spectralis
OCT, Heidelberg Engineering, Heidelberg, Germany); quantitative
fluorescence imaging (Heidelberg Spectralis, BluePeak mode) done
as previously described27 with the addition of an internal fluorescence
reference; and ultra-widefield autofluorescence imaging (Optos).

Mouse fundus images were recorded using an adapted Spectralis
HRA+OCTdiagnostic imagingplatform (Heidelberg Engineering,Hei-
delberg, Germany) in combination with optic lenses as described previ-
ously.28,29 Mice were anesthetized, and pupils were dilated as described
before. To keep eyes moist, hydroxypropyl methylcellulose (Methocel
2%; OmniVision, Puchheim, Germany) and a corneal contact lens
were applied on both eyes before mice were positioned in front of the
retinal image lens. Fluorescent fundus images were acquired using the
eGFP filter settings and analyzed using the Heidelberg Eye Explorer
software V1.7.0.0 (Heidelberg Engineering, Heidelberg, Germany).

For dogs, wide-angle color fundus images were obtained using a
RetCam II video fundus camera (Clarity Medical Systems, Pleasan-
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ton, CA, USA). Confocal scanning laser ophthalmoscopy (cSLO)
and SD-OCT imaging (Spectralis HRA + OCT; Heidelberg Engineer-
ing, Heidelberg, Germany) were performed under general anesthesia,
as previously described.30,31 Single lines and volume scans were
performed across the fundus, especially in the treated and adjacent
untreated regions as described previously.31 Total retinal (TR) thick-
ness, thickness of the Receptor+ (REC+) layer (representative mea-
sure of the total length of the photoreceptor from the interdigitation
zone, which is the interface of retinal pigment epithelium with the
outer segments, to the outer plexiform layer), thickness of the ONL,
and thickness of the inner retina (IR) were measured as previously
described.31 To compare retinal layer thicknesses between treated
and untreated regions, measurements using the integrated Heidelberg
Eye Explorer (HEYEX) software were performed for the treated retina
1,000 mm from the edge of the bleb, and an adjacent nontreated region
was measured within 1,000 mm outside the bleb. The bleb and imme-
diately outside the bleb in three treated – nontreated regions for each
bleb. More precisely, the edge of each bleb was localized; then mea-
surements of four layers were performed 1,000 mm inside and outside
of the bleb (Figure S9 illustrates this protocol). Three paired measure-
ments per bleb were obtained, and an average ratio between the adja-
cent treated and non-treated retinal regions per eye was calculated.

Retinal layer thickness color ‘‘heat maps’’ to give a clear representa-
tion of retinal layer thickness preservation were prepared using the
HEYEX software, as previously described.32
Electroretinography (dogs)

ERG in dogs was performed as previously described.31,33 This con-
sisted of a dark-adapted series of increasing flash luminances from
below b-wave threshold to a strong stimulus followed by a 5-Hz
rod flicker. After 10 min light adaptation (at 30 cd/m2), light-adapted
single-flash and flicker (33-Hz) responses were recorded. ERG
response amplitudes were measured in a standard fashion: a-wave
amplitude from baseline to trough of a-wave and the b-wave from
a-wave trough to peak of the b-wave that underlies the oscillatory po-
tentials.34 To further investigate rod photoreceptor function, the
following equation described by Birch and Hood35,36 was fit to
the leading edge of the rod a-wave (after subtraction of the matched
photopic waveform to remove cone contributions) as previously
described.37
R(I,t)=(1-exp[-I,S,(t-td)2]),Rmax for t>td

The amplitude R is a function of the retinal luminance I and time t
after the flash, and td is a brief delay. S is a sensitivity factor, and
Rmax is the maximum amplitude of the response.

To assess retinal sensitivity, we also utilized Naka-Rushton fit to the
first limb of the dark-adapted b-wave luminance response plot38:
R/Vm= Ln/(Ln+Kn)
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Vm represents the maximum response amplitude of the first limb of
the b-wave luminance:response plot, K is a semi-saturation constant
considered a measure of retinal sensitivity, and n is dependent on the
slope of the plot at the position of K, which may reflect retinal
homogeneity.39,40

To further investigate cone function, we fit the following equation
described by Hood and Birch to the leading edge of the cone
a-wave as previously described.37
R(I,t)=(I,Sc,(t-td)
3)/(I,Sc,(t-td)

3 + 1) ,Rmp3 for t>td

The amplitude R is a function of the retinal luminance I and time t
after the flash, and td is a brief delay. Sc is a sensitivity factor, and
Rmp3 is the maximum amplitude of the response.

Vision testing (dogs)

Assessment of vision was performed using a custom four-choice de-
vice previously developed and utilized.41,42 This device consisted of a
box with four exit tunnels. For each ‘‘trial run,’’ the end of only one
tunnel was open, this tunnel being randomly selected. The first tunnel
entered was noted as the ‘‘exit choice,’’ and the time to exit the tunnel
was recorded. A series of seven lighting levels were used from bright
room light down to a dim light that tests rod-mediated vision in dogs.
Thus, a range of scotopic, mesopic, and photopic vision was tested.
Each eye was tested separately by fitting an opaque contact lens in
the contralateral eye. Fourteen repeat ‘‘trial runs’’ were performed
at each light level for each eye, allowing the mean correct exit choice
and mean exit times to be calculated.

Immunohistochemistry of retinal sections

Rhesus macaque eyes were immersion-fixed for 24 h in 4% parafor-
maldehyde. The anterior chamber was dissected off, and the remain-
ing posterior eye cups were cryoprotected using 10%, 20%, and 30%
sucrose concentrations. Samples were embedded horizontally in
optimal cutting temperature compound blocks, frozen, and cut at
14-mm-thick sections using a Leica CM1850 cryostat. Slides used
for immunofluorescence staining were dried and incubated for
30 min in a phosphate buffered saline-based blocking buffer contain-
ing 4% horse serum, 0.5% Triton X-100, and 1.0% bovine serum albu-
min. Antibodies used are listed in Table S7. Sections were incubated
with the primary antibodies overnight at 4�C followed by the appro-
priate secondary Alexa-Fluor antibodies (1:300, Invitrogen, Carlsbad,
CA, USA). Anti-GFP antibody was used to enhance the fluorescent
signal of GFP generated from transgenic expression in retinal tissue.
Retinal nuclei were counterstained using 40,6-diamidino-2-phenylin-
dole (DAPI) and cover-slipped with Fluoromount G (Southern
Biotech). Confocal z stack images were acquired from retinal sections
with 20x and 40x objectives using a Leica SP5 laser-scanning confocal
microscope (Leica, Wetzlar, Germany).

Preparation of mouse eyes for IHC was performed as previously
described.29,43,44 Antibodies used are shown in Table S7.
Dog eyes were prepared for IHC as previously described.45,46 Anti-
bodies used are shown in Table S7.
Quantification of transduced rod photoreceptors in NHPs

For each eye, four representative 40x confocal images through the
center of each bleb were acquired with constant laser intensity settings
for GFP fluorescence. Color images were extracted from .lif files using
ImageJ software and converted to 8-bit grayscale images. A lower
threshold value limit of 90 pixels and upper value limit of 255 pixels
was set for each z stack image in the GFP channel. Thresholded values
(displayed in red) localized specifically to rod nuclei within the ONL
were counted for the entire 40x image, representing a section of retina
of 388 mM. Total counts are presented as number of GFP-positive
nuclei per unit length.
Tissue biodistribution studies in NHPs

Assays were performed at the Powell Gene Therapy Center, Univer-
sity of Florida. DNA was extracted from tissues, anterior chamber
fluid, and vitreous samples using a DNeasy Blood and Tissue kit (Qia-
gen, Venlo, Netherlands) according to the manufacturer’s protocol
and in-house standard operating procedures. DNA was quantified
using the Quant-iT PicoGreen dsDNA Assay Kits (Invitrogen,
Carlsbad, CA, USA) on a Synergy LX multimode microplate reader
(BioTek, Winoosi, Vermont, USA). TaqMan quantitative PCR was
performed on a QuantStudio 3 (Applied Biosystems, Foster City,
CA, USA) using the QuantStudio Design and Analysis Software
v1.4.1 (Applied Biosystems, Foster City, CA, USA) according to man-
ufacturer’s instructions. A primer and probe set was designed to the
GFP gene of interest. Briefly, an 8-log standard curve covering a range
of 1E+8 through 1E+0 copies was generated from a stock plasmid
containing the GFP gene of interest (Aldevron, Fargo, ND USA),
and Ct values for each standard were plotted against the log concen-
tration of copies per sample. The linear regression of the resultant plot
was utilized to calculate the copies within each sample. Each sample
was tested in triplicate, with one replicate containing 10 copies of the
target plasmid spiked in to test for inhibition of the reaction. Each 50-
mL reaction contained 25 mL of TaqMan Universal PCR Master Mix
(Applied Biosystems, Foster City, CA, USA), up to 0.1 mg of sample
DNA, 700 nM of the forward and reverse primers, and 100 nM of
fluorescein amidite (FAM)-labeled probe. Cycling followed manufac-
turer recommended guidelines, 5 min at 95�C for initial denaturation
and enzyme activation, followed by 45 cycles altering between a 15-s
period at 95�C for denaturing and a 60-s period at 60�C for annealing
and extension. Results were averaged across two replicates and
normalized to vector genome copies per mg DNA (vgc/mg DNA),
and values less than 100 vector genome copies (vgc)/mg DNAwere re-
ported as below the lower limit of quantification.

GFP Forward: 50-TTTCAAAGATGACGGGAACTACAA-30

GFP Reverse: 50-TCAATGCCCTTCAGCTCGAT-30

GFP Probe: 6FAM-CCCGCGCTGAAGTCAAGTTCGAAG-TAMRA.
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Statistical analysis

Analysis for a dose effect of GFP expression levels in NHP rods was
assessed by a Welsch’s one-way ANOVA. For most ERG and vision
testing measures, variables were tested for homoscedasticity using
the Breusch-Pagan test and for normality using the Shapiro-Wilks
test, prior to calculation of the F-statistic using the F-test of the linear
mixed effects model (LME).

To account for the repeated measures in the data, an LME model was
employed utilizing the Statsmodels package in Python to examine sta-
tistical significance between groups serial ERGs performed in dogs
following gene augmentation therapy fitting the following equation:

Yij = b0 + b1Xij +gi + εij

Yij is the jth measured response for subject i,Xij is the covariate for this
response, gi is the random effects parameter for subject i, and εij is the
error parameter for this response. b0 and b1 are fixed effect parame-
ters for all subjects, corresponding to intercept and slope, respectively,
and they are fit according to the restricted maximum likelihood opti-
mized with the Broyden-Fletcher-Goldfarb-Shanno algorithm.47

Cone ERG amplitudes were compared with a split-plot ANOVA.
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