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Abstract
Retinal neurodegenerative diseases are especially attractive targets for gene replacement therapy,which appears to be clinically
effective for several monogenic diseases. X-linked forms of retinitis pigmentosa (XLRP) are relatively severe blinding disorders,
resulting fromprogressive photoreceptor dysfunction primarily causedbymutations in RPGRor RP2 gene.With a goal to develop
gene therapy for the XLRP-RP2 disease, we first performed detailed characterization of the Rp2-knockout (Rp2-KO) mice and
observed early-onset cone dysfunction, which was followed by progressive cone degeneration, mimicking cone vision
impairment in XLRP patients. The mice also exhibited distinct and significantly delayed falling phase of photopic b-wave of
electroretinogram (ERG). Concurrently, we generated a self-complementary adeno-associated viral (AAV) vector carrying
human RP2-coding sequence and demonstrated its ability tomediate stable RP2 protein expression inmouse photoreceptors. A
long-term efficacy study was then conducted in Rp2-KO mice following AAV-RP2 vector administration. Preservation of cone
functionwas achievedwith awide dose range over 18-month duration, as evidenced by photopic ERG and optomotor tests. The
slower b-wave kinetics was also completely restored. Morphologically, the treatment preserved cone viability, corrected mis-
trafficking of M-cone opsin and restored cone PDE6 expression. The therapeutic effect was achieved even in mice that received
treatment at an advanced disease stage. The highest AAV-RP2 dose group demonstrated retinal toxicity, highlighting the
importance of careful vector dosing in designing future human trials. The wide range of effective dose, a broad treatment
window and long-lasting therapeutic effects should make the RP2 gene therapy attractive for clinical development.

Introduction
The last decade haswitnessed impressive advances in taking fun-
damental discoveries from bench to bedside, with a major impact

on public health (1,2). Stem cell-based therapies and chemical
screening approaches for drug discovery are evolving at a rapid
pace. Gene therapy is finally beginning to reveal consistent
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effectiveness clinically (3); e.g. impressive results have been ob-
tained for several monogenic inherited diseases, including lipo-
protein lipase deficiency and hemophilia B (4,5). Retinal diseases
offer a distinct advantage for developing gene therapy approaches
to neurodegeneration because of relatively easy access to target
cells for delivery and noninvasive methods for diagnosis and as-
sessment of treatment outcome. Improvement in visual function
by gene replacement in patients with Leber congenital amaurosis
(LCA) caused by RPE65 mutations has created enthusiasm for ex-
panding the approach to other inherited retinal degeneration (6).

Retinitis pigmentosa (RP) is the most common inherited ret-
inal neurodegenerative disease with a prevalence of roughly 1
in 4000 in humans, afflicting over one million individuals world-
wide (7–9). Although phenotypically and genetically heteroge-
neous, RP often involves common pathological changes that
begin with rod photoreceptor dysfunction and/or degeneration
followed by or concurrent death of cone cells. As a result, RP pa-
tients usually experience early onset of night blindness,with pro-
gressive loss of peripheral and then central vision, eventually
leading to blindness. Over 60 genes have been associated with
RP (9,10), which can exhibit autosomal dominant, autosomal re-
cessive or X-linked pattern of inheritance. X-linked forms of RP
(XLRP) are relatively severe, accounting for 10–20% of total RP
(11,12). Though six genetic loci have been associated (10,13–15),
mutations in the Retinitis Pigmentosa GTPase Regulator (RPGR)
and Retinitis Pigmentosa 2 (RP2) genes account for almost 80%
of all XLRP (16,17). In addition to rod disease that is present in
both RPGR and RP2 patients, many RP2 patients show early-
onset macular atrophy and poor visual acuity (18), suggesting
the impairment of cone function independent of rod death.
Thus, both rods and cones are considered as the target cells for
treatment. We recently demonstrated successful development
of gene replacement therapy for RPGR-associated retinal degen-
eration (19,20); however, such an approach has not been reported
for RP2 disease.

The human RP2 gene consists of five exons and encodes a pro-
tein of 350 amino acid residues (21). In the retina, RP2 protein is tar-
getedpredominantly to theplasmamembrane (22), likelymediated
by post-translational acylation at its N-terminal end (23,24). RP2 is
reported to act as GTPase activating protein (GAP) for adenosine-
5′-diphosphoribosylation (ADP-ribosylation) factor-like 3 (ARL3)
(25), a microtubule-associated small GTPase that localizes to the
connecting cilia of photoreceptors (22,26). RP2 is suggested to con-
trol protein trafficking to the cilia, as loss of RP2 function in Rp2-
knockout (RP2-KO) mouse models resulted in mis-trafficking of
M-cone opsin (27) and diminished G protein-coupled receptor
kinase 1 (GRK1) and cone phosphodiesterase 6 (PDE6) in cone
outer segments (OS) (28). How RP2 regulates M-opsin trafficking is
unclear; however, the absence of RP2-GAP activity is supposed to
increase the level of ARL3-GTP, thereby forcing PDE6D, a prenyl-
binding protein, to assume a predominantly ‘closed’ conformation
(28) and impede its interactionwith prenylated cargo such as GRK1
and PDE6. Both published RP2-KO mouse models exhibited severe
and progressive cone degeneration in addition to relatively mild
rod degeneration (27,28), likely caused by impediment of protein
trafficking in both cone and rod photoreceptors. A recently devel-
oped rp2-KO zebrafish model (29) further supports the role of RP2
in directing protein transport in photoreceptors.

A vast majority of RP2 mutations in humans are predicted to
result in loss of function (30); therefore, RP2 gene replacement
is a viable option for therapy. The small size of the human RP2-
coding sequence (1050 base-pairs) and the availability of Rp2-
KO mice (27,28) permitted us to evaluate the gene replacement
strategy using adeno-associated viral (AAV) vector as a delivery

vehicle. In the present study, we report the natural history of
photoreceptor dysfunction/degeneration in the Rp2-KO mice
and the design, generation and characterization of AAV type 8
(AAV8) vector carrying a photoreceptor-specific human RP2
gene expression cassette. We have conducted a long-term dose
efficacy study in mice and established the proof of concept for
AAV-mediatedRP2 gene delivery to efficiently rescue cone degen-
eration. Our study provides the foundation for the design of fu-
ture clinical trials in patients with RP2 disease.

Results
Progressive cone-dominant photoreceptor dysfunction
and degeneration in Rp2-KO retina

Rp2-KO mice were generated by crossing Rp2 flox/flox mice with ei-
ther ZP3-Cre (31) or CAG-Cre line (27,32). In ZP3-Cre line, Cre is ex-
pressed specifically in oocytes. Although Cre is ubiquitously
expressed in CAG-Cre line, Cre expression on its own does not af-
fect retinal function, as shown in our previouswork (27).We have
replicated these findings (Supplementary Material, Fig. S1). Add-
ition of CAG-Cre transgene even in the Rp2-KO line has no further
impact of the retina. RP2 exon 2 was deleted in the resulting Rp2-
KO mouse line, and no RP2 protein was detectable in the retina
and other tissues (27) (data not shown). We first monitored a
large cohort of Rp2-KOmice and their wild-type (WT) littermates
by electroretinogram (ERG) analysis during 18-month period.
Amplitude of dark-adapted a-wave is mainly contributed by
rods. Though cone-derived a-wave is relatively small under
light-adapted conditions, b-wave is produced by the inner retina
neurons and reflects the activity of cone system. We, therefore,
used dark-adapted a-wave and light-adapted b-wave to re-
present rod and cone functions, respectively. Consistent with
previous observations (27,28), the Rp2-KO mice exhibited signifi-
cantly reduced amplitudes of dark-adapted a-wave and light-
adapted b-wave through the entire duration of the experiments
(Fig. 1A and Supplementary Material, Fig. S2). This ERG ampli-
tude reduction happened even as early as 1 month of age in a
small group of mice we monitored (data not shown), indicating
functional impairment of both rods and cones at an early age.
However, measurement of the ratio of KO to WT for ERG ampli-
tudes revealed distinct dynamics between rod and cone func-
tions in the KO mice over the 18-month period. The dark-
adapted a-wave amplitude of KO relative to that ofWT remained
stable after 4 months of age without additional reduction,
whereas the KO to WT ratio of light-adapted b-wave amplitude
continuously declined at a nearly constant rate between 4 and
18 months (Fig. 1B). As a result, about 78% of rod ERG amplitude
was preserved at 18 months compared with only 33% of cone
ERG amplitude, demonstrating a more severe impairment of
cone function in the KO mice. Additionally, the relatively mild
impairment in rod function did not significantly impact the
inner retina function since no difference was observed between
KO and WT mice for dark-adapted b-wave with dim flash in-
tensity (Supplementary Material, Fig. S2). Figure 1C shows rep-
resentative ERG waveforms from a KO mouse and its WT
littermate. The progressive worsening of cone function in the
KO retina is also reflected by the pronounced reduction in the
flicker response (Fig. 1C).

A significant alteration in light-adapted b-wave kinetics was
observed in Rp2-KO mice when compared with their WT litter-
mates (Fig. 1D and F), consistent with a previous report (28). To
assess the response kinetics, we measured the time it takes the
b-wave to rise to 50% of its peak amplitude (T50 rise), the time to
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reach the peak amplitude (Tmax, same as implicit time) and the
time to fall from the peak to 50% of the peak amplitude (T50 decay)
(Fig. 1E). The 4-month-old KOmice displayed significantly longer
time course in all threemeasurements than theirWT littermates
(Fig. 1F, right panel). In particular, the kinetics of the b-wave fall-
ing phasewas distinctly slower in KOmice comparedwithWT, as
reflected bymuch longer T50 decay time (40.1 ± 1.6 ms inWT ver-
sus 81.8 ± 5.5 ms in KO, mean ± SEM). This alteration in kinetics
began early, as longer Tmax and T50 decay were already observed
in 1-month-old KO mice (Fig. 1F, left panel). The kinetics dif-
ference between KO and WT mice appeared to be specific to
cone system, as no such change was observed in dark-adapted
b-wave under low flash stimulus intensity, which reflects the
function of pure rod system (data not shown).

In concordance with the cone-mediated ERG changes, much
fewer M- and S-cone opsin expressing cells were detected in

the KO retina at 18 months of age compared with the WT retina
(Fig. 2A). In contrast, rod cells did not show obvious defects. Simi-
lar levels of rhodopsin expression were observed in both KO
andWT retinas with normal localization in OS, and the thickness
of rod-dominant photoreceptor layer was not significantly al-
tered even in the 18-month-old KO retina (Fig. 2B). The relatively
mild rod dysfunction in the KO mice is likely caused by some-
what disorganized OS as revealed by ultrastructural analysis
(27). Rod disorganization was not captured by our light micros-
copy analyses.

Stable expression of human RP2 protein in mouse
photoreceptors by AAV8-RP2 vector

We designed and constructed an AAV vector carrying a human
RP2 expression cassette that was composed of a photoreceptor-

Figure 1. Progression of photoreceptor dysfunction in Rp2-KOmice. (A) ERG of Rp2-KOmice and theirWT littermates over an 18-month period. The stimulus intensities for

dark- and light-adapted ERGs were −4.0 to 3.0 and −1.0 to 2.0 log cd s/m2, respectively. Only the amplitudes with the highest flash stimuli are shown. The ERG response

with a full range of flash stimuli is shown in the Supplementary Material, Figure S2. Significantly reduced amplitudes of dark-adapted a- (left penal) and light-adapted

b-wave (right panel) were observed in Rp2-KO mice, starting from 4 months of age and through the entire duration. (B) The ratio between KO and WT of dark-adapted a-

wave and light-adapted b-wave over the 18-month period. The ratio for light-adapted b-wave decreased at a nearly constant rate, whereas that for dark-adapted a-wave

remained stable during 4–18months of age. (C) Representative ERG traces including 10 Hzflicker at 4 and 18months fromoneKOmouse and oneWT littermate. (D) Overlay

of light-adapted b-waves from an Rp2-KO and aWTmouse. (E) Illustration of the parameters used to characterize the kinetics of the light-adapted b-wave. T50 rise refers to

the time from the stimulus onset to the 50% of the peak amplitude in the rising phase. Tmax refers to the time from the stimulus onset to the peak amplitude, same as b

wave implicit time. T50 decay refers to the time from the peak amplitude to 50% of the peak amplitude in the falling phase. Calculations were based on filtered ERG trace

shown in blue. The original ERG trace is shown in black. (F) Comparison between Rp2-KO andWTmice for light-adapted b-wave kinetics at 1 and 4months. In addition to a

significantly prolonged implicit time, the KO mice exhibit a much slower kinetics of the b-wave falling phase. In (A) and (F), the number of mice tested in each group is

indicated by white lettering inside each bar. Data fromWT and KOmice were compared by two-tailed unpaired t-test and represented as mean ± SEM. *P < 0.05, **P < 0.01,

****P < 0.0001.
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specific human rhodopsin kinase (RK) promoter (33), a Cyto-
megalovirus (CMV) and human β-globin hybrid intron, human
RP2-coding sequence and the human β-globin polyadenylation
site (20), flanked by two inverted terminal repeats (ITRs) from
AAV serotype 2 (AAV2) (Fig. 3A). The RK promoter works efficient-
ly in both rods and cones inmice, as previously reported (33). The
RP2 expression cassette is <2 kb; therefore, we generated a self-
complementary (sc) AAV vector capable of mediating an early
andmore efficient transgene expression comparedwith the con-
ventional single-stranded (ss) vector (34–38). The sc vector was
constructed by replacing one WT ITR by a mutant ITR in which
the terminal resolution site andD sequence of AAV2were deleted
(34,35). The construct was packaged into AAV8, one of the natur-
ally occurring AAV serotypes that transduce photoreceptors of
mouse and non-human primate most efficiently (37,39,40), and
was designated as AAV8-scRK-hRP2 vector.

We performed subretinal injections of the vector into RP2-KO
mouse retina and examined the expression of RP2 protein 4
weeks later by immunoblot analyses of retinal extracts using a
polyclonal antibody that recognizes both mouse and human
RP2 proteins (Fig. 3B). While the vehicle-treated retina did not re-
veal any RP2-specific band, the vector-treated retina showed a
protein of expectedmolecular weight (∼40 kDa), which was simi-
lar to that observed in the human retinal lysate. The endogenous
mouse RP2 protein in the WT retina migrated somewhat faster
than the human ortholog. As mouse and human RP2 proteins
contain 347 and 350 residues, respectively, the electrophoretic
mobility differencemight reflect distinct amino acid composition
and/or post-translational modification of the two proteins.

Endogenousmouse RP2 protein is detected in the photorecep-
tor inner segments (IS), aswell as in other cell and plexiform layers
(outer and inner plexiform layers, OPL and IPL, respectively) but
was not present in the Rp2-KO retina. The vector-expressed
human RP2 protein was primarily localized in the IS and nuclei
of photoreceptors (Fig. 3C). Lack of RP2 immunostaining in

other layers of the retina likely reflects the specificity of RK
promoter and/or the inaccessibility of the vector to inner retina
following subretinal administration. The vector-mediated
RP2 expression was sustained throughout the entire 18-month
study period (Supplementary Material, Fig. S3).

Preservation of cone function in Rp2-KO mice by
AAV8-RP2 vector delivery over a wide dose range

The patients with RP2 mutations usually exhibit early-onset
symptoms during the first or second decade of life.We, therefore,
chose young adult (4- to 6-week-old) Rp2-KO mice to evaluate
whether the vector treatment would rescue the disease. These
mice received the vector injection subretinally in one eye at a
dose of 1 × 108, 3 × 108 or 1 × 109 vector genomes (vg), with the
contralateral eye receiving vehicle injection as control. A long-
itudinal ERG monitoring was performed until the mice reached
18 months of age. Given the large variation in ERG amplitudes
among individual mice, two-tailed paired t-test was employed
to compare the vector- and the vehicle-treated eyes. Rescue
of cone function was achieved in both the 1 × 108 and the 3 × 108

vg/eye dose groups, as revealed by significantly higher light-
adapted b-wave amplitudes in vector-treated eyes compared
with fellow control eyes (Fig. 4A and Supplementary Material,
Figs. S4 and S5). This therapeutic effect was observed as early
as 4 months of age, the earliest time point of ERG examination,
and lasted throughout the entire duration of the study period.
Almost 75% (71–78%) of photopic b-wave amplitude was pre-
served in vector-treated eyes at 18 months in contrast to only
∼28% remaining in the control eyes. The waveforms of light-
adapted ERG from a treated KO mouse and an age-matched WT
mouse are shown in Figure 4B. In addition to preservation of
light-adapted b-wave amplitude, the treatment completely
corrected the alteration of b-wave kinetics in the KO retina, as

Figure 2. Cone degeneration in 18-month-old Rp2-KOmice. Age-matchedWTC57/Bl6micewere used as controls. (A) M- and S-opsin staining of retinal sections. Markedly

reduced numbers of M- and S-opsin expressing cells in the KO retina were observed compared with those in theWT retina. (B) Rhodopsin staining of retinal sections. No

obvious differences were observed between KO and WT mice in rhodopsin expression and its intracellular localization, and thickness of rod-dominant photoreceptor

layer. Scale bar 20 μm. OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.
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revealed by nearly normal T50 rise, Tmax and T50 decay measured in
the vector-treated eyes of 4-month-old mice (Fig. 4C). In contrast
to the pronounced rescue of cone function, 1 × 108 vg/eye vector
treatment appeared to be neither therapeutic nor toxic to rods,
as no significant differencewas observed between vector- and ve-
hicle-treated eyes in rod ERG response (dark-adapted a-wave)
during the 18-month study period (Supplementary Material,
Fig. S4). Similarly, 3 × 108 vg/eye vector treatment had no obvious
effect on rods in general, although slightly lower dark-adapted
response was observed at certain time points (Supplementary
Material, Fig. S5). The lack of therapeutic effect on rods may be
explained by early onset (within 1month of age and before vector
administration, data not shown), though slower progression, of
functional impairment in rods of Rp2-KO mice. Mice receiving
the highest 1 × 109 vg/eye dose displayed retinal toxicity, which
is discussed later.

The remarkable rescue of cone function at the dose of 1 × 108

or 3 × 108 vg/eye prompted us to explore whether a lower dose
could still be efficacious. We, therefore, administered the vector
to one group of mice with a dose of 5 × 107 vg/eye and examined
them by ERG at 6.5 and 18months of age. The vector-treated eyes
still exhibited significantly higher light-adapted b-wave ampli-
tude comparedwith control eyes, indicating the vector’s potency

even at this low dose (Supplementary Material, Fig. S6). The res-
cue of cone function was not biased toward M- or S-cones, since
vector-treated eyes displayed comparable preservation of M- and
S-cone-driven ERG responses (Supplementary Material, Fig. S7).

Rp2-KO mice treated with 1 × 108 vg or 3 × 108 vg vector dose
were also subjected to optomotor test under photopic condition
at 19 months of age. Although lower thanWT controls, the opto-
motor response of the vector-treated eyes was significantly high-
er than that of the vehicle-treated eyes (Fig. 5), indicating a better-
preserved cone-mediated visual behavior by gene replacement.

Maintenance of normal cone protein expression in
Rp2-KO retina by RP2 gene delivery

M-opsin localizes to OS in WT cones but is mis-trafficked to IS,
peri-nuclei and synaptic terminals in the control Rp2-KO cones
(Fig. 6A), consistent with our previous findings (27). Normal sub-
cellular localization ofM-opsinwas observed in vector-treated ret-
ina, suggesting that the treatment either prevented or reversedM-
conemis-trafficking (Fig. 6A). No obvious S-opsinmis-localization
was noted in either vehicle- or vector-treated KO retina (Fig. 6B).
Consistent with a recent report (28), cone PDE6 expression was
almost undetectable in the OS of vehicle-treated KO retina,where-
as vector-treated retina retained nearly normal expression of the
protein (Fig. 6C). Two rod-specific proteins, rhodopsin and PDE6β,
primarily localize to the OS inWT retina; their expression or local-
ization in KO retina was not affected by vector treatment (Supple-
mentary Material, Figs. S8 and S9).

Pronounced cone preservation in vector-treated eyes was ob-
served at 18months, as revealed by a significantly higher number
of peanut agglutinin (PNA)-stained cells in both superior and in-
ferior retina (Fig. 7A and B) compared with those of the control
eyes. Additionally, higher numbers of M- and S-cones were no-
ticed in both the retinal whole mounts (Fig. 7A) and sections
(Fig. 7C) in vector-treated eyes than in those of the control eyes.

Dose escalation studies of the AAV8-RP2 vector
in Rp2-KO mice

Vector doses ranging from 5 × 107 to 3 × 108 vg/eyewere efficacious
in rescuing cone function and viability in Rp2-KO mice. These
doses, though could not restore the mildly impaired rod function,
were in general non-toxic to rods based on our ERG analyses (Sup-
plementary Material, Figs. S4–S6). However, the dose of 1 × 109 vg/
eyewas apparently toxic to rods, as reflected bymarkedly reduced
amplitudes of dark-adapted a- and b-waves (Fig. 8A and Supple-
mentary Material, Fig. S11). Although this dose preserved cone
function at 4 and 8 months, this beneficial effect diminished at
18 months, probably due to secondary cone cell death caused by
eventual loss of rods. Immunofluorescence analyses at 18months
of age revealed much thinner or no outer nuclear layer (ONL) in
multiple regions of the 1 × 109 vg-treated eye, in contrast to no ob-
vious change in the 1 × 108 vg-treated eye (Fig. 8B). Therefore, the
dose of 1 × 109 vg/eye was toxic to the retina.

Prevention of cone dysfunction and loss in Rp2-KO mice
by RP2 gene delivery at late stages

To assess whether Rp2-KO mice with more advanced cone dys-
function and degeneration would still benefit from the treatment,
we administered the vector to 10-month-old Rp2-KOmice at a dose
of 3 × 108 vg/eye and examined their retinal function and structure
at 18 months of age. Although the therapeutic effect was not as
remarkable as in the case of early intervention (Fig. 4A), the

Figure 3. Human RP2 AAV vector and its expression in Rp2-KO retina. (A)

Schematic representation of the vector. (B) Immunoblot analysis using an RP2

antibody that recognizes both mouse and human RP2 proteins. The retinal

lysate from an Rp2-KO mouse receiving subretinal administration of the AAV8-

scRK-hRP2 vector for 1 month revealed a ∼40 kDa protein band corresponding to

the human RP2 protein, which is similar to that detectable in human retinal

lysate. The retinal lysate from a WT mouse revealed a band that migrates

slightly faster than that from the human. β-Actin was used as loading controls.

(C) Immunostaining of retinal sections from Rp2-KO mice 1 month after they

received subretinal injection of vector or vehicle, using an antibody against

both mouse and human RP2 proteins. AWT C57/Bl6 retinal section was used as

positive control. Endogenous mouse RP2 protein was detected in multiple

layers in WT retina, including the IS, OPL and IPL, which was not seen in the

Rp2-KO retina. The vector-expressed human RP2 protein was primarily observed

at the IS and nuclei of photoreceptors. Scale bar 50 μm. OS, outer segments; IS,

inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner

nuclear layer; IPL, inner plexiform layer.
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vector-treated eyes still displayed significantly higher light-
adapted b-wave amplitude than vehicle-treated eyes (Fig. 9A and
B and Supplementary Material, Fig. S10). Consistently, substantial
M- and S-opsin and cone PDE6 expressing cells were preserved in
the vector-treated retina, in contrast to the vehicle-treated retina
(Fig. 9C).

Discussion
Gene replacement therapy is an attractive approach for treating
monogenic retinal diseases because of relatively easy access to
target cells for gene delivery. To date, almost 250 genes have
been associated with clinical phenotypes that include retinal
dysfunction (RetNet, https://sph.uth.edu/Retnet/sum-dis.htm);
many of these are potential targets for therapy by replacement
of the normal gene. AAV and lentivirus vectors are efficient in
transducing retinal cells and are being tested in human clinical
trials (6). With the initial success in RPE65-LCA patients, gene
replacement therapy for several retinal degenerative diseases, in-
cluding choroideremia, Usher syndrome type 1B, Stargart’s dis-
ease and X-linked retinoschisis, has rapidly entered clinical
stage (https://clinicaltrials.gov/). Likemost inherited retinal degen-
eration, RP2-XLRP afflicts a small patient population but gained
our attention for developing gene therapy because of early onset
of disease and relatively severe vision impairment in affected
individuals. The disease is a good candidate for gene replacement
since the RP2-coding sequence is small enough to be delivered by
an AAV vector and RP2mutations primarily affect photoreceptors,

which can be efficiently transduced by AAV. In the present study,
we report long-term dose efficacy profile for the treatment of RP2
disease byanAAVvector inRp2-KOmousemodel, establishing the
framework for future clinical development.

A therapeutic vector should provide effective treatment
with minimal safety concerns. Compared with the other viral
vectors, AAV exhibits a much better safety profile due to its low

Figure 4. Preservation of ERG response in Rp2-KO mice that received vector treatment. Mice received unilateral injections of the AAV8-scRK-hRP2 vector and contralateral

injections of vehicle at 4–6 weeks of age. (A) Light-adapted b-wave amplitude of Rp2-KO mice injected with 1 × 108 (left panel) or 3 × 108 vg/eye (right panel) of the vector.

The stimulus intensities were from −1.0 to 2.0 log cd s/m2. Only the amplitude with the highest flash stimulus is shown. The ERG response with a full range of flash

stimuli is shown in the Supplementary Material, Figure S4 and S5. Sustained higher amplitude was observed in vector-treated eyes than control eyes from 4 to 18

months of age. The number of mice tested in each group is indicated by white lettering inside each bar. The ages of the tested mice are indicated in the X-axis. ERG

amplitudes from vector- and vehicle-injected eyes were compared by two-tailed paired t-test and represented as mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ERG of age-matchedWTmice shown in Figure 1 was used as reference. (B) Overlay of light-adapted ERG traces from vehicle- and 3 × 108 vg vector-injected eyes of an Rp2-KO

mouse at different time points. ERG trace froman age-matchedWT littermate is shownas control.While slower-bwave kineticswas observed in the vehicle-treated eye, the

vector-treated eye displays a similar kinetics to that ofWT. (C) Comparison betweenvehicle- and vector-treated eyes ofRp2-KO for their photopic bwave kinetics at 4months.

Age-matchedWT littermateswere used as references.While the vehicle-injected eyes exhibit amuch slower kinetics of thebwave especiallyat the fallingphase as indicated

by the T50 decay, the vector-injected eyes display normal kinetics as the WT. Data from vector- and vehicle-injected eyes were compared by two-tailed paired t-test and

represented as mean± SEM. ***P < 0.001. In (A) and (C), the number of mice tested in each group is indicated by white lettering inside each bar.

Figure 5. Preservation of optomotor response in Rp2-KO mice following vector

treatment. Optomotor test was performed on 19-month-old Rp2-KO mice that

received subretinal injections of AAV8-scRK-hRP2 vector at 4–6 weeks of age. Mice

were injected unilaterallywith a dose of either 1 × 108 or 3 × 108 vg/eye,with vehicle

injected to the contralateral eyes as controls. Age-matched WT littermates were

used as references. The number of mice used in each group is indicated by white

lettering inside each bar. Spatial resolution (expressed as cycles/degree) from

vector- and vehicle- treated eyes were compared by paired two-tailed t-test. All

the values in the bar graph were represented as mean± SEM. *P < 0.05, **P < 0.01.
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integration frequency and immunogenicity and non-pathogen-
icity of its parental form (41). However, a large amount of vector
payload could be toxic to the retina due to limited capacity of ret-
inal cells for processing the capsid protein and vector DNA, as
suggested in our recent efficacy/toxicity study for RPGR-XLRP
disease in mice (20). An ideal vector should be able to provide
adequate transgene expression at a relatively lowdose,withmin-
imal adverse effects owing to gene delivery. Tomeet this require-
ment, we adopted a combinatorial strategy inwhich optimal AAV
serotype, vector genome form (scAAV instead of ssAAV) and tran-
scriptional elements for photoreceptor transduction were incor-
porated into the RP2 vector design. AAV8 appears to be better
than the other commonly used serotypes (such as AAV2 and
AAV5) in transducing photoreceptors of mouse and/or non-
human primates as shown in a few previous studies (37,39,40)
and was therefore chosen in the present study. A 20-fold vector
dose range (5 × 107 to 109 vg/eye) was tested for its efficacy and
toxicity, and except for the highest dose, administration of
3 × 108, 1 × 108 or 5 × 107 vg/eye was able to provide long-term
preservation of cone function and viability in the Rp2-KO mice.
The lowest dose, 5 × 107 vg/eye, if converted to human applica-
tion, will be 3.5 × 109 vg/eye, considering about 70-fold difference
between mouse and human retinal surface areas. Although the
transgene and the AAV serotype are different, this dose is far
below the lowest AAV vector dose that has been tested in the
RPE65 clinical trial (1.5 × 1010 vg/eye) (42). Our results suggest
that the vector could be efficacious and well tolerated if applied

to XLRP-RP2 patients. Not surprisingly, 1 × 109 vg/eye dose lead
to high level of human RP2 expression and exhibited retinal tox-
icity, especially to rod photoreceptors. This toxicity is less likely
caused by the vector capsid and genome since a similar dose of
AAV8 was well tolerated in mice (20,43,44).

In our recent (27) and current studies, mis-trafficking of M-
cone opsin was observed in Rp2-KO retina, likely due to defect
in cilia trafficking caused by the loss of RP2 protein (27). Consist-
ent with previous observations (28), expression of cone PDE6 was
diminished in cone OS of the KO retina. As a consequence of the
lack of RP2-GAP function, the resulting high concentration of
hyperactive ARL3-GTP could have impeded the interaction of
PDE6D with its prenylated cargo, such as GRK1 and PDE6. In add-
ition, we replicated the finding of significant delay in the falling
phase of photopic b-wave in the KO mice (28). Similar patterns
of prolonged falling phase of photopic b-wave have been ob-
served in Pde9a-KO mouse (45) and in tetrodotoxin (TTX) or cis-
2,3-piperidine-dicarboxylic acid (PDA)-treated mice (46). Mech-
anism underlying this altered kinetics of photopic ERG by RP2
ablation is unclear and is beyond the scope of our current
study. The diminished GRK1 in cone OS, which delays the deacti-
vation of opsin-mediated phototransduction cascade, could par-
tially account for this observation (28), but the involvement of
cells in inner retinal layers cannot be ruled out. These pathologic-
al processes, includingmis-trafficking or loss of cone protein and
the alteration in ERG kinetics, were either prevented or reversed
in mice receiving RP2 gene delivery.

A sufficient number of photoreceptors should remain in the
degenerating retina for gene replacement therapy to be success-
ful, thus requiring an early intervention. However, such a scen-
ario is often difficult in patients with early-onset and rapidly
progressing retinal degeneration. Administration of vectors in
model animals with substantial retinal degeneration may simu-
late the paradigm for the majority of patients who have already
presented severe clinical symptoms at the time of diagnosis or
treatment. Although not as pronounced as early intervention,
our studies demonstrate that gene delivery even at a late stage
of disease might partially rescue RP2 loss-of-function defects,
thus providing hope for older XLRP-RP2 patients.

Our current vector dose efficacy/toxicity profile obtained in
the Rp2-KO mice can be extrapolated to patients with predicted
null alleles. It will be of interest to determine whether vector
dose responses aredifferent inmousemodelswith other Rp2mu-
tations (e.g. missense, truncation or splicing mutations). In add-
ition, gain-of-function RP2 mutations, though not identified as
yet, would likely require other treatment strategies including
gene knock-down. Whether gene replacement would work in
the presence of a mutant protein is worth investigation.

The RP2-KO mice used in our current study displayed cone-
dominant retinal phenotype. Although rod dysfunction was
also observed, the cone impairment was far more severe as re-
ported previously (27,28). The mechanism underlying this
discrepancy between rod and cone dysfunction in response to
loss of RP2 remains to be elucidated. Since rod-related symp-
toms are presented in amajority of RP2 patients, additional ani-
mal models might be required to evaluate the efficacy of the
vector for treating both rod and cone impairments. Regardless,
the therapeutic AAV8-RP2 vector developed in the present
study is clearly efficacious in preserving cone function. As the
first report of gene replacement therapy for RP2 disease, our
study is attractive for clinical development because of the
wide effective vector dose range, a broad treatment window
and long-lasting therapeutic effects that are obvious in the trea-
ted Rp2-KO mice.

Figure 6. Correction of cone opsin mis-localization and restoration of cone PDE6

expression in Rp2-KO retina following vector treatment. Immunostaining of

M-opsin (A), S-opsin (B) and cone PDE6 (C) of retinal sections from a 6.5-month-

old Rp2-KO mouse that received vehicle or 5 × 107 vg AAV8-scRK-hRP2 vector

administration at 4 weeks of age. Retinal sections from an age-matched WT

C57/Bl6 mouse were used as controls. While M-opsin is mis-trafficked to OS, IS,

nuclei and synaptic terminals in vehicle-treated retina, it is only localized to OS

in vector-treated retina, similar to the WT mouse. Diminished cone PDE6 was

observed in the vehicle-treated retina, whereas in the vector-treated retina,

cone PDE6 restored and is localized to OS. Scale bar 50 μm. OS, outer segments;

IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.
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Materials and Methods
Generation of the Rp2-KO mouse line and animal
husbandry

Studies conform to the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research. NEI Animal Care and Use Com-
mittee approved all animal protocols. Rp2-KOmouse linewas cre-
ated by crossing Rp2flox/flox mice (27) with a Cre-expressing line
(CAG-Cre or Zp3-Cre line) (31,32). All mice were maintained in
NIH animal care facility in controlled ambient illumination on a
12 h light/12 h dark cycle.

AAV vector construction and production

Togenerate the therapeutic AAV vector, a 1073 bpDNA fragment
containing the human RP2-coding sequence (NCBI Ref. Seq. No.:
NM_006915.2) with flanking Cla I and Xho I sites was synthe-
sized and sequence-verified (DNA2.0, Menlo Park, CA, USA).
The fragment also contains GCCACC Kozak sequence just up-
stream of the start codon. This fragment was digested with
Cla I and Xho I restriction enzymes and cloned into an existing
AAV shuttle plasmidmaintained in laboratory. It was inserted in
between an upstream RK promoter and a chimeric (β-globin/
CMV) intron and a downstream β-globin polyadenylation signal.
AAV type 2 ITRs were used in the AAV vector plasmid construc-
tion. Tomake a scAAVvector, the left ITR (ITR near the promoter
region) was modified to eliminate the terminal resolution site
and AAV D sequence. The resultant plasmid was named as
pV4.7scRK-RP2.

Triple-plasmid transfection to HEK293 cells was used to pro-
duce the AAV-RP2 vector as described previously (47). The sc
AAV human RP2 construct was packaged into AAV8 capsid. The
vector was purified by polyethylene glycol precipitation followed
by cesium chloride density gradient fractionation, as described
earlier (47). The purified vector was maintained in solution con-
taining 10 m Tris–HCl, 180 m NaCl and pH 7.4. The virus was
titered by real-time polymerase chain reaction using the follow-
ing primers and fluorescent-labeled probes:

Forward primer: 5′ GCACCTTCTTGCCACTCCTA 3′
Reverse primer: 5′ GACACAGCACCAGGCTAAATCC 3′
Probe: 5′ FAM-CGTCCTCCGTGACCCCGGC-TAMRA 3′
Linearized plasmid DNAwas used as standard to quantify the
virus.

Subretinal injection

Subretinal injections were performed as previously described (48)
with some modifications. Mice were anesthetized with an intra-
peritoneal injection of ketamine (80 mg/Kg) and xylazine (8 mg/
Kg). The pupilswere dilatedwith topical atropine (1%) and tropica-
mide (0.5%). Proparacaine (0.5%) was used as topical anesthesia.
Surgerywas performed underan ophthalmic surgicalmicroscope.
An18-gauge sharpneedlewasused tomake a small incision in the
cornea adjacent to the limbus. A 33-gauge blunt needle fitted to a
Hamilton syringe was inserted through the incision while avoid-
ing the lens and pushed through the retina. One microliter of ei-
ther therapeutic AAV vector or vehicle (10 m Tris–HCl, 180 m

NaCl, pH 7.4) was delivered subretinally to the eye. The vector

Figure 7. Long-term preservation of cone photoreceptors in Rp2-KOmice following vector treatment. (A) Immunofluorescence analysis of retinal whole mounts of an 18-

month-old Rp2-KO mouse that received subretinal administration of vehicle or 1 × 108 vg AAV8-scRK-hRP2 vector at 4 weeks of age. Quantification of cone cells in retinal

whole mounts (B) revealed a significantly higher number of cone cells in vector-treated eyes compared with vehicle-treated control eyes. The number of mice tested in

each group is indicated by white lettering inside each bar. Data from vector- and vehicle-injected eyes were compared by two-tailed paired t-test and represented as

mean ± SEM. **P < 0.01. (C) Retinal sections showing a higher number of S- and M-opsin expressing cells in vector-treated eye than in vehicle-treated eye. Scale bar

50 μm. OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.
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was given in the right eyes, and the vehicle was given in the left
eyes. Visualization during injectionwas aided by addition offluor-
escein (100mg/ml AK-FLUOR, Alcon, Fort Worth, TX, USA) to the
vector suspension at 0.1% by volume.

Electroretinogram (ERG)

ERGs were performed using Espione E2 system (E2, Diagnosys
LLC, Lowell, MA, USA). Micewere dark-adapted overnight. Pupils
were dilated with topical phenylephrine (2.5%) and tropicamide
(0.5%). Micewere anesthetizedwith an intra-peritoneal injection
of ketamine (80 mg/Kg) and xylazine (8 mg/Kg). All the above
procedures were conducted in dim red light. ERGs were recorded
from both the eyes using gold wire loops with 0.5% proparacaine
topical anesthesia and a drop of 2.5% hypromellose ophthalmic
demulcent solution for corneal hydration. A gold wire loop
placed in the mouth was used as reference, and a ground elec-
trode was placed on the tail. Flash intensities for dark-adapted
ERG ranged from −4.0 to +3.0 log cd sm−2/flash. Light-adapted
ERGs were recorded after 2 min of adaptation to a white 32 cd
m−2 rod-suppressing background. ERG recording was conducted
with a brief white flash intensity ranging from −0.53 to +2.0 log
cd sm–2/flash. The flicker response was taken with 10 Hz light

flicks. The responses were computer averaged and recorded at
3–60 s intervals depending on flash intensity. For recording M-
and S-cone-mediated ERG response, the mice were first light
adapted for 2 min in green light with 20 cdm−2 intensity. ERG
was recorded by alternating green and UV flashes. The inten-
sities ranged from 0.1671 × 104 to 55.7 × 104 photon/µm2 for
green flashes and from 0.0113 × 104 to 33.9 × 104 photon/µm2 for
UV flashes, with a background green illumination of 20 cdm−2.
ERG analyzer that employs a zero-phase low-pass digital fil-
ter and a program built in MatLab by NEI Visual Function Core
was used to remove oscillatory potentials in recorded ERG
waveforms.

Optomotor test

Visual behavior of the mice was determined by optomotor test
using OptoMotry developed by Cerebral Mechanics (http://www.
cerebralmechanics.com/) following the protocol described else-
where (49,50). Briefly, the mouse was placed at the center of
closed OptoMotry surrounded by four computer screens. A cam-
era was place on the top to monitor the movement of the mouse.
The computer screens created a virtual image of rotating drum
with sine-wave grating. The tracking of the rotating gratings by

Figure 8. Retinal toxicity at high vector dose. (A) Dark- and light-adapted ERG responses at different time points in Rp2-KOmice treatedwith AAV8-scRK-hRP2 vector. Mice

were injected unilaterally with 1 × 109 vg/eye of the vector when they were 4–6 weeks old, with the vehicle injected to the contralateral eyes as controls. The number of

mice tested in each group is indicated bywhite lettering inside each bar. The stimulus intensities for dark- and light-adapted ERGswere−4.0 to 3.0 and−1.0 to 2.0 log cd s/m2,

respectively. Only the amplitudes with the highest flash stimuli are shown. The ERG response with a full range of flash stimuli is shown in the Supplementary Material,

Figure S11. ERG amplitudes from vector- and vehicle- injected eyes were compared by two-tailed paired t-test and represented as mean ± SEM. *P < 0.05, **P < 0.01,

****P < 0.0001. Lower dark-adapted ERG response in the vector-treated eyes indicates retinal toxicity likely caused by high RP2 expression. (B) RP2 staining of retinal

sections from 18-month-old Rp2-KO mice that received injections of 1 × 109 or 1 × 108 vg/eye of the vector. Thinning of ONL was observed at multiple regions in the

retina treated with 1 × 109 vg/eye, while relatively normal ONL thickness was maintained in the 1 × 108 vg-treated retina. The magnified images of the marked areas

are shown. Scale bar 50 μm. IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.
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themousewas scored by its head and neckmovements. The spa-
tial frequency of the gratingwas controlled andmonitored byOp-
toMotry© software (Ver14). The maximum spatial frequency in
100% background contrast that generated a tracking movement
of the animal was recorded for each eye.

Immunoblotting

Whole retinal lysate was prepared in RIPA buffer containing pro-
tease inhibitor cocktail by sonication. The lysate was cleared by
brief spinning, and the protein concentration is estimated using
the Bradford reagent. Approximately 20 µg of protein was loaded
in each lane of 10% sodium dodecyl sulphate-polyacrylamide gel
(BioRad USA, Cat. No. 456–8033). Immunoblot was performed
using a protocol described previously (20). The primary anti-
bodies used included a rabbit polyclonal antibody against
polyhistidine-conjugated full-length mouse RP2 protein (Gene-
way Biotech, San Diego, CA) and a mouse monoclonal anti-β
actin antibody (Sigma, Cat. No. A5316). The proteins were vis-
ualized with peroxidase-conjugated goat anti-rabbit or goat
anti-mouse secondary antibody using SuperSignal West Pico

Chemiluminescent substrate (Thermo Fisher Scientific, Inc.,
Rockford, IL, Cat. No. 34087).

Immunofluorescence

Mice were euthanized, and the eyes were enucleated and fixed
in 4% paraformaldehyde (PFA) solution for 1–2 h and passed
through a series of sucrose solution for cryo-protection and
flash frozen in OCT solution. A series of 12 µm sections was
cut through the eyes in superior–inferior pole orientation by
cryostat. The sections were stained with specific antibodies
using the following protocol. Sections were blocked in 5% goat
serum in phosphate-buffered saline (PBS) containing 0.1% Tri-
ton X-100 (PBST) for 1 h, followed by incubation with primary
antibodies diluted in 2% goat serum at 4°C overnight. Sections
were washed three times in PBST and incubated with fluoro-
chrome-conjugated secondary antibodies and 0.2 µg/ml DAPI
for 1 h. Sections were washed again with PBST and mounted
in Fluoromount-G (SouthernBiotech, Birmingham, AL). Images
were captured on a confocal scanning microscope LSM700
(Zeiss, Germany).

Figure 9. Preservation of cone function and cone proteins in Rp2-KOmice following vector treatment at an older age. (A) Light-adapted ERGb-waveamplitude of 18-month-

old Rp2-KOmice that received subretinal injection of AAV8-scRK-hRP2 vector at 10months of age. Micewere injected unilaterallywith the vector at a dose of 3 × 108 vg/eye,

with the vehicle injected to the contralateral eyes as controls. The stimulus intensities were from −1.0 to 2.0 log cd s/m2. Only the amplitude with the highest flash

stimulus is shown. The ERG response with a full range of flash stimuli is shown in the Supplementary Material, Figure S10. The number of mice tested in each group

is indicated by white lettering inside each bar. ERG amplitudes from vector- and vehicle-injected eyes were compared by two-tailed paired t-test and represented as

mean ± SEM. **P < 0.01. The vector-injected eyes exhibited significantly higher amplitude than control eyes. (B) Representative light-adapted and 10 Hz flicker ERG

traces. (C) Immunofluorescence of retinal sections. Higher numbers of S- and M-opsin expressing cells were maintained in the vector-treated retinal sections. Cone

PDE6 (cPDE6) expression was also restored in the OS of the vector-treated retina. Scale bar 50 μm. OS, outer segments; IS, inner segments; ONL, outer nuclear layer;

INL, inner nuclear layer.
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To prepare flat mount of retina, enucleated eyes from eutha-
nizedmice were first incubated in chilled PBS solution for 15 min
over ice. The eye balls were squeezed gently several times to de-
tach the retina. The eye balls were then fixed in 4% PFA for 1 h,
and the retinas were separated from other parts of the eye,
washed with PBST and blocked in 5% goat serum in PBST for
4 h. The retina whole mounts were then incubated with primary
antibodies diluted in 2% goat serum at 4°C overnight with slow
agitation. The whole mounts were washed three times (twice
for 45 min each and once for 1 h) in PBST, incubated with fluoro-
chrome-conjugated secondary antibodies for 4 h. Theywere then
washed again in PBST and mounted in Fluoromount-G, with
photoreceptor layers facing up. Imaging was conducted on con-
focal scanning microscope LSM700.

The primary antibodies used for immunofluorescence in-
cluded rabbit polyclonal antibody against mouse RP2 protein as
described earlier,mousemonoclonal antibody against rhodopsin
(1D4, Santa Cruz Biotechnology, Dallas, TX, Cat. No. sc-57432),
rabbit polyclonal antibody against M-opsin (Millipore, Billerica,
MA, Cat. No. AB5404), chicken polyclonal antibody against S-opsin
(48), rabbit polyclonal antibody against cone PDE6 (48) and rabbit
polyclonal antibody against rod PDE (rod PDE β subunit; Affinity
BioReagent, Golden, CO). Secondary antibodies included goat
anti-rabbit, anti-mouse or anti-chicken antibodies conjugated
with Alexa Fluor 488,568 or 647 (Life Technologies, Grand Island,
NY, USA). DAPI and Alexa Fluor 594-conjugated peanut hem-
agglutinin (PNA) (Life Technologies) were used to stain the nuclei
and cone photoreceptors, respectively.

Quantification of cones in mouse retina

For quantification of cone cells in vector- and vehicle-treated eyes,
flat mounts of retina stained with PNA were used. PNA-stained
cells from 10 randomly selected non-overlapping 0.01 mm2 areas
(5 from superior and 5 from inferior retina) were counted. From
the numbers obtained, total projected numbers of cone cells in
1 mm2 area were calculated. Cone cell numbers from vector- and
vehicle-treated eyes were compared by two-tailed paired t-test.

Statistical analysis

Two-tailed unpaired t-test was performed to compare the results
from Rp2-KO and WT mice. Two-tailed paired t-test was per-
formed to compare the results from vector- and vehicle-injected
eyes. GraphPad Prism 6 (GraphPad Software, La Jolla, CA) was
used for statistical analysis.

Supplementary Material
Supplementary Material is available at HMG online.
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