
UC Davis
UC Davis Previously Published Works

Title
A long-term efficacy study of gene replacement therapy for RPGR-associated retinal 
degeneration

Permalink
https://escholarship.org/uc/item/5rd4935g

Journal
Human Molecular Genetics, 24(14)

ISSN
0964-6906

Authors
Wu, Zhijian
Hiriyanna, Suja
Qian, Haohua
et al.

Publication Date
2015-07-15

DOI
10.1093/hmg/ddv134
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5rd4935g
https://escholarship.org/uc/item/5rd4935g#author
https://escholarship.org
http://www.cdlib.org/


OR I G INA L ART I C L E

A long-term efficacy study of gene replacement therapy
for RPGR-associated retinal degeneration
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Maria M. Campos, Chun Gao, Robert Fariss, Paul A. Sieving, Tiansen Li,
Peter Colosi† and Anand Swaroop*

National Eye Institute, National Institutes of Health, Bethesda, MD 20892, USA

*Towhomcorrespondence should be addressed at: Ocular Gene Therapy Core, National Eye Institute, National Institutes of Health, 6 Center Drive, Room 306,
MSC 0610, Bethesda, MD 20892, USA. Tel: +301 5945376; Fax: +301 4801769; Email: wuzh@mail.nih.gov (Z.W.); Neurobiology-Neurodegeneration and Repair
Laboratory, National Eye Institute, National Institutes of Health, 6 Center Drive, Room 338, MSC 0610, Bethesda, MD 20892, USA. Tel: +301 4355754;
Fax: +301 4809117; Email: swaroopa@nei.nih.gov (A.S.)

Abstract
Mutations in the retinitis pigmentosa GTPase regulator (RPGR) gene account for >70% of X-linked retinitis pigmentosa (XLRP)
and 15–20% of all inherited retinal degeneration. Gene replacement therapy for RPGR-XLRPwas hampered by the relatively slow
disease progression inmousemodels and by difficulties in cloning the full-length RPGR-ORF15 cDNA that includes a purine-rich
3′-coding region; however, its effectiveness has recently been demonstrated in four dogs with RPGRmutations. To advance the
therapy to clinical stage, we generated new stable vectors in AAV8 or AAV9 carryingmouse and human full-length RPGR-ORF15-
coding sequence and conducted a comprehensive long-term dose-efficacy study in Rpgr-knockout mice. After validating their
ability to produce full-length proteins that localize to photoreceptor connecting cilia, we evaluated various vector doses inmice
during a 2-year study. We demonstrate that eyes treated with a single injection of mouse or human RPGR-ORF15 vector at an
optimal dosemaintained the expression of RPGR-ORF15 throughout the study duration and exhibited higher electroretinogram
amplitude, thicker photoreceptor layer and better targeting of opsins to outer segments compared with sham-treated eyes.
Furthermore, mice that received treatment at an advanced age also showed remarkable preservation of retinal structure and
function. Retinal toxicity was observed at high vector doses, highlighting the importance of careful dose optimization in future
clinical experiments. Our long-term dose-efficacy study should facilitate the design of human trials with human RPGR-ORF15
vector as a clinical candidate.

Introduction
Dysfunction or death of photoreceptors is responsible for irre-
versible loss of vision in inherited retinal degenerative diseases
that are genetically heterogeneous with wide variations in clin-
ical phenotype. Of these, retinitis pigmentosa (RP) refers to a di-
verse group of dystrophies that often exhibit progressive
impairment of rod photoreceptor function, leading eventually
to both rod and cone death (1). As a result, an RP patient initially
experiences night blindness, which is followed by progressively

diminishing peripheral vision and eventually loss of central
vision. RP afflicts 1 in 4000 births, with more than one million
affected individuals worldwide (1). Almost 50% of all RP cases
are referred as ‘simplex’ with no family history. X-linked forms
of RP (XLRP) account for 10–20% of RP and show clinically more
severe findings (2,3). Though two major X-linked genes have
been discovered, retinitis pigmentosa GTPase regulator (RPGR)
mutations account for >70% of XLRP (2–4). In some pedigrees,
genetic defects in RPGR cause cone dystrophy, cone-rod dystrophy
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and/or atrophic macular degeneration (5). Furthermore, RPGR
mutations have been identified in roughly 15% of males in sim-
plex cases (6) and even in presumably ‘dominant’ families (7,8),
making it themost frequent cause of retinal degeneration in add-
ition to rhodopsin (9). Because of extensive phenotypic varia-
tions, both rods and cones should be considered as the target
for treatment when developing a therapy for the RPGR disease.

In addition to a constitutively expressed transcript, RPGR1–19,
multiple RPGR transcripts have been detected in the retina and
are likely generated by alternative splicing and/or polyadenyla-
tion (2,10–12). A majority of the disease-causing mutations
have been identified in a variant isoform RPGR-ORF15, which is
abundant in the retina and includes a unique long stretch of pur-
ine-rich region in its last exon, called ORF15 (2,5). RPGR-ORF15
protein interacts with a number of centrosome-cilia proteins
(13) and localizes to the connecting cilia in both rod and cone
photoreceptors (14,15). Although its precise physiological role
has not been delineated, RPGR-ORF15 seems to participate in
regulating protein trafficking along the photoreceptor cilium
(13,16). An early hallmark of RPGR-ORF15-related photoreceptor
abnormality is opsin mis-localization in the retinal photorecep-
tors (14,17–19).

Gene replacement therapy using adeno-associated virus
(AAV) vectors for gene delivery has proven efficacious in rescuing
retinal function and structure in a number of animal models of
retinal degeneration (20). This preclinical success has been trans-
lated into clinical effectiveness with minimal side effects in doz-
ens of patients with Leber congenital amaurosis (LCA) caused by
RPE65 deficiency (21–28) and in six patients with choroideremia
(29). As a number of retinal gene therapy protocols are entering
clinical stage (30–33), the RPGR disease has gained attention be-
cause of its severity and a relatively large patient population for
this ‘orphan’ disease. Hence, several groups have characterized
naturally occurring or genetically engineered animal models car-
rying RPGR mutations (14,17,18,34,35). Until recently, gene re-
placement for RPGR disease was hampered by the slow disease
progression in mouse models (14,17,18) and the difficulty in ob-
taining an intact and stable full-length RPGR-ORF15 cDNA
owing to the complexity of the purine-rich region in the ORF15
exon. Notably, germ-line transmission of an abbreviated (36) or
full-length (37) version of Rpgr-ORF15 cDNA was able to rescue
photoreceptor degeneration in Rpgr-knockout (Rpgr-KO) mice.
More recently, AAV type 5 (AAV5) vectors carrying a full-length
human RPGR-ORF15 cDNA have been shown to be efficacious
for therapy in four dogs with different rates of retinal degener-
ation resulting from two distinct RPGR mutations (38); however,
a detailed characterization of these therapeutic vectors, includ-
ing examination of their genome integrity and ability to produce
full-length RPGR-ORF15 protein, has not been reported (38).

A fully characterized therapeutic vector with detailed safety
and dose-efficacy profiles in a disease model is a prerequisite
for clinical testing of gene therapy. In order to advance the
RPGR gene replacement to clinical stage, we constructed and
characterized new vectors carrying either a mouse or a human
full-length RPGR-ORF15-coding sequence. The vectors were pack-
aged into AAV type 8 or 9 capsids because these serotypes exhib-
ited excellent tropism for mouse and non-human primate
photoreceptors (39–41). A short-term toxicity and a long-term
dose-efficacy study of these vectors were carried out in Rpgr-KO
mice, a slowly progressing disease model that develops obvious
rod and cone photoreceptor degeneration in a 12- to 24-month
period (14,36). In addition to providing vector dose-efficacy/tox-
icity relationship, our study demonstrates that a single optimal
dose of vector administration is able to sustain long-term

RPGR-ORF15 expression and rescue retinal structure and func-
tion in the Rpgr-KO mice. Our study thus represents a step for-
ward toward clinical trials in patients with RPGR mutations.

Results
Generation of mouse and human RPGR-ORF15
AAV vectors

Disease-causingmutations occur in the common region of RPGR-
ORF15 and RPGR1–19 isoforms and in the unique region of RPGR-
ORF15 isoform. No mutation associated with retinal disease has
yet been identified in exons 16 to 19 that are unique to RPGR1–19

isoform. We thus hypothesized that RPGR-ORF15 protein rather
than the constitutively expressed RPGR1–19 should be able to res-
cue the RPGR disease. To develop a gene replacement therapy,we
constructed AAV vectors carrying either mouse or human RPGR-
ORF15 expression cassette (Fig. 1A). Efforts to obtain a full-length
RPGR-ORF15 cDNA using reverse-transcription PCR have not been
successful owing to the unique purine-rich region of the terminal
ORF15 exon (data not shown). To overcome this problem, we con-
ducted regular PCR using genomic DNA as a template to amplify
the 3′ part of the ORF15 exon containing the purine-rich region
and then ligated it to a synthetic DNA fragment encoding the up-
streamexons (SupplementaryMaterial, Fig. S1). This strategywas
adopted for obtaining both mouse and human RPGR-ORF15-cod-
ing sequences. A human rhodopsin kinase (RK) promoter, which
shows rod and cone cell specificity (42), was used to drive RPGR-
ORF15 expression (Fig. 1A). These two vectors were packaged into
AAV type 8 and are hereafter referred to as AAV8-mRpgr and
AAV8-hRPGR, respectively. The mouse Rpgr-ORF15 vector was
also packaged into AAV type 9 (hereafter referred to as AAV9-
mRpgr), a serotype that transduces cones of non-human primate
efficiently (41).

The vector plasmids containing the purine-rich region of
RPGR-ORF15 and two AAV inverted terminal repeats (ITRs) are
prone to deletions or rearrangements when the plasmid clones
are propagated in commonly used bacterial strains (data not
shown). After testing various Escherichia coli strains, we observed
that the vector plasmids maintained their integrity in XL10 Gold
cells, although the underlying mechanism is not totally clear.
PCR assay did not identify visible deletion in most AAV vector
preparations (Fig. 1B). Minor deletions were detected in two vec-
tor preparations, which reinforced the importance of integrity
examination of the RPGR-ORF15-containing vectors and offered
a note of caution on subsequent data interpretation.

AAV vector-mediated expression of RPGR-ORF15 proteins

To test whether these vectors mediate full-length RPGR-ORF15
protein expression in mouse retina, we performed immunoblot
analyses of the retinal lysates from vector-treated Rpgr-KO
mice. Using an antibody against C-terminal of the mouse RPGR-
ORF15, we identified the protein in the Rpgr-KO retina treated
with the AAV8-mRpgr vector (Fig. 1C). This protein was identical
in size to the wild-type (WT) RPGR-ORF15, suggesting the ability
of the vector to produce a full-lengthmouse RPGR-ORF15 protein.
Similarly, AAV8-hRPGR vectorwas able to generate the full-length
human RPGR-ORF15 protein in the Rpgr-KO retina (Fig. 1D). A set
of proteins with lower molecular weights were also detected in
theAAV8-hRPGR-treated retinawhen an antibodyagainst the epi-
topes upstream of the ORF15 exon was employed. Although we
cannot rule out the possibility that these shorter proteins were
caused by deletions in theORF15 exon inAAVvector preparations
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(Fig. 1B), they could also represent alternatively spliced or
C-terminal truncated forms of RPGR-ORF15, as observed in WT
mouse retina (reference 12 and X. Sun, T. Li, unpublished data).
Shorter proteins have also been identified in AAV8-mRpgr-treated
Rpgr-KO retinawhenan antibodyagainst the epitopes upstreamof
the ORF14/15 exon of mouse RPGR was used (data not shown).

Previous studies have shown that RPGR-ORF15 protein loca-
lizes to the connecting cilia of the photoreceptors in mouse and
other mammalian species (14,15). To test whether the vector-
expressed mouse and human RPGR-ORF15 also localize to the

connecting cilia, a brief on-slide fixation of frozen retinal section
using 1% formaldehyde, instead of the conventional 4% parafor-
maldehyde (PFA) fixation, was employed for immunofluores-
cence assay because the latter blocks antibody penetration to
this region (15). Similar to the WT protein, the vector-expressed
RPGR-ORF15 primarily appeared as dots between the inner (IS)
and outer segments (OS) corresponding to the location of the
connecting cilia (Fig. 1E, F and Supplementary Material, Fig. S2).
In addition to connecting cilia, the vector-expressed RPGR-
ORF15 was frequently localized to the IS and sometimes to the

Figure 1. Construction and characterization of mouse and human RPGR-ORF15 AAV vectors. (A) Schematic representation of the vectors. (B) Examination of the vector

integrity. PCR amplification of the region spanning the repetitive glutamic acid-glycine coding sequence in the mouse or human RPGR-ORF15 produced the expected

1.3-kb or 1.6-kb fragment in the vector plasmids and all vector preparations. Arrows indicate fragments with minor deletions in two vector preparations.

(C) Immunoblot analysis using C100 anti-RPGR antibody that recognizes the C-terminal of mouse RPGR-ORF15 protein. The retinal lysate from an Rpgr-KO mouse

injected subretinally with 1 × 109 vg AAV8-mRpgr vector revealed a ∼200-kDa protein band corresponding to the full-length RPGR-ORF15 protein, which is identical to

that detectable in a WT C57/Bl6 mouse retina. (D) Immunoblot analysis using an antibody that recognizes the region upstream of the ORF15 exon of human RPGR.

The retinal lysate from an Rpgr-KO mouse injected subretinally with 1 × 109 vg AAV8-hRPGR vector revealed a ∼200-kDa protein band corresponding to the full-length

RPGR-ORF15 protein (closed arrowheads), identical to that from a commercially sourced human retinal lysate. A set of proteins with lower molecular weights

indicating the truncated or alternatively spliced forms of the protein were also detected (open arrowhead). No signal was detected in the lane that included one-tenth

amount of retinal lysate from the vector-injected eye, revealing the sensitivity limits of the assay. (E and F) Immunostaining of retina sections from Rpgr-KO mice that

received subretinal injection of AAV8-mRpgr (E) or AAV8-hRPGR (F) at 16 weeks post-administration using an antibody against mouse or human RPGR. The magnified

images of the marked areas are shown in (E). WT C57/Bl6 and vehicle-injected Rpgr-KO retina sections were used as positive and negative controls, respectively.

Vector-expressed RPGR protein mainly localizes to the connecting cilia region of the retina as does the WT protein. RPGR staining is shown in red, and nuclei are

stained blue by DAPI. RPE, retinal pigment epithelium; CC, connecting cilia; OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.

Scale bars: 50 µm.
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nuclei and the synaptic terminals of the photoreceptors when
the conventional 4% PFA fixation was used (Supplementary Ma-
terial, Fig. S2). This apparent mis-localization of RPGR-ORF15
seems to be vector related as it was also observed in AAV5 RPGR
vector-treated canine retina (38) but not in the WT mouse retina
(Supplementary Material, Fig. S2). Over-expression of the protein
by using a relatively high vector dose (1 × 109 vector genomes, vg)
and a strong RK promoter may account for this observation. No
obvious RPGR-ORF15 expression was observed in other retinal
layers owing to the tropism of AAV8 and the photoreceptor spe-
cificity of the RK promoter. The mouse Rpgr-ORF15 delivered by
the AAV9 vector expressed the protein at a similar level as the
AAV8 vector when same dose was used, and the protein was tar-
geted to identical subcellular localization (data not shown).

Short-term dose-toxicity profile of themouse and human
RPGR-ORF15 vectors

To define the dose range for a long-term efficacy study, we first
conducted a short-term vector toxicity study over a 4-month per-
iod. Eight-week-old Rpgr-KOmice were unilaterally injected with
1 × 1010 or 1 × 109 vg of AAV8-hRPGR or AAV8-mRpgr vector per eye
through subretinal injection. The fellow eyes were used as con-
trols by injecting the same volume of vehicle. Dark- and light-
adapted electroretinogram (ERG) were recorded to evaluate

responses from rod and cone photoreceptors at 4 months post-
injection (PI) before sacrificing the mice for immunofluorescence
analyses. Owing to the slow retinal degeneration in the Rpgr-KO
mouse line, we did not expect an obvious therapeutic effect at 4
months after vector treatment.

No statistically significant difference was observed between
the vector and the vehicle-treated eyes in ERG amplitudes of
dark-adapted a-, b- and light-adapted b-waves in mice that re-
ceived 1 × 109 vg AAV8-hRPGR or AAV8-mRpgr vector (Fig. 2A and
Supplementary Material, Fig. S3). However, remarkably lower
amplitudes of all three ERG measurements were observed in
eyes receiving 1 × 1010 vg vectors, indicating the vector toxicity
at the high dose. This observation was corroborated by immuno-
fluorescence analyses of the vector-treated retinas (Fig. 2B). As
the retina sections were fixed in 4% PFA before freezing, only
the pool ofmis-localized recombinant RPGR (mainly at IS instead
of connecting cilia) was detected (as explained earlier). More in-
tensive RPGR-ORF15 expression was observed in 1 × 1010 vg vec-
tor-treated retina, accompanied by a much thinner outer
nuclear layer (ONL) and shorter IS (Fig 2B). In contrast, the ONL
thickness of the 1 × 109 vg vector-treated retina did not reveal
marked difference from the vehicle-treated retina. Both the ERG
and immunofluorescence analyses indicate that the dose of
1 × 109 vg per eye is well tolerated, whereas 1 × 1010 vg is toxic to
the mouse retina. A combinational effect of overexpressing the

Figure 2. Dose toxicity of AAV8-hRPGR vector at 4 months after subretinal injection into Rpgr-KO mice. Mice received unilateral injections of the vector and contralateral

injections of the vehicle (control). (A) Full-field ERG at 4 months PI. Eyes receiving 1 × 1010 vg vector displayed significantly lower ERG amplitudes than eyes receiving

vehicle, whereas 1 × 109 vg/eye vector administration did not cause significant ERG change. Error bars show SEM, and the significance was calculated using two-tailed

paired t-test. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Immunostaining of retinal sections with an antibody against human RPGR. More intensive RPGR-ORF15 expression was

observed in 1 × 1010 vg vector-treated retina, accompanied by a much thinner ONL and shorter inner segments (IS). The ONL thickness of the 1 × 109 vg vector-treated

retina did not show an obvious difference compared with the vehicle-treated eye. RPGR staining is shown in red, and nuclei are stained blue by DAPI. OS, outer

segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar: 50 µm.
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RPGR-ORF15 protein, the large amount of AAV capsid protein and
vector DNA that exceeds the processing capacity of the retinal
cellsmight account for the toxicity of the high vector dose. There-
fore, the dose of 1 × 1010 vg per eyewas not included in the subse-
quent long-term efficacy study.

Treatment effect in the Rpgr-KO mice following gene
delivery of mouse Rpgr-ORF15

To test whether the mouse Rpgr-ORF15-coding sequence deliv-
ered by AAV8 or AAV9 vector was efficacious, we injected the vec-
tors in the subretinal space of 6- to 8-week-old mice at doses
ranging from 1 × 108 to 1 × 109 vg per eye. Unilateral vector injec-
tionwas performed on eachmouse, and the contralateral eyewas
injectedwith the vehicle. Owing to the slowprogression of retinal
degeneration in the Rpgr-KO mice (14,36), a longitudinal ERG
monitoring was performed during an 18-month follow-up peri-
od. Given the large variation in ERG amplitudes among individual
mice, paired t-test was employed throughout the study to com-
pare the vector- and the vehicle-treated eyes. Among all cohorts,
mice receiving 3 × 108 vg AAV9-mRpgr displayed the strongest
therapeutic effect in vector-treated eyes (Fig. 3 and Supplemen-
tary Material, Fig. S4). Although only a slightly better ERG re-
sponse was observed in the vector-treated eyes at 12 months PI,
the therapeutic effect became more pronounced at 18 months PI
(Fig. 3A), in which significantly larger amplitudes were observed
for dark-adapted a-wave and light-adapted b-wave. These eyes
also displayed significantly larger dark-adapted b-wave ampli-
tude,whichwas not seen at 12months PI, reflecting a better pres-
ervation of visual signaling to the bipolar cells. In all seven mice
that survived 18-month monitoring, each individual animal ex-
hibited greater dark-adapted a-, b- and light-adapted b- wave
amplitudes in the vector-treated eye (Fig. 3B). ERG waveforms
from a representative mouse at 18 months PI are shown in Fig-
ure 3C. Cohorts receiving other vector doses displayed subopti-
mal rescue at 18 months PI compared with the one receiving
3e8 vg AAV9-mRpgr vector (Supplementary Material, Fig. S4).

Functional rescue of the vector-treated retinas was correlated
with their structural preservation. Much thicker ONL was main-
tained in 3 × 108 vg AAV9-mRpgr-treated eyes than the control
eyes, as revealed by optical coherence tomography (OCT) retinal
imaging at 18 months PI (Fig. 4A). A greater whole retina thick-
ness in the vector-treated eye was also observed within a
∼1.0 mm2

field of view, except for the central area where optic
nerve head (ONH) was located (Fig. 4B). The AAV-mediated
RPGR expression spanned roughly half of the cross-sections, as
revealed by immunofluorescence analyses of treated mouse ret-
inas subsequent to OCT (Fig. 4C). Concomitant with the RPGR ex-
pression was the preservation of significantly more rows of
photoreceptors in the vector-treated eyes than control eyes,
which was also consistent with the OCT findings. Seven to ten
rows of photoreceptors weremaintained in amajority of the vec-
tor-treated eyes, compared with four to six rows in the control
eyes. Themeasurements of ONL thickness at 500 µm of intervals
along the vertical (dorsal–ventral) meridian on retinal sections
further corroborated these findings (Fig. 4D). The average ONL
thickness at different locations of the vector-treated retinas ran-
ged between 31.7 and 43.5 µm, whereas it ranged between 19.0
and 28.3 µm in the control retinas. The treatment effect appeared
to be evenmore pronounced at 24months PI in one group ofmice
receiving 1 × 109 vg AAV8-mRPGR injection (Supplementary Ma-
terial, Fig. S5). While the ONL of the control retina almost disap-
peared in the superior portion and only one to three rows of
photoreceptors remained in the inferior retina, six–eight rows

of photoreceptors survived in inferior areas of the vector-treated
retina where RPGR expression was detected.

Opsinmis-localization (because of altered transport/targeting
to OS) was detectable in animal models and in a human carrier
with RPGR mutations (14,17–19). We performed immunostaining
on the 3 × 108 vg AAV9-mRpgr-treated retina at 18 months PI
(Fig. 5A) to assess whether the opsin mistrafficking could be cor-
rected by Rpgr gene delivery. In the WT retina, M-cone opsin is
found exclusively in the OS of cone cells. In the vehicle-treated
Rpgr-KO retina, M-opsin was detected in IS as well as in the peri-
nuclear and synaptic regions in addition to the OS, consistent
with previous findings (14). More M-opsin was present in photo-
receptor IS in the superior retina compared with the inferior ret-
ina, probably due to the superior to inferior gradient of M-opsin
expression. This M-opsin transport to OS was partially restored
in the vector-treated retina at 18 months PI.

Rhodopsin is localized only to the rodOS inWTretina (Fig. 5B).
In the young Rpgr-KOmouse retina, rhodopsin was appropriately
localized [data not shown (14)]; however, rhodopsin immuno-
staining was detected in the IS and perinuclear region in
20-month-old vehicle-injected Rpgr-KO retina. Rhodopsin local-
ization was corrected in the areas expressing RPGR-ORF15 in
the vector-treated retina of Rpgr-KO mice.

Treatment effect in the Rpgr-KO mice following gene
delivery of human RPGR-ORF15

As a potential vector candidate for future human trials, AAV8-
hRPGRwas tested for its efficacy in Rpgr-KOmicewith four differ-
ent doses; 3 × 109, 1 × 109, 3 × 108 and 1 × 108 vg per eye. Six- to
eight-week-old mice were injected with the vector subretinally,
and ERG was performed at 12 and 18 months PI. Among the
four dose groups, optimal outcome was observed in 1 × 109

vg-treated group (Fig. 6). At this dose, the vector-treated eyes
displayed significantly higher amplitudes for all three ERG mea-
surements at 18month PI (Fig. 6A), indicating the rescue of retinal
function in the Rpgr-KO mouse following human RPGR-ORF15
gene delivery. All 11 mice that survived 18 months of monitoring
period exhibited higher light-adapted b-wave amplitudes in vec-
tor-treated eyes; of these, 9 and 10 mice respectively displayed
higher dark-adapted a-wave and dark-adapted b-wave (Fig. 6B).
ERG waveforms are shown from a representative mouse at 18
months PI (Fig. 6C).

Mice receiving 3 × 109 vg vector demonstrated much lower
ERG amplitudes in the vector-treated eyes than control eyes at
18month PI; however, this differencewas not statistically signifi-
cant at 12 months PI (Supplementary Material, Fig. S6) indicating
the long-term toxicity at this dose. The 3 × 108 vg and 1 × 108 vg
vector-treated eyes did not show difference from control eyes
for ERG amplitudes (Supplementary Material, Fig. S7). To investi-
gate whether the therapeutic effect was too small to be detected,
ERG was performed again 6 months later when these mice were
almost 26months old. ERG improvementwas still not observed in
the vector-treated eyes in both dose groups, indicating that these
two vector doses were too low to achieve functional rescue in the
Rpgr-KO mice.

OCT retinal imagingwas performed on the Rpgr-KOmice trea-
ted with 1 × 109 vg AAV8-hRPGR vector at 18 months PI. Much
thicker ONL was observed in the vector-treated retinas than the
controls (Fig. 7A), and the thickness of thewhole retina in the vec-
tor-treated eyes was greater than the controls within ∼1.0 mm2

field of view (Fig. 7B). By immunofluorescence analyses, vector-
treated retina revealed hRPGR expression in about half of the
area of the cross section (Fig. 7C). Consistent with the OCT
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findings, more rows of photoreceptors were preserved in the vec-
tor-treated retina than those in the control (Fig. 7C), and mea-
surements of ONL thickness across 4 mm of retina along the
vertical (dorsal–ventral) meridian corroborated these observa-
tions (Fig. 7D). The average ONL thickness at different locations

of the vector-treated retinas ranged between 21.2 and 33.4 µm,
whereas vehicle-treated retinas had ONL between 14.3 and
24.1 µm. Immunofluorescence analyses of the retina receiving a
lower vector dose (3 × 108 vg) revealed hRPGR staining in a
much smaller area; however, more photoreceptors were

Figure 3.Rescue of retinal function in Rpgr-KOmice that received 3 × 108 vgAAV9-mRpgr vector treatment.Mice received unilateral injections of the vector and contralateral

injections of vehicle at 6–8weeks of age. (A) ERG analysis at 12months and 18months PI. Although only a slight improvementwas observed in the vector-treated eyes at 12

months PI, significantly larger amplitudes of dark-adapted a-, b-wave and light-adapted b-wave were obtained in response to increasing intensities of flash stimuli in

these eyes at 18 months PI. The dotted lines represent the average ERG amplitudes of age-matched C57 Bl/6 mice (n = 12). (B) Each individual animal (as represented

by each line) exhibited higher ERG amplitudes elicited from the highest flash intensity in the vector-injected eye at 18 months PI (n = 7). (C) Representative ERG

waveforms from a single Rpgr-KO mouse at 18 months PI. Error bars show SEM and the significance between the vector-injected and vehicle-injected eyes was

calculated using two-tailed paired t-test. *P < 0.05; **P < 0.01.
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preserved in this area compared with the adjacent region (Sup-
plementary Material, Fig. S8). Therefore, preservation of photore-
ceptors in vector-transduced areas was still achieved in the
lower-dose groups despite the lack of overall functional preserva-
tion as evaluated by full-field ERG (Supplementary Material,
Fig. S7). Rhodopsin mis-localization was not detected in areas
with appropriate hRPGR expression in the vector-treated retina,
whereas it was apparent in the control retina (Supplementary
Material, Fig. S9).

Rescue of retinal function and structure following
Rpgr-ORF15 gene delivery to older Rpgr-KO mice

To assess whether retina with more substantial degeneration
would still benefit from the treatment, 3 × 108 vg AAV8-mRPGR

was subretinally injected into 1-year-old Rpgr-KOmice. No appre-
ciable differencewas observed between vector- and vehicle-trea-
ted eyes when tested at 5 months PI (data not shown). However,
the ERG rescue became apparent in vector-treated eyes at 11
months PI, whenmicewere 23months old (Fig. 8A). OCT imaging
revealed much thicker ONL in the vector-injected retina than in
the vehicle-injected control (Fig. 8B); this finding was subse-
quently confirmed by morphology analyses (Fig. 8C). Compared
with the control retina, significantlymore rows of photoreceptors
were preserved in the vector-injected retina where RPGR expres-
sion was detected. Theweaker RPGR signal than that observed in
early-injectedmice at 18months PI (Fig. 4C) could be the result of
fewer photoreceptors survived at 23 months of age following de-
layed vector administration; however, lower AAV transduction of
the aged degenerating photoreceptors than younger cells cannot

Figure 4. Rescue of retinal structure in Rpgr-KO mice treated with 3 × 108 AAV9-mRpgr vector. (A and B) Representative OCT scans of vehicle-injected and vector-injected

eyes of a single Rpgr-KO mouse at 18 months PI. (A) retina sections across the ONH. Substantially thicker ONL was observed in the vector-injected eye than the vehicle-

injected eye. (B) Whole retinal thickness. The vector-injected eye displayed greater whole retina thickness within a ∼1.0 mm2
field of view centered on the ONH. (C)

Immunostaining of retinal sections across the ONH with an antibody against mouse RPGR at 18 months PI. More rows of photoreceptors were preserved in RPGR-

expressed area in the vector-injected eye. Inset: the magnified image of the marked area. RPGR staining is shown in red, and nuclei are stained blue by DAPI. ONL,

outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (D) Quantitative analysis of ONL thickness from superior–inferior retinal sections across the

ONH. Two-tailed paired t-test was used for statistics analysis (n = 5). *P < 0.05. Error bars, SEM.
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be ruled out. Nevertheless, our results suggest that the Rpgr-KO
mouse could still respond favorably to Rpgr gene delivery even
when treated at an advanced age with active degeneration in
the retina.

Discussion
Gene replacement therapy is fast becoming a mature technology
after two decades of development and recent human experi-
ments, with potential to bring immediate benefits to patients
with monogenic retinal dystrophies as exemplified by the suc-
cess of the RPE65-LCA clinical trials (21–28). To date, over twenty
gene therapy clinical trials have been completed or are ongoing
for retinal diseases, with dozens of patients having received
the treatment (20) (www.clinicaltrials.gov). While in RPE65-LCA,
retinal pigment epithelium (RPE) cells are directly affected,
photoreceptors are primarily involved in the majority of inher-
ited retinal dystrophies, including those associated with RPGR
mutations. Advances in AAV vector technology have overcome
major limitations of photoreceptor gene delivery, thereby

making gene therapy for retinal degenerative diseases feasible.
A recent study demonstrated promising treatment for RPGR dis-
ease using AAV5 vectors delivering a full-length human RPGR-
ORF15 cDNA, with prevention of retinal structural and functional
loss accomplished in four dogs with RPGR deficiency (38).
AsORF15 exon of the RPGR gene is prone to deletions and rearran-
gements owing to its purine-rich nucleotide composition, gener-
ation of a stable vector with the ability of expressing a full-length
protein is crucial for clinical development. Here, we created new
AAV RPGR-ORF15 vectors and validated their genome integrity.
We showed that full-length RPGR-ORF15 proteins were produced
by these vectors with correct subcellular localization in mouse
photoreceptors. More importantly, these vectors had a remark-
able therapeutic effect in a relatively large cohort of Rpgr-KO
mice, validating the results of the canine study. Our study thus
represents a significant step closer to the initiation of human
clinical trials.

The preclinical safety and efficacy profiles of a therapeutic
vector are critical when defining the dose range for a clinical
trial. We evaluated the efficacy and/or toxicity of the mouse
and human RPGR-ORF15 AAV vectors with 100-fold dose range
(1 × 108 to 1 × 1010 vg per eye) in the Rpgr-KOmice, and the results
clearly revealed a dose-dependent pattern of retinal response.
The mouse Rpgr-ORF15 vectors (in both AAV8 and AAV9) demon-
strated optimal treatment outcome at the dose of 3 × 108 vg/eye,
whereas the dose of 1 × 109 vg/eye was optimal for the AAV8
human RPGR-ORF15 vector. At these doses, the expression of
the RPGR-ORF15 proteins spanned roughly half of the retina sec-
tions (Figs. 4 and 7) at 18months PI, resulting in remarkable pres-
ervation of retinal structure and function. The difference in
optimal dose between the mouse and the human RPGR-ORF15
vector may reflect different expression levels and/or distinct in-
teractions of the mouse or human RPGR-ORF15 protein in the
KO retina. Vectors at lower doses were not able to produce rescue
of global retinal function as examined by ERG (Supplementary
Material, Figs S4 and S7); however, partial rescue of retinal struc-
ture was achieved where expression of RPGR protein was
detected (Supplementary Material, Fig. S8). Administration of
higher doses of the vectors was apparently toxic to the retina
(Fig. 2 and Supplementary Material, Fig. S6), although mouse
photoreceptors could reportedly tolerate ∼40-fold higher than
normal level of RPGR-ORF15 protein (37). This retinal toxicity
was probably caused by an even higher level of RPGR-ORF15 pro-
tein accumulated from sustained expression, a result of the high
copy number of AAV vector genomes persisted in the efficiently
transduced photoreceptors. In addition, high doses of vector ad-
ministration could also impose excessive loads of AAV capsid
protein and vector DNA into the retina, thereby exceeding the
processing capacity of the retinal cells. Based on the results of
dose-efficacy/toxicity, the determination of the vector doses in
future human trials requires careful balancing of the risks and
benefits for patients. Considering vast genetic and clinical het-
erogeneity of patients with RPGR mutations, a universal vector
dose is unlikely to achieve satisfactory therapeutic effect to all
patients. Thus, the treatment dosemay have to be individualized
according to patient’s condition.

Several preclinical retinal gene therapy studies indicate a
successful treatment outcome only when conducted prior
to the onset of photoreceptor degeneration (43,44). It was be-
lieved that once the degeneration has progressed to a ‘critical’
threshold, gene replacement therapy is not likely to rescue
the ‘dying’ photoreceptors. A recent RPE65-LCA clinical study fur-
ther validates this assertion because the photoreceptors contin-
ued to degenerate despite observed visual improvement after

Figure 5. Correction of opsin mis-localization in Rpgr-KOmice treated with 3 × 108

vg AAV9-mRpgr vector. (A) M-cone opsin staining at 18 months PI. In the WT C57/

Bl6 retina, M-opsin was localized to the outer segments (OS) of the cone cells. In

the vehicle-treated Rpgr-KO retina, the M-opsin was additionally observed at the

inner segments (IS), perinuclear and synaptic regions. This mis-localization was

almost completely reversed in the inferior retina and partially reversed in the

superior retina in the vector-injected eye. Arrows indicate mis-localized M-

opsin at the synaptic regions. (B) Rhodopsin staining. Rhodopsin was only

localized to the rod OS in WT retina but was additionally observed at the IS and

perinuclei in the vehicle-injected KO retina. This mis-localization was not seen

in the RPGR-expressed area in the vector-injected KO retina. Cone opsin or

rhodopsin staining is shown in red, and nuclei are stained blue by DAPI. OS,

outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear

layer. Scale bar: 50 µm.
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treatment (45). However, early intervention is often difficult in
patients with retinal neurodegeneration. In the present study,
we tested whether the Rpgr-KO mice could benefit from the
Rpgr-ORF15 gene delivery when the treatment was provided at 1
year of age, when a substantial portion of photoreceptors had
begun to degenerate. Our results revealed that eyes receiving
late vector administration still preserved significantly better ret-
inal function and structure than the control eyes (Fig. 8), consist-
ent with those observed in the XLPRA2 canine model (38). Future
investigations may be necessary to determine an effective

window of disease status for treatment design in individual
patients. Regardless, our findings suggest the feasibility of bene-
ficial gene therapy treatment even in RPGR patients with ad-
vanced stage disease.

In thepresent study,wedidnot performexperiments to evalu-
ate whether viral DNA persisted in transduced mouse photore-
ceptors. It should, however, be noted that AAV vector genomes
are able to persist as episomal circular monomer or concatemer
in post-mitotic cells in adult animals and in humans (46–48).
Although an age- and AAV serotype-matched comparison

Figure 6. Rescue of retinal function in Rpgr-KO mice that received 1 × 109 vg AAV8-hRPGR vector treatment. Mice received unilateral injections of the vector and

contralateral injections of vehicle at 6–8 weeks of age. (A) ERG analysis of vector-injected and vehicle-injected eyes at 12 months and 18 months PI. Although

improvement in the vector-injected eyes was not obvious at 12 months PI, significantly larger amplitudes of dark-adapted a-, b-wave and light-adapted b-wave were

observed in response to increasing intensities of flash stimuli at 18 months PI. (B) Comparisons between vector-injected and vehicle-injected eye in each individual

animal for ERG amplitudes elicited from the highest flash intensity (n = 11). (C) Representative ERG wave forms from a single Rpgr-KO mouse at 18 months PI. Error

bars show SEM, and the significance between the vector-injected and vehicle-injected eyes was calculated using two-tailed paired t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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between early and late intervention was not included in our ex-
perimental design, we show that at 18 months PI (when mice
are ∼20 months old), almost 50% of the photoreceptors in the ret-
inal vertical meridian sections displayed vector-mediated RPGR
expression in mice receiving early intervention (Figs. 4C and
7C). We observed relatively weak RPGR expression and less-pro-
nounced structural and functional rescue of the retina in late
intervention studies (Fig. 8C). It is difficult to ascertain whether
low RPGR expression is the cause or the consequence of the
less-pronounced rescue. We suggest that lower RPGR expression
likely results from lesser number of fully functional photorecep-
tors, which are available for rescue when intervention is given
at a later stage; however, lower efficiency of viral transduction
in older retina cannot be ruled out. A better rescue might be

achieved by vector dose optimization or by using combinatorial
treatment strategies inwhich neuroprotection is included aswell.

In contrast to the rapid disease progression in patients with
RPGR mutations, retinal degeneration in the Rpgr-KO mice is
relatively slow. We wondered whether the role of RPGR-ORF15
in mouse photoreceptors is distinct from that in human, and
consequently whether the vector dose-efficacy/toxicity data
obtained in the mouse model can be used as reference for fu-
ture human trials. The connecting cilia localization of RPGR-
ORF15 proteins from different species (14,15), together with
opsin trafficking deficiency observed in a human carrier of
RPGR mutation and in the existing murine and canine models
(14,17–19,38), implicates a conserved role of RPGR-ORF15 in
facilitating protein trafficking along photoreceptor cilia. As

Figure 7. Rescue of retinal structure in Rpgr-KOmice treatedwith 1 × 109 AAV8-hRPGR vector.Mice received unilateral injections of the vector and contralateral injections of

vehicle at 6–8 weeks of age. (A and B) Representative OCT scans of vehicle-injected and vector-injected eyes of a single Rpgr-KO mouse at 18 months PI. (A) Retina

sections across the ONH. Markedly thicker ONL was observed in the vector-injected eye. (B) Whole retinal thickness. The vector-injected eye displayed greater

whole retina thickness within a ∼1.0 mm2
field of view centered on the ONH. (C) Immunostaining of retinal sections across the ONH with an antibody against

human RPGR at 18 months PI. Remarkably more rows of photoreceptors were preserved in RPGR-expressed area in the vector-injected eye. Inset: the magnified

image of the marked area. RPGR staining is shown in red, and nuclei are stained blue by DAPI. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell

layer. (D) Quantitative analysis of ONL thickness from superior–inferior retinal sections across the ONH. Two-tailed paired t-test was used for statistics analysis

(n = 7). *P < 0.05. Error bars, SEM.
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protein trafficking in photoreceptors requires numerous cilia-
associated proteins andmulti-protein complexes (13), interactions
among ciliary proteins could be distinct in different species. It is
therefore possible that depletion of RPGR inmouse has less severe
impact on ciliary interactome and outer segment renewal com-
pared with that in human. Despite slower disease progression,
the Rpgr-KO mice share many common features with RPGR
patients in retinal structure and function. Though the two canine
models carrying RPGR mutations appear to recapitulate the
human disease better than the existing mouse models (34,38),
the requirement for a large number of animals for efficacy/toxicity
studies makes mouse models equally valuable.

Our current vector dose-efficacy/toxicity profile obtained in
the Rpgr-KO mice can be extrapolated to patients with predicted
null alleles. Given the vast genetic and clinical heterogeneity in
patients with RPGR mutations, it will be of interest to determine
whether the vector dose responses are different inmousemodels
with other Rpgr mutations (e.g. missense, truncation or splicing
mutations) or other genetic background (17,18,35). In particular,
the naturally occurring Rd9 mouse deserves evaluation because
it carries a mutation within ORF15 exon (18), mimicking a major-
ity of patients with RPGRmutations. Additionally, since rods and
cones appear to be equally affected in the Rpgr-KOmice, the vec-
tor should also be tested in models with rod- or cone-dominant
phenotypes (17) to accommodate patients with different clinical
manifestations.

Therapy development for RPGR disease is critical because this
‘orphan’ disease afflicts a relatively large patient population and
manifests a more devastating clinical outcome. The present re-
port represents the first comprehensive vector dose-efficacy/tox-
icity study for gene replacement therapy of the RPGR disease. Our
studies, together with another recent report in canine models
(38), offer a framework for the design of future clinical experi-
ments in human patients. While the AAV8 human RPGR-ORF15
vector we developed warrants further testing in animal models
with other RPGR mutations, initial phase I clinical trial could be
planned for patients with predicted null mutations, with a start-
ing dose cautiously determined based on our present data set,
the patient’s disease history and the number and nature of re-
sidual photoreceptors in the retina. We concur with the previous
report on RPGR gene therapy in canine models (38) and suggest
that initial human clinical experiments should focus on patients
at late stages of disease but when some photoreceptors are still
available for rescue.

Materials and Methods
Mouse line and husbandry

The Rpgr-KO mice (14) were maintained in NIH animal care facil-
ities in controlled ambient illumination on a 12 h light/12 h dark
cycle. Studies conform to ARVO statement for the Use of Animals

Figure 8.Rescue of retinal function and structure in Rpgr-KOmice after receiving 3 × 108 vgAAV8-mRpgrat an advanced age.Mice received unilateral injections of the vector

and contralateral injections of vehicle at 1 year of age. (A) ERG analysis at 11 months PI when the mice were 23 months old (n = 8). The vector-injected eyes displayed

significantly larger amplitudes of dark-adapted a-, b-wave and light-adapted b-wave than vehicle-injected eyes in response to increasing intensities of flash stimuli.

Two-tailed paired t-test was used for statistics analysis. *P < 0.05; **P < 0.01. Error bars, SEM. (B) Representative OCT scans of vehicle and vector-injected eyes of a single

Rpgr-KOmouse.Much thicker ONLwas observed in the vector-injected eye. (C) Immunostaining of retinal sections from a treated Rpgr-KOmousewith an antibody against

mouse RPGR. Substantially more rows of photoreceptors were observed in the area with RPGR expression in the vector-injected eye. RPGR staining is shown in red, and

nuclei are stained blue by DAPI. IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
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in Ophthalmic and Vision Research. Animal protocols were
approved by NEI Animal Care and Use Committee.

AAV vector construction and production

Strategy of assembling the full-length human and mouse RPGR-
ORF15 coding sequences is illustrated in Supplementary Mater-

ial, Figure S1. To construct an AAV vector plasmid carrying the

human RPGR-ORF15-coding sequence, a 2.2-kb DNA fragment

containing the sequence from start codon to exon ORF15

upstream of the purine-rich region (corresponding to 60 to

2208 of human RPGR-ORF15 mRNA, GenBank accession No.

BK005711.1) was synthesized and sequence-verified (DNA2.0,

Menlo Park, CA, USA). The fragment also contains the GCCACC

Kozak sequence upstream of the start codon and is flanked by

Cla I and Xho I sites at 5′ and 3′ ends, respectively. The fragment

was digested with Cla I and Xho I and placed downstream of a

human RK promoter (42) and a chimeric CMV/human β-globin in-

tron (49), and upstream of a human β-globin polyadenylation site

in an existing AAV shuttle plasmidmaintained in the lab. The re-

sulting plasmid was designated pV4.7-RK-hRPGR5′. The down-

stream part of RPGR-ORF15 exon including the purine-rich

region was PCR-amplified from genomic DNA of a healthy adult

male donor, using the following primers:
hRPGR F: 5′ AGTGGGAGAAGCAGAGGATGGGCCTG 3′; hRPGR R:

5′ GTTTTCTCGAGTGACTGGCCATAATCGGGTCACATTTAAGGTT
TGT 3′.

PCR was performed with PrimeSTAR HS DNA Polymerase
(Clontech Laboratories, Inc., Mountain View, CA, USA). The PCR
conditions were 94°C for 1 min followed by 30 cycles at 98°C for
10 s and 72°C for 80 s followed by 7 min of extension at 72°C
and hold at 4°C. The 1.6-kb PCR product was digested with Sap I
and Xho I and was ligated with the 5.3-kb Xho I-Mfe I fragment
and the 534-bp Mfe I-Sap I fragment of pV4.7-RK-hRPGR5′, to
form the vector plasmid carrying the full-length hRPGR-coding
sequence. This plasmid was designated pV4.7-RK-hRPGR-ORF15.

To construct an AAV vector plasmid carrying the mouse
RPGR-ORF15-coding sequence, a 2.9-kb DNA fragment was
synthesized, which contains the sequence from start codon to
exon 14/15 (corresponding to 103 to 2668 of themouse RPGR tran-
script variant 2, NCBI Reference Sequence: NM_001177951.1) and
the rest of exon ORF15 upstream of the purine-rich region (corre-
sponding to 48 843 to 49 190 of GenBank AJ318464.1). The frag-
ment also contains the GCCACC Kozak sequence upstream of
the start codon and is flanked by Cla I and Xho I sites at 5′ and
3′ ends, respectively. The sequence-verified fragment was di-
gested with Cla I and Xho I and inserted into the same location
of the AAV shuttle plasmid as the human counterpart as de-
scribed earlier. The resulting plasmid was designated pV4.7-RK-
mRpgr5′. The downstream part of the mouse RPGR-ORF15 exon
including the purine-rich regionwas PCR-amplified from genom-
ic DNA of a male C57/Bl6 mouse, using the following primers:
mRpgr F: 5′ GGACGGATCTGAGGGTGACGGGGA 3′; mRpgr R: 5′
GTTTTTCTCGAGACGCATCAGGCATGGAGATGACTTCCCT 3′.

PCR conditions were the same as those for the human se-
quence. The 1.3-kb PCR product was digested with Sap I and
Xho I and was ligated with the 6.5-kb Xho I-Sap I fragment of
pV4.7-RK-mRpgr5′, to form the vector plasmid carrying the full-
length mouse RPGR-ORF15-coding sequence. This plasmid was
designated pV4.7-RK-mRpgr-ORF15. The purine-rich regions of
both human and mouse RPGR-ORF15 exons were verified by se-
quencing (Sequetech, Inc., Redwood City, CA, USA). Schematic
of the two vector plasmids is shown in Figure 1A. The plasmids

were propagated in XL10-Gold bacterial strain (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA).

AAV vectors were produced by triple-plasmid transfection to
HEK293 cells, as described previously (50). The human RPGR-ORF15
AAV constructwas packaged into AAV8,whereas themouse Rpgr-
ORF15 construct was packaged into both AAV8 and AAV9. The
vectors were purified by polyethylene glycol precipitation fol-
lowed by cesium chloride density gradient fractionation, as de-
scribed earlier (50). Purified vectors were formulated in 10 m

Tris–HCl, 180 m NaCl, pH 7.4, quantified by real-time PCR
using linearized plasmid standards and stored at −80°C until
use. Integrity of the vectors was examined each time after purifi-
cation by amplifying the purine-rich region of the RPGR-ORF15.

Subretinal injections

AAV vectors were injected subretinally, as previously described
(43) but with somemodifications. Briefly,micewere anesthetized
by intra-peritoneal injection of ketamine (80 mg/kg) and xylazine
(8 mg/kg). Pupils were dilated with topical atropine (1%) and tro-
picamide (0.5%). Surgery was performed under an ophthalmic
surgical microscope. A small incision wasmade through the cor-
nea adjacent to the limbus using 18-gauge needle. A 33-gauge
blunt needle fitted to a Hamilton syringe was inserted through
the incision while avoiding the lens and pushed through the ret-
ina. All injectionsweremade subretinally in a locationwithin the
nasal quadrant of the retina. Each animal received 1 μl of AAV
vector at the concentration of 1 × 1011 to 1 × 1013 vector genomes
per milliliter. Treatment vectors were given in the right eye, and
control vehicle was injected in the fellow eye. Visualization dur-
ing injectionwas aided byaddition offluorescein (100 mg /ml AK-
FLUOR, Alcon, Fort Worth, TX, USA) to the vector suspensions at
0.1% by volume.

Immunoblot analysis

Mouse retinas were homogenized in RIPA lysis buffer containing
1 × proteinase inhibitor by brief sonication. The tissue debris was
removed by a brief centrifugation. Retinal protein was separated
on SDS–polyacrylamide gel by electrophoresis and transferred to
nitrocellulose membranes. After pre-adsorption with 5% nonfat
dry milk for 1 h at room temperature, the membrane blots were
incubated overnight at 4°C with the primary antibody. The blots
were then washed with Tris-buffered saline with the Tween® 20
(TBST: 137 m sodium chloride, 20 m Tris, 0.1% Tween-20, pH
7.6), incubated for 1 h at room temperature with the secondary
antibody-horseradish peroxidase-conjugated goat anti-rabbit or
anti-mouse IgG (Jackson Immunoresearch, West Grove, PA,
USA) and developed by SuperSignal West Pico Chemilumines-
cent (Thermo Fisher Scientific, Inc., Rockford, IL, USA). The
primary antibodies used in this study were as follows: rabbit
anti-mouse RPGR-ORF15 antibody C100 and rabbit anti-human
RPGR antibody 643 (T. Li, unpublished), which recognize the
C-terminal of the mouse RPGR-ORF15 and a common region of
human RPGR-ORF15 and RPGR1–19 isoforms, respectively. Mouse
monoclonal anti-β-actin antibody (Sigma) was used for loading
controls.

Tissue processing, immunofluorescence and
morphometric analysis

After euthanasia, mouse eyes were harvested. A blue dye was
used to mark the orientation of the eye before enucleation to en-
sure that immunostainingwas performed on equivalent areas on
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vector-treated and vehicle-treated eyes. For fixation, eyes were
immediately placed in 4% paraformaldehyde for 1 h. The fixed
tissues were soaked in 30% sucrose/PBS overnight, quickly frozen
and sectioned at a thickness of 10 µmusing cryostat. A previously
described alternative protocol was used to detect RPGR localiza-
tion to the connecting cilia (15). Briefly, eyes were embedded in
optimal cutting temperature compound without fixation and
quick-frozen in liquid nitrogen. Cryosections were cut at 10 μm
and collected on pretreated glass slides (Superfrost Plus; Fisher
Scientific, Pittsburgh, PA, USA). Sections were stored at −80°C
and used within 2 to 3 days. Just before use, sections were fixed
on slides for 2 min with 1% formaldehyde in phosphate-buffered
saline (PBS) at pH 7.0. If sections were stored for longer than 1
week, an additional treatment was performed in 0.1% 2-mercap-
tomethanol (in PBS) for 5 min, followed by 1% formaldehyde fix-
ation for 5 min. Sections were then washed once in PBS and
carried through to immunofluorescence staining.

For immunofluorescence staining, the cryosections were pre-
adsorbed in 5% goat serum in PBS containing 0.1% Triton X-100
(PBST) for 1 h and then incubated overnight at 4°C with primary
antibody diluted in 5% goat serum, as described (15). 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 and mounted in Fluoro-
mount-G (SouthernBiotech, Birmingham, AL, USA). Images
were captured using a fluorescence microscope Axio Imager Z1
or a confocal scanning microscope LSM700 (Zeiss, Germany).

The primary antibodies included the poly-clonal rabbit anti-
human RPGR-ORF15 antibody 636 (T. Li, unpublished) and rabbit
anti-mouse RPGR-ORF15 antibody S1 (12), which recognize
the common region of RPGR-ORF15 and RPGR1–19 isoforms in
human and mouse, respectively. Other primary antibodies used
in this study include monoclonal antibody for rhodopsin (1D4,
Santa Cruz Biotechnology, Dallas, TX, USA) and M-cone opsin
(Millipore, Billerica, MA, USA). Secondary antibodies included
goat anti-rabbit and anti-mouse antibodies conjugated with
Alexa Fluor 555 and 568 (Life Technologies, Grand Island,NY,USA).

For morphometric analyses of ONL thickness, measurements
were made along the vertical meridian at four locations to each
side of the ONH separated by 500 μm each. Measurements
began at ∼500 μm from the ONH itself.

Electroretinogram

Micewere dark-adapted overnight. Anesthesia and pupil dilation
were conducted as described earlier. A computer-based system
(E2, Diagnosys LLC, Lowell, MA, USA)was used for ERG recordings
in response to flashes produced with LEDs or Xenon bulbs. Cor-
neal ERGs were recorded from both eyes using gold wire loop
electrodes with a drop of 2.5% hypromellose ophthalmic demul-
cent solution. A gold wire loop placed in the mouth was used as
reference, and a ground electrodewas on the tail. The ERG proto-
col consisted of recording dark-adapted ERGs using brief flashes
of −2 to +3 log sc cd.s.m–2/flash. Responses were computer-
averaged and recorded at intervals of 3 to 60 s depending upon
the stimulus intensity. Light-adapted ERGs were recorded after
2 min of adaptation to a white 32 cd.m–2 rod-suppressing back-
ground. ERGs were recorded for stimulus intensities of −0.52 to
+2 log sc cd.s.m–2.

Optical coherence tomography

OCT volume scan images were acquired with a spectral domain
OCT system (SPECTRALIS®, Heidelberg Engineering, Carlsbad,

CA, USA). Mice were anesthetized and pupils were dilated as de-
scribed earlier. The ONH was centered within ∼1.0 mm2

field of
view. Retinal thickness maps were generated by Heidelberg Eye
Explorer software.

Statistical analysis

Two-tailed paired t-test was used to compare outcomes in vec-
tor-treated versus vehicle-treated eyes. GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA) was used for statistical
analysis.

Supplementary Material
Supplementary Material is available at HMG online.
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