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Abstract

RPGR-interacting protein-1 (RPGRIP1) is localized in the photoreceptor-connecting cilium, where it anchors the
RPGR (retinitis pigmentosa GTPase regulator) protein, and its function is essential for photoreceptor mainte-
nance. Genetic defect in RPGRIP1 is a known cause of Leber congenital amaurosis (LCA), a severe, early-onset
form of retinal degeneration. We evaluated the efficacy of replacement gene therapy in a murine model of LCA
carrying a targeted disruption of RPGRIP1. The replacement construct, packaged in an adeno-associated virus
serotype 8 (AAVS8) vector, used a rhodopsin kinase gene promoter to drive RPGRIP1 expression. Both promoter
and transgene were of human origin. After subretinal delivery of the replacement gene in the mutant mice,
human RPGRIP1 was expressed specifically in photoreceptors, localized correctly in the connecting cilia, and
restored the normal localization of RPGR. Electroretinogram and histological examinations showed better
preservation of rod and cone photoreceptor function and improved photoreceptor survival in the treated eyes.
This study demonstrates the efficacy of human gene replacement therapy and validates a gene therapy design
for future clinical trials in patients afflicted with this condition. Our results also have therapeutic implications for

other forms of retinal degenerations attributable to a ciliary defect.

Introduction

ETINITIS PIGMENTOSA (RP) has a prevalence of about 1 in

4000, affecting more than 1 million individuals world-
wide (Berson, 1993). Patients with RP typically develop
symptoms of night blindness during early adulthood fol-
lowed by progressive loss of visual field and eventual blind-
ness by 50-60 years of age (Berson, 1993). LCA is a more
severe form of retinal degeneration with visual deficit in early
childhood and loss of vision by the second and third decades
of life (Heher et al., 1992; Fulton et al., 1996; den Hollander et al.,
2008). Clinical findings indicate that both rod and cone pho-
toreceptors are affected early in LCA patients. Mutations in at
least 15 different genes are known to cause LCA (Koenekoop,
2004; den Hollander et al., 2008; Wang et al., 2009), one of
which is the gene encoding the RPGRIP1 protein (Dryja et al.,
2001; Gerber et al., 2001; Koenekoop, 2005). About 6% of all
cases of LCA are caused by mutations in RPGRIP1 (Dryjaet al.,
2001; Gerber et al., 2001; den Hollander et al., 2008).

RPGRIP1 was initially discovered through protein interac-
tion screens using RPGR as bait (Boylan and Wright, 2000;
Roepman ef al., 2000; Hong et al., 2001). RPGR is also an es-
sential protein in photoreceptors and defects in RPGR un-
derlie the most common form of X-linked RP (Vervoort et al.,
2000). RPGRIP1 is normally localized to the photoreceptor
connecting cilium, a thin bridge that links the inner and outer
segment of the photoreceptor cell (Hong et al., 2001). It ap-
pears to be a stable component of the ciliary axoneme (Hong
et al., 2001). We previously generated a line of mutant mice
lacking RPGIRIP1 through targeted disruption of the
RPGRIP1 gene. We showed that one of its key functions was
to anchor RPGR in the connecting cilia (Zhao et al., 2003). In
RPGRIP1™/~ mice, RPGR is mislocalized and no longer found
at the connecting cilium. Thus, loss of RPGRIP1 would appear
to encompass the loss of RPGR function as well. RPGRIP1 also
performs additional function(s) at the connecting cilium, be-
cause mice lacking RPGRIP1 have a much more severe retinal
phenotype than mice lacking RPGR alone. RGRPIP1 mutant
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photoreceptors exhibit profound disruption of the outer seg-
ment structure and mislocalization of opsin proteins in rods
and cones. We have hypothesized that RPGRIP1 may be in-
volved in photoreceptor disc morphogenesis. Photoreceptors
are nearly completely lost by about 5 months of age in the
RPGRIP1 mutant mice (Pawlyk et al., 2005). This relatively fast
rate of photoreceptor degeneration in the RPGRIPT™/~ mutant
makes it a useful model of LCA both for studying the disease
mechanism and for testing new therapies.

At present there is no effective treatment for LCA. Gene
replacement therapy using delivery vectors derived from
adeno-associated virus (AAV) has emerged as a promising
potential therapy for retinal degeneration. Proof-of-principle
experiments in animal models have been conducted for several
forms of LCA, with various degrees of success (Flannery ef al.,
1997; Acland et al., 2001; Narfstrom et al., 2003; Dejneka et al.,
2004; Pawlyk et al., 2005; Pang et al., 2006; Tan et al., 2009; Sun
et al., 2010). Phase I gene therapy trials in patients with LCA,
targeting RPE65 gene defects in RPE cells, have been con-
ducted. These clinical trials have yielded important prelimi-
nary outcomes indicating that this approach could be effective
in restoring some degree of visual function (Bainbridge et al.,
2008; Hauswirth et al., 2008; Maguire et al., 2008). Clinical trials
targeting photoreceptor-specific gene defects, such as RPGRIP1
mutations, have not yet been initiated. We previously inves-
tigated AAV-mediated gene therapy in the RPGRIP1~~
mouse, using a murine-derived RPGRIP1 replacement gene in
combination with a rhodopsin gene promoter that drove ex-
pression primarily in rods (Pawlyk ef al., 2005), and found
substantial rescue of rod photoreceptor structure and function.
Although that study provides proof that gene replacement is
an effective approach to restoring photoreceptor viability due
to loss of RPGRIP1 function, the vector design does not readily
translate into clinical studies because the replacement gene
was of mouse origin and its expression was limited to rods. In
the present study, we attempted to rescue the RPGRIP1~/~
mouse retinal phenotype by using a short promoter derived
from the rhodopsin kinase (RK) gene, which has been shown
to drive cell-specific expression in rods and cones (Young et al.,
2003; Khani et al., 2007; Sun ef al., 2010). Both the promoter and
the RPGRIP1 replacement gene used in the present study were
of human origin. We designed the present study so that, if
successful, the data and the vector design may serve as the
framework for future clinical trials in patients with LCA due to
RPGRIP1 mutations.

Materials and Methods
Animals

The generation and analysis of RPGRIP 7~ mice have been
described previously (Zhao et al., 2003). The RPGRIP1~/~
mice used in this study were bred from the colony main-
tained in our institutional animal facility. Wild-type (WT)
mice used in the study were C57BL from Charles River
Laboratory (Wilmington, MA). Mice were maintained under
a 12-hr light/12-hr dark lighting cycle.

Plasmid constructions and production
of recombinant AAV2/8

A plasmid clone carrying the full-length human RPGRIP1
cDNA was obtained from Origene (cat. no. SC304750)
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(GenBank access no. NM_020366). The coding region of the
human RPGRIP1 ¢cDNA (3861 bp) was excised from the
vector and inserted into our pAAV-RK-IZsGeen cloning
vector between Notl and Xhol restriction sites. The resulting
PAAV-RK-hRPGRIP1 construct was packaged into AAV2/8
pseudotyped vector by tripartite transfection (AAV vector
plasmid encoding the gene of interest, AAV helper plasmid
pLT-RC03 encoding AAV Rep proteins from serotype 2 and
Cap proteins from serotype 8, and adenovirus helper mini-
plasmid pHGTI-Adenol) into 293A cells. The transfection
was performed according to a published protocol (Xiao et al.,
1998). Two days after transfection, cells were lysed by re-
peated freeze and thaw cycles. After initial clearing of cell
debris, the nucleic acid component of the virus producer cells
was removed by Benzonase treatment. The recombinant
AAV vector particles were purified by iodixanol density
gradient. The purified vector particles were dialyzed exten-
sively against phosphate-buffered saline (PBS) and titered by
dot-blot hybridization. As a control vector, enhanced green
fluorescent protein (EGFP) replaced the RPGRIP1 cDNA.

Subretinal injection

Mice were placed under general anesthesia with an intra-
peritoneal injection of ketamine (90 mg/kg)—xylazine (9 mg/
kg). A 0.5% proparacaine solution was applied to the cornea
as a topical anesthetic. Pupils were dilated with topical ap-
plication of cyclopentolate hydrochloride and phenylephrine
hydrochloride. Under an ophthalmic surgical microscope, a
small incision was made through the cornea adjacent to the
limbus, using an 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 retina. All
injections were made subretinally in a location within the
nasal quadrant of the retina. Each animal received 0.5-1 ul of
AAV at 1x10'? particles/ml. Treatment vector was typically
given in the left eye (OS) and control vector was given in the
fellow eye (OD), and they are referred to throughout this text
as “treated” and “control,” respectively. Cohorts of mice
(n=>50) were injected at approximately postnatal day 14.

Histology and immunofluorescence

For both light microscopy and transmission electron mi-
croscopy, enucleated eyes were fixed for 10min in 1%
formaldehyde, 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer (pH7.5). After removal of the anterior segments
and lens, the eye cups were left in the same fixative at 4°C
overnight. Eye cups were washed with buffer, postfixed in
2% osmium tetroxide, dehydrated through a graded alcohol
series, and embedded in Epon. Semithin sections (1 um) were
cut for light microscopic observations. For electron micros-
copy, ultrathin sections (70nm) were stained with uranyl
acetate and lead citrate before viewing on a JEOL 100CX
electron microscope. For morphometric analyses of photo-
receptor inner and outer segment (IS/OS) length and outer
nuclear layer (ONL) thickness, measurements were made
along the vertical meridian at three locations to each side of
the optic nerve head separated by about 500 um each. Mea-
surements began at about 500 um from the optic nerve head
itself.

For immunofluorescence, eyes were enucleated and
placed in fixative, and their anterior segment and lens were
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removed. The fixative was composed of 2% formaldehyde,
0.25% glutaraldehyde in PBS. The duration of fixation was
typically 20min. The fixed tissues were soaked in 30%
sucrose—PBS for at least 2 hr, shock frozen, and sectioned at
10-um thickness in a cryostat. Sections were collected into
PBS buffer and remained free-floating for the duration of the
immunostaining process. In some cases, eyes were unfixed
and frozen sections were collected on glass slides. Sections
were viewed and photographed on a laser scanning confocal
microscope (model TCS SP2; Leica).

Antibodies used were anti-mouse RPGRIP1, anti-human
RPGRIP1, anti-mouse RPGR (S1), anti-rootletin, anti-rho-
dopsin (rho 1D4; gift from R. Molday) (Molday, 1988), green
cone anti-opsin, and Hoechst 33342 (a nuclear dye stain).
Rabbit anti-human RPGRIP1 was generated by Cocalico
Biologicals (Reamstown, PA), using amino acids 964-1274
from human RPGRIP1. Antigen was amplified by PCR, using
the Origene clone as a template, and primers (sense:
hRPGRIP-1S, GGAATTCCCCAGGATCAGATGGCATCTCC;
antisense: hRPGRIP-1R, CCCAAGCTTGCATGGAGGACAG
CAGCTGC). The PCR product was inserted into the pET-28
vector between the EcoRI and HindIll sites, expressed in BL21,
Codon+ cells (Stratagene, La Jolla, CA), and purified by pas-
sage through a histidine tag (His-tag)-binding column.

Electroretinogram recording

Methods for recording dark- and light-adapted electro-
retinograms (ERGs) have been previously described (Sun
et al., 2010). Briefly, mice were dark-adapted overnight
and anesthetized, and had both pupils dilated. Rod-
dominated responses were elicited in the dark with 10-
psec flashes of white light (1.37x10° cd/m?) presented at
intervals of 1 min in a Ganzfeld dome. Light-adapted, cone
responses were elicited in the presence of a 41-cd/m? rod-
desensitizing white background with the same flashes
(1.37x10° cd /m?) presented at 1 Hz. ERGs were monitored
simultaneously from both eyes, with signal averaging for
cone responses.

Statistical analysis

JMP, version 6 (SAS Institute, Cary, NC) was used to
compare outcomes in treated versus control eyes by the one-
tailed paired f test. For these interocular comparisons, non-
detectable dark-adapted (single flash) amplitudes were
coded as 5uV and nondetectable light-adapted (averaged)
amplitudes were coded as 2 uV. To evaluate the effects of
treatment on loss of ERG function (which are summarized in

995

Table 1), amplitudes were first converted to the log scale
because ERG amplitude declines in animal and human reti-
nal degenerations have been found to follow an exponential
course (Clarke et al., 2000; Berson et al., 2002). We then used
repeated measures longitudinal regression with PROC
MIXED of SAS, version 9.1 to quantify rates of decline of the
ERG rod a-wave, rod b-wave, and cone b-wave in treated
and control eyes and to determine whether differences be-
tween treated and control eyes were significant. We used all
available data for these analyses, including data from mice
with missing time points, when data from both treated and
fellow control eyes were available.

Results

AAV-mediated expression of human RPGRIP1
in mouse retina

The entire coding region of human RPGRIP1 cDNA was
inserted downstream from the human RK promoter and an
SV40 splice donor/splice acceptor element (SV40 SD/SA).
The hRGPGRIP1 ¢cDNA was terminated at the 3’ end by a
polyadenylation signal (Fig. 1A, wtpA+MZ). The com-
pleted replacement gene construct (Fig. 1A) was packaged
into an AAV2/8 vector (treatment vector). Treatment and
control vectors were injected subretinally into cohorts of
RPGRIP1™~ mice at 2 weeks of age, with each animal re-
ceiving the treatment vector in one eye and the control vector
in the fellow eye. At 2 to 3 weeks after subretinal delivery, a
group of mice were killed and their retinas analyzed by
immunoblotting and by immunofluorescence for RPGRIP1
expression. A single band migrating at about 170kDa was
found in the treated but not control retinas by immuno-
blotting that matched precisely the endogenous RPGRIP1
protein from human donor retinas (Fig. 1B). This observation
provided assurance that the human RPGRIP1 cDNA se-
quence in the replacement gene construct corresponded to
the predominant form of RPGRIPI transcript in human
photoreceptor cells. The endogenous mouse RPGRIP1 (WT)
had a higher apparent molecular mass than that of human
RPGRIP1, which is consistent with molecular mass predic-
tions based on sequences (UniProtKB accession no. Q9EPQ2
and Q96KN7 for human and mouse RPGRIP1, respectively).
It appeared that the expression level of human RPGRIP1
protein was less in the treated retinas as compared with that
expressed endogenously in WT mice (see Discussion).

Human RPGRIP1 expression from the treatment vector
was further confirmed by immunofluorescence (Fig. 2).
Endogenous mouse RPGRIP1 is normally localized in the

TaBLE 1. RaTES oF CHANGE IN ERG AMPLITUDES IN CONTROL AND TREATED EYES?

Component n Control eye (loge unit/mo.)  p Value  Treated eye (log. unit/mo.)  p Value  p Value OD-OS
Rod a-wave 37 -0.47 +0.03 (-37%)° <0.0001 -0.08 £0.02 (-8%) 0.0002 <0.0001
Rod b-wave 37 —0.25+0.03 (-22%) <0.0001 -0.08 £0.03 (-8%) 0.0038 <0.0001
Cone b-wave 16 -0.29£0.11 (-25%) 0.0212 0.20+£0.13 0.14 0.0026

“Table 1 lists the mean log. monthly rates of change and corresponding levels of significance by ERG component for control and treated
eyes, based on mice tested between 2 and 5 months of age. The last column gives the levels of significance for the difference in the rates for
control (OD) and treated (OS) fellow eyes. The mean rates of decline without treatment ranged from 22%/month for the rod b-wave to 37%/
month for the rod a-wave and, with treatment, these rates of decline fell to 8% for the rod a-wave and rod b-wave and to no detectable change
for the cone b-wave—in each case a significant slowing of disease course.

PParentheses include percent monthly rates of change for significant effects.
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FIG. 1. Design of the treatment vector and confirmation of
transgene expression. (A) Schematic diagram of the re-
placement gene construct in which the human RPGRIP1
c¢DNA was placed under the control of a human rhodopsin
kinase (RK) promoter (AAV-RK-hRPGRIP1). The RK pro-
moter is approximately 200bp in length and the hRPGRIP1
cDNA is approximately 4kb. ITR, inverted terminal repeat;
hRK, RK promoter; SV40SD/SA, splice donor/acceptor se-
quences derived from the SV40 virus; wtpA +MZ, poly-
adenylation signal. This construct was packaged into an
AAV vector (treatment vector). As control, a vector carrying
the EGFP reporter in place of hRPGRIP1 was used (control
vector). (B) Immunoblotting analysis with an anti-human
RPGRIP1 antibody for expression from the therapeutic vec-
tor after subretinal injection of AAV vectors. Subretinal de-
livery of the treatment vector led to a 170-kDa protein in the
RPGRIP1™~ mouse retina (Treated). This band comigrated
with the RPGRIP1 protein from human retina (Human reti-
na), indicating that the human RPGRIP1 coding cDNA used
in constructing the therapeutic vector was the correct one.
This 170-kDa band was not seen in the RPGRIP1~~ mouse
fellow eye that had received the control vector subretinally
(Control). The major mouse RPGRIP1 protein had a sub-
stantially higher molecular mass and migrated at about
190kDa (WT; uninjected). A much fainter band at a lower
molecular mass in the uninjected WT retina may be a minor
RPGRIP1 variant or a degradation product of the major
mouse RPGRIP1 protein. A transducin « subunit (Te; pho-
toreceptor specific) and o-acetylated tubulin (expressed
throughout the retina) were probed as loading controls.

photoreceptor connecting cilia (Fig. 2A, left). Antibody
staining against rootletin, the structural constituent of the
ciliary rootlet, served as a reference marker (J. Yang et al.,
2002). The ciliary rootlet extends proximally from the con-
necting cilium, separated only by a basal body (]. Yang et al.,
2002), such that the connecting cilium sits atop the rootlet in
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the images (Fig. 2). In RPGRIP1~/~ mouse retinas receiving
the control vector, RPGRIP1 was absent, whereas RPGRIP1
was found at the connecting cilia in treated retinas (Fig. 2A,
middle and right). These data show that the recombinant
human RPGRIP1 expressed from the treatment vector was
able to localize to the correct subcellular compartment. Be-
cause one of the well-defined functions of RPGRIP1 is to
anchor RPGR in the connecting cilia, we examined whether
human RPGRIP1 was able to do so in mouse photoreceptors.
By immunofluorescence, mouse RPGR was found at the
connecting cilia in a WT mouse retina (Fig. 2B, left). In
RPGRIP1~/~ retinas receiving the control vector, there was
no mouse RPGR signal at the cilia (Fig. 2B, middle). On
delivery of the treatment vector, however, the normal lo-
calization of endogenous mouse RPGR in the cilia was re-
stored (Fig. 2B, right). Thus human RPGRIP1 localized
correctly in mouse photoreceptors and anchored mouse
RPGR to the connecting cilia.

Treatment with human RPGRIP1 replacement gene
preserves photoreceptor function

To evaluate the efficacy of the treatment, retinal function
was measured by ERG in cohorts of RPGRIP1”~ mice at
various ages after subretinal injection of the treatment vector
in one eye (OS) and control vector in the fellow eye (OD) at
postnatal day 14. Simultaneous bilateral recordings were
performed to optimize comparison of the treated and control
eyes. Dark- and light-adapted ERGs were recorded to eval-
uate responses from rod and cone systems, respectively. Rod
ERGs were recorded at 2, 3, and 5 months of age. At 2
months, the treated eye in the vast majority of mice had
larger rod ERG a-wave and b-wave amplitudes than the
fellow control eye (Fig. 3A). As a group, the geometric mean
values for rod ERG a-wave and b-wave amplitudes were
significantly higher in the treated eyes than in the control
eyes. Rod a-wave amplitudes averaged 58 1V for the treated
eyes and 37 uV for the control eyes (p =0.0002), and b-wave
amplitudes averaged 300 uV for the treated eyes and 205 uV
for the control eyes (p=0.0001). At the 3-month time point
(Fig. 3B), the treatment effect on retinal function was more
evident. Geometric mean values for rod ERG a-wave am-
plitudes averaged 43 and 20 uV for the treated and control
eyes, respectively (p <0.0001). Geometric mean values for
rod ERG b-wave amplitudes averaged 250 and 160 uV for the
treated and control eyes, respectively (p <0.0001). Notably,
some mice with a lower ERG amplitude in their treated eye
than in their control eye at 2 months showed amplitude re-
versal between eyes at 3 months. By 5 months of age, the
difference between control and treated eyes for rod ERG
amplitudes was even more pronounced (Fig. 3C). Geometric
mean values for rod ERG a-wave amplitudes averaged 48
and 154V for the treated and control eyes, respectively
(p<0.0001). Geometric mean values for rod ERG b-wave
amplitudes averaged 300 and 100uV for the treated and
control eyes, respectively (p < 0.0001).

A beneficial effect of treatment was also seen for cone
function. We recorded cone ERGs at 3 and 5 months of age
(Fig. 3B and C). At 3 months of age, cone ERG amplitudes
were significantly higher in the treated eyes than in the con-
trol eyes, with geometric mean cone ERG b-wave amplitudes
being 13 and 5V, respectively (p <0.001). At 5 months of
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FIG. 2. Subcellular localization of human RPGRIP1 in mouse photoreceptors. (A) Human RPGRIP1 expression in an
RPGRIP1~/~ mouse retina after subretinal delivery of the treatment vector. Immunofluorescence staining was performed at 2
weeks after vector delivery. Similar to endogenous mouse RPGRIP1 (green) in WT mouse retina (left), human RPGRIP1
(green) correctly localized to the photoreceptor connecting cilium just distal to rootletin (red) in the treated retina (right) but
not in the control retina (middle). (B) Expression of human RPGRIP1 led to the return of mouse RPGR (green) at the
connecting cilium, also just distal to rootletin (red), in the treated retina (right). RPE, retinal pigment epithelium; OS, outer
segment; CC, connecting cilium; IS, inner segment; ONL, outer nuclear layer.

age, the treatment effect on cone function persisted, with
geometric mean cone ERG b-wave amplitude being 20 and
4V for treated and control eyes, respectively (p <0.001).
Overall, treatment led to a 200% improvement in rod func-
tion and a 400% improvement in cone function as measured
by rod and cone ERG b-wave amplitudes at the last time
point (5 months).

Longitudinal analysis of the ERG amplitude data from 2
through 5 months of age (includes all data shown in Fig. 3)
showed that treatment significantly slowed the course of
disease for both rods and cones. As shown in Table 1, the
mean rates of monthly decline without treatment were 37%
for the rod a-wave, 22% for the rod b-wave, and 25% for the
cone b-wave. With treatment, these rates of decline fell to 8%
for the rod a-wave and rod b-wave and to no detectable
decline for the cone b-wave—in each case a significant
slowing of disease course. Representative rod and cone ERGs
at 5 months of age are shown in Fig. 6A to illustrate wave-
forms in treated and control eyes. By 5 months of age, many
animals had profoundly reduced rod ERGs and non-
detectable cone ERGs in their control eyes. In contrast, their
treated eyes still had substantial rod and cone responses at
this age, albeit still substantially lower than those of the WT
(at approximately one-third of WT level).

Treatment with human RPGRIP1 replacement
gene improves photoreceptor morphology
and prolongs survival

One of the hallmarks of photoreceptor degeneration in
mice lacking RPGRIP1 is severe disruption of the photore-

ceptor outer segments accompanied by mislocalization of
rhodopsin and cone opsin in the cell bodies (Zhao et al.,
2003). We performed immunofluorescence staining for rho-
dopsin and cone opsins on frozen retinal sections from
treated and control eyes at approximately 3 months of age.
Rhodopsin was found primarily in the rod outer segments of
WT photoreceptors (Fig. 4A, left). In the control retina, rod
outer segments were severely shortened, and because of
rhodopsin mislocalization, the outer and inner segments
could not be easily differentiated. There was also obvious
ectopic rthodopsin staining in the perinuclear region (Fig. 4A,
middle). In the treated retina (Fig. 4A, right), rhodopsin was
clearly partitioned to the outer segments, which were longer
and appeared better organized than in the control retina.
Similarly, compared with the WT (Fig. 4B, left), cone outer
segments were severely shortened in the control retina and
cone numbers appeared reduced as well (Fig. 4B, middle). In
the treated retina (Fig. 4B, right), cone outer segment length
and cell density appeared comparable to those of the WT.
These data suggest an overall improvement in morphology
in the treated retinas compared with the controls.
Photoreceptor morphology was further evaluated by light
microscopy at 3 months of age (n=23 pairs of eyes). Both su-
perior and inferior retina along the vertical meridian are shown
in Fig. 5A. In the control eye (Fig. 5A, middle panels) at this
time point, the outer nuclear layer has been reduced to about 3
or 4 rows of photoreceptor nuclei compared with the 9-11 rows
of cells seen in the WT (Fig. 5A, left panels). In addition, pho-
toreceptor outer and inner segments in the control eyes are
severely shortened and highly disorganized. In contrast, the
treated retinas (Fig. 5A, right panels) showed longer and better
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FIG. 3. Preservation of photoreceptor function as measured by rod and cone ERGs. Shown are rod a- and b-wave ERG
amplitudes from control and treated eyes at 2 (A; n=231), 3 (B; n=18), and 5 months of age (C; n=11) in the recipient
RPGRIPT™~ mice. Mice 1-6 in (A) and (B) represent the same animals tested at the two time points. At the 2-month time
point, most mice tested had higher a- and b-wave amplitudes in the treated eyes compared with the control eyes. At the 3-
and 5-month time points, all treated eyes had larger responses. The differences between the treated and control eyes were
statistically significant at all three time points. Cone ERG b-wave data for treated and control fellow eyes are shown at the 3-
month (B; n=11) and 5-month (C; n =11) time points. The mean cone ERG amplitude was significantly higher in the treated
eyes at both time points. Color images available online at www .liebertonline.com/hum.

organized outer segments as well as a thicker outer nuclear
layer (six or seven rows). Although markedly improved, the
treated retinas did not fully reach the level of retinal mor-
phology observed in WT retina as measured by outer segment
length and outer nuclear layer thickness. Figure 5B shows
electron microscopy images of treated and control retinas
presented in Fig. 5A to further illustrate the well-organized
photoreceptor outer segments in the treated eye.

Figure 5C shows morphometric analysis of retinal histol-
ogy in a representative pair of treated and control eyes. The
combined inner/outer segment length and outer nuclear
layer thickness were measured at three locations on either
side of the optic nerve head along the vertical meridian of the
retinal sections. The measurements from three independent
locations in each hemisphere were combined and analyzed.
The inner/outer segments were significantly longer in the
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RPGRIP1-/- control

Immunofluorescence staining (yellow) for rhodopsin (A) and cone opsin (B) in treated and control RPGRIP1

RPGRIP1-/- treated

-/-

mouse retinas at 3 months of age. (A) Rhodopsin normally localized in photoreceptor outer segments (WT). In the control
RPGRIP1™/~ retina (middle), the inner and outer segments were severely shortened and indistinguishable, and rhodopsin
mislocalized to the inner segments and cell bodies. In the treated retina (right), rod outer segments were elongated and
rhodopsin is largely partitioned to the outer segments with the inner and outer segment layers clearly distinguishable from
one another. (B) Staining for green cone opsin shows more plentiful cone photoreceptors and with better preserved outer
segments in the treated RPGRIP1~/~ mouse retina compared with the control. Some cone opsin mislocalization was still
present in the treated retina compared with the WT. Note also the thicker ONL in the treated retina compared with the
control. Sections were counterstained with Hoechst dye 33342 to highlight cell nuclei (blue). The treated retina shown was
one with the best rescue from among 10 pairs of eyes analyzed. RPE, retinal pigment epithelium; OS, outer segments; IS, inner
segments; ONL, outer nuclear layer; INL, inner nuclear layer.

treated eyes than in the control eyes, with a mean difference
of 7.1+0.38 um (n=3 pairs; p=0.0028). The outer nuclear
layer was also better preserved in the treated eye than in the
control eye, with a 7.3 yum + 0.05 mean difference (1 = 3 pairs;
p <0.0001). These data demonstrate that significantly more
photoreceptors survived in the treated retinas and that the
surviving cells maintained better morphology as measured
by inner plus outer segment length, a critical indicator of
overall photoreceptor cell health. Figure 6B illustrates rep-
resentative retinal morphology in a pair of treated and con-
trol eyes at the final study time point. In the control eyes
there were between zero and two rows of photoreceptors
remaining at this age, whereas the treated eyes typically re-
tained four or five rows of photoreceptors.

Discussion

Nonmotile or primary cilia are increasingly being appre-
ciated as having a diverse array of important functions. The
connecting cilium in photoreceptors, the link between the
light-sensing outer segment and biosynthetic inner segment,

occupies a position of central importance in photoreceptor
cell biology. There are a number of retinal dystrophies and
types of Usher syndrome that are caused by genetic defects
affecting the connecting cilia. A partial list includes RPGR
(X-linked RP), Lebercilin (LCA), and CEP290 (LCA).
RPGRIP1 is the first ciliary protein to be addressed in a re-
placement gene therapy approach, and the results from our
study could prove important for the design of gene therapy
protocols for other forms of ciliary defects that lead to pho-
toreceptor degeneration. The present study was designed to
test the potential therapeutic efficacy of a human-derived
RPGRIP1 replacement gene in a murine model of LCA
lacking RPGRIP1. This study is a follow-up to our previous
study in which we showed that a RPGRIP1 replacement gene
of murine origin led to improvement in photoreceptor
function and survival in RPGRIPI™”" mice (Pawlyk et al.,
2005). In the previous study, we used a promoter derived
from the mouse rhodopsin gene that drove expression pri-
marily in rod photoreceptor cells. As a result the rescue was
limited to rod photoreceptors. For human gene therapy, it is
imperative that the replacement gene be derived from the
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FIG.5. Morphological analyses of treated and control RPGRIP1~/~ mouse retinas at 3 months of age. (A) Light micrographs of the
midperipheral region in the superior and inferior retinal hemispheres. In both hemispheres the control retina has approximately
three or four rows of remaining cells in the ONL with shortened and disorganized photoreceptor inner and outer segments. In
contrast, the treated eye has six or seven rows of cells in the ONL with well-organized and longer inner and outer segments in both
hemispheres. A WT retina is shown for comparison. (B) Electron micrographs of the treated and control retinas shown in (A). The
treated retina retained well-organized outer segment disc structures. (C) Variable rescue of photoreceptor cells in different regions
of the RPGRIP1™/~ treated retina. Shown are morphometric measurements of outer nuclear layer thickness (left) and combined inner
and outer segment lengths (right) along the vertical meridian in a representative pair of treated and control retinas (ON, optic
nerve). RPE, retinal pigment epithelium; OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.

relatively small size of the RK promoter (~200 bp) is ideal for
use in combination with the RPGRIPI replacement gene
because the latter is relatively large (~4 kb), approaching the
packaging size limit of AAV vectors. This short RK promoter
was incorporated into our replacement gene design to drive

human genome, and, in the case of RPGRIP]I, its expression
needs to target both rods and cones. We have established
that a promoter derived from the human rhodopsin kinase
gene drives transgene expression in both rods and cones
(Young et al., 2003; Khani et al., 2007; Sun et al., 2010). The
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(A) Representative dark-adapted (DA) and light-adapted (LA) ERG waveforms from a pair of treated and control

RPGRIP1™/~ eyes at 5 months of age. WT ERG waveforms are shown for comparison. The control eye has a profoundly
reduced rod ERG and a nondetectable cone ERG at this age. The treated eye, however, has substantial rod and cone ERGs at
this time point that are appr0x1mate1y one-third of WT values. (B) Representative light photomicrographs of the superior

retina from the same pair of RPGRIPT~/

~ eyes shown in (A). The control eye has only about two rows of photoreceptor cells

remaining in the ONL at this age, with severely shortened and disorganized inner/outer segments. In contrast, the treated
eye has retained up to five rows of photoreceptor cells with longer and organized inner/outer segments.

a human RPGRIP1 replacement gene. A further technical
difference from the previous study is that we chose to
package the therapeutic gene construct into AAV2/8 to take
advantage of the known benefits of this version of AAV
vector, such as faster onset of transgene expression and
higher expression levels in photoreceptor cells (G.S. Yang
et al., 2002; Allocca et al., 2007; Natkunarajah et al., 2008). The
AAV2/8 vector proved successful in driving rapid expres-
sion because we could detect human RPGRIP1 protein by
immunofluorescence as early as 1 week postinjection. These
data represent a marked improvement over a prior unpub-
lished study of similar design and scope, in which we
packaged the replacement gene in an AAV2/5 vector. Human
RPGRIP1 expression from the AAV2/5 vector in recipient
mice was lower than what was found in the present study,
and the therapeutic efficacy appeared minimal (our unpub-
lished data).

The human RPGRIP1 protein expressed from the re-
placement gene was identical in apparent molecular weight
to that of the native RPGRIP1 from human donor retinal
tissues. The human RPGRIP1 is predicted to have a molec-
ular mass of 147 kDa, and the major mouse RPGRIP1 variant
is predicted to have a molecular mass of 152kDa. These are
considerably smaller than the values (170 and 190 kDa) that
we estimated on the basis of motility in sodium dodecyl
sulfate (SDS)-polyacrylamide gels. We believe these differ-
ences can be reasonably explained by the high content of
negatively charged amino acid resides (glutamic acid) in
these proteins, especially in mouse RPGRIP1. A higher acidic
residue content is known to retard motility of the polypep-
tides on SDS—polyacrylamide gels, thus giving higher ap-
parent molecular weight estimates (Graceffa et al., 1992;
Korschen et al., 1995; Iakoucheva et al., 2001). For example,

the RPGR protein exhibits a similar behavior because of high
glutamic acid content, having a much higher apparent mo-
lecular weight than would be predicated from its sequence.
We conclude that the human RPGRIP1 coding sequence used
in the replacement gene construct is indeed the same form
that is expressed endogenously in human photoreceptors.

The expression level of human RPGRIP1 protein in recipi-
ent mouse retinas appeared lower than that of endogenous
RPGRIP1 from WT mouse retinas. The reason for the lower
expression is not fully understood at this time. We do not
believe this is related to the strength of the RK promoter be-
cause expression levels from the transgenes were all quite
high in at least four other constructs using this promoter. One
explanation is that the inner retinal cells from the WT and
human retinas also contributed to the total RPGRIP1 content
on immunoblots, which would result in an underestimate of
the expression level in the treated retinas. This possibility can
be clarified in future experiments. Other explanations may be
a reduced stability of human RPGRIP1 transcript, a shorter
half-life of human RPGRIP1 protein, or difficulty in human
RPGRIP1 protein folding in a mouse photoreceptor milieu. If
the last hypothesis is correct, one would expect that this same
vector should yield a higher expression level in recipient hu-
man photoreceptors in a clinical application. Even if the
transgene expression level remains less than the endogenous
level, we do not believe that poses a significant barrier to early
clinical studies. The RK promoter exhibited excellent tissue
specificity; we have not observed ectopic expression in RPE,
inner retina, or nonocular tissues. Nor have we observed any
apparent pathology or increased mortality in mice that re-
ceived vector injections.

Human RPGRIP1 protein is functional in mouse photo-
receptors as demonstrated both by protein localization
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studies and by better photoreceptor function (ERG) and
morphology after treatment. Differences were seen in both
the quality and numbers of rods and cones between the
control and treated eyes. There was an improvement in
rhodopsin and cone opsin localization patterns in the treated
retinas. Treatment significantly promoted photoreceptor
survival and improved photoreceptor morphology in terms
of inner/outer segment length and organization, which are
important indicators of photoreceptor general health. Retinal
function was also greatly improved by treatment. Treated
eyes had significantly larger rod and cone ERG amplitudes at
all time points tested, and the rate of ERG decline was
markedly slowed. These data confirm a therapeutic efficacy
for this replacement gene construct in mouse photoreceptors
and establish a prototype design for future clinical applica-
tion in LCA patients with RPGRIP1 deficiency.

Despite marked improvement in retinal function and
morphology, rescue of the retinal disease phenotype was not
complete. By comparison with WT mice, treated RPGRIP1~/~
mouse eyes had rod and cone ERG amplitudes that were on
average only approximately one-third of WT mouse values
at the end point of the study (5 months). It should be noted,
however, that subretinal injections in mice can acutely re-
duce ERG amplitude by as much as 50% (our unpublished
observation). Therefore damage associated with subretinal
injection could, in part, contribute to the incomplete rescue in
the treated eyes. On the other hand, the data show that ret-
inal function continued to decline over time in the treated
eyes, as if the treatment did not fully reconstitute RPGRIP1
function in the recipient retinas. We could think of two main
reasons to account for this. First, the expression level of
transgenic human RPGRIP1 is substantially lower than that
of endogenous RPGRIP1 in mice. Second, there is substantial
divergence between human and mouse RGPRIP1 sequences,
with some regions of the protein bearing no homology
between the two species. This is in sharp contrast to the
typically high degree of conservation between the two spe-
cies for many other photoreceptor-specific proteins (e.g.,
those involved in the phototransduction cascade). Either of
these reasons could have accounted for the incomplete res-
cue observed in this study. Yet another possibility is the
existence of RPGRIP1 variants (Castagnet et al., 2003; Lu and
Ferreira, 2005; Won et al., 2009). It remains unclear if and to
what extent these variants are functionally significant in
photoreceptors. The reported variants represent variant
portions of the N-terminal RPGRIP1 and do not contain the
RPGR-interacting domain located at the C terminus. There-
fore, they are not expected to participate in the core function
of RPGRIP1, that is, to anchor RPGR in the connecting cilia.
Further studies may be necessary to examine the individual
roles of the variants in photoreceptor maintenance and
function. Given the available data, it is reasonable to predict
that the human RPGRIP1 replacement gene may produce a
more favorable outcome in the human photoreceptor envi-
ronment than in the murine photoreceptor environment.

The results from this study could pave the way for a fu-
ture clinical trial targeting LCA caused by RPGRIP1 func-
tional deficiency. The rapid disease progression in LCA
presents a significant challenge to gene therapy because re-
tention of sufficient photoreceptors in the retina is a pre-
requisite for a satisfactory therapeutic outcome. In this
regard, it is encouraging that LCA associated with RPGRIP1
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gene mutations has been reported by some to present with a
more stable and somewhat nonprogressive disease course
after the initial rapid decline in visual function (Hanein et al.,
2004). Photoreceptors in the central retina appear to persist
for long periods of time after visual function becomes un-
measurable (Jacobson et al., 2007). In our own clinic, we have
also found by optical coherence tomography that patients
with LCA due to RPGRIP1 mutations can retain a substantial
number of photoreceptors even when visual function has
largely been lost as measured by visual field and ERGs (our
unpublished observations). These clinical observations
highlight the potential for treatment in patients who carry
RPGRIP1 gene mutations.
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