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Abstract

The history of the North African Jewish community is ancient and complicated with a number of immigration
waves and persecutions dramatically affecting its population size. A decade-long process in Israel of clinical-
molecular screening of North African Jews with incurable autosomal recessive blindness led to the identification
of a homozygous splicing mutation (c.95-2A > T; IVS2-2A > T) in RPE65, the gene encoding the isomerase that
catalyzes a key step in the retinoid-visual cycle, in patients from 10 unrelated families. A total of 33 patients (four
now deceased) had the severe childhood blindness known as Leber congenital amaurosis (LCA), making it the
most common cause of retinal degeneration in this population. Haplotype analysis in seven of the patients
revealed a shared homozygous region, indicating a population-specific founder mutation. The age of the RPE65
founder mutation was estimated to have emerged 100-230 (mean, 153) generations ago, suggesting it originated
before the establishment of the Jewish community in North Africa. Individuals with this RPE65 mutation were
characterized with retinal studies to determine if they were candidates for gene replacement, the recent and only
therapy to date for this otherwise incurable blindness. The step from molecular anthropological studies to
application of genetic medicine was then taken, and a representative of this patient subgroup was treated with
subretinal rAAV2-RPE65 gene therapy. An increase in vision was present in the treated area as early as 15 days
after the intervention. This process of genetically analyzing affected isolated populations as a screen for gene-
based therapy suggests a new paradigm for disease diagnosis and treatment.

Introduction

VER THE PAST 2000-3000 YEARs, genetically isolated

Jewish communities evolved following major diasporas,
expulsions, and persecutions that forced their migrations and
isolation. Over the last century, many of these communities
have migrated to Israel, initially maintaining their ethnic
identity. The historical events that led to formation of the
genetically isolated communities permit molecular anthro-
pologists to trace the origins of the various ethnic groups that
now comprise the heterogeneous society of Israel and un-
derstand how these populations have formed and progressed
with time. From the medical perspective, rare single-gene
diseases with autosomal recessive inheritance are often dis-
covered within such ethnic subgroups. The identification of

molecular causes of these genetic disorders has led to pre-
vention strategies and counseling, especially in fatal severe
incurable diseases (Rosner et al., 2009; Zlotogora, 2009). The
rare opportunity recently arose to bring together the results of
molecular anthropology and gene medicine for the purpose of
treating with ocular gene therapy an autosomal recessively
inherited human blindness, termed Leber congenital amau-
rosis (LCA) (Bainbridge et al., 2008; Cideciyan et al., 2008;
Hauswirth et al., 2008; Maguire et al., 2008).

Materials and Methods

Human subjects and clinical trial

The studies included 100 families of North African Jewish
origin with the diagnosis of inherited retinal degeneration.
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Blood samples were obtained from the index patients and
from other affected and unaffected family members for DNA
analysis; patients underwent complete ophthalmic examina-
tions. In 10 families with LCA (33 patients; see Fig. 1B), the
¢.95-2A > T (IVS2-2A > T) transversion in the RPE65 gene was
identified in the homozygous state. Detailed measures of vi-
sual function and retinal structure were performed in two
siblings from one of these families. Informed consent was
obtained from all participants; procedures adhered to the
guidelines in the Declaration of Helsinki and were approved
by the institutional review boards from participating institu-
tions. One of the two siblings with the RPE65 mutation was
assessed with vision research studies before and after taking
part in a Phase I clinical trial (registered in clinicaltrials.gov,
NCT00481546) evaluating the safety of rAAV2-hRPEG65.

Molecular studies

Genomic DNA was extracted from peripheral blood of all
patients and family members using the FlexiGene DNA kit
(QIAGEN, Valencia, CA) and published methods (Auslender
et al., 2007).

Mutation analysis. Primers flanking studied exons were
designed using Primer3 (http://frodo.wimit.edu/cgi-bin/
primer3/primer3_www.cgi). The primer sequences are
available by request. PCR was performed in 30-ul reaction
with 35 cycles. Mutation analysis was performed by direct
sequencing of PCR products. Whole-genome single nucleo-
tide polymorphism (SNP) analysis was performed by the
10K Affymetrix system (Affymetrix, Inc., Santa Clara, CA).

Estimation of mutation age. Analysis of mutation age
was performed by the DMLE + program (version 2.2) (Reeve
and Rannala, 2002). The population growth (r) was esti-
mated by the following formula: Ty = T,e®"”, where T; rep-
resents the current population size, T, represents the
ancestral population size, and ¢ represents the number of
generations. The estimated current population size (T;) was
determined as 670,000 (based on the Israeli Central Bureau of
Statistics). The initial size of the population can be only
roughly estimated by historical records, and therefore we
used a range of 5,000-10,000 individuals. Using the above-
mentioned formula, population growth (r) was calculated as
X (for Tp=>5,000) or Y (for To=10,000). For all calculations,
we used a 25-year interval per generation.

Visual function and retinal imaging studies

Visual function. Absolute sensitivity of visual perception
to flashed lights was determined using either localized or
full-field stimuli. Techniques, methods of data analysis, and
normal results have been described (Jacobson et al., 1986,
2009a; Roman et al., 2007a; Cideciyan et al., 2008). Dark-
adapted sensitivity to the full-field stimulus was measured
using blue and red, 200 ms-duration flashes with an LED-
based, computer-driven stimulator (Colordome; Diagnosys
LLC, Littleton, MA). The sensitivity difference (blue-red) to
these two stimuli was used to assess whether rods, cones,
or both photoreceptor systems mediated perception. Cone-
mediated perception is expected to yield a much smaller
sensitivity difference (blue-red, 3.1 dB) than rod-mediated
perception (blue-red, 19.3 dB). Mixed mediation refers to
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values between those limits and indicates that rods are me-
diating blue detection and cones are mediating red detection
(Roman et al., 2007a).

Photoreceptor layer topography. In vivo microscopy of
the human retina was performed with a Fourier-domain (FD)
optical coherence tomography (OCT) system (RTVue-100;
Optovue Inc., Fremont, CA) as published (Jacobson et al.,
2008, 2009b). Retinal cross sections were obtained along hor-
izontal and vertical meridia centered on the fovea and ex-
tending 9 mm in either direction. Dense raster scans were also
performed to sample an 18x12-mm region of the retina cen-
tered on the fovea. Postacquisition processing of data was
performed with custom programs (MatLab 6.5; MathWorks,
Natick, MA). For topographic analysis, the precise location
and orientation of each raster scan relative to retinal features
(blood vessels, intraretinal pigment, and optic nerve head)
were determined using en face images of the fundus. Long-
itudinal reflectivity profiles (LRPs) making up the OCT scans
were aligned by straightening the major RPE reflection
(Huang et al., 1998; Jacobson et al., 2003). The outer photore-
ceptor nuclear layer (ONL) thickness was defined as the major
intraretinal signal trough delimited by the signal slope max-
ima (thickness values <5 um were considered not detectable).
ONL thickness was related to colocalized psychophysical
thresholds determined by dark-adapted static perimetry.

Modeling of the relationship between retinal structure and
visual function. The relationship between photoreceptor
structure and colocalized visual function was defined in
patients using ONL thickness and rod-mediated sensitivity.
Patient results were compared with an idealized model of
the expected relationship for “simple” photoreceptor de-
generations in which vision loss is thought to derive pri-
marily from degenerative photoreceptor cell loss. The model
assumes that absolute sensitivity of rod-mediated function
near the visibility threshold is limited by quantum catch, and
thus it is proportional to the product of the number of sur-
viving photoreceptor cells and the length of their outer seg-
ments; both of these parameters are proportional to ONL
thickness (Jacobson et al., 2005, 2007; Cideciyan et al., 2008).
Thus, to a first approximation, loss of light sensitivity (in
linear units) would be expected to be proportional to the
square of ONL thinning.

Autofluorescence imaging. Spatial topography of the
retinal pigment epithelium (RPE) health was estimated with
recently developed near-infrared autofluorescence imaging
(NIR-AF) methods (Cideciyan ef al., 2007; Aleman et al., 2008;
Gibbs et al., 2009). A confocal scanning laser ophthalmoscope
was used for imaging (HRA2; Heidelberg Engineering
GmbH, Heidelberg, Germany) with an NIR (790nm) exci-
tation light and a long-pass blocking filter for >804 nm. This
NIR-AF signal is believed to be dominated by the melano-
lipofuscin in RPE and melanin in the RPE and choroid.
Images were exported from the manufacturer’s software and
analyzed as described (Cideciyan et al., 2007).

Viral vector preparation and delivery

The adeno-associated virus (AAV) vector, AAV2-
CB-hRPE65, as previously described (Jacobson et al., 2006),
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was packaged and purified according to clinical Good
Manufacturing Practices (cGMP) by the two-plasmid co-
transfection method at the University of Florida Human
Applications Laboratory. In brief, HEK 293 cells were co-
transfected with pDG packaging plasmid DNA, which en-
codes three adenoviral genes required for packaging (E2A,
VA, and E4) and the AAV2 rep and cap genes, along with the
AAV vector plasmid. Vector purification employed a three-
column purification method with vector titer, expressed in
vector genomes (vg), determined by dot-blot assay (Zolotu-
khin et al., 2002). The final vector reagent, as vialed and
stored, passed testing for sterility, endotoxin, minimum
vector titer, protein purity, correct capsid proteins, absence
of visible foreign material, and pH. The vector also demon-
strated in vivo potency (Roman et al., 2007b) shortly before
clinical administration. The vector reagent was provided on
a compassionate use basis.

The eye with worse visual function (in this case, the am-
blyopic left eye) was chosen for vector administration. Local
retrobulbar anesthesia was administered and the eye then
prepped and draped. A standard three-port 23-gauge vit-
rectomy was performed. The conjunctiva over the right-
sided sclerotomy was dissected and the sclerotomy enlarged
with a 20-gauge MVR blade so that the injection cannula (39
gauge; Synergetics Inc., O’Fallon, MO) could be easily in-
serted into the eye. A small retinotomy was performed with
the tip of the cannula, and a volume of 300 ul of vector
(containing 1.19x 10" viral particles) was introduced into the
subretinal space at a slow rate and avoiding subfoveal de-
livery. At the end of the procedure, the 20-gauge sclerotomy
site and the overlying conjunctiva were secured with 7.0
vicryl sutures. The other sites had no suturing. Sub-
conjunctival antibiotics and steroids were administered. To-
pical antibiotics and steroids were used postoperatively, and
tapered over the course of 28 days.

Monitoring of safety

Ocular safety was assessed by standard eye examinations
at two baseline visits, daily for the first 5 days posttreatment,
and on days 7, 10, 14, 21, 30, 60, and 90. Systemic safety was
evaluated with a physical examination at both baseline
evaluations, daily after administration for 5 days, and on
days 7, 10, 30 and 90 postadministration. Routine hematol-
ogy, serum chemistry, coagulation studies, and urinalysis
were performed at baseline and at 1, 3, 10, 30, and 90 days.
Serum samples were assayed for circulating antibodies to the
AAV2 capsid proteins at baseline and on days 14 and 90, and
the presence of AAV DNA in peripheral blood was tested by
quantitative PCR at baseline an on days 1, 3, and 21 post-
operatively as previously described (Hauswirth et al., 2008).

Results and Discussion

In our cohort of Israeli patients with hereditary retinal
degenerations, there are 100 families (208 patients) of North
African Jewish origin, mainly with autosomal recessive in-
heritance. The most common phenotypes are retinitis pig-
mentosa (RP), and an early-onset and severe retinal
degeneration, termed Leber congenital amaurosis (LCA;
OMIM #204100; Fig. 1A). With recent evidence of safety and
efficacy of gene therapy in patients with LCA (Bainbridge
et al., 2008; Cideciyan et al., 2008; Hauswirth et al., 2008;
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Maguire et al., 2008), we focused on this disease. In mutation
analyses of LCA performed mainly in North American and
European populations, at least 14 disease-causing genes and
over 400 mutations have been identified; these genes and
mutations accounted for about 70% of the cases (for reviews,
see Stone, 2007; den Hollander et al., 2008). In contrast, in our
LCA cohort of 43 patients, representing 18 families of North
African origin (including Morocco, Algeria, Libya, and
Tunis), three mutations in only three genes (RPE65, AIPLI,
GUCY2D) were responsible for all cases (Fig. 1A).

The RPE65 (retinal pigment epithelium-specific-65-kDa)
gene was the most prevalent cause of LCA at 56%, in con-
trast to <10% quoted in other studies (den Hollander et al.,
2008), and in contrast to none among LCA patients of
Ashkenazi Jewish descent in our cohort. Mutation analysis
revealed a homozygous splice site mutation, c.95-2A>T
(IVS2-2A >T), in the RPE65 gene in patients with LCA from
10 of the families (Fig. 1B-D; Table 1). This mutation has
been reported previously in two other patients of unknown
origin (Hanein et al., 2004; Simonelli et al., 2007). RPE65 en-
codes the isomerase of the retinoid cycle, the enzymatic
pathway that underlies mammalian vision; mutations in
RPEG65 disrupt the retinoid cycle and cause LCA (Hamel ef al.,
1993; Redmond et al., 1998; Jin et al., 2005; Moiseyev et al.,
2005; den Hollander et al., 2008; Cideciyan, 2010). The splice
site mutation we identified was present neither in North
African Jews with other retinal degenerations nor in LCA
patients from other origins, suggesting a founder LCA mu-
tation that is specific to the North African Jewish population.
Haplotype analysis in seven of the patients, using SNP
markers in the vicinity of RPE65, revealed a shared homo-
zygous region (Fig. 1C), indicating a founder mutation.
Using the DMLE program, the age of the founder mutation
was estimated at between 100 and 230 generations ago, with
a mean of 153 generations (Fig. 1E).

To estimate the carrier frequency of the ¢.95-2A > T muta-
tion, we screened 179 origin-matched control individuals and
identified two carriers (estimated carrier frequency of ~1.1%).
In the remaining eight families with LCA, we identified pa-
tients who are homozygous for the AIPL] (arylhydrocarbon-
interacting receptor protein-like 1) p.Val71Phe mutation in
four families and patients who are homozygous for the
GUCY2D (human photoreceptor guanylate cyclase 2D)
¢.389delC mutation in four families. One of the AIPL1 patients
was also a carrier of the RPE65 mutation.

How does this founder mutation in RPE65 affect retinal
structure and function? The mutation is likely to result in an
aberrant mRNA transcript lacking exon 3, introducing a
frameshift followed by a premature stop codon at amino acid
27. A mutant transcript such as this is likely to be recognized
and degraded by the nonsense mediated mRNA decay
mechanism, resulting in the lack of RPE65 protein expres-
sion. All affected individuals showed clinical manifestations
of LCA (Table 1), including markedly impaired night vision,
reduced visual acuity from an early age, and nystagmus;
there was a spectrum of retinal abnormalities from mild
pigmentary disturbances to atrophy. Electrophysiological
responses, as measured by electroretinography, were non-
detectable in all individuals tested, even at young ages.
Most patients above the age of 30, as previously reported
(Jacobson et al., 2007), had visual acuities at the light per-
ception to counting fingers levels, with severely constricted
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visual fields. Aiming to study in detail the structure of the
retina in patients who are homozygous for the c.95-2A >T
mutation, we first quantified the photoreceptor layer (Fig. 2A
and B). In a normal subject and in two affected siblings with
RPE65-LCA (Family MOL0701, II:2 and II:3; Table 1 and Fig.

1B), retinal cross sections were obtained using in vivo mi-
croscopy (Jacobson et al., 2005). In normal subjects (Fig. 2A,
upper) a foveal depression or pit and orderly retinal layers
corresponding to nuclei, synapses, and axons are observed.
The photoreceptor ONL (highlighted in blue) is thickest at
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TABLE 1. CLINICAL CHARACTERISTICS OF PATIENTS
wWITH LEBER CONGENITAL AMAUROSIS

expanse of central retina is also shown (Fig. 2B). In the
19-year-old with RPE65-LCA, there is a region with retained
photoreceptors extending from the fovea into the superior
retina; a less extensive region centered at the fovea is de-
tectable in the 24-year-old subject.

Family
number

Patient  Gender/age®
number at exam (years) Refraction® Visual acuity®

MOLO0288 1I:1 M/ 64 NA The topography of RPE integrity in the RPE65-LCA eyes

1I:3 M/30 -1.00 CF was defined with NIR-AF imaging (Cideciyan et al., 2007;

MOL0326 1I:2 M NA Aleman et al., 2008; Gibbs et al., 2009). In normal human eyes,

II:1 F/23 -1.50 CF NIR-AF images show a circular central region of homoge-

1I:2 M/18 +1.50 RE: 20/100  neous appearance and higher brightness extending from the

LE: 20/80 fovea (Cideciyan et al., 2007). With increasing eccentricity,

MOL0458 H:.Z M/5 NA HM there is a decrease in brightness (Fig. 2C). NIR-AF topo-

MOL0484 R}? llz/i 4 Eﬁ HM graphies of the RPE65-LCA eyes showed a central region of

V4  F/58 NA higher intensity surrounded by a more peripheral region of

V6 F/39 NA LP lower intensity. In the 19-year-old individual, there was ev-

V10 F NA idence of two zones of RPE demelanization surrounding the

V:3 F/24 +3.00 20/40 central ellipsoid of retained RPE. At the eccentricity of the

MOL0532 III:4 F NA optic nerve head, there was a wide homogeneous annulus of

Ivi4  F/60 NA HM lower intensity likely corresponding to partially demelanized

V5 F/16 -5.75 CF RPE cells. Further peripheral was a heterogeneous annulus

97:16 E; iils Ig?o 20(/:?1?00 probably representing loss of RPE cells and appearance of

: NS choroidal melanin structures. The two zones were also evi-

3421 11:/[/23 Eﬁ LP dent in the affected 24-year old individual, but loss of RPE

MOL0647 II:1 F/19 16.00 HM cells alnd Choroigal structures are more evident around the
. . central preserved area.

1 F/16 400 Ii%%ll\:/l Candidacy of individuals with this RPE65 mutation for

MOL0701 II:2 M/26 +3.50 RE: 20/80 treatment with gene replacement therapy depends on evi-

LE: 20/200 dence of retinoid cycle blockade from RPE65 deficiency, i.e.,

I1:3 E/19 plano 20/60 that these RPE65-mutant retinas show greater photorecep-

MOLO0751 II:1 M/1 +7.50 FF tor layer thickness than predicted for the degree of visual

MOLO0767 1I:1 M NA loss (Jacobson et al., 2005; Cideciyan, 2010). Absolute sen-

Eg 112/[/ 49 Eﬁ sitivity of visual perception to flashed lights was first de-

iy termined wusing full-field stimuli and psychophysical

MOL0815 R}; 1126/3121 Eﬁ methods (Fig. 2D and E; Roman et al., 2007a). Consistent

with previous reports of the effects of human RPE65 mu-

CF, counting fingers; FF, fix and follow light; HM, hand move-
ments; LE, left eye; LP, light perception; NA, not available; RE, right
eye.

yaWhen visual acuity data are available, age at exam is provided.
Otherwise, current age is listed.
PSpherical equivalent; average both eyes.
“Similar in both eyes unless specified.

the fovea centralis and thins with increasing distance from it.
In both affected siblings (at ages 19 and 24), there is relative
sparing of the ONL at the fovea, but diminishing ONL with
increasing distance from the fovea (Fig. 2A, middle and
lower panels). Photoreceptor layer topography across an

tations on vision (Jacobson et al., 2009), both individuals
showed 4-5 log units of sensitivity loss to achromatic
stimuli. Use of chromatic full-field stimuli revealed that
rods and cones were contributing to the remnant visual
function (Fig. 2D). The relationship between photoreceptor
nuclear layer structure and colocalized visual function was
then defined at selected extrafoveal locations along hori-
zontal and vertical meridia (Fig. 2E; Jacobson et al., 1986;
Cideciyan et al., 2008). Patient results were compared with
an idealized model of the expected relationship for “simple”
photoreceptor degenerations (i.e., not caused by RPE65
mutations; Jacobson et al., 2005; Cideciyan et al., 2008). In

<

FIG.1. Identifying and dating a founder mutation in North African Jewish families with autosomal recessive blindness. (A)
A pie chart of North African Jewish families with autosomal recessive RP and LCA divided by identified gene. Note the
relatively high fraction of RPE65-LCA cases (red). (B) Families with the IVS2-2A > T mutation in the RPE65 gene. Numbers
above family tree indicate family serial number; numbers within symbols indicate number of siblings; numbers below
symbols indicate generation and individual numbers; arrows indicate index cases; and double horizontal line designates
consanguinity. (C) The autozygous region identified in North African Jewish patients who are homozygous for the RPE65
mutation. A selected set of SNP markers within (orange) and flanking the RPE65 gene are depicted. Genotypes marked in
blue are homozygous and those in green are heterozygous. The depicted region is homozygous and shared among patients of
Moroccan origin (individuals 3-7), whereas individuals of Algerian origin (individuals 1 and 2) have heterozygous markers
downstream of the RPE65 gene. Patients included in this analysis are the following: 1-MOL00288 III:3; 2-MOL0458 1I.2; 3-
MOL0326 III:1; 4-MOL0484 V:3; 5-MOL0484 IV:1; 6-MOL0532 IV:6; 7-MOL0647 1I:2. (D) Sequence chromatogram of a control
(top) and a homozygous patient (bottom) showing parts of intron 2 (lowercase letters) and exon 3 (uppercase). The arrow
indicates the location of the c.95A > T mutation. (E) Estimation of the mutation age (represented by the number of genera-
tions). Green bars represent 95% confidence interval, and it is estimated that the founder mutation occurred 100-230 gen-
erations ago.
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FIG. 2. RPE65-mutant reti-
nas analyzed for photorecep-
tor and RPE disease and
potential for treatment. (A)
Cross-sectional OCT images
along the vertical meridian
through the fovea in a normal
subject and two siblings with
RPE65-LCA.  Photoreceptor
nuclear layer is highlighted
(blue). Inset: schematic loca-
tion of the scans; calibration
bar at bottom. (B) Topo-
graphy of photoreceptor layer
thickness in normal and
RPE65-LCA retinas displayed
in pseudocolor (inset). Optic
nerve head and major retinal
blood vessels are overlaid
(black or white). Fovea and
optic nerve head are labeled.
(C) RPE integrity as measured
with near infrared auto-
fluorescence in normal and
RPE65-LCA retinas. Higher
intensity represents greater
melanin content. T, temporal;
N, nasal; S, superior; I, inferior
retina; F, fovea. (D) Full-field
visual sensitivity to chromatic
(blue or red) stimuli in a nor-
mal subject and RPE65-LCA
patients demonstrating pairs
of response reversals to esti-
mate absolute sensitivity (da-
shed lines). Unfilled symbols,
not perceived; filled symbols,
perceived. Differences in vi-
sual sensitivity between the
blue and red stimuli (right

panel) in normal subjects
(gray error bars=normal
mean+2SD) in the dark-

adapted state (left) or at the
cone plateau of dark adapta-
tion after light exposure
(right) define which photore-
ceptor mediates perception of
each color (R, rods; C, cones).
Mixed (M) mediation refers to
values in which rods are me-
diating blue detection and
cones are mediating red de-

tection (Roman et al., 2007a). Horizontal dashed line delimits the sensitivity difference required for cone mediation of the
stimulus. (E) ONL thickness expressed as the fraction of normal mean value for each measured location along the horizontal
and vertical meridians (for eccentricities >0.6 mm), plotted as a function of colocalized rod sensitivity loss. Normal variability
(95% confidence interval) is described by the ellipse. Thick dashed line describes the idealized model of the relationship
between structure and function in pure photoreceptor degenerations; thin dashed lines delimit the region of uncertainty that
results by translating the normal variability along the idealized model. Yellow symbols indicate retinal loci with treatment
potential in RPE65-LCA patients.

other words, in the idealized model, vision loss is thought
to derive primarily from degenerative photoreceptor cell
loss. At some retinal locations in the RPE65-LCA subjects
(72/98 =73%), the fraction of remaining ONL thickness was
predictably related to loss of rod-based vision and was no
different from the prediction of the model for non-RPE65

behavior. At other locations in the RPE65-mutant retinas
(26/98 =27%), however, there was a significantly greater
amount of ONL preservation for the severity of visual loss
(Fig. 2E, highlighted yellow). The latter result indicates that
the Moroccan Jewish individuals with this founder RPE65
mutation are potential candidates for a recent and novel
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gene therapeutic intervention (Bainbridge et al., 2008; Ci-
deciyan ef al., 2008; Hauswirth et al., 2008; Maguire et al.,
2008).

Patient II:2 from family MOLO0701, described above, was
enrolled in a Phase I clinical trial of ocular delivery of AAV2-
based RPE65 gene replacement. Based on the photoreceptor
topography of the left eye (similar to that in the right eye,
Fig.2B), subretinal (between RPE and neural retina) injection
of vector-gene was targeted to a superior retinal region with
detectable ONL (Fig. 3A). After the injection, absolute visual

FIG. 3. Retinal gene therapy in an individual with RPE65-
LCA and the splice site mutation. (A) Topographical map of
photoreceptor layer thickness with digitally enhanced ves-
sels for visibility and comparison with B. A segment of the
OCT data is shown in 3D with surface shading to illustrate
the superior retinal site (schematic needle) of the subretinal
injection. (B) Retinal loci along the vertical meridian where
dark-adapted visual sensitivities were measured (black and
green circles) before and after treatment superimposed on an
infrared view of the retina. Three loci show significant im-
provements (***) over baseline test-retest variability at 15
days after the injection (green circles); remaining loci show
no difference (gray circles). The injection site (schematic
needle) and the estimated extent of the bleb formed by the
injection (dashed circle) are shown.
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sensitivity under dark-adapted conditions was sampled
along the vertical meridian crossing fixation at the fovea and
compared with the sensitivity obtained before the injection.
Tested loci are shown overlaid on the infrared retinal image
of the patient; location of the injection site and the estimated
boundaries of the bleb formed by the injection are also
shown for reference (Fig. 3B). By 15 days after the injection,
sensitivities at three contiguous loci from 1.8 to 3 mm supe-
rior to the fovea (Fig. 3B, green circles, bracket) were sig-
nificantly improved beyond the test-retest variability
(8SD = 0.6 log) obtained in the same patient on six sessions
before the injection. At two of the loci, the extent of the im-
provement was also significant using previously published
stricter criteria for change (0.8 log;) based on a population of
RPE65-LCA patients (Cideciyan et al., 2008). At the most
recent evaluation corresponding to 90 days after the injec-
tion, sensitivities at the three neighboring retinal loci re-
mained significantly improved (ranging from 1 to 1.7 logy
units) compared with baseline. Sensitivities in the untreated
eye were unchanged from baseline (data not shown). The
increased light sensitivity in the treated eye (which was also
self-reported by the subject) is thought to be driven by an
increased synthesis of 11-cis-retinal chromophore due to
wild-type RPE65 protein introduced into the RPE by ex-
pression from the AAV2 gene therapy vector (Cideciyan
et al., 2008). Safety monitoring showed no vector-related se-
rious adverse events and no systemic toxicities. There was no
evidence of viral particles in the systemic circulation nor a
significant rise in circulating antibodies to AAV serotype 2
capsid postoperatively.

In summary, a unique combination of scientific, medical,
genetic, and political analyses converged to provide treat-
ment for a rare ocular disorder that was only recently con-
sidered incurable. The route to the medical treatment was
nontraditional and emanated from a genetic analysis of
dispersion of an ancient group of people that dated back
centuries to their return to a present-day community. During
that odyssey, they retained not only their ethnic and genetic
identity but also their disease vulnerability. The advances
made in identifying prevalent founder mutations in such
defined populations using molecular genetic techniques,
combined with the emergence of an effective gene therapy
(at present only for the RPE65 gene), mandate modification
of the way we approach patients from such communities, as
the present report exemplifies. When a patient of North Af-
rican Jewish descent is diagnosed with LCA, there is a
probability of close to 100% that the genetic cause will be one
of three specific mutations in three genes. There is ~50%
likelihood that the disease is caused by the IVS2-2A>T
mutation in the RPE65 gene, which can be rapidly verified or
excluded. Once identified, the RPE65-LCA patient undergoes
in vivo retinal microscopy; areas with residual ONL that are
amenable to treatment are mapped; and gene therapy can be
administered to that area. An additional implication is that if
there is a therapeutic response to gene therapy in one patient
with a given RPE65 mutation, it becomes a “test case” for
other patients with the same mutation, provided the patients
have comparable photoreceptor topography and residual
vision in the treated region of retina (Jacobson et al., 2008,
2009a) and, of course, considering factors such as age and
success of surgical procedure. In the pre-gene therapy era for
LCA, another RPE65 founder mutation, Tyr368His, was
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identified in an isolated Dutch community (Yzer et al., 2003),
and the approach taken in the present study may now have
applicability for this patient group. As other forms of gene
therapy and other novel treatments for genetic diseases be-
come increasingly available, application of this type of medi-
cal diagnostic and decision-making approach may become the
standard of care in genetically defined subpopulations.

Acknowledgments

We thank the Macula Vision Research Foundation for
supporting the clinical trial. The Yedidut Research Grant
supported the molecular genetic parts of this study. We
deeply appreciate the assistance of Dr. Ethan Galun, Dr.
Linda Rasooly, and the staff of the Hadassah Medical Center
GMP facility in the final pre-operative preparation of the
viral vector, and the contributions of Dr. Anat Blumenfeld to
the molecular genetic studies. Many thanks are due to Mr.
Dan Blau, Mrs. Inbar Erdinset, Dr. Malgorzata Swider, and
Mr. Israel Barzel for excellent engineering, technical, and
fundus imaging assistance.

Author Disclosure Statement

W.W.H. and the University of Florida have a financial
interest in the use of AAV therapies, and own equity in a
company (AGTC Inc.) that might, in the future, commer-
cialize some aspects of this work. The University of Penn-
sylvania, University of Florida, and Cornell University hold
a patent on the described gene therapy technology (United
States Patent 20070077228, “Method for Treating or Retard-
ing the Development of Blindness”).

References

Aleman, T.S., Cideciyan, A.V, Sumaroka, A., Windsor, E.A,,
Herrera, W., White, D.A., Kaushal, S., Naidu, A., Roman, A.].,
Schwartz, S.B., Stone, E.M., and Jacobson, S.G. (2008). Retinal
laminar architecture in human retinitis pigmentosa caused by
rhodopsin gene mutations. Invest. Ophthalmol. Vis. Sci. 49,
1580-1590.

Auslender, N., Sharon, D., Abbasi, A.H., Garzozi, H.]., Banin, E.,
and Ben-Yosef, T. (2007). A common founder mutation of
CERKL underlies autosomal recessive retinal degeneration
with early macular involvement among Yemenite Jews. In-
vest. Ophthalmol. Vis. Sci. 48, 5431-5438.

Bainbridge, ].W., Smith, A ]., Barker, S.S., Robbie, S., Henderson,
R., Balaggan, K., Viswanathan, A., Holder, G.E., Stockman, A.,
Tyler, N., Petersen-Jones, S., Bhattacharya, S.S., Thrasher, A.].,
Fitzke, F.W., Carter, B.]., Rubin, G.S., Moore, A.T., and Ali,
R.R. (2008). Effect of gene therapy on visual function in
Leber’s congenital amaurosis. N. Engl. J. Med. 358, 2231-2239.

Cideciyan, A.V. (2010). Leber congenital amaurosis due to
RPE65 mutations and its treatment with gene therapy. Prog.
Retin. Eye Res. 29, 398-427.

Cideciyan, A.V., Swider, M., Aleman, T.S., Roman, M.I., Su-
maroka, A., Schwartz, S.B., Stone, E!M., and Jacobson, S.G.
(2007). Reduced-illuminance autofluorescence imaging in
ABCA4-associated retinal degenerations. J. Opt. Soc. Am. A.
Opt. Image Sci. Vis. 24, 1457-1467.

Cideciyan, A.V., Aleman, T.S. Boye, S.L. Schwartz, S.B.,
Kaushal, S., Roman, AJ., Pang, J.J.,, Sumaroka, A., Windsor,
E.A., Wilson, ].M., Flotte, T.R., Fishman, G.A., Heon, E., Stone,
E.M.,, Byrne, B.J., Jacobson, S.G., and Hauswirth, W.W. (2008).

BANIN ET AL.

Human gene therapy for RPE65 isomerase deficiency activates
the retinoid cycle of vision but with slow rod kinetics. Proc.
Natl. Acad. Sci. U.S.A. 105, 15112-15117.

den Hollander, A.I, Roepman, R., Koenekoop, R.K., and
Cremers, F.P. (2008). Leber congenital amaurosis: genes,
proteins and disease mechanisms. Prog. Retin. Eye Res. 27,
391-419.

Gibbs, D., Cideciyan, A.V., Jacobson, S.G., and Williams, D.S.
(2009). Retinal pigment epithelium defects in humans and mice
with mutations in MYO7A: imaging melanosome-specific au-
tofluorescence. Invest. Ophthalmol. Vis. Sci. 50, 4386—4393.

Hamel, C.P., Tsilou, E., Pfeffer, B.A., Hooks, ].J., Detrick, B., and
Redmond, T.M. (1993). Molecular cloning and expression of
RPE65, a novel retinal pigment epithelium-specific micro-
somal protein that is post-transcriptionally regulated in vitro.
J. Biol. Chem. 268, 15751-15757.

Hanein, S., Perrault, I., Gerber, S., Tanguy, G., Barbet, F., Ducroq,
D., Calvas, P., Dollfus, H., Hamel, C., Lopponen, T., Munier, F.,
Santos, L., Shalev, S., Zafeiriou, D., Dufier, ]J.L., Munnich, A.,
Rozet, ].M., and Kaplan, J. (2004). Leber congenital amaurosis:
comprehensive survey of the genetic heterogeneity, refinement
of the clinical definition, and genotype-phenotype correlations
as a strategy for molecular diagnosis. Hum. Mutat. 23, 306-317.

Hauswirth, W.W., Aleman, T.S., Kaushal, S., Cideciyan, A.V.,
Schwartz, S.B., Wang, L., Conlon, T.J., Boye, S.L., Flotte, T.R.,
Byrne, B.J., and Jacobson, S.G. (2008). Treatment of Leber
congenital amaurosis due to RPE65 mutations by ocular sub-
retinal injection of adeno-associated virus gene vector: short-
term results of a phase I trial. Hum. Gene Ther. 19, 979-990.

Huang, Y., Cideciyan, A.V., Papastergiou, G.I., Banin, E., Semple-
Rowland, S.L., Milam, A.H., and Jacobson, S.G. (1998). Relation
of optical coherence tomography to microanatomy in normal
and rd chickens. Invest. Ophthalmol. Vis. Sci. 39, 2405-2416.

Jacobson, S.G., Voigt, W.J., Parel, ].M., Apathy, P.P., Nghiem-
Phu, L., Myers, SW., and Patella, V.M. (1986). Automated
light- and dark-adapted perimetry for evaluating retinitis
pigmentosa. Ophthalmology 93, 1604-1611.

Jacobson, S.G., Cideciyan, A.V., Aleman, T.S., Pianta, M.].,
Sumaroka, A., Schwartz, S.B., Smilko, E.E.,, Milam, A.H.,
Sheffield, V.C., and Stone, E.M. (2003). Crumbs homolog 1
(CRB1) mutations result in a thick human retina with abnor-
mal lamination. Hum. Mol. Genet. 12, 1073-1078.

Jacobson, S.G., Aleman, T.S., Cideciyan, A.V., Sumaroka, A.,
Schwartz, S.B., Windsor, E.A., Traboulsi, E.I., Heon, E., Pittler,
S.J., Milam, A .H., Maguire, A.M., Palczewski, K., Stone, E.M.,
and Bennett, J. (2005). Identifying photoreceptors in blind eyes
caused by RPE65 mutations: prerequisite for human gene
therapy success. Proc. Natl. Acad. Sci. U.S.A. 102, 6177-6182.

Jacobson, S.G., Acland, G.M., Aguirre, G.D., Aleman, T.S,,
Schwartz, S.B., Cideciyan, A.V., Zeiss, C.J.,, Komaromy, A.M.,
Kaushal, S.,, Roman, A.J., Windsor, E.A., Sumaroka, A.,
Pearce-Kelling, S.E., Conlon, T.J.,, Chiodo, V.A., Boye, S.L.,
Flotte, T.R., Maguire, A.M., Bennett, J., and Hauswirth, W.W.
(2006). Safety of recombinant adeno-associated virus type 2-
RPE65 vector delivered by ocular subretinal injection. Mol.
Ther. 13, 1074-1084.

Jacobson, S.G., Aleman, T.S., Cideciyan, A.V., Heon, E., Golczak,
M., Beltran, W.A., Sumaroka, A., Schwartz, S.B., Roman, A.].,
Windsor, E.A., Wilson, J.M., Aguirre, G.D., Stone, EM., and
Palczewski, K. (2007). Human cone photoreceptor dependence
on RPE65 isomerase. Proc. Natl. Acad. Sci. U.S.A. 104, 15123-
15128.

Jacobson, S.G., Cideciyan, A.V., Aleman, T.S., Sumaroka, A.,
Windsor, E.A., Schwartz, S.B.,, Heon, E., and Stone, E.M.



GENE THERAPY IN NORTH AFRICAN JEWISH LCA

(2008). Photoreceptor layer topography in children with Leber
congenital amaurosis caused by RPE65 mutations. Invest.
Ophthalmol. Vis. Sci. 49, 4573-4577.

Jacobson, S.G., Aleman, T.S., Cideciyan, A.V., Roman, A],
Sumaroka, A., Windsor, E.A., Schwartz, S.B., Heon, E., and
Stone, E.M. (2009a). Defining the residual vision in Leber
congenital amaurosis caused by RPE65 mutations. Invest.
Ophthalmol. Vis. Sci. 50, 2368-2375.

Jacobson, S.G., Aleman, T.S., Sumaroka, A., Cideciyan, A.V.,
Roman, A.J., Windsor, E.A., Schwartz, S.B., Rehm, H.L., and
Kimberling, W.J. (2009b). Disease boundaries in the retina of
patients with Usher syndrome caused by MYO7A gene mu-
tations. Invest. Ophthalmol. Vis. Sci. 50, 1886-1894.

Jin, M, Li, S., Moghrabi, W.N., Sun, H., and Travis, G.H. (2005).
Rpe65 is the retinoid isomerase in bovine retinal pigment
epithelium. Cell 122, 449-459.

Maguire, A.M., Simonelli, F., Pierce, E.A., Pugh, E.N,, Jr, Min-
gozzi, F., Bennicelli, J., Banfi, S., Marshall, K.A., Testa, F.,
Surace, E.M., Rossi, S., Lyubarsky, A., Arruda, V.R., Konkle,
B., Stone, E., Sun, J., Jacobs, J., Dell'Osso, L., Hertle, R., Ma,
JX., Redmond, T.M., Zhu, X., Hauck, B., Zelenaia, O.,
Shindler, K.S., Maguire, M.G., Wright, ]J.E., Volpe, N.J.,
McDonnell, ] W., Auricchio, A., High, K.A., and Bennett, J.
(2008). Safety and efficacy of gene transfer for Leber’s con-
genital amaurosis. N. Engl. J. Med. 358, 2240-2248.

Moiseyev, G., Chen, Y., Takahashi, Y., Wu, B.X., and Ma, J.X.
(2005). RPE65 is the isomerohydrolase in the retinoid visual
cycle. Proc. Natl. Acad. Sci. U.S.A. 102, 12413-12418.

Redmond, T.M., Yu, S., Lee, E., Bok, D., Hamasaki, D., Chen, N.,
Goletz, P., Ma, ].X., Crouch, R K., and Pfeifer, K. (1998). Rpe65
is necessary for production of 11-cis-vitamin A in the retinal
visual cycle. Nat. Genet. 20, 344-351.

Reeve, J.P., and Rannala, B. (2002). DMLE+: Bayesian linkage
disequilibrium gene mapping. Bioinformatics 18, 894-895.

Roman, A ., Cideciyan, A.V., Aleman, T.S., and Jacobson, S.G.
(2007a). Full-field stimulus testing (FST) to quantify visual
perception in severely blind candidates for treatment trials.
Physiol. Meas. 28, N51-N56.

Roman, A.]., Boye, S.L., Aleman, T.S., Pang, J.]., McDowell, ].H.,
Boye, S.E., Cideciyan, A.V., Jacobson, S.G., and Hauswirth,
W.W. (2007b). Electroretinographic analyses of Rpe65-mutant
rd12 mice: developing an in vivo bioassay for human gene

1757

therapy trials of Leber congenital amaurosis. Mol Vis. 18,
1701-1710.

Rosner, G., Rosner, S., and Orr-Urtreger, A. (2009). Genetic
testing in Israel: an overview. Annu. Rev. Genomics Hum.
Genet. 10, 175-192.

Simonelli, F., Ziviello, C., Testa, F., Rossi, S., Fazzi, E., Bianchi,
P.E., Fossarello, M., Signorini, S., Bertone, C., Galantuomo, S.,
Brancati, F., Valente, E.M., Ciccodicola, A., Rinaldi, E., Aur-
icchio, A., and Banfi, S. (2007). Clinical and molecular genetics
of Leber’s congenital amaurosis: a multicenter study of Italian
patients. Invest. Ophthalmol. Vis. Sci. 48, 4284-4290.

Stone, E.M. (2007). Leber congenital amaurosis—a model for
efficient genetic testing of heterogeneous disorders: LXIV
Edward Jackson Memorial Lecture. Am. J. Ophthalmol. 144,
791-811.

Yzer, S., van den Born, L.I., Schuil, J., Kroes, H.Y., van Genderen,
M.M., Boonstra, F.N., van den Helm, B., Brunner, H.G., Koe-
nekoop, RK., and Cremers, F.P. (2003). A Tyr368His RPE65
founder mutation is associated with variable expression and
progression of early onset retinal dystrophy in 10 families of a
genetically isolated population. J. Med. Genet. 40, 709-713.

Zlotogora, J. (2009). Population programs for the detection of
couples at risk for severe monogenic genetic diseases. Hum.
Genet. 126, 247-253.

Zolotukhin, S., Potter, M., Zolotukhin, 1., Sakai, Y., Loiler, S.,
Fraites, T.J., Jr., Chiodom, V.A., Phillipsberg, T., Muzyczka,
N., Hauswirth, W.W., Flotte, T.R., Byrne, B.J., and Snyder,
R.O. (2002). Production and purification of serotype 1, 2, and
5 recombinant adeno-associated viral vectors. Methods 28,
158-167.

Address correspondence to:

Dr. Eyal Banin

Department of Ophthalmology
Huadassah-Hebrew University Medical Center
Jerusalem, Israel

E-mail: banine@cc.huji.ac.il

Received for publication March 11, 2010;
accepted after revision July 5, 2010.

Published online: November 4, 2010.






