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The aim of this study was the evaluation of the safety and effi-
cacy of unilateral subretinal injection of the adeno-associated
vector (AAV) serotypes 2 and 4 (AAV2/4) RPE65-RPE65 vector
in patients with Leber congenital amaurosis (LCA) associated
with RPE65 gene deficiency. We evaluated ocular and general
tolerance and visual function up to 1 year after vector admin-
istration in the most severely affected eye in nine patients
with retinal degeneration associated with mutations in the
RPE65 gene. Patients received either low (1.22 � 1010 to 2 �
1010 vector genomes [vg]) or high (between 3.27 � 1010 and
4.8 � 1010 vg) vector doses. An ancillary study, in which six
of the original nine patients participated, extended the
follow-up period to 2–3.5 years. All patients showed good
ophthalmological and general tolerance to the rAAV2/4-
RPE65-RPE65 vector. We observed a trend toward improved
visual acuity in patients with nystagmus, stabilization and
improvement of the visual field, and cortical activation along
visual pathways during fMRI analysis. OCT analysis after vec-
tor administration revealed no retinal thinning, except in cases
of macular detachment. Our findings show that the rAAV2/
4.RPE65.RPE65 vector was well tolerated in nine patients
with RPE65-associated LCA. Efficacy parameters varied be-
tween patients during follow-up.

INTRODUCTION
Leber congenital amaurosis (LCA) is a severe and early form of retinal
degeneration that accounts for 5% of retinal dystrophy cases. LCA was
first described in 1869 by theGerman ophthalmologist Theodor Leber,1

whodescribed severe visual impairment beginning at orwithin 1month
of birth, characterized by nystagmus, amaurotic pupils, and retinitis
pigmentosa. A non-detectable or highly attenuated electroretinogram
(ERG) is a key diagnostic feature.2 Visual difficulties are generally iden-
tified by 6 months of age. LCA is a heterogeneous genetic disease; 21
affected genes, expressed mainly in photoreceptors or the retinal pig-
mented epithelium (RPE), have been identified to date.3 The RPE65
gene, responsible for 6% of LCA cases,4 encodes a 65-kDa isomerase
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that participates in the visual cycle.5 RPE65 protein deficit induces early
degeneration of photoreceptors cells.6 No treatment for this retinal pa-
thology is currently available. In recent years, several clinical trials have
examined the potential of gene therapy strategies for the treatment of
LCA associated with RPE65 mutations. These studies have shown
that subretinal injection of a serotype 2/2 adeno-associated vector
(AAV) carrying the RPE65 gene results in improved retinal sensitivity,
visual acuity, pupillomotor reflex, nystagmus, microperimetry parame-
ters, and mobility test performance, especially in low lighting condi-
tions, over follow-up periods of 2–3 years.7–11 However, continued
retinal degeneration has been reported in other gene therapy studies
with follow-up periods exceeding 3 years.12,13 Bilateral injection of an
AAV2/2-RPE65 vector appears to be a safe procedure that induces a
mild, non-toxic immune reaction.14 All trials performed to date have
evaluated the effects of serotype 2AAVvectors, which target pigmented
epithelium cells and retinal cells. By contrast, serotype 4 AAV vectors
have a specific tropism for RPE cells.15

Here, we report the results of a phase 1/2 study performed at Nantes
University Hospital that evaluated the efficacy of and tolerance to a
type 2/4 AAV vector carrying the RPE65 gene under the control of
the RPE65 promoter.
RESULTS
Demographic and Surgical Data

Participating patients were aged 9–42 years (Table 1) and all carried
RPE65 gene mutations (Table S1). The follow-up period was 1 year.
Of the nine patients who underwent follow-up, six volunteered
for additional follow-up for periods ranging from 2 to 3.5 years
an Society of Gene and Cell Therapy.
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Table 1. Surgical and Injection Data

Age (Years) Volume Vector Genomes Injection Number Follow-up

First cohort

CG01 28 330 mL 2.01 � 1010 2 1 year

BJ03 27 200 mL 1.22 � 1010 3 1 year

MM04a 35 300 mL 1.83 � 1010 3 3 years 5 months

Second cohort

MR05a 42 700 mL 4.27 � 1010 5 2 years

HM06a 22 770 mL 4.7 � 1010 2 3 years

HT07a 20 530 mL 3.23 � 1010 4 3 years 2 months

Third cohort

AM08a 19 700 mL 4.27 � 1010 4 2 years 6 months

HM09 15 800 mL 4.8 � 1010 4 1 year

LC10a 9 770 mL 4.7 � 1010 3 2 years 2 months

aPatients who underwent long-term follow-up.
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post-injection (Table 1). The severity of retinal detachment varied
from one patient to the next. Injection volume also varied between pa-
tients (200–800 mL), with doses ranging from 1.22 � 1010 to 4.8 �
1010 vector genomes (vg) (Table 1). Subretinal injections were admin-
istered simultaneously in two to five injection sites (Table 1). Injection
sites were selected to primarily target the extra-foveal and peripheral
retinal regions. In patients MM04, HM06, and HT07, subretinal blebs
merged together during administration. For patient MM04, the mac-
ula and the fovea were detached by the subretinal injection. For pa-
tients HM06 and HM09, the border of the bleb was close to the fovea
without detaching it. Subretinal fluid was absorbed between 24 hr and
4 days post-injection.

Systemic Tolerance to AAV2/4-RPE65-RPE65

During the course of the trial, no adverse events associated with the
AAV2/4-RPE65-RPE65 vector were recorded in the “safety@easy”
vigilance database. Two serious adverse events that were unrelated
to the test product were declared: one thyroidectomy and one supra-
ventricular tachycardia. No clinically relevant changes in hematolog-
ical or biochemical parameters were detected during follow-up.

During the biodistribution study, the viral vector was primarily de-
tected in post-operative nasal samples, peaking at D+2. The majority
of viral vector values were below the limit of quantification (LOQ) of
the assay. Only patient LC10 showed values that exceeded the LOQ
threshold at D+2 and D+3, with a maximum value of 201 copies de-
tected in lachrymal secretions at D+2. As regards viral dissemination
in the blood, viral vector was transiently detected only in patient
HM09 between D0 and D+3, with all values remaining below the
LOQ (38, 40, and 32 copies detected in 14 mL of serum analyzed at
D+1, D+2, and D+3, respectively) (Table S2). No urinary dissemina-
tion was detected in any of the nine patients during monitoring. All
patients left the containment chamber by D+3.

Six patients did not show detectable AAV4 immunoglobulin G (IgG)
antibodies in the serum either before injection or after injection of the
recombinant AAV (rAAV)2/4-hRPE65 product. We detected anti-
AAV4 IgG antibodies in three patients. One patient (MR05) revealed
stable anti-AAV4 IgG antibodies titers before and after injection,
without significant increase after injection. Two patients (MM04
and HM09) appeared negative before AAV4 injection with detectable
anti-AAV4 IgG antibodies in the serum only following vector subre-
tinal administration (as soon as D14 after injection) (Table S3).
Regarding the detection of neutralizing factors, the results were corre-
lated to anti-vector IgG antibodies. Indeed, one patient (MR05) re-
vealed stable titers (1/50) of detectable anti-AAV4 neutralizing factors
(NFs) before and after injection, without any increase after subretinal
vector administration. Two patients (MM04 and HM09) were nega-
tive before AAV injection and showed detectable NFs after injection
similarly to IgG antibodies, with the highest titers observed at days 30
and 120 for HM09 andMM04 patients, respectively. In contrast to the
humoral response, anti-AAV4 cellular immunity was observed only
in one patient (MM04). Indeed, a statistically significant positive
interferon-g (IFN-g) response was observed against both peptide
pools 1 and 2 at all time points with no significant increase in the in-
tensity of the response (Table S3). Regarding RPE65 cellular immu-
nity, all the patients were found to be negative except MM04, who
showed a weak and transient cellular response to RPE65 between
days 14 and 60 following vector delivery.

Local Tolerance to AAV2/4-RPE65-RPE65

Ophthalmological follow-up of the nine injected patients revealed
no deleterious effects (i.e., no chronic inflammation, no retinal
detachment, no chorioretinal abnormality, and no cataracts). In the
tolerance questionnaire, most patients reported a painful tingling
sensation in the treated eye during the immediate post-operative
period. This discomfort persisted for only a few days.

No inflammation was evident in the biomicroscopic examination.
Nonetheless, laser flare meter (LFM) analysis revealed infra-clinical
inflammation at D+4 in three patients (HT07, HM09, and LC10),
with levels returning to normal by D+14 (Figure 1A). With a flare
value of 35.9 ± 7.4 photons (Ph)/ms at D+4, patient HT07 required
an increase in local anti-inflammatory treatment (six times per
day), which resulted in rapid normalization of LFM values. More sig-
nificant inflammation was observed in patients HM09 and LC10: flare
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Figure 1. Evaluation of Post-injection Inflammation

(A) Laser flare meter analysis of treated eyes (Ph/ms) at D�90, D�1, D+4, D+14,

D+60, D+180, and D+360. (B) Laser flaremeter values (Ph/ms) for the three patients

exhibiting inflammation.
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values of 125.7 and 53.6 Ph/ms, respectively, were recorded at D+4,
but returned to normal values by D+14 without need for increased
local anti-inflammatory treatment (Figure 1B). These two patients
received high doses of vector (800 and 770 mL, respectively). In pa-
tient LC10, retinal detachment in the bleb area took longer to resolve
(4 days) than in the other patients (24 hr).

Chorioretinal imaging (retinophotography, autofluorescence, fluo-
rescein angiography, or indocyanine green angiography) revealed
no choroidal or vascular retinal abnormalities in or around the in-
jected retinal areas. The only alteration observed was the development
of an atrophic scar on the RPE at the retinotomy site, characterized by
a “window effect” in the fluorescein angiography.

Spectral domain optical coherence tomography (SD-OCT) analysis of
mean retinal thickness 1 or 2–3 years post-injection revealed no alter-
ations in retinal thickness in treated or untreated eyes (Figure 2A). In
patient MM04, the total retinal thickness of the treated eye decreased
between the two time points (before injection and 1 year post-injec-
tion) (Figure 2B). However, assessments performed 3 years post-in-
jection revealed no further reduction in total retinal thickness, with
values remaining stable between 1 and 3 years post-injection. In pa-
tient MM04, no alterations in the retinal thickness of the untreated
eye were observed over the three time points analyzed (Figure 2B).
In the two patients with the bleb close to the fovea, no alteration in
total retinal thickness in the central 600-mm area was observed over
the course of follow-up (Figures 2C and 2D).

Efficacy of AAV2/4-RPE65-RPE65

Responding to a questionnaire, four of nine patients reported
improved perception of detail, three of nine reported improved fixa-
258 Molecular Therapy Vol. 26 No 1 January 2018
tion, one of nine reported improved color vision, one of nine reported
reduced photophobia, and one of nine reported reduced visual fa-
tigue. Six out of nine patients presented nystagmus (Figure 3A) and
four presented divergent strabismus (Figure 3A) upon inclusion in
the study. Patient HM06 presented with exotropia, with the untreated
eye dominant. Following subretinal vector injection, dominance
switched to the treated eye. Patient HT07 reported that he preferred
using only the treated eye for close-range vision, whereas patient
MR05 reported a sensation of ocular dominance in the treated eye.

The clinical progression of visual acuity loss varied between patient
cohorts (Figure 3A). In cohort 1 (baseline visual acuity <10 Early
Treatment Diabetic Retinopathy Study [ETDRS] letters), no alter-
ation in visual acuity was observed; in cohort 2 (baseline visual acuity
between 7 and 31 ETDRS letters), a trend toward improved visual
acuity was observed; and in cohort 3 (baseline visual acuity >50
ETDRS letters with no nystagmus), no alteration was observed (Fig-
ure 3A). We observed a non-significant improvement in average
visual acuity 1 year post-injection (+2.5 letters for all treated eyes,
except in patient CG01, whose initial VA was not quantifiable; p =
0.49). Even though the improvement was not statistically significant,
it was greater in the case of eyes with nystagmus (+7.6 letters on
average for the first five patients with nystagmus; p = 0.125): a slit-
lamp examination and live infrared OCT imaging revealed a post-
treatment reduction in the amplitude of nystagmus in these patients.
General analysis of visual acuity of patients during follow-up revealed
that mean visual acuity remained stable in the treated eye (+2.5 letters
at 1 year and +2.3 letters at 2–3 years), whereas a trend toward
reduced visual acuity was observed in untreated eyes (+1 letter at
1 year [p = 0.79] and�4.2 letters at 2–3 years [p = 0.20]) (Figure 3B).
None of the alterations in visual acuity were statistically significant
(Figure 3C).

Alterations in the surface area of the visual field varied between pa-
tients: measurement of the surface area of the V4 visual area revealed
an increase for five patients (CG01, BJ03, HM06, HT07, and AM08), a
decrease for two patients (MM04 and HM09), and no change for two
patients (MR05 and LC10) (Figures 4A and 4B). At 3 years of follow-
up, four of the six patients evaluated showed an increase in the surface
area of the visual field as compared with pretreatment values (multi-
plication ratio range, 0.7–5.9) (Figure 4B). A slight reduction in the
surface area of the V4 isopter of the untreated eye was observed
over long-term follow-up (Figure 4B). No significant alterations in
“loss variance” (LV) or “mean deviation” (MD) of the automated vi-
sual field were observed at either 1 year or >2 years of follow-up.

Microperimetry analysis at 1 year post-injection revealed that the
average sensitivity and number of microscotomas in both treated
and untreated eyes remained stable (Figures 5A and 5B). Similar
findings were obtained for microperimetry analysis performed at
2–3 years (Figures 5C and 5D). No improvements in ERG or pupill-
ometry results were observed after subretinal injection of the AAV2/
4.RPE65 vector. No modification in retinal autofluorescence was de-
tected. In the mobility test, comparison of pre-injection and 1 year



Figure 2. SD-OCT Evaluation of Changes in Total Retinal Thickness according to Eccentricity of the Fovea

SD-OCT evaluation of changes in total retinal thickness according to eccentricity of the fovea was measured in treated eyes (upper graphs, solid line) and untreated eyes

(lower graphs, dotted line) at baseline (blue line), 1 year post-treatment (green line), and 2–3 years post-treatment (red line). (A) Mean retinal thickness in all patients. (B) Patient

who experienced foveal detachment during surgery (MM04). (C) Patient with the bleb close to the fovea (HM06). (D) Patient with the bleb close to the fovea (HM09). BI, before

injection; N, nasal; T, temporal; TE, treated eye; UE, untreated eye; Y, year, Asterisks (*) indicate subretinal injection site.
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Figure 3. Visual Acuity Measured in Treated Eyes and Untreated Eyes at 1 (Blue) and 2–3 Years (Orange) Post-injection

(A) ETDRS visual acuity of injected and uninjected eyes before injection, 1 year post-injection, and at the final examination. (B) Mean visual acuity in the six patients who

underwent long-term follow-up. (C) Changes in mean visual acuity after the surgery as measured in the untreated and treated eyes in the six patients who underwent long-

term follow-up. Data are shown for all patients (left) and for nystagmic patients only (right). BI, before injection; LP, light perception; TE, treated eye; UE, untreated eye.
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Figure 4. Visual Field Analysis during Follow-up

(A) For each patient a composite retinal photograph is shown (left): the area exposed to the vector is indicated with a green line. The Goldmann visual field is shown on the

right: blue lines delineate the V4 surface before injection, green lines indicate the V4 surface 1 year post-injection, and red lines indicate the V4 surface at the final follow-up

examination. (B) Variation in the visual field surface area of the treated eye: 1 year post-treatment versus values obtained at final follow-up examination. (C) Variation in the

visual field surface area in untreated eye: 1 year post-treatment versus values obtained at final follow-up examination. TE, treated eye; UT, untreated eye; Y, year.
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post-injection values revealed no significant differences in transit time
or percussions between the treated and untreated eyes.

fMRI Results following Sub-retinal Injection of the AAV2/4-

RPE65-RPE65 Vector

Cortical activity in the primary visual cortex increased following light
stimulation as compared with basal conditions (resting in darkness)
(Figure 6A). The average T signal increased with luminance (one-
way ANOVA: F5,186 = 5.97; p < 0.0001). The average T signal also
differed between patients (one-way ANOVA: F7,176 = 13.23; p <
0.00001) (Figure 6B).

A multivariate ANOVA with three factors (patient, treated versus
control eye, pre- versus post-treatment) revealed significant differ-
ences in activation among patients (p < 0.0001) and a significant sub-
ject � laterality interaction (p < 0.0001). For both the control and
treated groups, no significant difference in pretreatment versus
post-treatment levels of activation was observed. Finally, the three-
way interaction that searches more specifically for a significant modi-
fication of activation in a subject according to treatment did not reveal
a statistically significant difference either.

Random effect group analysis, which enables identification of activa-
tions significantly present after treatment, identified no cluster for the
lowest lighting conditions (C1 and C2). For higher luminance values,
we detected one to four clusters depending on the stimulation condi-
tions of the treated eye, as compared with only one or two clusters for
the untreated eye (Table S4). In the group analysis, all confounded
stimulation conditions confirmed the onset of activation after treat-
ment of the treated eye, whereas no activation was detected for the
control group. We therefore identified three clusters in which activity
was significantly greater after than before treatment. All clusters were
located within the white matter. The most significant cluster was
located just behind the ipsilateral lateral geniculate ganglion: its
lateral-most voxel was 70% likely to belong to the optic radiation,
whereas its most medial voxel was 66% likely to belong to the poste-
rior corpus callosum (Juelich Histological Atlas). The most signifi-
cantly activated voxel of the second cluster was 89% likely to belong
to the corpus callosum. The final cluster was located within the ante-
rior lobe of the cerebellum (Figure 6C).

DISCUSSION
This gene therapy trial assessed the safety and efficacy of the AAV2/4-
RPE65-RPE65 vector, which is specific for the retinal epithelium, in
patients with LCA associated with RPE65 deficiency. We observed
no local or systemic adverse effects, in line with the findings of several
previous clinical trials of the AVV2/2 vector.7,9–11,16

The formation of several subretinal blebs as a consequence of two
to five retinotomies was not associated with any adverse effects.
Molecular Therapy Vol. 26 No 1 January 2018 261
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Figure 5. Microperimetry Data for All Patients at 1 Year Post-injection and for Patients Who Underwent Long-Term Follow-up

(A) Mean retinal sensitivity at 1 year post-injection. (B) Number of microscotomas at 1 year post-injection. (C) Mean retinal sensitivity in patients who underwent long-term

follow up. (D) Number of microscotomas in patients who underwent long-term follow-up. Treated and untreated eyes are represented by light gray and dark gray bars,

respectively. BI, before injection; Y, year.
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Evaluation of post-operative ocular inflammation revealed no
clinical abnormalities, although LFM showed a mild, transient
increase in protein flare (flare < 150 Ph/ms at D+4) in three of
six patients injected with the highest dose with a normalization
at D+14. In line with these findings, previous gene therapy trials
of LCA patients reported mild, transitory intra-ocular inflamma-
tion in three patients who received a dose of 1 � 1012 vg,12 and
grade 0.5 inflammation in two patients between 7 and 14 days
post-treatment.11 Even if this inflammation is related to gene ther-
apy, it is minimal and inconsequential, and is also observed after
vitrectomy for rhegmatogenous retinal detachment,17 peaking
1 week after surgery, and even more so in patients with retinitis
pigmentosa.18

Biodistribution of the viral vector was assessed following subretinal
injection. Vector was detected in nasal secretion samples: values ex-
ceeded the LOQ only in one patient (LC10), peaking at D+2. In
serum samples, the vector was only detected in a single patient at
D+2, at levels below the LOQ. In previous preclinical studies per-
formed in large animals, we observed similar biodistribution
kinetics in nasal and tear samples.15 However, we also detected
the vector in serum samples up to 25 days post-injection,15 a finding
that was not replicated in the present study. Detection of vector
DNA in human tear and blood samples a few days post-injection
has only been reported in the Bennett et al.14 and Maguire et al.16

studies.
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Our immunological findings suggest that the positive humoral
response observed in patient MR05 was unrelated to injection of
the viral vector per se and more likely due to pre-existing anti-
AAV4 immunity. Nonetheless, we cannot rule out potential cross-
reactivity caused by previous immunization against another AAV
serotype. Further supporting this possibility, MR05 was the oldest pa-
tient in the cohort (43 years at the time of injection). By contrast, the
results of our analyses of anti-AAV4 IgG and NF levels in patients
MM04 and HM09 suggest that the observed kinetics are related to
rAAV2/4-hRPE65 injection. The lack of correlation between humoral
and cellular data in our patient cohort is in line with previous studies
using AAV119 and AAV2.20 This may be because of differences in the
sensitivity of humoral and cellular assays, and/or the higher level of
cross-reactive responses for T cells versus antibodies. The anti-
AAV4 response observed in our study was consistent with the find-
ings of other retinal AAV-based clinical trials in which both humoral
and cellular responses were reported in certain patients.9,14,21–23

These responses were generally mild and/or transient, and they did
not preclude injection of the contralateral eye.14 Regarding RPE65
humoral immunity, we were unfortunately unable to draw any con-
clusions. It is important to note that in other AAV2-based clinical
trials of LCA, detection of anti-RPE65 IgG by ELISA was either not
reported23 or the results were similar to ours, with high levels of reac-
tivity.14,22 Bennett and coworkers14 detected anti-RPE65 antibodies
in two patients, both in baseline samples and after vector administra-
tion. They hypothesized that these positive results may have been



Figure 6. Functional MRI Analysis

(A) Activity in the primary visual cortex as a function of the intensity of light intensity of stimulation. T score is based on the stimulation conditions (C1, lowest luminance; C6,

highest luminance), as illustrated in the boxplot. (B) Primary visual cortex activity in individual patients. The mean T score per patient is shown. Blue, treated eye before

treatment; red, treated eye after treatment; yellow, untreated eye before treatment; green, untreated eye after treatment. (C) Increase in activity after treatment. Statistical

parametric map showing the voxels with a significant activation (p < 0.001 uncorrected, cluster correction at p < 0.05, random effect; n = 8) after versus before treatment, all

stimulation conditions together, projected onto a mean MRI template. Color bar indicates t scores.
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caused by cross-reaction with another RPE65-like protein or produc-
tion by the patients in question of a dysfunctional but immunologi-
cally detectable protein. Taken together, our ELISpot results were
consistent and suggest a low and transient cellular response against
RPE65 in patient MM04 between 14 and 60 days after vector delivery.
In agreement with our findings, a transient response was also reported
in another AAV-based LCA trial, in which two patients tested positive
for anti-vector antibodies 30 days after subretinal AAV2 administra-
tion.22 In a more recent study, two patients who had previously
received a single, unilateral AAV2 vector injection tested positive be-
tween 4 and 6 weeks after injection of the contralateral eye with the
same AAV2 vector.14

In terms of treatment efficacy, the results of functional tests revealed
variable modifications after treatment. While improvements in visual
acuity were not significant for all patients, we nonetheless observed
more marked improvements in visual acuity in patients from cohort
2, who presented nystagmus and intermediate initial visual acuity
upon inclusion in the study. By contrast, patients from cohort 3
(without nystagmus and with correct initial visual acuity) showed
less marked improvements in visual acuity. The better outcomes
observed in cohort 2 may be related to the clinical modification in
nystagmus. Improvements in visual acuity have been reported in
other RPE65 gene therapy trials,7,11,16 in some cases persisting up to
3 years post-treatment.8 Testa and coworkers8,21 reported a correla-
tion between a reduction in nystagmus and increased visual acuity,8

with a reduction in the amplitude of the nystagmus.21 In their study
of infantile nystagmus syndrome, Dell’Osso and coworkers24 re-
ported a correlation between visual acuity and foveation quality.
Similarly, an increase in foveation time has been proposed to improve
visual acuity in nystagmus patients.25 In future studies it will be
important to measure both fixation and the kinetic characteristics
of nystagmus in order to quantify modifications in nystagmus in pa-
tients treated with gene therapy.

The effects of rAAV2/4.RPE65.RPE65 treatment on the visual field
varied between patients. Over 2 years of follow-up, the surface area
of the visual field increased in six patients, decreased in two patients,
and remained stable in one patient. The therapeutic effect of rAAV2/
4.RPE65.RPE65 likely depends in part on the amount of RPE65
protein produced, and therefore on the dose of injected viral vector
in vg/mL (which influences the percentage of RPE cells transduced),
as well as the surface area of detached retina (which in turn influences
the surface area of RPE transduced). In our study, patients received
several simultaneous subretinal injections in order to treat the largest
possible retinal surface area, in accordance with the injection volumes
stipulated in the protocol. Patients in cohorts 2 and 3 (total volume <
800 mL) received more injections (4–5 blebs) than those in cohort 1,
increasing the contact between the viral vector and the retinal surface.
The number of injection sites in our trial was higher than that re-
ported in the studies conducted by Maguire et al.16 or Weleber
et al.11 (single injection of 450 mL), Jacobson et al.13 (maximum
dose of 450 mL in two injections), or Bainbridge et al.12 (single injec-
tion of 1mL). It therefore remains unclear whether our approach pro-
vides any significant benefit. Treatment efficacy is also associated with
vector concentration, the state of degradation of the retina, the type of
Molecular Therapy Vol. 26 No 1 January 2018 263
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mutation (missense or stop codon mutation), and the patient’s age. In
cohort 3, in which initial visual function was better preserved, no al-
terations in visual function were observed for either the treated or
untreated eyes. We were unable to determine the impact of age on
the visual field improvement in our series of nine patients, only two
of whom were pediatric subjects. By contrast, Bainbridge et al.12

observed more significant visual field improvements in patients
aged approximately 20 years, whereas Maguire and coworkers16 re-
ported visual field improvements in the youngest patients. Compared
with previous studies, the doses increment in our trial was smaller.
Moreover, the doses of vg injected (1,22 � 1010 to 4.8 � 1010)
were lower than those injected in other studies (ranging from 1.5 �
1010 vg16 to 6.11 � 1011 vg11). Our highest dose administered was
only double the lowest dose, and therefore the dose per cell was un-
changed. As suggested by the findings of Koch et al.,26 this dose
may have been insufficient to generate sufficient protein to produce
a functional visual benefit or to prevent further retinal degeneration.

The aforementioned functional modifications were observed within
several months of vector delivery. However, further analysis of these
functional alterations over a longer duration will be necessary to
demonstrate a persistent gene therapy effect, particularly in light of
recent findings describing a diminished benefit of RPE65 gene therapy
after 3 years of follow-up.12

Our SD-OCT analysis of total retinal thickness revealed minimal
reduction in foveal and perifoveal thickness in eyes in which the
bleb extended in the subfoveal area. This effect was observed within
the first few months following treatment and remained stable over
time. Similar observations have been reported in other trials of gene
therapy for the treatment of RPE65-related LCA or choroideremia.27

The reduced thickness does not worsen throughout follow-up at 1 or
more than 2 years. It could be the consequence of macular detach-
ment as observed in detachments of macula-off retina, which have
a worse visual prognosis than macula-on retina,28,29 which appears
correlated to whether or not there is an intact EZ line post-opera-
tively.30 However, we observed no alterations in total macular retinal
thickness at either 1 or 2+ years post-injection, in contrast to the find-
ings of both Bainbridge et al.12 and Jacobson et al.,13 who attributed
the progressive decrease in retinal thickness to the pursuit of retinal
degeneration. We cannot rule out the possibility that further retinal
thinning may occur in our patients, and we plan to assess this with
continued follow-up.

In contrast to our findings in RPE65�/� Briard dogs treated with the
same vector serotype (AAV 2/4),31 ERG revealed no modification in
retinal electrical activity in treated patients. These findings are in
agreement with those reported in other gene therapy trials.7,10,12,14

Patients with a visual handicap in relation to a RPE65�/� mutation
present cortical responses to visual stimulation even in the case of sig-
nificant deficit (first three patients). These responses recorded at the
primary visual cortex are correlated to the intensity of visual stimula-
tion, in accordance with the study by Aguirre et al.32 The absence of
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modification in cortical activity after treatment reinforces the absence
of immediate harmful effect on visual perception. However, infantile
abnormal visual perception results in definitive visual cortex disorga-
nization if not treated before the end of the critical period.33 If retino-
topic organization of the visual cortex seems to be preserved even in
the case of profound congenital blindness,34 it results in in-depth
anatomic and functional modifications: shrinking of the striated
and extra-striated visual cortex surface, increased cortical thickness
of the striated cortex, modification of anatomic and functional con-
nections, etc.35 These modifications are probably not reversible at
adult age,33 which could explain the absence of increased visual
cortical activity after treatment.

However, this treatment is associated with increased activity at the
white matter in areas involved in the transfer of visual information:
ipsilateral optical radiation and posterior corpus callosum. Patients
with retinal dystrophy present disorganization of optical radiation
while the thickness of ganglion cells (retinal nerve fiber layer
[RNFL]) is normal.36 The origin of this disorganization is probably
due to the abnormal visual stimulation, leading to abnormal myelina-
tion.37 The anatomy of the corpus callosum is also modified in case of
congenital blindness with atrophy of the posterior part (splenium).35

Activations of the white matter on fMRI can be observed at this sple-
nium during visual tasks,38 translating the transfer of inter-hemi-
spheric information between visual cortices. Finally, it was recently
revealed that gene therapy treatment could enable improving the or-
ganization of ipsilateral optical radiation and posterior corpus cal-
losum.39 Our study revealed that 6 months after gene therapy there
is increased operation of the visual pathways, especially in two areas
(optical radiations and splenium) that appear to reorganize after
treatment.39 Improved detection of the retinal signal after gene ther-
apy could increase stimulation of visual pathways leading to reorga-
nization of connections or increased myelinization.37 These anatomic
modifications would account for the increased functional activity
identified in this study.

Conclusions

In summary, the data obtained in this clinical trial of AAV2/
4.RPE65.RPE65 treatment of patients with LCA associated with a
RPE65 gene mutation indicate that it can be safely used for both gen-
eral and ophthalmological purposes. Improvements in visual function
varied between patients. Long-term follow-up of these patients will be
necessary to determine the persistence of these functional improve-
ments and to evaluate the effects of treatment on retinal degeneration.

MATERIALS AND METHODS
Clinical Trial

This trial, registered under clinical trial number NCT01496040, is a
phase 1/2 trial, and it was approved by the West Tours 1 ethics com-
mittee on March 4, 2011, and by the French Agency for Medicines
and Healthcare Products on September 1, 2011. Patients provided
written consent after they or their legal guardians were fully informed
about the trial. Patients were split into three cohorts according to age
and the dose of viral vector injected. Cohort 1 consisted of adult



www.moleculartherapy.org
patients who received the lowest dose of viral vector (up to 400 mL),
whereas cohorts 2 (adult patients) and 3 (adult and pediatric patients)
received a higher vector dose (up to 800 mL). An independent ethics
committee responsible for approving the trial met between the treat-
ment of patients 1 and 2, 3 and 4, 4 and 5, 6 and 7, and 7 and 8, to
examine safety and tolerance data.

Patients

Each of the patients included in this study harbored two mutations in
the RPE65 gene, the presence of which was verified upon inclusion.

Vector Production

The pAAV-hRPE65 vector plasmid carries the transgene expression
cassette flanked by AAV serotype 2 inverted terminal repeats
(ITRs). The expression cassette contains the human RPE65 coding
sequence (NCBI RefSeq NM_000329) under the control of a human
RPE65 promoter fragment (positions �1,359 to +23 relative to the
transcription start site) and a bovine growth hormone polyadenyla-
tion signal.

For production of the rAAV-2/4.hRPE65 vector, pAAV-hRPE65
plasmid was transfected into HEK293 cells together with pDP4-
Kana helper plasmid, which provides both AAV serotype 4 rep and
cap genes and adenovirus helper genes (VA RNA, E2A and E4).
The vector was purified by ion-exchange chromatography and
formulated in a saline solution specific for ocular surgery.

The rAAV-2/4.hRPE65 vector was aliquoted (0.5 mL) into 1.2 mL
cryovials. The concentration of the final drug product, titered by
dot blot hybridization, was 6 � 1010 vg/mL.

Surgery and Perioperative Treatment

Vector was administered by subretinal injection under general anes-
thesia into the eye with the greatest visual impairment. After a three-
way 20G vitrectomy, the vector administration was performed using a
41G cannula as previously described.15 The patient was immobilized
for 20 min following surgery to maximize contact between the viral
vector and RPE cells.

For 1 week before injection, patients received 0.5 mg/kg prednisolone
per day (PO). This dosage was increased to 1 mg/kg/day for 1 week
after surgery, and subsequently reduced over the following month
before being stopped. Post-operative local treatment included dexa-
methasone-tobramycin eye drops, administered three times per day
for 1 month, together with daily administration of 1% atropine eye
drops for 7 days in the operated eye.

Evaluation of Viral Vector Dissemination

After surgery, patients were placed in a confinement chamber from
D0 to D+3. Biodissemination of the AAV2/4.RPE65 vector was
analyzed before and 1, 2, and 3 days after vector injection in nasal se-
cretions and serum and urine samples. Analysis was performed by
qPCR PREMIX EX TAQ (Perfect Real Time) TAKARA (Sigma) using
the following primers/probes: Rev polyA BGH = 50-AGG CAC AGT
CGA GGC TGAT C-30 (20-mer) (Sigma); RPE65c-h = 50-GGT GAG
CCC AGG AGC AGG ACA AAA GCC-30 (27-mer); Fluo, FAM/
TAMRA (Eurogentec). RNA extraction was performed using the
QIAamp Viral RNA mini kit (QIAGEN) as follows: 1 cycle at 95�C
for 10 min; 45 cycles at 95�C for 15 s; 45 cycles at 62�C for 30 s.
The limit of detection was defined at 25 copies and the LOQ at 100
copies for nasal secretions and urine samples, and at 75 copies for
serum samples.

Evaluation of Treatment Tolerance

A routine biomicroscopic ophthalmological examination of the ante-
rior chamber and vitreal cavity and a biomicroscopic analysis of the
retina were performed, and intra-ocular inflammation was scored
according to the Nussenblatt rating system by measuring Tyndall
protein levels in the anterior chamber with a LFM (Kowa FM700).
Chorioretinal tolerance was evaluated by retinal photography with
the ETDRS method, using a non-mydriatic retinograph (TOPCON
TRC-NW6S) performed after pupil dilation with tropicamide (Ciba
Vision Faure; Novartis). SD-OCT (Spectralis HRA-OCT; Heidelberg
Engineering) was performed to analyze macular thickness, retinal
structure, and nerve fiber thickness. Total retinal layer thickness
was manually measured by two different operators at the fovea and
150, 300, and 600 mm along a horizontal line from the fovea, both
temporally (0.5T, 1T, and 2T) and nasally (0.5N, 1N, and 2N),
and statistical analyses were performed using R software version
3.0 (R Foundation for Statistical Computing). An angiographic
examination (Spectralis HRA-OCT; Heidelberg Engineering) using
fluorescein (5 mL of fluorescein sodium) and indocyanine green (In-
fracyanine; SERB) was performed to analyze vascular and retinal
alterations following vector administration. Physical examinations
and biochemical and hematological analyses were performed before
and after vector administration.

Patients completed a tolerance questionnaire, providing information
on ocular pain, ocular discomfort, and visual haziness following
surgery.

Immunological Study

Humoral Responses to AAV4 Vector

Analyses were performed at the INSERM 1089 laboratory under our
quality management system, which is approved by Lloyd’s Register
Quality Assurance (LRQA) to meet the requirements of International
Management System Standards ISO 9001:2008. Anti-AAV4 IgG an-
tibodies in patient sera were detected by ELISA using a method vali-
dated in accordance with ICH (Q2 R1) quality assurance guidelines.
Briefly, patient serum samples were serially diluted in 0.1% PBS-
Tween buffer and incubated in 96-well plates pre-coated with recom-
binant AAV2/4 viral particles. The reaction was revealed after incu-
bation with peroxidase-conjugated donkey anti-human IgG F(ab0)2
fragment (Jackson ImmunoResearch) and tetramethylbenzidine
(TMB) substrate (BD Biosciences). Optical densities were measured
(450–570 nm) using a microplate spectrophotometer reader (Mul-
tiskan GO; Thermo Scientific). For each dilution, the positivity
threshold was determined as the mean optical density + 3 SDs,
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obtained independently by analysis of 19 negative sera samples from
healthy donors. For positive samples, the IgG titer was defined as the
highest serum dilution with an optical density remaining above the
threshold curve.

Neutralizing factors against AAV4 were detected by neutralization
assay. This assay is based on the inhibition of transduction in the
COS cell line in the presence of serial serum dilutions using an
AAV4 vector expressing the GFP reporter gene. Percentages of
GFP-positive cells were determined by flow cytometry 72 hr after
cell infection. The neutralizing titer was defined as the highest serum
dilution that inhibited AAV transduction by R50% with respect to
the transduction control without serum.

Cellular Immune Responses to AAV4 Vector and RPE65

Transgene Product

Cellular immune responses against AAV4 capsid and RPE65 gene
product were evaluated using IFN-g ELISpot assays and were per-
formed at the immunology platform of Nantes University Hospital
and, when necessary for some second sample runs, at the INSERM
1089 laboratory. Briefly, frozen peripheral blood mononuclear cells
(PBMCs) were plated in 96-well ELIspot plates (Human IFN-g
ELISpot Plus kit; Mabtech) precoated with anti-IFN-g and were stim-
ulated in the presence of an overlapping peptide library at the final
concentration of 2 mg/mL (Pepscreen; Sigma) covering either the
AAV4 VP1 capsid protein sequence (split into three pools) or the
RPE65 protein sequence (20 split into two pools). The reaction was
revealed 24 hr after cell stimulation in accordance with the manufac-
turer’s instructions (Human IFN-g ELISpot Plus kit; Mabtech).
Results were expressed as spot-forming colonies (SFCs)/106 cells. A
positive response to any peptide pool was arbitrarily defined as any
response >50 SFCs/106 cells and at least three times higher than the
number of spots recorded in non-activated cells (medium alone).

Evaluation of Treatment Efficacy

Distance and close-range visual acuity were scored using the ETDRS
and Parinaud scales, respectively. For distance visual acuity, statistical
analyses were performed using BiostaTGV (Wilcoxon signed-rank
test). Color vision was tested using the saturated 15-hue test in
monocular vision. Visual field modifications were evaluated when
visual acuity was greater than 20/200, using a visual field in auto-
mated perimetry (Octopus 101 Perimeter; Haag-Streit, Koeninz,
Switzerland), together with a semi-static Goldmann analysis in V4.
The surface area of visual fields was calculated using Allplan 2015
software. Next, we calculated two inter-individual ratios: V4 surface
area at 1 year/V4 surface area at baseline, and V4 surface area at
2–3.5 years/V4 surface area at baseline. Statistical analyses were per-
formed using R software 3.0 (R Foundation for Statistical Computing,
Vienna, Austria). A microperimetry examination using a 4-2 strategy
was performed after 10 min adaptation to darkness using 200-ms
stimuli with a maximum luminance of 127 cd/m2 (Nidek MP-1 Mi-
croperimeter; Nidek Technologies, Padova, Italy; NAVIS software,
Version 1.7.1). A large-field ERG was performed following the Inter-
national Society for Clinical Electrophysiology of Vision (ISCEV)
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protocol using a Monpack3 vision monitor (Metrovision, Perenchies,
France). When fixation was of sufficient quality, a multifocal ERGwas
performed with the RETIscan system (Roland Consult, Wiesbaden,
Germany) and RETIscan software (Version 3.15), in accordance
with ISCEV recommendations. Pupil size, speed of dilatation, and
pupil contraction in response to a series of flashes were measured
by dynamic pupillometry using the Vision Monitor pupillometry de-
vice (Metrovision, Perenchies, France). To evaluate modification in
mobility after subretinal vector administration, patients underwent
a mobility test. The patient’s travel time, through a maze using either
the operated eye occluded or non-operated eye occluded, was
measured in milliseconds and the number of mobility errors calcu-
lated. Patients were required to travel through the maze under two
lighting conditions (4 lux and 240 lux). Each eye occlusion configura-
tion was randomly selected. The test was performed three times for
each lighting condition and each eye. A questionnaire on the patient’s
visual experience was taken after surgery. No test-retest variability
was observed for any of the psychophysical assessments performed.
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