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Several groups have reported the results of clinical trials of gene augmentation therapy for
Leber congenital amaurosis (LCA) because of mutations in the RPE65 gene. These studies
have used subretinal injection of adeno-associated virus (AAV) vectors to deliver the human
RPE65 cDNA to the retinal pigment epithelial (RPE) cells of the treated eyes. In all of the
studies reported to date, this approach has been shown to be both safe and effective. The
successful clinical trials of gene augmentation therapy for retinal degeneration caused by
mutations in the RPE65 gene sets the stage for broad application of gene therapy to treat
retinal degenerative disorders.

Inherited retinal degenerations (IRDs) are im-
portant causes of blindness that are charac-

terized by progressive dysfunction and death
of rod and cone photoreceptor cells leading
to vision loss (Berger et al. 2010). Several types
of IRD, such as Leber congenital amaurosis
(LCA), cause vision loss in infancy or childhood
(Weleber 2002; Michaelides et al. 2006; Chung
and Traboulsi 2009). More than 200 different
types of IRDs have been identified across all
age groups by clinical and genetic studies, mak-
ing IRDs one of the most genetically diverse
groups of inherited disorders (Hsiau et al.
2007; RetNet 2014). This includes 19 genes ini-
tially reported to be associated with LCA
(RetNet 2014). LCA is usually diagnosed in in-
fancy, based on the presence of poor vision, nys-

tagmus, abnormal electroretinography respons-
es, and pupillary light reflexes (Perrault et al.
1999; Lorenz et al. 2000; Aleman et al. 2004;
Simonelli et al. 2007). Most patients with LCA
have severe visual impairment throughout
childhood; vision deteriorates over time and pa-
tients often have total blindness by the third or
fourth decade of life (Perrault et al. 1999). De-
spite the notable progress made in identifying
the genetic causes for IRDs, the specific genetic
cause remains elusive for up to half of IRD pa-
tients (Hartong et al. 2006; Daiger et al. 2007;
Stone 2007; den Hollanderet al. 2010; Audo et al.
2012; Neveling et al. 2012; Shanks et al. 2013).

Research on gene therapy for IRDs is now in
a translational phase, following the reports of
the success of Phase I clinical trials of gene ther-
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apy for RPE65 LCA, choroideremia, X-linked
adrenoleukodystrophy, and hemophilia (Bain-
bridge et al. 2008; Cideciyan et al. 2008; Maguire
et al. 2008, 2009; Cartier et al. 2009; Nathwani
et al. 2011; Bennett et al. 2012; Jacobson et al.
2012; MacLaren et al. 2014). As a follow-up to
these initial proof-of-concept trials, clinical tri-
als of gene therapy for four other genetic forms
of IRD are currently in progress (Table 1). Fur-
ther, gene therapy studies in animal models
have reported efficacy for multiple additional
genetic types of IRD (Ali et al. 2000; Min et al.
2005; Alexander et al. 2007; Pang et al. 2008,
2012; Tam et al. 2008; Boye et al. 2010; Cai et
al. 2010; Komaromy et al. 2010; Pawlyk et al.
2010; Sun et al. 2010; Mao et al. 2011; Mihelec
et al. 2011; Simons et al. 2011; Beltran et al.
2012; Han et al. 2012). There is thus an unprec-
edented opportunity to translate research pro-
gress into sight preserving and/or restoring
treatment for patients with IRDs.

Much of the optimism about the use of gene
therapy to treat IRDs comes from the success of
the initial trials of gene augmentation therapy
for RPE65-associated LCA. The goal of this ar-
ticle is to briefly review the results of the Phase I
and Phase II clinical trials of gene therapy for
RPE65 LCA and discuss the importance of these
reports.

RPE65

Mutations in the RPE65 gene were first identi-
fied to cause LCA in 1997 (Gu et al. 1997; Marl-
hens et al. 1997b). The RPE65 gene encodes the
enzyme that catalyzes the isomerization of all-
trans retinyl esters into the chromophore 11-cis
retinal (Redmond et al. 1998, 2005; Jin et al.
2005; Moiseyev et al. 2006). Lack or reduction
of this enzyme activity limits response of pho-
toreceptors and thus vision and subsequently
results in degeneration of the retinal pigment
epithelial (RPE) cells and neural retina (Jacob-
son et al. 2005; Travis et al. 2007).

Dogs with retinal degeneration, caused by
a mutation in the RPE65 gene, were identified
in 1999 (Veske et al. 1999), shortly after the first
RPE65 mutations were identified in humans
with LCA (Gu et al. 1997; Marlhens et al.

1997a). The phenotype of the RPE65 mutant
dog had already been characterized (Narfstrom
et al. 1989). The parallels of the animal model to
the human counterpart led to tests of adeno-
associated virus (AAV) mediated gene augmen-
tation therapy for the RPE65-associated retinal
degeneration in these dogs beginning in 2000.
Subretinal injection of an adeno-associated vi-
rus serotype 2 (AAV2) vector delivering the ca-
nine wild-type RPE65 cDNA resulted in rapid
development of visual function, which was sus-
tained over many years and more than a decade
in a dog followed the longest (Acland et al. 2001,
2005; Cideciyan et al. 2013). Successful restora-
tion of vision in the treated dogs was an impor-
tant step toward clinical trials of gene augmen-
tation therapy for RPE65-associated disease in
humans (Acland et al. 2001; Narfstrom et al.
2003). Further studies in affected dogs com-
pared effects of dose, vector capsid, species of
origin of the cDNA, volume, and age of in-
tervention. Optimal results were found in juve-
nile animals (Acland et al. 2005; Bennicelli et
al. 2008). Several groups also reported success-
ful treatment of (young) Rpe65-deficient mice
with AAV-mediated gene therapy (Dejneka et al.
2004; Lai et al. 2004; Chen et al. 2006; Pang et al.
2006; Bennicelli et al. 2008).

PHASE I/II CLINICAL TRIALS

Initial Results from Phase I/II Trials

Based on preclinical studies performed in dogs
and mice, clinical trials of gene augmentation
therapy for RPE65 LCA were initiated in 2007.
The initial reports of the results of these trials
were published in 2008.

Before the initiation of human clinical trials,
safety studies of AAV-RPE65 therapy were per-
formed in affected dogs and unaffected nonhu-
man primates (NHPs) (Jacobson et al. 2006b).
Several of the groups used AAV2 and a cytomeg-
alovirus promoter and chicken beta-actin en-
hancer (CMV-CBA) to drive expression (Table
1), although the constructs were not identical.
Another group used AAV serotype 1 and drove
expression with an RPE65 promoter (Table 1).
For the preclinical toxicity studies that were
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published, affected dogs were injected subreti-
nally with AAV2.RPE65 with doses ranging
from 1.5E8 to 4.5E12 vector genomes (vg) in
100–150 mL (Jacobson et al. 2006a). Additional
affected dogs were injected with 8.25E10 vg
AAV2.RPE65 (Bennicelli et al. 2008).

Normal cynomolgus monkeys were injected
subretinally with a single dose/volume of AAV-
2/2.RPE65. There were no serious adverse ef-
fects of vector injection on retinal structure or
function, as tested at 3 wk, 3 mo posttreatment.
Healed retinotomy sites from subretinal in-
jections were noted, as were subtle abnormalities
in foveal architecture in a subset of eyes injected
with vector or vehicle (Jacobson et al. 2006b).

The first results of clinical trials of gene aug-
mentation therapy for RPE65-LCAwere report-
ed by two groups in 2008 (Table 1). The group
from University College London reported treat-
ment of three subjects with an AAV 2/2 vector
containing the human RPE65 cDNA, with ex-
pression driven by the human RPE65 promot-
er (ClinicalTrials.gov number NCT00643747).
The vector was delivered by subretinal injection
using 1 mL volume, with detachment of approx-
imately one-third of the retina, including the
macula. There were no serious adverse events.
There were also no clinically significant changes
in visual acuity or in peripheral visual fields
detected in any of the three patients. One of
the treated subjects did have significant im-
provement in visual function on microperime-
try and on dark-adapted perimetry. This subject
also showed improvement in a subjective test of
visual mobility (Bainbridge et al. 2008).

The consortium led by Children’s Hospital
of Philadelphia (CHOP) and including the
Telethon Institute of Genetics and Medicine
(TIGEM), University of Pennsylvania (UPENN),
and the Second University of Naples (SUN)
also reported the results from treatment of three
subjects with AAV2.hRPE65v2 (Table 1) (Ma-
guire et al. 2008). In this study, the vector solu-
tion contained a surfactant to prevent the loss
of the vector to the surfaces of the syringe and
injection tubing. Treatment was also via subreti-
nal injection, in this case with 1.5 � 1010 vg in
150 mL volume. Resolution of the subretinal
bleb produced by the injection was noted within

14 h. All three subjects had an acceptable local
and systemic adverse event profile after delivery
of AAV2.hRPE65v2. In one patient, an asymp-
tomatic macular hole developed, and although
the occurrence was considered to be an adverse
event, the patient had some return of retinal
function. The macular hole was thought to be
caused by the presence of an epiretinal mem-
brane, which was not removed before subretinal
injection. Pupillary light responses improved
notably in the injected eyes of each subject. Con-
sistent with this, all three subjects reported
improved vision in dim light starting 2 wk after
surgery. Visual acuity also improved signifi-
cantly, and there was a trend toward enlarged
visual field areas (Maguire et al. 2008). These
improvements in vision were noted by 6 wk;
there was slower improvement in visual function
after that time.

Several months later, a group from UPENN
and the Universityof Florida (UFL) also reported
similar results in two publications (Table 1) (Ci-
deciyan et al. 2008; Hauswirth et al. 2008). In that
study, three subjects were treated with subretinal
injections of AAV2-CBSB-hRPE65 (Jacobson
et al. 2006b). Injections contained 6 � 1010 vg
in 150 mL, and were delivered to regions outside
the macula in two of the three subjects; the in-
jection involvedthemacula andfovea inthe third
subject. No serious adverse events or evidence
of systemic toxicity was reported. Visual acuity
did not improve compared with baseline. Dark
adapted full field threshold sensitivities in-
creased significantly in all three treated eyes
and subjects reported improved visual sensitiv-
ity in their treated eye (Hauswirth et al. 2008). In
the regions of the retinas treated with gene ther-
apy, cone and rod sensitivities were recorded to
be increased significantly. The investigators esti-
mated that treatment was able to restore almost
normal light sensitivity in the treated regions of
retina, although the recovery time of the rods in
the treated portions of retina were slow com-
pared with normal (Cideciyan et al. 2008).

Although the follow-up periods for these
three studies were short, and normal vision
was not achieved, these studies provided the
basis for further gene therapy studies in patients
with RPE65-LCA.

RPE65 Gene Therapy
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Complete Results from Phase I/II Trials

More complete results from the Phase I/II trials
were published beginning in 2009. The results
from all trials reported showed improvements
in vision in treated subjects. In aggregate, the
reported results suggest that the response to
treatment is at least in part age dependent.

The CHOP/TIGEM/UPENN/SUN group
reported the retinal and visual function in 12
patients (aged 8–44 yr) with RPE65-associated
LCA treated with a subretinal injection of the
AAV2-hRPE65v2 vector (NCT00516477). Dos-
es given were 1.5 � 1010 (low), 4.8 � 1010 (me-
dium), and 1.5 � 1011 (high) vg delivered in
150 or 300 mL. These data included the first
three subjects reported on in 2008, and nine
additional subjects. The surgical procedure
was altered after the first three subjects to in-
clude removal of epiretinal membranes when
present, and use of perfluorooctane liquid to
tamponade the fovea during the subretinal in-
jections (Maguire et al. 2009). The follow-up
period ranged from 3 mo to 2 yr. As in the initial
report, the AAV2-hRPE65v2 treatment was well
tolerated and all patients showed sustained im-
provement in subjective and objective measure-
ments of vision. For example, all subjects had at
least a 2 log unit increase in pupillary light re-
sponses and corresponding increases in full-
field threshold sensitivities. Seven of the 12 sub-
jects had improvement in visual acuity. The
greatest improvements in visual function were
noted in children, all of who gained ambulatory
vision. One 8-yr-old subject had nearly the same
level of light sensitivity as that in age-matched
normal-sighted individuals. Four children also
had substantial improvement in their ability to
navigate a standardized obstacle course, espe-
cially in dim light (Maguire et al. 2009).

Additional reports regarding the sustained
benefit observed in these subjects have been
published, with follow-up periods of up to
3 yr. Analyses show that the maximum improve-
ment in vision was achieved within 6 mo after
treatment and the improvements in vision
observed in the initial report have been stable
(Simonelli et al. 2010; Testa et al. 2013). Further,
fMRI (functional MRI) measurements, per-

formed after they already had their initial eye
injected, showed restoration of the neural cir-
cuitry connecting the retina and the visual cor-
tex in individuals who had been deprived of
vision for up to 35 yr (Ashtari et al. 2011). The
subjects were able to see dim and low contrast
stimuli with their treated eyes—targets that had
been invisible to them before treatment. The
areas of activation correlated closely with the
areas of retina that had been treated. It had
been previously thought that the brain would
not be able to interpret signal delivered from
the retina if retinal function were to be restored
beyond early childhood. The data thus suggest
that there may be more plasticity in the visual
pathways than previously thought (Ashtari et al.
2011). Although not quantified in publications,
the changes in visual function in the treated
subjects has enabled many of them to do activ-
ities which they were not able to perform before
treatment. This includes riding a bicycle with-
out assistance, reading books, and being able to
see faces during a candlelight dinner. Based on
the improvements in vision obtained, some of
the treated no longer meet the definition of “le-
gally blind.”

The UPENN/UFL group also reported lon-
ger-term results from their clinical trial (Cide-
ciyan et al. 2009a; Jacobson et al. 2012). In these
publications, the investigators report their re-
sults from treatment of 15 subjects who were
11–30 yr of age with the AAV2-CBSB-hRPE65
vector. Four different dose levels and two in-
jection strategies were evaluated. The first three
cohorts received single subretinal injections of
150 or 300 mL of vector. Cohorts 4 and 5 had two
injections of 225 mL each, some involving the
fovea and some not. Total vector doses ranged
from 6 � 1010 to 18 � 1010 vg. The onlyadverse
events reported were related to surgery, with
retinal detachment requiring additional surgery
in one subject and persistent choroidal effu-
sions in another subject. All study eyes were re-
ported to have recovered completely. There was
no evidence of systemic toxicity. Visual func-
tion improved in all subjects, although to differ-
ent degrees. Cone and rod sensitivities improved
significantly in the treated regions of retina and
the improvements reported initially at 3 mo
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were sustained through 3 yr. Some improve-
ment in visual acuity was reported, and this
was largest in eyes with the lowest entry acuities.
It was suggested that some subjects with better
foveal structure may have experienced decreases
in retinal thickness and acuity following subfo-
veal injections (Jacobson et al. 2012).

Although more than half a dozen Phase I
clinical trials for LCA-RPE65 have been initiat-
ed (Table 1), there is only one additional peer-
reviewed publication describing results in one
subject treated in Israel. This describes the
short-term results of one subject who received
injection of a vector that was slightly different
than that injected in the UPENN/UFL study
(Table 1). In that subject, there was an increase
in vision present in the treated area as early as
15 d after the intervention (Banin et al. 2010).

PHASE II CLINICAL TRIAL

The success of the unilateral injections in the
Phase I/II studies described above begged the
question of whether further benefit would result
from injection of the second eye. Before evalu-
ating the safety of AAV2-hRPE65v2 in humans,
the concern was that the initial injection of AAV
might have served as a vaccination. An immune
response resulting from exposure of the first eye
might not only prevent benefit in the second eye
but might also cause damage to the initially
injected eye through inflammatory response.

The readministration studies in the hu-
man clinical trial subjects was preceded by test-
ing readministration in large animal models
(Amado et al. 2010). Sequential subretinal re-
administration of high dose (1.5E11 vg) AAV2-
hRPE65v2 was tested in both Briard (affected)
dogs as well as unaffected NHPs that had been
previously exposed systemically to AAV (Amado
et al. 2010). There were no safety concerns with
respect to readministration in either the initially
injected eye or the second (contralateral) eye
(Amado et al. 2010). An additional preclinical
toxicology study examined the effects of read-
ministration in unaffected NHPs of doses that
were two to five times higher than the highest
dose of the Phase I human trial and at CHOP.
Again, there was no indication of ocular toxicity

and there were no test article-related clinical
signs of systemic toxicity, paving the way to ini-
tiate a human readministration clinical trial
(Amado et al. 2010).

In the human clinical trial, oldest individu-
als (least likely to benefit from the intervention)
were enrolled first. Subjects were evaluated on
a weekly basis and there was a 3-mo stagger be-
tween enrollments of each of these individu-
als (Bennett et al. 2012). The data showed that
not only was readministration to the second eye
safe, but also it was efficacious. Administration
of AAV2-hRPE65v2 to the contralateral eye was
well tolerated. There were no cytotoxic T-cell
responses to either vector (AAV2) or transgene
product (RPE65) in any of the subjects. Neu-
tralizing antibody (NAb) responses to AAV2
and RPE65 protein remained at or close to base-
line in the postoperative period (Bennett et al.
2012). Equally important, each of the subjects
showed improved pupillary light reflexes and
light sensitivity, and two of the three subjects
became able to navigate the mobility course
(Bennett et al. 2012). Results from fMRI testing
showed that the visual cortex responded to the
newly treated retina in a manner reflecting the
region of retina exposed to vector and the cor-
responding known neuro-anatomic pathways
(Bennett et al. 2012). The remaining eligible
subjects have been enrolled and injected and
long-term follow-up data will soon be available.

PHASE III CLINICAL TRIAL

Based on the results of the Phase I and II tri-
als described above, a Phase III (“pivotal”) trial
for RPE65 gene augmentation therapy is now
in progress at CHOP and University of Iowa
(NCT00999609). Enrollment is expected to be
completed in late 2014, leading to potential reg-
istration of this as a therapy in 2015.

The Phase III study involves bilateral subre-
tinal delivery of AAV2.hRPE65v2 at 1.5E11 vg in
eligible individuals ages 3 yr and older. To ob-
tain additional natural history data, the study
includes a control arm. Subjects are randomized
2:1 to the intervention or control group, respec-
tively. Individuals in the control arm are evalu-
ated at the same time intervals as the interven-
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tion subjects for 1 yr, and then they cross to the
intervention group. Efforts are taken to assure
that the individuals grading the primary end-
points are masked as to the study visit and as to
whether the subjects had been assigned to the
control or the intervention arm of the study.
Every step of the protocol is monitored, starting
with the informed consent/assent process. All
of the data are processed by an outside data/
statistical analysis organization, Westat (Rock-
ville, MD).

Enrollment in the Phase III study is time-
consuming for the subjects and their families.
After a screening visit, they undergo baseline
testing. The testing is noninvasive and is de-
signed such that it is appropriate for individuals
in the wide age range enrolled in the study. After
baseline testing, randomization to the interven-
tion or the control arm is made by the outside
data organization. Subjects assigned to the in-
tervention arm of the study who do not live in
the area typically stay near the Center for 3.5 wk
at the time of the surgical administration. There
are then at least five follow-up visits in year 1 for
both intervention and control subjects. Al-
though the number and frequency of follow-
up visits tapers after year 1, the follow-up visits
will continue for another 14 yr, as the U.S.
(FDA) mandates 15 yr of follow-up for gene
therapy trial subjects.

True to the reiterative nature of translational
research, there will likely be additional studies
in the future relating to development of this par-
ticular therapeutic. One question is, will it be safe
to readminister the reagent to a different part of
the previously injected retina? Initial studies in
two affected dogs indicated that this approach
can be safe and effective (J Bennett, F Mingozzi,
AM Maguire, unpubl.), however, the potential
for an adverse immune response should be fur-
ther explored before moving to humans.

CONTROVERSIES IN THE FIELD

Will Gene Augmentation Therapy Prevent
Further Degeneration of the Retina?

This is an important question in the neurode-
generation field in general as the ultimate gene

therapy would not only restore function, but
also prevent any further deterioration. Either
effect alone would be meaningful to a patient
with neurodegeneration. We know the answer
for the retina with respect to the question re-
garding restoration of function (see above),
however, we do not yet know the answer to
the question—can we halt the disease in its
tracks?

There are several challenges to answering
this question: (1) It likely takes �5–10 yr to
observe progression of retinal degeneration in
these slowly progressive IRDs. How reliably will
we be able to measure this after only a few years
have passed? Loss-of-function may potentially
be used to monitor progression of retinal de-
generation. So far, these have not been reported.
Structural studies can also be used to quantify
retinal cell structure and density now that sen-
sitive equipment is available (this was not avail-
able when LCA2—LCA caused by RPE65 muta-
tions—trials were initiated in 2007). (2) As in
most Phase I (safety) clinical trials in orphan
diseases, there are a huge amount of variables
to negotiate and only a small number of subjects
to study. Variables include type of vector, the
dose and volume of the vector, the location of
subretinal injection and whether there were one
or two injections made in the retina, the region
of the retina that is analyzed (i.e., exposed to
vector or not exposed to vector; macular vs.
peripheral), the age of the subject and the cor-
responding amount of disease progression, the
type of mutation in each subject, whether or not
there were complications associated with the
surgery, which subjects were included in the
measurements, and given that nystagmus is a
common finding in LCA2, the fixation/concen-
tration abilities of the subject, and the effects
therein on the precision of measurements of
retinal thickness and structure (Wojno et al.
2013).

With respect to the first challenge, the slow
nature of the disease progression, Cideciyan et
al. 2013 used a creative and unconventional stat-
istical modeling approach. They generated their
own model of disease progression by taking
multiple measures within a small set of samples
and then related multiple measurements within
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their experimental samples to this model. Their
answer to this question in studies of patients
aged 11–30 yr old was that, although function
was recovered, degeneration continues (Wojno
et al. 2013). Notably, when Cideciyan et al. 2013
studied an affected dog that had been injected at
age 4 mo and then evaluated 11 yr later, they
showed that degenerative changes in the inject-
ed portion of the retina were minimal. If there
was indeed a halting of disease progression after
injection in an affected puppy, but not in the
humans, is the difference because of the young
age at treatment in the dog model, the muta-
tion, the lack of complications, or one of the
other variables (see above)? It will be interesting
to see, in future studies, whether similar conclu-
sions are drawn using data from subjects inject-
ed with similar injection techniques, with the
same dose and volume, in similar retinal loca-
tions, and in the same age groups.

It may indeed be that treatment beyond a
certain age/stage of disease does not prevent
degeneration, but it may require longer studies
in a larger cohort of (young) subjects treated
with the same dose and volume of vector to
be sure. What should not be dismissed is that
the results of the Phase I interventions achieved
the goals of the studies—a safe, stable, and long-
term improvement in retinal function (Wojno
et al. 2013).

Is it Safe to Deliver Gene Therapy through
Subretinal Injection?

Subretinal delivery of AAV2, lentivirus (and the
majority of other recombinant and nonviral
vectors) is required to transduce photorecep-
tors and RPE cells efficiently and safely (Fig.
1). Because, normally photoreceptors and RPE
cells are tightly apposed, subretinal injection
causes a localized disruption of the outer retinal
architecture. The retina usually reattaches with-
in hours leaving a minimal amount of histolog-
ic damage. Given that primate photoreceptors
normally renew their outer segments within a
2 mo time period (Young and Bok 1969) and
that after experimental retinal detachment, pri-
mate outer segments reform quickly (Guerin
et al. 1993), the normal configuration is thought
to return close to normal within 1 to 2 mo. This
knowledge forms the foundation for use of sub-
retinal surgery techniques, such as those used by
retinal surgeons to remove neovascular mem-
branes (Cooper and Thomas 2000). Subretinal
surgery in IRDs carries an added risk of physical
stress of the injection damaging the fovea, the
most vulnerable area of the retina, because the
disease can make this already thin region even
thinner. The major concern with respect to out-
comes is that the fovea is the region which con-
fers best visual acuity. A reason to target the

Figure 1. Frames from an intraoperative video of surgical delivery of AAV2-hRPE65.v2 in a Phase I/II clinical
trial at CHOP. (A) A drop of dense Perfluoron liquid is layered onto the fovea to buttress it during the retinal
detachment. (B) The subretinal injection cannula is opposed to the neural retina. Injection of the excipient
(containing the AAV) causes a separation between the neural retina and the underlying retinal pigment epithe-
lium (i.e., a localized retinal detachment). (C) Aview of the detached region of the retina at lower magnification.
The optic disk is visible and the detachment includes the superior arcade and extends through the fovea. A few
small bubbles, introduced with the AAV, are now visible in the subretinal space.
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fovea, however, is that this is also the region that,
if rescued, could provide the most meaningful
visual improvements (Fig. 1). The risk-benefit
ratio of subfoveal injection thus can vary de-
pending on the level of baseline function of
this region. An accumulation of data relating
to the effects of subretinal injection of foveal
thickness and function is therefore of great in-
terest. Jacobson et al. (2012) reported that sub-
retinal injections, even outside of the fovea,
could cause a decrease in foveal thickness. How-
ever, it was not clear whether these changes had
any effect on visual acuity as one individual with
a foveal injection and decreased foveal thickness
showed improved visual acuity (Wojno et al.
2013; Jacobson et al. 2012). More recently,
MacLaren et al. (2014) published the first set
of results of a gene therapy trial for choroider-
emia. In that study, the goal was to deliver
AAV.hCHM to the central macula, as this was
the only viable tissue in those adults with cho-
roideremia. The foveas of five of the six subjects
were exposed to the vector. Notably, all six pa-
tients recovered their baseline acuity and two of
the patients who had received foveal injections
showed large gains in acuity, with one patient
gaining more than three lines on the eye chart
(i.e., significant improvement) (Maclaren et al.
2014). Thus, AAV can be delivered safely to the
human fovea through subretinal injection.

Nevertheless, there can be complications
as with any surgery, and in the case of subreti-
nal delivery, these can include those that have
been reported in the various LCA2 clinical tri-
als, including macular hole (Maguire et al. 2008;
Simonelli et al. 2010), unresolved retinal de-
tachment requiring surgical repair, choroidal
effusions, hypotonia, and retinal tears (Haus-
wirth et al. 2008; Jacobson et al. 2012) (see
above). Further, the ideal anesthesia for subre-
tinal injection is general anesthesia, which car-
ries its own risks and requires an operating
room. Therefore, there is a great deal of interest
in developing vectors that can target the outer
retina after intravitreal injection, which can be
performed as an office procedure.

The more “traditional” AAV vectors do not
target the outer retina efficiently after intravi-
treal injection (Bennett et al. 2000; Lebherz

et al. 2008; Vandenberghe et al. 2011; Yin et al.
2011). It is thus exciting that experiments using
either directed evolution or generating specific
capsid mutations have led to vectors that can
target the outer retina after intravitreal injection
(Dalkara et al. 2013; Kay et al. 2013). Initial
proof-of-concept studies using these vectors
were performed in rodent models. It will be in-
teresting to see whether the data can be extrap-
olated to large animal models and using doses
that are safe.

What Outcome Measures Should Be Used
in Retinal Gene Therapy Trials?

At present, there are only two outcome mea-
sures that have been used successfully to approve
new drugs for retinal applications and these are
based on measures that reflect improvements in
day-to-day life: visual acuity (the ability to re-
solve high contrast visual angles) and, in one
case, visual fields using an automated threshold
perimeter (see Briefing document: FDA Cellu-
lar, Tissue, and Gene Therapies Advisory Com-
mittee; CTGTAC Meeting #52; Cellular and
Gene Therapies for Retinal Disorders; availa-
ble at http://www.fda.gov/downloads/advisor
.../ucm259087.pdf ). For many forms of IRD,
these outcome measures are irrelevant. There
can be a loss of sensitivity in patients with either
end of the visual acuity range (very good or poor
visual acuity) that would make it difficult to
achieve a 15 letter change. Many patients with
IRD have such poor vision or fixation that visu-
al field testing cannot be performed reliably.
Thus, there is a great need for development of
additional outcome measures. Although it is
now possible to obtain reliable imaging data,
imaging data can only be supportive as it is
not deemed “clinically meaningful.” The cur-
rent Phase III clinical trial for LCA2 uses a pri-
mary outcome measure based on an improve-
ment in the ability to navigate accurately. If
these data show improvement, the mobility
test endpoint could be used to monitor efficacy
in future clinical trials. It will be important to
develop additional endpoints that could be used
to assess efficacy of gene-based treatments for
other IRDs.
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CHALLENGES THAT LIE AHEAD

LCA2 is likely one of the easiest targets for gene
augmentation therapy. There are both real and
theoretical challenges in developing gene ther-
apy for other retinal degenerative conditions.
The details that made LCA2 “easy,” include:
(1) a slow degenerative component of the dis-
ease; (2) the RPE65 transgene cassette fits with-
in the limited confines of the AAV cargo hold;
(3) RPE cells are the targets, and they are effi-
ciently transduced by AAV2; (4) because each
RPE cell subserves �20–40 photoreceptor cells
in the primate retina (Snodderly et al. 2002), the
effect of intervention is amplified; and (5) the
RPE65 defect is enzymatic in nature and it ap-
pears that as long as there is a critical amount of
enzyme delivered, the disease can be corrected.
The presence of excess RPE65 protein does not
appear to be harmful.

Some forms of LCA, for example, LCA
caused by AIPL1 or CRX mutations, will be
challenging to target as there is an early onset
degenerative component or even a component
which may prevent the retina from developing
appropriately. In such forms, a gene augmenta-
tion intervention would need to be applied very
early in life and perhaps even in utero. In utero
or early postnatal delivery would entail both
ethical and practical challenges.

For diseases such as autosomal recessive
Stargardt disease and LCA caused by CEP290
mutations, the cDNA is too large to fit into
AAV. Nonviral vectors are appealing in that there
are no size limits, but so far none have been tested
in humans with blinding diseases. For use of
AAV, there may be complementation mediated
by the infected cell after coinfection with virus
particles carrying different portions of the gene
cassette (Colella et al. 2014; Puppo et al. 2014;
Trapani et al. 2014). Other viral or nonviral vec-
tors may also be useful for those conditions
(Kong et al. 2008; Puppo et al. 2014). Alternative
strategies, such as use of a truncated cDNA,
trans-splicing, gene correction, or delivery of
antisense nucleic acids may be effective (Lai
et al. 2008; Collin et al. 2012; Drivas et al. 2013).

Whereas RPE cells are the target for LCA2,
photoreceptors are the primary cell targets for

the majority of retinal degenerative diseases.
AAV2 transduces photoreceptors, but is not as
efficient at photoreceptor transduction as other,
more recently identified vectors. Higher doses
of AAV2 would have to be used compared with
AAV8, for example, to achieve similar levels of
transduction (Vandenberghe et al. 2011). The
most efficient transduction will be required in
photoreceptor diseases because there will be no
amplification of effect inherent in the system,
such as that mediated by transduction of one
RPE cell that then contacts up to fourfold pho-
toreceptor cells (see above). Use of higher doses
of vector may increase the risk of toxicity or
harmful immune response. In some cases, the
selection of vector capsid may not be scientific
but may be based on business principles. For
example, while AAV2 is in the common domain,
there is intellectual property on most other vec-
tors which would require negotiations/licens-
ing fees should there ultimately be a product
that is sold.

Finally, in many retinal degenerative con-
ditions, such as diseases involving protein traf-
ficking or cilia function deficits, the cell may
only tolerate a particular amount of protein
product. An upset in variables affecting protein
trafficking parameters could potentially exacer-
bate disease.

With the great progress in development of
proof-of-principle in animal models and in per-
sonalized cell models of human retinal disease,
we are now at a stage in which strategies aimed
to deliver corrective genes/proteins to photore-
ceptors can be tested directly in humans. In-
deed, there are already two different disease tar-
gets for which studies testing the safety and
efficacy of lentivirus-mediated gene augmenta-
tion therapy for primary photoreceptor disease
in humans are in progress (Table 1).

SUMMARY AND VISION

The results of multiple clinical trials of gene
augmentation therapy for RPE65-associated
retinal degeneration show that this approach is
both safe and effective. These landmark studies
thus provide the basis for testing gene augmen-
tation therapy in other genetic forms of inher-
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ited retinal degeneration (IRD). The recently
reported results from a clinical trial of gene aug-
mentation therapy for choroideremia support
this conclusion, as do reports of successful pre-
clinical studies of gene therapy for multiple
other genetic forms of IRD.
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