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Until recently, there was no approved treatment for a retinal
degenerative disease. Subretinal injection of a recombinant ad-
eno-associated virus (AAV) delivering the normal copy of the
human RPE65 cDNA led to reversal of blindness first in animal
models and then in humans. This led to the first US Food and
Drug Administration (FDA)-approved gene therapy product
for a genetic disease, voretigene neparvovec-rzyl (Luxturna).
Luxturna was then approved by the European Medicines Asso-
ciation and is now available in the US through Spark Therapeu-
tics and worldwide through Novartis. Not only has treatment
with Luxturna changed the lives of people previously destined
to live a life of blindness, but it has fueled interest in developing
additional gene therapy reagents targeting numerous other ge-
netic forms of inherited retinal disease. This review describes
many of the considerations for administration of Luxturna
and describes how lessons from experience with Luxturna
could lead to additional gene-based treatments of blindness.

Inherited retinal degenerations (IRDs) are a large group of molecu-
larly and phenotypically heterogeneous diseases. Disease behavior
and severity, which often modulate common phenotypic features
are used to clinically subclassify these conditions. Leber congenital
amaurosis (LCA) is a subgroup of IRDs (�5% of all IRDs, prevalence
�1:80,000–1:200,000) characterized by severe vision loss occurring
during the first year of life.1–4 Patients typically present with visual
inattention, inconsistent eye tracking, attraction or aversion to bright
sources of light, and eye rubbing. Nystagmus, sluggish pupillary re-
flexes or amaurotic pupils, and a severely reduced or non-detectable
electroretinogram (ERG) are sufficient to confirm this diagnosis.5

Presentations later in life but before the age of 5–10 are grouped under
the name early-onset severe retinal dystrophy (EOSRD), severe early
childhood onset retinal dystrophy (SECORD), early-onset retinal
degeneration (EORD), or juvenile/early-onset retinitis pigmentosa,
overlapping terms intended to distinguish these presentations from
LCA.6,7 There are now at least 23 genes identified that, whenmutated,
can lead to LCA, most inherited in an autosomal recessive (AR)
manner.8

Most genes implicated in LCA/SECORD encode structural or func-
tional proteins that are expressed either in the retinal pigment epithe-
lium (RPE) or photoreceptors. The RPE65 gene, which is expressed in
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the RPE, plays a key role in the retinoid cycle as it encodes retinoid
isomerohydrolase.9–13 This enzyme regenerates 11-cis retinal, the
chromophore that plays an essential role in phototransduction in
photoreceptor cells.14 Bi-allelic loss-of-function mutations in RPE65
result in either a lack of RPE65 protein or protein that is non-func-
tional. Without this protein, photoreceptors have severely impaired
responses to light and ultimately degenerate. The biochemical deficit
explains the early-onset symptoms of the disease.11,15–20 RPE65-LCA
became the disease model for an IRD phenotypic pattern where a
relatively preserved retina is associated with a disproportionately se-
vere vision loss.21 There are individuals with bi-allelic RPE65 muta-
tions whose disease may be diagnosed as retinitis pigmentosa (RP)
later in life, presumably due to presence of a hypomorphic allele,
but who share all of the key phenotypic features of patients with
LCA/EOSRD.19,22,23 RPE65-IRDs thus serve as a model of a pheno-
typic continuum modulated by disease severity, a relatively common
occurrence in IRDs. Individuals heterozygous for these loss-of-func-
tion RPE65 mutations can have minimal fundus changes (yellow-
white dots, RPE depigmentation, localized peripheral chorioretinal
atrophy), but otherwise normal vision.24

There are an estimated 1,000–2,000 individuals in the US with
RPE65-IRDs. The true prevalence will become apparent as more in-
dividuals with IRDs are genotyped. RPE65 mutations occur in all
ethnic groups, and they are thought to account for 5%–6% of LCA.
The prevalence is in the range of 2–3 per 100,000 individuals.2,25

There are examples of greater frequency of RPE65 disease due to
founder effects in geographically isolated populations, including in
the Netherlands and in Israel, however.26,27 As is true with other auto-
somal recessive conditions, there can be an increased prevalence in
the disease in consanguineous populations.

Pathogenesis

Much of what is known about the pathogenesis of RPE65 disease
comes from studies of naturally occurring and genetically engineered
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animal models.28–31 The first model identified was a Swedish Briard
dog, in which disease is caused by a homozygous 5-bp deletion
causing a premature stop codon in the RPE65 gene.32,33 Congenital
night blindness (optimistically classified at first as stationary night
blindness in one study33) was identified in these animals through
identification of severely abnormal visual behavior accompanied by
an abnormal ERG and abnormal pupillary light reflexes.32,33 Some
animals have nystagmus. The ERGs show markedly reduced to
non-detectable rod- and cone-mediated responses. ERGs, however,
may be clearly detectable with the use of bright stimuli, consistent
with an insensitive system.28,29,34 Histopathology early on shows
changes limited to the RPE, with accumulation of cytoplasmic lipid
droplets that increase in size along with age of the dog. The relatively
benign morphologic findings are in contrast to the severe visual
dysfunction. Over time and as RPE cell hypertrophy proceeds,
photoreceptor morphology degrades and, ultimately, there are
severe retinal degenerative changes.32,33 By 10 years of age, optical
coherence tomography (OCT) in the affected Briard dog reveals
a thinning of outer nuclear layer (ONL) in untreated retina, with
lack of photoreceptors subsequently confirmed histologically.35,36

Similar phenotypes (severe ERG abnormalities followed by progres-
sive retinal degenerative changes) were noted in both spontaneous
mutant and genetically engineered mouse models with Rpe65
mutations.13,21,31,37,38

RPE65-IRD Phenotype, Clinical Diagnosis, and Differential

Diagnosis

RPE65-IRD generally presents before the age of 5 as LCA or an
EOSRD.39 Affected infants and young children show difficulties
navigating or recognizing objects, toys, and parents’ faces in dimly
lit environments, but they show better functioning in brightly illumi-
nated places.19 Staring at brightly illuminated objects (photophilia) is
common.19 A small amplitude pendular nystagmus is also recognized
by parents, less frequently a gross rotatory or wondering nystagmus,
which is more commonly found in other molecular subtypes of
LCA.40 Unlike other molecular forms of LCA, eye rubbing or eye
pocking to evoke photopsias, or Franceschetti’s oculo-digital sign, is
observed only in the most severely affected patients.

Visual acuity is variably impaired but is on average at around 20/200
to 20/100.41 It is not unusual for patients with RPE65-IRDs to show
much better acuities up to 20/4 to 20/32.15,41–44 Color vision is also
variably impaired and when measurable can show a non-specific
axis of confusion, a tritan defect, or be within normal limits, reflecting
variable preservation of the foveal function in these patients.45 As
noted above, most patients show a small amplitude pendular
nystagmus. The amplitude of their nystagmus and the position of
the preferred locus of fixation relates well to the level of visual acuity
and overall foveal function. Fixation in untreated eyes occurs at the
fovea or within 1� of the foveal center.46 Early in life the fundus exam-
ination may appear normal or show only minor epithelial changes
with white-yellow dots in the midperiphery (Figure 1, P1 and P4).
More advanced disease can show waxy pallor of the nerve, often a
bull’s maculopathy, attenuated vessels, and pigmentary changes (Fig-
ure 1, P2).7,42,43,47–52 Areas of relative RPE preservation can be appre-
ciated within the central retina and superior midperipheral fundus
(Figure 1, P2, asterisk), even in advanced degeneration. Lacunar atro-
phic lesions (Figure 1, P3, short arrow) and depigmented whitish
round lesions (Figure 1, P4) may be observed in the peripheral and
midperipheral fundus. Interestingly, there is a report of a family
with compound heterozygous mutations in RPE65 with a phenotype
indistinguishable from fundus albipunctatus, including the associa-
tion dark-adaptation defects.51 The central retina appears normal
earlier in the disease, but foveal and parafoveal atrophic lesions are
not uncommon even in young patients (Figures 1, long arrows,
and 2A).48–50,53

Kinetic visual fields extent measured with a V-4e target can show near
full peripheral extent, although more frequently there is generalized
constriction and, in more advanced cases, small central islands of
vision separated from infero-temporal and/or infero-nasal peripheral
remnants of vision by complete midperipheral scotomas (Fig-
ure 2B).19,44 With smaller targets the field of vision, if measurable,
is often limited to the central 10� of eccentricity (Figure 2B). The rela-
tionship between visual acuity or the extent of the visual field and age
has been derived mostly from cross-sectional data and limited longi-
tudinal reports and it is not a simple one, with numerous examples of
better acuities and large field expanses in the third decade of
life.15,20,42,43,50,54 The course, however, is for slow progression of the
visual dysfunction with worse visual acuities and fixation stability
as well as smaller field extents in older patients, leading to severely
impaired vision by the early third decade of life.20,44 There is severe
loss of rod and cone function as measured psychophysically by auto-
mated static perimetry and full-field sensitivity testing (FST), as well
as by electroretinography (Figure 2C).7,20 Most patients show severe
loss of rod function often exceeding 4 log units.20 Foveal cone sensi-
tivity is also reduced typically by at least a log unit compared to mean
normal sensitivities with greater losses at increasing distance from the
center (Figure 2C). The topography of the dysfunction includes pe-
ripheral sensitivity loss as the earliest abnormality followed with pro-
gression by losses in the midperiphery with relative sparing of the
central and peripheral retina.20 ERGs are barely detectable or severely
abnormal, consisting mainly of cone-mediated responses.17,55,56

There are, however, examples of detectable rod function by ERG in
early RPE65-IRDs.7 Dark-adaptation defects have been demonstrated
once sizeable rod function is restored with gene therapy as well as in a
single report of a fundus albipunctatus-like condition associated with
compound heterozygous mutations in RPE65.57

The total retinal and ONL thickness measured with spectral domain
OCT (SD-OCT) can be within normal limits in large expanses of the
retina or be limited to residual central islands.17,21,22,48,50,53,58–61 The
ONL thickness in the parafovea is reduced in most patients indepen-
dent of age (Figures 2C and 3).21 The severity of the regional losses
varies even among members of the same family and is not easily pre-
dictable by age alone. In general, the topography of the photoreceptor
layer (ONL) thickness shows relative preservation within the macula
and in superior and temporal pericentral and near midperipheral
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Figure 1. Spectrum of Funduscopic Changes in RPE65-IRD

Arrows point to areas of RPE depigmentation in a bull’s eye configuration (P2 and

P3) in the parafovea and to areas of lacunar chorioretinal atrophy (P3) in the

periphery. P4 shows yellow-white lesions.
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retina (Figures 2C and 3).21,62 RPE65-IRDs represent the first retinal
degeneration where a pattern of structural-functional dissociation
was described, a situation where a locally normal or relatively pre-
served photoreceptors are severely dysfunctional, an ideal scenario
for treatments with gene augmentation (Figures 2C).21,27,63 Inner
retinal thickening, which likely represents a stereotypical remodeling
response to photoreceptor and RPE degeneration, is also observed in
RPE65-IRDs and may lead to an underestimate of photoreceptor loss
if total retinal thickness (inner + outer retina) is used alone to gauge
photoreceptor and/or RPE disease topography and severity, as inner
retinal thickening may mask outer retinal loss (Figure 4A).31,64 Of
note, while the ONL thickness at the foveal center may be clearly
detectable and often within normal limits, structural abnormalities
of the foveal/parafoveal cone outer and inner segments may be recog-
nized by SD-OCT imaging as one of the earliest disease manifesta-
tions, even in the youngest patients (Figures 2C and 3).65 Although
there is variability in severity, progression of the abnormalities occurs
with involvement of the foveal center, with most patients showing
very limited ONL extent in the third or fourth decade of life (Figure 5).
En face imaging with short-wavelength fundus autofluorescence
(SW-FAF) is characteristically undetectable or barely detectable
even in retinas or retinal regions with otherwise preserved photore-
ceptors and RPE, a nearly pathognomonic sign of a disease with a
blockade in the visual cycle.22,50,56,58 The extent of relative RPE pres-
ervation may be approximated by inspection of color fundus images
or more precisely by near infrared (NIR) reflectance and FAF in com-
bination with SD-OCT (Figures 4 and 5).66

Genetic Testing as Basic Eligibility for Treatment

Currently, the most basic criteria for eligibility for treatment with
Luxturna is the demonstration of bi-allelic, disease-causing variants
in RPE65. Typically, testing for RPE65 variants does not take place
antenatally, unless a sibling or spouse is known to carry a disease-
causing mutation. Most often, screening for retinal disease-causing
variants is not done until it is apparent that a patient has significantly
impaired vision and features of a retinal degenerative disease. One
challenge, now that more patients are evaluated by next-generation
sequencing, is that there is an increased detection of variants of uncer-
tain significance. Some RPE65 variants may be hypomorphic or may
have little effect on RPE65 isomerization activity (for example, Rpe65
C330T), in which case treatment with gene augmentation may not
result in a significant benefit and where the risks and benefits of sub-
retinal gene therapy should be carefully weighed.22,23,51,67

Dominantly inherited RPE65-associated retinal degeneration has
been reported, and the efficacy of gene augmentation in such cases
has not been tested.68–75 Results of molecular and cellular studies sug-
gest that heterozygous RPE65mutation, such as the D477Gmutation,
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Figure 2. Structural-Functional Relationships in RPE65-IRD

(A) Color fundus images of the right eye of two of the patients. (B) Goldmann

kinetic perimetry with large targets (V-4e and IV-4e) in untreated patients

demonstrating limited extent of the visual fields (to the central 20�–40� ) and no

perception of smaller targets. (C) 7-mm-long, non-straightened, SD-OCT cross-

sections along the vertical (VR21) and horizontal (VR25) meridian through the

fovea in two patients. Nuclear layers are labeled (ONL, outer nuclear layer; INL,

inner nuclear layer; GCL, ganglion cell layer). Visible outer photoreceptor/RPE

sublaminae are labeled (ELM, external limiting membrane; EZ, inner segment/

outer segment ellipsoid region) following conventional terminology. T, temporal

retina; N, nasal retina; I, inferior retina; S, superior retina. Scale bars (bottom left),

200 mm. The images illustrate severe foveal abnormalities and the asymmetric

extent of the degree photoreceptor preservation around the foveal center (T > N,

S > I) at this stage in patients from this family with RPE65-LCA. Asterisk denotes

points to severe foveal ONL thinning with approximation of the EZ band to the RPE

(VR21) or interruption (VR25). Bar above the scan shows psychophysically

determined cone (light-adapted, white stimulus). Dotted line above bar defines

lower limit (mean of 2 SD) of sensitivity for control subjects. Images illustrate

structural functional dissociation with severe retinal dysfunction contrasting with

relatively preserved central retinal structure.
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can result in dual mechanisms that include RPE cellular toxicity and
enzymatic deficiency.71,75 Improvement of function in RPE65-IRDs
following retinoid supplementation in both recessive and dominantly
inherited forms of the disease has been documented both in animal
models of RPE65 deficiency as well as in patients and may be an alter-
native option to consider in such cases instead of, or before, attempt-
ing gene augmentation.17,76–82 Although recent documentation of
improvement in retinal function following retinoid therapy in domi-
nantly inherited RPE65 disease caused by the D477G mutation indi-
cates that gene augmentation should be similarly effective in such
cases, the complexities of the disease suggest that other approaches,
such as gene editing or antisense oligonucleotides designed to target
the specific mutation, may be have a role as alternative or comple-
mentary treatment.75

The challenge remains to identify those variants that are truly disease-
causing. In some instances, there are spontaneous mutant or geneti-
cally engineered animal models that can be used to predict the
likelihood of benefit of gene augmentation therapy for a particular
genotype. In others, biochemical studies and/or in vitro mutagenesis
assays may be used to confirm the pathogenicity of the variants. Yang
et al.83 recently described an in vitro mutagenesis assay of RPE65
protein derived from variants identified in genetic testing of affected
patients. The results demonstrated that those variants lacked RPE65
enzyme catalytic activity. The patients were treated with Luxturna
and gained retinal and visual function, thereby confirming the utility
of the assays.

Treatment of RPE65-IRDs

Until Luxturna became available, the only treatment options for
RPE65-associated disease were supportive. These supportive treat-
ments are still important.6 High refractive errors are not unusual in
LCA and SECORD and proper refractive correction should be pro-
vided, even if severe vision loss is suspected or confirmed to reduce
the potential impact of deprivation amblyopia.84 Patients are advised
to increase the amount of illumination in their environments (com-
puter screens, room lights, flashlights) to maximize use of their vision
and thus their independence. A low vision consultant can provide
advice about use of low vision assistive devices (software, phones,
computers, lighting). A mobility expert can assist with navigational
difficulties. Extra support is often needed to address learning delays
or developmental delays due to poor vision. Often physical therapy,
occupational therapy, and speech therapy experts can enhance the
ability of the individual to function independently. Children with
congenital blindness often poke their eyes to evoke phosphenes.85

Eye poking (Franceschetti’s oculo-digital sign) may cause atrophy
of the periocular fat and enophthalmos, and has been implicated as
an indirect cause of keratoconus (some appear to be molecularly
defined) in patients with LCA.86 Eye poking can be controlled with
behavioral therapy and by use of protective eyewear. A diet rich in
anti-oxidants and vegetables that are rich in carotenoids and xantho-
phylls is recommended for all individuals with retinal dystrophies,
as they may have a protective role.87–91 Thankfully, associated
serious systemic abnormalities have not been reported in RPE65-
Molecular Therapy Vol. 29 No 2 February 2021 445
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Figure 3. Retinal Thickness Topography as a Guide

for Retinal Gene Therapy

Montage built from overlapping 30o X 20o “raster” (or vol-

ume) scans vertically separated by 0.1 mm from a young

patient with RPE65-IRD. Retinal thickness is mapped to a

pseudocolor scale shown to the right. Overlaid are 9-mm-

long SD-OCT cross-sections sampling regions with a high

likelihood of demonstrating detectable photoreceptors. In

young subjects the decline in thickness of a visible ONLwith

increasing distance from the fovea generally corresponds to

the decline in overall retinal thickness.
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LCA, and extra work-up and care for neurologic and renal disease
commonly found in other molecular forms of LCA/SECORD are
not required.

Light exposure aggravates the retinal disease in a number of animal
models of IRDs, particularly those with abnormalities in the recovery
of retinal function after exposure to light or adaptation abnormal-
ities.92,93 Thus, recommendations regarding light exposure are partic-
ularly important for certain degenerations where a mechanistic link is
known or suspected from studies in animal models. For example,
while RPE65 mutations may confer protection against light damage,
treatment has unveiled severe adaptation delays after gene therapy
and in a unique form of the disease resembling fundus albipuncta-
tus.51,57 The association between light damage and recovery abnor-
malities dictates that patients who have undergone gene therapy for
RPE65-IRD should be particularly careful avoiding undue exposure
to bright lights. Clinicians should also be mindful and limit the use
of bright light sources for repeated examinations, such as SW-FAF
imaging, especially since it may be tempting to use this modality to
objectively confirm visual cycle restoration after gene therapy in
RPE65-IRDs.59 Protocols that reduce the output of imaging devices
may be an alternative.94 Caution should be exercised especially in
patients with LCA and SECORD who are attracted to bright light
sources. Families should be instructed to be vigilant to avoid this
type of behavior, when outdoors (sun gazing), or around indoor
bright light sources, such as bright LED lights. Visible blue light
filtering glasses and the use of brims or hats may be recommended
for use outdoors.
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Gene Therapy Clinical Trials for RPE65-IRDs

Gene augmentation therapy delivers a normal
copy of the native human RPE65 cDNA to the
diseased RPE cells after subretinal injection of a
recombinant adeno-associated virus (AAV).95–97

The transduced RPE cells then produce the
RPE65 protein, the biochemical pathway leading
to production of 11-cis retinal is restored, and
photoreceptor function is thus improved. Proof-
of-concept studies confirmed lasting restoration
of retinal function in small and large animal
models of RPE65 disease after subretinal delivery
of AAV serotype 2 (AAV2).hRPE65 vec-
tors.28,29,38,98–101 Seven different phase 1 studies followed, which
tested gene augmentation therapy for RPE65 deficiency, one of which
is still currently enrolling patients (Table 1). As of September 2020,
the total number of eyes injected in phase 1 studies is 101 (Table 1).
These studies differed in details of the AAV vector (capsid serotype,
promoter, intronic sequence, codon optimization of the transgene,
presence of Kozak or WPRE sequence, presence of stuffer in the
proviral plasmid, method of purification, nature of excipient), the
dose and volume delivered, area of retina treated, and specific
outcome measures used (Table 1). One of these early trials had
cautiously excluded subjects based on presence of AAV2 neutralizing
antibodies (NAbs; R1:1,000)102 based on prior experience in other
trials targeting hemophilia with systemic AAV2 administration.
Although the phase 1 studies were focused on safety, the efficacy
of the treatment was obvious from the earliest reports, and it
replicated in patients the gain of function expected from the pre-
clinical work with dramatic increases in light sensitivity ranging
from 100- to 45,000-fold (Table 1).27,57,102–105,107–110,112–120 The
observations have been repeatedly confirmed since.124 None of the
trials reported harmful T cell-mediated immune responses, although
there were mild and transient increases in serum antibodies directed
at the AAV2 capsid (but not the RPE65 protein) after subretinal
injection in one trial.104 In further studies, it was found that
although humans can have a high titer of anti-AAV2 antibodies in
their serum, these antibodies are absent in intraocular fluid.125

Furthermore, the presence of high-titer antibodies in serum does
not prevent AAV2 transduction in the subretinal space in animal
models.125 These data allowed the exclusion criterion of anti-AAV2
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Figure 4. Assessing Photoreceptor and RPE Health in RPE65-IRDs

(A) SD-OCT total thickness topography (left) and near infrared fundus auto-

fluorescence (NIR-FAF) in an RPE65-IRD patient. Overlaid dotted line defines area

with detectable photoreceptors by inspection of individual SD-OCT cross-sections

that may be targeted by the subretinal injection or bleb. Inset: normal NIR-FAF. f,

fovea. (B) SD-OCT, 6-mm-long cross-sections through the fovea before treatment.

Nuclear and outer sublaminae are labeled as in Figure 2. Inset: near infrared

reflectance (NIR-REF) image with an overlaying arrow to show the position and

orientation of the scans. Scale bar (bottom left), 200 mm. The ONL thickness in

cross-section does not accurately match the thickness topography. The red arrow

in (A) points to a thicker (warmer color) parafoveal region that does not match the

even and symmetrical decline in ONL thickness with distance from the fovea into the

nasal and temporal retina demonstrated in the SD-OCT cross-section in (B), sug-

gesting, in the absence of cystoid edema, inner retinal thickening due to secondary

inner retinal remodeling. A faint NIR-FAF signal near the center surrounded by

background choroidal autofluorescence corresponds in lateral extent with a

region of clearly detectable RPE/Bruch’s membrane (BrM), photoreceptor ONL,

and EZ signals on the SD-OCT cross-section (diagonal white arrows). A very thin

ONL can be traced away from the foveal center into the pericentral retina, well

beyond the area of relative preservation of RPE and photoreceptors. Note the

hyporeflective space between the EZ and RPE/BrM band at the foveal center that

likely corresponds with sparsely distributed and shorter cone photoreceptor outer

segments.
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antibodies to be eliminated in subsequent RPE65 gene therapy clinical
studies.

Continued progression of retinal degeneration in both affected dogs
and patients despite evidence of efficacy after gene therapy treatment
has been reported.35,36,82,114,117 Studies in the dogmodel strongly sug-
gest that long-term arrest of progression after RPE65 gene therapy
may only occur in retinal regions with relatively retained photorecep-
tors at the time of treatment.36 It is actually possible that some of the
patients included in the RPE65 gene therapy clinical trials may have
had locally severe photoreceptor losses exceeding the threshold
needed to arrest degeneration, affecting long-term efficacy out-
comes.35,115,117 Reported durability of the improvement in vision by
FST and a multi-luminance mobility test (MLMT) effectively docu-
mented stability of the treatment effect for the better preserved retinal
regions or less severely affected individuals, which may have not
crossed the local degeneration threshold at the time of the treatment,
thus reconciling the apparent contradictions in the outcomes of these
trials in terms of the longevity of the treatment effect.107–110,122 It will
be important in going forward to further interrogate progression of
retinal degeneration in patients in whom the numbers of variables
have been reduced (e.g., vector, disease severity, dose, volume) in or-
der to identify the conditions that both maximize efficacy and halt the
degenerative process.

Only one group (The Children’s Hospital of Philadelphia [CHOP],
ClinicalTrials.gov: NCT01208389 and NCT00516477) proceeded to
studies where the same dose and volume of vector were administered
to each subject. The first study was a follow-on study where the
contralateral eye was treated.107 The second study was a phase 3 clin-
ical trial (ClinicalTrials.gov: NCT00999609), the first randomized,
multi-center, open-label gene therapy trial in the US, funded by Spark
Therapeutics.105,107,109,110,123 The phase 3 trial evaluated effects of
bilateral subretinal injection of Luxturna in a total of 29 subjects (total
of 58 eyes, Table 1) who were randomized such that 9 control subjects
were followed for a year without treatment and then crossed over and
received the intervention.107,109,110 Twenty-one subjects received
bilateral retinal injections immediately after eligibility was confirmed,
although one person dropped out of the study soon after injection.
Thus, a total of 29 subjects (21-1 dropout plus 9 subjects crossing
over from the control group) were evaluated long-term through the
trial. The inclusion criteria included age R4 years, presence of bi-
allelic RPE65 mutations, and sufficient viable retinal cells within the
posterior pole as estimated by OCT. Extensive baseline testing with
retinal imaging and function studies was conducted prior to random-
ization to the control versus treatment group. These data later served
as the comparator for year 1 post-intervention data. The primary
endpoint of the phase 3 study was a change in functional vision at
1 year post-intervention reflected by an improvement in the ability
of the treated subjects to orient themselves and navigate in dimmer
environments compared to untreated controls. Building upon previ-
ous experience on the use of mobility as an outcome measure of func-
tional vision, an MLMT was developed in the phase 1 and phase 1
follow-on studies, and then validated in a population of normal-
sighted and visually impaired individuals.102,107,110,114,116,117,126–128

The test was developed by academic investigators after consultation
with the US Food and Drug Administration (FDA) prior to formation
of Spark Therapeutics. The investigators had proposed to use a
change in pupillary light reflexes as a primary outcome measure,
but the FDA had discouraged this measure as it does not reflect func-
tional vision. The FDA was more receptive to a mobility test, as that
would better reflect challenges in daily living in vision-impaired sub-
jects. The test was designed to systematically measure changes in
functional vision, specifically the ability of a subject to navigate an
obstacle course accurately and quickly at different levels of
Molecular Therapy Vol. 29 No 2 February 2021 447
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illumination. Performance of the MLMT thus depends on a variety of
aspects of vision, including visual acuity and visual field extent and
sensitivity. Each of these parameters is impaired in individuals with
RPE65-IRDs. The levels of illumination used in the MLMT ranged
from 1 lux (the amount of light one might see outside in the country-
side on a moonless summer night) to 400 lux (a typical brightly lit of-
fice).127 Scoring of MLMT performance was assessed by independent
graders. A positive change score reflected the subject’s ability to carry
out the MLMT test at a lower light level. Three secondary endpoints
were tested: FST using white light and the change in the MLMT score
for the first assigned eye; visual acuity was used as a safety measure
whereby a worsening score after treatment would indicate a potential
safety concern.109

The data from the study revealed robust improvement in all of the
primary and secondary endpoints. MLMT performance (the pri-
mary endpoint) showed a change score of 1.6 (p = 0.0013). FST
showed a >2 log units increase in light sensitivity (p = 0.0004),
and MLMT performance with the first treated eye (which was the
worse seeing eye at baseline) showed a change score of 1.7 (p =
0.0005). There was a non-significant trend in improvement of visual
acuity (p = 0.17).109 Additional outcomes that were evaluated
included visual fields and responses to a modified visual function
questionnaire. There was robust improvement in visual fields after
intervention as measured by either Goldmann testing (p = 0.0059)
or by light-adapted automated static perimetry testing (p =
0.0005). A visual function questionnaire adapted for use in pediatric
patients and in those with extremely poor vision was also used.
There was a significant improvement in visual function scoring in
individuals after receiving Luxturna compared to baseline (p <
0.001). Further analyses supported the reliability, validity, and
responsiveness of a modified visual function questionnaire
(mVFQ-25) as a measure of functional vision for use in patients
with IRD due to RPE65 mutations.129 A recent durability study
showed that the beneficial effects of Luxturna administration, which
are nearly maximal by 30 days after administration, are durable for
4 years, with observation ongoing.110

Gene Therapy as the New Standard of Care for RPE65-IRDs

Now that Luxturna has been approved for clinical used as a drug, the
procedures used during the clinical trials are being adapted to meet
the demands of use as a standard of care. Numerous patients have
been treated, and the numbers expand as additional treatment cen-
ters are activated around the world. Establishing the diagnosis by
clinical evaluation to confirm the expected disease phenotype and
by genotyping to detect the presence of bi-allelic pathogenic
RPE65 mutations are the first steps toward treatment. Once an
RPE65-IRD has been confirmed, the subject is further evaluated to
be sure they meet the treatment indications for Luxturna adminis-
tration. As per the FDA drug label, patients should be older than
a year of age, have no contraindications to dilating drops and other
medications that will be used during surgery and recovery, or to a
pars plana vitrectomy. More importantly, they should have suffi-
cient treatable (“viable”) photoreceptor cells as determined by SD-
448 Molecular Therapy Vol. 29 No 2 February 2021
OCT. This basic description of the eligibility for treatment, however,
may not be straightforward for the general clinician, particularly
when deciding treatment for patients with the earliest or end stage
of the spectrum of disease severity. As for any other medical proced-
ure, the central question relates to risks versus benefits. That is, it is
key to try to determine how early or late in the course of the disease
is worth treating and to understand the potential complications and
limitations of the treatment to be able to counsel patients
appropriately.

Patient Eligibility for Treatment

Patient eligibility for RPE65 gene therapy clinical trials rested on
detecting photoreceptors by detailed retinal imaging, including
topographical mapping of the disease across large expanses of
retina.21,57,65,102,104–107,110,111,116,117,123 Some of the clinical trial
protocols were designed not only to determine eligibility, but to
define target regions for treatment with relatively preserved photo-
receptors that would serve the patient’s vision best, for example, by
targeting rescue of the inferior, central to midperipheral visual fields
(Table 2). This ideal testing algorithm may not be possible within
the time constrains of typical clinical encounters, especially in the
youngest or more severely affected patients. Treatment teams
should take this into consideration and adjust visits to allow suffi-
cient time for the evaluation of potential candidates. Ancillary staff
should also be familiarized with the demands of testing patients with
severe retinal dysfunction, including patients with unstable and
eccentric fixation. An alternative practical solution to extensive
topographical mapping of the ONL is the use of long line scans at
the highest speeds available on the OCT instruments and directed
to the central-to-near peripheral superior and temporal retina,
where remnants of photoreceptors and vision are expected to exist
in patients with more severe disease (Figure 3).20,62

Care should be exercised when determining whether photoreceptors
are still present in a given patient, particularly in end-stage disease.
The clinician should be aware, for example, that total retinal thick-
ness may overestimate the presence of photoreceptors since thick-
ening as the result of inner retinal remodeling may mask outer
retinal loss (Figure 5A, red arrow).31 Careful inspection of the SD-
OCT cross-sections should be thus performed before deciding eligi-
bility for treatment (Figures 3, 4, and 5). Likewise, using fixed cutoff
values of total retinal thickness (such as central subfield thickness
>100 mm) should also be avoided as proof of retained photorecep-
tors. Demonstration of detectable photoreceptors, however, is not
the only structural prerequisite for treatment. Experimental evi-
dence suggests degeneration may proceed after treatment if a certain
threshold of photoreceptor loss has been crossed (see below).82 Loss
of �30% of the normal complement of photoreceptors (locally or
across the entire retina) is a figure that has been proposed as the
threshold beyond which progression of the degeneration may occur,
even in situations where the visual cycle and functional rescue have
taken place.36,130 For example, it is possible that locally preserved
photoreceptors may continue to degenerate after treatment when
neighboring similarly treated retina has already crossed the
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Figure 5. Structural Details by Multimodal Retinal

Imaging in Late-Stage RPE65-IRD

(A) Fundus photography: total retinal thickness topography

and NIR-FAF in a patient with severe disease. White arrows

points to areas of detectable RPE melanin by fundus

photography (left panel) and NIR-FAF (right panel) near the

foveal center and in peripapillary retina. As in Figure 4, a red

arrow points to an area of increased overall retinal thickness

that does not match the gradual, even decline in ONL

thickness, symmetrical on either side of the fovea. (B)

16-mm-long horizontal SD-OCT cross-section through the

fovea in the same patient. Red line overlaid on the NIR-REF

image delineates region with detectable, albeit severely

thin, ONL, as demonstrated on the SD-OCT cross-section

by outlining the outer plexiform layer in yellow. The RPE/

BrM is clearly detectable on the SD-OCT scan, and there

are spotty signals above the apical RPE/BrM that may

correspond with the abnormal photoreceptor outer

segment or its remnants. (C) Fundus photography: NIR-

REF and NIR-FAF in a patient with severe disease. White

arrows point to areas of relatively better coloration in the

parafoveal retina (left panel) possibly reflecting surviving

RPE, which corresponds to a darker region on NIR-REF.

There is virtually no RPE melanin autofluorescence

detectable on the non-normalized NIR-FAF (right panel).

The area of better coloration on the color fundus image

corresponds with a darker image on the NIR-REF and NIR-

FAF image suggesting detectable photoreceptors and

demelanized RPE overlaying the background choroidal

autofluorescence signals that are crisscrossed by large

dark choroidal vessels (right panel). (D) 9-mm-long vertical

SD-OCT cross-section through the fovea in the same pa-

tient. A severely thin ONL, outlined by the outer plexiform

layer (in yellow), overlies a thin RPE/BrM signal that likely

corresponds to a severely abnormal RPE or bare BrM

devoid of overlying RPE. A severely abnormal to non-

detectable RPE, even if photoreceptors are identifiable,

may be considered an additional contraindication for

AAV2.RPE65 augmentation treatment in RPE65-IRD.
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threshold for continued degeneration. The opposite is also possible,
i.e., that degeneration may be arrested locally independent of the
health of other retinal regions, as demonstrated experimentally.28

Slower rates of photoreceptor degeneration, even if not total arrest,
may be desirable to patients and may provide improved quality of
life until the solution is found through other treatment alternatives,
such as cellular replacement strategies. Longitudinal studies in a
larger number of patients following this treatment are still required
to confirm the different scenarios and serve as guidance to practi-
tioners to inform and select patients for treatment.

Although there is evidence for early and severe cone loss in both
patients and animal models of RPE65-IRD, photoreceptors,
Mole
particularly cones, may survive in areas of severe
RPE degeneration (Figure 5).56,76,99,131–134

Detectable photoreceptors devoid of a support-
ing, relatively preserved RPE, where the basic ab-
normalities in RPE65-IRD reside and that is the primary cellular
target of the gene transfer, would contraindicate treatment. SW-
FAF is now routinely used in the clinic to delineate areas of RPE
loss. This has limited utility in RPE65-IRD where FAF signals may
be often undetectable, and, in addition, because of the potential for
light-mediated injury on repeated examinations, especially post-treat-
ment. The clinician may resort to the clinical examination and the in-
spection of retinal imaging using color photography, NIR reflectance,
and/or NIR-FAF imaging, and SD-OCT to determine the extent of
relative RPE preservation (Figures 4 and 5).66 Inspection of the SD-
OCT cross-sections to determine whether there are detectable photo-
receptors and whether RPE signals apical to Bruch’s membrane are
still detectable should occur (Figure 5).
cular Therapy Vol. 29 No 2 February 2021 449
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Table 1. Gene Augmentation Therapy Clinical Trials for Bi-allelic RPE65-IRDs

Phase Sponsor: Location Trial ID: n
Ages
(Years) Vector Promoter Vector Name Efficacy Outcomes References

1
CHOP: Philadelphia,
PA, USA; Naples, Italy

NCT00516477 12 R8 AAV2 CBA
AAV2-hRPE65v2;
voretigene
neparvovec-rzyl

visual psychophysics,
pupillometry, mobility

102–106

1, FO
CHOP: Philadelphia,
PA, USA

NCT01208389,
NCT00516477

12a,b R8 AAV2 CBA
AAV2-hRPE65v2;
voretigene
neparvovec-rzyl

visual psychophysics,
pupillometry, mobility

102–105,107–111

1

Applied Genetic
Technologies: Gainesville,
FL, USA; Philadelphia,
PA, USA

NCT00481546 15 R8 AAV2
CBA-
shortened

AAV2-CBSB-hRPE65
visual psychophysics,
pupillometry, mobility

57,112–115

1, 2
University College,
London, UK

NCT00643747 12 5–30 AAV2 hRPE65
rAAV2/2.hRPE65p.
hRPE65 (tgAAG76)

visual psychophysics,
ERGs, mobility

116,117

1, 2
Hadassah Medical
Organization:
Jerusalem, Israel

NCT00821340 3 R8 AAV2 hRPE65 rAAV2-hRPE65 visual psychophysics 27

1,2

Applied Genetic
Technologies: Portland,
OR, USA; Worcester,
MA, USA

NCT00749957 12 R6 AAV2 CBA rAAV2-CB-hRPE65
visual psychophysics,
ERGs

118,119

1, 2
Nantes University
Hospital: Nantes,
France

NCT01496040 9 6–50 AAV4 hRPE65 rAAV2/4.hRPE65
visual psychophysics,
pupillometry, ERGs

120

1, 2
MeiraGTx UK II:
London, UK; Ann
Arbor, MI USA

NCT02781480NCT02946879 27 R3 AAV5
hRPE65
(NA65p)

AAV2/5OPTIRPE65
visual psychophysics,
QOL

117,121

3
Spark Therapeutics:
Philadelphia, PA, USA;
Iowa City, IA, USA

NCT00999609 29b R4 AAV2 CBA
AAV2-hRPE65v2;
voretigene
neparvovec-rzyl

visual psychophysics,
pupillometry, MLMT

110,111,122,123

Psychophysic testing includes visual acuity, full-field sensitivity testing, and visual fields (kinetic, static, and fundus-projected). CHOP, The Children’s Hospital of Philadelphia; QOL,
quality of life questionnaire; NA, not available; AAV, adeno-associated virus; CBA, chicken b-actin; FO, follow-on; MLMT, multi-luminance mobility test, ERG, electroretinogram.
a11 patients injected.
bBilateral sequential injections.
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Candidates for treatment should have a comprehensive eye examina-
tion and age-appropriate measures of vision. Patients should have
their color vision and extent of their visual fields documented by ki-
netic and/or static perimetry, as both are expected to change following
treatment.44,45 Their ability to perform these tests reliably, together
with the measures of photoreceptor and RPE structure mentioned
above, may be factored in when considering eligibility, as a functional
retina may be indicative of potential for rescue, particularly if a struc-
tural-functional dissociation is documented.21 Severe central
dysfunction with nystagmus and poorer visual acuity than that of
the average RPE65 patient of a given age or severity may be a valid
argument for earlier intervention in children, while demonstrating
measurable reliable vision mediated by classical photoreception
may be a prerequisite for adult patients with severe disease.

Considerations Regarding Time Windows for Intervention

Cone photoreceptor degeneration and foveal cone photoreceptor outer
segment shortening are among the earliest abnormalities in RPE65-
IRD, and central atrophic lesions ensue at some point in the course
of the disease (see Figure 3).50,62,65,133,134 Unambiguous improvement
450 Molecular Therapy Vol. 29 No 2 February 2021
of foveal function was not documented after treatment in the clinical
trials that measured foveal function after subfoveal injections.46,57

Some of the improvements in visual acuity were associated with
changes in fixation preference toward extrafoveal locations within
the regions improved after gene therapy.46 Treating the parafovea
and pericentral retina early in life may allow for rescue of central visual
function and prevention of deep sensory amblyopia and may be
considered an argument for early intervention and for treatment of
potentially fragile foveal centers. However, despite the strong evidence
in support of cone photoreceptor rescue after both retinoid supplemen-
tation and gene augmentation in RPE65-IRDs, it is still unclear whether
early treatment of the parafovea/fovea in patients will lead to restora-
tion of the abnormalities and/or prevent the development of atrophic
central lesions in patients in the long term.28,57,76,133,134 The surgical
risks and sequelae (e.g., anesthetic risks, retinal detachments, macular
holes, foveal thinning, cataracts) of the complex surgical intervention,
specifically for the pediatric population, should be thus carefully
considered. Specifically, foveal thinning (clinical or subclinical) and
macular hole formation have been documented after the subfoveal in-
jections used to deliver various gene therapy products, yet the factors
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Figure 6. Surgical Details of the Subretinal Delivery of

Gene Therapy

Two intraoperative snapshots demonstrating the peripheral

boundaries of the subretinal bleb (arrows) in relation to the

location of the retinotomy (arrowheads). Asterisk indicates

foveal region.
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predisposing to such an undesirable outcome have not been fully eluci-
dated.102,112,114,120,135–137 The vulnerability of the fovea likely reflects an
interplay between the foveal disease and other factors, such as vector
concentration and the fluid dynamics of the subretinal injections, de-
tails that should be carefully factored in patient selection and surgical
planning (see Surgical Considerations).138,139 Thus, until we know
more, the treatment should not become a race to demonstrate surgical
skills by treating younger patients, but instead taken as a challenge to
reach a balanced decision with all risks and benefits, some still hypo-
thetical, carefully weighed.

As noted above, there is experimental evidence in animal models
and from some of the analyses of the clinical trials suggesting
that there may be limits to the rescue of the degeneration that
are dependent on disease severity.36 This is expected to vary
from patient to patient, and locally within the retina. Thus, in the-
ory, treatment of earlier disease (independent of age) should carry
a better prognosis in terms of the ability of the treatment to not
only improve vision, but to halt progression of the degenerative
changes.36 A generalizing view holds that most children with
RPE65-IRD may have crossed the threshold to be able to arrest
local degeneration with treatment, although it is still not clear
whether the extent of degeneration, in terms of the size of the
retinal areas exceeding this threshold, should be factored in.36,62

Careful evaluation of photoreceptor health is thus needed before
treatment for surgical planning and to best inform patients and
families about treatment expectations, and after treatment, to asses
both the highly reproducible vision improvements, as well as to
determine long-term efficacy signals, such as the persistence of
the improvements and the arrest of the photoreceptor and RPE
degeneration. Attention to the various parameters affecting treat-
ment outcome will add to our knowledge base and will help us
further fine-tune this treatment. Conversely, can a patient expect
improvement if treated beyond that theoretical window for treat-
ment? Patients treated during the clinical trials that preceded the
approval of Luxturna were rarely at the end stage of the disease,
but rather at stages where substantial photoreceptors and RPE
could be demonstrated by SD-OCT. Thus, it was unclear whether
efficacy signals could be expected in such patients. Since the intro-
duction of Luxturna to the clinic, a number of patients with end-
stage disease seeking treatment to improve their functional vision
have been treated after a thorough discussion and management of
the expectations of the treatment in such a scenario. This has often
Mole
led to an unequivocal improvement in retinal
sensitivity (see below). Again, it remains to be
demonstrated whether such intervention delays
total photoreceptor and vision loss. The hope is that the treatment
may serve as a temporizing measure until cell replacement solu-
tions are ready for use in the clinic.

Surgical Considerations

Variable foveal thinning and macular hole formation after subfoveal
injections were first observed in the RPE65 gene therapy clinical
trials and have since been documented in other studies that have
treated the central retina with subretinal delivery of different vec-
tors.102,112,114,135,136 Targeting the parafoveal retina may be desirable,
but avoiding the center may not be possible (see below). It is also
important to manage expectations if Luxturna is to be administered,
especially for older individuals with few remaining photoreceptors.
Every surgery and general anesthesia come with potential risks. While
the level of safety of Luxturna administration is high, there are surgi-
cal risks and the potential that a subject will not develop a meaningful
response. There are a number of variables that can also potentially
affect the magnitude of response, including the number and location
of remaining photoreceptors, presence of amblyopia, the nature of the
patient’s RPE65mutation(s), and the presence of additional gene mu-
tations impacting retinal function.

Baseline testing (imaging and retinal function studies, similar to those
carried out in the phase 3 trial) is conducted prior to treatment with
Luxturna. The surgical procedure that is used is nearly identical to
that used during the phase 3 trial. Luxturna is delivered subretinally
under direct visualization through the dilated pupil using standard
vitreoretinal surgical techniques. In the phase 3 trial, delivery of
this reagent was preceded with macular tamponade with heavier-
than-water perfluorocarbon liquid that was done in an effort to
buttress the fovea from hydrodynamic stresses of the injection.109

Perfluoron was then removed after the bleb had been formed.
The Perfluoron step was eliminated once the drug was approved,
as the Perfluoron “bubble” often rolled away from the fovea during
the injection procedure, thereby not serving its intended purpose.

The patient is given oral corticosteroids (1 mg/kg prednisone/day or
40 mg/day maximum dose) for 3 days prior to injection in order to
counteract any potential immunization effect of the viral vector and
transgene. Only one eye is injected per procedure. If the second eye
is to be injected, that procedure is carried out within the subsequent
2 weeks. An examination under anesthesia is usually performed on
the first eye at the time of the second surgery. The subretinal injection,
cular Therapy Vol. 29 No 2 February 2021 451
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Table 2. Eligibility for Gene Augmentation Therapy with Luxturna.

Requirement/Factor Recommendations

Biallelic disease-
causing RPE65
mutations

genetic testing of proband and parents/family
members to confirm segregation of the RPE65
variants

consider screening for involvement of additional
molecular causes particularly in consanguineous
families and the most severe patients

>1 year of age
consider postponing inclusion to patients older than
2 years of age, unless there is evidence for severe
vision loss (poor fixation, wandering nystagmus)

No surgical
contraindications

perform comprehensive examination

Detectable
photoreceptors

topographic mapping of the central and near
midperipheral retina with OCT with segmentation
of the OCT cross-sections

may be substituted by line profiles through main
meridians

best outcome should be for patients with %30%
ONL loss

topography of photoreceptor preservation dictates
surgical plan and positioning of retinotomies and
subretinal blebs

Detectable RPE

determined by inspection of color fundus photography,
near infrared reflectance, or fundus autofluorescence
imaging

detectable RPE should co-localize with the regions
of detectable photoreceptors

Measurable vision

measurable classic photoreceptor function by FST
and/or perimetry, complemented, if possible by ERG
and/or pupillometry

ideally patients should be tested with perimetry and
letter visual acuity quantified (Teller acuity in younger
children)

perimetry may be performed using large Goldmann
V targets; dark-adapted perimetry will increase
dynamic range

poorer central vision requires consideration of mutations
in other IRD genes as well as neuro-ophthalmic causes
of vision loss

determine whether there is structural-functional
dissociation as evaluated with OCT and perimetry/FSTs

Foveal health
avoid extension of the blebs to the foveal center if
there is concern for early foveal/parafoveal outer segment
shortening and photoreceptor loss

ONL, outer nuclear layer; OCT, optical coherence tomography, ERG, electroretino-
gram; IRD, inherited retinal degeneration.
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accomplished through a transvitreal and transretinal approach, is car-
ried out while the patient is under general anesthesia, although this sur-
gery can be done under monitored sedation in selected individuals.
Subretinal injection delivers the AAV adjacent to the affected (RPE)
cells and minimizes escape and/or dilution of the vector to systemic
sites or the rest of the eye. The procedures are carried out with a stan-
dard three-port pars plana approach, where one port is used to control
the volume of the fluid-filled eye, another is used to introduce a light
452 Molecular Therapy Vol. 29 No 2 February 2021
source, and the third is used to deliver the active surgical devices.
The pars plana is the region�3–4mm from the periphery of the cornea
where neural retina is thinnest (and does not contribute to vision).

Before the AAV is injected, the jelly-like material (“vitreous”) in the
center of the eye is removed by simultaneously cutting it and applying
gentle suction with a high-speed cutting/aspiration device (vitrector).
This material is replaced with sterile saline to maintain vitreous vol-
ume. Prior to inserting the cannula, the retina is inspected for epire-
tinal surface membranes, which, if present, are removed manually. If
there are retinal tears, these are treated with laser photocoagulation.
The AAV vectors are then injected in each retina one time only using
a subretinal injection cannula with a 38G to 41G blunt-tipped needle,
targeting the region of the retina with evidence of residual photore-
ceptors (as judged by OCT).107,109,110 A small retinotomy is created
during the injection, often by the injection stream itself. The cannula
can be tracked under the retina and allows access to the subretinal re-
gion (which is normally occupied by tightly interdigitated photore-
ceptor outer segments and RPE cells). The retinotomy is carefully
placed in the immediate vicinity of the central macula (R3 mm
distant from the fovea) such that subsequent injection does not apply
physical stress to this structure (Figure 6). Ideally, the retinotomies
should be distanced R2 mm from regions with clearly detectable
photoreceptors expected to be rescued by the treatment to avoid sco-
tomas resulting from the variable size of the chorioretinal scars that
develop around the retinotomies. The gene therapy product is in-
jected, creating a localized retinal detachment (“bleb”; Figure 3A,
overlaid contour; Figures 6 and 7A), which should ideally include re-
gions with detectable receptors that are of strategic importance for the
patient’s vision, such as the pericentral and superior midperipheral
retina that subserve inferior and central fields. The size of the bleb
is in direct proportion to the volume of material injected. Typically,
300 mL of AAV solution is injected in treatment of RPE65 disease.
The concentration of the compound in the bleb remains high, as it
is not diluted by vitreous or other fluid, even if some of the contents
reflux into the vitreous through the retinotomies.140 In fact, focus
should not be on delivering an arbitrarily prescribed volume that
may lead to blebs that are unnecessarily elevated, potentially
increasing mechanical stresses.139 Perhaps shallower blebs that slowly
expand over large expanses of rescuable retina/RPE should be the
goal. Refinement of the surgical technique continues.141–144 Precise
control of these parameters with intraoperative OCT systems and
controlled delivery of the treatment solutions will certainly help
improve vector delivery and surgical outcomes, especially if the fovea
is to be targeted by these treatments.140,145,146 It may be desirable to
inject outside of the fovea and then exchange fluid with air following
the subretinal injection (see below) in order to reduce the buoyancy of
the bleb (Figure 6). That would then allow the bleb to slowly migrate
secondarily into the parafovea/fovea. Frames from an intra-operative
video (Videos S1A and S1B) show, as an example, migration of a bleb
across the arcades and toward the fovea over a 15-min period.

Since there is typically no break in the RPE or underlying Bruch’s
membrane during the injection, there is protection against systemic
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Figure 7. Functional Changes after Subretinal Gene

Therapy for RPE65-IRD

(A) NIR-FAF, 55�-wide images of the posterior retina of the

right eye of the two with RPE65-LCA treated with bilateral

subretinal gene therapy (Luxturna, Sparks Therapeutics,

Philadelphia, PA, USA). Red line denotes the inferior

boundary of a subretinal bleb that contains the treating

product, which extends from the superior retina crossing

the fovea and into the inferior pericentral retina. (B) Light-

adapted achromatic and dark-adapted two-color chro-

matic static perimetry (showing only responses to a blue

500-nm stimulus) in the patients before (dashed lines) and

after (continuous line) gene therapy. Dotted lines define

lower limit (mean of 2 SD) of sensitivity in control subjects.

S, superior visual field; I, inferior visual field. Horizontal ar-

rows show the improvement in sensitivity supporting a

treatment effect.
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exposure of AAV to the underlying choroidal blood supply. This
likely contributes to the relatively immune privileged characteristics
of subretinal AAV delivery. After the subretinal injection, the can-
nula is removed, and the vitreous fluid is exchanged with air. This
acts to seal the retinotomy (hole in the retina where the cannula
penetrated) and to allow gravity-dependent spread of the bleb
such that it will contact additional portions of the retina. The
AAV infects the cells bordering the bleb and/or is endocytosed along
with excipient. As the fluid is absorbed, the bleb flattens and the
photoreceptors re-approximate the RPE. The patient is positioned
immediately after injection so that the subretinal fluid will migrate
in a gravity-assisted fashion to settle in the most dependent portion
of the retina. Flattening of the retina typically occurs within a few
hours after injection. The procedure is associated with minimal
post-operative pain, which is usually well controlled with oral anal-
gesics. Patients continue to take oral prednisone, which is tapered
Mole
and then discontinued a few days after the sec-
ond eye receives its subretinal injection. Cyclo-
plegic, topical steroid and topical antibiotic
drops are administered as is done for standard
vitrectomy procedures.

Surgeons are required to attend a subretinal in-
jection training program before they are
approved to deliver Luxturna and then be
deemed qualified to carry out the procedures at
a “Center of Excellence.” The injection protocol
calls for use of a specific instrumentation (tubing
and cannula) and a trained assistant to manipu-
late the injection syringe while the surgeon places
the injection cannula in position. Note that other
subretinal AAV clinical trial protocols sometimes
use modifications of this procedure, such as initi-
ating the bleb with sterile saline and then switch-
ing to the AAV solution or using an injection
cannula where pressure is applied by foot control
(and thus eliminating the need of an assistant’s help in pushing the
plunger).141,142

It is often difficult to precisely control the direction of the bleb. In fact,
in many situations, surgeons have reported that the bleb proceeds in
similar (unusual) directions in each eye of the same patient. It is
possible that the unexpected behavior has to do with variable resis-
tance to the extension of the subretinal bleb caused by intraretinal dif-
ferences in RPE-photoreceptor adhesion or regional differences in the
overall thickness of the retina, and thus mechanical resistance.147 As
noted before, the foveal center may be vulnerable to a bleb-induced
stretch. Two or more injections of smaller volumes of the gene ther-
apy product may be administered at different sites (preferably in blind
retinal regions devoid of photoreceptors) distanced from the foveal
center to avoid including the fovea within the bleb but still treat the
visually important pericentral and parafoveal retina, or including
cular Therapy Vol. 29 No 2 February 2021 453
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Figure 8. Full-field Sensitivity Changes after Gene Therapy for RPE65-IRDs

FST sensitivity estimates measured with spectral stimuli (blue, 467 nm; red, 637 nm)

in dark-adapted (>30 min) patients. Dotted gray line is the lower limit (mean of 2 SD)

of the sensitivity to the short wavelength 467-nm stimulus in control subjects. Values

are converted into positive dB values from possible negative outputs from the FST

instrument. Patients are sorted left to right by age.
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the foveal center within the less elevated part of the subretinal blebs.
In our hands, foveal thinning in patients where blebs extended into
the fovea is on average %10% of the baseline foveal thickness and
may be subclinical, only detectable by careful segmentation of the
SD-OCT cross-sections, whereas foveal thinning with vision loss is
estimated to occur in about 1% of the cases. It is not known whether
the exact position of the subretinal blebs shift by gravity after the in-
jections, but an effort should be made to avoid positioning the periph-
eral boundary of the blebs straddling across regions that are critical
for vision, such as the macula, as experimental studies in non-human
primates (NHPs) suggest that structural abnormalities are expected to
occur post-treatment in the vicinity of these transitional regions.139

While generating the localized detachment is usually straightforward,
the retina can occasionally be challenging to lift. Some surgeons
454 Molecular Therapy Vol. 29 No 2 February 2021
consider cutting the tip of the microcatheter subretinal cannula to
create a bevel. However, the small size and relative stiffness of the can-
nula make entry into the subretinal space straightforward. A sharp tip
is not necessary to “incise” the retina. The bleb should not be gener-
ated through delivery of air. Subretinal delivery of air can damage the
RPE and photoreceptors by generating greater and less controllable
mechanical forces.

One other detail relates to the guidelines for treating the second eye
within a 2-week window of the first eye. The experience to date is
limited to either this 2-week interval, first tested in large animal
models,125 or treating the second eye at least 1 year after the first,
as was done in the follow-on readministration study at CHOP.107

The 2-week time window was originally selected, as it was unlikely
that the host would mount a peak immune response to the vector
in this short time period. The longer interval (R1 year) would pro-
vide time for a potential immune response to subside. The bottom
line is that there are no data as of yet of the safety of readministration
of subretinal gene therapy 3 weeks to <1 year following the first
administration. Until such data are available, repeat administration
to the contralateral eye is not recommended except for using the
approved time windows.

Patients are seen in follow-up the day after injection and then between
1 and 2 weeks after the injections in order to be sure that there is no
inflammation or bacterial infection, the retina has flattened, and that
(if they are to take an airplane back home) the air bubble has been re-
sorbed. Screening for potential complications such as foveal dehis-
cence and macular hole is performed. Those complications can result
from mechanical effects of the subretinal injections (see above).
Rarely, there can be permanent damage to the fovea with ONL loss
despite lack of any visible trauma.112 One of the 29 individuals
enrolled in the phase 3 study showed a permanent reduction in foveal
function after injection, despite gaining several log units of extrafoveal
sensitivity.109 Other complications that were observed soon after in-
jection in the phase 1–3 studies mostly resolved on their own or
with standard intervention. They most often included post-injection
redness of the conjunctiva (“injection”), localized alteration in corneal
thickness (“dellen”), or increased in intraocular pressure. These mi-
nor problems are less likely to occur with current vitrectomy systems
using small-gauge trocars. Phase 1–3 patients were seen regularly
after intervention (1, 3, 6, and 12 months after injection and then
annually). One subject in phase 1 studies who was a high myope
(extremely farsighted) showed retinal thinning in the area exposed
to the bleb. Retinal thinning (“atrophic creep”) may be more frequent
in high myopes148 and may be exacerbated by the stress of subretinal
injection. At the later time points, cataracts were observed in a small
number of subjects, a known side effect of vitrectomy in older individ-
uals. Those patients were referred for standard cataract removal.

Now that Luxturna is approved as a drug, in addition to the early post-
operative visits where the patient is evaluated for the potential compli-
cations described above as well as for short-term efficacy, patients re-
turn to clinic at the �4- to 6-week time point for follow-up and then
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can either return to the center for further follow-up or may be followed
by their local ophthalmologists. A conservative model may include
doubling follow-up intervals up to a year post-treatment (1–1.5, 3, 6,
and 12 months), then annual follow-ups. It is important to reiterate
that assessment of lasting efficacy should not rely on visual acuity mea-
sures, but instead, by at least measuring visual sensitivity and visual
field extent by perimetry and FST, complemented by structural mea-
sures with OCT (see the next section). Most individuals who qualify
for Luxturna treatment report perception of increased brightness
within days after injection. Improved retinal function and stimulation
of visual pathways in the brain has been documented by day 7 postop-
eratively using pupillometry and by FST as early as �10 days post-
treatment.57,104 Subjects have reported the ability to see patterns in
wood furniture/flooring, see illuminated dials, see reflections, tree
branches, mirrors, light penetrating around doorways, windows, faces,
recognize colors (including hair color), walk independently at night on
city streets, and so forth (for the first time) within 2 weeks of injection.

Outcome Measures of Efficacy in the Clinic

During the initial clinical trials rod- and cone-specific measures of
vision with two-color static perimetry documented increases in sensi-
tivity ranging from 10- to 45,000-fold, taking their vision to near
normal limits.57 The same outcome has been confirmed since the
introduction of Luxturna to the clinic (Figures 7A and 7B). Although
two-color dark-adapted perimetry may be implemented with stan-
dard instrumentation, such as the Humphrey field analyzer, unfortu-
nately it has not gained traction as a measure of function in the RPE65
clinical trials or after the approval of Luxturna.149 Achromatic light-
adapted perimetry such as a 30-2 protocol or other custom protocols,
for example, sampling along the main meridians with a large Gold-
mann size V, may be an alternative.57 The tests may be performed
in the dark-adapted state to extend the dynamic range and explore
changes in absolute sensitivity (Figure 7B) FST measures, if available,
are a valuable complement to static perimetry for its simplicity,
especially in children and patients with severe vision loss or fixation
instability that would not be able to perform well on perimetry
(Figures 7B and 7C).20,150,151 It is important, however, to recognize
that FST sensitivity estimates represent the best sensitivity within a
given retina and do not offer information on the topography of the
sensitivity losses or gains.152 That is, FST monitors the retinal region
with the greatest sensitivity post-treatment and will not detect local
improvements (or losses) of sensitivity below the maximal sensitivity
(Figures 7B and 7C). Since the introduction of Luxturna in our clinic,
all patients treated thus far (n = 13) have shown the expected
improvement in rod- and cone-mediated function, including older,
end-stage disease patients (Figures 7 and 8).

In children where psychophysic measures may not be possible or
reliable, a standard ERG may be used not only during the initial
evaluation of the patient, but also as a measure of response to the
treatment.118 The hope is that some practical form of dark-adapted
two-color pupillometry becomes available with clinical instruments,
as they were in the research space before and during the RPE65 clin-
ical trials.38,57,102 The technique would provide objective measures of
function both in pediatric and adult patient populations. It is impor-
tant to recognize that these retina-wide measures of function (ERG,
FST, pupillometry) lack the ability to provide information regarding
the topography of the vision loss or rescue after treatment.

Future Possibilities

The FDA approved Luxturna as a drug that could bemade available to
children 1 year of age and older.153 Our study team at Spark
Therapeutics and CHOP had proposed approval of Luxturna for
use in children 3 years of age and older, and so the recommendation
for availability ages of 1 year and higher was a surprise to us. We had
recommended 3 years of age and higher mainly due to issues relating
to surgical access and patient cooperation. The human eye reaches
�90% of the size of the adult eye by 2–3 years of age, thereby allowing
similar surgical delivery procedures to those used in adults. There is
also less risk of amblyopia, which can be caused by impaired central
vision quality after injury or a procedure.

Experts had questioned the potential of offering infants as young as
1 month of age treatment with Luxturna, if the molecular defect is
somehow known, for example, through prenatal screenings. Among
the many concerns is the fact that important final developmental
steps are still taking place in the postnatal retina months after birth,
and it is still unclear how such an early intervention would impact
(negatively or positively) these processes.154,155 Most families do
not recognize a visual deficit this early, and a variable delay nearly al-
ways occurs between recognition of visual deficit and final clinical and
molecular diagnosis, generally clearing the early critical phases of
development. The complexities of delivering the vector in younger
patients should also be seriously taken into account. As clinicians
obtain more experience treating young children with gene therapy,
and as the precise molecular diagnosis of retinal diseases becomes
more widespread and less expensive, it may be possible that clinicians
will become more comfortable treating, when sensible and indicated,
younger infants with this and other retinal degenerations.

Refinement of the surgical techniques required to deliver the gene
therapy products to the subretinal space are taking place and promise
to further de-risk the procedure, allowing safe treatment of the cen-
tral retina in diseases, or disease stages, at risk of macular changes
post-treatment.138,139,141–144,156–159 Delivery of gene therapy prod-
ucts by intravitreal injection, while ideal as a much simpler proced-
ure that can potentially treat wider retinal regions, is not without
challenges, including limited targeting of the outer retina and RPE
and the potential to trigger chronic intraocular inflammation and/
or cystoid macular edema.160–169 As noted before, 9-cis retinoids
rescue the phenotype in RPE65-IRD and may be adopted as an alter-
native or complementary therapy if tolerability and safety concerns
(see below) are overcome.17,79–82,170,171 Inflammatory changes
associated with retinal degenerations may also become targets for
treatments.121,172–175

One question is whether it will be possible to re-administer gene ther-
apy to an eye that has already received an injection. The phase 1
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follow-on and phase 3 clinical trials run by CHOP and then Spark
Therapeutics showed that it is safe to readminister Luxturna to the
contralateral eye despite the presence of neutralizing antibodies in
the serum.105,107 While a single subretinal injection of Luxturna ap-
pears to result in durable rescue of vision (at least 5 years as shown
by long-term studies after the CHOP phase 3 trial), there may be sit-
uations where same-eye readministration might be warranted. If
there is a complication during the initial surgical procedure and the
injection fails to target the retina, readministration at a later time
point may be desirable. If there are viable cells in a region of retina
unexposed to the vector through the initial injection, it may be desir-
able to target those in a second surgery in order to achieve additional
rescue of retinal and visual function. Finally, if transgene expression
dwindles over time after treatment (a theoretical outcome difficult
to directly confirm in patients, unless a reversal of the correction of
the classical structural-functional dissociation is documented), it
may be desirable to supplement RPE65 expression in the initially
treated retina. So far, same-eye readministration has not been per-
formed in humans. However, a study in NHPs showed that ipsilateral
readministration is safe.139 The primary concern relating to same-eye
readministration is safety due to the potential of a cell-mediated im-
mune response elicited during the first exposure to AAV. The cell-
mediated response could be directed to the AAV2 capsid, which could
expose antigen-presenting cells, and, although less likely because it is
a cytoplasmic protein, to the RPE65 protein delivered through Lux-
turna. A harmful cell-mediated immune response can cause a loss
of transduced cells, an outcome that would be devastating given
that retinal photoreceptors are terminally differentiated and cannot
be replenished. A second concern is the ability to obtain additional
transduction events in the presence of neutralizing antibodies.
Because the NHPs receiving same eye readministration of Luxturna
had normal vision at baseline, it was not possible to test rescue of sight
in this paradigm. However, inflammatory changes were minimal and
there was immunohistochemical evidence of additional RPE65 pro-
tein in the re-injected eyes.139

Another question is whether there is another AAV serotype or trans-
gene cassette that might confer even more robust transgene expres-
sion and rescue than the vector (AAV2-hRPE65v2) comprising
Luxturna. MeiraGTx has proposed that AAV serotype 5 (AAV5) car-
rying a transgene cassette with a stronger RPE65 promoter than used
in the initial phase 1 trial carried out at University College London117

and a codon-optimized RPE65 cDNA may lead to rescue in RPE65
deficiency.176 They have enrolled 27 subjects 3 years of age and older
in their phase 1–2 study and results are pending (ClinicalTrials.gov:
NCT02781480 and NCT02946879) (Table 1). Assuming they proceed
to phase 3 studies, their outcome data may need to compare favorably
with that delivered by Luxturna in order to be approved as a drug.

Note that there are several other interventions besides gene augmen-
tation therapy that are under consideration for treatment of RPE65
disease. One possibility is to provide oral retinoid supplementa-
tion.17,79–82,170,171 While 11-cis retinal is unstable and limits its
clinical application, 9-cis retinal is stable and can substitute for
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11-cis retinal in binding with rhodopsin. QLT ran phase 1 clinical tri-
als providing oral supplementation with their test compound,
QLT091001, for 1 week. Most subjects showed improvements in vi-
sual function in the first 2 months.80–82 While there were side effects
(including photophobia, nausea and vomiting, and elevations in liver
function tests), those were reversible. If this reagent proves efficacious
and safe in phase 3 trials, there may be a synergistic role of an oral
therapy with a gene therapy approach. Oral retinoid therapy may
be an option for patients with severe disease with preservation of
photoreceptor and/or RPE in peripheral retina or as scattered patches
not easily accessible to the subretinal injections. For those in whom
retinal degeneration has progressed so far that there are few remain-
ing photoreceptors that could be rescued with gene augmentation,
retinoid therapy may be used in the future as an alternative to gene
augmentation or to determine potential for improvement with gene
augmentation. For those patients with no potential for rescue with
either gene augmentation or retinoid therapy due to total loss of clas-
sical photoreceptors, there are several other potential avenues to
explore such as cell transplantation, optogenetic therapy, or device
implantation.

While retinal cell transplantation studies are still in their infancy,
studies have been initiated evaluating the safety and efficacy of
subretinal delivery of retinal progenitor cells, embryonic stem
cells, induced pluripotent stem cells (iPSCs), and mesenchymal
stromal cells. Diseases under study include retinitis pigmentosa, Star-
gardt macular dystrophy, and macular degeneration (for example,
ClinicalTrials.gov: NCT03073733, NCT03944239, NCT01344993,
NCT03264976, and NCT02464956). Transplantation of normal (or
gene-corrected) RPE cells would theoretically rescue vision in patients
with RPE65 disease, assuming that photoreceptors remained. In end-
stage disease, however, transplantation would only make sense if both
RPE and photoreceptors could be delivered. Much work remains to
render this approach safe and effective.

Another approach that is being evaluated for treatment of end-stage
retinal degeneration is optogenetic therapy. In this approach, cells re-
maining in the degenerated retina are rendered light sensitive through
delivery of a gene encoding a light-sensitive channel protein.177 There
are two clinical trials in progress evaluating optogenetic therapy in pa-
tients with end-stage retinitis pigmentosa. Both target ganglion cells
with an optogenetic gene through intravitreal injection of AAV2.
One of the trials also incorporates a device that optimizes the light
stimulus to stimulate the gene therapy-treated retinal cells (Clinical-
Trials.gov: NCT02556736 and NCT03326336). As the optogenetic
strategies mature, it may be possible to target different retinal cells
(those closest to the diseased photoreceptors, such as bipolar cells)
so as to take advantage of the normal computational functions of
the retina.178,179

Finally, a prosthetic device was by the FDA in 2013 to treat end-stage
blindness. The Argus II retinal prosthesis (SecondSight) involved
pairing of a prosthesis that is implanted in the retina and around
the back of the eye together with goggles with a built-in camera
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and processing unit that sent stimuli to the retina implant.180,181 This
device reportedly allowed patients with light perception to identify
objects and to enjoy improved navigation, although it did not provide
high resolution vision. Production of the prosthesis was recently
discontinued.

Conclusions

Until Luxturna was approved, individuals with RPE65 deficiency
were destined to a life of visual impairment, with whatever poor vision
they had early on slowly disappearing. The availability of a treatment
has changed medical practice. Patients are now carefully screened by
retinal degeneration experts for features of RPE65 disease and are also
genotyped. Those with lack-of-function RPE65mutations are referred
for treatment with Luxturna or to one of the other clinical trials in
progress. The medical insurance and national health systems have
adapted and now cover the costs of this one-time treatment. There
is even the potential that the payer receives a rebate if the treatment
does not render the desired effect within a specified time period.

Prior to Luxturna, there was no path for developing treatments for
such rare, debilitating diseases. Luxturna approval has had a huge
impact on development of therapies for other orphan diseases and
especially IRDs. The clinical trials paved the way for inclusion of pe-
diatric subjects in gene therapy trials, an important step as most
congenital diseases are genetic in origin. The trials demonstrated
that statistical significance can be met in a relatively short period of
time and by enrolling a small number of subjects, details that are crit-
ical to intervening with rare diseases lethal not only for a person but
for the retina. Trials can be designed such that they generate data
demonstrating that the disease symptoms do not spontaneously
resolve or, as was seen in the phase 3 trial for Luxturna, that the dis-
ease worsens without intervention.

The growing number of gene-based clinical trials targeting retinal
degenerative diseases is a reflection of the impact of the Luxturna
studies. While some diseases are going to be easier to treat than others,
the field is currently in an exciting phase of expanding possibilities.
New approaches and reagents are gradually and carefully being de-
risked, resulting in an even larger armamentarium. There are now
more than 45 different retinal gene therapy clinical trials that have
been initiated, with half a dozen of them in phase 3 (ClinicalTrials.
gov).182–184 The vectors are diverse (including multiple different sero-
types of AAV, adenovirus, lentivirus, antisense DNA, and RNA) and
there are now at least three different routes of delivery being evaluated
(intravitreal, subretinal, suprachoroidal).160–164 The disease targets
include multiple forms of LCA and of retinitis pigmentosa, choroider-
emia, achromatopsia, XL retinoschisis, Usher syndrome (blindness and
deafness), Leber’s hereditary optic neuropathy (a mitochondrial disor-
der), Stargardt disease, and age-related macular degeneration (AMD).
The targets are gradually expanding from ultra-rare orphan diseases to
those that are epidemic in nature (AMD).

In disease where the fovea requires treatment, it might be desirable to
inject outside of the fovea and use the air delivered after air-fluid ex-
change to push the bleb, thereby expanding the area it covers to
include the fovea. The initial clinical studies for the rare (and even
the common) diseases can be carried out relatively rapidly by aca-
demic centers, thereby substantially reducing the costs that would
typically be footed by pharmaceutical companies. Furthermore, the
expertise in-house at academic centers can be tapped upon to develop
appropriate outcomemeasures, where needed, or to explore aspects of
the intervention that would typically be ignored in a commercial ven-
ture. Our Center was able, for example, to explore the effects of gene
therapy treatment of the retina on the function and structure of visual
pathways in the brain,108,185,186 to generate protocols evaluating pu-
pillary light reflexes,38,102,107 to precisely map out the effects of subre-
tinal injection on specific cone photoreceptors in the macula,187 to
develop a visual function questionnaire relevant to a congenital blind-
ness, and to develop subretinal gene therapy surgical training
guidelines (https://www.med.upenn.edu/carot/resources-publications.
html) while keeping focus on the predesignated outcome measures
and maintaining timelines. Of course, ultimately, the costs of phase 3
trials are prohibitive for academic centers, at least for common diseases.
Also, academic centers do not generally have the expertise in
manufacturing and marketing held by pharmaceutical companies.
Thus, the ecosystems of academia and biotechnology/pharmaceutical
companies have become intertwined in a productive and mutually
beneficial manner. There are still many technical and regulatory
challenges to address; however, the future has never looked brighter
for the development of treatments for blinding diseases.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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