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Abstract

Background—Leber congenital amaurosis (LCA) is a congenital retinal dystrophy that results in 

significant and often severe vision loss at an early age. Comprehensive analysis of the genetic 

mutations and phenotypic correlations in LCA patients has allowed for significant improvements 

in understanding molecular pathways of photoreceptor degeneration and dysfunction. The purpose 

of this article is to review the literature on the subject of retinal gene therapy for LCA, including 

historical descriptions, preclinical animal studies, and human clinical trials.

Methods—A literature search of peer-reviewed and indexed publications from 1996–2011 using 

the PubMed search engine was performed. Key terms included “Leber congenital amaurosis”, 

LCA, RPE65, ”cone-rod dystrophy”, “gene therapy”, and “human trials” in various combinations. 

Seminal articles prior to 1996 were selected from primary sources and reviews from the initial 

search. Articles were chosen based on pertinence to clinical, genetic, and therapeutic topics 

reviewed in this manuscript. Fundus photographs from LCA patients were obtained retrospectively 

from the clinical practice of one of the authors (R.A.S).

Results—Herein, we reviewed the literature on LCA as a genetic disease, the results of human 

gene therapy trials to date, and possible future directions towards treating inherited retinal diseases 

at the genetic level. Original descriptions of LCA by Theodor Leber and subsequent research 

demonstrate the severity of this disease with early-onset blindness. Discoveries of the causative 

heritable mutations revealed genes and protein products involved in photoreceptor development 

and visual transduction. Animal models have provided a means to test novel therapeutic strategies, 

namely gene therapy. Stemming from these experiments, three independent clinical trials tested 
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the safety of subretinal delivery of viral gene therapy to patients with mutations in the RPE65 
gene. More recently, efficacy studies have been conducted with encouraging results.

Conclusions—Initial safety studies indicated promising results of subretinal delivery of viral 

vector with subclinical immunologic or surgical sequelae. Overall, these initial studies 

demonstrate that viral vector gene therapy results are very promising, safe, and effective. Future 

studies measuring potential improvement in photoreceptor function may rely on recent advances in 

retinal imaging and electrophysiologic testing.
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Introduction

Gene therapy has recently become a feasible approach to the treatment of inherited retinal 

disease in human patients [1–4]. Theoretically, in patients with a known mutation of the 

coding region of a single gene, a normal allele can be introduced and expressed to return 

cells to normal functioning. Multiple delivery systems have been developed in animal 

models to transfer the correct DNA sequence to the proper tissues and cell types and to 

specifically control its expression. Due to its accessibility, immunological advantages, and 

available modalities for physiologic testing and monitoring tissue pathology, the eye is an 

excellent model for testing the safety and efficacy of gene therapy. Over the last three years, 

multiple groups have reported their findings utilizing adeno-associated viral gene therapy for 

the treatment of Leber congenital amaurosis (LCA) resulting from mutation of the RPE65 
gene (LCA2, OMIM#204100) [1–10]. These trials comprise low-dose safety studies in 

young adult patients, and dose-escalation studies including children and adolescents. Adeno-

associated viral gene therapy is relatively safe, with acceptable sequelae, and improvements 

in light responses and functional vision noted in several patients are encouraging. In addition 

to reviewing their findings, the purpose of this article is to summarize our understanding of 

inherited LCA mutations, gene therapy results in animal models of LCA preceding the 

human trials, and new technologies that may improve the applicability of gene therapy to 

other diseases.

Clinical descriptions of LCA

The first report of LCA was published in 1869 by Theodor Leber [11]. In one young adult 

patient blind from birth, he described a constellation of low or absent vision with amaurotic 

pupils, wandering nystagmus, and pigmented retinopathy. Postmortem histologic 

examination revealed marked retinal atrophy accentuated in the outer layers and periphery, 

vascular thickening and sclerosis, retinal pigment epithelium (RPE) changes, and intraretinal 

pigmentation [11, 12]. His original description included LCA as a member of the family of 

retinitis pigmentosa (RP, RP1 OMIM #180100 and other subtypes), but a severe form with 

nearly complete vision loss by birth and a strong hereditary component. In 1954, 

Franceschetti and Dieterle described the absence or severe reduction of measured 
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electroretinography (ERG) as a hallmark of LCA, thereby differentiating it from other 

retinal dystrophies [13].

Disease presentation and natural history

LCA is predicted to affect approximately 1/81,000 individuals [14] and up to 20 % of 

children attending schools for the blind worldwide [15]. Careful clinical observation and 

description of patients with LCA have revealed a spectrum of disease phenotypes and 

progression. All patients have early, severe visual deficits in childhood, highly attenuated or 

absent ERG recordings, and the absence of other ophthalmologic or systemic disease 

processes. The early onset and rapid rate of vision loss result in lifelong poor visual 

outcomes for LCA patients. Visual acuity loss can be quite severely progressive or profound 

from birth. One reported patient from a cohort described by Lambert et al. had decreasing 

visual acuity over a span of 12 years, from 20/120 to counting fingers [16]. Figure 1 

illustrates different pigmentation patterns seen in the spectrum of LCA in human patients. 

Other associated ophthalmic signs include the oculodigital sign (habitual rubbing or poking 

the eyes), keratoconus/keratoglobus, cataracts, strabismus, intraretinal pigment migration, 

macular atrophy, and optic nerve pallor [15–17]. It is not uncommon for LCA patients to 

have associated intellectual disability [15,16].

While a severe form of congenital blindness, there is marked variability in disease 

presentation among LCA patients. Many patients are born with congenital blindness, and for 

those that are not, visual symptoms are noted within the first year of life by parents or 

caretakers. In one study following the progression of vision loss in infants and children 

affected by LCA, half never demonstrated grating visual acuity, and a third had no light 

perception whatsoever [18]. A recent study comparing LCA and early-childhood onset RP 

demonstrated a greater chance of retaining useful vision in the future when visual symptoms 

occur after infancy [19]. While some may have ambulatory vision initially and preserve 

reading visual acuity into adulthood, others are forced to read by Braille initially or after 

some years of reading by sight [16]. Very rarely will visual testing ever demonstrate 

improvement [18]. Before the advent of gene therapy, options available to LCA patients 

have been supportive only, including low vision aids, low vision social services, and genetic 

counseling of parents and patient.

Differential diagnoses and testing

A diagnosis of LCA must be differentiated from other retinal dystrophies that result in 

progressive or complete vision loss. Aside from LCA and other forms of RP, diseases with 

similar features include achromatopsia (ACHM2 OMIM #216900 and other subtypes), 

congenital stationary night blindness (CSNB, CSNB 1A OMIM #310500 and other 

subtypes), and forms of con-rod dystrophy (CORD, CORD1 OMIM #600624 and other 

subtypes). All are inherited in classic autosomal or sex-linked patterns. LCA represents 5 % 

of retinal dystrophies and is typically at the severe end of the spectrum, with nearly complete 

or total vision loss and severely reduced or absent ERGs. Lambert et al. evaluated 75 

patients labeled as LCA, and found that only 45 met diagnostic criteria for LCA [16]. Of the 

remaining patients, five had CSNB, four had achromatopsia, five had other forms of RP or 

cone-rod dystrophy, and the remaining patients had miscellaneous syndromic conditions.
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Of the nonsyndromic conditions, LCA can be distinguished in childhood by low or non-

detectable cone and rod ERG responses [13, 20]. Achromatopsia affects only cone 

photoreceptors, and has a normal rod-mediated ERG. In complete CSNB, only rod 

photoreceptor responses are absent, probably caused by a defect in ON-bipolar cell 

signaling, and the cone-mediated responses are normal. Non-LCA forms of inherited RP 

present with rod-mediated changes first, including nyctalopia and peripheral vision loss, 

before slowly progressive reduction in ERG cone responses and central vision. Classically, 

intra-retinal pigment epithelial migration results in the classic fundoscopic appearance of 

bone spicule pigmentation, indicative but not universal for RP. Central visual changes rarely 

occur early in RP, and though forms of central RP have been reported [21], these are 

exceedingly rare and may represent cases of cone-rod dystrophy [22]. Early childhood-onset 

RP is very similar to LCA, except that visual symptoms are noted after 1 year of age [19]. 

Syndromic conditions that may present with congenital blindness include Joubert syndrome 

(cerebellar and corpus collosum hypoplasia, OMIM #213300), Senior–Loken syndrome 

(oculo-renal nephronophthisis, OMIM #266900), Alström’s syndrome (hearing loss and 

diabetes mellitus, OMIM #203800), peroxisomal disorders such as infantile Refsum disease 

(OMIM #266510) and Zellweger syndrome (OMIM #214100), Bardet–Biedl syndrome 

(polydactyly, obesity, and intellectual disability, OMIM #209900), and others.

Genetic mutations and phenotypic significance in LCA

LCA is typically inherited in an autosomal recessive fashion, though an autosomal dominant 

pattern has been reported [23]. Many gene mutations underlying the inheritance of LCA 

have been described and used to classify the disease into subtypes by the affected gene, 

including GUCY2D (LCA1), RPE65 (LCA2), , AIPL1 (LCA4), , RPGRIP1 (LCA6), CRX 
(LCA7), and CRB1 (LCA8). Other associated genes have been found and characterized, 

including LRAT, TULP1, and CEP290, among others. Please see Table 1 for a list of LCA-

associated genes and function of the protein products. Figure 2 illustrates the location and 

presumed functions for the proteins affected in different subtypes of LCA.

Dhamaraj et al. examined the prevalence of LCA1 (GUCY2D), LCA2 (RPE65), and LCA7 

(CRX) in 100 consecutive LCA patients, and found that, overall, 11 % of these cases were 

attributed to mutations in GUCY2D (6 %), RPE65 (3 %), and CRX (2 %) [24]. In another 

study of Italian patients, approximately 28 % of affected patients had identifiable gene 

mutations, with 5.2 % due to GUCY2D, 8.4 % due to RPE65, 7.4 % due to CRB1, 4.2 % 

due to CEP290, and 3.2 % due to AIPL1 [25].

Genotype appears to play a role in the variability of phenotype and course in human LCA 

patients. In a study comparing LCA1 and LCA2 phenotypes, patients with GUCY2D 
mutations presented with normal appearing fundus, severe vision loss, hyperopia, 

photophobia, and a stable course, while patients with RPE65 mutations presented with a 

range of visual acuities, emmetropia or myopia, night blindness, and transient visual 

improvements through the second decade [26]. The study by Dhamaraj et al. noted similar 

findings in patients with RPE65 mutations, as well as poor pupillary reactions, nystagmus, 

and progressive decline in visual acuity during adulthood [24]. Prenatal retinal degenerative 

changes in the human fetus as early as 33 weeks gestation have been noted for LCA2 as well 
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[27]. In the Italian population, keratoconus has been noted in patients with GUCY2D and 

AIPL1 mutations, subcapsular cataracts in patients with AIPL1, CRB1, and RPE65 
mutations, and variability in fundus appearance in patients with CRB1 mutations, including 

one patient with preserved para-arteriole retinal pigment epithelium [25]. A recent report by 

Walia et al. suggests that patients with RPE65 or CRB1 mutations tend to lose central vision 

with age, and those with AIPL1 mutations remain stable across time [19]. Variations of 

macular morphology have been noted, in particular decreased macular thickness with RPE65 
mutations and retention of the outer nuclear layer in foveae with CEP290 mutations, but 

these do not correlate with visual acuity [28].

Role of RPE65 in phototransduction and disease

This remainder of this article will focus on RPE65 (LCA2). Mutations in the RPE65 gene in 

humans have been linked to LCA2, autosomal recessive RP with early onset, early onset 

retinal dystrophy, and severe early childhood-onset retinal dystrophy (SECORD) [29–31]. 

The RPE65 gene has been very well studied in the phototransduction pathway, and is the 

therapeutic agent for the first gene therapy trials in LCA patients. RPE65 encodes a 65-

kilodalton protein expressed in pigmented epithelial cells in all vertebrate models studied. 

The RPE65 protein is a carotenoid oxygenase required for the isomerization of all-trans to 

11-cis-retinol in the visual transduction pathway [32]. During phototransduction in 

photoreceptors, all-trans-retinal is converted from the 11-cis form and transferred to the 

retinal pigment epithelium as all-trans-retinol, converted back to 11-cis-retinol by RPE65, 

and returned to the photoreceptor outer segment after conversion to the retinal form. 

Recently, RPE65 was shown to be translocated under light stimulation to the center of RPE 

cells by myosin VIIA, a protein which, when defective, causes Usher syndrome type 1 [33].

Mice lacking the Rpe65 gene have a slow retinal degeneration, primarily of rod 

photoreceptors, with reduced light sensitivity due to the lack of chromophore in the 

photoreceptors and the accumulation of vitamin A analogues in the RPE [32]. Loss of Rpe65 

also affects cone photoreceptors in this mouse model, with slow cone photoreceptor 

degeneration and concomitant reduction of cone opsin expression [34]. Initially, however, 

photoreceptors are rendered nonfunctional by the deletion, without immediate retinal 

degeneration. Because Rpe65-deficient retinas are initially intact, with a latent period 

preceding degeneration, human LCA2 is potentially treatable by the restoration of RPE65 
gene function.

Approaching LCA treatment with gene therapy

Gene therapy holds great potential for treating inheritable diseases. The principle of gene 

therapy is to replace nonfunctional or aberrant gene expression with an exogenous source of 

normal DNA capable of being transcribed and translated into functional protein. Thus, gene 

therapy requires the following: (1) a known genetic cause, (2) living cells with intact but 

malfunctioning cellular machinery, (3) access to tissue with little potential for vector 

dissemination or widespread inflammation, and (4) ability to accurately and reliably transfer 

DNA to the tissue and cell type of choice.
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Determining appropriate candidate patients and diseases for gene therapy follows the above 

guidelines. Disease selection requires a known genetic alteration. Patient selection involves 

several levels of inclusion and exclusion criteria. Patients must first be genotyped to identify 

the gene involved. Second, in the case of retinal dystrophies, patients must be assessed to 

determine that ocular tissue is intact and photoreceptors are present. This can be 

accomplished by spectral-domain ocular coherence tomography (SD-OCT) to gauge the size 

and healthy appearance of the photoreceptor layer and fovea, or by VEP or ERG to 

determine responsiveness of photoreceptors to light [35]. Notably, variability in the 

photoreceptor layer architecture among human LCA2 patients has been demonstrated using 

OCT as a method for determining candidacy for gene therapy [35]. Third, in the case of viral 

delivery of DNA, risk of dissemination should be taken into account for immunosuppressed 

patients. Therefore, patients with unknown mutations, massive photoreceptor degeneration 

and death, and immunosuppression (in the case of viral vectors) are poor candidates for gene 

therapy.

Commonly used vectors in gene therapy studies

Vector selection can also play a role in the safety and efficacy of gene therapy. Genetic 

material can be delivered in a multitude of ways. Naked DNA can be electroporated into 

tissues, lipophilic vesicles can deliver DNA constructs, and viruses can infect and utilize 

host transcriptional machinery to deliver a DNA payload. Viruses, which commonly invade 

cells and subsume transcriptional machinery, are a rational and highly studied solution. Viral 

types being considered are adeno-associated virus (AAV), herpes simplex virus (HSV), and 

lentivirus. These viruses may have specific tropisms for different cell types and mechanisms 

for genetic expression, but only AAV infection of photoreceptors will be discussed here. 

Importantly, these viruses are engineered to lack integrative capacity, thereby preventing 

them from causing stable mutations in the human genome. Further, they must be able to 

infect non-dividing cell types, as is the case in most adult tissues. Finally, the expression 

construct, that is, the promoter and DNA regulatory elements controlling transcription, must 

express the gene reliably within cells. To date, all human trials have used a 

cytolomegalovirus (CMV) promoter and chicken β-actin enhancer that confer constitutive 

expression of the genetic construct.

Gene therapy trials of LCA in animal models: canine, mouse, and primate

Animal models have provided a wealth of knowledge about the pathophysiology of LCA, 

and the opportunity to test the safety and efficacy of viral gene therapy. The most celebrated 

of these is the Swedish Briard dog, which carries a natural four base pair deletion of the 

Rpe65 gene [36]. Similar to human patients, these animals are blind at birth and have absent 

ERG responses. Subretinal injections of AAV2 with CMV promoter and β-actin enhancer in 

4-month-old dogs resulted in improved ERGs, VEPs, pupillary response, and vision-

dependent behaviors [37]. Histologic analyses revealed detectable 11-cis retinal expression 

in photoreceptors of treated eyes, indicating functional return of the visual transduction 

pathway [38]. These studies also demonstrated that injections and reinjections are safe in 

large animals, and that subretinal injections are superior in efficacy to intravitreal injections 

[37–42].
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Gene therapy has also been used to restore vision in Rpe65-deficient mice using viral 

vectors. Rpe65 homozygous mutant mice exhibit inherited retinal degeneration similar to 

LCA2. Injection of viral vector carrying mouse Rpe65 gene into the eyes of Rpe65−/− 

embryos in utero rescued Rhodopsin expression and visual function in these mice [43]. 

Results for gene therapy in adult mice have been mixed, however, with less dramatic results 

at older ages [44, 45]. Interestingly, one study examined photoreceptor layer thickness in 

these mice, and found that mice with better-preserved retinal thickness had greater 

improvement with viral gene therapy [35].

Prior to human trials, several studies testing the safety of AAV2 virus in primates had been 

performed. In the macaque, viral DNA was found in lacrimal and nasal fluids for up to 4 

days and serum for up to 20 days [46]. Another study testing for transmission to other 

organs and to the germline demonstrated a lack of systemic distribution [47]. Importantly, 

viral transgene expression was measurable for up to 18 months, and no retinal toxicity was 

noted [47, 48].

Gene therapy trials in human LCA patients

The first human trials to test the safety of viral vector-mediated gene transfer to human LCA 

patients were reported in 2008 by three groups; from University College London, a 

collaboration between Children’s Hospital of Philadelphia (CHoP) and Italy, and a 

collaboration between the Universities of Pennsylvania and Florida [1, 3, 4]. Since then, 

follow-up reports and dose-escalation trials have been published. Here, we review these 

findings as an ongoing body of work from these three consortiums. The goals of the initial 

studies were primarily to test safety and secondarily to test efficacy of viral gene therapy. 

Each group injected AAV2 viral vectors driving RPE65 expression with a CMV promoter, 

into the subretinal space of three patients. Doses ranged from 1.5×1010–1.0×1011 viral 

particles, and the Bainbridge et al. [1] and Maguire et al. [4] groups placed patients on an 

oral course of corticosteroids to prevent inflammation. Table 2 outlines the studies, viral 

vectors and dosing used, patient demographic and mutation information, and visual 

outcomes. A comprehensive review of this clinical data in greater depth is available [49].

Summary of safety outcomes

The three groups demonstrated acceptable immunologic changes and ocular sequelae. In the 

Bainbridge et al. study [1], 1.0 ml was injected subretinally, by definition inducing a 

temporary retinal detachment that resolved within 24 hours. Similarly, smaller macular blebs 

occurred with 0.15 ml injections in the Maguire et al. [4] and Hauswirth et al. [3] groups, 

and spontaneously resolved. Generally, the groups detected no dissemination of the virus in 

other tissues following the injections. One patient in Maguire et al. [4] was found to have 

viral DNA in a tear sample on post-operative day 1 but not following, and another patient 

temporarily had detectable neutralizing antibodies to AAV2 capsid. A third patient in that 

study developed a macular hole that did not affect visual acuity, and both the macular hole 

and visual acuity remained unchanged through 1.5 years [4, 9]. Patients from Bainbridge et 

al. [1] were noted to have a self-limited intraocular inflammation following surgery, and two 

patients had a non-specific activation of T-cells, which may have been a result of 
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corticosteroid withdrawal. One patient from the Hauswirth et al. study [1] also demonstrated 

antibodies to the AAV2 capsid that resolved after 90 days, and mildly increased lymphocyte 

stimulation index to the capsid protein.

Summary of efficacy data

Full-field ERG readings never changed from baseline in any of the three initial studies. 

However, even these initial studies demonstrate the occurrence of several promising visual 

changes. In Bainbridge et al. [1], none of the patients had improvements in best-corrected 

visual acuity. Though one patient did improve from 20/286 to 20/145 in the injected eye, it 

was not considered a significant change because the non-injected eye improved from 20/150 

to 20/120. A different patient noted improvements in both dark-adapted perimetry and 

micro-perimety, unlike the others, and was the only patient to improve his performance on a 

mobility test, both in time and obstacle avoidance.

Maguire et al. [4] observed that patients had increased amplitude and velocity of the 

pupillary light response, as well as decreased nystagmus. At 3 months post-injection, all 

three patients noted an increase in best-corrected visual acuity, and improvements of time 

and obstacle avoidance in navigating a maze. However, it is unclear to what extent the 

improvement in nystagmus and the learning effect of repeated testing could contribute to the 

observed findings.

At 1.5 years, the pupillary responses remained significantly improved, amplitude of 

nystagmus diminished, best-corrected visual acuity continued to improve, and functional 

vision in the mobility test remained improved [9].

The same group also performed a dose-escalation trial [7]. In addition to the three original, 

low-dose patients (1.5×1010), six patients were given an increased dose at 4.8×1010, and 

another three patients given a dose at 1.5×1011 particles directly compared up to 2 years 

posttreatment. Improvements in pupillometry, nystagmus, mobility test, perimetry, and 

visual acuity did not correlate with dose, though all showed improvement on at least one 

measure. Interestingly, improvement in these tests was consistently greater overall in the 

younger patients. Multifocal ERGs also became detectable in three patients, which also may 

have been attributable to their reduced nystagmus.

The third study, published in separate parts by Hauswirth et al. [3] and Cideciyan et al. [2] 

also did not find visual acuity improvements, but showed improvement in dark-adapted full-

field sensitivity testing (FST) in all three patients. Two of these patients had injection blebs 

superior and temporal to the macula respectively, which resolved. Light sensitivity, 

measured by visual thresholds in the dark, was increased in the areas of the retina where the 

injections were originally made [2]. This observation suggests that rod-photoreceptor driven 

dim light vision was improved specifically in those regions. At 1-year follow-up of the three 

patients, these changes remained stable [5]. One patient noted that she could read a digital 

clock in a family automobile, interpreted as visual gain due to fixation over the injection 

point, in this case the superotemporal retina. This phenomenon was termed a pseudofovea, a 

reorganization of visual fixation around a new point [6].
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Jacobson et al. [10] also performed a dose-escalation trial compared to the original cohort. 

Doses ranged from 5.96×1010–1.79×1011. Their findings indicated that the improvement 

remained specific to treated areas, and the change in location of visual fixation was stable up 

to 3 years. As in the other dose-escalation study, younger patients generally showed greater 

improvement than older patients, while dose-dependent effects were not apparent [10]. 

Similarly, in a study of RPE65 mutations in Israel, one patient injected with the same RPE65 

vector, though at a higher dose (1.19×1011), demonstrated an improvement in dark-adapted 

light sensitivity [8].

Long-term follow-up studies have shown other potential long-term effects of retinal gene 

therapy. Functional magnetic resonance imaging (fMRI), used to study activation of specific 

brain areas to discrete stimuli, was performed at 2 years on three patients in the CHOP–Italy 

cohort. Along with improvements in visual field, patients demonstrated a greater activation 

of cortical pathways in the treated eye, which had worse pretreatment visual acuity, 

compared to the control eye [50]. The activated cortical pathways correlate with the visual 

system, suggesting that these sight-specific pathways are intact and subject to potential 

improvement with treatment.

Most recently, Bennett et al. published efficacy data for subretinal injection of high dose 

AAV-RPE65 into the untreated eye of patients involved in the original clinical trial [51]. 

These patients showed modest improvements in visual acuity, pupillometry, and full-field 

sensitivity testing, with a similar safety profile to that of the original injection [51]. To date, 

no reports of reinjections into a previously injected eye have been published.

Successes and limitations of retinal gene therapy

These studies represent the first wave of human gene therapy trials for inherited retinal 

disease. Each showed, in its own way, the obstacles in quantifying visual improvement. 

Parsing out the effects of viral vector therapy on photoreceptor function is not simple. All 

three groups studied have in common an improvement in selected measures of vision, 

objective or subjective. While many measures of visual improvement correlated within 

patients, it is not clear how closely retinal changes can be measured by subjective visual 

acuity and mobility testing. Learning effects can result in improvement on repeat trials of the 

same test, and reduction in nystagmus can improve functional vision by enhancing stability 

of gaze.

For the majority of patients, full-field ERG responses did not improve, and for those that did 

have measurable ERGs, this finding is also characteristic of reduced nystagmus. This is 

perhaps not surprising, since a localized injection would not affect the entire retina, and 

modest improvements in a small portion of the retina may not be noted with full-field ERG. 

The use of dark-adapted perimetry by two of the groups to measure rod photoreceptor 

function in RPE65-deficient patients is an appropriate method for localizing changes in 

retinal sensitivity specifically to the affected cell type [1, 2, 5]. The method of measuring 

activity at the injection site with dark-adapted FST to monitor changes in retinal function 

helps refine the effects at the viral delivery site compared to neighboring tissue [2, 5]. 

Probably, a combination of both gross measures, such as refraction, nystagmus, and 
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pupillometry, and fine measures including microperimetry and dark-adapted FSTs, will be 

required to understand the effects of viral gene therapy on the human visual system.

Further evaluation of viral vector safety and efficacy is required to move ahead to larger 

patient groups. Since these viruses do not integrate into the genome, they will be eventually 

cleared from the tissue by native inflammatory cells. Probably this will require repeated 

injections, which at least in canines has been shown to be safe [39]. One risk is that virus 

will spread inadvertently to the other eye, as shown in one canine study, or to the brain. In 

one report, RPE65 protein was noted in the uninjected control eye of several treated dogs, 

suggesting spread of the viral vector via retinal ganglion cell axons in the optic nerve [41]. 

This might represent trans-neuronal spread via retinal ganglion cells, or via communication 

in the optic nerve sheaths. Whether central nervous system or organism-wide spread occurs 

remains to be determined. A recent study on long-term effects of retinal gene therapy in a 

mouse model of LCA1 demonstrated viral genome present in the contralateral brain 

hemisphere from the injected eye in one of 20 injections, 11 months after injection [52]. 

While this may result from technical difficulties, this small but real effect may represent 

subclinical systemic effects of viral injection even in a small cohort of treated patients.

Future directions in gene therapy

RPE65 protein is thought to primarily function in the RPE. Alternative functions of RPE65 

in cone and rod photoreceptors are still in question, and may play a role in the disease 

process and treatment effects. Other viral vectors may provide differential tropism for cone 

photoreceptors, rod photoreceptors, or RPE, which may affect the outcome. Recently, AAV2 

and AAV8 viruses were compared for transfection efficiency in different cell types, 

demonstrating equal efficiency in RPE cells for both viruses, and enhanced efficiency for 

AAV8 in photoreceptor cells [53] Other viral vectors have been employed besides AAV, such 

as lentivirus, with similar results [54]. Aside from the CMV promoters currently used in 

human viral gene therapy, RPE- or photoreceptor-specific promoters can be used to 

conditionally activate viral gene expression only in the desired cell type. Additionally, 

antibiotic- and hormone-sensitive elements can control the timing of vector gene expression 

in order to delay activation until after initial post-operative inflammation [55–57].

The use of non-viral means for transferring gene constructs may prove effective as well. 

Gene delivery by protein-based nanoparticle carriers and by electrical transfer of naked 

DNA into retinal cells by electroporation has been used in animal models [58, 59]. 

Nanoparticles are easily manufactured, may have less immunologic responses, and readily 

pass through cell membranes. Nanoparticles also have the advantage of being modifiable to 

produce sustained-release compounds. However, these particles, unless specifically 

modified, may also readily pass through the blood-retina barrier and produce systemic 

effects [60]. Characterizing new vectors and genes for viral gene therapy may benefit from 

the use of postmortem human retinal cells and retinal explants, to reduce both animal use 

and bench-to-bedside timing [61].

Given the rare prevalence of inherited retinal dystrophies, expanding gene therapy efforts to 

other cone and rod dystrophies, and even other cell types, will greatly facilitate the 
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advancement of the field. Gene therapy is evolving for other forms of LCA in animal 

models, including LCA1 and LCA4 [62–64]. Studies characterizing patients with LCA4-

causing AIPL1 mutations indicate they may benefit from early intervention due to rapid 

macular and extra-macular photoreceptor loss [65–67]. RP is primarily a disease of rod 

photoreceptors, and initially affects the periphery then spreads centrally. Inherited diseases 

specific to cone photoreceptors, such as complete and incomplete achromatopsia and blue 

cone monochromatism, primarily affect central vision and are ideal for this strategy, since 

the macula is entirely populated by cone photoreceptors.

Treatment of other ocular diseases is also on the horizon. Leber hereditary optic neuropathy 

(LHON), originally described by Theodor Leber, is a mutation in mitochondrial DNA which 

produces failure of ATP generation within the optic nerve axons. Replacement of normal 

ND4 and ND1 gene transcript in fibroblasts of patients harboring mutations in these genes 

restores electron transport chain activity [68]. Further, viral delivery of normal gene activity 

to the rat vitreous can rescue vision in an animal model of LHON [69]. Patient screening and 

recruitment is currently underway to deliver AAV vector intravitreally to transfect retinal 

ganglion cells with a correct ND4 gene transcript [70].

As gene therapy evolves, genetic diagnostic testing will be paramount in identifying pre-

phenotypic patients with retinal dystrophies. Custom microarrays can be used to detect a 

battery of specific known mutations without having to screen genes individually. Younger 

patients with greater populations of viable photoreceptors stand to gain the most from early 

intervention with gene therapy.

Conclusions

LCA has presented an excellent opportunity to intervene on the genetic level in an attempt to 

improve visual outcomes of patients with this disease. Representing 5 % of all retinal 

dystrophies, LCA has a strongly autosomal recessive inheritance pattern of single gene 

mutations that have been well-characterized. While far from common, patients are readily 

identified and genetically and phenotypically characterized by many groups around the 

world. These patients have severe visual loss, often without measurable visual acuity or light 

perception. The future of gene therapy rests with these and future studies characterizing the 

safety and efficacy of vector transfer of normal RPE65 expression to a degenerating retina in 

LCA patients. Careful documentation of all aspects of patient phenotype and response will 

yield an immense amount of data on the mechanism of visual improvement. With time, new 

vectors, expression constructs, genes, and tissues will be able to be employed to treat 

inherited diseases.
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Fig. 1. 
Various retinal phenotypes among LCA patients. a Focal perimacular atrophy and pigment 

accumulation. b Fundus hypopigmentation with diffuse RPE granularity. c Macular atrophy 

and bone spicule pigmentation. d Macular RPE clumping and atrophy accompanying 

peripheral bone spicule changes
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Fig. 2. 
Schematic illustration of LCA-associated proteins and their location in the photoreceptor-

RPE complex. Protein functions are outlined in Table 1. RPE cells (yellow) are in contact 

with the outer segments of cone (green) and rod (blue) photoreceptors. Proteins altered by 

LCA-causing mutations affect photoreceptor cells at several levels, including development, 

outer segment formation, protein trafficking, and photoreceptor-glia connections that form 

the outer limiting membrane. GUCY2D and AIPL1 participate in necessary machinery for 

transduction of light into hyperpolarization response. Additionally, genes expressed in RPE 
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cells are affected, including RPE65 and LRAT, which participate in recycling vitamin A 

analogues in the visual transduction cycle (arrows; for further description, see corresponding 

text)
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