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Abstract

Introduction: Inherited retinal diseases are the leading cause of sight impairment in

people of working age in England and Wales, and the second commonest in

childhood. Gene therapy offers the potential for benefit.

Sources of data: Pubmed and clinicaltrials.gov.

Areas of agreement: Gene therapy can improve vision in RPE65-associated Leber

Congenital Amaurosis (RPE65-LCA). Potential benefit depends on efficient gene

transfer and is limited by the extent of retinal degeneration.

Areas of controversy: The magnitude of vision improvement from RPE65-LCA gene

therapy is suboptimal, and its durability may be limited by progressive retinal

degeneration.

Growing points: The safety and potential benefit of gene therapy for inherited and

acquired retinal diseases is being explored in a rapidly expanding number of trials.

Areas timely for developing research: Developments in vector design and delivery

will enable greater efficiency and safety of gene transfer. Optimisation of trial design

will accelerate reliable assessment of outcomes.
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Introduction

The retina is a highly specialised, multi-layered tissue that includes a layer of light-

sensitive cone- and rod-photoreceptor cells, which initiate neuronal signalling in

response to light stimulation by means of a highly sophisticated cascade of

enzymatic reactions (phototransduction). The photoreceptor cells are supported by

a monolayer of pigmented cells, the retinal pigment epithelium (RPE), which

performs many key processes including the regeneration of visual pigment (the

visual cycle) which is bleached following light exposure. Diseases of the retina,

including age-related macular degeneration, inherited retinal diseases (IRDs),

diabetic retinopathy, and vascular occlusion represent the commonest cause of

severe sight impairment in the developed world. Inherited retinal diseases are the

leading cause of blindness in people of working age in England and Wales, and the

second commonest cause in children.1 Defects in genes encoding proteins involved

in the phototransduction cascade or the visual cycle account for a large proportion

of IRDs.

Gene therapy offers an opportunity to improve outcomes of inherited monogenic

disorders of the retina. In its simplest and commonest form, gene ‘supplementation’

therapy compensates for a genetic deficiency, resulting from loss-of-function

mutations in the endogenous gene, by provision of the normal gene to the cells in

which it is required.2 The therapeutic gene, typically delivered using a viral vector, is

utilised by the transcriptional machinery of the target cell to generate the normal

gene product that is otherwise lacking. Alternative gene therapy techniques aim to
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suppress the undesirable expression of a harmful protein product resulting from

gain-of-function mutations, with or without simultaneous provision of the normal

gene.3 In addition, gene editing strategies to correct harmful mutations in

endogenous genes, and anti-sense oligonucleotide mediated exon skipping to

mitigate their impact, are also being investigated. The first gene therapy product

approved by the European Medicines Agency was Glybera, for the treatment of

lipoprotein lipase deficiency.4

Here we describe the key strategies of ocular gene therapy and focus on its

application to disease of the retina, with emphasis on experimental therapies in

clinical trials. Figure 1 is a schematic diagram of the location of genes in cells of the

outer retina targeted in current gene therapy trials. Similar techniques have been

used in clinical gene therapy trials targeting other single-gene diseases, including

primary immune deficiencies, haemoglobinopathies, haemophilia B, neurological

diseases, cancer immunotherapies.4
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Figure 1: Schematic diagram showing the outer retina and the cellular location of

poducts of the genes targeted by current gene therapy trials (red) and the genes

explored for future trials (black).

Gene Therapy and the Eye
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The retina has specific advantages as a target organ for gene therapy. The optical

transparency of the ocular media provides accessibility for microsurgical delivery of

vector suspension to the retina under direct visualisation, and for high-resolution

imaging at a cellular level of definition for targeting of intervention and assessment

of its impact. Vector suspension can be targeted to the retina with minimal systemic

dissemination owing to the contained nature and compartmentalisation of the

intraocular tissues. The intraocular environment provides the retina with a degree of

immune privilege, which limits immune responses that could adversely affect retinal

function and limit expression of the therapeutic gene. Since inherited retinal disease

typically causes bilateral disease with significant symmetry, the untreated

contralateral eye offers a valuable control for natural history, learning effects and

intra-individual variability in performance.

For gene transfer to retinal cells, most clinical applications currently employ

recombinant adeno-associated virus (AAV) or lentivirus vectors. AAV is a small, non-

pathogenic single stranded DNA virus widely used for gene delivery in IRDs. AAV

vectors can mediate efficient and sustained transduction of photoreceptor cells,

retinal pigment epithelium, and ganglion cells. First generation AAV2 vectors are

limited by relatively slow onset of expression and small capacity (4.7 kB)5. However,

the isolation of alternative serotypes and the development of self-complementary

vectors and novel variants, by rational design and/or directed evolution, have

provided a broad range of alternatives with more rapid expression and cell

tropisms.6,7 Measures to address the limited capacity include dual AAV vector

strategies in which a large gene delivered in component parts by AAV is
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reconstituted by splicing.8 Since lentiviral vectors have substantially greater capacity

(approximately 8 kB) than AAV, they can naturally accommodate larger genes.

Lentiviral vectors mediate efficient transduction that is typically limited to retinal

pigment epithelial cells but one type of lentiviral vector, derived from the equine

infectious anaemia virus, mediates variable transgene expression in photoreceptor

cells.9 Vector capacity is a fundamentally important issue given that the most

common genes causing IRD are large, including ABCA4 (Stargardt Disease) and

USH2A (syndromic and non-syndromic Retinitis Pigmentosa).

Intraocular Administration

Since defects in genes involved in phototransduction or the visual cycle account for

many IRDs, photoreceptors and retinal pigment epithelial cells are important target

populations for gene therapy. Viral vectors deliver genes to these cells efficiently

when the vector suspension is placed in direct contact with the cells in the outer

retina. This is typically achieved by injecting the vector suspension between the

retinal pigment epithelium and the overlying photoreceptor cell layer. Injection into

this potential subretinal space is typically performed using a fine cannula that is

advanced through the sclera anteriorly, across the vitreous cavity and through the

inner retina (Figure 2a). Injection into this site generates a bleb of vector suspension

that temporarily separates the neurosensory retina from the underlying retinal

pigment epithelium, before it is absorbed over a period of hours or days. Injection of

vector suspension into the vitreous cavity (Figure 2b) can result in gene delivery to

cells of the inner retina, including ganglion cells. Although intravitreal vector is
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technically simpler than subretinal injection, anatomical barriers prevent efficient

gene delivery to the outer retina and this route of administration may be more

immunogenic than subretinal injection.10 Compromise of inner retinal integrity, in

conditions such as X-linked Retinoschisis, may enable enhanced access of intravitreal

vector suspensions to the inner retina.11 Delivery of vector suspensions into the

suprachoroidal potential space (between the sclera and choroid) may enable

targeting of the choroid, for conditions such as age-related macular degeneration

and idiopathic polypoidal choroidal vasculopathy.12
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Figure 2: Schematic diagram identifying ocular structures and location of (A)

subretinal injection and (B) intravitreal injection.

Current Gene Therapy Clinical Trials

RPE65
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Leber Congenital Amaurosis (LCA), first described by Theodore Leber in 1869, is a

group of recessively inherited infantile-onset rod-cone dystrophies. The prevalence

ranges from 1 in 33,000 to 1 in 81,000.13 LCA accounts globally for 5% of IRDs and

20% of children attending specialist schools for students with sight impairment.14

Mutation of one of several genes, including RPE65, causes impaired vision from

birth/early infancy and typically progresses to severe sight impairment. Figure 3

demonstrates the appearance of the retina in RPE65-associated Leber congenital

amaurosis. RPE65 is expressed in the retinal pigment epithelium and encodes a 65-

kD protein that is a key component of the visual cycle, a biochemical pathway that

regenerates the visual pigment after exposure to light. 15,16 A lack of functional

RPE65 results in deficiency of 11-cis retinal such that rod photoreceptor cells are

unable to respond to light.17 Cone photoreceptor cells have access to 11-cis–

retinaldehyde chromophore through an alternative pathway that does not depend

on retinal pigment epithelium–derived RPE65 thus allowing cone-mediated vision in

children.18 However, progressive degeneration of cone photoreceptor cells

ultimately results in the loss of cone-mediated vision. Gene-replacement therapy can

improve visual function in rodent models of RPE65-LCA, and in the Swedish Briard

dog, which has a naturally occurring mutation in RPE65.19 The treated eyes of dogs

showed improved responses on electroretinography, pupillometry and flash-evoked

cortical potentials in the dark-adapted state, with improvements sustained for as

long as 10 years.19


