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Abstract

The field of gene therapy for retinal blinding disorders is experiencing incredible momentum,
justified by hopeful results in early stage clinical trials for inherited retinal degenerations. The
premise of the use of the gene as a drug has come a long way, and may have found its niche in the
treatment of retinal disease. Indeed, with only limited treatment options available for retinal
indications, gene therapy has been proven feasible, safe, and effective and may lead to durable
effects following a single injection. Here, we aim at putting into context the promise and potential,
the technical, clinical, and economic boundaries limiting its application and development, and
speculate on a future in which gene therapy is an integral component of ophthalmic clinical care.

Promise Delivered

Three critical components have to be defined and brought together for any therapeutic
approach to be successful: target, intervention, and delivery. The target requires the
identification of a cell type, tissue, or process relevant to the pathophysiology of the disease.
The information on these targets can then be used to devise an intervention through which a
disease process can be inhibited, circumvented, or interfered with. The bundling of this
intervention with an approach to deliver it to the target within a therapeutic window in a
manner that is feasible, safe, and efficient constitutes an attractive treatment paradigm. Over
the past two or three decades, efforts of the vision and neuroscience research community
have converged with those of the genetics and gene delivery field to lead to the definition of
targets, the evaluation of multiple intervention modalities, and the validation of a host of
delivery systems.

The first incarnation of this approach was targeting a form of Leber congenital amaurosis
(LCA), an early onset form of autosomal recessive retinal degeneration leading to
progressive vision loss and nystagmus. RPEG5, a gene encoding an enzyme pivotal in the
recycling of the visual pigment chromophore 11-cis-retinal, was identified as one of the
genes leading to LCA when mutated on both alleles (Marlhens et al. 1997). The addition of
a correct copy of the RPEGS5 gene led to the restoration of gene expression in this loss-of-
function, single gene disorder (Acland et al. 2001). In parallel, the field of in vivo gene
transfer was embarking on evaluating technologies for therapeutic applications, out of which
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the adeno-associated viral vector (AAV) emerged as a minimally immunogenic vector
capable of stably transducing nondividing cells (Ali et al. 1996). An unconventional surgical
route of delivery that layered the gene therapy vector below the retina, adjacent to the
therapeutic target cell type, that is, the retinal pigment epithelium (RPE), was proven to be
essential for allowing AAV to come to its full potential in terms of gene transfer efficiency,
specificity, and safety (Bennett et al. 1994; Ali et al. 1996). Bundled, these pivotal findings
led to a demonstration, in a canine model of the disease, that subretinal injection of AAV
encoding a promoter driven cDNA of RPEG5 restored objective and behavioral measures of
vision (Acland et al. 2001). Validated by three independent groups, clinical trials along this
premise yielded promising results with moderate improvements in visual function of patients
(Bainbridge et al. 2008; Cideciyan et al. 2008, 2009; Maguire et al. 2008). A successful
phase 2 trial (Bennett et al. 2012) justified initiation of a currently active phase 3 study
which is aimed at licensure of the first effective gene therapy drug in the United States.

The cumulative research in this area that led to this sequence of events in less than two
decades is a model in this era of translational medicine, and has generated an increased
interest in gene therapy applications to target ophthalmic disease, particularly for indications
in which no treatment options are available or current therapeutic paradigms are inadequate
or sub-optimal. Moreover, these studies disrupted a prevalent school of thought that
experimental treatments such as gene therapy could only be applied in fatal disorders for
which no therapies were available.

Carbon Copy?

In 2012, The National Institutes of Health Office of Biotechnological Activities convened
several stakeholders in gene therapy. At this meeting, it was suggested that future retinal
degeneration therapies could be developed in a streamlined fashion by building on a delivery
platform established in the RPE65 studies (O'Reilly et al. 2013). The idea is to use an
identical vector type, surgical procedure, and transgene cassette to deliver therapeutic genes
for other retinal indications. Indeed, the example that these studies have set, provides a guide
for the design and development of gene therapies for other forms of retinal blindness.

The need for streamlining the development of these innovative therapies is high. Treatment
options for many retinal blinding disorders are limited to nonexisting yet numerous
therapeutic approaches and targets are being pursued preclinically. This requires a multitude
of therapies to be developed, for example, there are more than 200 genes causative of
inherited retinal disorders when mutated (see https://sph.uth.edu/RetNet/sum-dis.htm#A-
genes). Moreover, a variety of different interventions are considered, ranging from gene
addition, neuroprotection, and optogenetics. This, added to the targets and intervening
modalities in more complex retinal disease, such as age-related macular degeneration
(AMD), amounts to a large translational need (Sahel and Roska 2013; Simonato et al. 2013).
The time and cost of translating a pre clinical proof-of-concept that brings together target,
intervention, and delivery is extremely high, and any cost-saving or streamlining of this
process would bring transformative therapies to the patient faster.
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Since the publication, in 2008, of the results of the early phase studies on the RPEG5 gene
therapy trials, extensive efforts have been underway to build on this momentum, and to
deliver a second success built on this same mold. In 2014, promising data from a phase 1/2
clinical trial for gene augmentation therapy for choroideremia, an X-linked form of retinal
degeneration caused by defects in the REP-1 protein, was presented (MacLaren et al. 2014).
These studies used the same vector (AAV2), delivery route (subretinal injection), and
promoter (cytomegalovirus [CMV] enhanced chicken B-actin) as two of the RPEG5 studies,
evidently building on, and adding to, the platform potential of this approach. It is important
to highlight also the point of divergence in design of the gene therapy, and its translational
path to clinical studies. First, certain design elements of the transgene were added, most
notably the woodchuck hepatitis virus posttranscriptional response element (WPRE) known
to increase MRNA half-life and thereby lead to enhanced transgene expression. Second, the
targeted area for treatment extended, much more than in the RPEG65 studies into the macula,
the area of the retina where in these patients' most target cells remained viable substrates for
gene therapy. In terms of the body of evidence supporting the clinical translation for this
second gene target, it appeared less exhaustive animal data was sufficient (Tolmachova et al.
2013). This is an important evolution as animal models of the retinal dystrophies are often
lacking, not reflecting human disease, or only demonstrating a slow progressing or mild
phenotype within the animal's lifespan (Chang et al. 2002). Also, to take advantage of the
clinical validation AAV?2 received in the prior studies, improved AAV sero types that are
thought to lead to a more robust expression in photoreceptor cells, next to RPE targets for
the gene transfer (Boye et al. 2012; VVandenberghe and Auricchio 2012; Vandenberghe et al.
2011), were not pursued here, possibly limiting the efficacy potential of the study. This
highlights an important decision point in the pursuit of developing a novel retinal gene
therapy: Does one take advantage of a platform such as AAV2, risking subtherapeutic levels
of expression in important target cells, or does one diverge from the validated platform at
the risk of complicating the translational path of dealing with more unknowns and higher
regulatory hurdles?

A Pipeline of Progress

A cadre of clinical studies is currently ongoing, pending, or actively being developed at a
pre-clinical stage (Boye et al. 2013). Many of these studies build on AAV2, but often also
chose for a different vector including alternative AAV serotypes or lentiviral systems, either
for improved targeting, or to overcome the limited transgene size capacity of AAV. Once
results emerge from the clinic, these alternative vector systems may become novel platforms
that can be built on. Specifically, trials are ongoing using a lentiviral vector encoding
ABCA4 and MYOTA for the treatment of Stargardt disease (Binley et al. 2013) and Usher
Type 1B (Zallocchi et al. 2014), respectively. These cDNAs are too large to be packaged in
AAV, yet can be accommodated by a lentiviral vector. A concern with this vector system
has been the low transduction efficiency for photoreceptor cells, a primary therapeutic target
for both these diseases (Auricchio et al. 2001; Bainbridge et al. 2001; Binley et al. 2013).
Two clinical studies are underway with a gene therapy approach for durable expression of
an antiangiogenic molecule in the treatment of exudative AMD (Maclachlan et al. 2011; Lai
et al. 2012). Interestingly, the two trials use similar therapeutic molecules (sFlt1) and AAV2
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as a vector, however differ in the surgical delivery of the gene therapy; a group out of Lions
Eye Institute in Australia in collaboration with Avalanche Biosciences injects subretinally
(Lai et al. 2012), whereas Genzyme/Sanofi is pursuing intravitreal injection (Maclachlan et
al. 2011). The outcome of these approaches will inform us on another gene therapy
modality: gene transfer for sustained delivery of a secreted therapeutic protein drug. Several
gene augmentations approaches are underway clinically: all are AAV2-based, one building
on the RPEB5 results but directed at MERTK (NCT01482195), a disease-causing gene in
retinitis pigmentosa, and another set of studies for Leber hereditary optic neuropathy
(LHON) caused by mutations in the mitochondrial gene ND4 (NCT02161380 and
NCT02064569), which is expressed in the retinal ganglion cells that make up the optic
nerve. Dozens of other preclinical programs are at various stages of development, for
example, AAV5 mediated expression of GUCY2D for treatment of another form of LCA,
which is soon expected to head to the clinic (Boye et al. 2013).

In short, following a pioneering era of first-in-human, a number of studies are bound to yield
results, some building and solidifying the subretinal AAV2 approach, whereas others
hopefully will expand the toolset and therapeutic reach for retinal degeneration gene
therapies.

Improving on Efficacy

In more than a dozen gene therapy clinical trials of several hundreds of subjects, safety
endpoints have been met in the absence of significant, drug-related adverse events
(Simonato et al. 2013). No phase 3 studies have been completed, and efficacy in a
randomized controlled trial has yet to be established for any of the ongoing approaches,
although these results are anticipated in the near future for a phase 3 study for one of the
RPEG65 gene therapies. Reports on efficacy in retinal gene therapy, therefore, have been
limited to the phase 1/2 RPE65 and choroideremia (CHM) studies. Data presented there has
been promising and demonstrating increased light sensitivity by a variety of measures, and
in some subjects improved navigation of a mobility course, indicating not only biological
effect of the treatment, but also the potential for clinical benefit. However, based on the
remarkable disease rescue observed in dog models following AAV2.RPEG5 gene therapy,
which appears not as robust as in humans, several hypotheses have been suggested to
explain the apparent differences in treatment effect.

Cideciyan and colleagues (2013a) followed treated subjects and compared those to the
natural disease progression in dogs and humans as well as the therapeutic effects seen in
dogs over time. Using spectral domain optical coherence tomography (SD-OCT) and a novel
methodology to model the decay of retinal structure, the investigators concluded that in
humans, as opposed to canines, retinal degeneration starts earlier, and the optimal
intervention for a gene therapy in this form of LCA is likely before birth (Cideciyan et al.
2013a). Their data suggests treated subjects show stable visual function in the context of
ongoing retinal degeneration. To improve both visual function and structural preservation,
the investigators propose a combination therapy in which neuroprotective treatment is
combined with the gene addition. These results have extensively been argued, over its
unorthodox modeling, the limited longitudinal data from patients (as opposed to dogs)
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following treatment, the small data set with several variables that are unaccounted for in the
analysis, and its suggested solution to overcome this concern (Cepko and Vandenberghe
2013; Cideciyan et al. 2013b; Townes-Anderson 2013; Wojno et al. 2013). Moreover, only
data from one of the clinical studies was included, making it difficult to assess if the
observations can be extended to the other trial designs.

Alternative hypotheses argue that the limitations of the current gene therapy formulations
and surgical approaches can be improved on by targeting a larger area of the retina than a
sub-retinal injection can reach, the level of transgene expression is limiting for full treatment
effect, or the specificity of expression and stoichiometry of RPEG5 in the context of the
visual cycle is not in balance, arguing for more specific and regulated expression. These
interventions may not have been required in the murine or canine models because of
species-specific parameters such as the size of the globe, the procedural difference in terms
of surgery, molecular kinetics of vector uptake, transduction, or promoter activity that are
possibly distinct in canine versus human retina.

These discussions highlight, in our view, the need to continue to define the therapeutic
window for each approach and indication, and to seek to improve the technology and
biology of the treatment. Clinical, ethical, and pragmatic boundaries limit us in considering
prenatal or neonatal (and before some of these studies, pediatric) gene therapy in
ophthalmology, which, at least for now, determines the start of the potential therapeutic
window for intervention. The field is in agreement that there is also a clear closing of the
window when the therapeutic target cell (often RPE and/or photoreceptors) are atrophied.
What is also agreed on, however less defined, is the threshold at which for many of these
progressively degenerative diseases, degeneration cannot be stemmed in a cell autonomous
fashion. Elucidation and diagnosis of that transition point is essential for identifying the
appropriate therapeutic approach for each patient. Technological improvement to gene
therapy that can restore gene function in a more physiological manner is likely also to prove
important. The prospect of genome editing therapy in this respect is a fascinating one,
because this technology may permit the adoption of endogenous regulation of gene
expression. Albeit early, and faced with critical hurdles still, the recent advances in this field
make this approach compelling (Cong et al. 2013; Mali et al. 2013).

While this debate and detailed level of analysis is essential to progress, we cannot lose track
of the fact that the noted clinical studies have concluded a biological effect in the absence of
harm, with the potential of remarkable, clinically relevant, improvements of visual function.
Absent of other treatment options for these patients, this first generation gene therapy is a
milestone that can be used as a benchmark for future improvements. It is also important to
note that these improvements often can only be validated in cautious, yet pivotal, human
clinical studies. The careful translation of this experimental paradigm that has led to the first
demonstration of efficacy in the context of safety for in vivo gene therapy is therefore a
salute to the need for experimental clinical research to move these important questions
forward.
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Widening the Spectrum

The compelling data from the early clinical trials, and the pipeline of preclinical studies
moving to translation, has illustrated, for many, the transformative potential of gene therapy
in ophthalmic care. It needs to be noted, however, that the current studies only address very
small patient populations, and, at least in the short to mid-term, the prospect of gene therapy
alleviating blinding disorders on a wider scale is limited. Several parameters determine this
current limitation: (1) LCA, owing to mutations in RPE65 and CHM, only affect few, and
many other forms of inherited retinal degeneration will require a different treatment; (2)
more common disorders, such as AMD, are currently only in clinical trials in populations at
the very late stage of the disease, and even when proven safe and effective in current trials it
remains to be seen how these results can be extended to a wider wet AMD population; (3)
the therapeutic window for most of the approaches currently in trials is limited to those with
remaining target cells and some level of vision; and (4) the prohibitive cost of clinical
translation and trial costs for experimental biological therapies.

To broaden the potential of gene therapy for wider patient populations in ophthalmology,
progress is made on several fronts. Not unlike the development of this first generation of
therapies, the convergence of several fields including genetics, gene delivery, retinal
biology, neuro science, and cell therapy, is leading the charge in this effort. New targets are
continuously being identified through gene discovery and studies into the pathophysiology
of retinal disease; new disease genes in inherited retinal degenerations are being discovered,
as are new targets in AMD and other common-complex retinal disorders. Novel and
improved paradigms to intervene are now also more actively considered for vision
restoration, in part, because of the traction and excitement spurred by the retinal gene
therapy trial success. Specifically, the restoration of vision through gene transfer of an
optogenetic switch that is accurately embedded within the neural circuitry of the retina is
pursued by several groups and may lead to some level of visual perception in the blind, even
in the absence of (endogenous) photoreceptors (Busskamp et al. 2012). Advances in
neuroprotection through survival factors, antiapoptotic, or antioxidant agents will be
beneficial to other gene therapy strategies, or may be delivered in a sustained fashion via
gene transfer (Sahel and Roska 2013). The intersect of gene transfer and genome editing
with cell-based transplantation approaches is highly promising to enable visual restoration
even when retinal degeneration is extensive, and more traditional approaches of gene
therapy are outside of consideration. Finally, progress in the field of gene delivery can
further unlock further applications. The limitation on the size of the transgene imposed by
the clinically used vector systems currently is not only preventing gene addition in the most
common forms of LCA and RP (CEP290 and USH2A, respectively), it also often prevents
transgene cassettes to be designed with transcriptional or translational elements (e.g., cell-
specific promoters or introns) that would be beneficial, or multiple genes to be transferred in
a single vector (e.g., gene replacement combined with a neuroprotective gene). Novel vector
technologies like nanoparticle approaches (Conley and Naash 2010), or methods like
genome editing to restore endogenous gene regulation, are expected to have an important
impact. To further expand on the paradigm pursued by the pending AMD ftrials delivering an
antiangiogenic protein by gene therapy to achieve long-lived and stable drug delivery to
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overcome repeat injections in a chronic disease, novel and improved methods to modulate
trans-gene expression will become essential. Somewhat surprisingly, although several
methods are available (Zoltick and Wilson 2001), few of them are actively pursued
clinically in a gene therapy context, in part due to vector size limitations and the complexity
related to translating these systems to human use. Last, efficient and safe targeting from the
vitreous would overcome several shortcomings of the subretinal injection route and,
certainly, make gene therapy a more routine clinical procedure (Dalkara et al. 2013; Kay et
al. 2013).

Measuring Outcome

Shared with other experimental therapeutic strategies in ophthalmology, the ability to
measure outcome is pivotal for gene therapy to become a clinical modality in the care of
patients. This is primarily of importance to convincingly establish the level of efficacy these
therapies bring. Equally important is the quest for early endpoints to assess therapeutic
effect to shorten the “bench to bedside and back” life-cycle of the gene therapy development
of these cost-heavy trials in often slowly progressing diseases. Because of the advantages
that the visual system has in terms of access, diagnosis, and imaging, the measures to
establish a biological effect of a treatment are available, and several of those have been used
by the different groups pursuing ophthalmic gene therapy clinically. Moving forward, to the
extent possible, a standardization of these measures will be beneficial to accurately compare
outcomes from different trials and the variables between those. A higher bar to meet is the
demonstration of clinical benefit, in part, because of the fact that a sensitive measure of
biological effect may not equate to an improvement in quality of life or clinical status.
Another aspect, however, is the regulatory definition of clinical benefit in ophthalmology
that traditionally has been quite narrow. Because of the onslaught of novel therapeutic
approaches for indications for which no treatments options are in current clinical use,
disease organizations and clinical researchers continue a dialogue with regulators to
establish new endpoint measures for clinical research, and ultimately market approval
(Cellular, Tissue and Gene Therapies Advisory Committee 2011, see http://www.fda.gov/
downloads/advisor.../ucm259087.pdf). While traditionally, visual acuity, and in limited
cases visual field, has been acceptable, the RPE65 phase 3 study currently in progress uses a
validated mobility assay as an endpoint (NCT 00999609). Validated surrogate measures
such as those obtained via SD-OCT will likely also prove to be extremely valuable (Birch et
al. 2013). The availability of a functionally validated biomarker to assess visual function, the
stage of a disease process, or the activity of a therapeutic target is generally considered a
“Holy Grail” for expediting and quantitation of therapeutic effect in humans. A key
requirement for all end-points, particularly in light of the fact that placebo controlled studies
will remain difficult to design in gene therapy, is the availability of natural history studies to
outline the disease course by that measure for that particular indication.

Economic Factors

With clinical proof-of-concept established, a delivery platform proposed, and a range of
therapeutic targets and intervention of promise in the scientific literature, it may seem
surprising and disappointing, particularly to patients and their families, that not more retinal
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gene therapies reached the clinic. As outlined above, several scientific, biological, and
clinical limitations are at cause here. However, economic factors arguably play a primary
role. The development of a single gene therapy is a time and resource-demanding effort.
Few centers have all the components under one roof to carry these efforts, and traditionally
these have been pursued in academia with, until recently limited, interest from industry. The
infrastructure cost to establish a preclinical and particularly a translational gene therapy
center is extremely high, and in a declining funding environment, difficult to justify by
academic institutions. In the past two years, by the excitement that the first clinical results
have generated, fortunately, significant private investment has entered the arena (see http://
www.forbes.com/sites/matthewherper/2014/03/26/once-seen-as-too-scary-editing-peoples-
genes-with-viruses-makes-a-618-million-comeback/). To sustain this momentum, novel
regulatory and economic frameworks are being developed that are tailored to this novel
therapeutic domain. One important aspect here is the pricing of a gene therapy drug once on
the market, which is expected to determine the incentive for industry to pursue development
of these therapies (Brennan and Wilson 2014). Particularly, for gene-specific therapies in
rare disorders, these aspects will become vital for continued development as therapies with a
larger market are likely more desirable to investors. This is ironic as this field was founded
and catapulted to success by demonstrating its potential for very rare disorders. To alleviate
this tension, policy and regulatory changes have made orphan drug development more
attractive, including extended patent protection, and distinct regulatory paths. The idea to
work toward a platform that through clinical experience gains a higher regulatory comfort
level is an attractive one, as it is expected to lead to a reduced cost and time of development.
To meet this ambition, standardization has to be sought for in vector manufacturing and
quality control, clinical trial design, endpoint measures, and clinical follow up. While this is
a challenge in an increasingly competitive arena, we argue it is beneficial for both academic
and private pursuits in terms of cost-savings and the rate at which therapies can be brought
to the patients.

A Bright Future

Gene addition therapy in two forms of inherited retinal degenerations has proven to improve
visual function, in some subjects with remarkable success, in the context of a relatively safe
procedure and formulation. These results have validated an approach and a technology in a
manner that it has the potential to alter the treatment of retinal disorders in the future.
Although many aspects in this endeavor remain the subject of research, debate, policy and
regulatory adjustments, a light at the end of the tunnel is a driving force for many in the field
to pursue, mature, and create novel therapies for vision loss based on this paradigm. The
extent to which gene therapy can broaden its impact beyond its current niche applications
hinges on scientific and clinical advances, continued funding and investment, and balanced
effort between competition and standardization of this promising field.
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