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Abstract 

 

Hereditary retinal diseases, known as retinal degenerations or dystrophies, are a large group 

of inherited eye disorders resulting in irreversible visual loss and blindness.  They develop 

due to mutations in one or more genes that lead to the death of the retinal photoreceptor cells. 

Till date, mutations in over 200 genes are known to be associated with all different forms of 

retinal disorders.  The enormous genetic heterogeneity of this group of diseases has posed 

many challenges in understanding the mechanisms of disease and in developing suitable 

therapies.  Therapeutic avenues that are being investigated for these disorders include gene 

therapy to replace the defective gene, treatment with neurotrophic factors to stimulate the 

growth of photoreceptors, cell replacement therapy, and prosthetic devices that can capture 

light and transmit electrical signals through retinal neurons to the brain.   Several of these are 

in process of human trials in patients, and have shown safety and efficacy of the treatment.  A 

combination of approaches that involve both gene replacement and cell replacement may be 

required for optimum benefit. 

A.  BACKGROUND  

  

Vision is mediated by the perception of light signals by the specialized cells in the 

retina, a tissue made up of multiple types of neuronal cells arranged in layers, at the back of 

the eye.   The retina is the third and innermost layer of the shell of the eyeball, covering about 

two-thirds of the posterior surface of the inside of the eye. Vision is achieved by the focusing 

of light rays onto the retina, the triggering of neuronal impulses in response to light through a 

cascade of biochemical reactions which make up the phototransduction pathway, and 
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transmission of these signals through the different layers of neurons in the retina, and then  

via the optic nerve to the brain.   

 

 The retina in vertebrates consists of ten layers (shown in Figure 1).  It is composed of 

neurons, their synaptic connections and a layer of specialized pigmented epithelial cells 

known as the retinal pigment epithelium (RPE).  The photoreceptors are the cells that 

primarily respond to light, and are broadly of two types- the rods and cones. The rods are 

abundant in the peripheral retina, and are responsible for vision in the night and for peripheral 

vision. Cones are required for daytime vision and color vision, and are located mainly in the 

central retina, or the macula.  Cones are also responsible for visual acuity, which is the ability 

to see details and shapes of objects. Photoreceptors are specialized cells that contain 

photopigments reactive to light. These molecules essentially are made up of a protein (opsin) 

linked to a vitamin A moiety (retinal).   

 

Phototransduction is initiated by photo-isomerization of retinal (vitamin A) from 11-

cis to the all-trans form, leading to the hydrolysis of cyclic GMP, and eventually to 

hyperpolarization of the photoreceptors. The retinal moiety is bound to an opsin protein 

which differs in rods (rhodopsin) and cones (cone opsins).  The retinal pigment epithelium 

(RPE) is the outermost layer of the retina, adjoins the choroid, and performs several 

functions.   These include the regeneration of the photochemically active form of retinal 

(vitamin A)- 11-cis retinal, phagocytosis of shed photoreceptors, and transport of nutrients 

and ions. The photoreceptors have a very high demand for metabolites and oxygen, due to 

their extremely high levels of energy consumption. To cater to their demand for oxygen and 

nutrients, there is a network of blood vessels in the choroid known as the choriocapillaris, 

made up of a bed of large flattened capillaries, well-adapted to provide these cells with a 

copious blood supply. Indeed, the oxygen consumption of the mammalian retina is estimated 

to be 3 times that of the cerebral cortex and 50% more than the kidneys, per gram of tissue 

[Denton MJ. 1991].   

 

Diseases that affect the photoreceptor cells, known as retinal degenerations or 

dystrophies, frequently lead to blindness or to varying degrees of visual loss.  They are 

extremely heterogeneous in their manifestations and genetic causes. They include disorders 

that have their onset ranging from birth, to early childhood, adolescence or adulthood. 
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Different forms of retinal dystrophy are recognized based on the primary involvement of 

rods, cones or both, as indicated by the visual symptoms of the patient and 

electroretinographic responses (ERG) that measure the activity of rods and cones.  The rate of 

progression and severity of the disease also show wide variation across different retinal 

dystrophies as well as between different patients with the same retinal dystrophy.  Symptoms 

may develop any time during in the first two decades of life often progressing to severe visual 

impairment or complete blindness in advanced stages. Clinically, retinal changes that are 

observed in patients include degeneration of the RPE, the presence of attenuated retinal blood 

vessels, pallor of the optic disc and pigmentary deposits in the retina. The loss of 

photoreceptor cells occurs due to apoptosis, and the pathways that trigger apoptosis in this 

group of disorders are not well-understood.    

 

 Retinal degenerations show various modes of inheritance including all Mendelian and 

non-Mendelian transmissions. Recent studies have uncovered the role of genetic modifiers in 

these disorders, which may be associated with variations in the severity of the disease 

phenotype. In addition, there are other more unusual forms of inheritance including digenic 

(i.e., two different genes are required for the disease to occur) and mitochondrial inheritance.  

Over 200 genes are known till date to be associated with different forms of retinal 

degenerations and dystrophies [Retinal Information Network, RetNet. Available at- 

http://www.sph.uth.tmc.edu/retnet/]. Despite the large number of genes that are identified for 

these diseases, the nature of the underlying pathology is not completely understood.  The 

genes implicated in this group of disorders  span very diverse cellular pathways and 

processes- they include genes involved in the metabolism of retinoids (vitamin A 

derivatives), phototransduction, transporters and ion channels, structural proteins, ciliary 

proteins, transcription factors, mRNA splicing factors, and genes of unknown function. The 

pathogenic mechanisms by which mutations in diverse sets of genes trigger the disease 

process and eventually lead to photoreceptor death are not understood at present. Retinal 

degenerations have remained largely untreatable due to the challenges posed by their genetic 

heterogeneity and due to lacunae in the understanding of the mechanisms of these diseases.   

 

 

B. THERAPEUTIC APPROACHES TO RETINAL DISEASES 
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 Attempts at developing therapies for retinal degenerations have been aimed at 

restoration of the missing gene function and compensating cell loss. There are broadly two 

approaches to therapy- mutation-dependent and mutation-independent. In the former, the 

target of therapy would be to replace the mutant version of a specific gene with a normal 

copy, in those patients that have been tested and found to have mutations in that gene. In 

mutation-independent approaches, the goal is to treat photoreceptor cell death and apoptosis 

by techniques of promoting cell survival, regardless of the disease-associated mutations 

present.  This latter approach has the advantage of being more widely applicable to patients 

with retinal dystrophy. However, the two approaches –i.e., replacement of the 

defective/mutant gene and enhancing the numbers of surviving photoreceptors may be 

required in combination so as to obtain more effective treatments [Rao and Zacks , 2014]. 

The following sections provide an overview and the current status of major forms of therapy 

that have reached the stage of human clinical trials for various retinal diseases.  Various 

aspects of these trials have been summarized in the Table. 

   

i. Supplementation with Retinoids and similar compounds 

 

 Dietary supplements that are required for normal structure and function of the retina, 

particularly the photoreceptors, have been tested for any therapeutic effects on RP patients in 

clinical trials. An obvious candidate due to its key role in vision is Vitamin A, which has 

been tested for its effect if any, on delaying the natural course of the disease in patients with 

RP.  Studies have also been done on docosahexanoic acid (DHA), an omega-3 long-chain 

polyunsaturated fatty acid found in fish oils, and a component of photoreceptor membranes, 

comprising a predominant fraction of fatty acids in the phospholipids of the outer segments of 

rods and cones.  Several studies have shown that patients with retinitis pigmentosa have low 

levels of omega-3 fatty acids, particularly DHA in their red blood cells. Three randomized 

control trials have been conducted in which participants were given various combinations of 

vitamins A, E and DHA.  The patients included across the three trials ranged from children to 

adults in their thirties.  They were given Vitamin A + Vitamin E, DHA+ Vitamin A or DHA 

alone respectively, as interventions [Berson et al., 1993; Berson et al., 2004; Hoffman et al., 

2004]. The compounds were administered orally in the form of gelatin capsules for a 

minimum period of four years. A systematic review of the major findings of these studies 

showed that the outcomes, measured as visual acuity and visual fields over the time period of 
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the study, showed no significant differences among patients receiving these supplements as 

compared with controls [Rayapudi et al., 2014]. A more recent study in this category is a 

randomized clinical trial designed to test the effect of lutein supplementation along with 

vitamin A in adults with retinitis pigmentosa [Berson et al 2010]. Lutein is a carotenoid found 

in green leafy vegetables, and along with another carotenoid zeaxanthin, is present in high 

concentrations in the macula. Participants were given 12 mg lutein or a control tablet daily. 

All participants were given 15,000 IU/day of vitamin A palmitate, in addition. The authors 

found a lower rate of decline of visual fields among participants receiving lutein supplements 

as compared with controls, with the difference being statistically significant. This effect was 

observed however, only in the mid-peripheral field as measured by the Humphrey field 

analyzer 60-4 program.   There was no effect on the central field of vision or on visual acuity, 

suggesting that the functions of the central retina declined in spite of lutein supplementation 

in these patients.  

  

 The carotenoid 9-cis β-carotene has been tested in experimental models as well as in 

clinical trials of patients with retinal disorders. The consideration of 9-cis β-carotene as a 

possible therapeutic molecule was based on the fact that it is known to be taken up by the 

retina, and get converted to 9-cis-retinal, which has photochemical properties similar to that 

of 11-cis-retinal [Fan et al., 2003]. In addition, 9-cis-retinal can combine with opsin to form 

isorhodopsin.  A study including 29 patients with retinitis pigmentosa tested the effect of 9-

cis-beta-carotene in a randomized, double-masked, placebo-controlled, crossover clinical trial 

[Rotenstreich Y et al., 2013]. The source of the retinoid used is the alga Dunaliella bardawil, 

which is rich in 9-cis β-carotene.  Participants received either capsules made of a powder of 

D bardawil (treatment) or starch (placebo) for 90 days, followed by a washout period of 90 

days and then a 90-day treatment in which the treatment and placebo groups were switched. 

The authors found a significant increase in the mean dark-adapted maximal 

electroretinographic b-wave amplitude in the treatment group.  In addition, light-adapted 

single-flash b-wave amplitudes (a secondary outcome of the study), were also improved by 

Dunaliella treatment. Thus, both objective measures (rod and cone photoresponse functions) 

showed significant improvements after 90 days of Dunaliella treatment. 

 

 Carotenoids have been tested in therapeutic trials also in patients with a form of 

retinal dystrophy, fundus albipunctatus, which is a stationary form of night blindness 
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affecting the rod cells. Mutations in the retinol dehydrogenase 5 (RDH5) gene are associated 

with fundus albipunctatus.  A non-randomized phase 1 pilot trial of 7 patients aged 18-48 

years was conducted in which patients were given a food supplement of four capsules 

containing b-carotene-rich powder, daily for 90 days.  The beta-carotene content of the 

capsule was 50% all-trans-b-carotene and 50% 9-cis-b-carotene.   All patients were reported 

to show significant improvements in the functioning of the rod cells as measured by maximal 

scotopic b-wave amplitude responses as well as in peripheral visual fields [Rotenstreich et al., 

2010].  

 

ii. Treatment with neurotrophic factors 

 

 Neurotrophic factors have been explored as a therapeutic option for retinal 

degenerative diseases as they may have the ability to support growth and viability of neurons 

and to slow photoreceptor death in RP.  Ciliary neurotrophic factor (CNTF) is a member of 

the interleukin-6 family of cytokines and acts through receptors present in the glial and 

photoreceptor cells of the retina.  CNTF was delivered into the vitreous chamber of patients 

by use of the encapsulated cell technology. RPE cells that were transfected with the CNTF 

gene and thereby capable of producing CNTF in situ, were loaded into implants made of a 

semi-permeable membrane. The implants allow CNTF secreted by the RPE cells to diffuse 

out, and nutrients to diffuse in, while preventing the host immune system from attacking the 

cells. Thus they provide a sustained source of CNTF. A phase I clinical trial on ten 

participants showed that the implants were retained in the eye without any adverse effects and 

could be removed after 6 months with viable cells still remaining [Sieving et al., 2006]. 

Though some gains in vision were noted in some of the patients treated in this study, a further 

randomized clinical trial using the same CNTF implants in early and late-stage RP patients 

did not find any therapeutic benefit in terms of visual acuity or visual field sensitivity at 12 

months of treatment [Birch et al., 2013].  Another retinal disease, for which CNTF therapy 

has been attempted, is achromatopsia, a non-progressive hereditary disorder of cone cells.  

Patients with achromatopsia have diminished vision, color blindness and increased sensitivity 

to light. Mutations in CNGB3 (cyclic nucleotide gated channel, beta subunit), a gene that 

encodes one of the subunits of the cyclic nucleotide gated channel in cones, are associated 

with achromatopsia.  A phase 1/phase2 trial of the CNTF implants on 5 patients with 

achromatopsia showed pupil constriction in treated eyes within the first three months of 
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treatment.  But there were no changes detected in any objective measures of vision in these 

patients during the course of one year [Zein et al., 2014].  

 

iii. Retinal Prosthesis 

 

 Prostheses devised for treating patients with RP are miniature arrays of electrodes that 

respond to light by emitting electrical signals which are transmitted through the nerve cells of 

the inner retinal layers. These include the retinal ganglion cells, bipolar, horizontal and 

amacrine cells, as well as the retinal nerve fiber layer, that are relatively intact in patients 

with retinal dystrophies.   

 

 One such prosthesis is the artificial silicon retina [ASR] microchip, 2-mm-diameter 

semi-conductor microphotodiode array chip that is 25 microns in thickness; this chip was 

designed for implantation into the sub-retinal space. The ASR microchip has 5000 

microphotodiodes that are stimulated by incident light.  The electrical charge produced by 

this microchip sets off membrane potentials in the connecting neurons and is thereby 

expected to simulate how these cells would respond to light. ASR microchips were shown to 

induce retinal and possible cortical responses in the animal models.  A pilot clinical trial was 

conducted on 6 patients with RP to test safety and efficacy of the chip. Patients in this study 

showed no inflammation, discomfort or toxicity, and experienced improvements in vision 

that included visual acuity, color perception, visual fields and general quality of life, which 

were evident from within a few weeks of implantation to a year after [Chow et al., 2004].  

These improvements have been attributed in part, to a general neurotrophic effect on the 

retina from electrical stimulation.   

 

 The Argus I is a prosthesis with sixteen electrodes and was the first one to be 

chronically implanted. A clinical phase 1/phase 2 trial was started in 2002 with 6 subjects 

[https://clinicaltrials.gov/ct2/show/NCT00279500]. A more recent version is the Argus II, a 

60-electrode implant known as the bionic eye. It consists of platinum-coated electrodes 200 

μm in diameter. This device has a receiving and transmitting coil that is placed on the sclera 

and the electrode array (60 electrodes) that is surgically positioned onto the surface of the 

retina. The Argus II system also has a camera and transmitter mounted on glasses and a video 

processor and battery worn on the belt or a shoulder strap.  Details of the Argus II system and 
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pictures can be found at http://www.secondsight.com/g-the-argus-ii-prosthesis-system-pf-

en.html. Argus II was tested in a multi-centre trial of 30 patients with end stage outer retinal 

degenerations including retinitis pigmentosa.  There were improvements in vision of the 

subjects who had no light perception at baseline.  Subjects performed much better in 

orientation and mobility tasks, as well as high contrast vision with the device on as compared 

with the device off.  Adverse events such as endophthalmitis, conjunctival erosion, and 

conjunctival dehiscence were noted in 2-3 subjects each as a result of implantation of the 

device. However, the safety profile was found to be acceptable based on comparison with that 

obtained with other intraocular devices [Humayun et al. 2012].  It is FDA approved on the 

basis of safety and probable benefit, and is commercially available [Stronks and Dagnelie G. 

2014].  

 

 

iv. Gene therapy 

 

Gene therapy has been extensively investigated using various animal models and disease-

specific iPSCs of retinal dystrophy to test feasibility and to establish preclinical models. The 

goal of these studies has been the translation of knowledge acquired from basic cellular and 

animal models to human clinical trials. A significant landmark in gene therapy of retinal 

diseases is in the case of a congenital blinding disorder known as Leber Congenital 

Amaurosis (LCA; OMIM 204000). This is a hereditary condition in which severe loss of 

vision or blindness occurs within the first year of life, due to abnormalities in the retinal 

photoreceptors. About 20 different genes have been found to have mutations that are 

associated with LCA among patients from various parts of the world. One of the genes 

associated with LCA is the RPE65 (retinal pigment epithelial 65 kilodalton protein) gene 

(OMIM 180069). About 4-16% of patients with LCA are found to have mutations in RPE65. 

The RPE65 protein is very abundant in the RPE cells, and functions as an isomerase 

necessary for the regeneration of vitamin A (11-cis retinal) for phototransduction.  Gene 

replacement therapy with RPE65 has been conducted in 3 separate human clinical trials, 

carried out by groups from the UK and USA [Bainbridge et al., 2008; Hauswirth et al 2008; 

Maguire et al., 2008]. The Phase I trials were designed to test safety and efficacy of the gene 

delivery systems used. All three studies used an adeno-associated virus 2 (AAV2) vector to 

deliver the RPE65 gene by sub-retinal injection into patients with LCA and RPE65 
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mutations. Each study included 3 patients aged 20 yrs and above [shown in Table]. These 

Phase I studies demonstrated no adverse effects of the gene delivery, and some modest 

improvements in vision were noted, showing safety and efficacy of the method. The long 

term effects of AAV2-RPE65 gene delivery was assessed over a period of three years and the 

initial improvements in visual function peaked at 6-12 months after injection, and were found 

to be sustained above baseline (pre-treatment levels) over a three year period, though this was 

variable between the participants, in the absence of any adverse effects [Testa et al., 2013; 

Bainbridge et al., 2015].  A major challenge that was not overcome in these trials is that the 

degeneration of photoreceptors continued despite gene therapy.  These observations suggest 

that additional methods are required to sustain the improvements in vision over a longer 

period, and to preserve the photoreceptors. 

 

 Another form of retinal degeneration that has been a target for gene therapy is 

choroideremia OMIM 303100), an X-linked disorder characterized by degeneration of 

photoreceptors, RPE and choriocapillaris. Patients develop symptoms of night blindness and 

loss of peripheral vision within the first to second decades of life, leading to complete 

blindness within the fourth decade. Typically, choroideremia affects males, but females may 

also show variable degrees of disease. Patients have mutations in the choroideremia gene 

(CHM; OMIM 300390) which encodes the Rab Escort Protein 1 (REP1), involved in post-

translational lipid modification of Rab GTPases. The latter are members of the Ras 

superfamily. Loss of REP1 function leads to defects in protein trafficking.  Preclinical studies 

with the CHM gene packaged into an AAV virus vector were carried out in experimental 

models. Delivery of the CHM gene into induced pluripotent stem cells (iPSCs) from patients 

with choroideremia restored trafficking defects;  in addition, no evident toxicity or changes in 

retinal histopathology were noted upon introduction of the AAV2.CHM virus in normal 

sighted mice, thus suggesting that this gene delivery system is safe for in vivo injection 

[Vasireddy et al., 2013].  A phase 1/phase2 multicentre clinical trial for gene therapy 

involving 6 adult patients was carried out by subretinal injection of an AAV2.REP1 

expression cassette. Again, this trial showed safety of the gene therapy and a mean gain in 

visual acuity of 3.8 letters, along with a modest gain in sensitivity measured by dark-adapted 

perimetry.  The maximum gain in visual acuity was seen in two patients with the worst acuity 

at baseline [MacLaren et al. 2014]. A follow up of this trial indicated that the early 
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improvement observed in two of the six patients treated was sustained at 3.5 years after 

treatment, despite progressive degeneration in the control eyes [Edwards et al., 2016]. 

 

v. Cell-based therapies 

 

Cell-based therapy falls under the category of mutation-independent therapeutic approaches. 

Unlike gene therapy, this approach aims to regenerate the damaged tissues by transplanting 

healthy retinal cells of autologous or allogeneic origin. Cell therapy can therefore be applied 

for treating a large number of patients irrespective of their genetic background. Since adult 

retina does not harbor any stem cells, alternate stem cell sources have been explored for their 

applications in regenerative medicine. Various stem cell sources such as adult hippocampal 

neural stem cells (Young et al., 2000 and Nishida et al., 2000), human central nervous system 

stem cells (Cuenca  et al., 2013, ClinicalTrials.gov Identifiers: NCT01632527 and 

NCT02467634), bone marrow stem cells (Park et al., 2014, Siqueira et al., 2015, CT IDs: 

NCT01736059, NCT01560715 and NCT02330978), ciliary  pigmented epithelial cells (Coles 

et al., 2004), limbal stem cells (Zhao et al., 2008), fetal retinal stem cells (Das et al., 1999, 

Radtke et al., 1999, 2004, 2008, CT IDs: NCT00345917 and NCT00346060, Luo et al., 2014) 

, postnatal retinal precursors/ progenitors (Chacko  et al., 2000, Klassen et al., 2004, 

Maclaren et al., 2006, CT ID: NCT02464436) and pluripotent stem cells  have been 

extensively studied over the years in animal models and in human clinical trials. 

 

The retina is known to be an immune-privileged site and therefore offers a great scope 

for considering both autologous and allogenic pluripotent stem cell (PSC) based therapies 

such as the human embryonic stem cells (hESCs) and induced pluripotent stem cells 

(hiPSCs). Unlike adult stem cells, the large scale expansion capabilities of PSCs are 

compatible with the need for commercial scale donor cell preparations with minimal lot to lot 

variations for treating a large number of patients. Patient-specific iPSCs also enables genetic 

manipulations for mutation correction in case of autologous cell therapy applications for 

treating inherited retinal dystrophies. 

ESC derived retinal cell types have been shown to rescue disease phenotype when 

transplanted in small and large animal models (Lund et al., 2006, Lamba et al., 2009, Carr et 

al., 2009, Lu et al., 2009, Gonzalez-Cordero et al., 2013). In an ongoing FDA approved Phase 

I/II clinical trial (CT IDs: NCT01345006 and NCT01344993), allogenic hESC-derived RPE 
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cell suspension injection are being given for the treatment patients with Stargardt's macular 

dystrophy and dry age-related macular degeneration (Schwartz et al., 2012, 2015, Song et al., 

2015).  The early observations and outcomes of this trial confirms that in spite of being an 

allogenic cell source, the human ESC-derived RPE cells transplanted in the sub-retinal space 

of the patient’s eye did not elicit any significant immunological response. The reports also 

revealed that there were no signs of hyperproliferation, tumorigenicity or ectopic tissue 

formation. Retinal images of transplantation sites have confirmed that the RPE grafts 

survived, proliferated/expanded in vivo for up to 37 months post-transplantation and 

contributed to marginal improvements in visual parameters.  

 

 Many recent studies have also shown that human induced pluripotent stem cell 

(hiPSC) derived retinal cell transplantations have improved retinal functions in dystrophic 

animal models  (Carr et al., 2009, Lamba et al., 2010, Tucker et al., 2011, Li et al., 2012, 

Homma et al., 2013, Kanemura et al., 2014, Assawachananont et al., 2014, Kamao et al., 

2014). The first autologous iPSC-based clinical trial has been initiated by Dr. Masayo 

Takahashi’s group at the RIKEN Center for Developmental Biology (CDB) in Kobe, Japan.  

This trial aims to treat wet AMD patients using autologous iPSC-derived RPE cell sheets (of 

dimension 1X3 mm) delivered to the sub-retinal space of patient’s eyes 

(http://www.riken.jp/en/pr/press/2013/20130730_1/). The first patient of this trial was treated 

on 12th September, 2014 and is being followed up for safety parameters 

(http://www.nature.com/news/japanese-woman-is-first-recipient-of-next-generation-stem-

cells-1.15915). Mid-term results confirmed the absence of any immune rejection without 

immunosuppression (http://www.ipscell.com/tag/ipsc-clinical-trial/). 

 

vi. Genome editing technology 

 

Another approach for potentially treating genetic diseases such as retinal dystrophies is 

genome editing, an emerging set of methods that can be used to engineer sequence changes at 

specified locations in the genome.  Genome editing methods enable the targeted modification 

of genomic DNA of cells and organisms through the use of sequence-specific nucleases that 

can be programmed to cleave DNA at the site of interest. Thus they have evolved into 

customizable tools for introducing desired changes in a genome.  They have the potential to 

correct known genetic mutations by editing them at precise genomic locations, or to knock 

http://www.riken.jp/en/pr/press/2013/20130730_1/
http://www.nature.com/news/japanese-woman-is-first-recipient-of-next-generation-stem-cells-1.15915
http://www.nature.com/news/japanese-woman-is-first-recipient-of-next-generation-stem-cells-1.15915
http://www.ipscell.com/tag/ipsc-clinical-trial/
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down gene function by introducing new insertions or deletions at the desired locus.  The 

various tools that have been reported for carrying out this process include zinc finger 

nucleases (ZFN), transcription activator-like effector nucleases (TALENs) and CRISPR-Cas9 

(clustered regularly interspaced palindromic repeats) systems.   The ZFNs and TALENs are 

sequence-specific DNA binding proteins that can bind DNA in a modular fashion, with each 

module recognizing a three bp sequence for ZFNs and a one base-pair unit for TALENs.  

Thus, the DNA binding modules of these nucleases can be designed to recognize the desired 

target sequence and can be fused to an endonuclease that will cut the DNA at the specified 

site [reviewed by Hsu et al., 2014].  

 The CRISPR-Cas system was first described in microbial genomes as an interspersed 

array of repeat sequences [Maraffini and Sontheimer 2010]. These are associated with several 

CRISPR-associated (Cas) nucleases, present adjacent to the CRISPR loci.   The CRISPR-Cas 

system together represents a form of adaptive immunity in bacteria.  The CRISPR sequences 

consist of direct repeat sequences interspersed with variable sequences called spacers, 

acquired from the invading phage or plasmid.  The RNA transcribed from this locus is 

processed into a mature form of CRISPR RNA, which in association with the DNA-RNA-

CAS complexes can mediate the recognition and cleavage of target gene sequences from an 

invading organism [Hsu et al., 2014]. The CRISPR system from Streptococcus pyogenes 

genome has also been engineered to generate precise genomic scissors and shown to be 

sufficient to direct the Cas9 protein to precisely target and cleave the protospacer sequences 

(Jinek et al., 2012). These engineered CRISPR guide RNA constructs together with the Cas 

protein encoded constructs can be directly delivered into target cells (either in vitro or in 

vivo) to initiate precise genome editing.  This is an evolving technology for which one may 

envision clinical application in the treatment of various genetic eye diseases. However, the 

ethical concerns related to genetic manipulations in humans, the need for improvements in 

their target specificity and editing efficiency will determine the successful clinical translation 

of this technology in the near future. 

 

 

C   SUMMARY 

 

Retinal degenerations and dystrophies constitute a large group of extremely heterogeneous 

disorders that are associated with severe visual loss or blindness early in life. Mutations in 
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over 200 genes are known to be involved in the pathogenesis of this group of diseases. 

Therapeutic approaches that are being explored in clinical trials include dietary supplements 

of carotenoids and related compounds to promote retinal function, administration of 

neurotrophic factors, gene replacement therapy, and the use of prosthetic devices.  Some of 

these trials have so far indicated safety and efficacy of the treatments tested.  Continuous loss 

of photoreceptor cells despite treatment presents a barrier to achieving sustained and long 

term effects of therapy. Several pathways of disease are likely to be involved in retinal 

dystrophies depending on the genes involved, and may require different therapeutic avenues 

for genetically different groups of patients.   
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Table- Major clinical trials for treatment of retinal dystrophies 

Mode of 

treatment 

Type of 

retinal disease 

Therapeutic 

Agent 

Clinical Trial 

ID 

Outcome Adverse 

Events  

RETINOID 

SUPPLEMEN

TA-TION 

RP 

Vit A+  DHA NA   

Vit A (15,000 

IU/d ) + E (400 

U) 

NA 

 

Slower rate of 

decline in 30 Hz 

cone ERGs per yr on 

average than 

controls (1-2% less 

decline in ERG per 

yr). No effects in 

visual fields (VF) or 

visual acuities (VA) 

None 

Lutein (12 

mg)+Vit A 

(15,000 

IU/day) 

NCT0034633

3 

Preservation of mid-

peripheral VF in 

lutein + vit A 

treatment with ~20% 

decrease in VF loss 

/yr  compared to 

controls  

None 
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RP 4 capsules per 

day of 300 mg 

of 9-cis -

carotene– 

rich alga D 

bardawilene 

NCT0125669

7  

Improvements in 

 dark- and light-

adapted maximal 

electroretinographic 

b-wave amplitude; 

no change in VA 

and VF 

None 

Fundus 

Albipunctatus 

9-cis beta 

carotene(4 

capsules /day 

of 15 mg 

/capsule) 

NCT0056902

3 

Mean isolated rod b-

wave amplitude 

doubled. Small 

changes in VF  

 

GROWTH 

FACTORS 

RP CNTF  cell 

implants (dose 

escalation) 

NCT0044799

3 (CNTF3 

trial, late-

stage RP);  

NCT0044798

0 (CNTF4 

trial, early-

stage RP) 

No changes in 

BCVA; decrease in 

VF sensitivity in pts 

with high dose 

CNTF treatment  at 

12 mths 

None  

Achromatopsia 

(due to 

CNGB3 

mutations) 

CNTF cell 

implants 

NCT0164845

2 (phase1/2 

open label 

study) 

No change in VA or 

macular sensitivity  

Ocular 

inflammation 

in one pt 

PROSTHESE

S 

RP ASR 

microchip 

NA Improvement in VA, 

and subjective 

improvements in 

vision over 12 

months after 

implantation  

None 

 Argus I NCT0027950

0 

NA - 
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 Argus II NCT0040760

2 

Better performance 

of subjects in 

orientation and 

mobility tasks; 

visual acuity in 7 

subjects improved 

with system on. 

17 serious 

adverse 

events (SAEs) 

noted. None 

in 70% of pts 

enrolled. 

Conjunctival 

erosion and 

dehiscence 

the most 

common SAE 

GENE 

THERAPY 

LCA RPE65  NCT0064374

7, 

NCT0099960

9, 

NCT0051647

7 

Increased light 

sensitivity, no 

changes in VA; 

safety and efficacy 

shown 

intraocular 

inflammation 

Choroideremia CHM NCT0146121

3 

Improvement in 

maximal retinal 

sensitivity in the 

treated eyes; VA 

improved in 2 pts 

with the lowest 

vision [Edwards et 

al., 2016] 

None 

CELL 

THERAPIES 

RP, hereditary 

macular 

degeneration, 

other 

retinopathies 

Autologous 

Bone-marrow 

CD34+ Stem 

Cells, 

Intravitreal 

transplantation 

NCT0173605

9  

Phase 1 

 

Enrolling 

participants by 

invitation. Study 

Completion date: 

Dec, 2017. 

Outcomes not yet 

reported. 

NA 
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RP Autologous 

bone marrow 

stem cells, 

Reticell, 

Intravitreal 

transplantation 

NCT0156071

5 

Phase 2 

 

Completed in June 

2013. Significant 

improvement in the 

quality of life of 

patients at 3 months 

after treatment; 

insignificant from 

the baseline at 12 

months after 

treatment [Siqueira 

et al., 2015]. 

None 

RP Human fetal 

neural retinal 

tissue and RPE 

transplantation 

NCT0034591

7  

Phase 2 

 

 

Completed in March 

2012. Outcomes are 

reported [Radtke et 

al., 1999, 2002, 

2004]. 

Vision 

decreased in 2 

eyes. No other 

adverse 

effects 

reported. 

RP Human Retinal 

Progenitor 

Cells (hRPC) 

NCT0246443

6 

Phase 1, 2 

 

Completion date 

Sept 2017. 

Outcomes not yet 

reported. 

 

Stargardt's 

Macular 

Dystrophy 

Human 

embryonic 

stem cell 

derived retinal 

pigment 

epithelium 

cells, 

subretinal 

injections 

NCT0134500

6  

 

Patient recruitment 

suspended. 

Completion date: 

Dec, 2015. 

Outcomes are 

reported [Schwartz 

et al., 2012, 2015]. 

Vision 

decreased in 1 

eye. No other 

adverse 

effects 

reported. 
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A summary of the key aspects of some major clinical trials being carried out for retinal 

diseases is shown in the Table.  ASR- artificial silicon retina; CNTF- ciliary neurotrophic 

factor; DHA- docosahexanoic acid; VA- visual acuity 

Figure Legends 

 

Figure 1. Histology and cell type specific immunolabeling of the adult human retina 

(A) Hematoxylin and eosin (H&E) stained section of the posterior segment of a human 

eye ball. An adult retina comprises of ten distinct layers namely the inner limiting 

membrane (ILM) (bottom upright arrow), which acts as the boundary between the 

retina and the vitreous body and formed by the end feet of Müller glial cells. The 

neurofilament layer (NFL) (1) is made of ascending axons from retinal ganglion 

cell layer (GCL) (2). Astrocytes can be seen populating the NFL layer (yellow 

arrow heads). The inner plexiform layer (IPL) (3) is made of inter connecting 

dendritic networks of inter neurons (horizontal cells, bipolars and amacrine cells) 

in the inner nuclear layer (INL) (4). The outer plexiform layer (OPL) (5) is made of 

inter connecting dendritic networks of photoreceptor (PR) cells (rods and cones) in 

the outer nuclear layer (ONL) (6). The outer limiting membrane (OLM) (top 

inverted arrow) is made of tight junction complexes between the plasma 

membranes of photoreceptor inner segments and the apical processes of Müller 

glial cells, thus establishing a natural barrier between the sub-retinal space and the 

ONL. The photoreceptor outer segment (OSL) layer (7) carry photopigments 

(opsins) in their specialized disc like membrane structures for capturing the 

incoming photons. The retinal pigmented epithelial (RPE) cell layer (black arrow 

head) provides paracrine support to PR cells, clear away the routinely shed PR 

outer segments in the sub-retinal space, participate in visual cycle and establishes 

the blood-retinal barrier by way of tight intercellular junctions and Bruch's 

membrane (basement membrane) adhesions. The choroid layer (8) beneath the 

RPE layer is richly supplied with blood vessels for gas exchange and to nourish the 

retinal cells. The thick and acellular sclera (9) forms the outermost covering of the 

eye.  

 

(B-G). Immunohistochemistry of retinal sections shows the expression of (B) 

rhodopsin in the rod photoreceptor cells, (C) blue opsin in a sub-set of cone cells, (D) 
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calbindin in a sub-set of interneurons, such as the horizontal and amacrine cells, (E) 

Chx10 and (F) PKCα in bipolar cells. (G) Glutamine synthase marks the entire cellular 

process of Muller glial cells. Asterisks mark the outer photoreceptor side of the retinal 

tissues. All scale bars are 20 µm or as specified. 
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