
IV. Online Supplement (Proof of concept) 

A. AIPL1-Leber congenital amaurosis (LCA4). Accounting for approximately 5% of LCA cases, mutations 

in aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1) are associated with the most severe form 

of LCA(1,2). AIPL1 is expressed predominantly in rods of human and mouse retina, but is also expressed 

at lower levels in adult cones(3-6). AIPL1-LCA patients exhibit very low visual acuity in infancy, little or 

no measurable visual fields, hyperopia, nondetectable ERG, pigmentary retinopathy and prominent 

maculopathy. A recent study revealed with cross sectional OCT imaging that foveal inner/outer segment 

laminae were absent and foveal ONL was either barely discernible or not detectable in a group of six 

AIPL1-LCA patients (ages 16-40). ONL is absent from a wide expanse of the central retina (7) . Studies in 

mice lacking AIPL1 (Aipl1-/-) revealed that both rods and cones lack function and rapidly degenerate, 

making this a reliable model of the human phenotype(8,9). This mouse model was first used to show 

that AIPL1 acts as a specialized chaperone by enhancing the farnesylation of the alpha subunit of rod 

PDE6 (cyclic GMP phosphodiesterase) promoting its folding to assemble the PDE complex(9,10). At that 

point, it was unclear whether cone degeneration in Aipl1-/- mice was the indirect result of rod cell death 

(bystander effect) or if AIPL1 also played a direct role in cones.  In an effort to understand more about 

the potential function of this protein in cones, a mouse was developed which transgenically expressed 

human AIPL1 exclusively in rod photoreceptors in the Aipl1-/- mouse (hAipl1;Aipl1-/-) (6).  Investigators 

found that cones lacking AIPL1 in the presence of viable rod photoreceptors failed to produce an ERG 

response and exhibited a reduced rate of degeneration indicating that AIPL1 is indeed necessary for the 

function and survival of cones. The study also showed that destabilization of cone PDE6 subunits occurs 

in the absence of AIPL1 prompting investigators to theorize that this protein also acts as a chaperone, 

assisting in the folding and/or assembly of the catalytic subunit of cone PDE6 (’)(6). Loss of PDE6 

activity in rods and cones is thought to result in increased cGMP levels which, in turn, alters calcium 

levels inside photoreceptors leading to their demise.  Degeneration in transgenic hAipl1;Aipl1-/- mice 



reveal that cone cell death is inherently slow in the presence of ‘healthy’ rods while in Aipl1-/- mice cone 

loss is accelerated by rod cell death(6). These results suggest that cones of the transgenic mouse might 

be analogous to those found in the fovea of Aipl1-LCA patients, an area less susceptible to the bystander 

effect of rod cell death. Investigators thus hypothesized that Aipl1 gene replacement therapy could be 

successful if foveal cone cell bodies of these patients survived long enough.    

In addition to the Aipl1-/- and hAipl1;Aipl1-/- mice described above, a hypomorphic model that exhibits 

reduced levels of Aipl1 mRNA and protein (the Aipl1 h/h mouse)  was created (11). Photoreceptor loss is 

considerably slower in the Aipl1 h/h hypomorph relative to Aipl1-/- mice, with the outer nuclear layer 

reduced by 50% by 6-8 months of age. It was recently shown that AAV2, AAV5 and AAV8 containing 

either the ubiquitous CMV or photoreceptor-specific hGRK1 promoter and the human or murine Aipl1 

cDNA conferred therapy to mouse models carrying either null (Aipl1-/-) or hypomorphic (Aipl1h/h) 

alleles(12,13) . AAV-mediated AIPL1 expression was found exclusively in photoreceptors of treated mice 

and led to a corresponding increase in PDE synthesis. Treatment resulted in improved photoreceptor 

function and survival in both mouse models. Most recently, the Ramamurthy lab elegantly 

demonstrated that early (P2-P10) treatment of Aipl1-/- mice with self-complimentary AAV8(Y733F) 

vector containing the hGRK1 promoter driving Aipl1 resulted in restoration of retinal function (out to at 

least P60), visually-guided behavior (out to P35) and a slowing of photoreceptor degeneration(14). 

These improvements are likely due to the increased kinetics of transgene expression achieved with both 

the self-complimentary genome and AAV8(Y733F) serotype used in this study.   

A recent report evaluating the severity of human disease in AIPL1-LCA suggests that the encouraging 

proof-of-concept studies performed in mice may not translate to successful gene-replacement therapy 

in most AIPL1-LCA patients. The outer nuclear layer is absent throughout the central retinas (including 

the cone-rich fovea) of these patients and the shape of their foveal pits suggest that AIPL1 deficiency 



impacts cones early in development (7). The absence of ‘treat-able’ photoreceptors in AIPL1 LCA 

patients may preclude them from being good candidates for gene replacement. It should be noted, 

however that patients with the more slowly progressing AIPL1-RD (modeled by the Aipl1h/h 

hypomorph) may respond to treatment. 

B. RPGRIP1-Leber congenital amaurosis (LCA6). Mutations in the human RPGRIP1 gene which encodes 

RP GTPase Regulator Interacting Protein 1 (RPGRIP1) are associated with ~5% of LCA cases(15-18). 

RPGRIP1 is expressed predominantly in photoreceptors and is also found in other ocular tissues albeit at 

greatly reduced levels(19-22). Multiple isoforms exist with species-specific subcellular localization 

patterns including the PR connecting cilium, PR inner and outer segments and basal bodies of cells with 

primary cilia(19,21,23-25). RPGRIP1 was originally identified through its capacity to bind RP GTPase 

regulator (RPGR), a protein which also localizes to the connecting cilia and, when mutated, is linked to 

the majority of cases of X-linked retinitis pigmentosa(20,22,23,26). Generation of mutant mice lacking 

RPGRIP1 revealed that one of its main roles is to anchor RPGR at the connecting cilium, but not vice 

versa(27) . The absence of RPGRIP1 in RPGRIP1-/- mice results in mislocalization of RPGR. However, LCA 

patients with mutations in RPGRIP1 have a much more severe phenotype than patients with RPGR-RP 

suggesting that RPGRIP1 performs additional functions in photoreceptors other than anchoring RPGR. 

Studies in mice lacking RPGRIP1 reveal that this protein is required for disc morphogenesis and also for 

the formation of rod outer segments(27,28). RPGRIP1-/- mice display profound disorganization of outer 

segment structure, mislocalization of rod and cone opsins and loss of all photoreceptors by 5 months of 

age. The progression of disease in the RPGRIP1-/- mouse is akin to that seen in RPGRIP1 LCA patients. A 

more recent study demonstrates that RPGRIP1 likely functions as a scaffold, providing a platform upon 

which cilium-specific kinases, regulators and substrates can be assembled(29). For instance, it was 

shown that Nek4, an unexplored kinase which is involved in cilium assembly, interacts directly with 

RPGRIP1 at the PR cilium suggesting that Nek4 may also be a ciliopathy candidate gene(29).  



In the first photoreceptor-targeted gene replacement study in an animal model of RPGRIP LCA, 

investigators showed that subretinal delivery of a serotype 2 AAV vector containing a proximal domain 

of the mouse rhodopsin promoter was capable of driving murine RPGRIP1 expression in the connecting 

cilia of photoreceptors in the RPGRIP1-/- mouse(30). Treated mice exhibited significant preservation of 

photoreceptors, normal localization of rhodopsin and restoration of rod function for at least 5 months 

postinjection(30) . Improving upon this study which provided therapy only to rods, treatment with an 

AAV8 vector containing the hGRK1 promoter driving human RPGRIP cDNA resulted in photoreceptor-

specific RPGRIP1 expression, significant preservation of photoreceptors and restoration of rod and cone 

function in RPGRIP-/- mice(31,32). However, retinal function declined over time in treated eyes. 

Investigators hypothesize this resulted from the relatively low levels of human RPGRIP1 expression in 

the mouse retina and/or the divergence between human and mouse RPGRIP1 sequences. Whether 

these exciting, but incomplete, proof-of-concept results in the RPGRIP1-/- mice will translate to a more 

favorable outcome in the human eye remains to be seen.  Gene replacement studies in a large animal 

model of RPGRIP1 deficiency such as the miniature longhaired dachshund (MLHD) may represent a 

valuable tool for assessing the in vivo efficacy of gene therapy vectors prior to clinical application(33-35). 

However, recent evidence that the hGRK1 promoter is not active in canine cones highlights the need for 

alternative photoreceptor-specific promoters in such a study(36).      

C. Autosomal recessive RP- PDE6. Mutations in the gene PDE6which encodes the β-subunit (βPDE) of 

the rod cGMP-phosphodiesterase (PDE6), are associated with an aggressive and early onset form 

arRP(37,38) (39).  PDE6 is a heterotetramer composed of the catalytic α and β subunits, and two 

inhibitory γ subunits. During the phototransduction cascade, PDE6 catalyzes the hydrolysis of cGMP to 

5’-GMP thereby lowering the concentration of cGMP which eventually results in hyperpolarization of the 

cell and neural signaling.  In the absence of βPDE, high levels of intracellular cGMP accumulate upon 

light stimulation leading to photoreceptor apoptosis. There exist two mouse models of RP that are 



associated with mutations in Pde6, the rd1 and rd10 mouse.  The rd1 (formerly known as simply retinal 

degeneration, rd mouse) was first described Keeler in 1924(40) and represents the first discovered 

model with an inherited structural abnormality of the nervous system(41). The rd1 mouse contains two 

mutations in Pde6b; the integration of the xenotropic murine leukemia virus in the first intron and a 

nonsense mutation in exon 7(42,43). By comparison the rd10 mouse was discovered relatively recently 

at the Jackson Laboratory and contains a missense mutation in exon 13(44). rd1 mice exhibit very rapid 

retinal degeneration, with photoreceptor cell death initiating prior to terminal differentiation in the first 

week of life.  There have been many attempts at gene replacement in rd1 mice using adenoviral, 

lentiviral and AAV based vectors, all of which resulted in at best only transient slowing of photoreceptor 

degeneration (45-47). In the case of adenoviral vectors it is unclear whether photoreceptor preservation 

was primarily associated with restoration of PDE6B or a consequence of the immune response to the 

carrier adenoviral vector(48). In contrast, the rd10 mouse exhibits rapid but somewhat slower 

photoreceptor degeneration than rd1, starting at P18 and peaking at P25(49,50). Degeneration in the 

rd10 mouse can be further slowed by dark rearing(49).  In terms of evaluating strategies for gene 

replacement, the rd10 mouse is a more suitable model of human arRP-PDE6B than rd1.  Attempts at 

gene replacement therapy in the rd10 mouse have utilized AAV5, AAV8 and AAV8 capsid mutant 

vectors(51-53).  AAV5 and AAV8 vectors mediate only transient therapy either when injected alone or 

when combined with nilvadipine, a calcium ion (Ca2+) blocker(51,53).  However when P14 rd10 mice 

were treated with an AAV8(Y733F) vector containing the same promoter (smCBA) and gene combination 

used in one of the earlier studies(51), significant preservation of photoreceptor function and structure 

was observed out to at least 6 months postinjection(52) . Most recently, a large animal model of arRP- 

PDE6, the rcd1 dog, was treated subretinally with either AAV5 or AAV8 vectors containing the hGRK1 

promoter driving canine pde6(54,55). Treatment resulted in in significant preservation of retinal 

structure, restoration of rod function and rod-mediated visual behavior. What remains to be determined 



is whether sufficient photoreceptors remain in patients affected by PDE6-RP to warrant a gene 

replacement clinical trial.   

D. X-linked retinitis pigmentosa-RPGR. Approximately 70% of cases of X-Linked Retinitis Pigementosa 

(XLRP) are associated with mutations in the retinitis pimentosa GTPase regulator (RPGR) gene(56-58). 

Like most forms of RP, RPGR-XLRP patients first present with night blindness that progresses to a loss of 

visual field and legal blindness by the fourth decade (59,60).  RPGR has a complex splicing pattern in the 

3’ portion which is conserved among taxa(61). The highly repetitive, purine rich exon ORF15 is a 

mutational hotspot(56).  Two naturally occurring canine models with micro deletions in ORF15 (XLRPA1 

and XLRPA2, respectively) exist (62).  These models bracket the spectrum of human XLRP; with XLRPA1 

being a slow progressing form and XLRPA2 being early onset and rapidly progressive(62,63).  Utilizing 

subretinally delivered AAV5 vectors carrying either hIRBP or hGRK1 promoters driving full length hRPGR, 

Beltran and colleagues observed marked improvement in retinal structure and function in treated areas 

of retina in both models, with more effective treatment seen with the hIRBP promoter(64).  Multiple 

mouse models of XLRP-RPGR exist and have been compared for their fidelity to the progression of 

human disease(65).   Gene replacement studies in several XLRP-RPGR murine models are ongoing with 

the vectors shown to be therapeutic in the aforementioned canine study.  

E. Bardet-Biedl syndrome (BBS). BBS is a predominantly autosomal recessive condition characterized by 

a wide spectrum of clinical features including severe rod-cone dystrophy, polydactyly, obesity, mental 

retardation, male hypogonadism and renal dysfunction(66,67). Strabismus and myopia are common 

with attenuation in ERG by 10 years of age and progression to legal blindness by the age of 16(66). BBS 

is genetically heterogeneous; there are currently 15 genetic loci known to be associated the disease, the 

most consistent feature of which is retinal degeneration. It was determined that seven evolutionarily 

conserved BBS proteins form a network called the “BBSome” which plays a role in ciliary function(68) via 



recruitment of cargo to the ciliary basal body and intraflagellar transport (IFT)(69-72). IFT is responsible 

for the transport of proteins such as rhodopsin to and from the photoreceptor outer segment and thus 

is crucial for maintenance of photoreceptor function.  

Multiple mouse models carrying mutations in different BBS genes have been generated, all of which 

exhibit retinal degeneration(73-78). Bbs4- deficient mice exhibit gross mislocalization of rhodopsin and 

cone opsins, followed by deterioration of ERG and apoptosis of PRs(76). Gene expression analsysis 

revealed that photoreceptor cell loss is associated with increased expression of stress-response 

genes(79). BBS4 is required for normal, light-dependent transport of transducin and arrestin between 

photoreceptor inner and outer segments and is also required for normal synaptic transmission from 

photoreceptors to second order neurons(80). Despite protein mislocalization and functional deficits, the 

connecting cilia and basal bodies of Bbs4-/- photoreceptors appeared structurally intact at early 

ages(80) (~1 month). The temporal dissociation between functional and structural impairment is similar 

to a clinical finding in which a BBS patient presented with severely attenuated ERG but a normal fundus 

appearance(81) and suggests that BBS patients may be viable candidates for gene-replacement therapy. 

A recent study showed that subretinal injection of a serotype 5, self-complimentary AAV vector 

containing the rod-specific rhodopsin (MOPS500) promoter drove BBS4 expression exclusively in rod 

photoreceptors of Bbs4-/- mice. Investigators focused their efforts on rod photoreceptor therapy 

because of the slower course of degeneration relative to cones(82). Cone opsin mislocalization (obvious 

by 2 weeks of age) and loss of cone function (~10% of normal by 1 month of age) precede rhodopsin 

mislocalization or loss of rod ERG in this model(80). AAV-mediated BBS4 expression reduced opsin 

mislocalization in transduced rods, preserved rod structure and improved function (ERG) of transduced 

rods in Bbs4-/- mice(82). Preliminary evidence that AAV-BBS4 treatment can restore rod-mediated 

behavior to Bbs4-/- mice is currently being evaluated. Taken together, these results suggest that BBS-

associated retinal degeneration is treatable.  



F. Color blindness. The loss of either the X-linked L- or M-opsin gene leads to red-green color blindness, 

the most common single gene disorder of humans. The discovery of a tribe of trichromatic squirrel 

monkeys (Saimiri sciureus) that were missing the L opsin gene identified male primates exhibiting 

protanopic color blindness from birth(83), thus raised the possibility of testing a gene therapy correction 

for color blindness(84).  This idea was tested using an AAV5 vector with the human L-opsin cDNA 

regulated by a human L/M opsin enhancer and promoter(85).  Before vector injection, affected monkeys 

were behaviorally trained to perform a computer-based color vision test(86) modified for analysis of 

nonhuman primate color vision(87). The question was whether adding a new cone opsin to existing 

cones in an adult long wavelength color-deficient primate would be sufficient to produce trichromatic 

color vision behavior. Prior to treatment, affected and normal monkeys exhibited normal (low) 

thresholds for blue and yellow wavelengths, but failed to discriminate the diagnostic blue and green 

wavelengths, with thresholds for detection orders of magnitude higher than normal. Two affected 

animals were then treated subretinally with the human L-opsin AAV5 vector(88).  The treated area 

encompassed most of the foveal cones, the region in humans in which red-green color discrimination is 

derived.  Gene therapy changed the spectral sensitivity of a subset of the cones within the vector 

treated retinal area by enhancing their response to red wavelengths as determined by chromatic 

multifocal ERG.  More dramatically, both treated monkeys exhibited an increased behavioral sensitivity 

to long-wavelength light, with thresholds for detection now being nearly normal. Restored color vision 

in the treated animals remained stable for over 2 years.  Since the subject animals were adults when 

treated, a novel developmental process is unlikely, and it appears that simple addition of L-opsin protein 

to an existing cone that is missing this opsin class is sufficient to restore red sensitivity.  Although 

contrary to classical visual deprivation experiments in which neural connections established during early 

development would not appropriately process an input unless present from birth(89,90), this simple 

gene therapy-mediated addition of a novel opsin in an adult is an apparent exception to this concept 



and opens a range of possibilities for treating foveal cone diseases that have affected patients from 

birth. A particularly interesting target is Blue Cone Monochromacy (BCM), in which both L- and M-opsin 

genes are not functional(91) because the vector used in the color blind monkeys could in theory be used 

unmodified to treat BCM foveal cones to restore red sensitivity. 

G. NEUROTROPHIC/NEUROPROTECTIVE STRATEGIES 

1. Ciliary neurotrophic factor (CNTF) was discovered in 1979 as a survival factor for ciliary ganglion 

neurons in developing chicken embyos(92). CNTF is a member of the interleukin 6 (IL-6) family of 

cytokines and is actively expressed in response to neuronal damage(93).  The first test of CNTF as a 

neuroprotective agent for the retina was carried out in a light damage model of retinal degeneration 

where it was found to slow the progression of photoreceptor loss when delivered to the vitreous as a 

protein(94).  Subsequently, CNTF has been tested in at least 18 different animal models of retinal 

degeneration, 14 of which  showed clear evidence of neuroprotection(95). In over half of the studies, 

either adenovirus or AAV was used to deliver the CNTF gene(95). Notably, ocular side effects have been 

seen after CNTF administration.  The most common adverse effect has been an acute decrease in ERG 

amplitudes upon adminitration(96-99).  It has been postulated that these ERG changes are primarily 

caused by downregulation of the phototransduction machinery, however morphological changes to 

photoreceptors and peripheral retina may also contribute(100). CNTF treatment has been shown to 

result in changes in photoreceptor morphology (shortening of rod outer segments and regeneration of 

cone outer segments) and remodeling of the peripheral retina suggesting that it may also be a mitogenic 

and/or de-differentiating agent(97,101,102). Indeed, intravitreal injection of CNTF protein leads to 

deconstruction and regeneration of photoreceptor outer segments in normal dogs and has been found 

to improve the success rate of AAV-mediated gene replacement in a dog model of CNGB3-

achromatopsia(103).   



The most completely tested form of CNTF delivery has been the use of the encapsulated cell technology 

(ECT)(104-106).  The CNTF eluting ECT device (CNTF-ECT) is composed of a polymer scaffold containing 

human RPE cells stably transfected with plasmid DNA containing the human CNTF gene. The cell scaffold 

is contained within a hollow fiber membrane with a pore size that allows free diffusion of CNTF out 

while preventing large molecules such as antibodies from entering the device.   The implant is secured in 

the vitreous cavity outside the visual axis, and allows for in situ CNTF protein production.  Pre-clinical 

efficacy and safety studies of CNTF-ECT were carried out in the rcd1 dog, a model of arRP(105).  These 

studies showed that the device mediated a sustained release of CNTF which resulted in dose dependent 

increase in retinal survival(105).  CNTF-ECT has been evaluated in a phase I clinical trial for the treatment 

of retinal degeneration.  In this study patients with advanced RP were enrolled and treated with either a 

low dose or high dose CNTF-ECT, with the device remaining in place for a period of 6 months(107). The 

results of the trial indicated that the CNTF-ECT devices released CNTF for the duration of the 

implantation period and there were no adverse outcomes, suggesting that CNTF-ECT is safe for the 

treatment of degenerative retina.  Additionally there were indications that the CNTF treatment may 

have improved visual acuity as 3 of the 7 study eyes showed improvements of 2-3 lines of vision (10-15 

letters). However the small sample size and non-placebo controlled nature of the study prevent a 

definitive conclusion from being made. Subsequently phase II clinical trials for RP and dry age-related 

macular degeneration (AMD)/geographic atrophy (GA) were initiated.  Published results for the dry 

AMD/GA indicate that best corrected visual acuity (BCVA) was consistently stabilized in the high dose 

group relative to the low dose and sham groups, and that this was more pronounced when evaluating a 

subgroup of patients with starting BCVA at 20/63 or better(108). The same company that manufactures 

the CNTF-ECT plans to test an ECT that delivers a vascular endothelial growth factor (VEGF) antagonist in 

phase I trial for wet AMD (http://www.neurotechusa.com/ect/nt-503.asp). 



2. Glial cell line-derived neurotrophic factor (GDNF), initially found in dopaminergic neurons(109), is 

part of the transforming growth factor  (TGF) superfamily.  As a therapeutic, it was initially shown to 

promote survival of central or motor neurons(110-113) Interestingly, GDNF is also found in the 

retina(114). Frasson et al.(115)initially studied GDNF protein as a retina survival enhancing agent in the 

rd1 mouse and found that treatment led to structural and functional (ERG) improvements. 

McGee Sanftner et al. initially studied AAV-mediated expression of GDNF in the rodent retina(116). 

When regulated by the CBA promoter and delivered by subretinal AAV serotype 2, GDNF could delay 

photoreceptor degeneration in a transgenic S334ter-4 rhodopsin rat model of retinitis pigmentosa. 

Immunohistochemical studies showed that vectored GDNF localized to photoreceptor inner and outer 

segments and the RPE.  Quantitative morphometric studies showed that treatment led to enhanced rod 

photoreceptor survival.  Functionally, there was a significant improvement in rod-mediated ERG 

amplitudes.  Subsequently it was found that a similar therapy also attenuated retinal ischemia in 

Sprague-Dawley rats and ameliorated photoreceptor injury due to retinal detachment(117). Thus, GDNF 

gene therapy protected the rat retina from multiple genetic, physiological and physical insults, likely by 

preventing retinal cell apoptosis. 

An evaluation of the long term safety of intravitreally delivered AAV2-GDNF in rat retina showed that 

one year after vitreal vector, there was no abnormality in retinal thickness, no decreases in ganglion cell 

counts or evidence of immune cell infiltration in treated eyes relative to untreated controls(117). There 

were also no statistical differences in rod mediated a- and b-wave ERG amplitudes or latency between 

treated and control eyes.  Thus, long-term expression of vectored GDNF within the eye can not only be 

achieved by intravitreal AAV vector, but appears to be safe immunologically, structurally and 

functionally for photoreceptors and RGCs for a significant fraction of a rat’s life.   



In addition to promoting photoreceptor structure and function, GDNF has also been shown to enhance 

more direct gene replacement therapy in retinal disease.  Buch et al. (2006) reported that AAV-mediated 

GDNF expression improves gene replacement therapy in several rodent models of retinal 

degeneration(118). Additionally, it was shown that GDNF did not lead to the transient ERG suppression 

seen with CNTF gene therapy(97). Thus, GDNF gene therapy not only slows retinal degeneration but 

combination GDNF/gene replacement therapy may prove to be more therapeutic than simple single 

gene therapies.  Issues regarding whether this sort of dual gene therapy would raise regulatory issues in 

a clinical setting remain to be resolved.  

One disappointing feature of GDNF gene therapy, and neurotrophic factors in general, is that retinal 

degeneration is not permanently halted and eventually the degenerative process leads to loss of retinal 

cells and hence loss of GDNF, most likely because the underlying degenerative mechanism has not been 

dealt with, except in the case dual gene therapy discussed above.  An alternative that may promote 

longer lasting GDNF therapy is to express it from cells not directly involved in the degenerative process.  

Vitreal delivery of vector to transduce RGCs is one possibility, but transduction of Muller glial cells 

whose cell bodies span the entire retinal thickness, naturally secrete neurotrophins and come into close 

proximity to photoreceptors is a more attractive possibility(119).  Accordingly, Klimczak et al. identified 

an AAV variant (ShH10) that was able to selectively transduce Muller glial when delivered intravitreally 

in the rodent(120).  When tested in transgenic rats with a well characterized retinal degeneration due to 

a S334ter mutation in rhodopsin, ShH10-mediated GDNF secretion from glia led to high intra-retinal 

GDNF levels, to preservation of photoreceptors and improved rod  ERG amplitudes for at least 5 months 

relative to untreated eyes(121). Longer term follow up will be necessary to fully assess whether this 

approach is superior to transduction of photoreceptors or RGCs, however the ability to enhance GDNF 

levels from a natural retinal cell reservoir that is not involved in most degenerative genetic retinal 

diseases suggest it is a promising therapeutic approach for a wide variety of retinal degenerations.   



3. X-linked inhibitor of apoptosis (XIAP) is a key member of the gene family of apotosis inhibitors(122).  

XIAP exerts its effect by binding to and suppressing caspases 3, 7, and 9(123)and is a promising reagent 

for treating degenerative diseases involving apoptotic cell death(124). AAV- delivered XIAP has been 

studied in the context of retinal cell loss resulting from both physical and chemical insult as well as for 

loss due to genetic origin.  The benefit of XIAP gene therapy has been reported for retinal ischemia, 

retinal hypertension, chemotoxic retinal insult, oxidative retinal stress, and models of RP.  Additionally it 

has been tested as an adjuvant for retinal cell transplantation therapy and for gene replacement therapy 

in genetic models of retinal disease.  

Retinal ischemia, either acute or prolonged is at the heart of the pathology leading to vision loss in a 

variety of conditions that include acute glaucoma, diabetic retinopathy, hypertensive retinopathy and 

retinal vascular occlusion. As XIAP-mediated gene therapy protects neurons from apoptosis, Renwick et 

al. tested whether AAV- delivered XIAP would preserve retinal cells following ischemia-induced cell 

death in normal rats(125). AAV2-CBA-XIAP was delivered vitreally and 6 weeks later XIAP-treated and 

control GFP vector-treated eyes were made ischemic by raising intraocular pressure. ERG studies 

showed that XIAP-treated eyes maintained significantly larger rod mediated b-wave amplitudes than 

GFP vector-treated eyes for up to 4 weeks post-ischemia. Both the inner and outer nuclear layers were 

significantly better preserved in XIAP vs. control vector-treated eyes. Optic nerve axon counts, a 

measure of inner retinal RGC survival, was near normal in XIAP-treated eyes and significantly reduced in 

controls. This was confirmed by fewer TUNEL-positive inner retinal cells seen in XIAP-treated retinas. 

Transient ischemic retinal cell damage can therefore be ameliorated by XIAP gene delivery and leads to 

both functional and structural benefit, at least in the short term(125).   

Sustained intraocular pressure (IOP) is a primary cause of glaucoma, a prevalent and blinding retinal 

disease involving the loss of RGCs in response to abnormal pressure regulation. This condition can be 



modeled in animal models by blocking the normal ocular aqueous outflow apparatus of the trablecular 

meshwork.  AAV2-CBA-XIAP, when delivered to the vitreous of normal rats, transduces cells of the TM 

and cilliary body(126).  Subsequent to XIAP vector delivery, eyes were exposed to chronic intraocular 

pressure elevation by blocking TM-mediated ocular fluid outflow.  At six months, optic nerve axon 

counts were performed to determine the neuroprotective effects of vectored XIAP in comparison with 

normal pressure eyes and control vector treated eyes.  XIAP treatment was found to reduce RGC loss by 

50%.  Although XIAP mediated protection of RGCs from apoptotic cell death clearly played a role in this 

therapy, vector pretreatment also unexpectedly lowered the level of elevated IOP.  This suggests that in 

addition to directly protecting RGCs, XIAP may also play a positive role in protecting TM cells from 

induced apoptosis. Thus XIAP mediated protection of RGCs in the inner retina, perhaps involving 

simultaneous protection of cells controlling aqueous outflow, shows promise as an approach for 

pressure related glaucoma.  Additional studies in other glaucoma models seem warranted. 

XIAP has also been evaluated for its ability to protect the retina against chemotoxic insult. Petrin et al. 

evaluated the neuroprotective effects of AAV-delivered XIAP against N-methyl-N-nitrosourea (MNU)-

induced retinal toxicity in Sprague-Dawley rats that were injected subretinally with either AAV2-CBA-

XIAP or the corresponding control vector with a GFP transgene(127). Six weeks post-treatment, rats 

received an intraperitoneal injection of MNU at a retinotoxic dose of 60 mg/kg. Real-time PCR and 

Western analysis confirmed XIAP over-expression in vector treated eyes.  ERG analysis demonstrated in 

vivo protection of retinal function from MNU toxicity.  At 24 hours post-MNU treatment, TUNEL analysis 

showed significantly fewer photoreceptors experiencing apoptosis in XIAP-treated vs. control eyes.  

Histological analysis of control vector treated photoreceptors showed their near complete loss 72 hours 

after MNU.  In contrast, XIAP treated eyes showed clear photoreceptor cell preservation throughout the 

full 7 day sampling period. These results suggested that XIAP is protective against this potent 



chemotoxic agent that may be modeling the slower apoptotic processes taking place in genetically 

determined retinal disease.  

Retinal detachment, physical separation of the retina from the underlying RPE, is a common form of 

retinal trauma and is a significant cause of visual loss(128,129), particularly if it encompasses macula. 

Photoreceptors are the principle cell type sustaining injury upon retinal detachment and undergo rapid 

apoptotic cell death(128,130).In animal model studies, detachment initiated apoptosis begins within one 

day and is maximal at 3 days(129,131). Hence, XIAP, as a potent inhibitor of the key caspases that 

initiate and maintain apoptosis, is a natural therapeutic candidate.  Zadro-Lamoureux et al (2009) 

documented the protective effects of AAV2-CBA-XIAP when delivered subretinially two weeks before 

experimental retinal detachment in normal rats(132).  One day after detachment in control AAV-GFP 

treated eyes, caspase 3 and 9 activities increased measurably in the detached areas.  In contrast, AAV-

XIAP-treated detached retinas had caspase levels near that seen in undetached controls. At 3 days post-

detachment, TUNEL assays in XIAP-treated detachments showed a reduction in apoptotic 

photoreceptors relative to control treatment.  Two months post-detachment, immunohistochemistry 

demonstrated that, within regions of vector-mediated XIAP expression, rod cell bodies were preserved 

whereas significant ONL cell loss had occurred in control, detached retinas. The challenge will be to 

develop a system for expressing XIAP sufficiently rapidly after a retinal detachment to be therapeutic in 

the face of rapid photoreceptor apoptosis in the clinic.  This will be a challenge for any vectored gene 

expression system and suggests that protein therapy may be a better option currently. 

Intracellular damage due to oxidative stress in the retinal pigment epithelial (RPE) is thought to play a 

critical role in the pathogenesis of AMD and other degenerative retinal diseases(133,134). Shan et al. 

assessed whether human XIAP delivered by an AAV2 vector could prolong survival of cultured human 

RPE cells after oxidative insult due to H2O2 exposure(135). Upon H2O2 exposure, ARPE-19 cells exhibited 



an increase in levels of reactive oxygen species relative to control conditions. AAV-XIAP treated cells had 

XIAP levels 11 times higher than controls and significantly fewer apoptotic nuclei by TUNEL staining.  

Mitochondrial dysfunction, a central initiator of the apoptotic pathway, was only slightly reduced in 

treated cells, consistent with XIAP’s role primarily in the downstream caspase- mediated steps in 

apoptosis. It remains to be seen how XIAP will affect more chronic types of oxidative stress such as 

smoking, chronic low level inflammation and light exposure that are risk factors in a variety of retinal 

diseases. 

XIAP has also been evaluated for its ability to augment retinal cell transplantation.  Neonatal cells from 

the mouse retina can be transplanted into adult mouse outer retina(136) with a small fraction able to 

survive, express rod and/or cone specific proteins, elaborate outer segments, make synaptic 

connections with the inner retina, mediate ERG responses to light stimuli and rescue a degenerating 

retina to at least a limited extent(137-139). A major issue with this strategy for restoring retinal function 

is that the transplanted cells frequently lose viability within a few weeks or months.  As a potential 

means of enhancing cell transplant survival in the retina, vector-mediated XIAP pretreatment of donor 

cells was tested by Yao et al. in a model for X-linked RP, the rd9 mouse(140). Retinal cell suspensions 

from normal postnatal day 4 GFP transgenic mice were subretinally transplanted into 2-, 5-, and 8-

month-old rd9 mice.  GFP-positive transplanted cells integrated into the ONL of recipient rd9 retinas, 

developed inner and outer segments and elaborated synaptic projections to bipolar cells. The efficiency 

of donor cell integration increased with host age at the time of transplantation with the integrated cell 

count peaking at one month post-transplantation and decreasing thereafter. When donor cells were 

treated with AAV-XIAP prior to transplantation, donor cell survival was significantly enhanced.  This was 

not due to avoidance of any immune-mediated processes since no donor cell-specific immune responses 

were noted.  Hence, retinal cell transplant efficiency can be increased through XIAP-mediated anti-



apoptotic therapy, presumably by preventing programmed cell death, thus suggesting that ex vivo XIAP 

gene therapy may be an important adjunct to therapeutic retinal cell transplantation in the future. 

Clearly, XIAP gene therapy has potential for prolonging photoreceptor survival in the face of apoptotic 

cell death in degenerative retinal diseases of the outer retina, RP being the prime example(141). 

Leonard et al. asked whether  XIAP could slow photoreceptor degeneration in several rodent models of 

RP(142).  HA- tagged XIAP in an AAV2-CBA-XIAP vector was delivered subretinally on postnatal days 14-

17 to either the P23H or S334ter rhodopsin rat models of autosomal dominant RP.  In both, western 

blots and immunostaining of retinal sections confirmed XIAP overexpression in photoreceptors.  Analysis 

of outer nuclear layer thickness, a measure of photoreceptor cell bodies, was also significantly enhanced 

by XIAP treatment in both models. However, ERG analysis showed significant preservation of the rod-

mediated responses out to 7 months post-treatment only in the P23H line but not in the S334ter line.  

This may suggest limitations to XIAP gene therapy depending on the mechanism leading to cell death 

since P23H rhodopsin is thought to lead to rod cell death via protein misfolding(143) whereas S334ter 

rhodopsin accumulates in the plasma membrane due to incorrect trafficking(144,145). Although data 

show that vectored XIAP expression is able to protect photoreceptors at some level in two models of 

autosomal dominant RP, it will be important to more completely confirm the potential of XIAP gene 

therapy in a broader range of genetically determined retinal disease models. 

Since XIAP gene therapy shows protective effects in a broad range of genetic and toxic contexts within 

the retina, particularly for photoreceptors, it is logical to ask whether XIAP treatment can prolong the 

window of treatability for gene replacement therapy for models in which simple supplementation with a 

normal gene is already known to be therapeutic. Rd10 mice, an autosomal-recessive model of RP caused 

by a point mutation of the Pde6b gene(49), undergoes rapid photoreceptor degeneration in normal 

ambient light conditions(51) but is responsive to gene replacement therapy if treated early with the 



mice maintained under low light conditions(51,52). Accordingly, Yao et al. analyzed rd10 eyes after 

pretreatment with AAV5-CBA-XIAP(140).  Subretinal AAV5-XIAP at postnatal days 4 or 21 significantly 

delayed light-induced retinal degeneration, as measured by outer nuclear thickness and cell counts.  In 

contrast, under normal vivarium light, AAV5-XIAP alone did not improve outer segment structure or 

correct the rhodopsin mislocalization.  In contrast, co-injection of AAV5-XIAP and AAV5-PDEβ increased 

levels of rod rescue and decreased rates of retinal degeneration compared to treatment with AAV5-

PDEβ alone.  Mice treated with AAV5-XIAP at P4, but not P21, remained responsive to rescue by AAV5-

PDEβ when injected two weeks after moving them to a normal intensity cycling light environment.  

Thus, anti-apoptotic XIAP gene therapy confers an adjunctive therapeutic effect to gene replacement 

therapy in the rd10 mouse.  Critically, when given early, AAV5-XIAP prolongs the age window within 

which gene-replacement therapy remains effective.  If this approach can be shown to apply to a range of 

genetic retinal diseases, it could be a novel approach for clinical disease, particularly in those conditions 

for which there is no current gene replacement therapy or the causative gene is presently unknown.   

4. Erythropoietin (EPO) is a cytokine produced in the adult kidney that is classically known for 

stimulating erythropoiesis (proliferation and differentiation of erythroid progenitor cells), a process 

stimulated by hypoxia.  However, EPO has several other functions including positive roles in 

neuroprotection, anti-inflammation and regeneration(146) as well as protection of neurons following 

acute or chronic injury(147,148). While erythropoiesis is promoted by interaction of EPO with the EPO 

receptor (EPOR2), non-erythropoietic functions are mediated via interactions with other poorly 

characterized EPOR complexes(149-154). The beta common receptor (CR) has been shown to interact 

with EPOR and play a role in EPO-mediated neuroprotection(155-159). Both EPOR and CR are 

expressed in the retina, primarily in ganglion cells, inner retinal neurons and some photoreceptors(160). 

Harnessing EPO’s ability to cross the blood retina barrier, studies have shown that systemically-delivered 

EPO protects against light damage, certain inherited retinal degenerations, ischemic injury and 



glaucoma(161-165). More direct, intraocular delivery of EPO protects RGCs from axotomy- induced 

degeneration and experimental glaucoma and prevents apoptosis in models of light-induced and 

inherited retinal degeneration and diabetes(166-169). While the majority of these studies involved 

repeated injections of recombinant EPO protein, four utilized AAV to deliver EPO resulting in sustained 

expression of the therapeutic(160,162,170,171).  

Despite its protective effects, systemic delivery of EPO is associated with significant hematocrit 

increase(147,162). Non-erythropoietic EPO derivatives (EPO-D) have been engineered which are 

neuroprotective and do not cause significant hematocrit changes. AAV-mediated delivery of such EPO-D 

constructs prevents neuronal loss following either systemic or intraocular delivery to various models of 

induced or inherited retinal degeneration(160,170,171). These studies suggest that the level of 

protection conferred is dependent on the specific EPO or EPO-D construct delivered, the route of 

injection and the etiology of degeneration in the treated animal. Taken together, data suggests that 

AAV-mediated delivery of EPO-D has the potential to safely treat of a wide variety of retinal 

degenerations.  

H. OPTOGENETIC STRATEGIES 

 

The Chlamydomonas reinhardtii algal protein channel rhodopsin-2 (ChR2) is an ion channel that opens in 

response to specific wavelengths of light(172-175). If expressed in mammalian neurons, light-activated 

ChR2 allows cation influx, membrane depolarization and neuronal signaling. ChR2 could in theory 

therefore, through targeted gene delivery, allow externally regulated control of one class of neural 

signaling(176). This concept has led to an active field of research aimed at restoring useful light 

sensitivity to degenerated retinas in animal models that have lost photoreceptor mediated light 

responses.  



AAV-mediated expression of ChR2 or other light sensitive channels has been shown to restore function 

to rodents that have lost light responses due to either genetic or physical causes of photoreceptor cell 

loss.  Bi et al. showed that expression of ChR2 in the murine retina via intravitreal AAV2 vector led to 

long-term transgene expression primarily in RGCs(177) of the rd1 mouse that lacks photoreceptors 

within a month after birth. Vector treatment restored the rd1 retina’s response to light and its ability to 

encode and transmit light-induced signals to the visual cortex by showing improved visually evoked 

cortical potentials (VEPs). Tomita et al. employed a similar AAV2 approach, this time expressing a Ch2R-

Venus reporter gene fusion, to treat late-stage RCS rats homozygous for a mutation in the Mertk gene 

that leads to RPE dysfunction and photoreceptor cell death(178).  Venus fluorescence was seen 

predominantly in RGCs upon vitreal vector delivery, but also in some presumptive amacrine cells. VEPs 

elicited by chromatic light flashes and recorded from the visual cortex at various periods of time after 

vector injection showed that a stable, but only partial cortical response was restored.  Subsequently, it 

was also shown that behavioral responses to a moving image stimulus, the optokinetic response, in 

these treated rats also improved significantly(179).  Additionally, when the ChR2, under regulation of 

the Thy1.2 promoter, was targeted exclusively to RGCs in transgenic rats and photoreceptors ablated by 

continuous high intensity light exposure, the optomoter contrast sensitivity response was similar to that 

in non-transgenic rats with a normal functioning retina(180).  

 

Recently, vectored retinal expression of Ch2R studies have been extended to the nonhuman primate.  

Ivanova et al. examined AAV2-mediated expression of a fusion construct in inner retinal neurons in the 

common marmoset Callithrix jacchus following intravitreal injection(181).   Expression of ChR2-GFP and 

functional properties of transduced ChR2 were examined 3 months after treatment.  The retinal 

expression pattern ChR2-GFP was topographical and age-dependent with the highest fraction of positive 

RGCs seen in the far-peripheral retina and in the foveal and para-foveal region. In young animals 



receiving high vector doses, all major classes of RGCs were transduced when the CBA promoter was 

used. ChR2-mediated light responses by multielectrode recordings of ex vivo transduced retinas were 

consistent with spiking being initiated by light activated Ch2R(181). Thus, the primate retina also seems 

amenable to optogenetic manipulation. 

 

The safety of expressing ChR2 in retinal neurons has been indirectly confirmed in the above studies in 

mice(176,177,182,183), since there were are no changes in resting membrane and activation potentials 

in RGCs when transduced with ChR2 for at least two years.  Ivanova and Pan(184) and Sugano et al.(185) 

then specifically studied the safety of vitreal AAV2- ChR2 in normal mice at different delivered doses and 

in the RCS rat. Transgene expression was stable for up to 18 months and seen mainly in RGCs and retinal 

amacrine cells with ChR2-GFP under control of the promiscuous CBA promoter. Neither delivered vector 

dose, illumination conditions, or fraction of inner retina cells positive for ChR2-GFP had any effect on the 

density or survival of the RGC or amacrine cell populations.  Doroudchi et al. also studied nonocular 

toxicity measures in rd1 mice after targeting ChR2 to bipolar cells and found its expression to be 

nontoxic, with no measurable immune or inflammatory response for at least 10 months(186).    

 

This body of work establishes that ChR2 expression primarily in RGCs when excited by the proper 

wavelengths of visible light, is safe and can restore some physiological and visual responses in blind 

rodents.  An alternative to targeting RGCs with light activatable channel proteins is to target cone 

photoreceptors because they are typically the last photoreceptor cell type to be lost in many forms of 

inherited blindness and cones mediate high acuity central vision originating in the primate fovea.  The 

issue in this context is that the introduced light sensitive channel must close rather than open like ChR2 

in response to light in order to mimic the hyperpolarization experienced by cones upon photon 

absorption. Archaebacterial halorhodopsin possesses these properties(187,188). Zhang et al. and 



Busskamp et al. tested its effect when delivered by a cone-targeted AAV vector in two mouse lines 

modeling relative cone preservation in the context of rod loss: the Cnga3–/–; Rho–/– double-knockout 

mouse with rod degeneration followed by slow cone degeneration(189), and the and rd1 mouse, also 

used above, with rapid rod degeneration and relative early cone sparing(190).  Using cone specific 

promoters(85,191,192), expression was targeted to residual cone inner segments even when their light 

sensing outer segments had been lost.  Through transmission of transduced cone signals to the inner 

retina, treatment elicited appropriate spiking activities in a variety of RGC subtypes and improved 

visually guided behavior and optokinetic performance relative to untreated controls. Thus, restoring a 

light response to cones in a degenerating retina is clearly feasible.  However, its clinical applicability is 

likely to be very context dependent since the rate of loss and level of residual cone function is quite 

variable among different retinal genetic diseases and even among patients with the same genetic 

disease. Additionally, this outer retinal optogenetic gene therapy approach would in theory not slow the 

loss of cones in a degenerating retina and therefore may be of shorter term benefit to the patient than 

inner retinal cell optogenetic therapy.     

 

A second alternative to transducing ganglion cells is to target bipolar cells, an upstream component of 

the neural pathway between photoreceptors and the primary visual cortex.  This approach has the 

potential advantage of allowing the remaining interneurons in a degenerated retina to process bipolar 

cell light-elicited spike trains in a more normal manner than is possible from ChR2-transduced RGCs.  

Doroudchi et al.(186) report targeting mouse bipolar cells with ChR2 using a mGRM6 ON bipolar cell 

promoter(193) within a capsid mutated AAV2 vector that is known to penetrate multiple retinal 

layers(194).  Targeted bipolar cell expression led to ChR2-mediated, postsynaptic RGC ON 

electrophysiological responses in three mouse models of photoreceptor cell loss and genetic blindness.  

Positive effects persisted for at least 10 months.  This response was accompanied by a significant 



improvement in water maze performance, a visually-guided behavioral test, relative to untreated, 

affected mice. However, the light intensities required to elicit improved visually guided behavior were at 

the very high end of the normal range response and may themselves be ultimately toxic.  Thus new 

generations of optogenetic reagents are being developed that respond at lower light intensities (see 

below). A remaining issue is whether the progressive changes seen in bipolar cell-inner retinal neuron 

connectivity as retinal degeneration advances(195)will compromise the fidelity of this bipolar cell 

approach to optogenetic therapy. 

 

Although ChR2 has been largely successful in restoring light sensitivity to degenerated retinas, several 

suboptimal physical properties including its requirement for very high light intensity to elicit efficient 

activation and its slow return to the inactive state have prompted the development of alternative light 

sensitive channel proteins. These and other unresolved issues related to optimizing the optogenetic 

approach to restoring light sensitivity to a late stage degenerated retina have been recently reviewed by 

Busskamp et al.(196).  One option under current study is an iGluR6 receptor protein that has been 

altered in vitro at residue 439 substituting a cysteine for a leucine. This allows covalent attachment of a 

photoswitch which reversibly activates the receptor(197,198). This novel light-activated channel, termed 

LiGluR, contains a maleimide linked to a glutamate through a photoisomerizable azobenzene linker, 

together termed “MAG”.  At one wavelength, light absorption orients the glutamate into the receptor 

binding pocket leading to ion channel opening, and at a different wavelength, the glutamate is moved 

out of the pocket thus closing the channel.  This enables the wavelength of incident light to modulate 

LiGluR between open and closed configurations. Employing a vitreal AAV2-LiGluR vector to transduce 

RGCs of adult in photoreceptorless rd1 mice, Caporale et al. restored light sensitivity to RGCs in vitro in 

whole mount retinas(199).  In vivo, the primary visual cortex response to light on the retina and the 

pupillary constriction in response to bright light were also restored.  These results suggest that 



engineered light-activated channels may have a future in restoring visual function in patients who have 

retinal lost light sensing function. 

 

I. ANTI ROS/OXIDATIVE STRESS THERAPIES 

Damage from reactive oxygen species (ROS) has been implicated in diseases of the retina ranging from 

glaucoma to macular degeneration. The high oxygen tension of the retina places photoreceptors at 

elevated risk of oxidative damage especially as endogenous levels of antioxidant protection diminish 

with aging.  Cone photoreceptors are particularly sensitive oxidative stress(200,201).  In diabetic 

retinopathy, reactive oxygen species are thought to be the link between elevated glucose and diabetic 

complications(202,203). Oxidative damage to the RPE may also be an initiating factor in age related 

macular degeneration(133,204-206).   

The importance of enzymes such as superoxide dismutase (SOD) and catalase (CAT) in protecting the 

retina from oxidative damage has been established using knockout and transgenic mice to either reduce 

or increase the levels of specific enzymes.  Campochiarro’s group has demonstrated that cones can be 

protected from degeneration by over-expression of SOD1 (which encodes the cytoplasmic Cu/Zn SOD) 

provided that glutathione peroxidase 4 (Gpx4) is also elevated, to deal with the excess production of 

hydrogen peroxide(207).  Elevation of CuZnSOD alone increased oxidative damage and accelerated the 

loss of cone function in the rd10 model of retinal degeneration. Similarly co-expression of SOD2 

(mitochondrial manganese SOD) and CAT protected rd10 cones, where over expression of each gene by 

itself did not(201).  

Gene transfer methods have also documented the importance of such enzymes in animal models of 

ocular disease.  Experimental autoimmune encephalomyelitis (EAE) is often used as an animal model for 

studying the pathogenesis of multiple sclerosis (MS).  In both MS and EAE, demyelination and neuronal 



loss play key roles in irreversible loss of function and disability. In a mouse EAE model, Qi et al. found 

that intravitreal injection of AAV2 expressing SOD2 in retinal ganglion cells increased SOD2 levels two-

fold in the optic nerve, reduced the loss of myelin fibers by 51% and the loss of retinal ganglion cells 

(RGC) by 400%.  Overall, vector treatment limited ganglion cell axonal loss to just 7% at 1 year(208). The 

same group also tested a combination of SOD2 and CAT delivered by separate AAV2 vectors and 

observed long term suppression of neuronal and axonal loss in EAE. 

In diseases such as closed-angle glaucoma(209) and diabetic retinopathy(210)retinal ischemia leads to 

visual impairment. Using a mouse model of retinal ischemia via acute elevation of intraocular pressure 

followed by reperfusion (I/R), Chen et al.(211) found that liposome-based delivery of SOD2 or CAT 

significantly reduced levels of superoxide ion, hydrogen peroxide, and 4-hydorxynonenal, a marker of 

lipid peroxidation. Delivery of SOD2 or CAT inhibited the I/R-induced apoptosis of retinal vascular cell 

and retinal capillary degeneration.  While this was a short-term experiment, it shows promise for 

treating the long term retinal complications of diabetes provided an efficient method delivering genes to 

the retinal vasculature can be found. Using a similar model for glaucoma, Chen and Tang recently 

reported that AAV delivery of CAT also protected retinal ganglion cells from I/R injury(212). 

Abnormal neovascularization is also associated with localized neuronal death in conditions such as 

retinal angiomatous proliferation and macular telangiectasia.  Mice lacking functional receptors for Very 

Low Density Lipoprotein (VLDL) display abnormal intra- and sub-retinal neovascularization associated 

with photoreceptor cell death(213). These mice exhibit increased oxidative stress as demonstrated by 

acrolein accumulation in the photoreceptor layer. Dorrell  et al. used AAV2-mediated gene transfer of 

Neurotrophin-4 driven by the GFAP promoter to transduce retinal Muller glial cells.  This neurotrophic 

factor protected photoreceptors from degeneration in this model as evidenced by elevated levels of 

rhodopsin and an improved ERG response in treated eyes.   



Choroidal neovascularization (CNV), the abnormal growth of blood vessels from behind the retina, is the 

central pathologic feature of “wet” or neovascular age related macular degeneration (AMD). While 

oxidative stress has long been implicated as an initiating event in AMD, Li et al. (214) tested the 

hypothesis that reactive oxygen species are involved in the late, neovascular stage of this disease.  

NAPDH oxidase (NOX) is the major non-mitochondrial source of superoxide radicals.  These authors first 

demonstrated that NOX is expressed in the retinal pigment epithelium (RPE), and, then, they used 

subretinal injection of AAV2 expressing a small hairpin RNA targeting the p22phox subunit common to 

all NOX isoforms.  80% reduction in the level of this subunit in the RPE led to a 3-fold reduction in laser 

induced CNV. Haruta et al.(215) have used a Cre-lox system to specifically delete the Rac-1 subunit of 

NADPH oxidase in photoreceptors, and they report that these photoreceptors are normal with respect 

to the ERG response and therefore protected against light induced injury. 

J. CURRENT ISSUES/FUTURE DIRECTIONS 

For its success in the clinic and a multitude of proof-of-concept studies in animal models, AAV has 

emerged as the optimal vector for the treatment of retinal disease.  Despite its remarkable success, 

AAV-mediated ocular gene therapy is not without its hurdles. The three main obstacles currently faced 

by ocular gene therapists are the fidelity of results across species, the ability to safely transduce outer 

retina (i.e. avoid potential surgical trauma of subretinal injection) and the relatively small packaging 

capacity (~5 kb) of the vector system.  

1. Fidelity across species. The most common animal model used in proof-of-concept ocular gene 

therapy studies is the mouse. It is within this species that an innumerable amount of therapeutic cDNAs, 

promoters and AAV vector serotypes have been tested. However, many differences exist between man 

and other mammals, including but not limited to overall eye size, the existence of a fovea, and the 

thickness of nerve fiber layer and inner limiting membranes(216-219). In addition, the biochemical 



makeup of retinal cells differs across species. These differences make viral vector transduction studies in 

mouse a sporadic predictor of transduction in humans. Thus far, only a handful of studies have been 

conducted which address AAV tropism or promoter activity in higher order species. A summary of the 

transduction profiles of these vectors across species can be found in Supplemental Table 1. 

With a focus on outer retina, AAV2, AAV5, AAV7, AAV8 and AAV9, rh.8R and rh64R1 have been tested 

for their ability to transduce photoreceptors following subretinal injection in dogs and/or NHP. 

Collectively, results show that all serotypes effectively transduce both rods/cones and RPE in these 

species, a pattern identical to that found in rodent. Of these serotypes, the two which transduced NHP 

foveal cones most effectively were AAV9 and rh.64R1. However, these serotypes failed to efficiently 

transduce cones in the parafovea.  (220) (221). In contrast (despite their lack of fovea), no differences in 

efficiency of cone transduction following subretinal injection of these serotypes has been observed in 

rodent retina.  On the other hand, AAV5 transduction across species appears to be more similar. AAV5 is 

known to transduce both foveal and parafoveal cones following subretinal injection in the non-human 

promate(84,222,223) and AAV5 has been used  to deliver long wavelength opsin to cones thereby 

conferring trichromacy to a previously dichromatic male squirrel monkey (see above)(222). AAV5 has 

also been used successfully in proof of concept studies in a canine model of CNGB3-achromatopsia(224). 

More obvious discrepancies have been uncovered following AAV delivery to the inner retina. A recent 

study showed that AAV2 is capable of transducing ganglion and Muller cells within, but not outside the 

fovea following intravitreal injection into the macaque eye(225). This result differs from the widespread 

transduction of inner retina found in intravitreally injected rodents(226,227) and is thought to be 

attributed to the physical barriers such as the relatively thick inner limiting membrane seen in the 

primate retina.  



Differences in promoter activity have also been documented across species. For instance, the human 

rhodopsin kinase promoter has exclusive activity in both rods and cones of the rodent retina(31) but 

drives transgene expression exclusively in rod photoreceptors of the canine retina(36). This difference is 

likely due to a species-specific difference in expression of G-protein coupled receptor kinases in rods and 

cones. GRK1 is expressed in rods and cones of mice and rats, but is only found in rods of the canine 

retina(228). Desensitization of cones in these species is modulated by GRK7, a cone-specific 

isoform(228). In monkey and human retinas, GRK1 is localized to rods but is also co-expressed with 

GRK7 in cones(228). Preliminary data indicates that this promoter is active in both rod and cones of 

NHP(223). Species differences have also been found following delivery of AAV vectors containing the 

human L/M opsin (PR2.1) promoter. This promoter is active in all cones (and some rods) of the murine 

retina but its activity is restricted to L/M cones of both canine and NHP retinas. The ubiquitous “small 

CBA” (smCBA) promoter is a truncated form of the “CBA” (chicken beta actin promoter/cytomegalovirus 

enhancer) promoter. Both smCBA and CBA have identical activity in retinal cells of the rodent retina. As 

such, the smaller smCBA promoter is attractive for use in conjunction with large transgenes and has 

been used in multiple proof of concept studies(229,230). Interestingly, in the context of intravitreally-

delivered AAV2, a recent study showed that CBA, but not smCBA, drove transgene expression in inner 

retinal cells of the monkey(225). Reasons for this remain to be elucidated.  

2. Transducing outer retina via the vitreous. The majority of retinal degenerations are known to be 

associated with mutations in genes expressed in photoreceptors and/or RPE. The ability to target these 

cell types with AAV vectors via the vitreous, thereby avoiding the potential trauma associated with 

subretinal injection, would represent a significant advancement in the field (see Supplemental Figure 1 

for schematic of administration routes). By mutating tyrosine residues on AAV vector capsids that 

improve the transduction efficiency, increase the kinetics and enhance the penetration ability of this 

vector system, Srivastava and colleagues have brought us closer to realizing this goal(223,231-233). 



Recent studies show that single or multiple mutations on the capsid surfaces of AAV2, AAV8 and AAV9 

result in altered transduction characteristics in murine retina relative to standard AAV serotypes, with 

some exhibiting the ability to express transgenes in the outer retina following intravitreal 

delivery(194,223,233,234). Alternatively, directed evolution using large mutant capsid libraries to select 

for AAV variants with enhanced properties has also been used to isolate vectors with enhanced retinal 

penetration(235). Despite these encouraging results, the structural differences between mouse and 

primate retina must be considered. Characterization of these ‘enhanced’ serotypes in the non-human 

primate retina should precede clinical application.  

3. Packaging large genes. Recently, multiple groups responded to the assertion that AAV vectors were 

capable of packaging ~9 kb of genetic information(236). They determined that the packaging of large 

DNAs initiates primarily from the 3’ end of DNA single strands and proceeds until the AAV capsid 

reaches capacity (~5 kb). Resultant vector DNAs are therefore heterogeneous in length and truncated at 

their 5’ ends(237-239). Full-length large gene reconstruction occurs from these incomplete, opposite 

polarity cDNAs post-infection. To avoid this heterogeneity, dual AAV vector systems with definable 

genetic content have been developed that have potential for clinical application (Supplemental Figure 

2).  

In the “dual overlap” platform, two independent AAV particles are produced, each carrying a portion of 

an intact expression cassette. A promoter and N’ terminal portion of the transgene are packaged into a 

front-half vector and the C’ terminal portion of the transgene and polyA addition sequence are packaged 

into the back-half vector. Each vector contains both 3’ and 5’ ITRs and a central region of shared DNA 

sequence. Homology in this shared DNA sequence promotes homologous recombination post-infection 

and reconstitution of full-length transgene(240,241).  Concomitant with the first reports of “dual 

overlap” vectors, “trans-splicing” AAV technology surfaced(242,243). “Trans-splicing” vectors are 



designed such that the front-half vector contains a promoter, the N’ terminal portion of the transgene, a 

splicing donor and both ITRs. The back-half vector contains a splicing acceptor, the C’ terminal portion of 

the transgene, the polyA addition sequence and both ITRs.  Upon co-infection, ITR-mediated 

recombination and subsequent RNA splicing of the recombinant transcript occurs leading to production 

of full length protein. To improve upon “dual overlap” and “trans-splicing” vectors whose efficacy 

depends on the recombinogenic nature of the transgene and/or the efficiency of its endogenous splicing 

signals, a generic vector system has been developed which is independent of the target gene(244) . Such 

“hybrid vectors” containing a recombinogenic portion of the alkaline phosphatase (AP) gene and splicing 

signals (splice donor and splice acceptor) promote AP sequence-mediated homologous recombination 

and reconstitution of full-length gene product. A small fraction of these vectors also undergo traditional 

head-to-tail vector ITR-mediated recombination, after which the splicing signals remove the ITR junction 

and reconstitute the full length transgene(244). “Hybrid vectors” have demonstrated therapeutic 

relevance in a mouse disease model(244). Most recently, “oligo-assisted vectors” were developed. 

Investigators suggested that this technology could be adjunctive to the aforementioned dual vector 

platforms.  “Oligo-assisted” vectors bias concatemerization of partial cDNAs and eliminate the inhibitory 

ITR junction(245). Using a single-strand oligonucleotide complementary to  distinct regions of the cDNA 

fragments of interest, the orientation of AAV concatemerization can be directed resulting in expression 

levels approaching that of a conventional sized single vector system(245).  All dual vector platforms 

described herein have proven valuable for full-length, large-gene reconstruction via concatemerization 

of distinct genomes delivered by separate capsids and have promoted a paradigm shift in AAV-mediated 

gene therapy by presenting the opportunity to treat retinal diseases associated with mutations in genes 

with coding regions larger than 5kb.  

In summary, taken together, the large body of preclinical efficacy and safety data now available in a 

wide variety of animal models of retinal diseases coupled with the emergence of multiple early stage 



gene therapy clinical trials for several genetic forms of retinal degeneration and recent  advancements in 

our understanding of how to more efficiently and safely target gene delivery to specific subsets of 

retinal cells bodes extremely well for the continued successful application of AAV vectors in the pursuit 

of therapies for genetic forms of human blindness. 
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Table 1. Transduction pattern of AAV serotypes in the retina of multiple species 
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Supplemental Figure 1. Schematic of subretinal vs. intravitreal injection routes 



 

 

Supplemental Figure 2. Dual AAV vector platforms 


