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Rescue of Sight by Gene Therapy—Closer than

It May Appear

Tonia S. Rex

F.M. Kirby Center for Molecular Ophthalmology, University of Pennsylvania, Philadelphia, USA

This review will cover the state of the field in retinal degeneration and gene therapy with a
focus on the great strides that have been made in retina gene therapy. Topics ranging from the
development of animal models to clinical trials (for the treatment of Leber congenital amaurosis,
age-related macular degeneration, and retinoblastoma) will be discussed. In addition, the results
of gene therapy studies targeting the photoreceptors will be presented. Finally, strategies and
progress in overcoming the challenges of photoreceptor-directed gene therapy will be presented.
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INTRODUCTION

The eye is an ideal system for gene therapy for several rea-
sons. The blood-retina barrier provides an immune protective
environment."> The small volume of the eye prevents diffusion
of vector resulting in a high concentration of virus at the area of
injection. And, the optically clear nature of the eye allows for
direct visualization—of the injection and the area transduced.

In some forms of retinal degeneration, the photoreceptors
die as a response to a primary defect elsewhere. Examples in-
clude: mutations in retinal pigment epithelium (RPE)-specific
transcripts [i.e., certain forms of Leber congenital amaurosis
(LCA) and age-related macular degeneration (AMD)]; neovas-
cularization (i.e.. the wet form of AMD, and retinopathy of
prematurity); and retinal detachment. Gene therapy targeted to
the RPE in order to prevent loss of photoreceptors has shown
great promise. One reason for this success is due to the phago-
cytic nature of RPE cells. They actively take up viral parti-
cles injected into the subretinal space resulting in very efficient
transduction.

The vast majority of inherited retinal degenerations are due to
mutations in photoreceptor-specific transcripts (www.sph.uth.
tmc.edu/Retnet/). In these cases it may be necessary to trans-
duce the photoreceptors directly with a viral vector carrying
the transgene of interest and a cell-specific promoter. There are
unique challenges of photoreceptor-directed gene therapy. First,
since it is impossible not to infect the RPE cells when viral
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particles are delivered by a subretinal injection, it may be nec-
essary to use a cell-specific promoter in order to result in trans-
gene expression in only the photoreceptors. Another problem
is the low efficiency of transduction to these cells. Finally, and
most importantly, under- or over-expression of some transgenes
results in photoreceptor degeneration.>* Therefore, in some
cases it may be crucial to carefully regulate gene expression
when using gene addition strategies to treat the photoreceptors
directly.

The approach for gene therapy of retinal degenerations also
depends on whether the genetic defect is autosomal recessive
(AR) or autosomal dominant (AD). The majority of progress
has been made in the arena of AR retinal degeneration, in which
gene addition is performed. In gene addition, the cells of in-
terest are transduced with a viral vector carrying the coding
sequence for the wild-type gene and/or a neuroprotective factor.
The thought is that once the wild-type protein is again present,
the cell will use it and thus will not die, but rather, will function
normally, resulting in improved vision and preservation of the
retina. Neurotrophic factors are used as an attempt to prevent or
slow photoreceptor cell death.

One potential problem of adding back the wild-type gene
is that in the cases of null mutations, the body may see
the introduced protein as foreign and this could elicit an im-
mune response. However, in the retinal gene therapy studies
that have thus far been performed in mice and dogs, no immune
response has been detected to the transgene or viral vector (for
review see’). This may be due to the immune privileged state of
the subretinal space.? Some progress has been made in the treat-
ment of AD retinal degenerations through the use of ribozyme or
siRNA therapy delivered by viral vectors for longer-term treat-
ment, as will be discussed later.
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GENE THERAPY FOR RETINOBLASTOMA

There are both sporadic and genetic (AD) forms of retinoblas-
toma (Rb). About one-third of all cases are due to muta-
tions in the Rb gene.® Children with the inherited form of Rb
present bilaterally. Current treatment strategies are radiation
and/or chemotherapy. However, often enucleation is ultimately
required.

Animal Studies

In the animal model of Rb, cells from a human Rb cell line
were injected into the vitreal cavities of adult mice.” Ten days
later, eyes were injected with an adenovirus (Ad) carrying the
coding sequence for thymidine kinase (Ad.TK) followed by in-
jections of ganciclovir one and four days later.® Efficient trans-
duction of the tumor cells was demonstrated after injection of
the viral vector. In some animals, treatment resulted in complete
annihilation of the vitreal tumor.

Clinical Trial

A phase I clinical trial has been completed in which Ad.TK
was injected into the vitreous and then ganciclovir was delivered
systemically.” All patients treated had bilateral retinoblastoma,
had experienced treatment failure with other modalities, and
were facing imminent enucleation. Importantly, they all still had
some visual function so that they might benefit from treatment.
Six out of eight patients exhibited ocular inflammation and were
treated. All patients treated with at least 1 x 10'° viral particles
exhibited a decrease in vitreous tumor seeds. It is exciting that
therapeutic benefits were detected in a trial that was designed
to test safety, not efficacy. Unfortunately, the viral vector did
not diffuse through the viscous vitreous and therefore multiple
injections were required to target all vitreal tumor seeds. Also,
this therapy did not target or treat the primary tumor. However, it
may be a very useful treatment along with traditional treatments
in order to avoid enucleation.

GENE THERAPY FOR AMD

AMD occurs in 10-20% of all people over the age of 65.1° As
the name suggests, it is a progressive disease that is more com-
mon in older populations. AMD is a complex disorder involving
some genetic linkages along with environmental risk factors in-
cluding inducers of oxidative stress such as light exposure and
smoking (for review see'!). There are two forms of AMD, ex-
udative (wet) and non-exudative (dry). In the dry form, there is
an accumulation of material between the RPE and Bruch’s mem-
brane, termed drusen. This ultimately leads to photoreceptor cell
death. Much work has been done to characterize drusen and to
generate animal models of this very common form of AMD (for
review see'!). In the wet form of AMD, breaks in Bruch’s mem-
brane lead to choroidal neovascularization, retinal detachment,
and scarring of the retina. Ultimately there is a dramatic loss of
central vision due to photoreceptor cell death.

Animal Studies

One model for the oxidative stress aspect of dry AMD is light
damage. In this model, rodents are exposed to bright light for
several hours and photoreceptor cell death is assessed one day
later.!? Transduction of the RPE by Ad.catalase prior to light ex-
posure allows for onset of gene expression prior to light exposure
and results in protection of the photoreceptors by consuming the
H,0, produced in that oxidative environment.'? Neuroprotec-
tive agents are also able prevent photoreceptor cell death in this
model; examples include treatment with AAV.erythropoietin,'?
and Ad.PEDF.'

However, this is not a great model for the human disease in
part due to the acute nature of light damage, and also it does not
take into account the presence of drusen. Recently, new mouse
models of dry AMD have been developed in which drusen or
drusen-like deposits form, much like is seen in patients with
AMD (for review see'!).

A common model for the wet form of AMD is induction
of choroidal neovascularization by laser directed disruption of
Bruch’s membrane (for review see'!). Another model is over-
expression of VEGF in the RPE by injection of Ad.VEGF or
AAV.VEGFE.>78 I the laser model of CNV, subretinal, intrav-
itreal, or periocular injection of Ad.pigment epithelial derived
factor (Ad.PEDF) significantly decreases the extent of neovas-
cularization in mice.!*2% As a next step towards a clinical trial,
laser-induced CNV and gene therapy were performed in York-
shire pigs.?! The pig eye is an excellent model of the human eye
since they are similar in size and vasculature. Importantly, pe-
riocular injections of Ad.PEDF were also successful in limiting
the extent of CNV in this animal model.

Clinical Trial

Ad.PEDF was injected into the vitreal cavity of patients with
neovascular AMD.?%23 In their phase I trial, the researchers
found a dose-related inflammatory response that was mild and
reversible at or below a dose of 1 x 10? particle units. To qualify
for the study, patients had to have a severe case of the wet form
of AMD and low visual acuity in at least one eye, and be a mini-
mum of 50 years old. The ongoing goals of the trial are to assess
safety and feasibility of this treatment, identify the maximum
tolerated dose of Ad.PEDF, and look for signs of PEDF activity
or treatment.

RPE-DIRECTED GENE THERAPY FOR LCA

LCA is a group of AR retinal degenerations with an embry-
onic onset and is due to mutations in several different genes.
Ten percent of all cases are due to mutations in the RPE-specific
transcript, Rpe65. RPE65 was recently found to be the retinal
isomerase, an essential enzyme in the visual cycle.”*? In its
absence, 11-cis-retinal is not produced and therefore, rhodopsin
regeneration is blocked. Mutations in lecithin:retinol acyl trans-
ferase (Lrat) can also cause LCA, although it is a relatively rare
form of the disease (www.sph.uth.tmc.edu/Retnet/). LRAT is
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located in the RPE and is necessary for storage of retinyl esters
in structures called retinosomes. The time course and phenotype
of retinal degeneration in the available mouse models closely re-
semble that found in humans with these forms of LCA.

Animal Studies

Lrat~/~ mice were treated with an AAV2/1.Lrat.?® The AAV
serotype 2/1 was chosen due to its high specificity for the RPE
and rapid onset of gene expression. Good transduction of the
RPE was achieved by a single subretinal injection as shown
by immunohistochemistry. Treated eyes had improved elec-
troretinogram (ERG) and pupillary constriction responses as
compared to the contralateral, untreated eyes.

There are three animal models for LCA due to mutations in
Rpe65. Two of these are the Rpe65~/~ and the rd12 mouse.”-?
The rd12 mouse has a nonsense mutation in the Rpe65 gene.?®
Like patients with LCA, both Rpe65~/~ and rd12 mice ex-
hibit severe and early vision impairment, but the photorecep-
tors have a slower rate of cell death. Therefore, studies have
been performed in post-natal mice in order to rescue remaining
photoreceptors.?%3°

In all reports, rescue has been successful based on histologi-
cal, behavioral, biochemical, and electrophysiological measure-
ments. However, because early intervention may be necessary
for complete recovery of visual function, Dejneka et al. (2003)
treated knockout mice in utero with AAV2/1.hRpe65.3! AAV2/1
was chosen because this serotype has the highest specificity for
the RPE, which is where Rpe65 is normally expressed. A single
subretinal injection resulted in production of RPE65 in the RPE
after delivery to both fetal and adult mouse eyes. Treated eyes
elicited ERG responses equivalent to those in normal, control
eyes. In addition, rhodopsin was able to regenerate in the treated
eyes. There was no adverse effect of the gene delivery on retinal
development. This was the first demonstration of rescue of a
congenital blinding disease by fetal gene therapy.

The third animal model of LCA is the Briard dog, which has a
naturally occurring null mutation in Rpe65. Successful treatment
has been demonstrated using AAV2/2.Rpe65. A single treatment
results in long-term rescue.’?73*

Clinical Trials

Phase I clinical trials for the treatment of LCA due to muta-
tions in Rpe65 are currently underway,®(R. Ali, personal com-
munication). A third trial has been approved for the treatment
of children with this blinding disease. It is expected that the first
pediatric patient will be treated this summer at the Children’s
Hospital of Philadelphia (J. Bennett, personal communication).

PHOTORECEPTOR DIRECTED GENE THERAPY
IN ANIMAL MODELS
LCA Due to Mutations in Photoreceptor-specific
Transcripts

RPGRIP is a photoreceptor-specific protein, associated with
the connecting cilium. AR mutations in the RPGRIP gene are re-

sponsible for another form of LCA. Pawlyk et al. (2005) treated
RPGRIP~/~ mouse retinas with an AAV containing a fragment
of the mouse opsin promoter and the RPGRIP cDNA.*® They
were able to induce a large number of photoreceptors to pro-
duce RPGRIP and RPGR, a protein that closely associates with
RPGRIP in the cilium, and localize them appropriately.

In addition, these transduced photoreceptors had longer and
more organized outer segments than the contralateral, untreated
eye. Finally, the thickness of the outer nuclear layer was im-
proved. While they did detect an improved ERG in the treated
eyes, there was still a decline in function over time although at
a 72% lower rate than in the untreated eyes.

Another form of LCA is due to mutations in guanylate
cyclase-1 (GC1). A model of this disease is the GC1 knock-
out mouse. This mouse was treated with an AAV carrying the
GCl1 coding sequence and either the mouse opsin promoter or
the chicken beta actin promoter.* The authors achieved efficient
transduction of the photoreceptors in the area of injection. How-
ever, there was no rescue of the photoreceptors either morpho-
logically or physiologically.

The GUCY 1B chicken has a deletion rearrangement in the
retGC1 gene resulting in retina degeneration. Mutations in
retGCl1, a photoreceptor-specific protein important in regulating
c¢GMP levels, underlie 10-20% of all cases of LCA. GC1 was
delivered to the neural tubes of embryonic GUCY 1B chicks via
alentivirus. Full recovery was achieved in 5 out of 6 animals that
were treated.’” Treated chicks elicited small responses by ERG,
retina thickness was improved in the superior and inferior optic
nerve regions, and the protein could be detected in some outer
segments. The authors suggest that the slow, progressive retinal
degeneration in otherwise successfully treated chicks may be
due to the low number of transduced photoreceptors.

Other studies have demonstrated the ability of neighboring
dysfunctional cells to negatively impact healthy cells. Therefore,
they suggest injecting with a higher titer of virus, in order to
introduce more viral particles and increase the number of cells
transduced. Alternatively, they suggest co-injecting with a virus
carrying a neurotrophic factor in order to block the neighboring
cells from undergoing cell death.

Retinitis Pigmentosa

Some cases of retinitis pigmentosa are due to mutations in the
peripherin/retinal degeneration slow (rds) gene. There is a nat-
urally occurring mouse model of this disease, the rds mouse.
After demonstrating limited success in rescuing photorecep-
tors in the rds mouse retina by treatment with AAV.prph2,38—40
Buch et al (2006) sought to improve treatment success by co-
injecting with an AAV carrying a neurotrophic factor.*! They
chose AAV.glial derived neurotrophic factor (GDNF) because
of its ability to delay photoreceptor degeneration in the S334ter
rat.*> Eyes of rds/prph2 mice injected with both AAV.prph2
and AAV.GDNF had better ERG responses and histological
preservation than did eyes injected with only one of the viral
vectors.
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Mutations in phosphodiesterase (PDEg) underlie additional
forms of retinitis pigmentosa, and this disease is recapitulated
in the rd/rd mouse.*’ Treatment with AAV.PDES resulted in
production of PDES in the retina, and there are indications of
some very limited rescue by histological and ERG analysis.**
This was the first demonstration of gene transfer to the pho-
toreceptors from an AAV. Delivery of PDEg through recombi-
nant adenovirus or lentivirus has also led to a transient delay in
photoreceptor death. 4~

One animal model of AD retinitis pigmentosa is the P23H rat.
Since gene addition strategies will not be sufficient to treat AD
disease, one alternative is treatment with a neuroprotective or
anti-apoptotic factor to block photoreceptor cell death. A num-
ber of virally delivered neurotrophic factors have been used to
block photoreceptor cell death in this model, including GDNF
and ciliary neurotrophic factor (CNTF) .*>*® Recently, X-linked
inhibitor of apoptosis (XIAP) was delivered to the photorecep-
tors in this animal model via a subretinal injection of AAV2/5.%
This serotype of AAV was chosen due to its ability to transduce
photoreceptors more efficiently than other available serotypes.>
Good transduction of the photoreceptors in the area of injec-
tion was achieved, and the outer nuclear layer was significantly
thicker in treated eyes from either animal model.

Retinoschisis

Retinoschisis is an X-linked, recessive retinal degeneration
due to mutations in retinoschisin (RS7). RS1 is secreted from
both photoreceptors and bipolar cells and it seems to play a role
in cellular adhesion and cell-cell interactions. In its absence, the
inner retina splits starting in the fovea. An AAV was used to
deliver the RS1 transgene to the photoreceptors of Rs1-deficient
mice.’! Expression was driven from the mouse opsin promoter
thus providing cellular specificity of transgene expression. A
high efficiency of transduction was achieved within the injected
area. And, importantly there was significant improvement of
retinal structure and function as determined by ophthalmoscopy
and ERG recordings.

CHALLENGES AND STRATEGIES
Animal Models

One limitation in the development of gene therapy strategies
for retinal degenerations is the need for accurate animal models.
There are excellent models for some human inherited retina dis-
eases (see review’2). However, oftentimes either no model exists
or current models do not truly recapitulate the human disease.
With the advent of transgenic technologies, various transgenic,
knock-out, and knock-in mice are continually being generated
and much progress has been made. However, for complex dis-
eases such as AMD, in which there is not a single causative
gene, recapitulation of the human disease is particularly
challenging.

In addition, in translating data from animal models to clini-
cal studies, the issue of species-species variability needs to be

addressed. For example, a recent gene therapy clinical trial illus-
trated the fact that the mouse immune system is different from
the human immune system. While in animal studies no immune
response was detected after gene therapy directed to the muscle,
a large immune response was elicited during a phase I clinical
trial.>* Fortunately, this specific example is less of a concern
in retinal gene therapy,">> particularly where doses are orders
of magnitude smaller than those used systemically, but it does
illustrate the importance of testing in large animal models prior
to the onset of clinical trials.

Even strain-strain differences within the inbred mouse pop-
ulation can alter results. A genetic defect or damage protocol
in one mouse strain will result in a faster or more severe de-
generation than the same defect or damage protocol in a mouse
of a different background strain. For example, different levels
of photoreceptor cell death occur in two strains of mice after
exposure to the same light exposure protocol. In comparing the
two strains it was found that they carry different isoforms of a
protein involved in the visual cycle, and one isoform results in
faster recycling of the visual pigment.>

Another example is the oxygen-induced model of retinopathy
of prematurity. This model only reproducibly results in signifi-
cant neovascularization in the C57B1/6 mouse strain.”” In fact,
the relevance of strain-strain differences in the development,
treatment, and comparison of animal models has become so ev-
ident that databases of this information have been developed.
These issues become increasingly important as researchers ap-
proach translation of gene therapy from rescue in a mouse model
to clinical trials in humans.

Viral Vectors
Packaging Capacity

The packaging capacity for AAV2 is about 4.8 kb, making
delivery of large genes a challenge. This is an important issue
because Stargardt’s disease, an early onset macular degenera-
tion, as well as at least one form of LCA, and some forms of
Usher’s syndrome are all due to mutations in photoreceptor-
specific transgenes that are much longer than this limit. These
transgenes can be packaged into lentivirus or adenovirus, how-
ever these vectors do not transduce the photoreceptors. An-
other option is the development of trans-splicing viral vectors
and this has shown some promise,’® although the efficiency is
low.

Transduction Efficiency

A recent advance in gene therapy is the development of novel
AAVs. Some have a quicker onset of gene expression and im-
proved transduction efficiency.’’ This may also be true in the
retina and needs to be tested. The issue of the rate of onset is
particularly relevant to congenital and acute degenerations. In
these cases, since it may not be possible to treat prior to or at the
onset of symptoms, it may be crucial to initiate treatment as soon
as possible. The issue of transduction efficiency in the retina is
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directed to the neurons and, in particular, mostly the photore-
ceptors. Since many retinal degenerations are due to mutations
in genes expressed in these cells and current vectors have rela-
tively low transduction efficiencies. In addition, recent studies
have indicated that dying cells can cause surrounding, treated
cells to die. So, treatment success is limited by this “toxicity”
effect. Therefore, it may be necessary to co-treat with a secreted
survival factor. An example of this approach is the co-treatment
with AAV.prph2 and AAV.GDNF (see below and*!).

AD Retinal Degenerations

Treatment of AD retinal degeneration is also making head-
way. One proposed method is to deliver a ribozyme or siRNA
(delivered by AAV) targeting both mutant and wild-type forms
of rthodopsin to the retina.”® " This is followed by treatment
with an AAV carrying a modified form of rhodopsin that is fully
functional but impervious to cleavage by the ribozyme. So far
the ribozyme siRNA, and modified form of rhodopsin are be-
ing developed and tested.”> % With this method, one treatment
strategy could be used for all AD retinitis pigmentosa patients
with mutations in rhodopsin. This is obviously easier and more
cost effective than attempting to develop a ribozyme for each
specific rhodopsin mutation.

Regulation of Transgene Expression

One method for regulating gene expression, a key component
to successful gene therapy in the photoreceptor is through the use
of regulatable promoter systems. While these have been around
for several years they have been much improved recently. Mod-
ifications to the tetracycline system have resulted in less basal
transgene expression (tet-on; for review see.®> New analogs of
rapamycin have been developed that do not suppress the immune
system and can be used reproducibly to activate gene expression
in the eye.%® These systems may be the best option for situations
that only require short-term treatment and where long-term treat-
ment with the transgene may be deleterious or in cases where
transgene expression levels need to be tightly controlled for
effective treatment without negative consequences.

SUMMARY

The data so far from the few clinical trials that have been
carried out are very encouraging. The fact that two clinical trials
have now demonstrated that first generation recombinant aden-
oviral vectors are safe to use in the eye is quite exciting. Also
exciting is the hints at efficacy in these phase I safety trials. Hope-
fully treatment success will be demonstrated in the phase II trials.
In addition, the progress in gene therapy targeted to the photore-
ceptors is dramatic. It is a great time to be in the field, the vectors
are continually improving in efficacy and specificity, promoters
are being refined, there are more animal models available, and
systems for regulating transgene expression are improved. It is
very likely that within the next ten years there will be even more
clinical trials using intraocular gene therapy.
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