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Abstract

Retinal degenerative diseases are a leading cduseversible blindness. Retinal cell death

is the main cause of vision loss in genetic disy@ech as retinitis pigmentosa, Stargardt
disease and Leber congenital amaurosis, as wella@snplex age-related diseases such as
age-related macular degeneration (AMD). For théiseling conditions, gene and cell therapy
approaches offer therapeutic intervention at varidigease stages. The present review
outlines recent advances in therapies for retingederative disease, focusing on the progress
and challenges in the development and clinicaktedion of gene and cell therapies. A
significant body of preclinical evidence and inliténical results pave the way for further

development of these cutting edge treatments foera with retinal degenerative disorders.



I ntroduction

Blinding diseases of theretina

Retinal diseases are a major cause of irreversllidness. These conditions can be caused
genetically or acquired later in life. Complex dises have both genetic and acquired
counterparts. Most common forms of multi-factoritinal diseases include macular
degeneration, glaucoma, diabetic retinopathy atwat@astoma. Inherited retinal
degenerations on the other hand are entirely linkedutations in retinal neurons and their
underlying epithelium. Retinal cell death is theimzause of vision loss in many blinding
conditions for which gene and cell therapy appreaatifer intervention at various stages (see
Figure 1 for an example). Basic research on howangdretinal cells die in different diseases
is crucial for the development of treatment streedo prevent or reverse vision loss using
gene and cell therapy. This review will focus oe latest developments in laboratory and

clinical aspects of gene and cell therapy for edtthseases.

Why the eye?

The eye represents an ideal target for gene ahtheehpies: it is easily accessible and small
(requiring a low volume of virus/active dose), Higbompartmentalized (permitting different
ocular tissues -anterior chamber, vitreous cawvityubretinal space- to be specifically
targeted), and separated from the rest of the bgdke blood-retinal barrier (ensuring ocular
immune privilege and minimal systemic dissemingtids the retinal cells normally do not
divide, the cell population remains stable makingpissible to use non-integrating vectors for
sustained transgene expression (for revigjv:Other important reasons why the eye has been
on the forefront of gene and cell therapies isféoe that the contralateral eye can serve as an

internal control which is extremely helpful in evation of outcomes. Lastly, the progress in



imaging technologies (such as optical coherencetpaphy, adaptive optics) for visualizing
this accessible part of the body has been of gadae in both diagnostics and follow-up after

treatments.

Genetherapy

Gene therapy is an emerging therapeutic approatrkdt cure or prevent a disease by
providing a gene with therapeutic action. Diseass®ciated with loss-of-function mutations
can be treated by gene replacement therapy (dimoee to as gene supplementation), while
those associated with gain-of-function mutatiorggne eradication of mutant alleles in
addition to supplementing the gene. In all instantiee genetically modifying factors (DNA
or RNA and/or their interacting proteins) need ¢odelivered into the relevant target cells.
The advancements in the design and productionreé delivery vectors have been an
important part of gene therapy progress and asusiéed below. Additionally, recent
advances in molecular genetics and rapidly evolkmgwledge of retinal biology allowed
significant progress to be made in gene therapyefiimal disorders, with promising results

not only in animal models, but also in humans.

Genedeélivery: viruses, nanoparticles, physical methods

Most gene therapy studies use viral vectors, saadanovirus (Ad)-, adeno-associated virus
(AAV)- or lentivirus (LV)- to enable gene delivety the retina. There are two local
administration routes that allow viral vectors te@ss retinal cells. Viral vectors can either be
injected into the vitreous cavity through an intteal injection or they can be injected into
the subretinal space created through a transignaleletachment. Intravitreal injections

deliver the vector in proximity to the retinal géing cells and are the preferred delivery route



for targeting the inner retina. Subretinal injen8aleliver the vectors between the
photoreceptors and their underlying retinal pigmemthelium (RPE). As most inherited
retinal degenerations are caused by mutations foutite photoreceptor and RPE cells,

subretinal injections have been used in most gegrapy studies.

Depending on the cell target Ad, LV and AAV havebestudied. Following subretinal
delivery both Ad and LV transduce the RPE effidignAd however has been associated with
cytotoxic T lymphocyte—mediated removal of the s@unced cells that express the encoded
Ad proteins’ leading to transient gene expression. More regenélper-dependent Ad
vectors devoid of sequences encoding viral proteave been developed and shown to target
the RPE stably ® Thus far photoreceptor transduction remains etusiith Ad and Lv

vectors despite the great diversity of new seratypel pseudotypes testedrurther
development of Ads and discovery of new Ad seraypeght enable photoreceptor
transduction using A8'°in the future. If Ad can be modified to enable fiteceptor
transduction, its large carrying capacity will dardgerest for treating inherited retinal
degenerations like Usher syndrome (USH) where émeg involved have very long open
reading frames. LVs are an alternative to Ad. L'¥dshvectors are deleted of all viral genes
and, thus, do not activate the immune systeft However, LVs are integrating vectors and
this implies the possibility of insertional mutagesrs, potential mobilization in human cells
and vector replicatioff. Most studies showed that subretinal delivery¢§ llead to efficient
RPE transductiof®™*°, but post-mitotic photoreceptors seem refractoryansduction by LV
1617 The recent development of the non-primate equifeetious anemia virus has raised
hopes for overcoming this limitatidfl This has been the basis for the ongoing clirtiialls

to treat exudative age-related macular degener@dtb) (ClinicalTrials.gov Identifier:

NCT01301443), Stargardt disease (STGD) (ClinicalSrgov Identifier: NCT01367444), and



USH type IB (USH1B) (ClinicalTrials.gov IdentifieNCT01505062) using this vector. These
clinical trials are discussed below. However, fams$duction of mature neural retina remains
a fundamental limitation of LVs and Ads as vectorsretinal gene therapy. This is one of the
reasons why AAV has been the preferred vector ofcehfor gene delivery to the retina in the
recent years. AAVs have an excellent safety prdldek of pathogenicity and low
immunogenicity) and provide long-lasting transgerpression (for review?). AAV has the
additional advantage of being a small virus, whdah diffuse easily across biological barriers
and within neural tissue. It is the only vectorttban provide gene delivery to the inner retina
after intravitreal delivery®?% Although the small size of the AAV particle is afvantage, it

is also its weakness: the 25-nm AAV particles caly package 4.7 kB of genetic material
limiting its application in some diseases. Nevdabhg, AAV has yet another advantage that
has contributed to its development as a gene dglixahicle: it is a non-enveloped virus and
its capsid can be easily modified using genetigrezgging techniques. As such, it has been
extensively explored for its ability to target @ifént groups of cells in the retiffi?® As an
example, it has been engineered to provide geneedginto deeper layers of the retina after
intra-vitreal administration removing the need $abretinal detachmeft®>#? One such

AAYV variant called 7m8 was able to ensure efficipah-retinal delivery of the therapeutic
gene from the vitreous, with a long-term histol@di@nd functional rescue of X-linked
retinoschisis and Leber congenital amaurosis (LE#notypes in mice and provided

superior retinal gene delivery in nonhuman primates

Studies in the past pointed towards the highecieficy of viral versus nonviral vehicl&s
for retinal gene delivery. However, recent reporisnanoparticle-mediated retinal gene
therapy showed an improvement compared with previtudies with non-viral agerts

Non-viral (lipid or nanoparticle) carriers providecomplementary approach (for revie®y:



These include naked DNA, DNA encapsulating lipossncempacted-DNA nanoparticles
(cationic liposome/DNA complexes). In general, tlalpw transfection of cells with larger
pieces of DNA and carry lower risk of immune resggmassociated with viral gene delivery
33.34 However, lack of long-term gene expression isagomlimitation of such vectors. For
example, clinical trials using polyethylene glysnibstituted 30-mer lysine peptide based
nanoparticles and lipid-mediated vectors to deltierapeutic genes to the nasal mucosa of
patients with cystic fibrosis reported no deteaal@ne expression, although vector DNA was
detectable for at least 2 weeRsAlthough their use has been limited thus farirtadditional
development for increased efficacy could make thematile tools for gene delivery in the

years to come.

Thefirst clinical success of retinal gene therapy

Encouraging results from animal studies (mousediag) showed that AAV-mediated gene
therapy has the potential to slow down or reversew loss, and paved the way towards first
application in humans. The first success of geeeafty today has been documented with the
clinical trials for LCA, a severe retinal dystropblyaracterized by visual impairment from

birth *°. It is caused by mutations in at least 19 diffegemnes (22 mapped and identified

genes, after http://www.retnet.orccessed July'®015). Mutations in the gene encoding
the RPE-specific protein RPE65 appear to accourntFal0% of LCA cased” * For this
specific form of human LCA (LCA2), the first clirattrial of gene replacement therapy
started in 2007 at i) the UCL Institute of Ophthalogy and Moorfields Eye Hospital (UK),
i) the Scheie's Center for Hereditary Retinal Desggations, University of Pennsylvania and
the University of Florida College of Medicine in @asville (USA), and iii) the Children's
Hospital of Philadelphia and the University of Pgylmania (USA); Naples Second

University and TIGEM (Italy). Patients receivediagte subretinal injection of AAV2 vector



carrying theRPE65gene in the most affected eye. In 2008, the inaégetly working groups
reported the first safety and efficacy resultshef AAV-mediatedRPE65transfer®* In
addition to excellent safety, improvements in son@asures of vision (including best-
corrected visual acuity, kinetic visual field, rgginus testing, pupillary light reflex,
microperimetry, dark-adapted perimetry, dark-adapid-field sensitivity testing) have been
demonstrated in these Phase | clinical trials. &then, results of follow-up and dose-
escalation studies have been publistfetf *°and confirmed the feasibility and benefits of
gene therapy in retinal degenerative diseasesein of these encouraging results, re-
administration oRPE65gene-based treatment was performed for the iim&t in the
contralateral eye of adult patients with LCA, thyears after the initial gene therapy
administratiori”’. This intervention leads to positive improvementthe second eye. In
addition to improved visual outcomes, functionalgmetic resonance imaging (fMRI) studies
provided evidence that the human visual cortexardp to gene therapy-mediated recovery
of retinal functiori”. fMRI evaluation found correlation between preseHlight sensitivity
and cortical projection zone of pseudo-foveas dgpe in treated retinal regions (observed
9-12 months after therapy and persisted for upyteads’®. Multimodal non-invasive
neuroimaging has recently revealed long-term stratplasticity in the visual pathways of
LCA patients that received single eye gene augrtienttherapy'. It has been suggested that
the visual experience gained by gene therapy mayqie reorganization and maturation of
synaptic connectivity in the visual pathways of tteated eye in LCA patients. Today, retinal
gene therapy has entered into Phase 3 (Clinicd¢Igia Identifier: NCT00999609). At least
24 LCA patients (age 3-years or older), will bero#ted at either the Children's Hospital of
Philadelphia or University of lowa. They will regeia subretinal administration of AAV2-

RPEG65to both eyes. Prospective open label gene th€rafdy4- RPES5) study forRPEG5



associated retinal dystrophy was also run and ceteghlin the Nantes University Hospital

(ClinicalTrials.gov Identifier: NCT01496040) (ressbtill to be published).

The initial positive results from LCA gene theragiydies were recently challenged by new
findings. In 2013, two group¥ **reported that early visual improvementsRRE65treated
LCA patients persist up to 3 years, with no detaetaecline in visual improvements.
However, retinal degeneration continued to progréss observation was also seen in
RPE65mutant dogs. Two years later, The New Englandnidwf Medicine published the
long-term follow-up results of two independent sésdonRPE65gene therapy. Jacobson and
colleagues (US) described follow-up data from tHR&E65treated patient¥. The patients

all had improvement in visual sensitivity in thedted region that was sustained between 1-3
years after gene therapy. Unexpectedly, 4.5-6 yadftes treatment, the areas of improved
vision were found progressively diminished in hlige patients. The authors concluded that
the degeneration continued at the same rate agneated retina, despite the initial
improvement. The study from the UK (Bainbridge @ndeaguesy® involved 12 patients (in
this study the fovea was also targeted in ord@nfwove both central and extrafoveal vision).
Six of these patients had improvements in visuasitgity that peaked at 6 to 12 months
after treatment. Similarly to the US study, theseffdeclined or was lost by 3 years post-
injection. These new findings prove that at leastskveral years gene therapy can improve
vision but also indicate that the photoreceptorgiooe to die after the peak improvement,

regardless of treatment.

As of today, it is not clear what caused the eff@ttgene therapy to be transient in these two
clinical studies. The study by Bainbridge and cudiges concluded that there is a species

difference in the amount of RPEG5 required to dthesvisual cycle and that the demand for



RPEG5 in affected persons in their study was ndttonthe extent required for a durable,
robust effect (“too little” therapeutic proteinhdeed, the demand for RPEG5 is likely higher
in humans than in dogé Another potential culprit for the transient effeés related to the
stage of the retina at the time of intervention prajressive loss of trophic support
(especially regarding the cones). The study bylsmoand colleaguééspeculated that
healthier photoreceptors survived in the treatédagwhereas other more stressed rods were
already in a pre-apoptotic (“at the point of naurat) state and continued to die. The loss of
visual function at later times after treatmennidime with this natural progression of the
degeneration. Furthermore, the reduction in thebmrrmof rod photoreceptors in spite of the
therapy may eventually lead to a loss of trophjgpsut for the cone photoreceptors that
initially had a response to the therapy. In botld&s, there were no improvements in foveal
function despite vector having been delivered ®ftivea in some of the patients. The
guestion of whyRPE65gene supplementation improves the function ofeefdveal cones but
not that of foveal cones remains unresolved buhimigll be a long-term complication of
surgery. Indeed, the connections between the RBEh@cones are different in the fovea and
at the periphery. Though successful results haga bbtained in the macula in gene
supplementation therapy for choroidererfid® it has been proposed that detaching the

foveal cones has detrimental consequences in LEA2

Whatever might be responsible for the reportedsieant effects, there is a clear need to
improve the initial approaches. A recent st@iguggests, at least in retinitis pigmentosa (RP)
due to mutant rod-specific cyclic GMP (cGMP) phosgilesterase 6b (PDE6D), the
photoreceptor cell death can be halted, no mattehat stage of the disease gene therapeutic
intervention is provided. It is unclear if the finds of this study also apply to LCA but it is

noteworthy that with appropriate amount of therdjearotein delivered to all mutant cells,
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one can stop the course of cell loss challengiadgbint of no return’ hypothesis for
photoreceptor cell death. One need for refinensetd better understand the visual cycle of
human foveal cones and their reaction to detachmenter to make the treatments
efficacious for visual acuity. Another need, idéet through structural studies in dogs and
patients, would be to seek a more complete thetmpautcome that involves both visual
improvement and structural rescue. A combinatiameglerapy where trophic support is
provided at the same time as gene supplementaigit grove most effective in the long
run. Further developments in vector systems thadediver genes to the foveal region

without need for subretinal detachment will likélg beneficial for therapeutic outcorfe®

I mplementation of gene therapy for other inherited retinal diseases

Today, gene therapy is being implemented for otétmal degenerative diseases. Positive
outcomes have been published for the treatmertia@bideremia using AAV as a vectdr®
These and other ongoing studies are discussed bElother in the pipeline are gene
therapies foother forms of LCA caused by mutations in differgahesGUCY2Dis one of
the most frequently mutated genes (12%) and redgerfer LCA1 disease fornf’. Recent
studies provided evidence that AAV-mediated subattilelivery ofGucy2epreserves the
photoreceptor morphology and restores the retimattfon of mouse models over lifetime
% suggesting that gene-replacement therapy forlpetith LCA1 gene could be feasible.
Orphan designation (EMA/COMP/97253/2014) for depeilent of AAV vector serotype 8
containing the humaBUCY2Dgene was recently granted for treatment of LEARs
mutations inGUCY2Dare also associated with autosomal recessive fofrosne-rod
dystrophy (reviewed i), this gene-replacement therapy may offer visistaration to a
larger group of patients. Although very preliminastrategies for development of gene

therapy forCEP290associated LCA (LCAlGare also under consideration. Burnight, and

11



colleague$? provided evidence that LV vector expressing fufigéh humarCEP290can
correctCEP290disease-specific cellular phenotype in patientvaek fibroblasts but it is not
clear if the LV mediated approach will be able &biver to photoreceptors in patients.
Another approach might be the use of Crispr-Cas@iated gene editing; this is currently
being developed by Editas. Potential treatment@A4 due teAIPL1 mutations is also under
consideratiorf?. High level ofAIPL1 photoreceptor expression and no toxicity were
documented iripl1 null mice and porcine eyes that received subreadainistration of
AAV2/8-AIPL1>* As some patients witAlPL1-associated disease have a late-onset and

slow progression rate, it may be a good candidatgéne augmentation therapy

Current clinical trials

Stargardt disease (STGD) is the most common hargdiacular dystrophy and the most
common cause of central visual loss in young pedplmajority of cases (90-95%), the
disease is inherited as autosomal recessive trdiagasociated with mutations in the
photoreceptor-specifisBBCA4gene (that codes the ATP-binding cassette tratesparolved

in the clearance of retinoid byproduct$)Proof of concept studies Abcad’™ mouse®™
demonstrated that the subretinal administratiob\bfvector containing the humakBCA4
gene was associated with reduced A2E accumulat@mrected lipofuscin levels, and
improved RPE morphology and retinal function. Bagedhese findings, the first gene-based
therapy clinical trial for treatment of STGD mowvetb human studies. SAR422459 (LV-
ABCAJ is currently underway (ClinicalTrials.gov Idemif: NCT01367444) at the Casey
Eye Institute, Oregon Health & Science Universid$y and the National Eye Hospital of
Quinze-Vingts, Paris, France. No serious adversatswelated to dose level 1 or the method
of administration were reported so far (Data Salonitoring Board, 2012,

http://www.oxfordbiomedica.co.uk/press-releasessokbiomedica-announces-positive-
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dsmb-review-of-ongoing-retinostat-r-and-stargemichl-studies/) More recently dual AAV

systems have also successfully been implementednging a gene therapy solution to
Stargardt disea8. Subretinal delivery oABCA4via optimized DNA-nanoparticles also
resulted in persistent transgene expression amdfisant structural and functional correction

in theAbca4’™ mice*! suggesting a relevant alternative approactABEA4gene delivery.

Choroideremia (CHM) is an X-linked recessive digethst leads to progressive retinal
degeneration and blindness caused by mutatiome @M gene. The first clinical trial for

this monogenic retinal disorder without extraocutenifestations has been undertaken at the
Oxford University to assess the safety and tolétglof the AAV2.REP1vector administered

at two different doses to the retina in 12 CHM guats (ClinicalTrials.gov identifier:
NCT01461213, PI: Robert MacLaren). So far, no msjgety issues have been reported

and some improvements above baseline were reported.

X-linked retinoschisis (XLRS) is characterized bgmitting of the neurosensory retina and
progressive macular atrophy. Proof-of-principaldene replacement therapy (AAVRS) in
mouse models has been achieved for both struandafunctional recovery/, and the first
gene therapy trial is now undertaken by the grduprof. Paul Sieving (ClinicalTrials.gov

Identifier: NCT02416622) and by AGTC (ClinicalTsagov Identifier: NCT02416622).

Leber hereditary optic neuropathy (LHON) is a m@adly inherited disease caused by
mitochondrial DNA point mutations in complex | adldaracterized by acute (or subacute)
painless loss of central vision resulting from deggation of the retinal ganglion cell layer
and optic nerve. Replacement of nori&4 andND1 gene transcript in fibroblasts of

patients harboring mutations in these genes rastestron transport chain activity and
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intravitreal viral delivery of normal gene rescugsion in an animal model of LHORF "%
First-in-man dose-escalation safety studies arepteted and ongoing in several centers
(ClinicalTrials.gov Identifiers: NCT01267422, NCTD21380, NCT02064569). No serious
adverse reactions related to the treatment ortthy procedures have been documentéd (
and Sahel JA, Uretsky S. Gene therapy for Lebeeditary Optic Neuropathy. ISOPT
Clinical, Berlin, Germany, July 2015). Preparatfonthe upcoming pivotal Phase lll of the

drug development will be undertaken.

There are other examples of ongoing and completad therapies for retinal diseases,
including Usher syndrome 1b (MYO7A) (UshStat®, @GlaiTrials.gov ldentifier:
NCT01505062; the Institut de la Vision/Clinical astigation center at the National Eye
Hospital of Quinze-Vingts and the Casey Eye Institéortland, Oregon) and autosomal
recessive retinitis pigmentosa causedMBRTKmutations (AAV2-VMD2hMERTK). In
2013, an AAV vector containing the hum@hNGB3gene received orphan drug designation
(EU/3/13/1099) for treatment of achromatopsia. AGQME plans to treat both CNGB3 and

CNGAZ3 forms of achromatopsia.

Beyond gene supplementation

Secretion of anti-angiogenic factors

Age related macular degeneration (AMD) is the nfi@gjuent cause of vision impairment
among the elderly. Wet AMD accounts for 90% of AM&ated blindness in these patients.
The majority of current treatments for wet AMD aionprevent choroidal neovascularization
through the delivery of anti-angiogenic factors.(bevacizumab (Avastin) or Ranibizumab
(Lucentis)). These compounds inhibit vascular enelal growth factor A (VEGF-A), which

is thought to be responsible for the growth andeased permeability of new blood vesséls
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As AMD is a complex disease, it was not consideréilely candidate for gene therapy.
However, the success of VEGF-antagonists requfreguent readministration and the
possibility of long-term expression of anti-angiagemolecules through its AAV mediated
expression sparked interest. In two ongoing phasieital trials, pigment epithelium-derived
factor (PEDF) and soluble fms-like tyrosine kindssFLT) are being tested as potential
candidates to for the treatment of wet AMD (Clinia#als.gov Identifiers: NCT01024998

and NCT01494805). All of the above-mentioned chihitials are summarized in Table 1.

Neuroprotection

Neuroprotective agents can prevent and reversexidative stress and its damaging effects,
and restore the normal cell function. One retineesfe trophic factor, called Rod-derived
cone viability factor (RACVF) has been shown toucel cone survival and functional rescue
in animal models of retinitis pigmentosa (RP)> in a gene-independent manner. AAV-
RACVF prolonged cone survival and function in RRe. It has been suggested as a
particularly well-suited therapy for preventing esedary cone degeneration in rod-cone
dystrophies and treating RP at a stage of nightlhkess associated with moderate central
visual impairment (STAGE | and Il in Figure 1) A recent study showed that retinal cone
survival promoted by RACVF is associated with am@ged glucose entry of into
photoreceptors and enhanced aerobic glycolysiguanmg an entirely novel mechanism of
neuroprotectiod®. Structural and functional rescue in retinal digsshas also been reported
for intraocular gene transfer of other vector-deled neuroprotrophic factors in pre-clinical

animal models, e.g. ciliary neurotrophic factor (T *%,

pigmented-epithelial derived
factor (PEDFf? and glial-derived neurotrophic factor (GDNE) Although promising, no
clinical trials have thus far been conducted wheyghic factors are provided in form of gene

therapy. Encapsulated cell technology has beeninsatjoing and completed clinical trials
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to provide neuroptorection through CNTF secretimatrophic macular degeneration
(NCT00447954), retinitis pigmentosa (NCT0044798Q,M0447993), achromatopsia

(NCT01648452), macular telengectesia (NCT0194932d)glaucoma (NCT01408472).

Once photoreceptors stop capturing light: What next?

When the photoreceptor degeneration is too advaf®EAGE IIl and IV in Figure 1),

patients will have a little chance to benefit frgene replacement therapy or neuroprotection.
In these cases, new strategies for vision restoraould be explored. These include retinal
prosthesis -designed to stimulate responses frowiving inner retinal neurond?% or
optogenetics, a technique allowing control of neacévity via genetic introduction of light-
sensitive proteins such as channelrhodopsin amdtadopsirt’ . Vertebrate opsins such as
melanopsir’* and rhodopsifi* * as well as a chimera between melanopsin and nm&sIuR
receptor’® have also been used for vision restoration indtige RP. The common feature
between these approaches is the use of a geneiregeoght sensitive protein that
transforms light-insensitive cells of the retingoiartificial photoreceptors. This strategy has
enjoyed success in preclinical studies, in a nurobesdent models of IRD. Currently,
optogenetics is being moved towards the clinicdesal companies (Gensight Biologics and
Restrosense Therapeutics) that have shown inferdst use of microbial opsins for vision
restoration. Approaches to evaluate candidatergatfer optogenetic therapy is also on its

way %,

Cédl Therapy

Cell therapy represents an alternative to repaidggenerated retina. Transplantation of

retinal cells has been historically viewed as @&ptial vision restoration strategy for retinal
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degenerative diseases, particularly in diseaséseade stages associated with significant cell
damage (STAGE Il and IV in Figure 1). This therapeapproach aims at replacing the lost
retinal cells using stem cells, progenitor celld amture neural retinal cells. The main
advantage of cell therapies as a source for regéneitherapy is that they are mutation-
independent and can be used in a wide range obtetegenerative conditiorBatients with
retinal degeneration typically lose RPE cells, pheteptors, or both. Therefore, two main
cell sources can be considered: first, RPE celisptace dysfunctional or degenerated RPE
and prevent photoreceptor cell loss and, secoratppdreptor precursors to repair the

degenerating neural retina.

Several novel stem cell-based therapies addressiegted and age-related retinal
degenerative diseases are currently under develdpaneé/or clinical evaluation. They are
based on significant body of evidence showing iahan pluripotent stem cells (PSCs) can
be expanded indefinitely in culture and can be @sedn unlimited source of retinal cells
(RPE cells, photoreceptors and retinal gangliolsx@r treatment of retinal degeneration.
Since their first establishment in 19¥1human embryonic stem cells (ESCs) have been
intensively studied by many groups worldwide. Farthore, the recent discovery that
somatic cells can be reprogrammed into an ES i&elldluripotent state, known as induced
pluripotent stem cells (iPSCs) offers the sameiegibns in regenerative medicine,
bypassing human ESCs which have major ethicalicgetrs. After reprogramming mouse
somatic cells into iPSCS, the group of S. Yamanaka was able to reprogramahu
fibroblasts into iPSCs by over-expressing the toamscription factors OCT4, KLF4, SOX2
and C-MYC®. Today, these two types PSCs represent majosaettes in regenerative

medicine.
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In the last decades, different groups reported @ragpng morphological and functional

results in animal models of retinal degeneratigardfansplantation of RPE cells, retinal
progenitor cells, photoreceptors precursors orthitlkness retinal sheets (see recent reviews:
99103 Integration into the host retina and reconstencof functional neural circuitry, have
been seen as major hurdles for successful ceigtantation. For these reasons, the most

advanced studies today concern the transplantafiBfPE.

Cell transplantation using human PSCs

Human PSCsfor RPE cell replacement

Currently, the most plausible approach for develepinof cell therapy for macular
degeneration consists of replacement of the lodiysfunctional RPE with healthy RPE cells,
which are essential for photoreceptor sheddingnteaance and survival. Indeed, different
groups have already demonstrated that human P3CQseddifferentiated into RPE cells with

morphological and functional characteristics simitathose of human RPE cells (for review:

103).

The first-in-man safety and tolerability prospeetutinical trial to evaluate subretinal
injection of human ES-derived RPE cells (specificithe MA0O9-hRPE) in patients with dry
AMD and STGD is currently underway. It has beennspoed byOcata Therapeutics, Inc.
MA, USA(formally Advanced Cell Technologyand conducted at four centers in the USA:
Jules Stein Eye Institute (University of Califorhias Angeles); Wills Eye Hospital
(Philadelphia, PA); Bascom Palmer Eye Institutegidi, FL); and Massachusetts Eye and
Ear Infirmary (Boston, MA). Doses of 50,000, 10@Pand 150,000 cells (cell suspensions)
have been administered to one eye of 9 patientsdnt AMD and 9 STGD patients (3

patients in each cohort). Patches of increasingesimlal pigmentation consistent with the
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transplanted RPE cells were documented in 13 otlteo18 patients (72%), but were not
correlated with visual acuity improvement. Follow-esting showed that 10 out of 18 treated
eyes had substantial improvements in the first gétar transplantation. Stable improvement
of visual acuity over 22 months was reported iraflgmts, but decreased by more than 10
letters in one patient. Untreated eyes did not skiowlar visual improvements, but no
correlations between visual acuity improvement gaednumber of transplanted cells was
reported®® *°> Median follow-up at 22 months suggest no majéetyaconcerns (no signs of
hyperproliferation, tumorigenicity, ectopic tissiaemation or apparent rejection). Adverse
events were associated with surgery and immunosappe treatment but were not
considered related to the human ESC-derived E8IIE> These results provide evidence of
the medium- to long-term safety, graft survival &mological activity of injection of human

ES-derived RPE cell suspensions in patients witbutaa degeneration.

To date, at least 15 ongoing clinical trials amgistered at the International Clinical Trials
Registry Platform (ICTRP) of the World Health Orgaation to test stem cell-based
replacement therapies for treatment of retinalrdydties (Table 1). Some examples include
the phase I/l clinical trials with human ES-dedePE cells sponsored IBhabiotech Co.
Ltd. (S. Korea)Cell Cure Neurosciences Ltfsrael) andPfizer (UK) '°®. The London
Project to Cure Blindness (sponsoredHiizen will insert a monolayer sheet of human ES-
derived RPE cells cultured on polyester membrari®ipatients with wet AMD and rapid
recent vision decline. This polyester matrix has t@ported to maintain polarized human
RPE cells after grafting into the rabbit subretishce™’. Similarly, the California Project to
Cure Blindness will use differentiated polarizednolayer of RPE cells attached to a non-
degradable parylene membrane possessing permgabdferties of a healthy Bruch’s

membrane. A human phase I/ll clinical trial willadwate the safety and the tolerability of this
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tissue-engineering product (TEP) in patients wittate atrophy®® *°® The proof of concept

with this TEP has been reported in RCS rats antlizatan pigs®® %

As human iPSCs can be obtained directly from theepi they have the advantage of being
autologous and therefore less immunogenic than E&QGsture cell transplantation studies.
In this context, the group of Masayo Takahashil&tHR Center for Developmental Biology
(Kobe, Japan), is currently setting up human dcihigals with human iPS-derived RPE for
treatment of AMD. Based on safety studies in rosl@amtd monkeys, this group started to
implant a sheet of RPE differentiated from iPS<pheviously derived from fibroblasts of
one patient suffering from exudative form of AMD

(http://lwww.riken.jp/en/pr/press/2013/20130730http://www.nature.com/news/japanese-

womane-is-first-recipient-of-nextgeneration-stemigdl.15915. This pilot clinical study is

assessing the safety (inducing immune reactiomgezaus growth) and feasibility of the

transplantation of autologous iPSCs. No furtheaitlehave yet been reported.

Human PSCsfor photoreceptor cell replacement

While RPE replacement alone may be used for spatigease indications, transplantation of
photoreceptors -as retinal sheet or as suspensitiasmciated cells- is required after
extensive photoreceptor degeneration. Retinal msyiacluding photoreceptors have been
generated from human iPSCs by different laboragosierldwide (for review*** 3, but so

far cell transplantation to restore neural retseestricted to animal models. Prior
groundbreaking studies in mice revealed that thegametic stage of transplanted cells is
crucial for successful integration into the adwstretina and recovery of visidtf 4

Indeed, the group of Robin Ali demonstrated in ke only stage-specific photoreceptor

precursors, corresponding to post mitotic commigtiedtoreceptors, are able to efficiently
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integrate into the degenerating retina, differgatiato mature photoreceptors, form synaptic
connections and possibly lead to recovery of visuattion'? *** Furthermore, a direct
relationship between cellular integration and fioral recovery has been clearly established
11 From these pioneering studies emerged the impuetaf identifying the in vitro
equivalent of post-mitotic postnatal photorecemi@cursors derived from PSCs. These
photoreceptor precursor cells (PPCs) derived frayusa ES cells in which GFP allowed to
trace the photoreceptor lineage, have been suctigsdifferentiated and transplanted into the
mouse retind™™ *® To date only one study has reported transplamtati photoreceptors
derived from human PSCs in mouse models of phatptec degeneratiott’. Following
subretinal transplantation of virally labelled Gp&sitive photoreceptors, Lamba and
colleagues'’ demonstrated cell integration into the remainiegral retina and partial
restoration of visual function. The use of fluorsicreporter cell lines to isolate the
photoreceptor precursors is not compatible withreiclinical applications. The surface
antigen CD73, previously used to isolate precurebmhotoreceptors from mouse postnatal
retina for transplantatiol® **° could be a promising candidate. Our group regentl
demonstrated that photoreceptor precursors diffeted from human iPSCs specifically
expressed CD73°. Based on data with mouse ES cells, the useigtaéll surface
biomarker panel (CD73-CD133-CD47-CD24 positive @idll5 negative) could be used to

improve the isolation of photoreceptor precurséts

In the case of very severe degenerations and fasger nuclear layer (ONL),
transplantation of retinal sheets rather than dissed cells could be required. Recently,
Takahahsi and colleagues transplanted mouse P3¢ @dleetinal sheets containing a defined
ONL intord1 mice (a model of advanced retinal degeneratioociested with lost ONL) and

observed host-graft synaptic connectibifsThe development of recent innovative protocols
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allowing the generation of neuro-retinal structuresn human PSC¥® 2% 1#4jill be very
helpful to assess the capacity of human retinatstoemake contact with the recipient retina

after subretinal transplantation.

Alternative source of human cellsfor retinal cell replacement

It has been reported that many types of stem &l as neural stem cells (NSCs) and
mesenchymal stem cells (MSCs), possess inherenbpretective properties when
transplanted in animal models of retinal diseaser@view:'??). Even though the generation
of new retinal cells directly derived from MSCs al8Cs remains unlikely, paracrine effects
(such as anti-apoptotic and anti-inflammatory sligmg) could explain how these cells
contribute to prolonged retinal cell survivBtemCells, Inds sponsoring a study to
determine the safety and potential benefits of esiriarl injection of human NSCs in patients
with geographic atrophy due to AMD. The trial issbd on findings that subretinal
transplantation of human NSCs (grown as neurosphdezived from the foetal brain can
partially protect photoreceptor degeneration amsgnve the visual function in RCS r&s
Very early results at 6 months follow-up showedmtennance or improvement in best
corrected visual acuity and contrast sensitivitthwio safety concerns

(http://investor.stemcellsinc.com/phoenix.zhtm|26280&p=irol-

newsArticle print&ID=194110) Autologous bone marrow derived stem cells (BM&f&)

under evaluation in phase I/1l clinical trials ifv¥® patients in South Florida and California
(Davis) and in various locations worldwide (Tab)e Qafety studies using of human
umbilical tissue-derived cells (UTCs) -subretindiranistration of CNTO 2476- are currently
performed in patients with advanced RP and in stbjpith visual acuity impairment
associated with geographic atrophy secondary to ANi@clinical data has yet been

reported. Similar concept is implemented in thepgRifect of the California Institute for
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Regenerative Medicine, wiflCyte company. They will explore the safety of intragdf
injection in RP patients of human retinal progengells obtained from foetal retina and
expanded in culture.. It is expected that theds @ell not only exert neurotrophic support

but also will also differentiate and integrate itite retina.

Another type of cell-based therapy for retinal degyation approaching clinical translation is
the use of human cells to provide neurotrophicoiacin order to improve the survival of
photoreceptors and their function. An example ia thspect is the implantable cell-
encapsulation device NT-501 developed\®urotech Pharmaceuticaté’ that consists of
human RPE cell line transfected with a plasmid dimgpciliary neurotrophic factor (CNTF)
encapsulated within a semi-permeable polymer memebaad supportive matrices. Phase |
clinical trial indicated that CNTF is safe for theman retina even with severely
compromised photoreceptors and may have applicaggond disease caused by genetic
mutations'?®. Currently, the device is under evaluation in Rhastudies for treatment of dry

AMD and RP.

Challenges

Although stem cell therapy carries great poteritiatreatment of retinal degeneration its
advancement to clinical translation faces multgilallenges. Among the most important are
health and ethical issues associated with the eatfumost stem cell types, such as risks of
tumorigenesis associated with reprogramming andunogenic responses. Risks associated
with the surgery and microbiological safety carodie limiting factors for the use of stem
cells. The type and number of cells needed forcéffe treatment, transplanted cell survival

and the functional outcomes remain questions obmajportance for successful stem cell-
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based therapies in the clinic. Finally, productamd delivery of clinical grade stem cells

involve unique regulatory and quality control reguanents that need to be clearly established.

Concluding remarks

Gene and cell therapies opened new doors in tharient of currently incurable retinal
degenerative disorders and promise to be the thetiap of the future. To accelerate the
advancement of this innovative field, expert grorgzently proposed key steps and
recommendations. These recommendations addressotegpressing needs for the
development and delivery of effective treatmentgétinal dystrophies in the next decade.
The meeting of the National Eye Institute in cotleddion with the National Institutes of
Health Center for Regenerative Mediciiéand the Monaciano Symposiuii strongly
recommended collaborative translational effortsluding creation of international databases
of correlative phenotype-genotype information, deadized protocols and outcome
measures, common regulatory protocols and techpatagsfer mechanisntd®. There is a
strong conviction that efficient partnerships bedawacademia, industry, funding agencies
and policy makers are needed to translate labgrdiscovery into development of

innovative gene and cell therapeutic strategiestinal degenerations.
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