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Abstract

Inherited retinopathies (IR) are common untreatable blinding conditions. Most of them are
inherited as monogenic disorders, due to mutations in genes expressed in retinal photoreceptors
(PR) and in retinal pigment epithelium (RPE). The retina’s compatibility with gene transfer has
made transduction of different retinal cell layers in small and large animal models via viral and
non-viral vectors possible. The ongoing identification of novel viruses as well as modifications of
existing ones based either on rational design or directed evolution have generated vector variants
with improved transduction properties. Dozens of promising proofs of concept have been obtained
in IR animal models with both viral and non-viral vectors, and some of them have been relayed to
clinical trials. To date, recombinant vectors based on the adeno-associated virus (AAV) represent
the most promising tool for retinal gene therapy, given their ability to efficiently deliver
therapeutic genes to both PR and RPE and their excellent safety and efficacy profiles in humans.
However, AAVS’ limited cargo capacity has prevented application of the viral vector to treatments
requiring transfer of genes with a coding sequence larger than 5 kb. Vectors with larger capacity,
i.e. nanoparticles, adenoviral and lentiviral vectors are being exploited for gene transfer to the
retina in animal models and, more recently, in humans. This review focuses on the available
platforms for retinal gene therapy to fight inherited blindness, highlights their main strengths and
examines the efforts to overcome some of their limitations.
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1. Inherited retinopathies

Untreatable blinding diseases include: i. common conditions like age-related macular
degeneration, diabetic retinopathy or glaucoma which are inherited as complex traits in
which the disease is the result of the interplay between environmental and genetic factors; ii.
inherited retinopathies (IR) which are almost exclusively due to single gene defects and are
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very rare if considered as single entities but represent all together a significant cause of
blindness, affecting about 1:2000 people worldwide (Berger et al., 2010). This review will
focus on gene therapy of IR. IR are monogenic diseases caused by mutations in one of more
than 200 genes (Cepko, 2012) mainly expressed in photoreceptor cells (PR, rods and cones)
and to a lesser extent in the retinal pigment epithelium (RPE). IR are generally classified
based on the genetic defect (when identified), the inheritance pattern (either autosomal
dominant, recessive or X-linked), the main cell type affected, the onset and type of visual
dysfunction, the disease progression rate, and the appearance of peculiar ocular fundus
abnormalities (Berger et al., 2010). Among the most frequent and severe forms of IR are
retinitis pigmentosa (RP), Leber congenital amaurosis (LCA), Star-gardt disease (STGD)
and achromatopsia (Lipinski et al., 2013). Retinitis pigmentosa presents either as isolated or
as a syndrome. The most frequent syndromic RP is Usher syndrome (USH), which also
affects hearing ability (Millan et al., 2011).

2. The eye as a target for gene therapy

Effective treatments for IR are currently unavailable. However, in the past three decades, the
identification of many IR-causing genes has paved the way for the development of many
gene therapy-based strategies. The eye’s unique features make it ideal for gene therapy
(Sahel and Roska, 2013). Specifically, it is a small, enclosed compartment, thus enabling
small amounts of vector to act, keeping the risk of toxic reactions to a minimum. The eye is
also an immune-privileged site given the presence of tight junctions between RPE cells, the
blood-retina barrier, local inhibition of immune responses by the unique intraocular
microenvironment and systemic induction of immunosuppressive regulatory T cells via eye-
specific mechanisms (Caspi, 2010; Willett and Bennett, 2013). These features keep the
vector from disseminating systemically and the immune system from reacting against either
the vector components or the transgene product. Together these advantages reduce the risk
of adverse systemic effects. Retinal cell types are post-mitotic, and thus sustained long-term
gene expression can be achieved even in the absence of transgene integration. Various IR
animal models are available, which may facilitate preclinical assessment of the efficacy of
therapy. The eye’s structure allows to evaluate treatment progress; the transparency of the
ocular media and the availability of recently developed in vivo imaging techniques allow for
non-invasive and consistent monitoring of the effects of gene delivery in both animal models
and patients. Additionally, given that many ocular diseases are bilaterally symmetrical, we
can take advantage of this characteristic to compare the effects of vector/gene delivery in
one eye to disease progression in the contralateral eye. Lastly, the eye’s accessibility from
the exterior allows surgical procedures to be adapted to transfer genetic material into
specific ocular compartments and to preferentially target a particular ocular cell type, with
minimal risk to patients undergoing surgical procedures. The two most common methods of
intraocular delivery are intravitreal and subretinal injections (Liang et al., 2000). Intravitreal
injections consist of the release of the therapeutic agent in the vitreous and result in the
exposure of the anterior retina. Subretinal injections, alternatively, deposit the vector into a
virtual space between the RPE and the PR, inducing a regional and reversible detachment
called a “bleb”. The intravitreal injection allows a more widespread distribution of the
therapeutic agent over the retina than that of subretinal delivery, using a less challenging and
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invasive procedure. However, the diffusion of the therapeutic agent to the PR and RPE after
intra-vitreal delivery is limited by several physical barriers, such as the vitreous, the inner
limiting membrane (ILM), and the inner retina. Thus, subretinal vector delivery is currently
considered to be the most efficient route for targeting PR and RPE cells in the outer retina,
the target cells for the treatment of most IR.

3. Gene therapy approaches for IR

Various strategies can be applied to IR gene therapy according to the effect of the mutation
underlying the disease. Gene replacement is employed for disorders due to loss-of-function
mutations and is based on the delivery of a correct copy of the defective gene without
removal of the endogenous mutant one. Gene silencing inhibits the expression of the
mutated gene via modification of messenger RNA (mRNA) and is applied to disorders
caused by gain-of-function mutations. Given the high number of genes involved in IR and
the common apoptotic pathways leading to PR cell death and degeneration, mutation-
independent strategies may be designed to either restore photosensitivity by converting
surviving retinal cells into photosensors (optogenetics, see Section 5.3.5.) (Mei and Zhang,
2012) or to slow down retinal degeneration (neuro-protection) (Colella and Auricchio,
2010). Neuroprotection prolongs the lifespan of the PR rather than correcting a gene-specific
defect. This is typically accomplished by genetically supplying naturally occurring low
molecular weight growth factors, which when present at high concentrations, elicit
neuroprotective effects. This approach is advantageous because such factors are highly
diffusible, and thus the RPE or retinal ganglion cells (RGC) can be converted into factories
for secretion of the neurotrophic factor by simple gene transfer techniques. Irrespective of
IR mutation-dependent and -independent strategies, vectors are key for successful gene
therapy in the eye. There are two major classes of vectors for gene therapy, non-viral and
viral. Non-viral vectors include DNA, which can be left naked or combined with either
chemicals such as liposomes, polymers and compacted nano-particles, or physical methods
such as electroporation or iontophoresis in order to increase transduction efficiency
(Tamboli et al., 2011). Unlike non-viral vectors, viral vectors deliver nucleic acids into the
host cell’s nucleus after specific interaction with a membrane receptor and internalization
(Nonnenmacher and Weber, 2012). Various viral vectors have been tested in the retina;
among them, those based on lentivirus (LV), adenovirus (Ad) and adeno-associated virus
(AAV) (Table 1) are the most used (Kumar-Singh, 2008; Lipinski et al., 2013). This review
will highlight both viral and non-viral strategies, which are emerging as promising retinal
treatments.

4. Non-viral vectors

Administration of nucleic acids both naked or combined with physical or chemical methods
can accomplish non-viral gene delivery to ocular tissues. Non-viral vectors are useful in
gene therapy given their high safety due to low immunogenicity, low risk of insertional
mutagenesis, and capacity to be produced at large scale (Charbel Issa and MacLaren, 2012).
Most importantly, non-viral vectors’ large cargo capacity allows for delivery of large trans-
genes and entire genomic DNA fragments such as gene regulatory elements and intronic
sequences, which yield optimal expression efficiency. On the other hand, non-viral vectors
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need to overcome natural barriers that viral vectors have evolved to pass including: (i)
extracellular DNA degradation and immune responses, (ii) cell membrane, (iii) lysosome- or
endosome-mediated degradation, (iv) cytoplasmic degradative enzymes, (v) the nuclear
envelope, which is difficult to cross in post-mitotic retinal cells. The presence of physical
barriers in the eye (such as the vitreous, inner/outer limiting membranes and the inter-PR
matrix) and the high concentration of glycosaminoglycans, which sequester DNA, further
limit cellular access (Lipinski et al., 2013). Physical and chemical methods have been
developed to increase efficiency of naked nucleic acid delivery through these barriers (Table
2).

4.1. Physical methods to improve non-viral retinal delivery

Physical methods used to improve non-viral retinal delivery include electroporation and
iontophoresis (reviewed in Charbel Issa and MacLaren, 2012). Electroporation consists of
applying electrical pulses to cellular membranes to increase permeability, and thus facilitate
the penetration of naked DNA molecules. Electroporation after intravitreal injection of DNA
resulted in transfection of adult rat RGC (Dezawa et al., 2002; Ellouze et al., 2008). In order
to transfect the outer retina, electroporation is applied following subretinal delivery of DNA.
In newborn rodents, this procedure resulted in transgene expression in a significant fraction
of the neurosensory retina (Matsuda and Cepko, 2004). In adult rodents however, Kachi et
al. (2005) and Johnson et al. (2008a) found that electroporation following subretinal delivery
of naked plasmids enhanced transfection efficiency only in the RPE. However, by using the
electron avalanche transfection method, the RPE, and also some PR, were targeted after
DNA subretinal injection in the rabbit retina (Chalberg et al., 2006). This technique places
an array of microelectrodes behind the eyeball to produce a localized electric field in
proximity to cells targeted for transfection. Electroporation has been applied to preclinical
studies to treat IR, in the Royal College of Surgeons (RCS) rat model. Zhang et al. (2009a)
showed that increased PR survival can be achieved in this model using brain-derived
neurotrophic factor (BDNF) gene transfection in RPE after a combination of subretinal
injection and electroporation.

A second physical approach is iontophoresis, a technique whereby charged molecules move
according to an applied low voltage electrical current through a tissue within an electrical
field. Transpalpebral iontophoresis was coupled to intravitreal injection of oligonucleotides
(ODNS) in order to treat rd1 pups (Andrieu-Soler et al., 2007), an RP mouse model with a
very rapid and severe PR degeneration due to a mutation in the PDE6B gene (Pittler and
Baehr, 1991), encoding for the beta subunit of the rod-specific cyclic-GMP
phosphodiesterase 6. Improvement of both outer nuclear layer (ONL) cell number and
rhodopsin and PDE6B immunoreactivity was observed around twenty-days post-injection
(Andrieu-Soler et al., 2007). Interestingly, Souied et al. observed that 3 consecutive
transscleral iontophoresis applications of a plasmid containing the PDE6B-GFP expressing
cassette in adult C57/BL6 mice, without the need of performing invasive intraocular
injection, successfully transfected the outer segment (OS) of PR. Notably, authors also
observed that this technique resulted in a thicker ONL and a detectable scotopic
electroretinogram (ERG) measurement in rd1 mice (Souied et al., 2008). In addition, no
adverse effects were observed in ocular tissues after repeated applications once the

Prog Retin Eye Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Trapani et al.

Page 5

iontophoresis conditions had been optimized. Another transfection method that does not
require globe penetrative procedures is suprachoroidal electrotransfer, which combines
administration of plasmid DNA into the suprachoroidal space with the application of an
electrical field. This approach resulted in targeting choroidal cells, RPE and potentially PR
in the adult rat (Touchard et al., 2012).

To date, gene delivery to outer retinal cells by electrotransfer means have shown relatively
low efficiency and sometimes cell death, most likely due to loss of cytoplasmic materials
after prolonged permeabilization of the cell membrane or as a result of thermal damage
(Kachi et al., 2005; Pliquett et al., 2002).

4.2. Chemical methods

Liposomes, polymers such as polypeptides and polysaccharides, and compacted
nanoparticles are among the chemical methods currently available for non-viral gene
delivery. These form a complex with DNA and allow passage through/into cell membranes,
in some instances in a receptor-mediated manner (Chen et al., 2008b). Liposomes are self-
assembled vesicular structures made up of amphiphilic lipid-molecules, such as
phospholipids and cholesterol. Liposomes are biodegradable and remain localized at the site
of injection (Naik et al., 2009). Transfection of RPE cells, but not of PR, was achieved by
subretinal delivery of these vectors (Kachi et al., 2005). Cationic polymers spontaneously
form the so-called “polyplexes” with negatively charged DNA. Numerous cationic
polymers, such as polyethylenimine (PEI), poly-L-lysine, chitosan, polyamidoamine
starburst dendrimers, and their derivatives, are used. PEI polyplexes have been used to
transfect inner retinal cells following intravitreal injection (Liao and Yau, 2007). However,
potential toxic effects have been observed with both liposomes and polyplexes when
injected into the subretinal space (Charbel Issa and MacLaren, 2012; Kachi et al., 2005;
Prow et al., 2008).

Subretinal administration of oligochitosan polyplexes transfected mainly RPE (Puras et al.,
2013a; Puras et al., 2013b) and PR (Puras et al., 2013b), whereas intravitreal delivery
transfected cells in the ganglion cell layer, blood vessels in the inner layers of the retina and
PR (Puras et al., 2013b).

Solid lipid nanoparticles (SLN) conjugated with dextran and protamine, have also been
tested after subretinal and intravitreal injection. Expression of GFP mediated by SLN
injected subretinally was observed mainly in the RPE, and some expression was reported in
PR (Delgado et al., 2012). After intravitreal injection, high levels of gene expression were
found mainly in RGC (Delgado et al., 2012). On the other hand, TransIT-TKO reagent is a
cationic proprietary polymer/lipid formulation, it is non-liposomal and was used to deliver
SiRNA subretinally to mouse RPE (Reich et al., 2003b) and intravitreally to RGC cells
predominantly (Turchinovich et al., 2010).

An alternative system, which uses the C-terminal portion of VP22, a structural protein of
herpes simplex virus, has been described to bind fluorescent labelled ODNSs, which led to
the formation of spherical particles of 0.3—-1 um in diameter that could be internalized by
cells to later be released after illumination (Normand et al., 2001). With this technique,
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ODNs were observed in Lewis rats’ RPE, inner nuclear layer and RGC 24 h after intra-
vitreal injection (Normand et al., 2005). The exact mechanism of light-induced ODN release
is poorly understood but requires fluorochrome to be covalently attached to either ODN or
the protein, and it is possible that thermal effects from the absorbance of light by the
fluorochrome may cause particle disruption and ODN release (Normand et al., 2001).
Additional studies have not been performed to gain further insight into this technique.
Compacted nano-particles (NP) contain a single DNA molecule and positively-charged
peptide molecules which may exhibit properties similar to those of DNA-histone
complexes. The most relevant NP tested so far are peptides for ocular delivery (POD) and
CK30PEG-NP. POD is a cell-penetrating peptide that was demonstrated to enter retinal cells
invivo (Read et al., 2010b), and POD nanoparticles localize to RPE and PR following
subretinal injection (Johnson et al., 2008b, 2010). POD nanoparticles conjugated with
polyethylene glycol (PEG-POD) containing an expression cassette for GDNF and injected
subretinally result in reduction of ONL apoptosis induced by blue-light (Read et al., 2010a).
To date, CK30PEG NP have yielded the most successful results of all NP. CK30PEG NP
consist of a DNA molecule compacted by polyethylene glycol (PEG)-substituted 30-mer
lysine peptides (Liu et al., 2003). Their minimal diameter is much smaller (usually < 25 nm)
than that of other NP, which allows them to travel across nuclear pores without active
transport, thus remaining episomal. Moreover, CK30PEG NP directly bind to the cell
surface receptor nucleolin, which delivers them to the nucleus via nucleo-cytoplasmatic
transport (Chen et al., 2008b). CK30PEG NP are well tolerated, even after repeated
injections (Cai et al., 2010, 2009), result in retinal transduction in the absence of an
inflammatory response after delivery to the eye (Ding et al., 2009; Farjo et al., 2006) and are
non-toxic and non-immunogenic in humans (Konstan et al., 2004). Most interestingly, they
present a large transgene capacity up to 14 kb (Han et al., 2012). CK30PEG NP showed
persistent transgene expression (up to 1 year) after sub-retinal injection in adult mice,
without extraocular diffusion (Han et al., 2012). When CK30PEG NP carrying the
peripherin gene (PRPH2) were injected subretinally in the rds+/— mouse model of RP, a
phenotypic improvement was observed for 120 days after injection (Cai et al., 2010, 2009).
Han et al. (2012) have recently tested CK30PEG NP for the delivery of the ABCA4 gene
(encoding for the ATP binding cassette transporter) in the Abcad—/— mouse model of STGD.
They detected ABCA4 transgene expression for up to 8 months after injection and found
both improved recovery of dark adaptation and reduced lipofuscin accumulation. These
results represent the first evidence of effective non-viral vector-mediated delivery of large
genes, such as ABCA4, to the adult PR cell layer.

4.3. Additional strategies to improve non-viral vector-mediated transgene expression

Although CK30PEG-mediated gene expression was long-lasting in the mouse retina, non-
virally delivered genes usually undergo gene silencing. Differential methylation and
potentially immunogenic CpGs, which are present in prokaryotic plasmid backbones, may
promote gene silencing (Chen et al., 2004). Minicircle DNA vectors devoid of bacterial
DNA were built in order to circumvent this problem, resulting in persistent and high-level
transgene expression in vivo (Chen et al., 2003; Gill et al., 2009; Gracey Maniar et al.,
2013). Even if the retinal cell population is post-mitotic, meaning that episomal non-viral
vectors should be retained, integrase from bacteriophage ®C31 has been demonstrated to
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confer genomic integration of plasmid DNA and long-term expression in mammalian cells,
including RPE (Chalberg et al., 2005). In this study, subretinal injection followed by
electrotransfer of a plasmid encoding the ®C31 integrase, co-injected with a reporter
plasmid led to expression in rat RPE cells for 4-5 months, compared to 3—4 weeks in the
absence of the plasmid coding for the ®C31 integrase. Consistently, addition of the Sleeping
Beauty transposon results in stable expression of pigment epithelium-derived factor (PEDF)
in ARPE19 cells (Johnen et al., 2012). Recently it has been shown that the total levels of
transgene expression mediated by PEG-POD NP containing plasmids with a scaffold matrix
attachment region (S/MAR) and/or CpG depletion were not significantly different from
expression levels of PEG-POD NP, suggesting that the S/IMARS or the deletion of CpGs
were playing no significant role in extending the duration of transgene expression (Binder et
al., 2013). In contrast, the data showed that there is an inverse correlation between
concentration of DNA and longevity of transgene expression: while smaller amounts of total
DNA led to less transgene expression, the duration of such expression was extended (up to
10 weeks post-injection), suggesting that the duration of transgene expression from PEG—
POD containing S/IMAR and CpG depletion may be concentration-dependent. However, the
S/MAR and CpG madifications of the plasmid backbone influenced the stability of
transgene expression. When levels of transgene expression from PEG-POD DNA NP were
compared to their respective non-compacted plasmid DNA controls, there was a consistent
relative difference that fluctuated over the 10-week period, with a peak at 5 weeks. No such
relative peak of gene expression was observed from PEG-POD with S/MAR and CpG
depleted NP, suggesting that these elements lead to a more stable transgene expression
(Binder et al., 2013). The NP expressing GDNF led to improvements in light-induced PR
degeneration models up to 77 days post-injection (Binder et al., 2013). In another work,
S/IMAR was incorported in a plasmid containing a vitelliform macular dystrophy 2 (VMD2)
promoter driving the expression of EGFP. The construct was shown to target the RPE
driving long-term expression that lasted for up to two and a half years (the last timepoint of
the analysis) when delivered either naked or by means of CK30PEG NP (Koirala et al.,
2013). Transgene expression levels were several fold higher than with plasmid alone or with
NP without S/IMARs. Furthermore, S/ MAR-coupled NP or plasmid containing the VMD?2
promoter driving the expression of hRPE65, encoding for the RPE all-trans retinol
isomerase, led to retinal improvement in the Rpe65—-/— mouse model (Koirala et al., 2013).

These promising data indicating long-term rescue after using CK30PEG deserve further
investigation in large animal models and other forms of IR.

5. Adeno-associated viral vectors

The adeno-associated virus (AAV) is a small (25 nm), non-enveloped, icosahedral virus that
packages a linear single-stranded DNA genome of ~4.7 kb (Berns and Giraud, 1996). It
belongs to the Parvoviridae family, genus Dependovirus, and receives its name from the
ability to replicate in the presence of helper viruses such as adeno-, herpes-, or papilloma-
viruses. The wild-type AAV genome includes the following open reading frames: rep,
required for DNA replication, and cap, which encodes for both the three structural proteins
that form the icosahedral capsid and for a protein essential for capsid assembly within the
nucleolus (Sonntag et al., 2010).
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The AAV genome is flanked by two 145 bp long palindromic inverted terminal repeats
(ITRs) which form hairpin-loop secondary structures at the strand termini. The only viral
sequences that are retained in cisin the recombinant AAV vector genome are the ITRs. Rep
and cap, which are exchanged with the exogenous DNA, are provided in trans together with
the adenoviral helper functions during the AAV production process to the packaging cells
(Daya and Berns, 2008).

AAV are currently the most favoured vectors for gene therapy of IR given their ability to
efficiently target various retinal layers, most likely due to their relatively small size and
ability to spread after subretinal delivery. In addition, AAV have an excellent safety profile
and low immunogenicity which allows for (i) long-term expression of the therapeutic gene
after a single administration, a desirable feature when treating a chronic condition like IR
and (i) re-administration of AAV to the subretinal space (Bennett et al., 2012). Thus, AAV
have been used in a number of successful pre-clinical and clinical studies (see Section 5.3).
Lastly, dozens of different AAV variants have been identified thus far, either isolated as
infectious or as molecular clones. Each serotype has its own external capsid protein. The
availability of different capsids and the versatility of the AAV production system allows
exchange of capsids among various AAV to generate hybrid vectors containing a genome
with the same ITRs (i.e. from AAV2) and the capsid from a different variant (Auricchio,
2003). AAV obtained through this trans-capsidation system are named AAV2/n, where the
first number refers to the ITRs and the second to the capsid (Surace and Auricchio, 2008).

5.1. AAV transduction properties in the retina

5.1.1. Naturally-occurring AAV serotypes/variants—Each AAV serotype has unique
transduction characteristics (i.e target cells, kinetic of transgene expression) because
different AAV capsids interact with different receptors on target cells and/or impact the
AAV post-entry transduction steps (Sanlioglu et al., 2001). This allows the user to select the
most appropriate AAV serotype to transduce the retinal cell layer of interest (Fig. 1; Allocca
et al., 2007; Auricchio et al., 2001; Lebherz et al., 2008). Cell transduction and targeting are
additionally influenced by the route of vector administration. Following subretinal delivery,
virtually all AAV serotypes tested efficiently transduce RPE, with AAV2/1, AAV2/ 4 and
AAV2/6 being the most specific in various animal models (Auricchio et al., 2001;
Dinculescu et al., 2005; Rabinowitz et al., 2002; Weber et al., 2003; Yang et al., 2002). This
may result from (i) the RPE accessibility from the subretinal space into which vectors are
injected, (ii) an inherent permissiveness of the RPE to AAV infection (specifically, the
presence of AAV receptors and co-receptors at the RPE cell membrane), and/or lastly, (iii)
the phagocytic properties of the RPE that may facilitate entry of AAV particles
(Vandenberghe and Auricchio, 2012). Conversely, the levels of PR transduction vary
significantly among different sero-types. AAV2/5, 2/7, 2/8 and 2/9 have all been
demonstrated to efficiently transduce PR, in addition to RPE (Allocca et al., 2007; Auricchio
et al., 2001; Lebherz et al., 2008; Lotery et al., 2003), with AAV2/8 being the most efficient
serotype in mice (Allocca et al., 2007), pigs (Manfredi et al., 2013; Mussolino et al., 2011a),
dogs (Stieger et al., 2008) and non-human primates (Vandenberghe et al., 2011). Particular
attention has been recently directed towards the identification of AAV vectors that
efficiently transduce cone PR in addition to rods, which make up the majority of PR in the

Prog Retin Eye Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Trapani et al.

Page 9

retina. This is required for gene therapy of cone and cone-rod dystrophies, such as Stargardt
disease, achromatopsia and age-related macular degeneration. These diseases are primarily
characterized by cone involvement, with possible concomitant loss of rods. The AAV
serotypes’ ability to transduce cones has been evaluated in the pig (Manfredi et al., 2013)
and non-human primate (Vandenberghe et al., 2013) retinas, which present cone density and
distribution more similar to humans than mice. Among these, serotypes AAV2/5 (Alexander
et al., 2007; Komaromy et al., 2010; Mancuso et al., 2009), AAV2/8 (Manfredi et al., 2013)
and AAV2/9 (Vandenberghe et al., 2013) were found to present the highest cone
transduction properties.

Intravitreal delivery is the preferred route for inner retina targeting. AAV2/2, AAV2/6 and
AAV?2/8 are currently the serotypes showing the highest transduction efficiency of retinal
cells from the vitreous, with a pattern mainly restricted to RGC and Miller cells (Ali et al.,
1998; Hellstrom et al., 2009; lgarashi et al., 2013; Lebherz et al., 2008). The inability of
AAV vectors to transduce the outer retina from the vitreous side appears to be mainly due to
the presence of a thick ILM, especially in large animals, and the relative abundance of AAV
receptors that capture vectors after intravitreal administration (Dalkara et al., 2009). Indeed,
if the retinal architecture is altered by a degenerative process (Kolstad et al., 2010; Park et
al., 2009; Vacca et al., 2014), or by enzymatic digestion with Pronase E (Dalkara et al.,
2009), the diffusion of AAV viral particles to the outer retina from the vitreous side is
enhanced. When the ILM is disrupted, AAV serotypes 2/1, 2/2, 2/5, 2/8, and 2/9 transduce
the various retinal cell layers to a variable degree, with AAV2/5 being the most efficient of
all (Dalkara et al., 2009).

5.1.2. Modified AAV capsids—In addition to the large portfolio of naturally-occurring
AAV serotypes, novel AAV capsid variants with enhanced gene transfer efficiency and
altered tropism have been generated in recent years by either rational design or directed
evolution (Vandenberghe et al., 2009). Rational design is a method that alters the capsid in
silico and in vitro based on knowledge of the structure—function relationship of the virion.
Conversely, directed evolution does not require a full understanding of the structure—
function biology of AAV capsids for successful modification, since it is based on random
mutagenesis of wild-type AAV capsids that are then screened by applying selective
conditions.

Successful examples of rational design are the tyrosine-mutant capsids developed by the
group of Srivastava. Phosphorylation of specific tyrosine residues within the AAV capsid is
thought to be responsible for AAV targeting to proteasome and degradation (Zhong et al.,
2008a). Therefore, the authors sought to evaluate whether the exchange of conserved
tyrosine residues with phenylalanine in AAV capsids of different serotypes results in higher
levels of transduction compared to wild-type AAV capsids, presumably allowing AAV
particles to escape the proteasome and reach the nucleus. Indeed the AAV tyrosine-mutants
have increased gene transfer efficiency both in vitro and in vivo (Petrs-Silva et al., 2009;
Zhong et al., 2008b). In particular AAV2-Y444F, AAV2-YT730F, AAVS-Y733F and AAV9-
Y446F have: (i) an efficacy similar to that of wild-type AAV at lower doses; (ii) broader
tropism within the neuronal retina and enhanced diffusion across the retina (Petrs-Silva et
al., 2009). Importantly, the AAV8-Y733F variant has been successfully used to drive long-
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term expression of PDE6B and improvement of the retinal phenotype in rd10 mice, a model
of autosomal recessive RP, which is challenging to achieve given the model’s aggressive
and severe PR degeneration (Pang et al., 2011). These initial findings pushed the generation
of other capsid mutants, among which, quadruple and pentuple tyrosine-mutant AAV?2
vectors have confirmed efficient transduction of murine PR following intravitreal delivery
(Petrs-Silva et al., 2011). A further mutation involving a threonine residue (T491V) in the
quadruple AAV2/2 capsid resulted in a 3.5-fold increase in PR transduction efficiency after
intravitreal injection (Kay et al., 2013). However, preliminary results in the adult canine
retina, which presents robust physical barriers between the vitreous and inner retina, have
shown that transduction efficiency of the quadruple AAV2/2 mutant following intravitreal
delivery is more limited than that in the murine retina (Mowat et al., 2014). This was
confirmed by the more widespread and efficient transduction of both PR and RPE achieved
in the same study using intravitreal injection in the juvenile canine retina, which presents
fewer barriers to AAV penetration, than that of the adult.

Directed evolution has been pursued as a means to select AAV derived from combinatorial
libraries. Using this approach, the labs of David Schaffer and John Flannery identified AAV
with improved glial tropism, and among these, a variant of AAV6 named ShH10, whose
intravitreal administration in a rat model results in efficient and selective Muller glia
transduction (Klimczak et al., 2009). Interestingly, ShH10-mediated delivery of GDNF was
found to significantly ameliorate degeneration and retinal function in a rat model of RP
(Dalkara et al., 2011). Another example of successful identification of AAV variants
through directed evolution is the 7m8 mutant of AAV2/2, recently identified by Dalkara and
coworkers (Dalkara et al., 2013). This mutant has demonstrated widespread transduction of
PR and RPE after intravitreal delivery in the murine retina. This rescued the phenotype of
the Rslh—/- and rd12 mouse models of IR. In particular, the rescue achieved in the rd12
mice, whose phenotype results from mutations in the RPEG5 gene expressed in the RPE,
further proves this vector’s ability to reach the RPE from the vitreous. However, differently
from what was observed in mice, intravitreal delivery of doses as high as 5 x 1012 viral
particles of 7m8 AAV to the nonhuman primate retina resulted in gene expression in both
punctuated regions across the retina and inside the fovea, but not in the RPE. This appears to
confirm that intravitreal administration of AAV does not overcome the physical barriers
from the vitreous side as efficiently in the primate retina as it does in the murine, where such
barriers are less substantial. In addition, inflammation was observed in retinal areas
expressing high levels of potentially immunogenic EGFP.

5.1.3. Strategies to modulate AAV-mediated transgene expression—The use of
different administrative routes, as well as alternative serotypes can influence the spatial
distribution of the vector within the retina. However, since tight spatial control of transgene
expression can represent a crucial requirement for effective retinal gene therapy (Lipinski et
al., 2013; Stieger et al., 2011), particularly in cases in which ectopic transgene expression
might be detrimental, the use of promoters or microRNA target regions to restrict transgene
expression can be a valid option. The majority of gene therapy studies use strong ubiquitous
viral promoters, such as the immediate early cytomegalovirus (CMV) promoter or the
chimeric chicken beta-actin (CBA)/CMV enhancer promoter. However, AAV specificity
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can be controlled by cell-type-specific promoters. RPE-specific cell targeting can be
achieved with either the human RPEG5 (Nicoletti et al., 1998) or the VMD2 promoter
(Esumi et al., 2004). Conversely, PR can be transduced by either the human rhodopsin
(RHO) (Flannery et al., 1997) or the rhodopsin kinase promoter (RHOK) (Young et al.,
2003). Notably, the RHOK promoter has been found to achieve an efficient transduction of
both rods and cones PR in mice (Khani et al., 2007) and nonhuman primates (Boye et al.,
2012). Recently, high levels of combined cone and rod transduction have been achieved
with either the ubiquitous CMV (Manfredi et al., 2013) or the PR-specific IRBP (Beltran et
al., 2012) promoter. In contrast, cone-specific targeting can be achieved with the arrestin-3
promoter (Carvalho et al., 2011), while different cone subtypes might be targeted with
different opsin promoters (Alexander et al., 2007; Fei, 2003; Komaromy et al., 2008). The
mouse glial fibrillary acidic protein (GFAP) promotor has been successfully used to target
Muiller cells (Kuzmanovic et al., 2003) as factory cells to produce neurotrophic factors
(Dorrell et al., 2009). It is important to take into account that although cell-specific
promoters allow greater spatial control, they often yield lower levels of expression than
ubiquitous promoters (Lipinski et al., 2013). A possible solution is the inclusion of binding
sites for differentially-expressed microRNAs (miRNAs) in the 3’UTR of the transgene.
Indeed, miRNAs can bind to defined sequences within the 3’UTRs of mammalian mRNAs,
resulting in translational suppression or silencing (Lipinski et al., 2013). Including
miRNA-124 or -204 target sites in the transgene expression cassette results in efficient
silencing in either the RPE or PR, respectively (Karali et al., 2011). However, higher doses
of AAV vectors containing miRNA target sites may saturate the corresponding endogenous
miRNA and lead to variable off-target expression (Karali et al., 2011).

5.2. Challenges in the use of AAV vectors in the retina

Two major limitations of AAVSs in the retina are its slow onset of transgene expression due
to second strand synthesis required for transcription, and the vector’s limited cargo capacity.
The first limitation has been overcome with the use of self-complementary AAV (scAAV)
(reviewed in McCarty, 2008). These vectors package a single genome designed to include
two copies of the transgene cassette, one in sense and the other in reverse complement
orientation, so that the complementary strands can anneal to form double-stranded AAV
genomes in the nucleus (Lipinski et al., 2013). scAAV2/2, 2/5 and 2/8 have shown faster
onset and stronger levels of transgene expression than their single-stranded counterparts in
the retina of mice (Kong et al., 2010; Natkunarajah et al., 2008; Yokoi et al., 2007) and dogs
(Petersen-Jones et al., 2009), theoretically allowing the delivery of lower vector doses to
obtain similar levels of transgene expression. The reduction in the time required to obtain
the transduction peak may be relevant in developing treatment of diseases with a rapid
retinal degeneration. Indeed, SCAAV have been successfully used to substantially restore
visual function within 4 days of treatment in two genetically distinct models of Leber
Congenital amaurosis due to RPE65-deficiency (Pang et al., 2010). Importantly, sScCAAV
vectors have been used in conjunction with capsid mutants to restore vision in the Aipl1-/-
mouse model of early onset LCA4. Subretinal delivery of sSCAAV encoding for AIPL1 was
found to be more efficacious than single stranded vectors, especially when administered
during the active phase of retinal degeneration (Ku et al., 2011). However, the need to
package double-stranded genomes reduces the already-limited AAV cargo capacity. This
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limits the number of diseases that can be treated with scAAV, although small genes and
RNA-based therapies can still be accommodated. In addition, it is not clear whether the
SCAAV vectors’ ability to achieve similar levels of transgene expression with lower vector
doses in comparison to sSAAV is due to the inherent properties of SCAAV or to a systematic
erroneous titration (Fagone et al., 2012) resulting in the administration of higher-than-
expected doses of SCAAV.

The major limitation of using AAV for gene replacement in PR is the insufficient cargo
capacity of 4.7 kb. Certain forms of IR are caused by mutations in genes whose cDNA
exceeds 5 kb (such as ABCA4, MYOTA, or CEP290, mutated in STGD, USH1B, and
LCA10, respectively), thus making it hard to treat them with AAV. Different strategies to
overcome AAYV cargo limitations have been developed. One is based on packaging oversize
genomes, i.e. larger than 5 kb (Allocca et al., 2008; Grieger and Samulski, 2005; Hirsch et
al., 2010). Notably, oversize AAV have been found to successfully express full-length
proteins in vitro and in the retina of mouse models of IR, resulting in significant and stable
morphological and functional improvement of the IR phenotype (Allocca et al., 2008; Lopes
et al., 2013). However, the genomes contained in oversize AAV vectors appear highly
heterogeneous in size and are predominantly shorter than expected (Dong et al., 2010;
Hirsch et al., 2010, 2013; Lai et al., 2010; Wu et al., 2010). This limits their use in clinical
settings. Alternatively, the ability of heterologous AAV genomes to form intermolecular
concatemers in target cell nuclei (Duan et al., 1998) can be exploited to express large genes,
which can then be split into two halves, independently packaged in two different (dual)
AAV vectors (Ghosh and Duan, 2007). Various dual AAV strategies [referred to as trans-
splicing (Yan et al., 2000), overlapping (Duan et al., 2001) and hybrid dual-vector strategies
(Ghosh et al., 2008); see Fig. 2] have been described, and they have been used to efficiently
deliver large genes to different tissues. In the trans-splicing approach the 5’-half vector has a
splice donor (SD) signal at the 3’ end of the AAV genome, while the 3’-half vector carries a
splice acceptor (SA) signal at the 5" end of the AAV genome. This allows splicing of a
single large mRNA molecule following head-to-tail concatemerization of the two AAV
(YYan et al., 2000). In the overlapping approach, the dual AAV genomes share overlapping
sequences, thus the reconstitution of the large gene expression cassette relies on homologous
recombination (Duan et al., 2001). The hybrid dual AAV approach is a combination of the
two previous approaches and it is based on adding a highly recombinogenic exogenous
sequence to the trans-splicing vectors in order to increase recombination efficiency (Ghosh
etal., 2011, 2008; Trapani et al., 2014). This recombinogenic sequence is placed
downstream of the SD signal in the 5’-half vector and upstream of the SA signal in the 3'-
half vector, so that it is spliced out from the mMRNA after recombination. The
recombinogenic sequences used to induce the recombination between dual AAV hybrid
vectors have thus far derived from regions of either the alkaline phosphatase gene (AP,
Ghosh et al., 2008, 2011) or the F1 phage genome (AK, Trapani et al., 2014). We have
recently compared side-by-side the efficiency of the various oversize, dual AAV
overlapping, trans-splicing and hybrid strategies for AAV-mediated large gene transduction
invitro and in the mouse retina (Trapani et al., 2014). We found that dual AAV vectors are
more efficient than oversize vectors, both in vitro and in the murine retina. However,
different groups have found different efficiency of PR transduction with dual AAV
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overlapping vectors; we found that dual AAV overlapping vectors drive efficient transgene
expression in RPE, but not PR, in mice and pigs (Trapani et al., 2014). Others reported low
levels of dual AAV overlapping-mediated MYO7A expression and mouse phenotype
correction (Lopes et al., 2013), and subsequently found these levels to be more robust (Dyka
et al., 2014). Interestingly, different groups have reported that dual AAV trans-splicing and
hybrid vectors efficiently reconstitute various transgenes in mouse (Dyka et al., 2014; Lopes
etal., 2013; Reich et al., 2003a; Trapani et al., 2014) and pig PR (Colella et al., 2014;
Trapani et al., 2014). Consequently, subretinal administration of dual AAV trans-splicing
and hybrid AK vectors encoding for ABCA4 and MYO7A improves the phenotype in mouse
models of STGD and USH1B, respectively (Trapani et al., 2014). Notably, these
observations provide the first evidence of efficacy of dual AAV strategies for gene therapy
of blinding conditions, which require large gene transfer to PR as well as RPE. Remarkably,
differences in the design of the oversize and dual AAV vectors and in the transgene used
seems to have a strong impact on the relative efficacy of the AAV-based systems for large
gene transfer; for example in a recent study which uses the luciferase reporter gene, the
oversize platform outperforms the trans-splicing in the mouse retina (Hirsch et al., 2013). In
conclusion, the genome discrete nature and efficiency of dual AAV vectors make them
preferable over oversize vector strategies for further clinical application.

5.3. AAV as a tool for treatment of IR

AAYV serotypes are available in dozens of different variants able to transduce the various cell
layers in the retina. This makes them useful in gene-dependent and -independent approaches
in various animal models of IR. Thus, some of these promising pre-clinical applications
have been translated into successful IR clinical trials, as reviewed below.

5.3.1. AAV for gene replacement in RPE—Most forms of IR are recessively inherited
and are determined by loss-of-function mutations. These mutations can be tackled by gene
replacement or addition directed to PR or RPE. Historically, diseases originating in the RPE
have been found to be more amenable to gene therapy than diseases due to mutation in
genes expressed in PR. This could be due to more efficient AAV transduction in RPE than
in PR as discussed in Section 5.1.1., or to the different trend of retinal degeneration, that is
faster in diseases originating in PR than in those originating in RPE (Smith et al., 2009).

Several proof-of-concept studies of AAV-mediated correction of RPE-originating IR have
been provided in the last decade. Among them, the most effective are those for IR due to
mutations in either MERTK, encoding for the mer receptor tyrosine kinase, or in RPEG5,
both of which have been translated into human clinical trials. MERTK is required for
efficient phagocytosis of PR OS by the RPE, and its deficiency leads to profound retinal
degeneration (Herron et al., 1969). Indeed, a MERTK mutation was also identified in the
well known RCS rat model of RP (D’Cruz et al., 2000). AAV2/2 vectors have been
subretinally delivered to transfer MERTK to the RPE of RCS rats, leading to a decrease in
OS debris formation, prolonged PR survival and transient visual function improvement, for
up to 9 weeks (Smith et al., 2003). The use of an AAV2/8 tyrosine mutant has been recently
associated with improved recovery (Deng et al., 2012). AAV2/8 tyrosine mutant-mediated
MERTK delivery to the RCS rat has indeed shown to preserve retinal structure and function
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for up to at least 8 months after treatment, probably due to the increased efficiency of the
AAV and the earlier injection. Successful preclinical data using an AAV2/2-VMD2-
hMERTK vector (Conlon et al., 2013) have finally led to a phase I clinical trial
(NCT01482195). Three patients have been treated with subretinal injection, and no adverse
events have been reported thus far (Boye et al., 2013a).

Currently, RPEG5 gene delivery represents the most successful example of ocular gene
therapy. Indeed, LCA caused by a mutation in RPEG5 is the first IR for which retinal gene
therapy has been developed up to phase I/11 clinical trials, thanks to the sound results
obtained in preclinical studies in small and large animal models. A pioneering study in the
Briard dog model of LCAZ2 carrying an homozygous RPE65 mutation demonstrated that a
single subretinal injection of an AAV2/2 vector carrying the canine RPE65 gene under the
control of a strong CBA promoter was sufficient to restore visual function in affected dogs,
as assessed by ERG and behavioural testing (Acland et al., 2001). This result has been
replicated by several other groups (Annear et al., 2011; Le Meur et al., 2007; Narfstrom et
al., 2003) and has opened the doors to the first clinical trials testing the safety and efficacy
of subretinal administrations of AAV2/2 in LCA2 patients (NCT00516477; NCT00643747;
NCTO00481546). The longest follow up reported is 3 years (Jacobson et al., 2012; Testa et
al., 2013). Because of the many different variables in the three studies (regulatory
sequences, method of vector production and characterization, age of LCA2 patients and
outcome measures), it is difficult to directly compare the results from one study to the other.
However, some important conclusions can be drawn from these studies: (i) AAV2/ 2
subretinal administration is safe and well tolerated (Bainbridge et al., 2008; Cideciyan et al.,
2009a, 2009b; Hauswirth et al., 2008; Jacobson et al., 2012; Maguire et al., 2009, 2008;
Simonelli et al., 2010); (ii) AAV2/2 subretinal administrations resulted in improvement of
retinal and visual function in all trials (Bainbridge et al., 2008; Cideciyan et al., 2008, 2009a,
2009b; Hauswirth et al., 2008; Jacobson et al., 2012; Maguire et al., 2009, 2008; Simonelli
et al., 2010), although at different levels, with reactivation of the visual cortex (Ashtari et al.,
2011); (iii) one trial has shown evidence that the maximal efficacy was obtained in the
youngest LCAZ2 patients, presumably with better retinal preservation (Maguire et al., 2009);
(iv) readministration of AAV2/ 2 to the subretinal space is safe and effective (Bennett et al.,
2012). The LCAZ2 trials, however, have raised some concerns over the invasiveness of the
subretinal vector delivery to a diseased retina, especially in the foveal region (Jacobson et
al., 2005; Maguire et al., 2008). In the 3-year study (Jacobson et al., 2012) approximately
half of the patients who experienced a vector bleb that detached the fovea during surgery
lost foveal thickness. This suggests that vector delivery to the fovea should be avoided,
while delivery to the extrafoveal region with greater ONL thickness preservation (Jacobson
et al., 2005, 2008) may be a valid alternative to achieve significant visual improvement. In
addition, Cideciyan et al. (2013) have recently published that, although gene therapy leads to
long-term improvement of vision in LCA2 patients, it does not halt the degenerative process,
as the thickness of the PR cell layer continued to diminish. The authors hypothesized that
this was due to irreversible accumulation of changes in the patients’ retina at the time of the
injection, which could not be reverted by AAV mediated RPEG5 delivery (Cepko and
Vandenberghe, 2013). Efforts to initiate a phase 11 clinical trial of AAV2/2-RPEG5 are
currently underway (NCT00999609) (Boye et al., 2013a). In addition, Le Meur and
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colleagues have exploited the capacity of an AAV2/4 vector to target transgene expression
specifically to the RPE, in conjunction with a specific RPE65 promoter, to restore vision in
the Briard dog model (Le Meur et al., 2007). This set up should increase the specificity and
safety of the therapy. They demonstrated rescue of rod and cone function in these animals,
which was at least as efficient as AAV2/2 treatment in dogs. This has led to further
evaluation of AAV2/4 in a clinical trial for LCA2 (NCT01496040), the results of which
have not yet been published.

5.3.2. AAV for gene replacement in PR—Gene transfer to PR has seen enormous
improvement in recent years thanks to the development of more efficient AAV vectors.
Indeed, in the last years, effective gene delivery has been developed in animal models of RP
and LCA due to mutation in genes including: PDE6B, PRPH2, GNAT2 encoding for alpha
transducin subunit, CNGB3 encoding for the cyclic nucleotide gated channel subunit beta,
GUCY2D encoding for the retinal guanylate cyclase 2D, AIPL1 encoding for the aryl
hydrocarbon receptor-interacting protein like 1, RPGRIP1 encoding for the Retinitis
pigmentosa GTPase regulator interacting protein 1, RSL encoding for retinoschisin
(reviewed in Stieger et al., 2011). Historically, AAV-mediated delivery of the PDEGB gene
represents the first evidence of the benefits as well as limitations of gene replacement in
mouse PR (Jomary et al., 1997). Indeed, intravitreal delivery of AAV2/2 vectors encoding
for PDEGB in the rd1 mouse resulted in very limited rescue of the phenotype. This revealed
the necessity for AAV vectors that transduce PR more efficiently. Indeed, better but
transient rescue has been achieved in rd10 mice, yielding slightly slower PR degeneration
with AAV2/5 (Pang et al., 2008) and AAV2/8 (Allocca et al., 2011) than with AAV2/ 2. As
previously discussed, more effective and long-term rescue has been recently achieved with
AAV8-Y733F in rd10 mice (Pang et al., 2011), although a direct comparison cannot be
made as the animals in this study were dark-reared and this protects from PR degeneration.
Recently, AAV2/5 and AAV2/8 mediated PDE6B gene delivery has, for the first time,
showed long-term restoration of retinal function and vision in the rcd1 dog model of PDE6EB
deficiency, providing great promise for human translation (Petit et al., 2012). AAV2/8 and
its tyrosine mutant have also shown their efficacy in the Aipl1-/- mouse model of LCA4
caused by AIPL1 deficiency (Ku et al., 2011; Sun et al., 2010; Tan et al., 2009; Testa et al.,
2011). Notably, this mouse model has the most severe PR degeneration of any other model,
and its rescue provides strong evidence that this generation of AAV vectors could be a very
effective tool in achieving therapeutic levels of transduction in PR.

Both AAV2/5 and AAV2/8 have been successfully applied to the retina of animal models of
cone-specific or cone—rod dystrophies (Colella and Auricchio, 2012; Stieger et al., 2011).
Mice (Alexander et al., 2007; Carvalho et al., 2011; Michalakis et al., 2010; Pang et al.,
2012), dogs (Komaromy et al., 2010) and squirrel monkeys (Mancuso et al., 2009) with
achromatopsia or color blindness have been successfully treated long-term after single
subretinal administrations of AAV. A promising proof-of-concept of AAV-mediated gene
replacement has also been obtained in mouse models of LCA1 caused by mutations in
GUCY2D encoding for the guanylate cyclase-1 gene. GUCY2D represents one of the most
frequently mutated LCA genes. The LCA1 preserved retinal structure further suggested that
this could be a very good candidate for gene replacement therapy. AAV2/5 and AAV2/8
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(either wild-type or in its Y733F version) have been found to provide long-term rescue of
the guanylate cyclase 1 knock-out mouse model, which exhibits loss of cone function and
morphology (Boye et al., 2010, 2011; Manfredi et al., 2013; Mihelec et al., 2011). These
positive results were recently confirmed in the double guanylate cyclase 1 and 2 knock-out
mouse model (Boye et al., 2013b), which lacks both rod and cone function. However, given
the high density of cones in the foveal region and the issues associated with subretinal
injection in regions close to the fovea, the identification of vectors capable of transducing
PR following intravitreal delivery would be an important step toward the clinical translation
of gene delivery to the cone-enriched macula.

AAYV have also demonstrated efficacy in conditions affecting multiple retinal tissues, such
as choroideremia (CHM), an X-linked degeneration of choroid, PR and RPE (Coussa and
Traboulsi, 2012). CHM is caused by loss-of-function mutations in the CHM/REP1 gene that
encodes the Rab escort protein 1 (REP1). Tolmachova et al. (2013) have recently
demonstrated AAV2/2’s ability to efficiently deliver REP1 to both PR and RPE of CHM
mice and human retinal explants. Notably, the levels achieved were able to rescue the
phenotype of the CHM mouse model. In 2011 a phase I/11 clinical trial with AAV2/2 was
started (NCT01461213) in order to determine whether high levels of transduction could be
reached. The initial results of the trial have been recently published and have confirmed that
subretinal administration of AAV2/2 is well tolerated in humans. In addition, recovery of
visual acuity and improvement in maximal retinal sensitivity in the eyes treated was
observed despite retinal detachment (Maclaren et al., 2014).

5.3.3. AAV for gene replacement in RGC—Successful gene replacement has been
recently obtained in a disease that requires transduction of RGC. Leber hereditary optic
neuropathy (LHON) is caused by mutations in several genes encoding subunits of the
mitochondrial respiratory NADH-ubiquinone oxidoreductase complex (complex I). This
results in RGC death and loss of vision in young adults (Tonska et al., 2010). Development
of gene therapies for LHON has been limited by the need to deliver therapies to
mitochondria, however it has been found that inserting an N-terminal mitochondrial
targeting sequence in wild-type proteins mediates efficient delivery into RGC mitochondria
(Qi et al., 2007). Approximately half of LHON cases are due to a mutation in the
mitochondrial gene encoding subunit 4 of NADH dehydrogenase (ND4). Allotopic
AAV2/2-mediated expression in mice of human ND4 fused to a mitochondrial targeting
sequence was found to result in proper ND4 localization to the RGC mitochondria in the
absence of cell death (Guy et al., 2009). Notably, AAV2/2-ND4 has been further evaluated
for its transduction abilities in ex vivo human eyes, for its efficacy in a rodent model of
LHON, and for its safety in nonhuman primate retinas (Koilkonda et al., 2014). These
evaluations confirmed the positive results obtained in mice. Effective rescue of an induced
murine model of optic neuropathy has also been recently achieved by intravitreal injection
of an AAV2/2 expressing the nuclear gene NADH-quinone oxidoreductase (NDI1) taken
from yeast (Saccharomyces cerevisiae), which encodes a single subunit complex |
equivalent containing an endogenous signal for mitochondria import (Chadderton et al.,
2013). The use of mitochondrial targeting sequences alone, however, could limit the import
of allotopic protein to the mitochondria because of the lack of a specific 3’UTR, which can
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cooperate with the mitochondrial targeting signal. To overcome this issue, the group of
Corral-Debrinski developed an approach that combines the use of both mitochondrial
targeting signals and 3’"UTRs from nuclear genes whose mRNA has been found to localize
to the mitochondrial surface (Kaltimbacher et al., 2006). This was found to result in
targeting of the hybrid-mRNA to the mitochondrial surface and in the increase in the amount
of protein fully imported in mitochondria compared with the presence of the mitochondrial
targeting signal alone. Preliminary results have shown that optimized allotopic expression of
the ND4 gene by transfection prevents mitochondrial dysfunction in both human fibroblasts
(Bonnet et al., 2008) and in a LHON rat model (Ellouze et al., 2008). Further investigation
of AAV2-mediated delivery of the optimized genes in the LHON rat model and non-human
primate retinas seems to confirm robust, long-duration gene expression, and safety
(Cwerman-Thibault et al., 2014). These successful examples of gene therapy for a
mitochondrial disease have been translated into two ongoing clinical trials for LHON
(NCT01267422, NCT02064569).

Another promising proof-of-concept for the treatment of diseases characterized by
mitochondrial impairment has been recently obtained by the group of Corral-Debrinski. This
group has shown that AAV2/2-mediated intravitreal delivery of neuroglobin, a powerful
neuroprotectant, prevents respiratory chain impairment and preserves RGC and their axons
from degeneration in the Harlequin (Hg) mouse model of human neurodegenerative diseases
due to respiratory chain impairment (Lechauve et al., 2014).

5.3.4. AAV for gene silencing—Forty percent of IR patients with a recognizable pattern
of inheritance are affected by dominant forms of the disease (Berger et al., 2010). More than
150 different mutations associated with dominant RP have been described in the RHO gene
alone which encodes for rhodopsin. The first RHO mutation to be identified encoded a
proline-to-histidine substitution at position 23 (P23H) (Dryja et al., 1990). This mutation
accounts for 12% of all adRP cases in the US (Dryja et al., 1991). P23H RHO mutants are
retained in the endoplasmic reticulum and are unable to associate with 11-cis-retinal. AAV
vectors have been used to silence RHO expression using both allele-dependent and -
independent strategies. Several groups have attempted to preferentially suppress the
production of mutant alleles using small RNA technology including ribozymes (LaVail et
al., 2000; Lewin et al., 1998) and short-hairpin (sh) RNAs (Tessitore et al., 2006).
Ribozymes are catalytic RNA molecules with tertiary structures that bind and directly cleave
complementary mRNA sequences, while shRNAs are short RNA sequences that bind target
mRNAs and trigger their degradation (Burnett and Rossi, 2012). While, this last strategy
was found insufficient to prevent or block PR degeneration (Tessitore et al., 2006), AAV-
mediated delivery of ribozymes results in partial but long-term rescue of retinal
degeneration in P23H RHO transgenic rats (LaVail et al., 2000; Lewin et al., 1998).
However, because of the great RHO allelic heterogeneity, allele-specific ribozymes need to
be specifically developed for each mutation, making this an expensive and challenging
option. As an alternative, mutation-independent approaches in which ribozymes or shRNA
target sequences common to both mutant and wild-type RHO alleles have been developed.
As all endogenous RHO is down-regulated, this approach requires the simultaneous delivery
of a replacement copy of RHO that is resistant to silencing. The development of allele-

Prog Retin Eye Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Trapani et al.

Page 18

independent ribozymes (Gorbatyuk et al., 2007a, 2005) or shRNA (Chadderton et al., 2009;
Gorbatyuk et al., 2007b) has been successfully exploited. Notably, the allele-independent
strategies provide more potent (up to 80%) silencing than those allele-specific. An
alternative approach has been developed to achieve repression of the RHO gene expression
in a mutation-independent manner by targeting artificial zinc-finger-based transcriptional
repressors to the RHO promoter (Mussolino et al., 2011b). In this interesting approach the
target of silencing is the locus of the gene itself, which is present in only two copies per
diploid cell, as opposed to the RHO transcript, which is very abundant since rhodopsin
represents >70% of the total rod PR OS proteins (Roof et al., 1982). For this same reason,
achieving sufficient RHO replacement is challenging. To date, the most advanced proof-of-
concept of the “suppression-replacement” strategy for dominant RHO mutations has been
provided using a single AAV vector that co-delivers both a shRNA directed to RHO and a
silencing-resistant RHO transgene. This strategy resulted in significant delay of PR cell loss
in RHO P23H mice (Mao et al., 2012; O’Reilly et al., 2007) and in increased rod function
(Mao et al., 2012). The use of two separate AAV vectors, one that delivers ShRNA, and the
other the RHO transgene, allows RHO suppression and replacement to be modulated and
optimized by varying the doses of the two vectors (Millington-Ward et al., 2011). As both
high and low levels of RHO have been shown to be deleterious for rods (Gorbatyuk et al.,
2005; Mao et al., 2011), further studies are required to optimize this complex approach in
order to achieve consistent therapeutic efficacy and avoid toxicity. However, the “suppress
and supplant” approach may not be necessary for treatment of some dominant RHO
mutations. Indeed, the simple AAV delivery of a wild-type mouse cDNA has been recently
reported to significantly retard retinal degeneration of heterozygous transgenic P23H RHO
mice in a Rho+/+ background (Mao et al., 2011). This raises the possibility that P23H exerts
a dominant-negative rather than toxic gain-of-function effect, and that a treatment could be
developed by altering the balance between mutant and wild-type forms of RHO. However,
no benefit was observed following RHO gene delivery in the P347S mouse model of RHO-
adRP (Millington-Ward et al., 2011).

5.3.5. AAV for mutation-independent strategies—Since PR apoptosis is the endpoint
of most IR, independently of the specific causative gene (Wright et al., 2010), therapies
based on “supply” of growth, neurotrophic, anti-apoptotic, anti-oxidative, and anti-
inflammatory molecules have been widely exploited to sustain PR survival (Colella and
Auricchio, 2010; Lipinski et al., 2013). Neurotrophic factors delivered by intraocular gene
transfer with AAV vectors include the fibroblast and lens-epithelium-derived growth factors
(FGF and LEDGF, respectively), the ciliary-derived neurotrophic factors (CNTF), BDNF,
GDNF, PEDF, erythropoietin (EPO) and its non-erythropoietic derivatives, the X-linked
inhibitor of apoptosis (XIAP), and heme oxygenase 1 (HO-1) (reviewed in Colella and
Auricchio, 2010). The data collected so far showed that protective factors are able to delay
PR loss in a mutation-independent manner and, thus, could represent valid therapeutic
options for IR treatment. However, the non-physiological expression of such factors with
growth and anti-apoptotic properties raises safety concerns. Indeed, reductions in ERG
amplitude were reported in a phase | trial (NCT00063765) testing the safety of CNTF
intraocular release in IR patients using encapsulated cell implants (Sieving et al., 2006).
EPO is one of the most attractive candidates for non-specific treatment of retinal
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degeneration (Grimm et al., 2005; Rex et al., 2004). Importantly, the safety concerns related
to EPO erythropoietic activity may have been partly overcome by the discovery of EPO
mutants, which lack erythropoietic activity while retaining neuroprotective effects (Leist et
al., 2004). AAV-mediated intraocular delivery of these derivatives in IR animal models has
shown promising results (Colella et al., 2011; Sullivan and Rex, 2011).

Optogenetic therapy is emerging as a potential therapeutic option for those forms of
blindness in which PR are mostly degenerated but other parts of the retinal circuitry remain
intact. This strategy, which is independent of the mutation underlying the disease, relies on
delivery of genes encoding light-activated ion channels or pumps to retinal neurons such as
remaining PR, bipolar cells or RGC to stimulate retinal activity. The two most studied
optogenetic proteins are channelrhodopsin-2 (ChR2), from the algae Chlamydomona
reinhardtii (Boyden et al., 2005; Nagel et al., 2003), and halorhodopsin (NpHR), from the
archaebacterium Natronomas pharaonis (Zhang et al., 2007). Both ChR2 and NpHR are
photosensitive and can be activated at specific light wavelengths. ChR2, an optogenetic
activator, is a non-selective cation channel that provides neurons with excitatory currents,
while NpHR, an optogenetic inhibitor, is a chloride pump that generates inhibitory currents.
Effective optogenetic therapies should be designed taking the following into account: cells
stimulated in greater proximity to the PR in the neuronal chain will yield a more natural
retinal processing; the optogenetic sensor-evoked activity should match the natural activity
of the stimulated cell. Based on these ideas and on which cell types have been spared in the
patient, optogenetic approaches have been thus far targeted to PR, bipolar interneurons or
RGC (Cepko, 2012). Roska and colleagues have used AAV-mediated delivery of NpHR to
convert the light-insensitive cones of two mouse models of RP into light-sensitive cells
capable of reactivating cortical circuits and mediating visually-guided behaviour (Busskamp
et al., 2010). Notably, this strategy also reactivated PR in human retinal explants (Busskamp
et al., 2010). However, the sensitivity of the currently used NpHR alleles is sufficient for
vision in bright outdoor light but not in dimmer light conditions (e.g. room light), thus this
strategy needs further optimization for human applications. Attempts to enhance light
sensitivity have been made through the use of specialized sets of glasses with an array of
light-sensitive detectors to activate NpHR that has been transduced into cones using AAV
(Grossman et al., 2010). This technique is moving towards a Phase I clinical trial which will
test AAV encoding NpHR from a human cone promoter (Cepko, 2012). Unlike NpHR,
ChR2 has been delivered to ON bipolar cells via AAV2/8 tyrosine-mutants to restore light-
induced electrical activity in the retina of RP mouse models (Doroudchi et al., 2011).
Targeted expression of ChR2 resulted in electrophysiological ON responses in post-synaptic
RGC and significant improvement in visually-guided behaviour, including motion detection
and light—dark discrimination, for up to 10 months post-injection. Several independent
groups have restored sensitization to light with optogenetic targeting of spared inner retinal
neurons. Bi et al. (2006) used intra-vitreal delivery of AAV2/2 to permanently express ChR2
in RGC in rd1 mice and demonstrated restored photosensitivity at the retinal and cortical
levels. These results have also been confirmed in marmosets and rats (Ivanova et al., 2010;
Ivanova and Pan, 2009; Tomita et al., 2007). Another option under study is the use of
endogenous channels chemically-modified to be light-sensitive. Light-sensitive channels
based on glutamate receptors (LiGIUR) were successfully delivered to RGC and were found
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to restore light sensitivity in the rd1 mouse retina (Caporale et al., 2011). Also, as an
alternative to ChR2 delivery, Lin et al. used intravitreal delivery of AAV expressing
melanopsin (Opn4), a rhabdomeric opsin involved in circadian rhythm and physiologically
expressed in approximately 0.5% of RGC in the mouse, to transduce non-melanopsin
expressing RGC (Lin et al., 2008). RP mice treated with Opn4 showed restored retinal
photosensitivity and improvement in visually-guided behaviour. However, further
applicability of melanopsin is limited by slow kinetics. In addition, direct optical stimulation
of RGC bypasses the important step of stimulus propagation to the inner retinal circuitry, in
which bipolar and amacrine cells shape the spatial and temporal properties. Zhang et al.
(2009b) have used a more complex approach, using AAV-mediated co-delivery of NpHR
and ChR2 to RGC. This produces ON, OFF, and even ON-OFF responses, depending on the
wavelength of the light stimulus. However, despite these promising proof-of-concept
studies, further translation of optogenetic strategies requires the optimization of some
critical still unsolved aspects which are reviewed in Busskamp et al. (2012).

6. Lentiviral vectors

Lentiviruses (LV) are enveloped retroviruses containing a positive, single-stranded RNA
genome, capable of infecting both dividing and non-dividing cells. LV vectors integrate
their genome in the chromosomes of target cells and thus can provide long-term expression
in dividing cells. Even if the adult retina is made of post-mitotic neurons, in which episomal
genomes would not be lost by cell division, integration may support long-term expression in
peripheral RPE cells, which despite a very slow turn-over, have the capacity to enter the cell
cycle and complete cellular division in rodents (Al-Hussaini et al., 2008; Loewen et al.,
2003). Most viral genes are deleted in the recombinant LV genome, leaving room for
transgenes and sequences of upto 8 kb in size. This relatively large capacity has been
explored for the generation of bicistronic, bipartite or dual-promoter LV vectors, which have
been successfully used to deliver multiple therapeutic proteins to the retina (Semple-
Rowland and Berry, 2014; Semple-Rowland et al., 2010, 2007; Verrier et al., 2011). LV do
not appear to induce adverse immunological responses after intraocular delivery (Azzouz et
al., 2004). Moreover, LV are highly versatile because they can use foreign viral envelope
glycoproteins in a process called pseudotyping, which greatly expands their tropism. Some
drawbacks of LV vectors include potential insertional mutagenesis, complexity of
production, and their large diameter (~80-100 nm), which may influence their distribution
due to steric hindrance. The LV genome has been manipulated in order to improve its
biosafety. These efforts include the inactivation of the 3’LTR to generate self-inactivating
(SIN) vectors (Zufferey et al., 1998), as well as the development of third-generation
packaging systems, which rely on transfection of four different plasmids, thus minimizing
homology regions potentially responsible for replication-competent viral reconstitution. LV
integration patterns have been analysed in rodent eyes, revealing a close to random
frequency of integration into genes and gene spare long interspersed nuclear elements
(LINE), suggesting its safety for clinical applications (Bartholomae et al., 2011). Moreover,
subretinal injections of high titre LV vectors induced no ocular tumours in p53—/— mice,
which are highly susceptible to intraocular malignant transformation (Balaggan et al., 2012).
In order to substantially reduce the risk of LV insertional mutagenesis, integration-deficient
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vectors have been used and shown to mediate efficient and sustained transgene expression in
rodent RPE for upto 8 weeks (Yanez-Munoz et al., 2006).

6.1. HIV-1-based LV vectors

The recombinant human immunodeficiency virus type 1 (HIV-1) has been used as a
blueprint for the development of LV vectors (Naldini et al., 1996) and was the first LV to be
tested intraocularly (Miyoshi et al., 1997). Other LV vectors that have been tested in the eye
derive from the primate HIV-2, from simian (SIV), bovine (BIV), feline immunodeficiency
viruses (FIV), or from equine infectious anaemia virus (EIAV) (Fig. 1). Most ocular studies
have used vesicular stomatitis virus glycoprotein (VSVG)-pseudotyped vectors. Intravitreal
delivery of LV vectors typically fails to produce efficient intraocular expression (Bainbridge
et al., 2001; Greenberg et al., 2007; Yanez-Munoz et al., 2006), however, partial
transduction of RPE and neuroretina has been observed near the injection site in some
studies (Harvey et al., 2002). Subretinal administration of HIV-1-VSVG vectors containing
ubiquitous or PR-specific promoters such as RHO in neonatal rodents resulted in efficient
PR targeting (Miyoshi et al., 1997). Subretinal injection of HIV-1-VSVG in the pups (post
natal day 2-5) of the rd1 mouse model of IR mediated a PR morphological rescue which
lasted 24 weeks (Takahashi et al., 1999). Transduction with LV expressing PDE6B resulted
in histologic and functional rescue of PR in mutant mice containing the PDE6B-H620Q
missense allele (Davis et al., 2008). LVV-mediated knockdown of GUCY2E or CNGAL via
shRNA in the PDE6B-H620Q retina counteracted loss of PDE6B function by increasing
visual function and PR survival (Tosi et al., 2011). In addition, LV treatment of GUCY1B-
deficient chicken embryos, a model of LCAL, partially restored the optokinetic reflexes
(Verrier et al., 2011) as well as ERG responses and volitional visual behaviours (Williams et
al., 2006). Interestingly, the MYOT7A gene, whose size exceeds the canonical AAV cargo
capacity, was successfully delivered to the neonatal murine retina of shaker1 mice with LV
and resulted in correction of the shakerl RPE and PR phenotype (Hashimoto et al., 2007). In
adult animals, subretinal administration of LV vectors predominantly resulted in RPE
transduction with some PR transduced with variable efficiency and distribution (Auricchio
et al., 2001; Bainbridge et al., 2001; Bemelmans et al., 2005; Miyoshi et al., 1997). Indeed,
rescue of IR caused by defects in genes expressed in the RPE was also achieved in juvenile
and adult rodent models using HIV-1-VSVG vectors (Bemelmans et al., 2006; Kostic et al.,
2011; Tolmachova et al., 2012; Tschernutter et al., 2005; Yanez-Munoz et al., 2006).
Moreover, subretinal injection of a LV-VSVG vector containing the Mller specific CD44
promoter in postnatal day 21 Sprague—Dawley rats showed EGFP expression for more than
6 months in Mdller glia, which represents a useful target for continuous production and
secretion of universal neuroprotective factors (Greenberg et al., 2007).

Several groups including ours have tried to identify LV pseudotypes with improved PR
tropism. However, HIV-1-Mokola and Ross River Virus (HIVV-1-RRV) were shown to
transduce only RPE after subretinal delivery (Auricchio et al., 2001; Bemelmans et al.,
2005; Greenberg et al., 2007). Recently, HIV-1-based vectors pseudotyped with the
Venezuelan Equine Encephalitis Virus-derived glycoprotein (VEEVG) were shown to
transduce murine RPE after subretinal delivery (Lipinski et al., 2014), although degeneration
of the ONL was observed with this pseudotype. A LV vector based on the HIV-2 genome
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was reported to transduce PR after subretinal injection in adult rabbits (Cheng et al., 2002).
However, no preclinical experiments or tests in larger animals were performed with any of
these. We have recently tested side-by-side seven different pseudotypes of HIV-1-based LV
vectors in the adult murine retina and found that although baculovirus glycoprotein 64
(GP64)-pseudotyped LV tends to transduce more PR than the VSVG pseudotype, none of
them provides widespread efficient PR transduction (Puppo et al., 2014).

It has been proposed that the large dimension of LV (80-100 nm) (Desmaris et al., 2001)
might impose steric effects, hampering the virus’ diffusion to PR. Thus, following a
subretinal injection, which delivers the vector in close proximity to PR, physical barriers
such as the interphotoreceptor matrix and outer limiting membrane (OLM) might prevent
LV from interacting with their cognate receptors on the target cells. Transduction and rescue
of PR in neonatal retinas, in which the anatomical barriers are not yet fully formed, but not
in adult retinas, indirectly suggests that the large LV particle size may play a role in
transduction. Experiments in favour of this hypothesis were carried out using enzymatic
treatments that weaken the interphotoreceptor matrix, such as Neuraminidase X, whose
simultaneous subretinal injection with LV increased the number of transduced PR cells
(Gruter et al., 2005). Similarly the efficiency of LV-transduced PR appears higher in the
degenerating rd mouse retina which presents more permissive physical barriers (Pang et al.,
2006). Besides, a higher number of Miller cells were transduced by LV vectors in S334Ter
—/- rats (Greenberg et al., 2007) and by LV-Mokola in Rho—/- retinas than in wild-type,
indicating that retinal remodelling may modify the tropism of LV vectors during the
progression of degeneration (Calame et al., 2011).

However, the low PR tropism of LV in the adult retina has not been fully understood yet.
Although LV-VSVG vector binding seemed independent of specific cell surface receptors
(Coil and Miller, 2004), studies carried out in adult murine retinal explants, which lack
physical barriers since they are compromised during the process of explantation, have shown
that LV-VSVG cannot transduce PR (Lipinski et al., 2014). Surprisingly, limited PR
transduction was observed in a human retinal explant transduced with LV-VSVG,
suggesting that transduction may be species-dependent (Lipinski et al., 2014).

6.2. Non-HIV-1-based LV vectors

The non-HIV-1-based FIV, SIV, BIV and EIAV LV have been developed to potentially
reduce risks associated with the use of vectors derived from HIV-1. In addition, they may
exhibit a different retinal tropism than that of HIV-1-based LV (Fig. 1). FIV-mediated £
galactosidase expression was observed in RPE (Cheng et al., 2005; Loewen et al., 2003),
RGC (Cheng et al., 2005) and PR OS (Loewen et al., 2004) in rodents, while in rabbit FIV-
based LV transduced RPE, RGC and Miiller cells upon subretinal administration (Cheng et
al., 2005). In non-human primates the pattern of transduction included Muller cells, PR and
sporadic RPE (Lotery et al., 2002). Second-generation FIV vectors mediated expression in
the rat RPE for up to 25 months after subretinal administration (Cheng et al., 2005). SIV-
based vectors pseudotyped with VSVG (Duisit et al., 2002; Ikeda et al., 2003; Miyazaki et
al., 2003), Mokola, amphotropic murine leukemia virus envelope (4070A-Env), influenza A
virus hemagglutinin (HA) or lymphocytic choriomeningitis virus glycoprotein (LCMV)
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(Duisit et al., 2002) targeted the rat RPE when delivered subretinally. In addition, gene
transfer of PEDF using this vector was shown to protect RCS rats from retinal degeneration
and functional defects (Miyazaki et al., 2003). SIVV-mediated gene transfer was shown to be
safe (Ikeda et al., 2009a) and stable in the non-human primate retina for up to 4 years (Ikeda
et al., 2009b), and a Phase I clinical study of a third-generation SIV-based LV vector
carrying human PEDF to treat patients with retinitis pigmentosa is ongoing (Yasuhiro Ikeda.
Dept of Ophthalmology, Kyushu University, Fukuoka, Japan; ARVO 2014, Program
Number: 2707). Vectors based on BIV pseudotyped with VSVG or GP64 after subretinal
injection transduced rodent RPE (Molina et al., 2004a, 2004b; Takahashi et al., 2002) and
occasional Muller cells (Takahashi et al., 2002), but not PR.

EIAV-based LV vectors were reported to transduce RPE and PR in neonatal mice (Nicoud
et al., 2007) and almost exclusively RPE in adult mice (Balaggan et al., 2006). Recently,
adult rabbit and macaque PR transduction was reported to be safe after subretinal
administration of EIAV vectors (Binley et al., 2013; Zallocchi et al., 2014). EIAV vectors
have been recently used to deliver the large ABCA4 gene (6,8 kb) to newborn Abcad—/-
mice (Kong et al., 2008) and to deliver the MYO7A gene (6,7 kb) to the newborn retina of
the shaker 1 mouse model of USH1B (Zallocchi et al., 2014). Notably, the PR transduction
efficiency was sufficient to rescue the phenotype of these mouse models. Based on these
results, clinical trials delivering EIAV vectors pseudotyped with VSVG via subretinal
delivery are currently being carried out for USH1B (NCT01505062, NCT02065011) and
STGD (NCTO01367444, NCT01736592).

7. Adenoviral vectors

Adenoviruses (Ad) contain a linear, double-stranded DNA genome contained in an
icosahedral non-enveloped capsid with fiber-like projections from each of its 12 vertices
(Russell, 2000). Ad efficiently infect post-mitotic cells with a fast onset of expression,
which is detectable in vivo 48 h post-injection (Bennett et al., 1994, 1998; Lamartina et al.,
2007). Ad vectors are episomal and offer minimal risks of insertional mutagenesis. In
addition, among viral vectors used for gene therapy, Ad vectors offer one of the largest
capacities for delivering transgenes (up to 37 kb) (Parks et al., 1996). Additionally, highly
pure and concentrated vector preps can be routinely manufactured (Kay et al., 2001).
Another major advantage that Ad vectors offer is their high versatility, including over 50
different human Ad serotypes and Ad from other species that may show different tropism
(Fig. 1). On the other hand, Ad’s large capacity depends on its particle size (~100 nm),
which may negatively impact its journey towards target cells due to the presence of physical
barriers in the subretinal space (Pang et al., 2004). Another drawback of Ad vectors are the
immune reactions that they can elicit, even in an immune privileged organ such as the eye,
as discussed below. Ad vectors may be classified as either first generation (Ad, deleted of
the early region E1/E3 genes), second generation (further deleted of the E2/E4 genes) or as
helper-dependent (HdAd, deleted of all viral genes and containing only the cis sequences
required for vector genome encapsidation). Current vectors are primarily derived from Ad
serotype 5 (Ad5). When tested subretinally in rodents, Ad5-based vectors mainly transduce
RPE (Bennett et al., 1994; Kreppel et al., 2002; Li et al., 1994; Wu et al., 2011), as does the
closely related Ad2 (Jomary et al., 1994; Zhang and Bergelson, 2005), and to a lesser extent
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PR (Puppo et al., 2014). Indeed, RPE65 and MERTK were successfully delivered to the RPE
via subretinal administration, preventing cone loss in Rpe65-/- mice (Chen et al., 2006) and
correcting the retinal dystrophy phenotype of the RCS rat (Vollrath et al., 2001),
respectively. As with LV, neonatal delivery significantly increases the efficiency of Ad-
mediated PR transduction (Li et al., 1994; Pang et al., 2004). Also similarly to LV
transduction, Ad5-mediated transduction of PR was more efficient in the degenerated
murine rd retina than in wild-type (Pang et al., 2004). Furthermore, Ad-mediated reporter
gene expression was higher in two models of proliferative retinopathy than in normal mice
(Mori et al., 2002). Two studies using recombinant Ad containing wild-type PDE6B injected
in neonatal mice resulted in histological rescue of the degenerating rd PR, lasting 6 and 12
weeks respectively (Bennett et al., 1996b; Kumar-Singh and Farber, 1998). Since Ad entry
requires high-affinity binding to cell receptors via the knob portion of the fiber,
improvement in tropism towards PR by exchanging the Ad knob (K) or fiber (F) proteins
among different serotypes or subgroups has been sought after. While Ad5 recognizes the
Coxsackie adenovirus receptor (CAR) for initial attachment, followed by internalization
through an interaction between the RGD motif in the Ad penton base with a,f3_5 integrins,
other viruses such as Ad35 and Ad37 interact with CD46 (Gaggar et al., 2003) and sialic
acid (Arnberg et al., 2002), respectively, for entry. Recognition of alternative receptors
potentially results in modified tropism. An improvement in PR targeting was observed with
the Ad5/F35 vector (Ad5 capsid containing fibers from Ad35) (Mallam et al., 2004) and
Ad5/F37 (Von Seggern et al., 2003), even though in this study the vector had been delivered
via intravitreal delivery. A study compared the transduction profiles following subretinal
injection of a vector bearing a deletion of the RGD domain in the Ad penton base
(Ad5ARGD), which had been reported to target PR (Cashman et al., 2007), to Ad5/F35 and
Ad5/F37 vectors, and found AdSARGD to be the most efficient for PR targeting (Sweigard
et al., 2010). However, a comprehensive study comparing the retinal transduction profiles of
different naturally-occurring or mutant Ad serotypes suggests that none of them significantly
outperforms Ad5 in adult murine PR transduction (Puppo et al., 2014).

Growth and neurotrophic factors have been delivered to protect retinal PR from
degeneration in animal models. Ad vectors expressing bFGF or CNTF were delivered to the
retina of the RCS rat model and this resulted in PR protection (Akimoto et al., 1999; Huang
et al., 2004). Gene transfer of CNTF has also shown to reduce PR loss and improve ERG a-
and b-wave amplitudes in the rds mouse model (Cayouette et al., 1998). Moreover, the
intravitreal injection of Ad expressing CNTF increased the number of PR nuclei in the rd
mouse model of IR (Cayouette and Gravel, 1997). Intravitreal injection of Ad expressing
PEDF rescued PR from light-induced cell death (Imai et al., 2005), and resulted in
neuroprotection in rats after ischemic injury (Takita et al., 2003). Gene expression was
shown to be prolonged following intravitreal administration of an Ad35-compared to an
Adb5-based vector, and Ad35-mediated expression of PEDF led to improvements in a
complex retinal disease model (Hamilton et al., 2008). Ad5 was also shown to target Muller
cells after intravitreal delivery in rats and to preserve the structure and function of light
damaged PR through BDNF expression (Gauthier et al., 2005).
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Transgene expression in preclinical studies, mediated by first and second generation Ad, is
generally short-lived (Reichel et al., 1998), even if the subretinal space is an immune-
privileged site (Bennett, 2003; Bennett et al., 1996a; Hoffman et al., 1997). It has been
demonstrated that cytotoxic T lymphocytes mediate removal of the transduced cells, in
which expression of viral genes takes place (Reichel et al.,1998). In order to diminish
immune responses elicited by Ad vectors, HdAd vectors were developed (Parks et al.,1996).
The only viral sequences retained in HJAd are the viral ITRs and the packaging recognition
signal. Production of HdAd vectors relies on administration of a first generation Ad helper,
which provides the Ad viral functions required for replication but does not get assembled for
a conditional deletion in the packaging signal. Indeed, HdAd-reduced immunogenicity has
led to multi-year HdAd-mediated expression in the liver of animal models (Brunetti-Pierri et
al., 2013). Subretinal administration of HAAd5 resulted in long-term transgene expression in
immunocompetent rats (Kreppel et al., 2002) and mice (Puppo et al., 2014). An HdAd5
injected intravitreally transduced Mdiller cells for up to one year (Lamartina et al., 2007),
and persistent expression of PEDF was observed also after intravitreal delivery of HJAd
(Chen et al., 2008a). Because HdAd vectors have the same capsid proteins as Ad, acute
toxicity may still be present (Brunetti-Pierri et al., 2004). To date, no clinical trials based on
Ad have been performed to treat IR, although two clinical trials have been performed using
Ad5 intraocularly in order to treat age-related macular degeneration (Campochiaro et al.,
2006) and retinoblastoma (Chevez-Barrios et al., 2005).

8. Conclusions and future directions

Identifying vectors that efficiently transduce various retinal cell layers has allowed
significant advances in both pre-clinical and clinical retinal gene therapy (Table 3).

The development of non-viral vectors for gene delivery has been largely encouraged
because of its high safety and theoretically unlimited packaging delivery. Indeed, the high-
capacity of CK30PEG NP has enabled long-term rescue of a mouse model of IR due to
mutations in a large gene expressed in PR (Han et al., 2012). However, further investigation
in large animal models is warranted in order to assess their potential for clinical applications.

LV and Ad viral vectors have demonstrated their potential to effectively deliver large genes
to RPE. However, the ability of these large particles to efficiently transduce PR in the highly
compacted adult mammalian retina remains controversial (Bemelmans et al., 2005; Bennett
etal., 1994; Binley et al., 2013; Cashman et al., 2007; Kreppel et al., 2002; Li et al., 1994;
Mallam et al., 2004; Miyoshi et al., 1997; Puppo et al., 2014; Sweigard et al., 2010;
Zallocchi et al., 2014). The outcome of the currently ongoing clinical trials based on the use
of EIAV-VSVG LV vectors will hopefully help to understand the efficiency of these high
capacity vectors for use in adult human PR transduction.

The demonstration of the safety and efficacy of intraocular AAV administration in humans
has provided a unique momentum for retinal gene therapy and established AAV as the most
promising platform for retinal gene therapy to date (Table 3). Dual AAV-mediated large
gene delivery in mice (Dyka et al., 2014; Lopes et al., 2013; Reich et al., 2003a; Trapani et
al., 2014) and in pigs (Colella et al., 2014) seems to overcome AAV’s limited cargo
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capacity, extending its applicability to IR due to mutations in large genes. The additional
development of AAV mutants that transduce the outer retina from the vitreous support
AAV’s ability to treat IR. These next generation gene transfer tools perfectly match new
therapeutic strategies, which go beyond gene replacement in RPE or PR. Optogenetics, for
instance, requires transfer of light-sensitive molecules to inner retinal cells. Some challenges
remain to be solved; the next generation of AAV vectors must be able to transduce the retina
of a large animal as efficiently as it does that of a small rodent. Moreover, while some
barriers appear difficult to penetrate, AAV has been reported to spread to neurons of the
central nervous system following subretinal administration (Stieger et al., 2008). Although
this has not been consistently observed (Vandenberghe et al., 2011), it poses safety concerns
that can be overcome by the use of cell-specific promoters to avoid misexpression of the
transgene. In addition, independently of the barriers, serotype tropism may vary among
different species (Vandenberghe and Auricchio, 2012). Particular care should be taken in
assessing both the timing of injection with respect to the age of onset of the disease
(Cideciyan et al., 2013; Maguire et al., 2009) and the site of injection of the vector in order
to avoid fovea damage.

In conclusion, despite continuous challenges, the always expanding portfolio of vectors
provides improved tools for retinal gene therapy and warrants a bright future for treatment
of blindness.
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Fig. 1.
Retinal tropism of AAV, Ad, and LV. Arrows point at target cells (in bold) transduced after

subretinal injection of the vectors indicated in the corresponding rows of the adjacent table.
*: transduces the indicated cell type after intravitreal injection. **: transduces the indicated
cell type after both intravitreal or subretinal injection. Tyr: tyrosine. References cited in the
figure: 1. Auricchio et al., 2001; 2. Rabinowitz et al., 2002; 3. Weber et al., 2003; 4. Yang et
al., 2002; 5. Dalkara et al., 2013; 6. Petrs-Silva et al., 2009; 7. Petrs-Silva et al., 2011; 8.
Allocca et al., 2007; 9. Lotery et al., 2003; 10. Lebherz et al., 2008; 11. Mussolino et al.,
2011a; 12. Vandenberghe et al., 2011; 13. Stieger et al., 2008; 14. lgarashi et al., 2013; 15.
Hellstrom et al., 2009; 16. Klimczak et al., 2009; 17. Bainbridge et al., 2001; 18.
Bemelmans et al., 2005; 19. Miyoshi et al., 1997; 20. Lipinski et al., 2014; 21. Greenberg et
al., 2007; 22. Puppo et al., 2014; 23. Cheng et al., 2005; 24. Lotery et al., 2002; 25. Duisit et
al., 2002; 26. Ikeda et al., 2003; 27. Miyazaki et al., 2003; 28. Molina et al., 2004b; 29.
Takahashi et al., 2002; 30. Balaggan et al., 2006; 31. Binley et al., 2013; 32. Zallocchi et al.,
2014; 33. Bennett et al., 1994; 34. Li et al., 1994; 35. Kreppel et al., 2002; 36. Lamartina et
al., 2007; 37. Cashman et al., 2007; 38. Jomary et al., 1994; 39. Mallam et al., 2004; 40. Von
Seggern et al., 2003; 41. Sweigard et al., 2010; 42. Wu et al., 2011; 43. Ikeda et al., 2009b.
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Fig. 2.
Schematic representation of AAV-based strategies for large gene transduction. X shows

overlapping regions for homologous recombination. The striped boxes depict the exogenous
recombinogenic sequence used in the dual hybrid approach. CDS: coding sequence; SD:
splicing donor signal; SA: splicing acceptor signal; polyA: poly-adenylation signal.
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Table 1

Features of viral vectors for retinal gene transfer.

Vector AAV LV Ad
Cloning Capacity (kb) <4.7 <8 <36
Particle size (nm) 25 80-100 100
Genome sSDNA  ssRNA  dsDNA
Integration No Yes No

AAV: adeno-associated virus; LV: lentivirus; Ad: adenovirus; ss: single-stranded; ds: double-stranded.
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Table 2
Non-viral gene delivery to the retina.
Target cell Preclinical POCin IR References
Physical methods  Electroporation RPE, PR, RGC  BDNF in RCS rat 123456
Electron avalanche transfection  RPE, PR np 7
Supra-choroidal electrotransfer ~ RPE, PR np 8
Trans-palpebral iontophoresis PR PDES6B in rd1 mouse 9
Trans-scleral iontophoresis PR PDEB6B in rd1 mouse 10
Chemical methods  Liposomes RPE np 1
PEI polyplexes RGC np 11
Oligochitosan polyplexes RPE, PR,RGC np 12,13
Solid lipid nanoparticles RPE, PR, RGC np 14
TransIT-TKO RPE, RGC np 15,16
VP22 particles RPE, RGC np 17
POD nanoparticles RPE, PR GDNF in light-induced retinal damage  18,19,20,21
CKB30PEG nanoparticles RPE, PR, RGC  PRPH2 in rds mouse 22,23,24,25,26

ABCA4 in Abcad—/- mouse
RPE65 in Rpe65—/— mouse

POC: proof-of-concept; IR: inherited retinopathies; np: not performed; RPE: retinal pigment epithelium; PR: photoreceptors; RGC: retinal ganglion
cells; PEI: poly-ethylenimine; POD: peptides for ocular delivery; CK30PEG: polyethylene glycol-substituted 30-mer lysine peptides. References

cited in the table:
1 .

Kachi et al., 2005;
2

Johnson et al., 2008a;
3Maltsuda and Cepko, 2004;
4

Dezawa et al., 2002;
5

Ellouze et al., 2008;
6

Zhang et al., 2009a;
7Chalberg etal., 2006;
8

Touchard et al., 2012;
9Andrieu-SoIer etal., 2007;
10Souied etal., 2008;
llLiao and Yau, 2007;
12Puras etal., 20133;
13Punas etal., 2013b;
14Delgado etal., 2012;
15erich etal., 2003b;

16Turchinovich etal., 2010;
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17Normand etal., 2005;
ls.]ohnson etal., 2008b;
19Johnson etal., 2010;
2ORead etal., 2010a;
21Binder etal., 2013;
22Farjo etal., 2006;
23Cai etal., 2010;
24Cai etal., 2009;
25Han etal., 2012;

26Koirala etal., 2013.
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Table 3

Number of publications on proof-of-concept studies in IR animal models and humans using AAV-, LV- and
Ad-based vectors.

AAV LV Ad

Preclinical studies ~70 ~15 ~10
Clinical trials 12 4 0

Source for preclinical studies: Pubmed as of May 2014. The numbers in the columns derive from the analysis of publications selected using the
following keywords: adeno-associated, retina; adenovirus, retina; lentivirus, retina. Source for clinical trials: clinicaltrials.gov as of May 2014.
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