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Mutations in the gene for rhodopsin, RHO, cause autosomal dominant retinitis pigmentosa,
a disease characterized by death of rod photoreceptor cells. At the end stage, when most rods
are gone, cones die too, taking central vision with them. One goal of gene therapy, therefore,
is to preserve central vision by promoting rod survival in the vicinity of the macula.
Dominance in RHO mutations is associated with two phenomena: interference with the
function of normal rhodopsin and intrinsic toxicity of the mutant protein. In the case of
interference, increased production of the wild-type protein may be therapeutic, but in the
case of toxicity, suppression of the mutant protein may also be needed. RHO augmentation
has made use of advances in gene delivery to the retina using adeno-associated virus (AAV).
Several strategies have been developed for suppression of rhodopsin expression, but because
of the heterogeneity of RHO mutations they are not specific for the mutant allele: They
suppress both mutant and wild-type RHO. Experiments in autosomal dominant retinitis
pigmentosa (adRP) mouse models suggest that both RHO augmentation and supplementa-

tion plus suppression preserve the survival of rod cells.

s many as 40% of retinitis pigmentosa cases

display autosomal dominant inheritance,
and approximately one quarter of these are at-
tributable to mutations in RHO, the gene for
rod cell opsin (Sullivan et al. 2006). A compli-
cating feature of RHO-based autosomal domi-
nant retinitis pigmentosa (adRP) is its alleleic
diversity: More than 100 disease-causing muta-
tions have been mapped to RHO, and the vast
majority are dominant (see https://sph.uth
.edu/retnet/home.htm). These mutations can
be classified both by their clinical presentation
and by their impact on the cellular distribution
of rhodopsin. Such distinctions are critical be-
cause they determine how, or even whether, a

particular patient should be considered for gene
therapy.

Based on clinical observations, Cideciyan
and coworkers (1998) described two classes of
adRP Class A patients lost retinal function over
the entire retina and reported the onset of night
blindness early in life. In contrast, class B pa-
tients exhibited a milder phenotype, normal rod
activation kinetics, and preserved rod outer seg-
ment length, with anomalies in the rod visual
cycle that were mutation specific. Photoreceptor
degeneration in subclass B1 was not homoge-
nous, and some patients showed an inferior to
superior progression of disease. These authors
conclude that the “catastrophic loss of rod func-
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tion” in class A patients may not be correctable,
so that therapy should be focused on preserving
cones; whereas, in class B patients, rods have the
potential to be rescued, and preserving rods is
the best hope for protecting cones. The question
of why cones die in retinitis pigmentosa is also
crucial, because the answer will determine how
many rods must be rescued to preserve central
vision.

Two classes of opsin mutations were also
described as a result of studies in tissue culture
cells (Sung et al. 1991; Kaushal and Khorana
1994). Class I opsin mutants were expressed at
high levels in cells, reconstituted rhodopsin by
binding 11-cis-retinal and partitioned to the
plasma membrane. Class II mutants were ex-
pressed at low levels, did not bind 11-cis-retinal
and remained in the endoplasmic reticulum.
The relationship between the cellular behavior
of mutant opsin proteins and the clinical im-
pact of opsin mutations is not always clear, but a
few generalizations can be made. Most of the
mutations that lead to opsin misfolding and
instability (i.e., class IT) lead to a milder disease
phenotype (class B). In contrast, mutations af-
fecting the carboxyl-terminus of opsin, such as
V345L and P347S, are expressed at high levels.
These mutated proteins form rhodopsin, but
lead to early onset, severe retinal degeneration
(class A).

Transgenic animal models of adRP have
provided some clarification and some confu-
sion. For example, rhodopsin with carboxyl-ter-
minal chain terminating mutations (Q344X
and S$334X) is mislocalized to the plasma mem-
brane of the inner segment (Sung et al. 1994; Li
etal. 1996; Green et al. 2000), and this improper
membrane insertion is toxic to rod photorecep-
tors. In contrast, class II mutations (P23H and
T17M), which cause opsin to be retained in the
endoplasmic reticulum, may cause cell death
by continued activation of the unfolded pro-
tein response (Lin et al. 2007; Gorbatyuk et al.
2010; Kunte et al. 2012). Mendes and colleagues
(2005) have refined the classification of RHO
mutants, synthesizing results obtained in cell
and transgenic models of adRP. One risk of
transgenic models is related to the potential
for overexpression of rhodopsin, which in itself

may be toxic (Olsson et al. 1992a; Tan et al.
2001). Sakami and coworkers described a knock
in mouse model of P23H Rho (the mouse ver-
sion of RHO). Unlike transgenic P23H models,
this line displayed the slow retinal degeneration
characteristic of type B patients, and opsin did
not accumulate in the endoplasmic reticulum
but led to the disruption of disc membranes in
rod outer segments (Sakami et al. 2011).

Two critical questions must be answered
when considering rod-directed gene therapy:
(1) Is the degeneration progressing too quickly
for rescue by gene delivery to rod photorecep-
tors? If rod cells have begun their cell death pro-
gram when the diagnosis is made, then therapy
must be directed at macular cones (Yang et al.
2009; Punzo et al. 2009; Usui et al. 2009; Mur-
akami et al. 2012), or alternative strategies such
as stem cell therapy, retinal prosthesis or gene
delivery of light sensitive channels to cells of the
inner retina may be indicated. (2) How does
mutant opsin kill the celll RHO mutations
may be dominant for either of two reasons (Wil-
son and Wensel 2003; Mendes et al. 2005). Rho-
dopsin forms dimeric complexes in the disc
membrane (Fotiadis et al. 2003), and mutant
proteins might interfere with the function of
normal rhodopsin or its assembly in the mem-
brane, thereby exerting dominant negative ef-
fects. Alternatively, gain-of-function mutations
could cause rhodopsin to be intrinsically dam-
aging to the rod cell. It may be possible to treat
dominant negative mutations by increasing the
level of the normal protein (supplementation).
For mutations that cause rhodopsin to be inju-
rious, however, suppressing the expression of
the mutant proteins may also be required.

RHODOPSIN SUPPLEMENTATION

Whether or not the production of mutated op-
sin should be blocked, the conditions for deliv-
ery of a normal human opsin gene must be
established for gene supplementation. Delivery
of a wild-type copy of the defective gene is the
most direct approach for gene therapy and is
being tested both animal models and human
clinical trials of recessive retinal degenerations,
as described in many of the other reviews in this
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collection. Key issues that must be addressed are
delivery to photoreceptors, specificity and the
appropriate level of expression.

DELIVERY

For gene delivery to photoreceptors, adeno-as-
sociated virus (AAV) is currently the best-devel-
oped vehicle. Recombinant AAV leads to long-
term (probably lifelong) expression of the de-
livered gene in nondividing cells, and because
the delivered DNA is maintained as an episome
(Song et al. 2004), there is little danger of inser-
tional mutagenesis (Kaeppel et al. 2013). AAV
does not cause disease and does not provoke an
inflammatory response following subretinal in-
jection, although preexisting antibodies to the
virus can limit its usefulness for some applica-
tions (Mingozzi and High 2013). In three trials
of gene therapy for Leber congenital amaurosis
type II, AAV serotype 2 has been shown to be
safe for human use (Bainbridge et al. 2008; Ma-
guire et al. 2008; Cideciyan et al. 2009). In the
eye, AAV efficiently infects both photoreceptors
and the retinal pigment epithelium following
subretinal injections. In rodents, a single subre-
tinal injection of 1 or 2 L can detach the entire
retina and infect 80% of photoreceptors before
the neural retina reattaches to the retinal pig-
ment epithelium. In larger animals (such as
dogs) and in humans, larger volumes on the
order of 100—300 wL are delivered, and viral
infection is restricted to the area of detachment.
A limitation of AAV is its limited carrying ca-
pacity: 4.7 kb inserts in single stranded AAV and
half of that in self-complementary AAV. Recent-
ly, genetic modifications to the viral capsid pro-
teins have permitted transduction of photore-
ceptor cells from the vitreous chamber, but
efficiency is currently too low, certainly in pri-
mates, to use this approach for effective replace-
ment of rhodopsin in rods (Dalkara et al. 2013;
Kay et al. 2013).

Other approaches to gene delivery to pho-
toreceptors include the use of nanoparticles
and lentivirus-based vectors (Han et al. 2012;
Binley et al. 2013). Each has shown some prom-
ise, and vectors based on equine infectious
anemia virus are in clinical trials for treatment

Gene Augmentation for adRP Mutations in RHO

of retinal disease (see http://clinicaltrials.gov,
NCT01367444; NCT01301443; NCT01736592).
The user communities for these systems are
small, however, and for the purpose of deliver-
ing short cDNAs such as that of rhodopsin, the
limited carrying capacity of AAV is not an im-
pediment.

SPECIFICITY

AAV vectors with multiple tyrosine-to-phen-
ylalanine modifications infect many cell types
following intravitreal or subretinal injection
(Petrs-Silva et al. 2011). Photoreceptor specific
expression of transgenes can be achieved using
several different promoters, including that of
rhodopsin kinase and interphotoreceptor reti-
noid binding protein. The proximal rod opsin
promoter of 485 bp leads to efficient transgene
expression in rod photoreceptors, but delivered
genes are also expressed in cone photorecep-
tors (Glushakova et al. 2006; Mussolino et al.
2011a). Whether production of rhodopsin in
cone photoreceptors will affect cone function
and vision is not known. Palfi and colleagues
(2010) described a longer rod opsin promoter
construct containing a 1.7 kb segment of the
mouse rhodopsin promoter and two additional
conserved elements from the rhodopsin pro-
moter. In an AAV vector, this promoter led to
50% greater expression of human RHO mRNA
than a virus using the 500-bp proximal promot-
er following subretinal injection in mice. Injec-
tion of this vector just after birth led to partial
protection of rod cell structure and function for
up to 12 wk in Rho knockout mice.

LEVEL OF EXPRESSION

Expression of wild-type human rhodopsin at
high levels in transgenic mice leads to progres-
sive death of photoreceptor cells (Olsson et al.
1992b; Sung et al. 1994). This phenomenon has
been examined in some detail by Price et al.
(2012), who expressed one or two copies of a
normal human RHO transgene in mice with one
or two copies of wild-type mouse Rho. Two cop-
ies of the human RHO gene ona Rho~/~ back-
ground produced approximately the same level
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of rhodopsin protein as the two endogenous
copies of mouse Rho in wild-type mice. Two
copies of mouse Rho plus one copy of human
RHO led to a 30% decrease in the thickness of
the outer nuclear layer (ONL) by 6 mo of age,
with most of the decline occurring in the first
month of life, i.e., during photoreceptor devel-
opment. A double dose of opsin genes (two
Rho plus two RHO) led to a 60% decrease in
ONL thickness, with a sharp decline in the first
month but continued thinning over the next 5
mo. Increased expression of rhodopsin led to
an increase in the volume of rod outer segments,
and the authors concluded that loss of photo-
receptor cell bodies (thinning of the ONL) with
three copies of the gene may be caused by cel-
lular crowding. Increased diameter of rod outer
segments was also reported by Wen et al. (2009),
who used transgenic mice expressing a chimeric
bovine-murine opsin gene. These authors sug-
gest that without an increase in peripherin/
rds (retinal degeneration slow) that disc mem-
branes become unstable in larger outer seg-
ments.

Because transgenic overexpression of rho-
dopsin leads to death of photoreceptors, it is
logical that viral delivery of RHO cDNA could
be harmful if too much rhodopsin is produced.
Indeed, that is what we found using AAV to
deliver a cDNA encoding mouse rhodopsin un-
der the control of its own promoter (Mao et al.
2011). Subretinal delivery of this vector in wild-
type mice led to a 45% increase in the level of
rhodopsin monomer (similar to the presence of
asingle copy of a RHO transgene), and this level
of expression caused a 70% reduction in elec-
troretinogram (ERG) a-wave and b-wave am-
plitudes over the 6 mo after injection (Fig. 1).
This finding suggests that rhodopsin expression
from viral vectors should be carefully titrated.

Nevertheless, excess rhodopsin may not be a
risk in gene therapy for adRP, because RHO
genes will not be delivered to people with two
normal copies of RHO. Patients harboring the
P23H mutation in RHO have less than the nor-
mal amount of rhodopsin (Kemp et al. 1992),
and this reduction is probably characteristic of
many class B patients (Kemp et al. 1988). Like-
wise, the best-characterized transgenic mouse
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Figure 1. Virally mediated overexpression of rhodop-
sin leads to retinal degeneration in C57Bl/6] mice.
Reduction in ERG a-wave and b-wave amplitudes in
eyes injected with AAV-Rho (white bars) compared
with the uninjected contralateral eyes (black bars)
over a time course of 6 mo after injection of virus
(n = 7). For the a-wave amplitudes, ** p < 0.005 at
2, 3, and 6 mo postinjection. For b-wave amplitudes,
*p < 0.05at1 moand ** p < 0.005at 2, 3,and 6 mo
postinjection. (From Mao et al. 2011; reprinted, with
permission, from Mary Ann Liebert, Inc. © 2011.)

line expressing P23H Rho exhibits about one
half of the normal level of rhodopsin, based
on spectroscopic measurements on 1-mo-old
mice (Wu et al. 1998), and the P23H RHO
line that we developed exhibit a significant re-
duction in rhodopsin levels at the same age
(Noorwez et al. 2009). Diminished levels of rho-
dopsin can be attributed to retention of the
mutant protein in the endoplasmic reticulum
and enhanced degradation of the wild-type pro-
tein in the presence of mutant opsin (Frederick
et al. 2001; Rajan and Kopito 2005). In both
people and mice, reduction in rhodopsin levels
is revealed by a delayed recovery from photo-
bleaching (Goto et al. 1995; Kemp et al. 1992).
Consequently, individuals who stand to benefit
from gene augmentation with rhodopsin can be
identified, and those at risk of rhodopsin excess
can be excluded from treatment.

PHOTORECEPTOR RESCUE BY RHODOPSIN
SUPPLEMENTATION

In mice bearing a P23H Rho transgene, in-
creased expression of normal rhodopsin re-
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duces the rate of retinal degeneration. Frederick
and colleagues (Frederick et al. 2001) found that
in transgenic mice with no wild-type Rho, 80%
of the photoreceptor cell bodies (ONL) were
gone by postnatal day 30. In mice with one
copy of the endogenous mouse gene, there was
only a 50% reduction at the same time point,
and in mice with a normal component of Rho,
there was no retinal degeneration at day 30, al-
though by postnatal day 90 photoreceptor loss
was complete on all genetic backgrounds. Price
and coworkers (2012) took this analysis one
step further: In mice with the same P23H trans-
gene, three wild-type rhodopsin genes (two Rho
plus one RHO) retained ~70% of the ONL at 1
mo, and nearly half of the ONL at 6 mo. These
results support the hypothesis of Wilson and
Wensel (2003) that class II mutations such as
P23H may result in a dominant negative form
of opsin that is not inherently injurious to pho-
toreceptors.

AAV-mediated delivery of a cDNA encoding
wild-type rhodopsin also reduced retinal degen-
eration in P23H transgenic mice (Mao et al.
2011). We used a mouse line with one copy of
a human P23H RHO gene on a wild-type back-
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ground (Rho*/™). Such mice lose 60% of the
ONL and 70% of their scotopic a-wave response
by 6 mo of age, but eyes injected with AAV-Rho
retained 80% of the ONL in the superior retina
and 90% in the inferior hemisphere (Fig. 2A).
ERG a-wave and b-wave amplitudes also re-
mained at ~80% of those of wild-type C57Bl/
6 mice, and the decrease in ERG response seen in
untreated eyes was arrested by 2 mo of age in
injected eyes (Fig. 2B). These results suggest
that rhodopsin supplementation by viral deliv-
ery of a wild-type RHO ¢cDNA may be a viable
therapeutic approach in cases of adRP associat-
ed with class II mutations in RHO.

That being said, models of adRP containing
carboxyl-terminal mutations in rhodopsin
transgenes often exhibit rapid degeneration of
the outer retina even when two copies of the
wild-type mouse Rho are present at the endog-
enous locus, depending on the level of expres-
sion of the transgene (Li et al. 1995, 1996; Pet-
ters et al. 1997; Pennesi et al. 2008). Millington-
Ward and colleagues (2011) reported that AAV
delivery of a wild-type human RHO cDNA driv-
en by a 1.7 kb opsin promoter did not protect
photoreceptor function (ERG b-wave) in P347S

L
1mo 2mo 3mo 6mo 1mo 2mo 3mo 6mo

a wave b wave

Figure 2. AAV-Rho protects the retinas of P23H transgenic mice for up to 6 mo. A. ONL from AAV-Rho injected
eyes (black bars) were 80%—85% thicker than those of the untreated group (white bars) (* p < 0.05) and were
slightly thinner but not significantly different from the wild-type mice at 6 mo of age (gray bars). B. The ERG a-
wave and b-wave amplitudes of AAV-Rho injected eyes were elevated (white bars) in P23H transgenic miceat 1, 2,
3, and 6 mo following injection compared with uninjected eyes (black bars) (* p < 0.05 at 1 and 2 mo
postinjection; * p < 0.005 at 3 and 6 mo; n = 9). (From Mao et al. 2011; reprinted, with permission, from

Mary Ann Liebert, Inc. © 2011.)
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RHO transgenic mice, supporting the view that
gene supplementation by itself may not be suf-
ficient for treatment of toxic gain-of-function
mutations.

PHOTORECEPTOR RESCUE BY RNA
REPLACEMENT

To overcome the damage caused by mutated
rhodopsin in adRP, rhodopsin gene delivery
can be accompanied by inhibition of synthesis
of the mutant protein. Such suppression can be
achieved by blockade of transcription, using
zinc-finger transcriptional repressors, or can
occur at the RNA level through the use of anti-
sense techniques including antisense oligode-
oxynucleotides, RNA enzymes (ribozymes) or
RNA interference using short interfering RNA
(siRNA). Although allele specific knockdown
of P23H mRNA reduced the rate of retinal de-
generation in P23H Rho transgenic rats over a
prolonged period (LaVail et al. 2000), the large
number of different adRP mutations in RHO
make this approach challenging, because a dif-
ferent inhibitor would be needed for each mu-
tation. An alternative approach is to block the
expression of all endogenous rhodopsin, mu-
tant and wild-type, and to deliver a replacement
gene to support the structure and function of
photoreceptors (Ader et al. 2005).

ZINC-FINGER REPRESSORS

Zinc-finger domains are features of many DNA
binding proteins including transcriptional acti-
vators and repressors. The manner in which
these domains interact with DNA has been
studied in detail, and the rules have been estab-
lished for modifying the amino acid sequence to
bind a specific DNA sequence (Liu et al. 2002;
Segal et al. 1999). These zinc finger domains can
then be associated with transcriptional activa-
tor domains, transcriptional repressor domains
or with site-specific nucleases. Mussolino and
colleagues (2011b) produced a series of tran-
scriptional repressors that silence RHO by com-
bining six zinc-finger domains with the Kriip-
pel-associated box repressor domain, screening
them first in tissue culture and then in mice.

Their most active repressor was specific for the
human RHO promoter and, when delivered
by subretinal injection of AAV to wild-type
mice, there was no impact on ERG amplitudes
or on the structure of the retinas. When injected
into mice bearing one copy of the P347S RHO
transgene and two copies of endogenous Rho,
expression of the human transgene was reduced
by 26% and ERG b-wave amplitudes were in-
creased by nearly 30% in treated eyes 2 mo after
gene transfer. In this model, normal rhodopsin
was provided by the mouse gene, so that no
additional supplementation was necessary.

RNA REPLACEMENT THERAPY

Combining genes for RNA inhibitors such as
ribozymes or siRNAs in the same viral vector
as the rhodopsin ¢cDNA is straightforward be-
cause both genes are small (1046 nt for RHO
c¢DNA, 19 bp for siRNA, 35 nt for a hammer-
head ribozyme) and can be driven from short
promoter sequences. For this system to operate,
the RHO ¢cDNA must be made resistant to the
siRNA (or ribozyme) by the introduction of
“silent” mutations. Although single mismatch-
es within 4 nt of the cleavage site can inhibit
cutting by hammerhead ribozymes (Fedor and
Uhlenbeck 1990), three or more changes may be
required to prevent the siRNA from directing
digestion by the RNA-induced silencing com-
plex, and both the position and the nature of
these changes is important to prevent cleavage
(Du et al. 2005). Potential problems may arise
from mutations that change a commonly used
codon to a less commonly used one or muta-
tions that affect RNA secondary structure. Both
phenomena can impact the rate of translation
and therefore the folding of opsin (Duan et al.
2003; Cannarozzi et al. 2010).

Short interfering RNA can be produced in
two ways: as short hairpin RNAs under the con-
trol of an RNA polymerase III (pol III) promot-
er (Paddison et al. 2002) or as artificial micro-
RNAs (miRNA) under the control of pol II
promoters (Zeng et al. 2005). Short hairpin
RNA (shRNA) is processed to siRNA by the
endonuclease Dicer in the cytoplasm, and has
the advantage of high expression level and
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therefore more rhodopsin repression. However,
pol III promoters are promiscuous, so that any
AAV infected cell will produce the shRNA. Be-
cause of the well-known off-target effects of
siRNAs, it is probably wise to restrict expression
to the target cells, in this case photoreceptors.
An artificial miRNA uses the processing se-
quences of a bona fide miRNA but replaces
the sequence of the mature miRNA with that
of an siRNA, in this case targeting the coding
portion of RHO. Its synthesis can be directed by
a photoreceptor-specific promoter. In fact, the
gene for the artificial miRNA can be in the same
transcript as the rhodopsin cDNA, either up-
stream in an intron sequence (Fig. 3A) or down-
stream in the 3’ untranslated region (Fig. 3B).
Such an organization will ensure delivery of
both components to the same cells, but process-
ing of the miRNA from the RHO transcript is
likely to reduce the level of mature mRNA either
by interfering with splicing or polyadenylation.
Nevertheless, delivery of artificial miRNAs with
a resistant replacement gene has been success-
fully employed in a mouse model of liver failure
associated with the PiZ allele of a-1 antitrypsin
(Mueller et al. 2012).

O’Reilly and colleagues attempted the RNA
replacement approach in transgenic mice bear-
ing a P23H RHO gene with limited success
(O’Reilly et al. 2007). Their AAV serotype 5 vec-
tor contained a pol III promoter driving the
expression of an shRNA that they showed to
be effective in suppressing human rhodopsin
mRNA in transgenic mice. The shRNA gene
was combined in the same vector with a RHO

Intron

Gene Augmentation for adRP Mutations in RHO

c¢DNA containing seven silent mutations to
block binding of the siRNA driven by a 1.7 kb
mouse Rho promoter. In P23H RHO mice in-
jected as newborns and measured at postnatal
day 10 they observed partial protection of ONL
thickness (33%) compared to eyes injected with
a virus expressing GFP, but only by separating
their highest values from their lowest values.
The transgenic mice used in these experiments
exhibited rapid retinal degeneration: In untreat-
ed eyes, all photoreceptors were lost by 2 wk, so
this was an extremely stringent test of therapy.
In contrast, we tested RNA replacement in a
slow, progressive model of adRP based on the
presence of a single human P23H transgene
on the background of heterozygous disruption
of the mouse Rho gene (Rho+/_) (Mao et al.
2012). In these mice, maximum ERG ampli-
tudes were decreased by 50% at 1 mo of age,
and ONL thickness was half that of nontrans-
genic littermates by 2 mo of age. We employed
an AAV5 virus expressing both an shRNA that
targeted mouse Rho and human RHO and an
siRNA-resistant Rho cDNA containing three si-
lent mutations. Injection of this virus at post-
natal day 15 led to 80% improvement in ONL
thickness at 3 mo postinjection, and this dif-
ference persisted for up to 9 mo postinjection.
Similarly, ERG a-wave and b-wave amplitudes
remained more or less stable over the 9 mo of
the experiment in injected eyes but decreased
by 85% in untreated eyes (Fig. 4). Retinal degen-
eration was faster in this model than in the
P23H RHO, mouse Rho™/* mice used for sup-
plementation without suppression (Mao et al.

3'UTR

Figure 3. Constructs for mRNA suppression and replacement. Possible locations for miRNA insertion include
(A) the intron region or (B) the 3 UTR. In either case, the same promoter would be used to direct the synthesis of
the artificial miRNA and the replacement gene. In the case of RHO adRP mutations the miRNA would be
engineered to express an siRNA targeting the coding region of RHO, and the replacement RHO gene would
contain synonymous changes in the third positions of codons to remove the siRNA binding site.
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Figure 4. A single AAV RNA replacement vector preserves retinal function for 9 mo in P23H RHO transgenic
mice. The combination vector was designated RS301. Left eyes of both strains were untreated and right eyes were
injected with AAV-RS301. ERG amplitudes of the untreated, nontransgenic eyes were set at 100%. (At 9 mo, the
average a-wave amplitude of these untreated eyes was 180 wVand the average b-wave amplitude was 565 wV.) By
9 mo the untreated P23H transgenic eyes showed a significantly diminished response in both a- and b-wave
amplitudes, <20% of that of the untreated, nontransgenic eyes (n = 7; ** p < 0.005). P23H eyes injected with
AAV-RS301 maintained 80% of the a-wave amplitude of untreated, nontransgenic eyes and 95% of the b-wave
amplitude. (From Mao et al. 2012; reprinted, with permission, from Mary Ann Liebert, Inc., © 2012.)

2011), and the knockdown of endogenous rho-
dopsin mRNAwas necessary to achieve this level
of ONL preservation.

Results of Millington-Ward and colleagues
(2011) suggest that RNA replacement may also
work for class I mutations in rhodopsin. After
using marker genes (EGFP and dsRed) to verify
that photoreceptors could be infected with two
AAV vectors following subretinal injection, they
coinjected RHO P347S, Rho*/™ mice at post-
natal day 5 with AAV serotype 5 expressing an
shRNA from the H1 promoter and a separate
virus expressing a replacement RHO gene. The
authors had earlier shown that delivery of the
shRNA vector alone efficiently suppressed hu-
man RHO mRNA levels and reduced the rate
of thinning of the ONL in a mouse line that
carried the human P347S RHO gene on a mouse
Rhot/™ background (Chadderton et al. 2009).
With the combined injection, they observed a
35% increase in ONL thickness compared to
control injected eyes at 6 wk of age. Measure-
ment of the ERG b-wave amplitudes suggested
that the protective effect lasted up to 20 wk
postinjection (Fig. 5). Although b-wave ampli-
tudes were diminished threefold compared to

the 6 wk time point, they were three times great-
er in the RNA-replacement eyes than in control-
treated eyes.

The choice of two viruses, one for mRNA
suppression and the other for mRNA replace-
ment, is appealing in that the ratio of the two
viruses can be varied depending on the level of
expression of the mutant RHO gene in the an-
imal model or the patient. Nevertheless, there
are technical and regulatory barriers to this ap-
proach. Despite fluorescence micrographs indi-
cating that photoreceptors can be coinfected
with two viruses, it is likely that many photore-
ceptors will be infected with one or the other,
leading to rhodopsin deficiency or excess in
those cells. It is probable that a mixture of dif-
ferent recombinant viruses could be tested for
safety and granted regulatory approval, but each
variation in the ratio of viruses would be a dif-
ferent test compound and might require its own
safety studies and regulatory review. Given the
fact that a single virus expressing the shRNA
and the replacement gene was effective in pro-
moting long-term survival of photoreceptors in
P23H RHO transgenic mice, using one vector
for RNA replacement seems advisable.
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Figure 5. ERG response following suppression and replacement of P347S RHO. At postnatal day 5, mice were
injected in one eye with a 1:30 mixture of AAV expressing the shRNA (S) and AAV expressing the siRNA-resistant
replacement gene (R). Contralateral eyes were injected with a control virus expressing EGFP. Six weeks or 20 wk
later, mice were dark-adapted overnight and ERG responses recorded from both eyes. (A,B) Overlays of the ERG
recordings; gray and black lines represent recordings from combined suppression and replacement therapy
(S4R) and control (Ctr)-injected eyes, respectively. RE, right eyes; LE, left eyes. (C) Mean b-wave amplitudes.
Gray and black columns represent values corresponding to S+R and control-injected eyes, respectively. Error
bars represent standard deviation [*** p << 0.001]. (From Millington-Ward et al. 2011; reprinted, with permis-

sion, from Nature Publishing Group © 2011.)

CONCLUDING REMARKS: MOVING
RHODOPSIN AUGMENTATION
TO THE CLINIC

Several questions must be answered before rho-
dopsin supplementation can be developed for
clinical application. These include: How much
rhodopsin is too much in a primate? Which
RHO mutations can be treated with supplemen-
tation alone and which require supplementa-
tion plus suppression? Does this approach
work in a large animal model of adRP? Where
in the retina should the vector be delivered?
Although overexpression of wild-type rho-
dopsin, either by transgenesis or viral gene-de-
livery, has been demonstrated to cause photore-
ceptor degeneration in mice, this phenomenon
has not been reported in larger animals. If the
damage to photoreceptors is cell-autonomous,
then there is reason to suspect that excess rho-
dopsin would also be harmful in people, where-
astoo little expression would be without benefit.
Although novel capsid variants may permit in-
fection of photoreceptor cells following intravit-
real injection (Dalkara et al. 2013; Kay et al.

2013), the inner limiting membrane would pre-
vent transduction of rod cells in the peripheral
retina. Therefore, subretinal injections would be
required. Because single injections of AAV will
transduce photoreceptors only in the region of
retinal detachment, harm or benefit should be
confined to that area. To determine a therapeu-
tic window for opsin expression, a dose escala-
tion study should be performed in nonhuman
primates using subretinal injections with AAV
serotype 5 or serotype 8 expressing human RHO
c¢DNA (Vandenberghe et al. 2011; Boye et al.
2012). Monitoring of retinal dimensions with
spectral domain optical coherence tomography
and retinal function with focal ERG should then
be continued for a year or more. Some animals
would have to be sacrificed after a shorter inter-
val to assess expression levels of rhodopsin and
other marker proteins.

In rodents, it is important to test AAV aug-
mentation in as many valid models of adRP
based on rhodopsin mutations as are currently
available. These would include transgenic mice
and rats as well as mice carrying mutations in
the mouse Rho gene (Budzynski et al. 2010;
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Sakami et al. 2011). To recapitulate adRP, the
disease phenotype should be slowly progressive,
so that therapy can be initiated in mature ani-
mals and after the onset of retinal degeneration.
In mice and rats, it may be of value to employ
self-complementary AAV for the delivery of
RHO, because the onset of rhodopsin expres-
sion will be more rapid compared to that from
single stranded AAV (McCarty et al. 2003). The
goal would be to determine which, if any, of
these models should be successfully treated
with RHO augmentation and which may re-
quire supplementation plus suppression of the
endogenous genes. Outcome measurements
would include spectral domain optimal coher-
ence tomography, ERG and behavioral assays
such as the optokinetic response measured lon-
gitudinally in the same animals (Prusky et al.
2004).

Before moving to clinical trials, it is essential
to test gene therapy by rhodopsin augmentation
or replacement in large animal models of adRP.
Several porcine models have been characterized,
including transgenic pigs with both class I and
class II mutations (Petters et al. 1997; Tso et al.
1997; Li et al. 1998; Huang et al. 2000; Ross et al.
2012). Unfortunately, all of the models, includ-
ing P23H minipigs, exhibit relatively rapid ret-
inal degeneration, so that viral delivery of RHO
would have to be attempted soon after birth for
any hope of efficacy. There is one naturally oc-
curring canine model of RHO adRP that has
been characterized in some detail (Kijas et al.
2002; Cideciyan et al. 2005; Gu et al. 2007). At 3
mo of age, dogs heterozygous for the T4R mu-
tation have nearly normal ERG amplitudes, but
by 13 mo, both rod and cone responses are at-
tenuated. T4AR RHO dogs do not recover nor-
mally from photobleaching, and are particular
sensitive to light damage from clinical levels of
light exposure, such as fundus imaging. The
mechanism of this light damage is not known,
but the mechanism appears to be different from
intense light damage in albino mice, because
inhibiting AP-1 activation does not block light
injury (Gu et al. 2009). The extreme sensitivity
to light damage is probably caused by a toxic
gain-of-function by T4R rhodopsin, so that it is
unlikely that RHO supplementation will suffice

for therapy—suppression of endogenous rho-
dopsin may also be required. The advantage of
the light damage phenotype is that success of
RNA replacement can be tested simply by light
exposure a few weeks after gene transfer; treated
eyes should be less sensitive to intense light. A
disadvantage is that retinal injections must be
performed under dim red light (Komaromy
et al. 2008). In contrast, it is possible that sup-
plementation alone would prevent the slow, un-
derlying retinal degeneration of dogs exposed
only to ambient light, assuming that the mech-
anism for the slow retinal degeneration is dis-
tinct from the light injury response.

The large animal models of adRP will be of
great use in determining the dose and distribu-
tion of gene therapy vectors. The retina of both
species is cone-rich relative to rodents, particu-
larly in the area centralis of the dog (Mowat et al.
2008) and the retinal streak of the pig (Hen-
drickson and Hicks 2002). Although the imme-
diate objective of rhodopsin augmentation is
the rescue of rod photoreceptors, the ultimate
goal is preventing the loss of cones, and thus of
central vision. Presumably, subretinal injections
in humans would be placed in the perifoveal
region to sustain rods in the vicinity of the fovea
and thus promote the survival of foveal cones.
Treatment near the central retina in canine and
porcine models of adRP might predict whether
rod-based therapies can protect central vision in
this way.
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