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ABSTRACT

The most common inherited eye disease is
retinitis pigmentosa (RP). X-linked RP (XLRP) is
one of the most severe types of RP, with a
considerable disease burden. Patients with XLRP
experience a decrease in their vision and
become blind in their 4th decade of life, causing
much morbidity after starting a rather normal
life. Treatment of XLRP remains challenging,
and current treatments are not effective enough
in restoring vision. Gene therapy of XLRP,
capable of restoring the functional RPGR gene,
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showed promising results in preclinical studies
and clinical trials; however, to date, no
approved product has entered the market. The
development of a gene therapy product needs
through preliminary assessment of the drug in
animal models before administration to
humans. In this article, we reviewed the genetic
pathology of XLRP, along with the preclinical
aspects of the XLRP gene therapy, animal
models, associated assessments, and future
challenges and directions.
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Key Summary Points

X-linked retinitis pigmentosa is one of the
most severe types of hereditary eye
disease.

Gene therapy opens a new horizon in
treating hereditary eye diseases like Leber
congenital amaurosis and X-linked
retinitis pigmentosa.

There have been several preclinical and
clinical trials but no approved drugs yet.

Selection of a proper gene therapy
strategy, including vector type, animal
model, and assessments, is vital for
developing an effective gene therapy
product.

In this article, the preclinical aspects of
X-linked retinitis pigmentosa gene
therapy and its current challenges have
been reviewed.

INTRODUCTION

Retinitis pigmentosa (RP) is the most common
inherited eye disease, affecting 1 in 4000
worldwide (approximately 3 million worldwide)
[1]. As is understandable from its name, under-
lying pathology consists of degeneration of the
retinal cells and accumulation of retinal pig-
ments, giving the retina a pigmented appear-
ance. RP includes a heterogeneous group of
inherited diseases that, along with other con-
ditions, such  as Leber congenital amauro-
sis (LCA), Usher syndrome, and Bardet-Biedl
syndrome, cause retinal degeneration [1]. The
disease can have different inheritance patterns,
including autosomal dominant, autosomal
recessive, X-linked recessive, and syndromic (as
a part of syndromes), each of which occurs with
different prevalence, pathology, intensity, and
prognosis based on their underlying mutation
[1-4]. The most common type of RP is the
autosomal recessive type, which accounts for

about 50-60% of RP prevalence, followed by the
autosomal dominant type (30-40%) and
X-linked type (5-20%) [2, 3]. Despite the dif-
ferences, the RP disease group has several com-
mon clinical features [2]. In these patients, at
first, with the loss of rod photoreceptors, which
are often located in the peripheral retina and
responsible for low-light sight, the person suf-
fers from night vision problems (night blind-
ness) and loss of peripheral visual field (tunnel
vision). Next, the cone cells, which are respon-
sible for color vision and accurate vision, begin
to degenerate, causing the loss of central vision;
eventually, most patients become legally blind.
These changes present as a progressive reduc-
tion of the ERG response of rod and cone cells.
In addition to previous symptoms are destruc-
tion of retinal vessels, accumulation of abnor-
mal dark bone-like pigments in the retina,
vitreous degeneration, and paleness of the optic
nerve head [1, 5, 6].

Unfortunately, no definitive and effective
treatment for RP has been suggested so far.
Available therapies for RP, at their best, have
just been able to delay retinal degeneration by
reducing retinal cell death, improving retinal
cell function, replacing cells, or creating an
artificial retina [7]. Calcium blockers, fibroblast
growth factor (FGF), and ciliary neurotrophic
factor (CTNF) are examples of pharmacological
agents that try to alter the environment of the
photoreceptors to prevent the loss of rod cells
[8-12]. Dietary supplements such as vitamins A,
E, and docosahexaenoic acid (DHA) were also
used to treat RP [13-15]. Transplantation of
healthy photoreceptor and RPE (retinal pig-
ment epithelium) cells or embryonic stem cells
was used for the regeneration of degenerated
neurons; however, there are still immunological
challenges [1, 16-18]. However, in recent years,
especially after the successful results of gene
therapy for LCA disease (NCT00821340,
NCT00481546, NCT00749957, NCT02781480,
NCT01496040, NCT00643747, NCT04516369,
NCT00999609), choroi-
deremia (NCT03496012), and X-linked RP
(Table 1) and approval of Luxturna (voreti-
gene neparvovec) by FDA and EMA in 2017
[19-21], hopes are rising for the application of
gene therapy in the treatment of RP [22, 23].
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X-linked type of RP (X-linked retinitis pig-
mentosa: XLRP), which is reported with con-
siderable prevalence and severe manifestations,
has been studied for gene therapy treatment;
fortunately, promising developments in this
area have been reported in recent years
[4, 24-26]. In this study, we intended to review
the characteristics of the XLRP and the basic
principles of its preclinical gene therapy along
with the current challenges and future per-
spectives, emphasizing laboratory and preclini-
cal aspects. Note that this review is based on
previously conducted studies and does not
contain any new studies with human partici-
pants or animals.

X-LINKED RETINITIS
PIGMENTOSA, A COMMON
AND SEVERE TYPE OF RP

XLRP is one of the most severe types of RP,
known for its early onset and rapid progression.
So far, several gene loci have been suggested for
it including RP2 [MIM 312600], RP3 [MIM
312610], RP6 [MIM 31262], RP23 [MIM
300424], RP24 [MIM 300155], and RP34 [MIM
300605]. However, mutations in the two main
genes of RP2 and RP3 or retinitis pigmentosa
GTPase regulator (RPGR) have been studied
more than others [2]. Mutations in the RP2 gene
are responsible for about 15% of XLRP cases,
probably by truncating a protein responsible for
transporting proteins to the cell surface and
maintaining the structure of the Golgi appara-
tus. However, this gene has been less targeted
for gene therapy [27, 28]. Mutations in the
RPGR gene account for about 70% of XLRP cases
and are the most common mutations in the
recessive type of RP. The disease is not trans-
mitted from person to person; however, female
carriers show different degrees of disease sever-
ity, from no symptoms to severe degeneration
(male pattern) [2, 29, 30]. People with muta-
tions in the RPGR gene usually experience night
blindness in the first decade of their lives. Their
visual acuity and visual field continue to
decline, and as rod and cone cells continue to
die, most become blind in the 4th decade of life.
Optical coherence tomography (OCT) of these

patients shows progressive thinning of the outer
layers of the retina [31, 32].

Genetic Pathology

RPGR gene, located in the Xp21.1 region, has a
length of 58 kb and is composed of 19 exons.
During transcription, ten types of RPGR mRNA
are created after intron splicing and five are
translated into proteins. Two common types of
these mRNAs are RPGR™!'~1?, containing 19
exons with a length of 2448 bp, which makes a
protein with 815 amino acids, and RPGRO®'!?,
including the first 14 exons followed by the
15th exon elongating into the 15th intron with
a length of 3459 bp, which encodes a protein
with 1152 amino acids. RPGR naturally has two
main isoforms in the human body: (1)
RPGR™*, which contains all of the 19 exons
and is expressed in all tissues across the body,
and (2) RPGR®™1° which has 15 exons and the
last exon (15th), is continued by the intron next
to it and is explicitly expressed in photoreceptor
cells [33]. The role of the protein produced by
the RPGR gene is not well known. Still, it has
been determined that this protein is located in
the structure of the connecting cilium of pho-
toreceptors at the junction of the inner part
(consisting of the organelles which produce the
cell’s necessary proteins and fatty acids) and the
outer part (consisting of superimposed disks of
the photoreceptor cell membrane which
enclosed by the RPE cells and is responsible for
the retinoid cycle that leads to vision) of these
cells. RPGR protein is involved in the intra-
flagellar transportation of proteins. [34, 35]. To
date, no disease-causing mutations have been
reported in the 16th to 19th exons. However,
the final exon of this RPGRO®15, called ORF15,
which actually consists of the 15th exon and
part of the 15th intron of the RPGR gene, is a
mutational hotspot in which > 70% of the
RPGR mutations occur. The reason for these
mutations is the purine-rich repetitive sequen-
ces that can cause abnormal conformations in
DNA double helix or triplexes that inhibit the
polymerase enzyme and subsequently tran-
scription and translation processes [33, 36]. In
addition, repetitive glycine and glutamic acid
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Fig. 1 Schematic diagram of retinitis pigmentosa GTPase regulator (RPGR) gene structure, splicing variants, and genetic

pathogenesis of XLRP

sequences play an essential role in the isoelec-
tric balance of the resulting protein and hence
have a decisive role in the normal function of
the rod and cone cells of the retina [37]. Most of
the mutations that occur in this region are small
deletions of 1-2 or 4-5 bp that cause a frame-
shift and eventually truncate the protein prod-
uct. This could cause RPGR protein breakdown
and nonfunctioning through changes in the
protein isoelectric point or post-translational
glutamylation [33, 38, 39]. However, it has been
reported that deletions without frameshift (in-
dels), if small, not only are well tolerated but
also can increase the genome’s stability [40]. A
noteworthy point in this regard is the inability
of the RPGR™! 19 splice variant to compensate
for the RPGR dysfunction caused by the
mutant RPGRO®!5 splice variant. It seems that
the RPGR™ 19 jsoform, contrary to RPGRORF1S
has trivial expression in the retina [41, 42].
(Fig. 1).

It should be noted that currently, the RP
diagnosis is based on clinical features, and then
the patient is referred for genetic evaluation of
known underlying mutations [20]. Further

identification of responsible underlying genes
through genetic testing of diagnosed patients
and their registration in worldwide databases
(Leiden Open Variation Database: www.
databases.lovd.nl; RetNet: www.sph.uth.edu;
eyeGENE  network: www.eyegene.nih.gov)
could expand the ground for gene therapy of
this disease [43-46].

ANIMAL MODELS OF XLRP DISEASE

One of the main requirements for studies on the
safety and efficacy of RPGR gene therapy, along
with a good design and proper selection of viral
vectors, is having a suitable animal model for
this disease that can successfully simulate the
features and behaviours of the disease in
humans. Since a wide range of retinal degener-
ative diseases can occur in humans and other
mammals, having representative animal models
can help find the pathology and possible treat-
ments of these diseases. Notably, many of the
genes that lead to retinal degeneration in ani-
mals are common to human pathogenic genes;
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therefore, these models could be considered
accurately, both genetically and phenotypi-
cally, the proper model for corresponding
human diseases. Animal models for RP and
specifically for XLRP exist in two forms: first,
the models that naturally have mutations in the
RPGR gene; second, the engineered models, in
which the RPGR gene is manipulated, creating a
transgenic model of XLRP [1]. It is important to
note that animal models of disease, in addition
to being genotypically and phenotypically
comparable, should also be similar in anatomi-
cal and physical characteristics. Dogs, mice,
rats, cats, chickens, and pigs are among the
animals that have either natural or transgenic
models for RP. Among them, dogs due to simi-
larity in eye size, pigs due to acceptable size of
the eyes and similarities in retinal structure, and
cats due to much information available about
their retinal neurophysiology and lower level of
inflammation secondary to interventions in
their eyes have advantages. However, most of
the animal models are mice. Mice, with a rela-
tively short lifespan, allow the observation of
long-term changes of disease in a relatively
shorter time. Compared with mice, rats with
almost equal reproduction speed possess better-
known photoreceptors and larger eyes, simpli-
fying the evaluation and procedures used [1].
However, there are currently three animal
models with natural mutations, including two
canine models, i.e., XLPRA1 and XLPRA2
models [47] and a murine model, i.e., rd9
(retinal degeneration 9) mouse model [48], and
several models with genetic manipulation for
XLRP disease [49].

XLPRA1 canine model of RPGR has a muta-
tion in ORF15 through deletion of five nucleo-
tides (del1028-1032), which makes a premature
stop codon and subsequently a truncated pro-
tein at the 230th amino acid starting from the
C-terminal. The result is the degeneration of
retinal photoreceptor cells. The retina of
XLPRA1 dogs develops and functions normally
at birth. The first histological symptoms (rod
cell degeneration) appear at 11 months of age,
followed by cone cell degeneration. The first
functional symptoms (decrease in amplitude of
dark-adapted response of rod and cone cells)
appear after 6 months [47]. XLPRA2 canine

model, which seems to be a more severe
and faster type of XLPRA1, is identified by two-
nucleotide deletion (del1084-1085) in the
ORF15 exon, which causes frameshift mutation
in this gene. The result is 34 extra altered basic
amino acids and truncation of the last 161
amino acids in the protein structure. These
extra amino acids alter the isoelectric point of
the protein and disrupt its function. Degenera-
tion of retinal rod cells of this model follows a
biphasic pattern, starting at 4 weeks and
reaching a maximum in 6-7 weeks. The rate of
cell death decreases afterward and remains
constant for at least 9 months. Functional dis-
orders in the form of amplitude reduction and
abnormal waveforms in ERG curves start at 5—
6 weeks and become more severe with age pro-
gression. These two models can be a good
representative of XLRP occurring in the 1st
decade of human life [47]. Mouse model rd9 in
C57Bl16/] mice was caused by mutations in the
exon ORF15 through duplication of 32 nucleo-
tides, resulting in a frameshift mutation and
causing a premature stop codon and loss of
functional protein and gradual loss of photore-
ceptors. Due to RPGR protein deficiency, rho-
dopsin and transducin levels in the outer part of
the rod cells were decreased, and the opsin in
the cone cells was misplaced. In retinal mor-
phological tests, the thickness of the outer
nuclear layer decreases, and the pigments are
diminished. Retinal functionality of these
mice—evaluated by ERG—gradually decreased
to 24 months [50, 51].

Other models of the XLRP disease are also
developed by genetic manipulation, the most
important of which is the RPGR™~ mouse
model. This murine model has been created by
introducing a vector bearing a transgene trun-
cated at the 4-6th exon into embryonic stem
cells. In this murine model, due to early trun-
cation, no functional RPGR protein is gener-
ated. Also, these mice do not have any RPGR
protein in the connecting cilia area of pho-
toreceptors. However, ERG data show that the
retina is morphologically normal until the 30th
day of birth, cone cell pigments (opsin) undergo
mislocalization from the 20th day of birth, and,
instead of being normally on the outside part of
the photoreceptors, they move inward and
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around the nucleus. Although rod cell pigments
(rhodopsin) are not affected by mislocalization,
their amount decreases. Retinal degeneration—
characterized by high expression of GFAP—
starts at 2 months of age and becomes more
severe at 6 months. At this time, the length of
the photoreceptors’ outer part is reduced, and
the disc-shaped structure of the photoreceptors’
tail is disrupted. Retinal degenerative changes
appear in the forms of the reduced amplitude of
b waves in cone cells and a reduction in the
slope of the ERG curve of rod cells [49].

Due to similarities in anatomy and sizes of
the eyes, diagnostic and therapeutic interven-
tions for the canine models are largely the same
as those used for humans. The pattern of pho-
toreceptor loss (first rods, then cones) in canine
models is similar to that in humans. However,
in addition to the many genetic similarities
between mice and humans, the maintenance
and reproduction of murine models are more
manageable, and surgical interventions are
simpler in mice. Hence, choosing the appro-
priate animal model according to the purpose of
the study is crucial.

GENE THERAPY VECTORS

New therapies need to be carefully evaluated
and improved before being tested in human
clinical trials. In addition to the importance of
preclinical models, the selection of an appro-
priate vector for the transfer of the desired
genetic material, the choice of vector transfer
method, and the optimization of the transferred
gene are of great importance. The principle of
viral vector selection is based on the purpose
and strategy of gene therapy. Figure 2 shows
different elementsof retinal gene therapy
strategies. In each gene therapy, an appropriate
vector type should be selected according to
these elements. The most-used gene therapy
strategy involves adding a healthy copy of the
RPGR gene. Different vectors in inherited eye
diseases have been studied extensively in pre-
clinical and clinical studies [52].

To date, in addition to viral vectors, vari-
ous other types of vectors, including exosomes/
liposomes, antisense oligonucleotides, naked

RNA or DNA, and nanoparticles, have also been
used. However, in most clinical trial studies,
viral vectors have been used [53]. Among dif-
ferent viral vectors, adeno-associated viruses
(AAVs) and lentiviruses have been used more
than others. Table 2 shows the advantages and
disadvantages of the leading viral vectors used
for gene therapy of eye diseases. (Table 2) There
is greater interest in viral vectors because of
their greater potency and ability to be engi-
neered. Other vectors also have usages, such as
RNA oligonucleotides in the CRISPR-Cas com-
plex for genetic modification.

Given that viral vectors have been the most
used and effective vectors in studies so far, we
will focus on comparing the most common viral
vectors in this article. Lentiviruses belong to the
category of retroviruses, but their main differ-
ence from other retroviruses is their ability to
infect non-dividing cells, in addition to divid-
ing cells, making them a good choice for gene
therapy of retinal cells. Lentiviruses, in addition
to their high capacity to transmit long genetic
fragments (up to about 11 Kbp in the third
generation of lentiviruses), through the inte-
gration of their genome into the host genome,
guarantee the long-term expression of the
transgene. In contrast, due to the high degree of
integration into the host genome, there is a
higher risk for insertional mutagenesis and
immune reactions. AAVs, originally discovered
as associated viruses with adenoviruses, need
certain adenoviruses-related factors to replicate
and become pathogens, so these vectors are not
inherently pathogenic and induce little
immune responses. These two essential features
of AAVs have extended their in-vivo applica-
tions [54]. AAVs can infect dividing or non-di-
viding cells and integrate their DNA into the
host genome or stand in episomal form (with-
out integration) for expressing transgenes [55].
It is important to note that because the site of
possible integration of the virus gene into
human chromosomes is known (AAVS1 region
in chromosome number 19), these viruses have
a low risk for insertional mutagenesis [53].

Depending on the frequency of receptors in
each tissue, different virus serotypes have dif-
ferent tropisms to various tissues. Suitable AAV
serotypes for the transduction of photoreceptor
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Fig. 2 Retinal gene therapy strategies and their components. Each component is crucial in designing retinal gene therapies

cells include AAV2, AAVS5, and AAVS. RPE cells
are transduced well when AAV1, AAV2, AAV4,
AAVS, and AAVS8 are used. Due to the wide-
spread use of the AAV virus in ocular diseases,
virus-specific tropisms for different ocular cell
types have also been evaluated (Table 3)

[2, 56, 57]. Given that one of the limiting fac-
tors in the in vivo use of viral vectors is the non-
specific effect on all available cells, using ser-
otypes that are more specific for certain cell
types can result in a more targeted and specific
therapeutic effect.
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Table 2 Advantages and disadvantages of the leading viral vectors used for gene therapy of eye diseases

Viral vector  Description Advantages

Limitations Applications

Adenoviruses  Non-enveloped, 36 kb Capable of insertion of large High Transient expression of
genome, non- fragments of DNA, infection immunogenicity transgenes, DNA
integrative of a large variety of cells, and (both cellular vaccine development

easy propagation in the body ~ and humoral) due to high
immunogenicity

Retroviruses  Integrative Capable of insertion of large Insertional Genetic diseases of T

(including fragments of DNA, low mutagenesis cells including
lentiviruses) immunogenicity, infection of malignancies, HIV/
both proliferating and AIDS
quiescent cells
Adeno- Non-enveloped, single-  Low immunogenicity, easy Limited capacity Genetic diseases,
associated stranded DNA, 4.7- propagation in the body, for transferring tumours, neurological,
virus kb genome, cither infection of a large variety of  genetic materials ocular, and
(AAV) integrative or non- cells, long-term gene cardiovascular diseases

integrative expression

One of the recent advances in the use of AAV
vectors is the development of AAV pseudo-
types. The virus is produced by putting the
genome of one serotype together with the cap-
sid of another serotype of the virus. This way,
they have higher transduction ability and dif-
ferent tropism [58, 59]. For example, the trans-
duction ability of the AAV2/5 pseudotype for
nervous cells is higher than that of the AAV2
vector (with serotype 2 capsid), and this hybrid
virus has a more remarkable ability to spread
within the brain. AAV 2, 5, and 8 are the best
AAV serotypes for photoreceptors in XLRP
patients. Despite the positive results of the
AAV2 virus for retinal gene therapy, hybrid
viruses originating from this serotype, such as
AAV2/5, AAV2/8, and AAV-PHP.eB, have shown
better results regarding retinal distribution and
transduction of photoreceptors [59-61]. Also,
there is a type of hybrid virus called AAV-D],
whose capsid is formed by the fusion of eight
different viral serotypes capsids, making this
vector the most potent AAV vector for in vitro
transduction and a useful vector for in vivo
uses, with broad tropism for a wide range of cell
types [62, 63].

In human studies using gene therapy for
treating eye diseases, mostly AAV vector has
been used, while only in two cases, due to
insufficient capacity of AAV for transferring the
genes, have lentiviral vectors been used [64, 65].
In other studies, antisense oligonucleotide was
used to inhibit gene expression at the tran-
scription level (mRNA) [66, 67]. Paying atten-
tion to safe and effective vectors, which have
already been used in human studies, can help
select the appropriate vector for pre-clinical
studies. In preclinical studies most also used
AAV vectors for gene transfer. In a study by
Buck and Wijnholds, the advantages and dis-
advantages of using recombinant AAV vectors
in gene therapy for eye diseases have been dis-
cussed [53]. Briefly, AAV vector (1) can express
its transgene in a few days to a few weeks
and reach its maximum expression in 4-6 weeks
[68]; (2) the virus enters its genome into the cell
nucleus in episomal form and can express its
genome without integration into the host gen-
ome [55]; (3) it can express its gene in a long-
term manner. It has been observed that gene
expression in dogs has continued for up to 10
years [69]; (4) AAV can have different capsids,
resulting in different virus serotypes with
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Table 3 Efficiency of transduction of different retinal cells of different serotypes of AAV vectors in mice

Capsid/cell type RPE Photoreceptor Ganglion cell layer Muller cells
AAV 1 + + + - - +

AAV 2 + + + + + +

AAV2/2 + + + + + + + +
AAV2/5 + + + + + - +

AAV 4 + + — - +

AAV 5 + + + +

AAV 8 + + + + + + +

AAV 9 - + + + + + + +

— No transduction, 4+ to + + + , increasing transduction
AAV adeno-associated virus, RPE retinal pigment epithelium

different tropisms for tissues. An appropriate
AAV serotype could be selected according to the
purpose and strategy of gene therapy [70, 71].
(5) AAV can spread efficiently in the tissues and
infect a large part of the target tissue. Finally, as
mentioned before, (6) AAV administration has
been associated with a few dangerous side
effects in various studies and is currently one of
the safest types of gene therapy [72, 73]. In
contrast, (1) the low gene transfer capacity of
AAV (about 5 kb) haslimited its ability to
transmit large gene fragments. (2) Two sequen-
ces, called inverted terminal repeats (ITRs), are
located on both sides of the transferred gene in
the structure of the AAV genome. These
sequences may not be stable enough in the
structure of the AAV genome and could reduce
gene expression. (3) In addition, for significant
expression of the transgene, due to the high rate
of multiplicity of infection (MOI), a large
amount of virus is required, which in turn (4)
can stimulate humoral immunity and induce
the production of blocking antibodies or acti-
vate cellular immunity and inhibit or destruct
virus-infected cells, which subsequently can
reduce the efficiency of AAV vectors [74].

PRECLINICAL GENE THERAPY
TRIALS OF XLRP

So far, several preclinical attempts at gene
therapy treatment of XLRP have been made. In
2012, the AAV 5 viral vector bearing the gene
encoding for RPGR under the guidance of either
promoter of interphotoreceptor retinoid-bind-
ing protein (IRBP) or human G-protein-coupled
receptor kinase 1 (hGRK1) was injected sub-
retinally for treatment of XLRP in two canine
models of this disease. It could successfully
prevent the degeneration of rod and cone pho-
toreceptors [75]. In another study in 2015, the
effect of RPGR gene replacement under the
control of the rhodopsin kinase promoter in the
knockout mouse model of XLRP disease
(RPGR ~/7) showed better responses in the
electroretinogram (ERG) along with retainment
of retinal layers. Moreover, the effect of using
different doses of viral vectors on its therapeutic
benefit was investigated, and the need for
intelligent dose selection to prevent side effects
of the virus at high doses was discussed [76]. In
another study using a canine model carrying a
natural mutation in the RPGR gene (XLPRA2),
the effect of different doses of recombinant
RPGR gene, which were transferred by AAV
serotype 2 or 5 (rAAV2tYF-GRK1-hRPGRco and
rAAV5-GRK1-hRPGRco), on the amount of
RPGR protein expression, inflammatory
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Findings

Dosage

Agent and gene

Year Animal model

Table 4 continued

Authors

Restored reading frame

1 pl of each vector at the

Dual AAV vectors: one containing SpCas9

2022 RA9 mice

Gumerson

Of_‘RPGRORFIS

concentration of

driven by RK promoter and another

et al. [79]

Broad distribution

7.5 x 10°-1 x 10" vg/pl

containing both the RPGR-targeted

sgRNA driven by the U6 promoter and

throughout the retina

following subretinal

tdTomato reporter gene driven by RK

injection

pr omoter

reactions, maintenance of the retinal layers
thickness, production of antibodies against
hRPGR, and spatial correction of opsin in pho-
toreceptors was evaluated. Superior effects of
rAAV2tYF-GRK1-hRPGRco and clues for reach-
ing the appropriate dose for human studies were
demonstrated [77]. Also, using CRISPR/Cas9 for
repairing the RPGR gene with a pattern DNA
strand in the process of HDR (homology-di-
rected repair) in the RPGR ~”Y mouse model has
been associated with good therapeutic effects
for 6 to 12 months after treatment [78, 79].
The preclinical gene therapies of XLRP are
summarized in Table 4. These trials showed that
the most commonly used models were the rd9
mice models and XLPRA2 canine model, the
latter of which allows injection of larger
amounts of vectors with higher precision. The
most commonly used vectors were AAV2/5 and
AAV2/8; however, CRISPR has recently showed
promising results for both model development
and reversal of pathology. The current promi-
nent challenges are the stable expression of
RPGR and the uniform distribution of subreti-
nally injected vectors across the retina. Given
retinal toxicity in high vector doses, dosage-
finding preclinical assessments should be care-
fully done for each agent. Moreover, future
preclinical studies should evaluate the effec-
tiveness of vectors with engineered capsids
capable of passing through retinal layers after
intravitreal injection to reach photoreceptors.

GENE THERAPY CLINICAL TRIALS
OF XLRP

The number of clinical trials has increased in
recent years. However, few have reported their
results. A first-in-human phase 1/2 clinical trial
for XLRP demonstrated the safe administration
of AAVS8 vector expressing codon-optimized
human RPGR with sustained visual field
improvements [4]. Another phase 1/2 study,
using AAVS hRK-RPGR-ORF15 vectors, showed
clinically meaningful improvement in the
function and sensitivity of photoreceptors
12 months after injection [80]. As shown in
Table 1, gene therapy for XLRP has reached
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Fig. 3 Schema of the optomotor test. A A virtual rotating cylinder consisting of black and white grid lines around the
animal is shown in part A. B Animal head movement should be consistent with the rotation of the virtual cylinder

phase 3, and approval of a gene therapy product
in the near future is conceivable (Table 1).

EVALUATIONS
AND MEASUREMENTS

Evaluating the baseline features and their
changes during gene therapy interventions is
crucial. It would be useless to perform a gene
therapy without precisely knowing the findings
of retinal degeneration’s natural course and
methods of monitoring the response to treat-
ment. Evaluations should include both func-
tional and morphological (structural) aspects of
retinal cells. Functional evaluations include
optomotor (optokinetic) assessment, electro-
physiology, and visual evoked potentials (VEP).
Structural and  morphological evaluations in-
clude ophthalmoscopy of cornea and lens of
mice (with ophthalmoscope or slit lamp),
retinography and optical coherence tomogra-
phy, histology, immunofluorescence, and
immunocytochemistry.

Functional Assessments

Optomotor Test

The spatial visuality of animals is measured
based on the optomotor response. The first
optomotor test and measurement device was
developed by Prusky et al. in 2004 [81] and later
modified for use in rats by Tomita et al. in 2009
[82]. This test is performed in two parts: first for
behavioural testing and second for determining
visual thresholds. The basis of this test is the
rotation of a visual stimulus image—
dark and light grids—on the inner surface of a
cylinder around the animal (Fig. 3). The animal
follows the visual stimulus by rotating its head
following the stimulation. The experimenter
observes the animal in terms of the simultane-
ous movement of the animal’s head with the
visual stimulus. Suppose the movement of the
animal’s head coincides with the movement of
the visual stimulus. In that case, the experi-
menter understands that the animal can dis-
tinguish between dark and light grids and
therefore proceeds to the next stage at a higher
speed. In the second part of this test, lines are
displayed as sinusoidal lines with different fre-
quencies and contrasts for the animal. The
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animal’s maximum detectable speed is recor-
ded. The measurement of animal models
respecting the recognizable image contrast level
is the same [83-83].

Although the exact mechanism behind the
test is not completely clear, it involves both the
visual and motor systems [81]. The visual
thresholds in mice with RP were considerably
reduced, while rescuing the photoreceptors
restored the thresholds to a relatively healthy
state [86].

Electrophysiological Assessments

Electroretinogram (ERG) is used to study the
function of photoreceptors and is one of the
most accurate methods to study the function of
rod and cone cells. This test, based on the
amount of the electrical response of the outer
part of the photoreceptors to light stimuli, can
examine the function of rod and cone cells
separately. This way, retinal degenerative dis-
eases are categorized into rod-cone, cone-rod,
and second-order-neuron dysfunction ([87].
Usually, the RP is a rod-cone type, and due to
retinal degeneration over time, the ERG wave
amplitude gradually decreases. The level of the
wave amplitude is proportional to the area of
the functional retina [20, 88, 89]. The note-
worthy point of this test is that because the test
examines the entire surface of the retina, the
ability of this test to examine visual changes in
the macula or minor changes in a limited part
of the retina is low. Therefore, while ERG is the
best test for diagnosing RP, due to its limited
ability to detect small changes, it is not a suit-
able assessment method for detecting changes
during disease progression or treatment
response. It can best be used before and after
treatment to determine the total effect [90]. The
main characteristics of the ERG electrical
response waves are the intensity and distance to
the peak of the waves. There are two types of
waves, “a” and “b”. The “a” wave is associated
with the initial response of photoreceptors to
light stimuli. In contrast, the “b” wave indicates
the function of cells secondary to photorecep-
tors, such as bipolar cells [91-93]. A decrease in
the intensity of the a or b waves of rod or cone
cells can represent different pathologies in the
retina. Studies have shown that in XLRP animal

models, the intensity of a and b waves decreases
with age [50]. Also, RPGR gene therapy in these
models stops the progression of the disease
characterized by the reduction of the ERG wave
intensity and an increase in the latency to peak
the waves [40].

Visual Evoked Potentials (VEP)

Although there are several ways to check VEP, a
similar method to ERG with different places of
electrodes is used to examine VEP in animal
models [94-96]. Patients with RP have a signif-
icant increase in the PR (pattern-reversal)-VEP
latency and a decrease in amplitudes [97].
While measurement of VEP was not used widely
in preclinical studies of RP, combination
recording of ERG and VEP could help localize
the affected visual part [98].

Structural and Morphological Assessments

Optical Coherence Tomography (OCT)

The use of OCT as a non-invasive method is an
essential tool for ophthalmologists and
researchers in the field of eye diseases to study
the structure of the retina. Despite the existence
of many types of OCT devices for clinical and
research applications, the introduction of spec-
tral domain OCT (SD-OCT) devices has
increased the accuracy of OCTs (up to about
2 um), as far as the results of SD-OCT have an
acceptable correlation with results obtained
from histological assessments [20, 99]. In the
study of the retina with great details using SD-
OCT devices, 13 different layers can be differ-
entiated (Fig. 4).

So far, in studies using OCT for examination
of the retina in RP patients, cystoid macular
edema, epiretinal membrane, thickness and
integrity of external limiting membrane (ELM)
and ellipsoid zone (EZ) layers, and thickness of
the outer nuclear layer (ONL) have been used to
diagnose and monitor progression and response
to treatment [100-105]. OCT is also used in
preclinical studies. Human OCT devices can be
used for animals with bigger eyes, like dogs;
currently, there are animal OCT devices (such as
MICRON III, designed for rodents). These devi-
ces use lights with low coherence and analyse
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Vitreal side

Scleral side

Fig. 4 Schematic illustration of retinal cell layers

their return from the light-scattering surface
(such as the retina) to achieve a micrometer
resolution. In a study by Nakazawa et al. about
the changes in OCT of several mouse models of
RP, a series of common features have been
suggested, including thinning of the ONL layer
and hyperreflective changes in the internal and
external retina [106]. In another study on the
RPE knockout murine model (a model for LCA
disease, recognized as an aggressive form or

Internal limiting membrane

«~—— Nerve fiber layer

«~—— Ganglion cell layer

«— Inner plexiform layer

«— Inner nuclear layer

«—— Outer plexiform layer
«~— Henle’s fiber layer

«— Outer nuclear layer

«~— External limiting membrane

1akey 103dadarojoyq

~— Interdigitation zone
«~— Retinal pigment epithelium

«— Bruch’s membrane

«—— Choriocappilaris

juvenile form of RP [107, 108]), thinning of the
ONL layer and loss of arrangement of internal
and external parts of the photoreceptors are
described as the changes during LCA [109].
Also, in a study on the effectiveness of RPGR
gene therapy, the ONL layer thickness has been
considered an indicator of treatment response.
Gene therapy could preserve the ONL layer
thickness compared with a considerable reduc-
tion in the control group [24, 25, 48].
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Histology

Histological examination of the animal retina
can be a good representative for evaluating the
response to treatment and assessing different
layers of the retina. Histological examination of
the retina can be done using light or electron
microscopy, immunofluorescence, or immuno-
cytochemistry methods. Light or electron
microscopy of the retina is used to examine the
structure of the eye, but immunofluorescence
and immunocytochemistry are more com-
monly used. One of the primary evaluation
methods in XLRP disease is assessing RPGR
protein mislocalization using immunofluores-
cence after RPGR staining. In XLRP animal
models, RPGR protein is significantly mislocal-
ized in the structure of photoreceptors con-
necting cilium [38], while adding a normal
allele of RPGR gene in these models increases
the rate of RPGR protein accumulation with the
correct arrangement (narrow band between the
inner and outer areas of photoreceptor cells) to
the extent that it is not much different from
normal cells [40]. Evaluating the order and
counting the number of rows of cells in differ-
ent layers, especially the ONL (outer nuclear
layer), is one of the variables for monitoring
changes in response to treatment [50, 110].

Ophthalmoscopy of the Lens and Fundus (with
Ophthalmoscope or Slit Lamp)

In the ocular examination of animal models of
RP, there are spots with pigment accumulation
and depigmented spots on the fundus of the eye
that give the retina a dotted appearance [111].
Furthermore, during fundus photography, nar-
row attenuated vessels could be seen [112].
Moreover, posterior subcapsular cataract could
be observed during slit-lamp examination [113].
It should be noted that heterozygous females’
examinations showed patches of affected retina
as well as patches of intact retina, likely caused
by locations where random X-inactivation
resulted in expression of the mutant allele
[114].

Retinal Angiography

Fluorescein-assisted  retinal angiography,
although seldom used nowadays, can show
attenuation of retinal vessels [2, 111].

Immunoblotting

The immunoblotting assay is used to check for
RPGR protein in the retina of mice and plays a
vital role in studying XLRP animal models. The
method involves harvesting the retina, subse-
quent separation of proteins using SDS-PAGE,
and then RPGR protein (or other proteins
according to the purpose of the study) identifi-
cation using associated antibodies [34, 38].

CHALLENGES IN RPGR GENE
THERAPY

(1) Manufacturing ORF15 in recombination
processes: One of the challenges in gene
therapy for the RPGR gene is its instability
during recombination processes [115]. As
mentioned, the ORF15 area is a mutational
hotspot and about 80% of the mutations
are located in this region. ORF15 is a pur-
ine-rich region, making it unstable in the
manufacturing process of its entire length.
However, studies have shown that this
region has different lengths in the healthy
general population. Therefore, the full
length of this sequence for normal protein
function is not necessary [115]. In a study
in 2015, the function of RPGR protein
made from two ORF1S5 sequences with
different lengths was evaluated. It was
reported that although the full-length
deletion of ORF 15 interferes with the
normal function of this protein, moder-
ately shortening this sequence while
maintaining the efficiency and function of
the protein increases gene stability in
genetic processes. For a similar reason, to
date, it has been reported that cloning the
entire length of the RPGR sequence in the
form of cDNA using RNAs in retinal cells is
not possible [40].

(2) The route of vector injection: To perform
the gene therapy process, it is necessary to
deliver the engineered genetic material to
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the target cells (photoreceptors). These
cells are located on the outside layers of
the retina. Currently, because of the excel-
lent features of the eyes for in-vivo gene
therapy, genetic materials encompassed in
viral vectors are directly injected into the
eye and placed in direct contact with
retinal cells. However, injecting these viral
vectors is not without side effects. Com-
mon methods currently used to inject viral
vectors into the eye include subretinal and
intravitreal injections [116]. These meth-
ods have advantages and disadvantages
that Peng et al. reviewed in 2017 [116]. In
the transscleral subretinal injection
method, after inserting the needle into
the eye posterior to the eye limbus,
through the space behind the ciliary bodies
and the zonular filaments, at a tangential
angle so that the lens is not damaged, the
needle tip is passed through the retina.
After reaching the underlying sclera, the
injection is made in the subretinal space,
while in the intravitreal method, the injec-
tion is done into the vitreous cavity after
the needle enters the space inside the eye
in the area behind the lens and in front of
the retina. The subretinal injection, due to
the shorter distance the virus has to its
target cells, has a comparative advantage.
In contrast, this type of injection involves
entering viral vectors and genetic material
into a space that does not exist physiolog-
ically; hence, it could induce retinal
detachment and inflammation in the
retina. However, in several papers, this
retinal detachment has been reported to
be temporary and reversible, and inflam-
mation can be controlled with corticos-
teroid administration [4, 117]. Still, the
inflammation can reduce the ability of the
viral vector in the transduction of photore-
ceptors [118, 119]. In addition, subretinal
injection leads to more retinal damage and
surgical complications. It should be noted
that the only approved drug for eye dis-
eases (Luxturna) is to be injected via the
subretinal route, and it seems that the skill
and experience of the ophthalmologist
play a key role in the success and

3)

complications of this injection method
[116, 120, 121]. In contrast, intravitreal
injection, despite being a more straightfor-
ward procedure, causing less damage to the
retina, inducing a trivial inflammation
and higher feasibility, especially in animal
models with smaller eyes such as mice,
could be less effective because of the longer
distance between injected viral vectors and
the photoreceptors [116, 122]. In recent
years, with the development of various
pseudotypes of the AAV, few advance-
ments have been made in this field. These
pseudotypes, having a combination of
capsids of vector serotypes with stronger
tropism for photoreceptor cells and ner-
vous tissue, have shown better perfor-
mance in passing through multiple layers
of the inner retina and reaching the pho-
toreceptor cells [56, 123].

The coverage of the entire retina: One
barrier that limits the effectiveness of reti-
nal gene therapy is the limited distribution
of viral vectors, especially through subreti-
nal injection. In fact, in the subretinal
method, a higher concentration of vectors
is introduced to photoreceptor cells
and RPE due to the focal entry of the
vectors. However, this effect is limited to
the injection site, where the bubble of
retinal detachment is seen. Recently using
scaffolds containing viral vectors has cre-
ated a new horizon for broader distribution
of vectors across the retina [116, 124]. In
contrast, during intravitreal injection of
vectors, due to the fluidic nature of the
vitreous fluid, relatively equal amounts of
vectors will be placed in contact with every
part of the retinal inner surface, so the
inner layers of the retina, including gan-
glion cell layer and Miiller glial cells, are
affected similarly [53]. Notably, in the
intravitreal injections of recombinant viral
vectors and also their newer and more
potent variants, such as hybrid vectors in
the eyes of rodents, they can affect the
entire thickness of the retina, while when
used for the eyes of mammals, the inner
limiting membrane layer prevents the
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spread of viral vectors to the inner layers of
the retina [53].

(4) Early detection for more effective gene
therapy: Recent studies have shown that
gene therapy has different efficacy when
implemented at various stages of the dis-
ease. Despite the impact of other factors,
such as the role of the mutated gene and
the remaining function of the mutant
allele, the significant effect of the timing
of gene therapy (at which stage of the
disease) creates a narrow opportunity to
identify the suitable treatment candidates
and implement gene therapy for them
[125].

(5) Methods of transgene optimization: One of
the barriers to XLRP gene therapy is the
nature of the RPGR gene and especially
RPGRO®FIS As mentioned before, the
ORF15 region is a mutational hotspot
and, due to the existence of a high number
of AG dinucleotides, can be a receiver
point in the process of mRNA splicing. In
addition, a high percentage of adenine
single nucleotides could act as a Lariat
branch point and, by creating secondary
structures, cause instability in this region
during the recombination process [25].
Although RPGR®'* does not have the
last four exons of the complete gene, it has
a longer sequence length than RPGR**'~1?,
which has all exons because the added
transcribed ORF1S5 intron at the end of
RPGRO®1!S s Jonger than the last four
exons of RPGR gene [4]. Due to the exis-
tence of several problems in the synthesis
of this region, studies have been done to
increase its stability. In different studies,
the manufactured RPGRO*!* CDS (coding
sequence) has been optimized by the fol-
lowing alterations and reported better
results: (1) reducing the frequency of
codon coding for trace amino acids from
10 to 1%, (2) removing the restriction site
of Mfel enzyme, several splice sites
(GGTGAT), four sequence signals for
polyadenylation (three AATAAA +
ATTAAA), and two poly-T sequences
(TTTTTT) and a poly-A  sequence
(AAAAAAA), (3) optimizing the GC

percentage to increase the half-life of
mRNA, and (4) reducing tandem repeats
(4, 25].

THE FUTURE OF RPGR GENE
THERAPY

Although currently no drug other than Lux-
turna has been approved for gene therapy of eye
diseases, it seems that due to a large number of
in vitro and preclinical studies on gene therapy
for XLRP disease, as well as the existence of
several clinical trials in advanced phases, we will
have the gene therapy product for XLRP on the
pharmaceutical market in the near future.
However, addressing the foreseen challenges
will be necessary to improve the gene therapy of
XLRP.
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