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Abstract

Introduction—X-linked retinitis pigmentosa caused by mutations in the retinitis pigmentosa

G TPase regulator (RPGR) gene is the most common form of recessive RP. The phenotype is
characterised by its severity and rapid disease progression. Gene therapy using adeno-associated
viral vectors is currently the most promising therapeutic approach. However, the construction of a
stable vector encoding the full-length RPGR transcript has previously proven to be a limiting step
towards gene therapy clinical trials. Recently however, a codon optimised version of RPGR has
been shown to increase the stability and fidelity of the sequence, conferring a therapeutic effect in
murine and canine animal models.

Areas covered—This manuscript reviews the natural history of X-linked retinitis pigmentosa
and the research performed from the discovery of the causative gene, KPGR, to the preclinical
testing of potential therapies that have led to the initiation of three clinical trials.

Expert opinion—X-linked retinitis pigmentosa is an amenable disease to be treated by gene
therapy. Codon optimisation has overcome the challenge of designing an RPGR vector without
mutations, and with a therapeutic effect in different animal models. With the RPGR gene therapy
clinical trials still in the early stages, the confirmation of the safety, tolerability and potency of the
therapy is still ongoing.
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1 Introduction

Retinitis pigmentosa (RP) is an heterogeneous group of inherited retinal dystrophies that
affects 1 in 30004000 people worldwide. Although there is no ethnic specificity, mutations
in particular genes are more frequent in some populations due to founder effects [1].

RP presents clinical variability in age of onset, progression of the disease, and secondary
clinical manifestations. Generally, primary degeneration affects photoreceptor rods, causing
night blindness as the first clinical manifestation. Degeneration advances from the periphery
toward the fovea, progressively decreasing the visual field and leading to tunnel vision. In
the end stages of a typical rod-cone dystrophy, cones are also affected, leading to the loss of
visual acuity [2]. In some cases where the causative gene is expressed in cones and rods,
patients can present with a cone rod dystrophy phenotype, in which visual acuity loss and
peripheral rod loss occur synchronously. RP can also be syndromic, in which other organs
are affected. The most common forms of syndromic RP are Usher syndrome, characterized
by RP and hearing loss with or without vestibular dysfunction, and Bardet-Biedl syndrome,
where other major signs are obesity, intellectual disability, polydactyly, and kidney
abnormalities [3,4].

More than 3000 mutations in over 200 genes have been associated with RP. The genetic trait
can be inherited as autosomal dominant (30-40% of cases), autosomal recessive (50-60%),
or X-linked (5-15%) [5,6]. X-linked RP (XLRP) is particularly severe in males,
characterized by early onset and rapid progression of vision loss, resulting in legal blindness
by the end of the third decade. Most female carriers do not report symptoms or present with
clinically relevant changes. However, the carrier phenotype can vary with the ratio of X-
inactivation and ranges from asymptomatic to severe retinal disease with significant visual
disability [7]. The most common form of XLRP is that caused by mutations in the retinitis
pigmentosa GTPase regulator (RPGR) gene, accounting for over 70% of XLRP-affected
families and 10-20% of all RP cases [8]. Less frequent forms of XLRP are caused by
mutations in RP2gene and OFDI gene [9].

2 Clinical spectrum of X-linked RP

Mutations in the KPGR gene can be associated with a rod-cone or cone-rod dystrophy
phenotype. The most common presentation is as a rod-cone dystrophy. It is one of the most
severe forms of RP with nyctalopia in most affected males before 10 years of age and
progression to legal blindness by the third to fourth decade [10]. It is initially identified with
difficulties in scotopic visual function, where there is a predominant loss of rod
photoreceptors. Simultaneously, peripheral vision deteriorates, resulting in visual field
constriction on perimetry findings. The majority of cases present with a rod-cone dystrophy-
type disease progression, where central visual acuity is initially less impaired than the
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peripheral field loss. However, some also present with early cone involvement and
correspondingly impaired central visual acuity during early stages of the disease. The fovea
is ultimately affected in all cases during the late stages of the disease by subsequent cone
photoreceptor degeneration [11].

There is a great variability in the clinical phenotype of these patients. The classical
description of RP with peripheral bone spicules, waxy pallor of the optic disc, and
attenuation of the retinal blood vessels is not always present. Bone spicules arise from the
photoreceptor death that triggers the migration of retinal pigment epithelium (RPE) cells
along the path of the inner retinal vessels [12]. Bone spicules are primarily found in the rod-
rich peripheral retina until progression of disease leads to pigmentation encroaching on the
posterior pole of the retina (Figure 1). In some patients, it is common to see a parafoveal
hyper-autofluorescent ring on the blue autofluorescence (AF) imaging [13]. The increased
AF represents abnormal parafoveal accumulation of lipofuscin which usually encircles
preserved areas. There is good correlation between ring radius and pattern P50 amplitude
that is a measure of macular function. Larger rings may indicate a greater preservation of
function, with progressive constriction over time [14]. The rate of progression of the ring
radius reduction is estimated between 0.8 and 15.8% per year [15-17]. An optical coherence
tomography (OCT)-based model of disease progression has shown that there is an outer
segment shortening early on, followed by a decrease of the outer nuclear layer thickness and
a final disappearance of the inner segment ellipsoid zone (EZ) band [18]. In a group of 28
patients affected by XLRP, the annual width decrease of the EZ band has been estimated at
248 umlyear over an observation time of 3 years. The equivalent area of the EZ at this time
point corresponds to a 13% mean annual rate of change [19]. There appears to be a
functional correlation between the EZ area and static perimetry, as assessed in 48 patients
[19]. In this study, Hood and colleagues suggested that the EZ width might be considered a
structural surrogate for the visual field in RP with high resolution and reproducibility. The
figure of 13% annual change is also consistent with the 13% visual field and ERG loss/year
reported in the clinical trial assessing docosahexaenoic acid supplementation [20].

In X-linked disease, males are almost always affected and females are carriers of the
mutation, but still have degeneration and symptoms, albeit much milder and often
subclinical. RPGR-related RP carriers, may however have highly variable phenotypes, with
some demonstrating clinical signs similar to males [21]. Female carriers that lie within this
spectrum may show sparse patchy bone spicules in the extreme peripheral retina [22]. A
commonly described identification marker in female carriers is the tapetal-like reflex. This
unique retinal feature in XLRP shows areas of high reflectance in a spoke-like fashion
mainly visible on the blue AF and the red-free wavelength (Figure 2). It is thought to
represent an X-inactivation mosaic and speculated to be part of the early retinal degeneration
process [23,24].

Multiple grading systems have been devised to categorize the variation of disease in X-
linked carriers. These range from grade 0; tapetal reflex without any peripheral pigment
retinal changes to grade 3; three-quadrants of bone spicule pigment or extensive peripheral
atrophy [21,25].
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Cone-rod dystrophies, a less commonly described form of XLRP, primarily affects cone
function. Suffers complain of poor visual acuity, myopia, photophobia, and abnormal color
vision. Cone-rich central regions are initially affected but significant variability exists in the
involvement of rod photoreceptors [26,27]. Manifestations of cone-rod dystrophies in female
carriers are unpredictable [28].

RPGR is ubiquitously expressed in ciliated cells throughout the body. Although the findings
of RP are confined to the eye, in some cases they can present in association with other
nonocular symptoms [27]. Its role in cilia is still incompletely understood but defects in
RPGR are thought to have a broader phenotypic variability than initially described. Extra-
ocular tissues including the respiratory tract, auditory canal and sexual organs are shown to
be dysfunctional in patients with mutations in RPGR [29]. Therefore, it is most likely that
RPGR-related ciliopathies exist within a larger clinical spectrum of disease, playing an
important role in cilia function throughout the body [30,31].

3 Molecular genetics for X-linked RP

Six loci of genetic defects have been mapped to date in X-linked RP pathology: RP2 (MIM
312,600, Xp11.3), RP3 (MIM 312,610, Xp11.4), RP23 (MIM 300,424, Xp22.2), RP24
(MIM 300,155, Xq26-927), RP6 (MIM 312,612, Xp21.3-p21.2), and RP34 (MIM 300,605,
Xg28). However, only three genes have been identified so far: P2, RPGRIRP3 and OFDI/
RP23 [6].

Mutations in RP2are reported to cause 10-15% of XLRP. RP2encodes a 350 amino acids
protein, whose amino terminus shows homology to human cofactor C, involved in p-tubulin
folding. RP2 protein acts as a GTPase-activating protein (GAP), probably controlling the
protein trafficking between the Golgi apparatus and the ciliary membrane of photoreceptors
[32]. Mutations have been found along the RP2sequence, with nonsense mutations and the
consequent truncation of the protein as the most prevalent alteration [33,34]. Clinically,
mutations in RP2gene have been associated with an early onset of macular dystrophy and
poor visual acuity combined with high myopia in XLRP male patients [35]. A long-term
dose efficacy study in Rp2-KO mice has shown a rescue of cone degeneration by delivering
the RP2gene with an adeno-associated viral (AAV) vector [36].

The RPGR gene was identified as cause of XLRP in 1996 by positional cloning [37]. RPGR
mutations account for 70-80% of XLRP, representing a major contribution to the RP
disease. Its high contribution to X-linked RP and the severity of the disease caused by
mutations in this gene makes the development of genetic therapies a high-impact approach
for RP patients. The RPGR gene is located in the short arm of the X chromosome (Xp11.4)
and encodes 10 alternatively-spliced transcripts, five of which are predicted to be protein
coding. The different RPGR transcripts could be differentially spliced among tissues. The
canonical sequence is composed of 19 exons that encodes a protein of 815 amino acids
widely expressed in different tissues (RPGREX1-19 jsoform, also termed the constitutive
variant). Exons 1-14 harbor the majority of the disease-causing variants, although in total
they account for less than 25% of XLRP cases. No disease-causing mutations have been
reported in exons 16-19 [1,38]. The second major isoform is RPGRORF15 which is highly
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expressed in rod and cone photoreceptors of the retina. It shares exons 1-14 with
RPGREX1-19 plus a large alternatively spliced exon, ORF15 (Figure 3). Exon ORF15
contains a purine-rich repetitive region, and is considered a mutational hot spot since 80% of
the RPGR mutations have been identified in this region [39]. The high frequency of
mutations in exon ORF15 may be explained by the repetitive nature of the sequence that can
adopt unusual non-standard double helix DNA conformations, affecting DNA replication
and transcription, and contributing to genome instability [40]. The ORF15 mutations
comprise mostly deletions/insertions, duplications, and nonsense mutations, thus resulting in
the truncation of RPGRORF15 protein. Regardless the mutation type, it has been proposed
that there may be a correlation between the location of the mutations within ORF15 and the
severity of the disease; the longer the encoded wild-type amino acid sequence, the milder the
disease and vice versa [41,42].

4 Expression and function of RPGR protein

The RPGREXI=19transcript encodes an 815 amino acid protein, expressed in the cilia in
different tissues. As with all predicted isoforms, RPGREX1719 protein includes an amino-
terminal domain homologous to the regulator of chromosome condensation 1 (RCC1),
known as the RCC1-like domain or RLD, encoded by exons 1-10 [37]. RCC1 is a guanine
nucleotide exchange factor (GEF) for Ran GTPase with a key role in the regulation of
nucleo-cytoplasmic transport, mitosis and nuclear-envelope assembly [43]. The carboxy-
terminus of the constitutive isoform contains an isoprenylation motif (CAAX), a
posttranslational modification that regulates the association to the membrane and the protein
trafficking [44].

The RPGRORFIS transcript encodes an 1152 amino acid protein that shows the highest
expression in the retina where the protein product is located to the connecting cilia of
photoreceptors. Exon ORF15 is translated into an acidic, repetitive glutamic acid-glycine
rich domain plus a nonrepetitive, basic domain in the carboxy-terminus (Figure 4). This
basic domain is known to be evolutionary conserved with a high sequence identity across
species [45], suggesting that it constitutes a functional domain. Due to the repetitive nature
of the glutamic acid-glycine-rich region and the fact that its length varies among species, it
is challenging to decipher the function of this domain, however, the posttranslational poly-
glutamylation near to the C-terminus is typical of the modification of tubulins that are
essential for intracellular trafficking [46]. In humans, a lack of glutamylation caused by
TTLL5 enzyme deficiency causes RP, similar to RPGR deficiency, hence indicating that the
glutamylated protein is essential for normal RPGRORF15 function [47,48].

RPGR protein interacts with other ciliary proteins to form protein complexes involved in
cilia regulatory signaling pathways. The phosphodiesterase 6 delta subunit (PDE66) was the
first RPGR interacting protein identified in a yeast two-hybrid screen using the RLD (amino
acid 51-370) [49]. Other interactions with the RCC1-like domain of RPGR include RPGR
interacting protein 1 (RPGRIP1), SMC1 and SMC3, and RAB8A. RPGRIP1 may function
as scaffolding protein facilitating the transport of molecules through the connecting cilium
[50]. The two chromosome-associated proteins, SMC1 and SMC3, are involved in
microtubule-based movement of chromosomes and also associated with ciliary microtubules
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in the retina [51]. RPGR not only interacts with RAB8A, a critical GTPase involved in
photoreceptor protein trafficking, but also regulates its activity by exhibiting guanine
exchange factor activity toward RAB8A [52]. The basic domain of RPGRORF15 (amino acid
1079-1152) interacts with whirlin and with nucleophosmin. Whirlin protein is required for
elongation and maintenance of inner and outer hair cell stereocilia in the organ of Corti in
the inner ear. Mutations in this gene may cause Usher syndrome [53]. Nucleophosmin is a
multifunctional protein chaperone which functions in cell division [45]. Co-
immunoprecipitation revealed other ciliary proteins that interact with RPGR outside the
mentioned domains (amino acid 370-585), such as IFT88, IQCB1 or CEP290 [54].

Posttranslational modifications of proteins constitute an important mechanism for the
regulation of protein—protein interactions. Recently, RPGRORF15 has been described as a
novel glutamylation substrate [48,55]. Glutamylation is an evolutionarily conserved
posttranslational modification that consists in the addition of glutamates to the C-terminal
tail domain of target proteins. The ORF15 region in the C-terminus of RPGR protein
contains 11 glutamate-rich consensus motifs. The addition of negatively charged glutamates
to this region, is likely to affect the stabilization and the folding of RPGRORF15 protein and
its interaction with other proteins in the connecting cilia, particularly with regard to
trafficking.

The connecting cilia represents a critical junction between the inner and the outer segments,
allowing the bidirectional transport of opsins and other phototransduction proteins and
contributing to the viability of the photoreceptors. Although RPGRORFI5 function is not well
understood, evidence suggest that it plays an important role in microtubule-based transport
to and from the basal bodies and within photoreceptor axonemes, contributing to the
intracellular cargo movement between inner and outer segments [54,56]. The glutamylation
of the ORF15 region appears to be critical for that function [48].

5 Animal models to investigate the RPGR-associated pathology

Different animal models have helped not only to unravel the pathological mechanisms linked
to RPGR-causing RP but also to shed light on the function of RPGR protein. In 1999,
Aguirre and colleagues identified the canine X-linked progressive retinal atrophy (XLPRA)
as the locus homologue of RP3 in the Siberian Husky, proposing this purebred dog as
spontaneous model of XLRP [57]. The XLPRA phenotype is similar to XLRP in most male
human patients with mutations in PGR. In this canine model, they observed a disruption
and disintegration of the rod outer segments preceding inner segments abnormalities and,
eventually the degeneration of cones triggered by the rod loss. These changes, observed in
hemizygous males, were more severe than those seen in XLPRA carriers. Later in 2002, the
same researchers identified the disease-associated mutation in RPGRORF15 in XLPRA
canine models: XLPRA1 (Syberian Husky and Samoyed) and XLPRA2 (mongrel-derived)
[58]. XLPRAL1 is caused by a five-nucleotide deletion (del1028-1032) that gives rise to a
frameshift and immediate premature stop. The truncated protein is missing 230 amino acids
in the C-terminus causing a slight decrease in the isoelectric point. In this model,
characterized by a slowly progressive rod-cone dystrophy, the retinal function remains
normal until 6 months of age. In contrast, XLPRA2 model is characterized by an anomalous
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retinal development and a rapid degeneration. It is caused by a two-nucleotide deletion
(del1084-1085) that results in a frameshift. The mutated protein has an increased isoelectric
point and 34 additional basic residues before a premature termination 71 amino acids
downstream. Recently in 2016, Dekomien and colleagues identified the Weimaraner dog as
the third naturally occurring model for XLRP [59]. In this case, the mutation is a large
deletion of the first four exons of RPGR gene. The opthalmoscopic examination confirmed
the progressive retinal atrophy in males, although no further analysis has been done to
evaluate the effect of the RPGR mutation at histological or molecular level. Despite the
valuable information provided by the XLPRA canine models, the use of small animal
models over the large models present several advantages such as the ease of care, the short
life span and the generation of large and homogeneous samples.

In mice, Rpgris the homologue of human RPGR, although the mouse protein is shorter. One
natural and two genetically engineered mouse models with Rpgr mutations exist. The first
Rpgrmouse model was created in 2000 by targeted knockout [60]. In this model, exons 4-6
were replaced by a selectable marker, which implies the early truncation of both RPGR
isoforms, constitutive and ORF15. Considered a moderate model in terms of progression of
the disease, the early consequences of the functional RPGR absence in nullizygous mice are
the mislocalization of opsins to the inner segments and proximal synaptic endings, and the
upregulation of GFAP, indicative of the retinal degeneration. At 6 months of age, the
photoreceptor cell loss is evident, and comparable to the reduction of the retinal function.
Electroretinography (ERG) shows ~25% and ~30% reduction of scotopic and photopic
amplitudes, respectively. In the second genetically engineered mouse model, termed Rpgr
conditional knockout (Rpgr-cko), the proximal promoter and first exon were deleted
ubiquitously [61]. In this model, with also both RPGR isoforms affected, the rod and cone
ERGs responses are reduced ~40% by 6 months of age, while the decrease of the outer
nuclear layer (ONL) thickness is evident at 13 months.

The naturally occurring model, known as Rd9 mouse, has a 32 base pair duplication in
ORF15 that produces a frameshift and a truncated protein where 108 amino acids in the C-
terminal are missing [62]. This mutation in ORF15 does not affect the constitutive isoform,
Rpgrt=19 which is expressed in this model. However, it does not seem to compensate
RPGRORFI5 function. In this model, Rd9/Y males and Rd9/Rd9 females exhibit a uniform
phenotype, with an early onset of the disease. The retinal function is reduced at early ages
with a progressive loss of ERG amplitudes with aging, the cone opsins are mislocalized to
the inner segments and a significant ONL thickness reduction is observed at 12 months of
age.

Even though these mouse models have meant a useful tool to study the cellular and
molecular mechanisms of different retinal diseases and also, in proof-of-concept studies to
develop therapeutic strategies, one major limitation is the lack of a cone rich area in the
central retina, such as the macula present in humans. Furthermore, and in contrast to the
human disease, the photoreceptor loss in mice with Rpgr deficiency is very slow and mild.
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6 Clinical and molecular diagnosis

Typical fundoscopy features of rod-cone dystrophy with bone spicule shaped pigmentary
changes, begin in the rod-rich peripheral retina. These early signs coupled with symptoms of
nyctalopia and tunnel vision field defects are diagnostic of RP. Features identified at a young
age with rapid progression are characteristic of X-linked RP.

With the progression of disease, pigmentary changes may progress to the posterior pole of
the retina and can be seen surrounding the macular area. Although perimetry findings show
worsening peripheral visual field constriction, central visual acuity can remain relatively
stable until the late stages of disease [2].

X-linked carriers, however, can have an unpredictable spectrum of clinical features with the
tapetal like reflex shown to be a unique characteristic [23]. All patients require a
comprehensive medical and family history to be elicited, especially if there is a suspicion of
RPGR related ciliopathy that could affect multiple organs.

Imaging techniques can be employed to confirm the diagnosis and monitor progression. A
detailed examination of retinal architecture using OCT can demonstrate the integrity of
retinal structure. The photoreceptor inner/outer segment line, otherwise known as the
ellipsoid layer, is thought to be important parameter in the monitoring of RP patients; more
s0, due to its recent correlation with visual acuity and microperimetry findings [63]. Coupled
with this, imaging techniques such as AF that uses a confocal scanning laser
ophthalmoscope can also be useful in assessment of the RPE. Lipofuscin accumulates in the
RPE cells as a by-product of photoreceptor outer segment degradation and the abnormal
metabolism, as in RP, leads to hyper-fluorescence on AF imaging. In contrast, areas of RPE
atrophy and photoreceptor dysfunction show an absence of fluorescence.

AF imaging has been identified as a useful tool in female carriers. Retinal abnormalities of
the RPE are thought to be seen earlier on autofluorescence imaging than fundoscopy, with
patchy areas of retina showing hyper-fluorescence. Additionally, the tapetal-like reflex can
also be seen on AF but is best demonstrated on infrared reflectance imaging [64,65].

An enhanced autofluorescent para-foveal ring has also been recognized in XLRP patients
and carriers. Hyper-fluorescence in this rod-dense region is hypothesized to be due to the
high turnover rate of the photoreceptor outer segments and is therefore an accumulation of
lipofuscin. It is suggested to be a marker of the border between the functional and
nonfunctional retina, with the radius of the extra-foveal ring correlating linearly with the
area of functioning macular [66]. Cone-rod dystrophies, however, show an inversely
proportional relationship; a large AF para-foveal ring indicates a worse P50 ERG amplitude
and so poorer macular function [16]. It is therefore a combination of symptoms, clinical
features and imaging which can be used to aid the diagnosis of XLRP.

Besides the clinical phenotype, the study of the family history is important to identify the
underlying genetic defect. However, in X-linked inheritance (no male-to-male transmission),
female carriers may not show any symptoms. Importantly, families with apparent autosomal
dominant RP, with affected females but no male-to-male transmission, may, in fact have X-
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linked RP caused by RPGR mutations combined with skewed X-inactivation in the female
carriers [67]. Thus, genetic testing is the best tool to diagnose the disease. The molecular
diagnosis using next-generation sequencing (NGS) is a robust approach, which allows not
only to screen mutations in known disease-causing genes but also to identify novel alleles
involved in the disease. Despite the high efficiency of the NGS, the volume of data generated
requires specialized bioinformatics resources in order to have conclusive results for the
diagnosis. In cases where the clinical diagnosis is evident and there is a reasonable suspicion
about the gene responsible for the disease, conventional Sanger sequencing is performed.

7 Gene therapy for X-linked RP

7.1 Overview

Gene therapy is a powerful strategy to slow down or stop the progression of a disease by
delivery of the normal gene into cells. The retina is an excellent target for gene therapy since
the accessibility allows relatively noninvasive procedures, the effect of the treatment can be
easily monitored and the blood-retinal barrier could limit the immunological response to the
treatment by reducing systemic spread. Recessive single gene retinal degenerations are the
most amenable to be treated by gene therapy because the only affected gene leads to the total
or partial absence of functional protein. Thus, the ideal delivery of the healthy copy of the
gene would revert the phenotype without toxicity issues due to its overexpression.

The adeno-associated virus (AAV) is the best-characterized viral vector in ophthalmology
and one of the main advantages is being a non-enveloped virus, thus it is less likely to induce
an inflammatory response. Recombinant AAV is replication-deficient and does not integrate
the transgene into the host genome [68,69]. The exceptional safety profile of rAAVs is also
supported by the observation that rAAVs have been used for more than 20 years in ocular
gene transfer studies in animal models and more than 10 year in human clinical trials with
no sign of malignant transformation [70]. However, the packaging capacity is only about
4.8kb of single stranded DNA. This relatively small size of the internal payload is limiting to
treat some diseases where the affected gene is too large to fit into the AAV vector, such as
ABCA4 cDNA responsible for Stargardt disease (6.8 kb). X-linked RP caused by mutations
in RPGR s an ideal disease to be treated with AAV gene therapy because the size of the
coding sequences fits well into AAV vectors (3.5 kb for RPGRORF15), Also, the relatively
high prevalence and the severity of RPGR-associated retinal degeneration implies a
favorable risk/benefit ratio for a gene therapy clinical trial.

7.2 The challenge to develop a therapeutic vector for RPGR gene therapy

As commented above, X-linked RP caused by mutations in RPGR is an ideal disease to be
treated with AAV gene therapy. However, the development of the therapeutic vector for gene
therapy constitutes a challenge because the purine rich, repetitive sequence of RPGRORFI5
makes it less stable and more prone to spontaneous mutations during the cloning of
recombinant viral vectors. Several studies have followed different strategies to replace
RPGR in mouse and dog models with the disease. In 2012, Beltran and colleagues reported a
successful therapeutic approach in the XLRPA canine model [71]. In this study, the
recombinant AAV2/5 vector was used to deliver human RPGR under the control of either a
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human photoreceptor-specific IRBP (interstitial retinol-binding protein) or GRK1
(rhodopsin kinase) promoter in the subretinal space. The vector cDNA was made from a
full-length human RPGRORF15 ¢lone (variant C; NM_001034853), based on the published
sequence from Alan Wright and colleagues [39]. However, despite the preservation of the
retinal structure and function in these two models after the treatment, the AAV2/5.RPGR
vector was found to have multiple mutations within the purine rich exon 15 region. These
changes, caused by the instability of the ORF15 sequence, could be the reason for the toxic
effects observed in treated mice when titers considered safe in the mouse retina (1013 vector
genome (vg)/ml) were used [72]. In another study, the safety and dose-efficacy of the
AAV8.GRK1.RPGRORFI5 yector were evaluated in the Rpgr-KO mouse [73]. The strategy
followed in this study to synthetize the vector was based on a stepwise cloning: the purine-
rich region was prepared first and then ligated to a synthetic DNA fragment encoding the
upstream exons. Although the vector stability was improved with this strategy, two out of
five AAV vector preparations contained minor deletions. Additionally, the analysis of human
RPGR expression in Rpgr-KO mouse retinas injected with the vector revealed (1) a set of
proteins with lower molecular weight from the predicted 200 kilodalton (kDa) full-length
protein, indicating that truncated or alternatively spliced forms of the protein were being
expressed from the vector, and (2) the vector-expressed RPGRORF15 was mislocalized to the
inner segments and the synaptic terminals in vector-treated mice. Although partial rescue of
retinal structure was achieved in injected eyes, a toxic effect was seen in eyes injected with 3
x 109 vg, which showed much lower ERG amplitudes. With the same purpose, Li and
colleagues tested two human AAV8.GRK1.RPGRORFI5 vectors in the Rogr-KO mouse with
the particularity that these vectors contained in-frame deletions in the purine-rich region
[74]. As a result, the mutated vectors generated a short form of RPGR with 314 codons
missing (more than 80% of the amino acids in ORF15) and a long form with a deletion of
126 codons (one-third of this region). While the long form showed significant rescue of
photoreceptors cells and function, the short form was unable to localize to the connecting
cilium and did not show any functional improvement in the disease phenotype. Two nearly
identical constructs to these short and long forms, with very similar deletions in the same
region, were further analyzed in terms of glutamylation. While the full-length RPGRORF15 js
strongly glutamylated, the long form shows a significant reduction in glutamylation to about
28% of the full-length levels and no detectable glutamylation is observed in the short form
[48]. It has been suggested that glutamylation is important to preserve RPGRORF1S function,
probably acting as signals to recruit key regulatory factors to RPRGRORF15, Thus, cloning
RPGR for gene therapy to obtain the full-length and fully glutamylated protein is a
challenge due to the sequence instability. This challenge may be overcome by codon
optimization.

7.3 RPGR gene therapy vector design by codon optimization

In the early 1970s, Walter Fiers and colleagues discovered a strikingly non-random pattern
of codon usage in a bacteriophage genome and first hypothesized that non-random codon
and tRNA frequency might be involved in regulating rates of gene expression [75]. Indeed,
highly expressed genes preferentially use so-called major codons, i.e. codons with the
highest abundance of matching tRNA molecules to make translation more efficient, a
concept called ‘codon bias.” In case of Leucine for example, six codon sequences (UUA,
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UUG, CUU, CUC, CUA, or CUG) would lead to the correct amino acid being inserted. But
if the most abundant tRNA molecule would carry the anti-codon for UUA, this codon would
result in more efficient translation than any of the other nucleotide combinations. This
observation was used to generate codon adaptation indices (CAl), which aim to reflect the
use of high abundance codons in the investigated sequence [76].

In the context of gene therapy with rAAV as vector system with its limited packaging
capacity, codon optimization offers the potential to increase transgene expression without
additional regulatory elements such as WPRE /n cis. Moreover, changing the nucleotide
sequence without altering the translated amino acid sequence (silent substitutions) of the
transgene e. g. allows to change CG content, remove unwanted repeat sequences, cryptic
splice sites and/or restriction sites that may interfere with cloning.

Cloning the full-length human RPGRORF15 without random mutations being introduced is
difficult — as is direct sequencing of the adenine/guanine rich regions since polymerases
have a tendency to stop at guanine repeats. The underlying problem of the genetic instability
is most likely explained by properties of the mutational hotspot, the ORF15 region. It
contains far fewer T and C nucleotides than would be predicted in the genome, for instance,
the 750 base pair sequence between positions 2410 and 3160 contains no C nucleotides at all
in the wild type sequence. This leads to many repeating sequences that may recombine
incorrectly during cloning and vector production.

We and others recently described a codon optimized version of RPGR with superior
sequence stability [77,78]. Since most codons start with G at position 1 in this region, in our
study, the addition of C nucleotides to position 3 of the preceding codon during codon
optimization has been done with consideration of limiting the number of CpG dinucleotides
to no more than would be predicted in the eukaryotic exon [77]. This is because too many of
these sequences may be identified and become prone to methylation of the C nucleotide. For
instance, in the 750 base pair sequence between positions 2410 and 3160, a total of 45 C
nucleotides were added through the codon optimization process, resulting in 45 CpG
dinucleotides (6.00%). This compares favorably to the predicted wild type frequency of
these dinucleotides (6.25%). Furthermore, the C codon optimization was applied where
possible to the fourfold degenerate codon ‘GGN,’ encoding glycine. This is because any
subsequent methylation of the C nucleotide of the CpG dinucleotide within the transgene
and subsequent deamination to thymine (T), even if it did occur, would not change the
RPGR protein sequence because GGC and GGT both encode glycine. Insertion of T
nucleotides within the GA rich region of RPGR has also been limited to avoid creating
anomalous polyA signals (e.g. AATAAA) and possible splice donor sites (GT). The latter is
a consideration as this region contains many splice acceptor (AG) sequences with repeating
G pyrimidine bases and potential A nucleotide branch points in the 5’ direction. The codon
optimization pattern was extensively modeled /n silico to determine the optimal modification
to reduce the GA repeats and also to reduce the risk of anomalous splicing and creation of
premature polyA signals. The codon optimized gene is therefore more stable than the wild-
type cDNA sequence, which may generate alternatively spliced variants and truncated
proteins when reintroduced into the transcriptional machinery through gene therapy. Indeed,
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the greatest benefit of codon optimizing RPGROFF15 lies in its increased sequence fidelity or
genetic stability.

7.4 Preclinical testing of the codon optimized vector

Once the superior sequence stability of the codon optimized sequence of RPGRORF15 was
confirmed /n vitro, the safety and efficacy of AAV.coRPGRORFIS as gene therapeutic agent
for XLRP was tested [77]. A single treatment of wild-type mice with AAV.coRPGRORF15
did not seem to induce any toxic effects and showed a good safety profile. /n vivo retinal
imaging suggests that there was no negative impact of AAV. coRPGRORF15 treatment either
on retinal structure or function. The therapeutic effect of AAV.coRPGRORF1S was
demonstrated in two well-characterized mouse models of XLRP due to Rpgr mutations
(Rpgr-KO and Rd9 mice). A trial conducted in a total of c. 80 animals provided evidence of
efficacy as indicated by significant rescue of electrophysiological measurements in both
models. The treatment did not become evident at two months of age, most likely due to the
slow disease progression in both animal models. However, AAV.coRPGRORFI5 treatment
was associated with significant ERG rescue in both animal models at month 4 and 6. This
rescue was more evident in the dark adapted intensity series, which reflects the sum
potential of rod photoreceptors in the lower intensity range (single flashes up to ca. 0.01
cd*s/m2) [79].

Taken together, treatment with the codon optimized version seems to be safe and effective.
Successful transduction of photoreceptors with AAV.coRPGRORF1S in wild type mice did
not lead to toxic effects, which might have been associated with the expression of
RPGRORFI5 on a background of physiological levels of native Rpgr. Furthermore, treatment
of animal models of XLRP showed a statistically significant rescue of ERG responses in the
treated, but not in the untreated eyes. These data were the first evidence that a codon
optimized coding sequence of RPGRORFL5 can be used to safely treat eyes, which lack
expression of this important ciliary protein.

7.5 Gene therapy clinical trials for X-linked RP

Currently, there are three clinical trials to treat XLRP caused by mutations in RPGR. The
three phase 1/2 trials will evaluate the safety and efficacy of AAV vectors containing the
human RPGR in subjects with XLRP caused by mutations in RPGRO?F15 These
nonrandomized, open-label studies will test different doses in an escalation manner. The
main and most important difference between the three studies is the therapeutic vector used.
In March of 2017, the first clinical trial, sponsored by Nightstar Therapeutics, was initiated
(NCT03116113). In this study, known as XIRIUS, a recombinant AAV2/8 vector containing
the codon-optimized human RPGRORFI5 under the control of the GRK1 promoter [77] was
subretinally injected in male subjects with genetically confirmed RPGR mutation.

The second clinical trial, started in July of 2017 and sponsored by MeiraGTx UK Ltd
(NCT03252847), the safety and efficacy of the subretinal administration of the therapeutic
vector will be evaluated in adults and children with XLRP for 18 months. The RPGR gene
therapy vector, AAV2/5.hRKp.RPGR is based on the AAV2/5 serotype but the RPGR
sequence is mutated in the ORF15 region and carries a random deletion of 126 codons —
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about one-third of the human ORF15 coding sequence is missing [74]. This region appears
to be particularly important for post-translational modification of RPGRORF15 and a very
similar deletion has been shown to reduce glutamylation by 80% compared to wildtype
levels [48].

Finally, the trial sponsored by Applied Genetic Technologies Corp (AGTC) (NCT03316560)
is reported to be initiated in 2018. The vector used in this study expresses the human
RPGRORFI5 driven by the GRK1 promoter and packaged in AAV2 capsids with single
tyrosine to phenylalanine (YF) mutations, described to enhance the efficiency of
transduction. This trial arises from a proof-of-concept gene therapy study in dogs in which a
newly developed codon-optimized human RPGR cDNA vector was able to transduce both
rods and cones preserving the outer nuclear layer structure [78].

8 Conclusion

X-linked RP is a severe form of retinal dysfunction without an approved effective treatment
to date. With the gene therapy as one of the most powerful strategies to treat monogenic
retinal diseases, several studies have been carried out in the last years to design and develop
a gene therapy vector for XLRP. However, most of the studies carried out have highlighted
the difficulties to produce RPGR gene therapy vectors without generating new mutations in
the therapeutic vector. Codon optimization has been successfully used as approach to bypass
those problems, by increasing the genetic stability. The promising preclinical tests using
AAV8.GRK1.coRPGR allowed to start a phase I/11 clinical trial in subjects with XLRP
caused by mutations in RPGRORFIS,

9 Expert opinion

Gene therapy is a potential therapeutic strategy for monogenetic diseases, in which the
mutation causing the disease results in the loss of function of the gene product. Thus, the
gene augmentation by delivery of a normal copy of the gene can correct the loss of function,
restoring the normal phenotype. Whilst Leber congenital amaurosis (LCA) is about to
become the first gene therapy treatment approved by the United States Food and Drug
Administration (FDA), and choroideremia currently achieving remarkable results in Phase
I/11 clinical trials, there are many other inherited retinal degenerations that remain without an
effective treatment.

X-linked RP is ideally suited for gene therapy for different reasons:

Q) Clinically significant prevalence: up to 20% of all RP cases are caused by
mutations in one gene, RPGR.

2 Severe phenotype and rapid progression of the disease facilitates assessing
clinical trial endpoints within a relatively short period of time.

3) Accurate diagnosis: the X-linked family history study provides an important
clue about the disease that can be then easily diagnosed by clinical features and
at molecular level by sequencing.
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Funding

As a general rule for all gene therapy programs, several aspects have to be considered in
order to achieve the safest and the most effective method to replace the mutated gene in the
specific retinal cell type: the vector used as delivery system, the promoter that will drive the
gene expression and the surgical technique to administrate the vector in the eye. The adeno-
associated viral (AAV) vector has been proven to be the ideal delivery system for retinal
gene therapy so far, because of its ability to transduce efficiently nondividing cells /in vivo
and the fact that to date no safety concerns exist about its use. Capsid proteins determine the
tissue tropism and the infection efficiency, with AAV8 being one of the most efficient for
photoreceptor transduction /n vivo. Investigations have been carried out to modify AAV
capsids by exchanging surface protein residues that prevents the vector ubiquitination and
the consequent degradation, thus enhancing the transduction of specific cell types. Further
investigations would be needed to assure its safety, since neutralizing antibody response may
be triggered against these modified capsid proteins. On the other hand, the use of cell-
specific promoters, such as the photoreceptor-specific rhodopsin kinase (GRK1) promoter,
contributes to limit the expression to target cells. In regard to the surgical technique for
retinal gene therapy, the two main routes of administration are through subretinal or
intravitreal injection. While the penetration of the AAV vector to the outer layers of the
retina are inefficient with intravitreal injections, subretinal injection allows to target retinal
pigment epithelial (RPE) cells and photoreceptors in a safe procedure with limited trauma.

Specifically for XLRP, the great challenge of the research to develop a therapeutic strategy
has been the construction of a viral vector encoding stable RPGRORFI5, The instability of
the ORF15 region can easily lead to the production of mutated vectors that would trigger the
expression of truncated forms of the protein, thus resulting in an inefficient therapy or, even
worse, a toxic therapy. Although several preclinical studies have been carried out with
mutated versions of RPGRORFI5 with positive results with some deletions and negative in
others, it is important to consider the differences in the sequence between species and also,
the fact that the mechanisms responsible for gene expression and protein processing will
vary between species. With this issue as the limiting step in the development of a gene
therapy treatment for XLRP, an improvement in the vector design has become necessary to
ensure the safety and the efficacy of the clinical trials. In this context, the most important
advantage of the codon optimization in difficult sequences such as RPGRORF15 ljes in the
potential to improve sequence fidelity. Changing nucleotides without changing the resulting
amino acid sequence carries the potential to make the sequence more stable and less prone to
spontaneous mutations during the production of vectors for gene therapy. Preclinical data on
the testing of AAV.coRPGRORFI5 gene therapy vector have been promising, and the results
of the clinical trial are awaited full of expectation.
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Avrticle highlights

. Gene therapy is a powerful therapeutic strategy for recessive single gene
retinal degenerations.

. X-linked retinitis pigmentosa (XLRP) is mainly caused by mutations in the
RPGR gene. Because of its severity and its high incidence, the search for an
effective treatment for this disease has drawn a great deal of interest among
the scientific community in the last years.

. The development of RPGR gene therapy has meant a challenge due to the
instability of RPGRORFI5 sequence that made it difficult to produce a
therapeutic vector without generating new mutations.

. Codon optimisation has been successfully used as an approach to improve
sequence fidelity during the development of the vector. This approach allowed
the progression towards the first gene therapy clinical trial for XLRP.

This box summarizes the key aspects contained in this review.

This box summarizes key points contained in the article.
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Figure 1.
OPTOS image of a male RPGR patient showing the typical peripheral ‘bone spicule’ like

pigmentary changes and signs of foveal atrophy. The inner retinal vessels are also attenuated
due to the loss of outer retinal cells (photo-receptors) through physiological autoregulation
of blood supply — this is not believed to be pathogenic.
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Figure 2.
X-linked female carrier AF image showing the tapetal-like reflex centred on the fovea and

patchy peripheral pigmentation. The mosaic picture is due to random X-inactivation
generating clones of normal or degenerate photoreceptors. Since as with males, the
degeneration takes time to manifest, a clearer X-linked carrier phenotype will generally be
seen on the mothers of affected men rather than their daughters.
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RPGR gene structure
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Figure 3.
Schematic representation of the RPGR gene structure and the main alternatively spliced

transcripts. Note that there is normally a splice donor site within the 5" region of ORF15. In
gene therapy, the cDNA encoding the gene is transcribed as a primary RNA transcript in the
nucleus and may be subject to splicing. Hence disabling this splice donor site is also an
essential part of codon optimisation.
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Figure 4.

Major RPGR protein isoforms (constitutive RPGREXON1-19 and RPGRORF15) schematic
representation. RLD: RCC1-like domain, BD: basic domain.
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