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ABSTRACT

Introduction: Gene therapy offers the potential for targeted replacement of single gene defects in

inherited retinal degenerations.

Areas covered: Choroideremia is an X-linked blinding retinal disease resulting from deficiency of the CHM
gene product, REP1. The disease represents an ideal target for retinal gene therapy, as it is readily diagnosed
in the clinic, relatively homogenous in phenotype and slow progressing, thereby providing a wide
therapeutic window for intervention. Ongoing clinical trials of retinal gene therapy for choroideremia
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using an adeno-associated viral vector have demonstrated safety and early efficacy. We review the clinical
characteristics of the disease with a view to interpreting the findings of gene therapy clinical trials and

discuss future directions.

Expert commentary: Choroideremia gene therapy has so far demonstrated good safety profile and
early functional visual acuity gains in a proportion of trial participants, which appear to be sustained.

1. Introduction
1.1. Clinical characteristics of choroideremia

Choroideremia is an X-linked recessive retinal dystrophy caused
by mutations within the CHM gene, which encodes Rab escort
protein-1 (REP1), a protein involved in vesicular trafficking via the
prenylation of Rab GTPases [1-3]. The majority of choroideremia
patients have loss-of-function mutations [4,5], which cause
progressive centripetal loss of retinal pigment epithelial (RPE)
cells. The loss of photoreceptors appears to predominantly
occur secondary to loss of the underlying RPE support, although
some degree of independent photoreceptor loss may also occur
[6-8]. Poor night vision in childhood is a common feature of the
disease, which is indicative of impaired rod photoreceptor func-
tion. The nyctalopia may pass unnoticed by both the child and
parents until chance events, such as trips to the cinema or
countryside at night. In contrast, the cone photoreceptors appear
to be less severely affected in choroideremia as most patients
retain normal foveal visual acuity until the end stages of disease
[9,10]. This may be explained by the existence of Miiller cell-
mediated alternative visual cycle pathway for the cones, which is
independent of the RPE [11]. However, adaptive optics retinal
imaging suggests that the cone density in the parafoveal region
(at 300-600 pm eccentricity) is somewhat reduced even in early
choroideremia, which indicates either a developmental abnorm-
ality or low-grade cone dysfunction [12].

Choroideremia was originally named after the prominent
scleral vasculature visible on fundal examination, suggestive of
choroidal atrophy [13]. However, the disease pathogenesis arises
mainly from RPE and photoreceptor degeneration. Choroidal

atrophy, which lags behind the degeneration of the overlying
structures, likely occurs as a secondary event, possibly as part of a
homeostatic response to reduced local oxygen requirement
[14,15]. Unlike most forms of retinitis pigmentosa (RP), narrowing
of the retinal vessels and waxy pallor of the optic disk are not
features of choroideremia, suggesting that the inner retinal cells
are generally well preserved. The characteristic fundal appear-
ance, X-linked family history, small size of the CHM coding DNA
sequence (1.9 kb), and long therapeutic window due to slow
disease progression make choroideremia an ideal disease target
for gene replacement therapy. Preclinical development of gene
therapy for choroideremia has occurred over a decade, including
proof-of-principle experiments in animal models [16,17] and cell
models [18-21]. Here, we focus on the choroideremia gene
therapy trials using the adeno-associated viral (AAV) vector to
deliver normal human CHM complementary DNA (or transgene)
into the diseased retina, which have demonstrated safety and
early efficacy.

1.2. Clinical diagnosis and patient selection

While the fundal appearance of choroideremia is highly
characteristic (Figure 1), a few rare retinal dystrophies may
mimic the phenotype, in particular, carriers of dominant
mutations in RPE65 (chromosome 1) [22,23], Oliver McFarlane
syndrome (PNPLA6, chromosome 19) [24], and gyrate atrophy
(OAT, chromosome 10) [25]. The phenotypic similarity between
choroideremia and dominant RPE65-mediated RP is pertinent
since the RPE65 gene is solely expressed in the RPE and absent
in the choroid. This adds further support to choroideremia being
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Figure 1. Multimodal retinal imaging in choroideremia. (A) Infra-red confocal scanning laser ophthalmoscopy (cSLO). (B) Blue-light (488 nm) fundus
autofluorescence showing an island of preserved RPE. (C) Spectrial domain optical coherence tomography (SD-OCT). (D) En-face OCT. (E) Near infra-red
(805 nm) autofluorescence (NIR-AF) indicating an area of preserved melanin pigment. (F) Fluorescein angiography. (G) Indocyanin green angiography. (H)
Angio-OCT with color coded density map of choroidal vasculature underlying the residual retinal island. Full color available online.

primarily a disease of the RPE. While choroideremia is by far the
most common (prevalence around 1 in 50,000 males) among the
list of conditions above, observation of diffuse or patchy RPE
mottling in the fundi of disease carriers within the family (e.g. the
patient’s mother) is very helpful to strengthen the diagnosis in
the clinic [26]. For the purpose of genetic counseling and poten-
tial gene therapy enrollment, however, confirmation of the
pathogenic mutation within the CHM gene through DNA
sequencing remains essential. In our cohort of 79 choroideremia
patients, causative mutations in CHM were found in 94% by exon
sequencing [5]. Recently, a novel pathogenic mutation in the
promoter region of CHM has been identified [27]. Despite this,
there remain a small number of individuals in whom no CHM
mutations could be found despite classic phenotype and a family
history consistent with X-linked inheritance. In these cases, alter-
native molecular confirmation may be sought by measuring the
levels of REP1 protein in patient-derived skin fibroblasts or
blood [28].

Interestingly, while diffuse fine pattern RPE mottling is usually
seen in female CHM carriers due to random X-inactivation, it is
generally minimally progressive and not associated with any
subjective visual deficit, although a small reduction in macular
sensitivity is detectable through microperimetry [26]. The implica-
tion is that if gene therapy could achieve approximately 50%
diffuse transduction of the RPE monolayer, clinical disease
progression may be halted. Occasionally, however, female
choroideremia carriers could be affected by patches of retinal
degeneration, which expand gradually, thus becoming locally
reminiscent of the male disease phenotype. These cases are
thought to result from skewed X-inactivation during early retinal
development. It could be inferred that if the gene therapy vector
transduced the RPE cells non-uniformly, patchy disease
progression may still occur. Therefore, both the proportion and
distribution of target cell transduction during retinal gene therapy
could ultimately influence the clinical efficacy of the treatment.

This must be taken into account when interpreting the anatomical
outcomes of choroideremia gene therapy.

A full assessment of the state of the retina in choroideremia is
an important part of the workup toward retinal gene therapy.
Over the past few years, several groups including ours have
explored various modalities of retinal imaging with a view to
identifying reliable anatomical markers of disease progression
(Figure 1). Blue-light (488 nm wavelength) fundus autofluores-
cence (AF) imaging in choroideremia reveals the areas of
surviving RPE. In the early stages of the disease, patches of RPE
degeneration (indicated by loss of AF) appear in the mid to far
peripheral retina. These dark patches gradually expand and
coalesce, leading to near confluent peripheral visual field loss
as the disease progresses over the first two decades of life.
Toward the end of the second decade, a central residual ‘island’
of surviving and autofluorescent retina usually emerges. Since
the area of the AF island undergoes gradual centripetal shrink-
age with age and could be measured with a high degree of
accuracy, it has emerged as a promising biomarker for monitor-
ing disease progression. Our longitudinal study of a cohort of 31
choroideremia patients indicated that the area of the AF island
undergoes exponential decay with a half-life of around 5.5 years
[29]. While the retinal island usually demonstrates reduced sensi-
tivity on microperimetry testing compared with normative data,
the visual acuity is generally well maintained until the shrinkage
encroaches upon the fovea, causing blindness around the fifth
decade of life [9].

The structural integrity of the retina in choroideremia can be
evaluated using high-resolution (e.g. spectral domain) optical
coherence tomography (OCT). The ellipsoid zone (EZ) width
seen on OCT cross-sections correlates closely with the horizontal
dimensions of the AF island [14,30]. The quality of the EZ usually
appears relatively normal centrally, but the EZ becomes some-
what mottled beyond an eccentricity of over 350 um from the
foveola [14], which coincides with morphological abnormalities



of the photoreceptors seen by adaptive optics scanning laser
ophthalmoscopy [7,8,12]. The preserved EZ could be seen to be
bracketed at either end by so-called transitional zones, which
represent regions of sharp drop-off of the photoreceptor mosaic
(Figure 1(c)). Around the edges of the EZ or AF island, tubulations
are frequently observed, which are ‘pseudo-dendritic’ structures
adjoining the main island of surviving outer retina when seen en-
face (Figure 1(d)). They are thought to represent remodeling of
the photoreceptors that have lost their outer segments after
degeneration of the underlying RPE. Occasionally, the degenera-
tion in choroideremia could be associated with foveal schisis or
scleral pits resulting from severe retinal thinning [31] and may
even be complicated by choroidal neovascularization [32]. These
retinal changes need to be taken into account when selecting
patients for gene therapy, because structural fragility of the
retina could make subretinal injection of vector surgically
challenging. Advanced foveal involvement may also be
associated with a guarded visual prognosis.

Another mode of retinal imaging worth consideration is
near-infrared (805 nm wavelength) AF (NIR-AF) (Figure 1(e)),
which is distinct from standard blue-light AF imaging in
detecting fluorescence arising from melanin pigment rather
than lipofuscin. Unlike lipofuscin, which generally accumulates
in disease and becomes absent after RPE cell death, as seen in
choroideremia, melanin is ‘naturally occurring’ within RPE cells
and its diminution may be an indicator of RPE cell dysfunction.
Studies in Stargardt disease have indicated that changes in
NIR-AF better correlated with the extent of photoreceptor
degeneration seen by OCT and that it may provide a more
sensitive biomarker for the extent of RPE disease than short-
wavelength AF [33]. The relevance of NIR-AF in the evaluation
of choroideremia remains to be fully explored, although our
preliminary work has suggested some correlation between the
level of parafoveal NIR-AF and macular sensitivity in the early
stages of the disease [34].

2. Choroideremia gene therapy trials
2.1. Clinical trial outcomes

In 2014, we reported the interim (6 months) results of the first
phase I/1l clinical trial of gene therapy for choroideremia based
in the United Kingdom (Gene Therapy for Blindness Caused by
Choroideremia, clinicaltrials.gov ID: NCT01461213) [35]. This
used an AAV serotype 2 vector carrying the human CHM
transgene regulated by a ubiquitous cytomegalovirus-
enhanced chicken pB-actin (CAG) promoter, a woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE),
and a modified bovine polyadenylation (polyA) signal. The trial
design was open label, with a low-dose and a high-dose
treatment group, and the worse eye was generally chosen
with the primary intention of assessing safety. Initially, six
patients underwent vitrectomy and subretinal injection of
the AAV vector at the low dose (1 x 10'° viral genomes [vg]
in 100 pl). In five patients, the intended full volume (100 pl) of
vector was delivered into the subretinal space. In one patient,
the retina proved to be highly adherent thus difficult to
detach. This resulted in a reduced volume of vector (60 pl)
being delivered into the subretinal space and possibly foveal
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stretch due to the excessive force required to detach the
retina. All six patients received a 10-day course of systemic
corticosteroid (prednisolone) in the perioperative period and
no significant intraocular or systemic immune responses were
detected. By 6 months, two of these patients, both with
advanced disease associated with reduced visual acuity at
baseline, gained 21 and 11 Early Treatment of Diabetic
Retinopathy Score (ETDRS) letters in their best corrected visual
acuity (BCVA), respectively. The other four patients, who had
near normal levels of visual acuities (hence a ‘ceiling effect’) at
baseline, recovered from the iatrogenic detachment of their
entire central functioning retinal islands, including the fovea,
to within one to three letters of their baseline visual acuity.
While small fluctuations in ETDRS readings could occur in the
short term, trends that emerge from multiple visual acuity
measurements taken from treated versus control eyes over
the long term would be more reliable indicators of a treat-
ment effect. Subsequent follow-up of these patients showed
maintenance of the visual acuity gains at 3.5 years, except in
the patient that had surgical difficulty and reduced dose, who
showed a 29-letter loss in the treated eye compared with 18-
letter loss in the control eye [36]. Following the six patients
that received the low dose, eight more patients went on to
receive the high dose (1 x 10" vg in 100 pl). The surgical
technique was upgraded halfway through the trial to allow
more gentle subretinal injection under footpedal control using
the viscous fluid control port of the vitrectomy system [37,38].
This has been reported to enable successful delivery of viral
vector with rapid recovery of baseline visual acuity and retinal
sensitivity by 1 month [39]. The full results of this phase I/l
clinical trial at its primary 2-year end point are anticipated.
Meanwhile, three other clinical trials using the higher dose
(1 x 10" vg) of the same AAV2.CAG.CHM.WPRE.polyA vector as
the UK group were launched in Canada (Edmonton), USA (Miami),
and Germany (Tubingen), each enrolling six participants (Table 1).
Some of the early results of these trials have been discussed at the
Association for Research in Vision and Ophthalmology Annual
Meetings in 2016 and 2017; however, these initial reports in
published abstracts should be approached with caution and the
final outcomes at the 2-year trial end point are awaited. The
Edmonton group reported immediate postoperative reduction
in visual acuity in the treated eyes as expected following iatro-
genic foveal detachment, which recovered to baseline by
3 months [40]. The Miami group reported their 6-month interim
visual acuity data, which showed no significant difference in BCVA
change between the six treated (1.7 + 4.1 letters) and six control
eyes (2.0 £ 3.1 letters) as a whole. An improvement of 10 letters by
1 month was observed in the treated eye of 1 participant, which
was sustained up to 6 months [41]. These initial observations show
safety, but longer term follow-up would be required to detect any
potential difference in the rate of AF area loss. It should also be
noted that comparison of the rate of AF area shrinkage between
the treated and control eyes over time in choroideremia is not
entirely straightforward (Figure 2). The reasons are mainly twofold.
First, while natural history data would point to generally sym-
metric rates of AF area shrinkage between fellow eyes, some
small differences in natural exponential decay half-life could be
expected as choroideremia patients often present with one eye at
a more advanced state of AF area loss than the other. Second,
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Table 1. Summary of choroideremia gene therapy trials to date.

Clinicaltrials.gov identifier ~ Phase Design Location Enrollment Vector Start date
NCT01461213 I/ Low and high dose, open label  University of Oxford, UK 14 rAAV2.REP1 October 2011
NCT02341807 I/1 Low and high dose, open label  Spark Therapeutics, USA 15 rAAV2.hCHM  January 2015
NCT02077361 I/1 Single dose, open label University of Alberta, Canada 6 rAAV2.REP1 April 2015
NCT02553135 I/l Single dose, open label University of Miami, USA 6 rAAV2.REP1 September 2015
NCT02671539 171 Single dose, open label University of Tiibingen, Germany 6 rAAV2.REP1 January 2016
NCT02407678 I Randomized, open label University of Oxford & Moorfields 30 rAAV2.REP1 August 2016

Eye Hospital, UK

B

Figure 2. Gradual reduction in autofluorescence area over 6 years in an eye with choroideremia (A-G).

) Schematic line drawing illustrating the outline of the

island of residual autofluorescence in this eye in relation to the fovea (cross) and optic nerve head.

serial AF images of the same eye (e.g. taken using the Heidelberg
Spectralis BluePeak AF Module, Heidelberg Engineering, Germany)
can vary in terms of image focus, pixel density, edge distortion,
and resolution, all of which can affect area measurements. Efforts
are therefore being made by various groups to improve the
algorithms for AF image registration to enable precise determina-
tion of small AF area changes [29].

As with the experience from the UK group published so far,
choroideremia gene therapy has continued to demonstrate good
safety profile at all the other centers. The Miami group noted two
of their six patients with preexisting lamellar partial thickness
retinal thinning developed a macular hole within the area of
nonfunctional retina, which did not require treatment or adversely
affect vision. Cataract formation may be expected following
vitrectomy, which is a prerequisite to subretinal injection. One
patient from the Miami trial developed worsening of a preexisting
cataract following gene therapy. This was removed at 6 months
post-gene therapy, which was associated with recovery of visual
acuity to baseline level. The long-term follow-up data from our
group showed that none of the six patients required cataract
surgery before the 2-year trial end point, which may be partly
related to the fact that all eyes were left fluid-filled (i.e. without any
air or gas tamponade) at the end of surgery.

Based on the safety data from the phase I/Il studies, a phase
Il clinical trial, REGENERATE (REP1 Gene Replacement Therapy
for Choroideremia) (NTC01461213), began in the United

Kingdom in 2015. This open-label single-dose (1 x 10" vg)
randomized trial aims to assess the efficacy of gene therapy in
patients at an earlier stage of the disease who still have normal
visual acuity and substantial areas of residual AF islands which
may make area measurements more accurate.

Independent from the aforementioned choroideremia gene
therapy trials which all use the same AAV vector construct
containing WPRE, which enhances transgene expression [42],
Spark Therapeutics Inc. (Philadelphia, USA) initiated a phase I/1l
trial of a similar AAV vector construct which does not contain
WPRE in 2015 (NCT02341807). The results of this trial remain
awaited.

2.2. Surgical approach and future improvements

Unlike standard medical therapies, minimally traumatic surgical
delivery of AAV vector into the subretinal space is probably the
single most important determinant of clinical outcome.
Compared with intravitreal injection, the subretinal route of
vector administration adopted in gene therapy for choroideremia
is technically more challenging but has several advantages.
Chiefly, it allows a higher concentration of vector to be placed
in direct contact with the RPE and photoreceptors at the macula,
thus maximizing the probability of viral transduction [43]. Since
the vector enters a newly created potential space, the risk of
triggering an acute immune response is also minimized. In



contrast, vitritis has been reported following intravitreal AAV
delivery [44]. latrogenic detachment of the fovea in the diseased
retina in choroideremia poses additional difficulties as the
atrophic retina in the degenerate regions surrounding the
residual island is highly adherent to the underlying Bruch's
membrane, thereby strongly resisting the spread of a subretinal
bleb. This increases the risk of excessive retinal stretch as the
subretinal fluid builds up within a tense bleb, which could
potentially cause damage to the fovea and reduce visual acuity,
a particular concern when treating patients with normal visual
acuity. We have previously described a two-step technique for
subretinal gene therapy [38]. Briefly, a 41-ga Teflon-tipped can-
nula is first used to initiate a subretinal bleb with normal saline
from the edge of the residual retinal island as seen on AF
imaging. In a second step, the vector solution is injected with
gentle pulses through the same retinotomy, slowly extending
the bleb to involve the fovea in the process. Fine control of
injection pressure can be achieved using a footpedal connected
to the viscous fluid injection port of the vitrectomy machine and
retinal stretch monitored in real-time using intraoperative OCT
(Zeiss Rescan 7000, Carl Zeiss Meditec, Germany). When perform-
ing subretinal vector injection close to an area of thin retina (e.g.
lamellar hole), one modification of this technique is to place a
small bubble of heavy liquid (perfluorocarbon) over the area of
thin retina so that the weight of the heavy liquid helps to
counteract the stretching force of the subretinal injection over
the most vulnerable part of the retina [45].

In advanced choroideremia, the centripetal shrinkage of the
residual AF island leads to encroachment upon the fovea, which
is associated with a relatively rapid decline in visual acuity.
Evaluation of the structural integrity of the fovea is an
important consideration prior to gene therapy as performing
subretinal injection to a small AF island could cause foveal
stretch or displacement of the surviving photoreceptors relative
to the underlying RPE, thus risking a drop in visual acuity or
shrinkage of the AF area in the short term. An additional issue
arising from creation of a subretinal bleb is that the natural
resorption pattern of the bleb could influence the level of AAV
transduction across the detached area (Figure 3). Fick's law of
diffusion dictates that the rate of absorption of the subretinal

A
fluid (A—(Z, where g = quantity of a solute and t = time) would

be proportional to the internal surface area of the bleb (A):

Aq

in k-A -AC
where k is the diffusion coefficient, A is the surface area for solute
exchange, and AC is the concentration gradient. The internal
surface area of a subretinal bleb could be estimated using the
equation for the surface area of a hemisphere: A = 371r°, where r
is the radius of the bleb. Substituting this into Fick's law and
rearranging for r shows that r would be expected to be propor-
tion to the inverse of the square root of time:

roc ——
VAt

Therefore, as the retina reattaches, the rate of absorption of

subretinal fluid would be expected to slow down at an accel-

erated pace, meaning that the RPE and retina at the center of

EXPERT REVIEW OF OPHTHALMOLOGY 133

Figure 3. Schematic for the absorption of a subretinal bleb following imaginary
injection of vector marked by the black line. Concentric rings illustrate the
predicted shrinkage of a hypothetical circular subretinal bleb at set time inter-
vals based on Fick’s law of diffusion and surface area of a hemisphere. Due to
the concave shape of the eye, the subretinal fluid will be deeper centrally and
this will be the last point from which fluid will be reabsorbed as the retina re-
attaches. Hence, excluding any slight effects of gravity, retinal pigment
epithelial cells lying in the central part of the bleb (white to red) are likely to
have far more exposure time in contact with the vector solution than cells
located in the periphery (blue to green). This is likely to result in a dose-profile
gradient along the radial axis. Full color available online.

the bleb would be exposed to the vector for much longer
periods of time than that at the periphery of the bleb. This
might mean that the cells at the fovea have the highest
probability of successful viral transduction. Such a pattern of
transduction would be advantageous in helping to rescue
foveal function (e.g. causing improved visual acuity) but
disadvantageous for the anatomical preservation of the
edges of the retinal island because the periphery would
receive the lowest vector dose.

In the future, robotic assisted subretinal injection may help
to further improve the safety and precision of gene therapy
delivery beyond the level that could be achieved with manual
surgery [46,47]. Preliminary testing of a vitreoretinal surgical
robotic system coupled to the intraoperative OCT at our
center has demonstrated safety in using the device to initiate
epiretinal membrane or inner limiting membrane peeling, as
well as in performing subretinal injection of tissue plasmino-
gen activator (Alteplase) to treat submacular hemorrhage.
Further development of the device could enable prolonged
slow infusion of vector into the subretinal space, which could
result in more accurate dosing and minimize the risk of
iatrogenic retinal trauma.

2.3. Functional and anatomical end points

Given the differences in the level of visual impairment and
rate of disease progression between different inherited retinal
dystrophies, clinical trial end points need to be tailored to
each disease. The early results emerging from gene therapy
trials for choroideremia suggest that BCVA could be improved
in a proportion of patients with significantly reduced visual
acuity at baseline (between 20/20 and 20/200 Snellen acuity).
So far, in the trials, eyes with acuity less than 20/200 have
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been excluded on the basis that quantification of any BCVA
changes would be difficult below this level and also that in
such circumstances, the parafoveal region has often under-
gone irreversible RPE and photoreceptor cell loss, thus provid-
ing guarded visual prognosis.

For eyes with near-normal acuity, on the other hand, there
would be a ceiling for potential visual acuity gain; therefore,
secondary clinical end points would be needed. This is
challenging as choroideremia is a very slow progressing
disease. The two most promising secondary end points under
investigation are mean retinal sensitivity as measured by
microperimetry (a static threshold visual field test for the central
macula region) and changes in residual AF area. While visual
acuity is determined by the function of the central cone photo-
receptors, retinal sensitivity would also be partly dependent on
the rod function of the entire macula region. The disadvantages
of microperimetry however are threefold. First, reliable testing
requires stable foveal fixation from the patient, which is often
difficult in advanced choroideremia [9]. Furthermore, any
potential gain in retinal sensitivity from gene therapy must
first offset any early reduction expected from the iatrogenic
macula detachment and any late reduction resulting from cat-
aract formation post-vitrectomy. These factors make the inter-
pretation of retinal sensitivity data complex. In addition,
subretinal AAV2 vector generally achieves higher transduction
in RPE cells than photoreceptors (in part due to the phagocytic
activity of RPE cells), as well as higher transduction in rods than
cones [48,49]. Consequently, AAV2 gene therapy may be more
effective at rescuing RPE cells (and rods, which depend on
healthy RPE function) and less effective at boosting the sensi-
tivity of cone photoreceptors. A corollary of microperimetry is
that the inbuilt eye tracker function allows the point of fixation
of the eye to be determined. In our phase I/Il trial, one patient
was noted to have shifted his preferred retinal locus from an
area of degenerate fovea to a treated residual retinal island [35].
While this provides convincing evidence for clinical efficacy of
the treatment, it is only applicable to the minority of patients
who have lost foveal fixation.

The other promising secondary trial end point is the preser-
vation of AF area, which represents an objective anatomical
marker for RPE survival that could be compared between the
treated and untreated eyes [12]. The caveat is that one makes
the assumption that the AF area of fellow eyes of each indivi-
dual should shrink at exactly the same rate. One must also
make allowances for an initially accelerated AF area shrinkage
as a result of iatrogenic retinal detachment in the treated eyes
and any variability relating to the level of precision with which
AF areas could be serially measured. We have studied the
natural history of AF in choroideremia. Both cross-sectional
and longitudinal studies indicate that the AF area undergoes
exponential decay and estimated the annual percentage area
reduction to be 7.7% and 11.8%, respectively [29,50]. The long-
itudinal AF area study suggested that although some variation
in half-life exists between individuals, a reasonable degree of
inter-eye symmetry exists in the rate of AF shrinkage. This
means that it would be theoretically feasible to compare the
AF area change in the treated eye against a predicted area
shrinkage of around 20% in the untreated eye after 2-3 years.
It seemed initially puzzling that despite apparent differences in

AF island areas between the two eyes in some choroideremia
patients, the AF area in both eyes underwent exponential
decline with a similar half-life. A possible explanation is that
the difference in AF areas between fellow eyes may arise more
from difference in the time of onset of disease involving the
posterior pole in each eye than small differences in the rate at
which it progresses once the degeneration starts. Taken
together, the evidence tentatively supports the use of fellow
eye as control in clinical trials particularly when the baseline AF
areas are symmetric between the two eyes. Alternatively, indi-
viduals can be observed for a period of time (e.g. multiple AF
measurements taken over a year) to determine their baseline
AF area half-life before a therapeutic intervention is given to
one eye, because the percentage AF area reduction in the
second year is predicted to match that in the first year.

Other potential clinical end points deserving of consideration
are color perception and low light vision, since there have been
multiple subjective reports of improved color vision from the
clinical trials so far (e.g. improved distinction between different
shades of green) and, to a lesser extent, improved night vision
(e.g. seeing more stars in the night sky or greater confidence
navigating in the dark). While deficits in color vision have been
demonstrated in choroideremia [51], existing color perception
tests can be difficult to perform in patients with grossly restricted
visual fields, offer limited sensitivity, or have outputs that do not
lend easily to quantitative analysis. While changes in color per-
ception would reflect alterations of cone function only, changes
in low light vision would be expected to reflect rod function.
Various quantitative tests for low light visual acuity (e.g. low
luminance BCVA) or retinal sensitivity (e.g. full field stimulus or
scotopic microperimetry) are under validation as potentially new
outcome measures for choroideremia gene therapy [52].

3. Future directions

Phase I/Il clinical trials have so far established the safety of
choroideremia gene therapy. Some clinical efficacy has also
been demonstrated in terms of gains in visual acuity, which
were sustained. A limiting factor to date has been that many
patients enrolled have advanced disease with only small resi-
dual areas of surviving retina amenable to rescue. In the
meantime, multicentered natural history studies involving
large choroideremia patient cohorts have helped to build a
detailed picture of the rate of visual acuity and anatomical
decline in this rare disease [29,30]. The next stage of clinical
investigation would take two main directions. First would be
to investigate the efficacy of choroideremia gene therapy in
terms of anatomical preservation in younger patients who
have large areas of residual retina. In order to use the fellow
eye as a reliable control, the treated and untreated eyes
should ideally be symmetric in terms of visual acuity as well
as residual AF area at baseline, thereby enabling randomiza-
tion of treatment. Second, efficacy of gene therapy in terms of
visual function improvement would need to be formally tested
in a pivotal trial with predefined end points, e.g. BCVA at 1 or
2 years. This might involve treatment of a cohort of patients
with reduced visual acuity in a double-blind randomized
sham-controlled trial. Given the complexity of the gene ther-
apy surgery and the general anesthesia involved, complete



blinding of a patient to the type of treatment received will be
challenging; however, single-blinding of the investigator eval-
uating the clinical outcomes can be instituted.

Various strategies to optimize AAV transgene expression exist
which may make their way into retinal gene therapy trials in the
future. Moreover, it would also be crucial to achieve the maximal
proportion of target cell transduction, since disease progression
may continue despite successful transduction of a proportion of
RPE or photoreceptor cells. Improved transduction of photore-
ceptors could be achieved using alternative naturally occurring
AAV serotypes, e.g. AAV8 and AAV5 [53]. In terms of vector
design, one strategy is to engineer AAV vectors with improved
affinity for the desired tissue target. This has been successful
through a variety of techniques, including targeted capsid
amino acid modifications, capsid shuffling, directed evolution,
and random peptide library insertions, resulting in a whole host
of AAV variants with unique attributes [54-60]. These enhanced
vectors could potentially better transduce photoreceptors or
better penetrate the inner limiting membrane, thus enabling
intravitreal delivery of the AAV vector to treat diseases of the
outer retina. Once the vector has entered the target cell, expres-
sion of the transgene may be enhanced by codon-optimization,
which emulates human tissue-specific codon preferences while
evading innate immune response to the codon bias of infectious
organisms [61,62]. While simply achieving high level of transgene
expression may be desirable in some diseases, obtaining a more
regulated or endogenous level of gene expression may be
necessary in other diseases, since overexpression of some pro-
teins may produce toxic effects. Optimizing the levels of gene
expression in the human poses a formidable challenge, as obser-
vations based on animal (even nonhuman primate) models may
not be truly representative of the situation in man. Therefore,
selection of the most appropriate promoter for the transgene in
each retinal disease will continue to be explored in the future.

4. Conclusion

Gene replacement therapy has the potential to treat a range of
blinding monogenic retinal dystrophies. Phase I/ll multicentered
choroideremia gene therapy trials have so far demonstrated
good safety. Clinical efficacy has also been seen in the form of
sustained visual acuity gains in some patients with advanced
disease. Further confirmation of these early findings is awaited
through randomized controlled phase Il and Il trials in the com-
ing years. Evaluation of the clinical outcome of these trials
requires in-depth understanding of the natural disease progres-
sion of this rare disorder. A growing body of deep-phenotyping
and natural history studies in choroideremia has helped to iden-
tify key outcome measures for gene therapy trials aimed at
preserving visual function and retinal anatomy. These primarily
include BCVA, retinal sensitivity, and AF area but may also
include low light visual function and color perception.

5. Expert commentary

Multiple proof-of-concept studies in animal and cell models
have provided support for gene replacement therapy in chor-
oideremia. Multicentered clinical trials of choroideremia gene
therapy have so far yielded promising results indicating
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general safety of the investigational medicinal product as
well as the sub-macular route of vector delivery.

These open-label studies are somewhat limited by their mod-
est sample sizes, which means that some uncertainty remains
over the most effective vector dose. Vector dosing is further
complicated by variations in AF island sizes between choroider-
emia patients, as subretinal vector injections tend to be more
difficult in advanced disease and smaller retinal islands may be
able to retain smaller volumes of AAV vector. Small differences in
the amount of retinal stretch, volume delivered into subretinal
space, or amount of vector refluxed into the vitreous cavity could
all affect the clinical outcome. The surgical technique might be
partially standardized by incorporating intraoperative OCT and
identical injection systems at all the study centers. Robot-assisted
delivery could further enable standardization of injection pres-
sure and volume in the future. While traditional pharmacoki-
netics of medicinal products dictates that a standard dose
should apply to all patients, viral vector-based treatments such
as AAV may interact with each individual differently due to
polymorphisms in cell surface receptors and intracellular antiviral
responses to AAV. Therefore, rather than rigidly sticking to a fixed
vector dose and volume, experience from a large number of
patients may reveal that a more flexible strategy might be
adopted such that the dose may be titrated to the area of tissue
being targeted and limited to avoid excessive retinal stretch or
inflammatory reaction. In addition, while ocular gene therapy has
the advantage of an internal control in the fellow eye, the treat-
ment efficacy may be better assessed in a larger number of
participants with randomization of vector dosing as well as an
element of blinding in the trial design.

AAV-mediated retinal gene therapy may lead to differences in
the level of transduction between the RPE, rods, and cones
exposed to the same vector dose, as well as differences between
the same cell types at different locations within the retina. While
retinal degeneration in choroideremia primarily causes loss of the
RPE, some independent degeneration of the photoreceptors may
also occur based on the tissue-specific conditional Chm knockout
model in the mouse and EZ mottling seen within the surviving AF
islands [6,7]. Differences in surgical delivery of the viral vector into
the subretinal space and the kinetics with which the subretinal
bleb is absorbed may also affect the treatment effects on the fovea
versus peripheral macula (Figure 3). In addition, differences in
genetic polymorphisms between patients might result in indivi-
dual differences in cell surface receptors and intra-cellular antiviral
responses [63], which could have a significant impact on the level
of AAV transduction and durability of transgene expression. Tests
to assess the efficacy of gene therapy would therefore need to be
interpreted with cell-type specificity and individual variability in
mind. Therefore, clinical outcome measures for retinal gene ther-
apy may need to be multimodal in order to gleam differential
benefits between individuals, including AF imaging, which
assesses RPE survival, BCVA and color perception tests, which
assess cone function, and low-light visual function tests, which
assess rod function.

6. Five-year view

The first ever AAV-based gene therapy, alipogene tiparvovec
(Glybera, Uniqure, the Netherlands), was approved by the
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European Medicines Agency (EMA) in 2012 for the treatment
of familial lipoprotein lipase deficiency (LPLD). More recently,
the Food and Drug Administration (FDA) has approved
voretigene neparvovec-rzyl (LUXTURNA®, Spark Therapeutics
Inc., USA) to treat Lebers congenital amaurosis (LCA) due to
mutations in RPE65 [64]. The latter represents the first retinal
gene therapy to receive FDA approval and provides great
impetus for similar AAV-based gene replacement approaches
to treat other inherited retinal diseases. Interestingly, given
the profound nature of visual impairment in RPE65 LCA, the
primary outcome measure employed was a validated visual
navigation test rather than visual acuity. This represents a
welcome recognition that simplistic standard functional visual
tests such as BCVA may not be adequate to demonstrate the
full benefits of novel therapies in RP patients with complex
visual impairment.

The results of phase Il and phase Il trials of choroider-
emia gene therapy are anticipated within the next few years
both from the Nightstar Therapeutics (a University of
Oxford/Wellcome Trust spin-out company, UK) and Spark
Therapeutics sponsored trials. Within the next 5 years, we
could potentially also see the results of later stage clinical
trials of gene therapy for other monogenic recessive retinal
diseases, including X-linked RP (RPGR) [65,66], MERTK [67],
achromatopsia (CNGA3 and CNGB3), and Best's disease
(BEST1). One of the limitations of the AAV vector is its
limited cargo capacity (<4.7 kb). Dual-vector approaches
have shown early promise in animal models to help over-
come this by carrying overlapping gene fragments, which
recombine in the target cell to form the whole coding
sequence. This could allow the delivery of larger transgenes,
such as ABCA4 (Stargardt disease) and MYO7A (Usher 2A)
(both over 6 kb) [68-71]. Another maturing technology is
CRISPR/Cas9-based genome editing. This could potentially
broaden the feasibility of gene therapy to treat autosomal
dominant retinal dystrophies by targeted correction of DNA
mutations [72].

While we have undoubtedly entered an exciting era of
emerging gene therapies for retinal diseases, there will be
fresh challenges ahead with regards to how the manufactur-
ing infrastructure and developmental pipeline for such biolo-
gically complex medicinal products can be maintained and
how the treatment will be best distributed within the evolving
health-care system.

Key issues

® Phase | clinical trial of gene replacement therapy for chor-
oideremia has demonstrated good safety and signs of effi-
cacy in terms of gains in visual acuity, which are sustained.

® A growing body of deep-phenotyping and natural history
studies in choroideremia have helped to establish the key
endpoints for gene therapy clinical trials aimed at preser-
ving visual function and retinal anatomy. These include
best-corrected visual acuity, retinal sensitivity and auto-
fluorescence area.

® The results of phase Il and Il choroideremia gene therapy
trials are expected within the next few years.
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