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Choroideremia is an X-linked inherited retinal degeneration characterized by primary cen-
tripetal degeneration of the retinal pigment epithelium (RPE), with secondary degeneration of
the choroid and retina. Affected individuals experience reduced night vision in early
adulthood with blindness in late middle age. The underlying CHM gene encodes REP1, a
protein involved in the prenylation of Rab GTPases essential for intracellular vesicle traffick-
ing. Adeno-associated viral gene therapy has demonstrated some benefit in clinical
trials for choroideremia. However, challenges remain in gaining regulatory approval.
Choroideremia is slowly progressive, which presents difficulties in demonstrating benefit
over short pivotal clinical trials that usually run for 1–2 years. Improvements in visual
acuity are particularly challenging due to the initial negative effects of surgical detachment
of the fovea. Despite these challenges, great progress toward a treatment has beenmade since
choroideremia was first described in 1872.

Choroideremia is rare X-linked recessive in-
herited retinal degeneration resulting from

mutations in the CHM gene on the long arm of
the X chromosome (Xq21.2) (OMIM: 300390)
(Cremers et al. 1990a,b,c). The disease affects
approximately one in 50,000 males, although
may be more common in Finland (∼1 in
40,000) (Sankila et al. 1992). CHM encodes
REP1 (Rab escort-binding protein 1), a mole-
cule essential for the prenylation, posttransla-
tional modification, and chaperone of proteins
involved in intracellular vesicle trafficking (Gor-
diyenko et al. 2010). In the retinal pigment ep-

ithelium (RPE), REP1 knockdown has been
shown to affect the clearance of endocytosed
photoreceptor outer segment discs through in-
hibition of late phagosome–lysosome fusion
events in vitro (Gordiyenko et al. 2010). This
is likely to form a major mechanism of primary
RPE toxicity in choroideremia. Although REP1
is ubiquitously expressed, mutations in CHM
result in nonsyndromic retinal degeneration,
which may be in part explained by compen-
satory expression of REP2 in other tissues
encoded by the CHML gene: an X-derived in-
tronless retrogene present on chromosome

Editors: Eyal Banin, Jean Bennett, Jacque L. Duncan, Botond Roska, and José-Alain Sahel
Additional Perspectives on Retinal Disorders: Genetic Approaches to Diagnosis and Treatment available at
www.perspectivesinmedicine.org

Copyright © 2023 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a041279
Cite this article as Cold Spring Harb Perspect Med 2023;13:a041279

1

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

Spring Harbor Laboratory Press 
 at RADCLIFFE SCIENCE LIBRARY on May 8, 2026 - Published by Coldhttp://perspectivesinmedicine.cshlp.org/Downloaded from 

mailto:enquiries@ndcn.ox.ac.uk
mailto:enquiries@ndcn.ox.ac.uk
mailto:enquiries@ndcn.ox.ac.uk
mailto:enquiries@ndcn.ox.ac.uk
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org/site/misc/terms.xhtml
http://perspectivesinmedicine.cshlp.org/


1q42, with a high degree of homology to REP1
(Seabra 1996).

In ancient Greek, khórion (χόρῐον) denotes
membrane or skin with erēmíā (ἐρημίᾱ) denot-
ing a desert, barrenwilderness, or otherwise des-
olate area. Thus, choroideremia was originally
named on the presumption that the choroid
was the primary site of degeneration based on
the characteristic fundoscopic appearances, as
first described in 1872 by Ludwig Mauthner
(Mauthner 1872). The other historic description
for choroideremia was tapetochoroidal dystro-
phy, which refers to the yellow, tapetal-like reflex
observed in patients with advanced disease.
Choroideremia was originally considered a de-
velopmental and stationary disorder. However,
these assumptions—and that of the choroid be-
ing the primary site of degeneration—have all
since been refuted. Nonetheless, recent evidence
suggests mild choroidal thinning on OCT im-
aging in affected individuals, consistent with a
mild developmental abnormality of the choroid
(Xue et al. 2016).

The dominant early symptoms of nyctalopia
and constricted visual fields relate to involve-
ment of the RPE with functional deficits in the
canonical rod visual cycle hosted by the RPE.
The cone visual cycle, in contrast, may be
regenerated by Müller cells and other RPE-in-
dependentmechanisms (Muniz et al. 2007). The
genetic basis of choroideremia was identified
relatively early through positional cloning in
1990, supported by the characteristic clinical
phenotype, disease severity, and X-linked inher-
itance (Cremers et al. 1990c). Over 350 disease-
associated mutations have been described in the
CHM gene, most of which are null, or presumed
functional nulls, resulting in the absence or
functional abrogation of REP1 (Han et al.
2021). Given the small size of the CHM cDNA
(1.96 kb), the slowly progressive nature of cho-
roideremia, easily identifiable clinical pheno-
type and inheritance pattern, and the absence
of amblyopia and/or significant developmental
abnormalities, choroideremia has been an ideal
candidate for adeno-associated viral (AAV) ret-
inal gene therapy as a therapeutic approach.

This review focuses on the challenges in
gaining regulatory approval of retinal gene ther-

apy vectors for choroideremia. To contextualize
these discussions, we first summarize the cur-
rent understanding of clinical phenotype from
multimodal retinal imaging studies, and discuss
their relevance to the natural history of disease,
patient selection for clinical trials, and end
points in the assessment of treatment efficacy.
Recent findings from pivotal retinal gene thera-
py clinical trials for choroideremia are summa-
rized (Table 1), followed by a detailed discussion
in the challenges toward regulatory approval of
the first therapy. In particular, the slow nature of
retinal degeneration in choroideremia creates
challenges in detecting a benefit over a short
pivotal clinical trial. An improvement in best-
corrected visual acuity (BCVA) is only possible
in patients with advanced disease where efficacy
may be limited by RPE dysfunction and degen-
eration at or around the fovea. Moreover, the
effect of surgical detachment of the fovea, nec-
essary for the transduction of the foveal RPE,
cannot easily be controlled for in clinical trials.
Furthermore, disease-related variability in key
outcomemeasures may obscure therapeutic sig-
nals in clinical trials. These challenges can, in
part, be overcome and the approval of the first
therapy for choroideremia is expected in the
near future, 150 years after the first description
of the disease.

CLINICAL PHENOTYPE

Affectedmales with choroideremia present with
night blindness in childhood due to the effects of
peripheral RPE degeneration on the rod visual
cycle and subsequent rod cell death. In early
disease, midperipheral retinal degeneration
may be identified on clinical examination with
retinal thinning and pigment clumping. The vi-
sual field becomes progressively constricted as
centripetal degeneration of the RPE, retina, and
choroid progresses toward the fovea (Fig. 1). Al-
though choroideremia may be clinically mis-
classified as retinitis pigmentosa (RP) in early
disease, as Mauthner observed (Mauthner
1872), the retinal vessels are not constricted
and the optic disc is not atrophic due to the
associated choroidal degeneration, which pre-
vents retinal hyperoxia and subsequent vaso-
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constriction seen in RP. Optical coherence to-
mography (OCT) imaging (Fig. 2) reveals RPE
loss at the leading edge of the degeneration with
loss of outer retina and choriocapillaris thereaf-
ter. Absolute scotomas are present in retinal lo-
cations where the RPE and retina have degener-
ated. Typically, by the third decade, a central
island of residual retinal tissue with scalloped
edges remains, which undergoes exponential
decay over time (Aylward et al. 2018). Central
visual function, such as BCVA and mesopic mi-
croperimetry within the fovea and parafovea are
well preserved, or normal, until late in the dis-
ease (Figs. 2 and 3). In a proportion of individ-

uals, short-wavelength autofluorescence (SW-
AF) imaging demonstrates a mottled RPE
surrounding a central smooth zone where pho-
toreceptor morphology is better preserved,
validating the mottled zone as a degenerative
feature of both the RPE and retina (Stevanovic
et al. 2020). Color vision in choroideremia is
typically lost along the tritan axis in early dis-
ease, as estimated by the Cambridge Color Test,
correlating well with visual acuity (Seitz et al.
2018). Encroachment of the degeneration on
the fovea is followed by a reduction in visual
acuity, with visual decline accelerating between
the age of 30 and 40 years (Bozkaya et al. 2022),

A C

Macula

Control 36y 28y

36y 28y

Fovea

CHM: c.179del

Control CHM: c.179del

Optic disc

Choroidal, RPE, and
retinal degeneration

Central island

6/4 6/5

B D6/4 6/5

Figure 1. Retinal appearance in choroideremia. (C,D) A 28-yr-old male with a hemizygous frameshifting mu-
tation in CHM (c.179delA) who presented with nyctalopia in childhood. Pseudocolor retinal imaging demon-
strates midperipheral RPE, retinal, and choroidal degeneration exposing the pale underlying sclera, and deep
choroidal vessels. Centripetal degeneration preserves a central island of retinal pigment epithelium (RPE) and
retina; foveal preservation typically sustains an excellent visual acuity until late in the disease. Although pigment
migrationmay be identified in themidperiphery, in contrast to retinitis pigmentosa (RP), choroidal degeneration
prevents secondary retinal vascular attenuation. Fundus autofluorescence (FAF) imagingmore clearly defines the
central island of residual RPE with scalloped edges typical of choroideremia. The fovea is typically threatened
from degeneration of the nasal side of the central island (Jolly et al. 2017), which may be due to the temporal
displacement of the fovea on the optical axis. (A,B) A healthy control is shown for comparison. Widefield
pseudocolor and autofluorescence images are shown (Optos, Dunfermline, UK).

Choroideremia
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and blindness in the fifth to sixth decade of life.
Outer retinal tubulations are present in >90% of
individuals (Xue et al. 2016); schisis within the
retina is often seen in late disease (Fig. 3).

Although isolated CHM mutations result in
nonsyndromic retinal degeneration, recent evi-
dence suggests that systemic lipid metabolism
may be affected (Cunha et al. 2021). However, it
is unclear as to whether serum lipids and cardio-
vascular disease risk are higher in choroideremia
patients compared to age-matched controls.

Differential Diagnosis

For nonsyndromic individuals with a choroider-
emia-like phenotype without mutations in the
CHM gene, sequencing of the RPE65 gene may
identify a specific dominant mutation (D477G)
thatmay phenocopy as choroideremia through a
presumed dominant-negative disease mecha-

nism (Table 2; Bowne et al. 2011). Individuals
in this group typically become symptomatic in
early adulthood with nyctalopia and central vi-
sual disturbance, with severe visual loss at 40–70
years of age (Hull et al. 2016; Jauregui et al. 2020;
Kiang et al. 2020). Heterozygous null mutations
in RGR and a specific missense mutation in
RHO have been reported with choroideremia-
like phenotypes in separate pedigrees (Audo
et al. 2010; Ba-Abbad et al. 2018). Other non-
syndromic differential diagnoses of choroidere-
mia include progressive bifocal chorioretinal at-
rophy. Nongenetic causes include acquired
disease due to extensive peripheral retinal abla-
tive procedures, such as cryotherapy or drug
toxicity, such as from thioridazine use.

For individuals with syndromic features and a
choroideremia-like retinal phenotype, consider-
ation should be given to a chromosomal deletion
involving flanking genes at the CHM locus, or a

A

C F

B D E6/5 6/6

34y21y CHM: c.116+1G>ACHM: c.179delA

Smooth zone
Mottled zone

Figure 2. Clinical features of early choroideremia. (A) A central island of retinal pigment epithelium (RPE),
retina, and choroid typically develops in the third decade in males with a frameshifting mutation in CHM,
although visual acuity is preserved initially. On short-wavelength autofluorescence (SW-AF) imaging, a mottled
zone is observed on the peripheries of the island with a smooth zone in the center in early disease stages. On
optical coherence tomography (OCT) imaging, themottled zonemanifests as incomplete choroidal transmission
(blue dashed line (C ) with complete choroidal transmission identifying the peripheral limits of RPE atrophy (red
dashed line). Moreover, the ellipsoid zone appears discontinuous over the mottled RPE. Retinal sensitivity falls
on the edges of the central island as the degeneration progresses centripetally (B). Choroidal and photoreceptor
degeneration most likely occur secondary to RPE degeneration, since the choroid (green arrowheads) and
photoreceptors (white arrows) are present beyond the limits of RPE atrophy on OCT imaging (C,F). With
advancing disease and a reduction in size of the remaining island, the smooth zonemay be lost (D) with choroidal
transmission seen under the fovea (F ). Loss of the RPE and overlying retina results in absolute scotomas on
microperimetry seen outside of the central island (E). Outer retinal tubulations are seen onOCT imaging (yellow
arrows, F) in the degenerate outer retina. Schisis within themacula (blue arrowhead, F ) and epiretinal membrane
may develop as nonspecific effects of retinal degeneration.
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deletion at the tip of the long arm of the X chro-
mosome. Learning difficulties and deafness are
recurrent syndromic features associated with
chromosomal deletions involving the CHM gene
(Cremers et al. 1989;Merryet al. 1989;Hildebrand
et al. 2007; Poloschek et al. 2008; Iossa et al. 2015;
Liang et al. 2017). Short stature secondary to hy-
pogonadotrophic hypogonadism with ataxia due
to cerebellar vermis hypoplasia, spastic paraplegia,
and/or learning difficulties should raise suspicions
of Oliver–MacFarlane syndrome caused bymuta-
tions in PNPLA6 (Table 2; Kmoch et al. 2015;
O’Neil et al. 2019; Wu et al. 2021). A further dif-
ferential for a syndromic child with a choroider-
emia-like retinal appearance includesAlagille syn-
drome, associated with mutations in JAG1 in 90%
of affected individuals. However, severe systemic
disease including biliary atresia and congenital
heart disease may dominate the clinical picture,
particularly as visual acuity is well preserved in
early life. A choroideremia-like phenotype may
be evident in Danon disease (Taylor and Adler
1993) in which mutations in lysosome-associated
membrane protein-2 (LAMP-2), expressed in the
RPE (Thompson et al. 2016; Fukushima et al.
2020), producemidperipheral pigmentary change
associated with hyperreflective foci in the outer

nuclear layer on OCT imaging (Hasegawa et al.
2022). LAMP-2, present on the X chromosome, is
an important constituent of the lysosomal mem-
brane involved in autophagy within the RPE. Sys-
temic manifestations of Danon disease include
cardiomyopathy (hypertrophic inmales and dilat-
ed in females) and generalized myopathy with
many patients requiring cardiac transplantation
(Taylor and Adler 1993).

Table 2. Differential diagnosis of choroideremia

Nonsyndromic
Gyrate atrophy (OAT)
Dominant mutation in RPE65 (D477G)
Progressive bifocal chorioretinal atrophy (locus: 6q14-

16)
Excessive cryotherapy, or other ablative procedures
Drug toxicity (i.e., thioridazine)
Rhodopsin mutation (M207R) (Audo et al. 2010)
Dominant RGR mutation (haploinsufficiency) (Ba-

Abbad et al. 2018)

Syndromic
Deletion on the X chromosome, involving CHM
Oliver–MacFarlane syndrome (PNPLA6)
Alagille syndrome (JAG1)
Danon disease (LAMP2)

A

C

CHM: c.1762_1765del CHM: p.Arg253Ter51y 64y

PL6/10

F

EB D

Figure 3. Clinical features of late choroideremia. (A,B) With advanced disease, the central island degenerates
further, associated with a reduction in visual acuity and foveal sensitivity with foveal encroachment. Optical
coherence tomography (OCT) and autofluorescence imaging confirm retinal pigment epithelium (RPE) loss (red
dashed lines, C), and complete choroidal degeneration (yellow arrowhead). Schisis cavities within the retinamay
progress and extend to the peripheral retina (blue arrowheads, C,F). (D,E) In end-stage disease, RPE remnants
may remain with perception of light vision andminimal retinal sensitivity before loss of the island results in total
blindness.
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Female Carriers

Female carriers of choroideremia were recog-
nized long before confirmation of the CHM
gene on the X chromosome in 1990 in affected
individuals. Initial reports noted peripheral ret-
inal pigmentation in female carriers (François
1971) with phenotypic heterogeneity (Forsius
et al. 1977). In 1986, a description of 126 female
carriers identified symptoms in ∼7%, although
40% had visual field changes and 33% abnormal
dark adaptation (Kärnä 1986). Full-field electro-
retinography was found to be affected in ∼15%

of carriers (Sieving et al. 1986). Disease is slowly
progressive in carriers with marked variability,
although visual acuity is typically well preserved
(Kärnä 1986). FAF imaging may detect subtle
mottling of the RPE in the absence of manifest
fundoscopic signs (Ortiz-Ramirez et al. 2020),
and other multimodal retinal imaging tech-
niques may be supportive (Ma et al. 2017; Paavo
et al. 2019; Corvi et al. 2020; Murro et al. 2020).

Four main carrier phenotypes are recognized
based on multimodal retinal imaging findings:
Fine, Coarse, Geographic, and Male-pattern
(Fig. 4; De Silva et al. 2021). The variable clinical
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Figure 4. Multimodal retinal imaging features in four female CHM carriers. The retinal phenotype in female
carriers of CHM mutations is dependent on the embryonic stage and the skew of X-inactivation, the specific
variant, age, and other modifiers. (A–D) Fine, (E–H ) Coarse, (I–L) Geographic, and (M–P) Male pattern
choroideremia carrier phenotypes are described. Initially, fine patchy (A) hypoautofluorescence may be identi-
fied with a normal appearance of the retinal layers on OCT. An individual with a coarse mottled pattern shows
streaks of choroidal hypertransmission on OCT imaging (F ), suggesting patchy disease of the RPE, and reduced
retinal sensitivity (G–H ). With progressive disease, focal loss of RPE results in geographic atrophy, characterized
by loss of autofluorescent signal (I), choroidal hypertransmission on OCT imaging (J, dashed red line), and
absolute scotoma on microperimetry (K–L). Note that preserved retina has a coarse appearance and reduced
function. Further degeneration may result in a male phenotype with an island of residual RPE at the posterior
polewith overlying retina (N) thatmay be sufficient to support a visual acuity of 6/6 if the fovea is preserved. As in
affected males, the choroid (green arrowheads) and retina (white arrow) is preserved beyond the area of remain-
ing RPE.
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phenotypes are determined by the stage and pat-
tern ofX chromosomal inactivation that occurs in
mammals through heterochromatin packaging,
as described originally by Mary Lyons (Lyon
1961). In human embryonic development, X-in-
activation occurs around the blastocyst stage, and
remains fixed throughout the life of the cell and
all descendant cells. In female carriers, skewed
inactivation of the X chromosome containing
the wild-type CHM allele in the early blastocyst
stage may result in severe, male pattern disease,
since most or all RPE cells are affected. Later in-
activation may result in a geographic pattern
where localized clonal expansion of affected
RPE cells manifests clinically in coalescing patch-
es of RPE atrophy. A fine or coarse granular or
mottled appearance on FAF imaging may repre-
sent later X-inactivation, whereby normal and
abnormal RPE cells are juxtaposed throughout
the retina. Moreover, different patterns of X-in-
activation between RPE lineages may underpin
interocular asymmetry in carrier females. Ac-
cordingly, while some carrier females remain
asymptomatic, others may exhibit a more severe
disease phenotype similar to that observed in af-
fectedmales (Jauregui et al. 2019).Note that these
patterns are distinct from carriers of X-linked RP
where radial streaks are apparent from migration
of affected and unaffected photoreceptors during
development, and X-linked albinism where a
“mud-splattered” fundus secondary to mosai-
cism of the melanosomes in affected and unaf-
fected RPE cells is observed with radial streaks in
the periphery (Wu et al. 2018). Bruch’s mem-
brane degeneration in a choroideremia carrier
may be complicated by choroidal neovasculariza-
tion (Wavre-Shapton et al. 2013; Ang et al. 2021).

Although mosaicism of the X chromosome
may be determined from peripheral white blood
cells, the cell lineages are distinct from those rel-
evant to X-linked inherited degenerations, which
affect the retina and RPE. It has been assumed
that skewed X-inactivation (>80% inactivation of
the healthy X chromosome) (Ørstavik 2006) may
lead to male pattern phenotypes of X-linked dis-
eases. However, a study of 12 female carriers of
disease-associatedCHM alleles found no correla-
tion between disease severity and skewed lyoniza-
tion of the wild-type CHM allele (Perez-Cano

et al. 2009). These assays are complicated by
age-dependent skewed X-inactivation in periph-
eral blood, which increases after the age of 55
years (Ørstavik 2006). An extreme demonstration
of severe, male pattern choroideremia in a female
carrier has been reported in the context of Tur-
ner’s syndrome—monosomy of the X chromo-
some in females (Cheng et al. 2018).

CLINICAL GENETICS

The familial nature and male predominance of
choroideremia was appreciated from early re-
ports, with X-linked inheritance suggested in
1942 by Goedbloed (Goedbloed 1942). The lo-
cus harboring the CHM gene was provisionally
assigned to Xq13-21 (Lewis et al. 1985; Nuss-
baum et al. 1985; Schwartz et al. 1986), and fur-
ther narrowed thereafter to Xq21 (Cremers et al.
1987, 1989; Nussbaum et al. 1987; Sankila et al.
1990) with the underlying CHM gene identified
as the genetic cause of choroideremia (Xq21.2)
through positioning cloning in 1990 (Cremers
et al. 1990c). The CHM gene encodes REP1, a
protein of 653 amino acids that is ubiquitously
expressed in human tissues. More than 350 mu-
tations in CHM have been identified (as sum-
marized in detail byHan et al. 2021), all of which
are presumed to abrogate or reduce the biolog-
ical function of REP1, either due to reduced
expression and/or reduced chaperone or preny-
lation activity. Most exonic mutations are trun-
cating with only six missense mutations pre-
sumed to act as functional nulls (Han et al.
2021). The low number of missense mutations
in CHM is striking and supports the known pri-
mary function of REP1 as a chaperone protein,
whose function can be compensated for in non-
ocular tissues by REP2 with a 95% sequence
homology. Numerous intronic mutations and
large deletions have been identified, together ac-
counting for ∼33% of pathogenic variants (Han
et al. 2021). The large number of reported dele-
tions in CHM may be explained by a weak se-
lection pressure due to compensation in other
tissues by REP2 and the relatively late onset of
end-stage disease in affected males (i.e., after the
age of reproduction). Molecular genetic testing
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is typically undertaken through next-generation
sequencing of exons and intron–exon boundar-
ies. However, several pathogenic deep intronic
mutations have been identified, which may re-
quire direct sequencing of the gene if the clinical
suspicion is high. Moreover, the detection of
large deletions, insertions, duplications, and re-
arrangements may require multiplex ligation-
dependent probe amplification (MLPA), which
together may account for as many as 14% of
mutations (Han et al. 2021). Additional variants
have been described affecting highly conserved
sequences within the CHM promoter (Vaché
et al. 2019). Since most pathological mutations
in CHM are functional nulls, there is only lim-
ited evidence for correlation between genotype
and phenotype (Simunovic et al. 2016). The
large number of unique variants inCHM further

supports gene therapy as the leading therapeutic
strategy. Other strategies are reviewed in detail
elsewhere (Cehajic Kapetanovic et al. 2019a,b;
Han et al. 2021).

DISEASE MECHANISM

CHM encodes REP1, which functions in
the posttranslational modification of proteins
through prenylation, a process by which covalent
lipid (hydrophobic) prenyl molecules are at-
tached to the carboxyl terminus of a protein to
facilitate attachment to intracellular membranes
(Fig. 5). Specifically, REP1 facilitates the transfer
of a geranylgeranyl group by GGTases to Rab
GTPases, a superfamily of Ras G-proteins in-
volved in intracellular vesicle trafficking. The ab-
sence of REP1 has been associated with the re-

REP

REP

REP

α β

Rab
GDP

GGTase-II

REP

α β

Rab
GDP

GGTase-II

REP

Donor
membrane

Target
membrane

Geranylgeranyl
group

GAP

GEF

Rab
GDP

Rab
GDP

Rab
GDP Prenylation

α β

GGTase-II

Rab
GTP

Rab
GTP

Figure 5. REP1 function within the retinal pigment epithelium (RPE). The CHM gene encodes REP1, which
functions as a geranylgeranyl transferase in the prenylation posttranslational modification of Rab proteins,
escorting them to their cellular targets. Prenyl molecules are attached to the carboxyl-terminus Rab proteins,
facilitating their attachment to cell membranes. The REP cycle shows the escort of Rab GDP by REP1, the
addition of α- and β-subunits through GGTase-II, and the addition of a geranylgeranyl group to the carboxyl
terminus of the Rab protein (prenylation), which facilitates membrane attachment. In the RPE, shed outer
segment discs from photoreceptors are continually phagocytosed by the RPE, fused to endosomes to form the
late phagosome, and later fused with lysosomes to form the phagolysosome toward the basolateral RPE mem-
brane where a low pH facilitates degradation. The ablation of REP1 has been shown to delay phagosome
maturation and clearance of photoreceptor outer segments, with accumulation of debris within the RPE, which
is the probable mechanism underlying primary RPE cell death in choroideremia. In the retina, REP1 is known to
interact primarily with Rab27a and others to facilitate prenylation, which in turn coordinates inward movement
of the phagolysosome.
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duced prenylation of several Rabs (Seabra et al.
1995). In addition, REP1 is responsible for escort-
ing Rab proteins through the cytoplasm to their
target membrane.

In the RPE, efficient phagocytosis of shed
photoreceptor outer segments is critical for the
maintenance of homeostasis. The Rab family of
GTPases is involved in phagosome maturation
within the RPE, whereby phagocytosed outer
segments fuse with endosomes and lysosomes
to form mature phagolysosomes (Kwon and
Freeman 2020). Two independent studies iden-
tified RPE dysfunction and degeneration follow-
ing ablation or silencing ofCHM associatedwith
alterations in phagocytic and secretory pathways
within the RPE (Gordiyenko et al. 2010; Wavre-
Shapton et al. 2013). Furthermore, restoration of
the human transgene to CHM-deficient iPSC-
derived RPE cells restored prenylation, vesicle
trafficking, and phagocytosis (Duong et al.
2018). Multimodal imaging studies in affected
patients (Figs. 2 and 3) show RPE atrophy at the
leading edge of degeneration, followed thereaf-
ter by loss of the outer retina and choriocapilla-
ris. However, the pathophysiology of disease is
likely to be more complex. Conditional knock-
out models using inducible and tissue-specific
Cre expression showed independent degenera-
tion of RPE and photoreceptors that involved
different subsets of Rab proteins (Tolmachova
et al. 2006). Independent degeneration of pho-
toreceptors and early loss of choriocapillaris
perfusion within preserved RPE have also been
observed in choroideremia patients (Jacobson
et al. 2006; Foote et al. 2019). Loss of the rod
photoreceptor outer segments prior to RPE loss
may in part explain early loss of rod function
observed in patients with choroideremia (Ale-
man et al. 2017).

Although there are observations of photo-
receptor defects in animal models that appear
independent of RPE degeneration (Tolma-
chova et al. 2006), overall, the evidence sup-
ports the RPE as the most likely primary site
of degeneration in choroideremia. Delays in
phagosome maturation and photoreceptor
outer segment clearance with consequent ac-
cumulation of debris within the RPE are the
most likely pathogenic mechanisms for cellular

toxicity, although others, such as deficits in
melanosome trafficking have been suggested
(Hume et al. 2001). Other proteins involved
in the prenylation pathway do not appear to
influence disease progression in affected indi-
viduals when evaluated ex vivo (e.g., CHML,
RABGGTB, RAB27A), nor do their levels of
expression differ from controls (Fry et al.
2021). However, prenylation of Rabs (e.g.,
RAB27A and RAB6A) may be assessed in vitro
as a functional assay for assessing the potency
of AAV vectors, regardless of the specific CHM
mutation (Patrício et al. 2018).

REP1 is ubiquitously expressed and, in non-
human primates, its absence is embryonically
lethal (Tolmachova et al. 2006; Moosajee et al.
2009). It is unclear why mutations in CHM re-
sult in nonsyndromic retinal degeneration.
However, in humans, the X-derived retrogene,
REP2, presents as cDNA (i.e., without introns)
on chromosome 1 as the CHML gene bears a
95% sequence homology to REP1 and may pro-
vide a compensatory mechanism in nonocular
tissues facilitated by other Rabs (Cremers et al.
1994). Rab27a is preferentially prenylated by
REP1 and is particularly important for retinal
function (Larijani et al. 2003). However, it is
unclear whether nonsyndromic retinal degener-
ation occurs due to altered activity of specific
Rab(s), or whether the RPE is particularly sus-
ceptible to long-term abnormalities of intracel-
lular vesicle trafficking.

RPE degeneration appears to affect the mid-
peripheral retina early in choroideremia. This
observation may be explained by the relatively
highmetabolic demands on the RPE in themid-
peripheral retina, which forms a watershed zone
in which the relative density of photoreceptors
to RPE cells is highest across the retina (5000
RPE cells permm2 at the fovea; 2500 permm2 in
the peripheral retina). In choroideremia and
other primary RPE diseases, such as gyrate at-
rophy, the midperipheral RPE and retina is af-
fected first, followed by progressive RPE degen-
eration, which then progresses centripetally and
contiguously. This observation might also ex-
plain why the foveal encroachment in late dis-
ease occurs initially on the nasal side of the is-
land (Figs. 2 and 4–6).
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CLINICAL TRIALS

Table 1 lists the interventional clinical trials of
retinal gene therapy for choroideremia, with a
summary of study characteristics, key find-
ings, and references to published data. The
most advanced clinical program is the STAR
study (NightStaRx/Biogen; NCT03496012), a
pivotal international phase 3 clinical trial,
which evaluated the effect of subretinal
AAV2.REP1 over 12 mo in individuals with
advanced choroideremia (34–73 ETDRS let-
ters). Although primary and secondary end
points were not met in this study (Biogen press
release, Biogen 2021), a trend to clinical ben-
efit aligned in the treatment group across all
end points, narrowly missing statistical signif-
icance following Bonferroni correction. How-
ever, there is as yet nothing in the public do-
main to suggest that the sponsor is intending
to negotiate with the U.S. FDA on whether the
marginal clinical data might be sufficient to
justify some form of limited approval. It is
likely that a further phase 3 clinical trial will
be undertaken, which may benefit from obser-
vations made during the STAR study, includ-
ing refinements in study design, such as vector
dose, surgical technique, and consideration of
novel end points. These modifications may
help to overcome the challenges in gaining
regulatory approval of retinal gene therapy
for choroideremia, which will be considered
in detail.

CHALLENGES IN THE REGULATORY
APPROVALOF GENE THERAPY FOR
CHOROIDEREMIA

The principal challenges in the approval of the
first gene therapy for choroideremia are (1) the
short duration of pivotal clinical trials for a very
slow degeneration; (2) a requirement for visual
acuity improvement necessitates the inclusion of
patients with late disease because this is when
the acuity begins to drop; (3) the need for sur-
gical detachment of the fovea for transduction of
the subfoveal RPE—a process that in itself will
have a detrimental effect on visual acuity that is
not seen in noninterventional controls; and (4)

the transduction of dysfunctional RPE cells in
patients with late disease. These challenges are a
consequence, primarily, of the thresholds re-
quired to satisfy regulators and the costs of run-
ning clinical trials. In preclinical studies, which
are not subject to the same constraints, retinal
gene therapy, in general, has been shown to be
most effective when delivered in the early stages
of disease when a greater number of target cells
are available, with therapeutic efficacy demon-
strated over a relatively longer period.

Short Duration of Clinical Trials

Inherited retinal degenerations are individually
rare, often slowly progressive, and may have oc-
ular asymmetry. These characteristics alone pre-
sent challenges in the demonstration of benefit
during short pivotal clinical trials, which are
typically 1–2 years in duration, given that de-
generation in the control (untreated) eyes is
slow. This often means that sustained improve-
ment of visual function in a proportion of par-
ticipants is necessary to show a clinically and
statistically significant difference between treat-
ment groups for regulatory approval. For retinal
gene therapy, which for the most part aims to
prevent further visual loss through the preven-
tion of cell death of transduced target cells, this
is a somewhat burdensome objective. Moreover,
visual improvement may not be possible for all
genetic causes of retinal degeneration, which
vary in terms of the primary affected cell type,
the type of protein (e.g., visual cycle, structural,
ciliary, phototransduction), the speed of retinal
degeneration, and age of onset. The length of
clinical trials in retinal gene therapy is generally
restricted due to the associated costs. However, a
conditional approval enabling longer-term ob-
servations prior to final approval may circum-
vent the challenge with evaluation of gene ther-
apy for slow retinal degenerations, as discussed
in more detail below.

The Inclusion of Patients with Late
Choroideremia

The central, key functional outcome measure in
clinical trials in ophthalmology remains BCVA,
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with the degree of improvement defined in
terms of letter or lines of improvement on the
ETDRS chart. These outcome measures have
become standard in the assessment of efficacy
of interventions (e.g., anti–vascular endothelial
growth factor [VEGF] injections) for the major
acquired macular disorders (e.g., age-related
macular degeneration, diabetic macular edema)
where significant, short-term visual benefits are
expected. However, the pathobiology and natu-
ral history of these late-onset acquired disorders
are distinct from inherited retinal degenerations,
as are the therapies used to address them. More-
over, BCVA represents a high-contrast stimulus,
which is an imperfect measure of a patient’s
visual function. For the Nightstar/Biogen
STAR phase 3 clinical trial, the threshold for
approval predesignated by the FDA as the pri-
mary end point was a three-line (15-letter) gain
in a significantly greater proportion of patients
compared with the control group. Choroidere-
mia patients (Figs. 2 and 3) typically maintain
visual acuity until late in the disease. Therefore,
gains in BCVA require the inclusion of late-stage
patients whose central vision has dropped to
between 35–73 ETDRS letters (to allow head-
room to gain 15 letters—88 letters is better
than 6/6 or 20/20). Conversely, below 35 letters
(6/60 or 20/200), fixation becomes unreliable
and visual acuity readings become inconsistent.
This group typically exhibits significant central
RPE dysfunction and degeneration—the target
cell for transduction in choroideremia (such as
the patient in Fig. 3)—whichmay not be optimal
for effective transduction. The inclusion of pa-
tients with late disease is therefore a conse-
quence of the current accepted regulatory prac-
tice, rather than what is generally accepted as
optimal in the field of retinal gene therapy—
that is, to treat early in the disease process to
maximize the therapeutic effect.

Surgical Detachment of the Fovea

Since BCVA is the primary outcome measure
in most clinical trials, transduction of foveal
cones is a key strategy in retinal gene therapy
that often necessitates surgical detachment of
the fovea following subretinal injection. The

visual thresholds for approval must be achieved
despite any adverse structural and functional
effects related to the maneuver—an effect that
cannot easily be controlled for in clinical trials
of subretinal gene therapy due to the associated
surgical risks. Surgical detachment of photore-
ceptors may lead to short-term structural and
functional changes within the retina as seen in
animal models (Kyhn et al. 2008; Secondi et al.
2012) and in human patients treated with gene
therapy (Aleman et al. 2022), which may offset
early therapeutic signals in clinical trials.
While mild foveal dysfunction with a loss of a
few letters of visual acuity may be perfectly
acceptable in the context of giving a sight-sav-
ing gene therapy treatment, this becomes an
issue when the visual acuity gains being chased
in a pivotal trial are only marginal. Therefore,
in the early postoperative period, retinal func-
tion in the region of the bleb/retinal detach-
ment may be worse than measured at baseline.
Moreover, focal loss of the RPE is typically ap-
parent at retinotomy sites following the deliv-
ery subretinal gene therapy, an effect that
should be compensated for in relevant meth-
ods of analysis when compared to control eyes
(e.g., microperimetry and FAF) across short
trials. Consequently, treated eyes must achieve
greater effective functional improvements to
compensate for the effect of retinal detachment
in the absence of a paired control intervention.
Further research may help to quantify the
structural and functional effects of early surgi-
cal retinal detachment within the bleb margin,
although this may vary depending on the un-
derlying gene. For subretinal gene therapy,
these further data may support the modifica-
tion of thresholds for approval by the regula-
tors to account for these effects.

RPE Dysfunction in Late Disease

Individuals with late choroideremia are prefer-
entially selected for clinical trials (Table 1) to
avoid a ceiling effect that prevents measurable
improvements in BCVA. At this late stage, the
residual island of RPE is usually mottled, with
or without a central smooth zone on FAF im-
aging (Fig. 3). Mottled RPE has been further
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associated with photoreceptor abnormalities
on OCT imaging (Stevanovic et al. 2020).
These observations support structural degen-
eration of the remaining RPE in late choroider-
emia, the primary target cell in retinal gene
therapy. It is unclear whether dysfunctional
RPE in late choroideremia can be transduced
as efficiently as the RPE in early disease or
within the smooth zone. In preclinical studies,
carrier female mice (Chm−/WT) were typically
injected at 3–4 wk, without assessments of the
effects on REP1 expression following AAV2.
REP1 injection in later disease (Tolmachova
et al. 2013). Mechanisms of RPE cell death in
choroideremia may be REP1-independent in
later stages, and therefore not retrievable by
REP1 transgene replacement. Furthermore,
dosing may be more challenging in late disease
where the effective multiplicity of infection
(MOI) may be high as fewer remaining, dys-
functional RPE cells remain, which receive a
high dose of AAV. The late application of
gene therapy may therefore affect the predict-
ability and efficiency of transduction. There are
no direct in vitro studies comparing the effi-
ciency of AAV transduction in RPE cell lines
with or without degenerative features or toxic
insults. However, a comparison of the relative
efficacy of retinal gene therapy in preserving
vision in subjects with early disease versus
late disease may help to answer this question.

Gene therapy for choroideremia aims to re-
store REP1 function and prenylation activity to
the remaining RPE cells, thereby preventing or
slowing RPE cell death, and secondary photore-
ceptor and choroidal degeneration. Substantial
improvements in visual acuity in later-stage cho-
roideremia patients suggest that RPE function
is improved following subfoveal retinal gene
therapy, where it is presumed that restoration
of RPE prenylation and intracellular vesicle traf-
ficking improves the function of foveal cones. It
is unclear whether the dysfunctional RPE is able
to express the REP1 transgene as efficiently.
Consequently, the extent to which gene therapy
can rescue dysfunctional RPE within the re-
maining central island of residual tissue is un-
clear, and whether this varies between the
smooth and mottled zones on FAF imaging.

TOWARD REGULATORY APPROVAL

Novel End Points

The FDA emphasizes the importance of func-
tional benefits for the approval of gene therapy
vectors for inherited retinal degeneration. Al-
though BCVA is the most recognized functional
outcome measure, improvements in BCVA are
not always possible in IRDs: this may relate to
amblyopia, and/or photoreceptor or RPE degen-
eration at the fovea. In choroideremia, visual acu-
ity is lost in late disease and the aim of gene
therapy is early intervention to preserve the max-
imum visual function over the long term. In early
choroideremia, visual acuity is well preserved
(Fig. 2), and a ceiling effectmeans that alternative
functional end points must be sought for clinical
trials. Since rod function is lost early in the disease
course, end points that evaluate rod functionmay
be supportive. Scotopicmicroperimetry is a novel
end point that measures differential rod and cone
sensitivities within the macula—typically target-
ed in subretinal gene therapy vector delivery
(Taylor et al. 2022). In the pivotal clinical trial
of RPE65 gene therapy, the multiluminance mo-
bility test (MLMT) was used as a primary out-
come measure that was accepted by the FDA in
the process of regulatory approval. However, the
MLMT is not relevant to many other retinal de-
generations, whichmay not affect the visual cycle
with a profound effect on scotopic visual func-
tion. Microperimetry is a key functional outcome
measure in many retinal gene therapy clinical
trials, permitting a point-wise assessment ofmac-
ular sensitivity (Pfau et al. 2021). However, in
choroideremia, the decay of the central island
may lead to precipitous drops inmeasured retinal
sensitivity. Moreover, the retinal locations ana-
lyzed on repeat assessment are not perfectly con-
sistent, which may lead to variability (i.e., when
retinal function is assessed over a blood vessel). A
key technique for development is the accurate
mapping of microperimetry plots so that sequen-
tial assessments test identical retinal locations and
to link microperimetry assessments to structural
retinal imaging techniques, such as FAF imaging,
to reduce variability between assessments and
subjects.
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A qualitative difference in the RPE has been
noted in the central island in the majority of pa-
tients with choroideremia on SW-AF imaging
(Stevanovic et al. 2020). Centripetal degeneration
results in a mottled zone of degenerating RPE
with a more preserved smooth zone centrally
with healthier appearing RPE (Fig. 2). A signifi-
cant difference in the continuity of the ellipsoid
zonewas observed inmottled versus smooth zone
on SW-AF imaging, suggesting indirectly that
photoreceptor degeneration is more pronounced
over the mottled zone. This suggests the possibil-
ity of using the smooth RPE zone (e.g., changes
in size and/or retinal sensitivity) as an outcome
measure following retinal gene therapy. The ob-
jective definition of the smooth and mottled
zones on FAF may be further aided by near-in-
frared autofluorescence (NIR-AF) imaging since
the area of the NIR-AF signal appears to broadly
match that of the smooth zone on SW-AF imag-
ing (Fig. 6), although this requires further valida-
tion. In support of this suggestion, choroideremia

patients may be categorized based on NIR-AF
patterns, which appear to correlate with other
structural measures of degeneration on OCT im-
aging (Birtel et al. 2019).

Modification of the Process of Regulatory
Approval

In general, the difficulty in gaining approvals for
novel therapeutics for inherited retinal degen-
erations by the regulators (e.g., FDA) may nec-
essitate reconsideration of the pathway to regu-
latory approval that recognizes the slowly
progressive nature of IRDs. Pivotal clinical trials
are expensive to run; 3–5-year studies would be
financially prohibitive, although far more likely
to demonstrate the requisite functional benefits.
An alternative pathway to approval may be that
if safety is demonstrated in a phase 3 study over
1–2 years, with trends toward functional benefit,
a period of conditional approval could be grant-
ed by the regulators, allowing sponsors to collect

A C E

B D F

SW-AF
200 μm

200 μm

IR-AF

200 μm 200 μm

Figure 6. Near-infrared fluorescence imaging in choroideremia. (A,C,E) The smooth zone on short-wavelength
autofluorescence maps to residual signal on near-infrared autofluorescence imaging in three patients with
choroideremia. (B,D,F) Note that the limits of the central zone on infrared autofluorescence (IR-AF) correspond
closely to the approximate boundaries of the smooth zone (yellow dashed line) as seen on short-wavelength
autofluorescence (SW-AF) imaging.
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longer-term data that can then be reviewed by
the regulators prior to final approval.

This approach may change the paradigm of
patient selection for clinical trials across different
forms of retinal degeneration. In the case of cho-
roideremia, this change would support the inclu-
sion of patients with early disease who have a
greater number of target RPE cells and may have
a better long-term prognosis following interven-
tion. The effective MOI would be more predict-
able on early-stage patients, potentially reducing
variability between subjects. In late disease, the
rescue of dysfunctional target cells may result in
an improvement in visual function that typically
plateaus once nonoptimally transduced cells,
which may contribute to retinal function in the
early postoperative period, die. In early disease,
this phenomenon may be relevant only to RPE
cells at the edge of the remaining island. A clear
therapeutic effect could be shown through preser-
vation of the island while the central island in the
control eye undergoes exponential decay (Ayl-
ward et al. 2018). The current regulatory prereq-
uisites encourage investigators to select patients
and doses based on what might show the greatest
functional benefit over the shorter term, so that
other groups may benefit following approval.
However, these may not be the same groups that
would otherwise be chosen for clinical trial par-
ticipation if long-term preservation of vision was
the goal. Reform of the process of regulatory ap-
proval of gene therapy vectors may benefit pa-
tients by focusing patient selection around long-
term functional improvements, which would
probably be favored by patient groups.

CONCLUDING REMARKS

Choroideremia is an untreatable blinding dis-
ease due to mutations in the CHM gene. Signifi-
cant advances have been made in describing the
genetic basis and molecular pathophysiology of
the disease, with more than 350 mutations de-
scribed. A pivotal phase 3 clinical trial of retinal
gene therapy for choroideremia showed clear
therapeutic benefits, although it fell short of
the thresholds for regulatory approval. In this
review, we summarize the challenges in gaining
approval for gene therapy investigational medi-

cal products for slow inherited retinal degener-
ations such as choroideremia and suggest novel
end points that might be supportive. Despite
these challenges, the approval of the first therapy
for choroideremia is expected in the near future,
150 years after the first clinical description of the
disease by Mauthner in 1872.
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