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Abstract: Autosomal recessive Stargardt disease (STGD1) is an inherited retinal degenerative disease
associated with a mutated ATP-binding cassette, subfamily A, member 4 (ABCA4) gene. STGD1
is the most common form of juvenile macular degeneration with onset in late childhood to early
or middle adulthood and causes progressive, irreversible visual impairment and blindness. No
effective treatment is currently available. In the present article, we review the most recent updates in
clinical trials targeting the management of STGD1, including gene therapy, small molecule therapy,
and stem cell therapy. In gene therapy, dual adeno-associated virus and non-viral vectors have
been successful in delivering the human ABCA4 gene in preclinical studies. For pharmaceutical
therapies ALK-001, deuterated vitamin A shows promise with preliminary data for phase 2 trial,
demonstrating a decreased atrophy growth rate after two years. Stem cell therapy using human
pluripotent stem cell-derived retinal pigment epithelium cells demonstrated long-term safety three
years after implantation and visual acuity improvements in the first two years after initiation of
therapy. Many other treatment options have ongoing investigations and clinical trials. While multiple
potential interventions have shown promise in attenuating disease progression, further exploration is
necessary to demonstrate treatment safety and efficacy.

Keywords: Stargardt disease; ABCA4; gene therapy; visual cycle modulators; stem cell therapy;
adeno-associated viral vectors; deuterated vitamin A; emixustat; human embryonic stem cells

1. Introduction

Autosomal recessive Stargardt disease (STGD1, OMIM#248200) is an inherited macular
dystrophy also known as fundus flavimaculatus (the variant with more widespread flecks
and less macular involvement), associated with disease-causing genetic variants in the
ATP-binding cassette, sub-family A, member 4 (ABCA4) gene [1]. It is one of the most
common inherited retinal diseases with a prevalence estimated at 1 in 8000–10,000 [2]. The
carrier frequency is as high as 1 in 20 in some populations. The disorder is characterized
by progressive central vision loss and may be accompanied by peripheral vision loss
in later stages or more severe cases of the disease [3,4]. STGD1 commonly manifests
during childhood or early adulthood, and less frequently in later adulthood, when later
onset confers a better visual prognosis with a slower rate of visual loss [5]. The classical
clinical features include variable pigmentary changes and pisciform flecks in the macula
progressing to a variable extent of chorioretinal atrophy, which depends on the severity of
the underlying pathogenic ABCA4 variants, with more severe variants seen in childhood-
onset STGD1 [4]. Over 2000 variants within the ABCA4 gene have been described [6].
Patients report decreased visual acuity, central scotomas, and color vision abnormalities,
with variable degrees of nyctalopia and visual field constriction in later stages or more
severe cases. Diagnosis involves ophthalmic evaluation, multimodal imaging, and genetic
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testing [7]. The ABCA4 gene encodes a transmembrane protein, a member of the ATP-
binding cassette transporter superfamily, sub-family A, member 4, which plays an essential
role in the retinoid recycling in the visual cycle and localizes to the disc membranes in the
outer segments of rods and cones. Lack of ABCA4 protein leads to accumulation of visual
cycle byproducts (lipofuscin) and dysfunction of the retinal pigment epithelium (RPE) and
subsequent photoreceptor degeneration [8,9]. Although no cure currently exists, promising
treatment strategies including genetic therapy, pharmacological treatments, and stem cell
therapy, are being explored. Advancing our understanding of the underlying mechanisms
and developing effective interventions are essential for managing this debilitating retinal
disorder and preventing irreversible vision loss.

1.1. Clinical Presentation and Diagnostic Testing

STGD1 presents with a spectrum of clinical features. On initial ophthalmoscopy, many
children with STGD1 can have a normal-appearing fundus with or without vision loss;
therefore, diagnosis can be delayed until the appearance of flecks or visual symptoms
becomes significant enough to warrant deeper investigation with multimodal imaging
including a combination of fundus fluorescein autofluorescence (FAF), optical coherence
tomography (OCT), and electroretinography (ERG) [4,10–13]. Very young children may
also present with symmetrical yellowish fine dots in the central macula. Later on, the
characteristic key clinical features appear and include bilateral, progressive central vision
loss, which encompasses both dyschromatopsia and central scotomata, macular atrophy,
and yellow-white flecks within the RPE at the posterior pole [3]. The yellow-white flecks
(Figure 1) represent the accumulation of lipofuscin, a yellowish autofluorescent pigment in
the RPE cells that blocks the underlying choroidal fluorescence and causes the classic dark
appearance of the choroid on FAF in 65–86% of patients [10,11].
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Figure 1. Typical presentation of Stargardt Type 1 at diagnosis (A1–A3) and 3-year follow-up (B1–B3).
Color fundus (A1,B1) shows macular atrophy with yellow-white retinal flecks. Fundus autofluo-
rescence (A2,B2) shows patches of hypoautofluorescence surrounded by an increased signal with
flecks of both increased and decreased autofluorescence. Optical coherence tomography B-scans
(A3,B3) show outer retinal and retinal pigment epithelium loss with hypertransmission defects
corresponding to atrophy. Atrophy growth is significant at 3-year follow-up (B1–B3) compared to
presentation at diagnosis (A1–A3). Best corrected visual acuity (BCVA) remains stable at 0.9 Snellen
decimals (20/160). Reprinted from [1], used under an open-access license agreement distributed
under the terms of the Creative Commons CC-BY license.
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FAF is a useful non-invasive imaging modality. It may show an increased signal
from excessive lipofuscin and highlights the flecks with both increased and decreased
autofluorescence in some patients and reduced central autofluorescence surrounded by
a brighter signal similar to a bull’s eye appearance [1,10] (Figure 1). Areas of a decreased
FAF signal may appear later and correspond to areas of RPE atrophy with secondary
photoreceptor loss. A significant correlation has been shown between FAF subtype and
genotype, with milder pathological variants producing a localized low signal at the fovea
with a surrounding homogeneous background, whereas more severe variants (including
nonsense) correlate with areas of hypofluorescent atrophic areas [10].

OCT typically shows outer retinal loss in the central macula (Figure 1) with possible
peripapillary sparing of the retina and RPE, which if present strongly supports the diagnosis
of autosomal recessive STGD1 and may also show the earliest abnormality in young
children consisting of external limiting membrane thickening [10,12,14].

Interestingly, in a study conducted by Bax et al., it was reported that 11.1% of a
cohort of 280 STGD1 patients with a median age of 8 years (range, 1–18 years) had no
fundus abnormalities, which resulted in a median delay in diagnosis of 3 years when the
first fundus abnormalities appeared and included central RPE alterations most frequently
without flecks (43%), bull’s eye maculopathy (33%), and/or parafoveal flecks (24%). These
patients were commonly misdiagnosed with other ocular and non-ocular conditions, such
as amblyopia, myopia, optic disk pathology, mental health problems, tension headache,
bulbar neuritis, and uveitis [11]. Once imaging has been completed, results of patients with
STGD1 typically show loss of normal architecture at the central macula and reduced central
autofluorescence surrounded by an increased signal or a bull’s eye maculopathy on FAF
(Figure 1) [10].

ERG has been shown to correlate with the severity of the disease and helps to establish
visual prognosis for the patients [13]. Group 1 demonstrates a severe pattern ERG due to
macular dysfunction with normal full-filed ERG (ff-ERG); Group 2 shows generalized cone
function loss on ff-ERG; and Group 3 shows both cone and rod function loss on ff-ERG.
These groups do not represent stages of the disease but have prognostic implications, with
all patients in Group 3 undergoing clinically significant worsening as opposed to only 20%
in Group 1 showing clinically significant progression [13].

Most patients experience visual symptom onset during childhood, but some experi-
ence it as young adults or even in late adulthood. Childhood disease manifestation usually
affects children aged 6–12 years old and causes a rapid, severe decline in visual acuity over
the consequential 12–24 months [5]. Later symptom onset has been associated with better
visual acuity prognosis, most likely due to the increased presence of missense variants
causing foveal-sparing disease and decreased presence of nonsense mutations causing
deleterious variants [5]. Overall, the age of onset and rate of disease progression are diverse,
but most patients experience symptoms by the time they are in their teenage years, and
almost all patients become severely visually impaired or legally blind by the fourth to
seventh decade of life [15]. A late adulthood onset with foveal sparing, normal ff-ERG, and
better visual prognosis is also recognized [4,15].

1.2. Genetics

STGD1 is caused by an autosomal recessive mutation of ABCA4 gene, located in the
rim of outer segments of the photoreceptor cells and involved in the visual cycle. Photore-
ceptors during the visual cycle are constantly producing new disc membranes, pushing
the older membranes further out towards the RPE [16]. One of the roles of the RPE is
to phagocytose the most distal disc membranes with retinoid waste derivatives. ABCA4
proteins are “flippase” transporters, located in the outer segment disc membranes of rod
and cone photoreceptors, which move retinoids from the lumen to the cytoplasmic side of
the disc membranes mainly in the form of N-11-cis-retinylidene-phosphatidylethanolamine
(NrPE) [8,17]. This allows the continuation of the visual cycle and decreases the production
of bisretinoid compounds such as phosphatidyl-pyridium bisretinoid (A2PE) in the pho-
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toreceptor outer segment. As new disc membranes are produced, the older ones assume a
more distal position, and the distal discs are phagocytosed by the RPE cells. After phagocy-
tosis, the A2PE is converted to N-retinylidene-N retinylethanolamine (A2E) compound,
which is insoluble and accumulates in the RPE cells to form lipofuscin (Figure 2) if it is
not regularly managed by ABCA4 and other mechanisms [16]. With a mutated ABCA4,
the accumulation of A2E and other bisretinoids leads to accumulation of toxic lipofuscin
within the RPE, which with time will cause RPE cell death and photoreceptor dysfunction
from a lack of RPE support [8,17]. The severity of phenotype correlates with the remaining
ABCA4 function where more severe mutations, such as two null variants, result in a more
severe phenotype with earlier onset and worse visual prognosis [13].
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Figure 2. Potential pharmaceutical interventions for Stargardt disease (STGD1). Treatment options
(blue “x”) are shown in a summarized representation of the visual cycle with mutated ATP-binding
cassette, subfamily A, member 4 (ABCA4) gene resulting in the accumulation of lipofuscin in the
retinal pigment epithelium (RPE). Treatment for STGD1 includes several strategies. Gene therapy
includes vector delivery of human ABCA4 gene. Pharmaceutical therapies include visual cycle
modulators (VCM), metformin, avacincaptad pegol, and docosahexaenoic acid (DHA) and eicosapen-
taenoic acid (EPA). VCM represented are retinol binding protein 4 (RBP4) antagonists, deuterated
vitamin A, and retinal pigment epithelium-specific 65 kDa protein (RPE65) inhibitor (emixustat). Stem
cell therapy includes human pluripotent stem cell-derived retinal pigment epithelium (hESC-RPE)
transplantation for regenerating RPE layer. Created with BioRender.com.

Other genes, such as elongation of very long chain fatty acids (ELOVL4) gene (STGD3)
and prominin-1 (PROM1) gene (STGD4), produce autosomal dominant forms of the disease
and are beyond the scope of this review [18,19]. The term STGD2 was discovered to be
caused by the ELOVL4 gene involved in STGD3 and was discontinued in 2005 [20].

2. Genetic Therapy
2.1. Introduction

Gene therapy has garnered a lot of attention, providing great potential in the realm of
inherited retinal degenerative diseases. The main obstacle to the development of gene ther-
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apy for STGD1 is the large size of ABCA4 gene (6.8 kb coding sequence) [21]. Gene therapy
delivery systems include lentiviral vectors, adeno-associated viral (AAV) vectors, and non-
viral vectors (Table 1A). Upcoming pre-clinical studies are evaluating non-viral delivery
systems such as covalently closed and circular DNA (C3DNA) and nanoparticles [22,23].
These newer methods of delivery are posed to avoid inflammatory complications associated
with viral vector delivery.

Table 1. Recent Updates in Potential Stargardt Disease Interventions.

Treatment Indication Mechanism of Action Sponsor Stage Results *

A. Genetic Therapy

SAR422459
(EIAV-ABCA4) STGD1

Lentiviral vector
carrying normal coding
sequence of human
ABCA4 cDNA

Sanofi, Paris France
Phase 1/2 (Initiated
2012)
NCT01736592

No clinically significant
vision changes or EZ
line loss in 22 patients;
six (27%) developed
worsening RPE atrophy

ABO-504 STGD1 Dual AAV vector with
full-length ABCA4 gene

Abeona Therapeutics,
Cleveland, OH, USA

Preclinical:
ABCA4−/− KO mice

Generate ABCA4
mRNA and protein in
retinal tissue

VG-801 STGD1

Dual AAV vector for
split genes encoding 5′

and 3′ parts of human
ABCA4

ViGeneron, Planegg,
Germany

Preclinical: Stargardt
mouse model

General full-length
ABCA4 protein

OCU-410ST ABCA4-related
retinopathies

AAV5-hRORA vector
for retinal delivery of
human RORA gene

Ocugen, Malvern, PA,
USA

Preclinical,
ABCA4−/− KO mice,
Phase 1/2 planned
for 2023

Encode hRORA,
decreased AF values
and higher scotopic
b-wave amplitude with
greater recovery
post-photobleaching

RTx-015 Retinitis pigmentosa,
STGD AAV vector

Ray Therapeutics,
San Francisco, CA,
USA

Preclinical Unknown

MCO-010 STGD (due to ABCA4,
ELOVL4, or PROM 1)

Optogenetics via AAV
vector carrying ambient
light activatable MCO
protein gene expression
cassette

Nanoscope
Therapeutics Inc.,
Dallas, TX, USA

Phase 2a (Initiated
2022)
NCT05417126

3 dB gain in mean
visual field perimetry
and no adverse events
in 6 patients

IG-002 ABCA4-related
retinopathies

Full-length ABCA4
DNA with non-viral
delivery through
C3DNA platform

Intergalactic
Therapeutics,
Cambridge, MA,
USA

Preclinical: in vitro
RPE model

Sustained (12-month)
expression of ABCA4
protein in adult porcine
retinas following a
single sub-retinal
administration

B. Pharmacological

Emixustat
Hydrochloride STGD1

RPE65 enzyme
inhibitor to decrease
formation of
11-cis-retinal, which
ultimately reduces the
accumulation of
lipofuscin in RPE

Kubota Vision Inc.,
Tokyo, Japan

Phase 3 (Completed
2022)
NCT03772665

194 subjects showed no
change in macular
atrophy growth, post
hoc analyses in
subgroup of 55 with
smaller atrophic lesions
at baseline showed
40.8% reduction in
lesion progression after
2 years
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Table 1. Cont.

Treatment Indication Mechanism of Action Sponsor Stage Results *

ALK-001 STGD1
Deuterated vitamin A
molecule that inhibits
vitamin A dimerization

Alkeus
Pharmaceuticals, Inc.,
Cambridge, MA,
USA

Phase 2 (Initiated
2020)
NCT04239625

Atrophic lesion growth
rate significantly
slower (21–28%
decrease) in 50 patients
after 2 years; no
clinically significant
changes in BCVA

STG-001 STGD1 Antagonist of serum
non-retinoid RPB4

Stargazer
Pharmaceuticals, Inc.,
Boston, MA, USA

Phase 2a (Completed
2021)
NCT04489511

No reported serious
adverse events despite
some reported visual
disturbances in
10 subjects

Tinlarebant STGD1, dry AMD Antagonist of serum
non-retinoid RPB4

Belite Bio, Inc.,
San Diego, CA, USA

Phase 3 (Initiated
2022)
NCT05244304

Safety and tolerability
of after single and
multiple doses in
completed Phase 2

Avacincaptad
pegol STGD1 Complement factor C5

inhibitor
IVERIC bio, Inc.,
Cranbury, NJ, USA

Phase 2b (Initiated
2018)
NCT03364153

286 subjects with GA
showed reduction of
27% in GA mean
growth rate; however,
MNV was more
frequent in (11.9–15.7%)
for completed Phase
2/3 for AMD

Metformin
hydrochloride ABCA4 Retinopathy

Increase
macroautophagy via
mTORC1/AMPK
pathway of RPE

National Eye
Institute (NEI),
Bethesda, MD, USA

Phase 1/2 (Initiated
2020)
NCT04545736

Decreased lipid and
lipofuscin
accumulation in
RPE/choroid for
ABCA4−/− mice

Omega-3 Fatty
Acids,
DHA/EPA

Dry AMD, STGD1

Generates
anti-inflammatory
mediators, limit the
accumulation of A2E

Ophthalmos
Research and
Education Institute,
Nicosia, Cyprus

Prospective Trial
(Completed 2020)
NCT03297515

Six ETDRS letter
improvement in
21 patients

C. Stem Cell Therapy

hESC-RPE STGD1, AMD

Sub-retinal
transplantation of
hESC-derived mature
RPE cells in suspension
to replace/improve
health of the host RPE
layer

Astellas Institute for
Regenerative
Medicine,
Westborough, MA,
USA

Phase 1/2
(Completed 2019)
NCT02445612,
NCT02941991

Patches of increased
subretinal
pigmentation in 92% of
eyes with a mean of
4.1 ETDRS letters
versus 3.3 ETDRS
letters in the untreated
eyes at 3 years for
13 STGD1 and 11 AMD
patients

* Includes preliminary results and most updated associated results, STGD: Stargardt disease; AMD: age-related
macular degeneration; GA: geographic atrophy; hESC-RPE: human pluripotent stem cell-based retinal pigment ep-
ithelium; MCO: multi-characteristic opsin; AAV: adeno-associated virus; ABCA4: ATP-binding cassette, subfamily
A, member 4; RORA: RAR-related orphan receptor A; RPE65: retinal pigment epithelium-specific 65 kDa protein;
A2E: N-retinylidene-N retinylethanolamine; mTORC1/AMPK: AMP-activated protein kinase/mammalian target
of rapamycin complex 1; DHA/EPA: docosahexaenoic acid/eicosapentaenoic acid.

2.2. Lentiviral Vectors

The first phase I/II nonrandomized multicenter study (NCT01367444) of subretinal
injection delivery of an Equine infectious anemia virus (EIAV)-based lentiviral vector carry-
ing ABCA4 (SAR422459, Sanofi) was terminated in 2019. Parker et al. recently published
three-year follow-up data from the first five cohorts of 22 patients using three escalating
doses of SAR422459 delivered to 12 patients subfoveally and 10 patients extrafoveally.
Study outcomes included ocular and systemic adverse events as well as best corrected
visual acuity (BCVA), kinetic perimetry, total full field of vision, ff-ERG, multifocal ERG,
color fundus photography, FAF, and OCT [24]. The most common adverse events were
associated with the surgical transvitreal subretinal injection technique, the most significant
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being the worsening of RPE atrophy [24]. Six (27%) patients developed worsening RPE
atrophy on FAF imaging. One case of chronic ocular hypertension was reported. No
patients had any clinically significant changes in their functional vision measurements.
One patient demonstrated a significant decrease in the number of macular flecks in the
treated eye compared to the untreated eye; however, ellipsoid zone (EZ) line loss and RPE
atrophy quantification on OCT and functional vision parameters were similar between the
two eyes. The study has some limitations including the small sample size and relatively
short follow-up periods [24]. Despite these limitations, the study provides valuable insight
into the safety of using subretinal injections to deliver gene therapy, yet potential long-term
efficacy still needs to be determined. With early termination of the study, patients were
transferred to a 15-year open-label safety study (NCT01736592) (Table 1A). The lack of
functional improvements may also be associated with the lentiviral vector dimensions and
structure, which may limit its transduction into the retina [25]. No other study involving
lentivirus for STGD1 is ongoing in 2023.

2.3. Adeno-Associated Viral Vectors

AAV is a gene therapy delivery system that has shown safety with minimal adverse
events in various trials; however, a major limitation of AAVs as vectors is their limited
cargo capacity which is estimated to be around 4.7 kb [26]. Given the large coding region
of the ABCA4 gene (50 exons and 150 kb), several in vitro models have been studied. The
first attempt included creating an “oversized” transgene with the complete 6.8kb coding
sequence yet transduction of these genes did not lead to the production of full-length
protein [27]. Another model includes dual vector AAV strategies which can include fusing
overlapping gene regions to create a transgene by fragmenting the original gene size.
An alternative technique involves trans-splicing which provides no overlap between two
transgenes since repeated sequences are removed, leaving an intact full-length coding
sequence. Pre-clinical studies have shown early signs of success in delivering full-length
ABCA4 coding regions using dual AAV and trans-splicing techniques (Figure 2) [28,29].
Given the positive outcomes obtained from animal studies, several studies are forthcoming
using AAV as a gene therapy delivery system for individuals with STGD1.

AB0-504 (Abeona Therapeutics) is a dual AAV vector delivery system created by the
Cre-LoxP recombinase system to reconstitute the full-length ABCA4 gene and is currently
being tested in pre-clinical models (Table 1A). Preliminary results presented at the 26th
Annual Meeting of the American Society of Gene & Cell Therapy provided evidence of
the dual AAV vector system’s capability to generate the complete ABCA4 protein in cell
culture [30]. Recent proof-of-concept investigations have further expanded upon these
results, showcasing the expression of both ABCA4 messenger RNA (mRNA) and intact
ABCA4 protein within the retinal tissue of ABCA4−/− knockout mice following subretinal
administration. Notably, the observed levels of ABCA4 mRNA and full-length protein
in the treated mice closely resemble those found in the naturally occurring ABCA4 of
wild-type animals [30,31].

Moreover, other companies such as ViGeneron have also tapped into a novel dual AAV
technology platform, achieving efficient expression of large genes in photoreceptors after
intravitreal injection (Table 1A). They created VG-801 by using REconstitution Via mRNA
Trans-splicing (REVeRT) technology enabling split genes encoding the 5′ and 3′ portions
of human ABCA4 to be packaged into dual vgAAV vectors, which led to the generation
of full-length protein. Notably, the REVeRT technology demonstrated high efficiency in
reconstituting both transcript and protein levels of ABCA4 [32].

OCU-410ST from Ocugen is using AAV5-hRORA, an AAV serotype 5 capsid-containing
genetic material encoding human retinoic acid receptor-related orphan receptor alpha
(RORA) as a possible treatment for ABCA4-associated pathologies (Table 1A). RORA is
considered part of the nuclear hormone receptors modulating functions such as photorecep-
tor development, metabolism, phototransduction, and inflammation. Preliminary results
presented at the 2023 The Association for Research in Vision and Ophthalmology (ARVO)
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Annual Meeting showed decreased autofluorescence values and higher scotopic b-wave
amplitude with greater recovery post-photobleaching in ABCA4−/− mice subretinally
injected with AAV5-hRORA, indicating improved retinal function [33]. A phase 1/2 clinical
trial using AAV5-hRORA is planned [34]. RTx-015 from Ray Therapeutics Inc. is also using
an AAV vector for intravitreal delivery and pending clinical trials (Table 1A) [35,36].

The findings from these studies will contribute valuable knowledge to the field of gene
therapy, specifically in the context of AAV-mediated transgene delivery, and may pave the
way for potential treatment options for individuals with retinal degenerative conditions.

2.4. Optogenetics

Other companies are exploring the capability of AAV vectors to deliver genes that
confer the inner retinal sensitivity to light bypassing degenerated photoreceptors altogether
in end-stage Stargardt disease. In 2022, Nanoscope Therapeutics initiated a nonrandomized
phase I/IIa clinical trial (NCT04919473) aimed at evaluating the safety and beginning to
explore the efficacy of an intravitreal injection of an AAV viral vector carrying a multi-
characteristic opsin-I (vMCO-I) gene which encodes a light-sensitive ion channel in patients
with Stargardt disease due to ABCA4 or other genes. The vector leads to the expression of
the opsin in bipolar cells. When illuminated by ambient light, it leads to depolarization
of bipolar cells conferring sensitivity to ambient light. An ongoing multicenter open-label
phase II clinical trial (STARLIGHT, NCT05417126) is being conducted to evaluate the
safety and efficacy of a single intravitreal injection of vMCO-010 in up to six subjects with
STGD due to ABCA4, ELOVL4, or PROM1 mutations and visual acuity worse than 20/640
(Table 1A). The company recently reported on preliminary results at the 2023 American
Society of Retina Specialists meeting showing 3 dB gain in mean visual field perimetry and
no serious adverse events [37,38].

2.5. Non-Viral Delivery via Covalently Closed and Circular DNA (C3DNA)

C3DNA is a non-viral gene therapy platform developed by Intergalactic Therapeutics
in IG-002 that enables the delivery of large genes, does not integrate into the genome, allows
for redosing, eliminates safety concerns associated with immune reactions to viral vectors,
and allows for precise engineering using synthetic biology (Table 1A) [39]. The lead delivery
modality for C3DNA therapies is cellular delivery of genetic material by Electro-Transfer
(COMET) which combines a novel electrode design, custom wavelengths and algorithms,
and an electrical field [40]. C3DNA does not use viral or bacterial sequences avoiding
triggering immune reactions and potentially allowing redosing [40]. Recent data from
preclinical studies provide novel evidence of sustained (12-month) expression of human
ABCA4 protein in adult porcine retinas and 6-month expression of ABCA4 in non-human
primate retinas following a single subretinal administration of a DNA payload encoding
the ABCA4 gene [41]. The company is planning future clinical development for patients
afflicted with ABCA4-related retinopathies.

3. Pharmacological Therapies
3.1. Introduction

Emerging pharmacological therapies aim to reduce symptoms and inhibit the pro-
gression of STGD1 by targeting specific steps in the visual cycle that are altered by disease
pathophysiology [42,43]. The visual cycle is a complex series of biochemical reactions that
occur in the RPE and photoreceptor outer segments as part of the visual cycle, involving
the primary photoreceptor molecule of vision composed of an opsin molecule and the
chromophore 11-cis-retinal [44,45]. With light stimulation of the chromophore, 11-cis-retinal
converts to all-trans-retinal, leading to the signal transduction cascade that allows the sen-
sation of light [44,45]. The all-trans-retinal is then converted back to 11-cis-retinal through
multiple steps in the outer segments and RPE cells involving numerous enzymes, one
of which is the retinal pigment epithelium-specific 61 kDa protein (RPE65) [46]. ABCA4
transporters, found in the photoceptor outer segment disc membranes, are necessary for
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the elimination of all-trans-retinal from the disc lumens and recycling back to 11-cis-retinal.
With ABCA4 gene mutations found in STGD1, a nonfunctional ABCA4 protein hinders
this removal of all-trans-retinal from photoreceptors, which leads to the production of
A2PE within outer segments and buildup of A2E, a major component of toxic lipofuscin,
in the RPE cells. This leads to degeneration of RPE cells and subsequent photoreceptor
loss [16,17]. Although currently proposed pharmacological treatments for STGD1 are not
curative, multiple studies and clinical trials have found promising success by targeting the
key pathological pathways associated with STGD1 disease symptoms and progression.

3.2. RPE65 Enzyme Inhibition

Emixustat hydrochloride (ACU-4429, Kubota Vision Inc.) is an orally available visual
cycle modulator that binds the RPE65 isomerase (Figure 2). Inhibiting the RPE65 enzyme
depletes regeneration of visual chromophore 11-cis-retinal, which in turn reduces the
production of all-trans-retinal [47]. Since these substrates are necessary for the production of
bisretinoid components including A2E, this can reduce the accumulation of lipofuscin toxins
in the RPE and decrease the rate of RPE and photoreceptor dysfunction and death [43]. In
ABCA4−/− mice with A2E accumulation in RPE, treatment with emixustat significantly
reduced A2E accumulation when compared to controls [48].

Phase 1 clinical trials (NCT00703183 and NCT00942240) with healthy subjects showed
that once-daily oral administration of emixustat was able to slow the rod visual cycle
and was well tolerated, even in multiple doses up to 75 mg, with dose-dependent in-
hibition of b-wave rod responses on ERG [42]. The drug was originally developed for
slowing the progression of geographic atrophy (GA) in age-related macular degeneration
(AMD) but failed to show a significant difference in lesion growth rate for treatment com-
pared to the placebo in phase 2 (NCT01002950) and phase 2b/3 (NCT01802866) clinical
trials [49,50]. It is currently being assessed as a potential treatment for STGD1. A phase
2 trial (NCT03033108) was completed in 2017 in the US with 23 subjects treated with several
doses of the drug for 1 month, which demonstrated emixustat biological activity with
suppression of the visual cycle in STDG1 patients. This was shown with suppression of
recovery in b-wave amplitude after photobleaching in rods. Rod b-wave amplitude of ERG
represents the extent of rhodopsin regeneration with a proportional relationship between
the magnitude of rod–wave amplitude and rhodopsin levels. The rate of recovery over
time reflects the regeneration rate of rhodopsin levels and therefore 11-cis-retinal levels,
which represents RPE65 activity [43]. Near complete suppression of b-wave amplitude
recovery post-photobleaching was reported at 10 mg of emixustat. Few clinically significant
findings were observed with a BCVA change from baseline of −11 to +9 letters on the Early
Treatment Diabetic Retinopathy Study (ETDRS) VA chart. The main ocular side effects were
delayed dark adaptation and dyschromatopsia with no serious adverse events reported [43].
A 24-month phase 3 trial (NCT03772665) using the 10 mg or placebo once daily, the dose
selection from the phase 2 trial, was completed in 2022 (Table 1B). With 194 participants,
the rate of macular atrophy growth as measured by FAF in STGD1 patients on 10 mg of
emixustat was similar in comparison to that of placebo [51]. However, the preliminary
post hoc analyses in a subgroup of 55 subjects with smaller atrophic lesions at baseline
showed a 40.8% reduction of lesion progression compared to placebo at 24 months [51].
Inhibiting RPE65 during earlier stages of STGD1 may provide additional beneficial effects
in disease progression.

3.3. Vitamin A Dimerization Inhibition

ALK-001 (Alkeus Pharmaceuticals) is a deuterated vitamin A molecule that inhibits
vitamin A dimerization. In the visual cycle without functional ABCA4 protein, vitamin A
derivative all-trans-retinal converts to toxic bisretinoids such as A2E found in lipofuscin
(Figure 2) [52]. Accumulation of lipofuscin leads to RPE and photoreceptor degeneration
in STGD1 [52]. Decreasing vitamin A levels has been shown to slow A2E biosynthesis
and considered a potential therapeutic target. A deuterated vitamin A has C20 hydro-
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gen atoms replaced with deuterium atoms forming C20–D3-Vitamin A. Unlike the C20
carbon–hydrogen bond, the C20–D3 bond is much more difficult to cleave, which inhibits
vitamin A dimerization, limiting production of A2E [52]. In ABCA4−/− mice, a diet con-
taining C20–D3 compared to a diet with vitamin A led to reduction in A2E levels, lipofuscin
deposition, and improved ERG, indicating improved eye function [53]. Dietary C20–D3
in ABCA4−/− mice was also able to prevent development of disease phenotype with
interruption of C20–D3 in diet leading to returned development of disease phenotype [54].

Given these positive preclinical results, a phase I clinical trial (NCT02230228) was
completed with 40 healthy subjects showing safety and tolerability of oral ALK-001. An
ongoing multicenter 24-month phase 2 clinical trial (TEASE, NCT02402660) in 50 patients
receiving oral ALK-001 in late-stage STGD1 was initiated in 2015 with an open-label
extension (NCT04239625) initiated in 2020 (Table 1B). Preliminary data were presented
at the 2022 ARVO Annual Meeting reporting that with approximately 90% of vitamin
A replaced with CD20–D3 Vitamin A, ALK-001, the growth rate of atrophic lesions was
significantly slower (21–28% slower compared to the untreated arm) after 2 years [55]. No
clinically significant changes in BCVA were found. The drug was well tolerated with no
reported severe adverse reactions [55]. A phase 3 trial is being planned. Deuterated vitamin
A molecules like ALK-001 play a role in the pathogenesis of STGD1 and may be a potential
intervention even for late-stage STGD1.

3.4. RPB4 Antagonists

Retinol-binding protein 4 (RPB4) antagonists are being explored as potential thera-
peutic agents for STGD1. RPB4 has been shown to be involved in STGD1 and dry AMD
pathophysiology through the toxicity of accumulated lipofuscin in the RPE [56,57]. RPB4
is the only plasma transport that carries retinol (vitamin A) to peripheral tissues from the
liver. In particular, it carries retinol to the RPE, leading to the formation of bisretinoids.
A2E is a bisretinoid component, which is associated with the toxicity of lipofuscin [56,58].
Therefore, reducing RBP4 levels has been explored as a therapy for managing STGD1 by
modulating the visual cycle and reducing bisretinoid synthesis.

Fenretinide (Sirion Therapeutics) is a synthetic retinoid RPB4 antagonist, which
binds to RPB4, preventing the binding of retinol and leading to the elimination of the
RBP4–fenretinide complex and decreased retinol concentration in plasma and the eye [59].
In ABCA4−/− mice, fenretinide caused a dose-dependent reduction in serum retinol and
RBP4 with subsequent reductions in visual cycle retinoids and decreased A2E and lipo-
fuscin accumulations in the RPE [59]. This drug has shown success in reducing serum
RBP4 and retinol levels in a dose-dependent manner in a phase II trial for dry AMD
(NCT00429936). In comparison to the placebo, patients with 300 mg of fenretinide showed
a reduction in lesion growth and even the incidence of choroidal neovascularization; how-
ever, 20% of this cohort stopped treatment due to adverse effects including delayed dark
adaptation and visual disturbance [60]. Due to its chemotherapeutic properties, fenretinide
may lead to adverse events with its systemic apoptotic potential in many cells including
RPE cells [61,62]. No trials have been initiated for STGD1 patients.

A1120 (ICR-14967, Stargazer Pharmaceuticals), STG-001 (Stargazer Pharmaceuticals),
and tinlarebant (LBS-008, Belite Bio Inc.) are non-retinoid RPB4 antagonists. In ABCA4−/−

mice, A1120 reduced serum RBP4 and accumulation of lipofuscin bisretinoids; however, it
did not suppress b-wave ERG recovery after photobleaching [56]. This may indicate that
A1120 may not be able to produce sufficient biological activity with adequate suppression
of the visual cycle in STGD1 patients [56]. Unlike fenretinide, A1120 is not a retinoic
acid receptor-alpha agonist, which may improve safety and reduce adverse effects [56].
Clinical trials will be needed to determine A1120 efficacy in STGD1. For STG-001, a
phase 1 trial (ACTRN12619000816156) for safety and tolerability was completed in 2019
in healthy patients. A subsequent phase 2 trial (NCT04489511) was completed in 2021 for
the safety of once-daily oral STG-001 for 28 days in 10 subjects with STGD1 disease with
no reported serious adverse events despite some reported visual disturbances (Table 1B).
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Similarly, a randomized, double-blinded, placebo-controlled phase 1 trial (NCT03735810)
was completed in 2019 for safety and tolerability of tinlarebant in healthy adults aged
18–65 after single and multiple doses. Subsequently, a multicenter, randomized, double-
masked, placebo-controlled phase 3 trial (NCT05244304) was recently initiated in 2023 for
the treatment of STGD1 in adolescent subjects aged 12–20 (Table 1B). The primary outcome
will be a change in atrophic lesion growth rate at 24 months for patients receiving 5 mg
tinlarebant once a day orally in comparison to the placebo. Further developments will
be necessary to determine if tinlarebant and other RPB4 antagonists will enable adequate
suppression of the visual cycle and maintain an acceptable safety profile in STGD1 patients.

3.5. Complement C5 Inhibition

Avacincaptad pegol (Zimura, Inveric Bio, Granbury, NJ, USA) is a complement factor
C5 inhibitor. Lipofuscin accumulation with increased bisretinoids including A2E in RPE can
lead to complement activation (Figure 2) [63]. C5 complement is essential for the formation
of an inflammasome and membrane attack complex in the final stage of the complement
pathway, leading to cell death and activation of inflammatory responses [64]. Markers
of complement activation were elevated in ABCA4−/− mice, which led to basal laminar
deposits within Bruch’s membrane due to lipofuscin accumulation and photoreceptor
degeneration [65]. In the same mouse model, when a complement-negative regulatory pro-
tein was increased in the RPE, the bisretinoid accumulation was decreased in comparison
to controls with decreased photoreceptor degeneration, indicating that inhibition of the
complement system could be a therapeutic target for STGD1 [65].

Avacincaptad pegol is delivered by intravitreal injection and has been explored as a
potential therapy for several disorders including STGD1, dry AMD, neovascular AMD, and
idiopathic polypoidal choroidal vasculopathy (NCT03364153, NCT02686658, NCT03362190,
NCT03374670). A randomized, double-masked phase 2/3 clinical trial (NCT02686658)
was completed in 2019 with 286 subjects with geographic atrophy receiving intravitreal
avacincaptad pegol. A significant reduction of 27% in geographic atrophy mean growth
rate was observed in patients receiving either 2 or 4 mg doses versus sham over 12 months
without serious adverse events [64]. Continued reductions in GA growth rate compared
to sham were observed after 18 months in 2 mg and 4 mg cohorts, of 28% and 30%,
respectively [66]. Unfortunately, macular neovascularization (MNV) was more frequent in
the 2 mg (11.9%) and 4 mg (15.7%) cohorts than in their respective sham control groups
(2.7% and 2.4%). A randomized, double-masked phase 2b trial (NCT03364153) was initiated
in 2018 with an estimated enrollment of 120 subjects with STGD1 (Table 1B). The primary
endpoint will be the mean change in the area of ellipsoid zone defect for patients receiving
avacincaptad pegol compared to the sham dose group after 18 months. Due to the similar
activation of the complement pathway between AMD and STGD1, a similar outcome with
a reduction in atrophic growth rate may be possible for STGD1.

3.6. RPE Macroautophagy Stimulation

Metformin hydrochloride is a biguanide antidiabetic agent and is commonly pre-
scribed oral medication for managing type 2 diabetes mellitus through suppressing liver
gluconeogenesis and increasing peripheral insulin sensitivity (Figure 2) [67]. Metformin
has also been reported to increase macroautophagy, essential for the degradation of cel-
lular components damaged by reactive oxygen species, via the AMP-activated protein
kinase (AMPK)-mammalian target of rapamycin (mTOR) pathway in many tissues [68].
AMPK maintains cellular energy homeostasis by regulating important processes includ-
ing autophagy and can activate autophagy by inhibiting mTOR [69]. Interventions that
increase stimulation of this pathway may improve RPE clearance of lipofuscin, which has
the potential to decrease ABCA4 retinopathy disease progression by decreasing lipofuscin
accumulation, thus slowing RPE and photoreceptor degeneration [70,71]. Metformin was
shown to enhance autophagy via the AMPK pathway in human retinal pigment epithelial
cells in response to hydrogen peroxide-induced oxidative damage [69]. In ABCA4−/−
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mice, oral metformin was shown to decrease lipid and lipofuscin accumulation in the
RPE/choroid [72]. An ongoing open-label phase 1/2 trial (NCT04545736) was initiated
in 2020 through the National Eye Institute with an estimated enrollment of 45 patients
with ABCA4 retinopathies including STGD1 (Table 1B). The trial aims to determine the
safety and potential efficacy of up to 2000 mg of oral metformin for decreasing the rate of
photoreceptor degeneration. This will be measured as the change in the growth rate of the
square root transformed area of EZ band loss from baseline to 24 months. If successful,
metformin may be an accessible and safe method for treating STGD1.

3.7. Omega-3 Fatty Acids

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), types of omega-3
polyunsaturated fatty acids, have been investigated due to their role as components of
photoreceptor cells. These polyunsaturated fatty acids are esterified into phospholipids
and help maintain photoreceptor membrane fluidity, retinal integrity, and visual func-
tion [73–75]. DHA is mainly located in photoreceptor cells and plays an essential role
in the synthesis of disc membranes, rhodopsin activation, and rod and cone develop-
ment. Supplementation of dietary DHA significantly increases DHA in the brain and
retina [76]. Omega-3 fatty acids in preclinical studies have shown the potential to gener-
ate anti-inflammatory mediators and resolvins and reduce complement 3 and lipofuscin
levels (Figure 2) [73,77,78]. Furthermore, 24-month wild-type mice demonstrated reduced
lipofuscin granule formation in the retina and produced a thicker outer nuclear layer
when their blood ratio of arachidonic acid (AA) to EPA was <2, ideally 1–1.5, achieved by
administration of omega-3 fatty acid supplementation [77].

A phase I clinical trial (NCT00060749) that ended in 2007 utilized DHA supplementa-
tion as a tool for macular function improvement in patients with STGD1. In this double-
masked, randomized study with 11 participants, patients received either oral DHA supple-
mentation with the dosing of 2000 mg per day or a placebo. However, unlike in preclinical
mice studies, no improvement in macular function was observed [79]. Similarly, a non-
randomized open-label study (NCT00420602) completed in 2017 that administrated 650 mg
daily of DHA and 350 mg daily of EPA in STGD3 patients also did not attenuate the
progression of maculopathy [80]. More recently, omega-3 fatty acids supplements (Eyetas)
have also been investigated in patients with dry AMD and STGD1 with a prospective,
randomized, double-blind study (NCT03297515) completed in 2020 (Table 1B) [81]. Prelim-
inary results at 6 months with 21 patients showed a 6 ETDRS letter improvement in the
omega-3 fatty acid group compared to the placebo group [81]. Omega-3 fatty acids may be
beneficial supplements for managing patients with STGD1.

4. Stem Cell Therapy
4.1. Introduction

Several stem cell studies in animals and humans have been conducted or are currently
being conducted to investigate stem cell therapy for STGD1 in an effort to repair retinal
tissue and consequently improve VA. These trials mainly focus on the use of human
embryonic stem cells (hESCs) [82].

4.2. Human Pluripotent Stem Cell-Based RPE

Preclinical studies that transplanted hESC-derived mature RPE cells into the subretinal
space of eyes in the rat model of inherited retinal degeneration, which undergo visual
deterioration due to a mutation in Mertk (a c-mer proto-oncogene kinase receptor specific to
RPE cells), showed promising results [83,84]. Rats that received a subretinal injection of 5000
to 100,000 hESC-RPE cells with concomitant immunosuppression had significantly better
VA by optomotor responses compared to untreated animals without teratoma production or
other adverse events [84]. The success achieved in preclinical studies led to the development
of several phase I/II clinical trials for STGD1 worldwide (NCT01345006, NCT01469832,
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NCT02445612, NCT01625559, NCT02941991, NCT02749734, and NCT02903576). Trials with
reported findings are summarized (Figure 2).

The first phase I/II human clinical trials (NCT01345006, NCT01344993) completed in
the United States in 2015 injected hESC-RPE subretinally in late-stage STGD1 patients and
atrophic AMD, sponsored by the Astellas Institute for Regenerative Medicine [82,85].
Patients in different cohorts received a subretinal injection of 50,000 hESC-RPE cells,
100,000 hESC-RPE cells, and 150,000 hESC-RPE cells in suspension and received systemic
immunosuppression to prevent rejection [82]. Preliminary data in one patient with STGD1
and a second patient with dry AMD showed no hyperproliferation, abnormal growth,
or immune-mediated transplant rejection at 4 months after transplantation [85]. In the
treated eye of the STGD1 patient, VA improved from hand motion to 20/800 and from 0
to 5 letters on the ETDRS VA chart. In the treated eye of the AMD patient, VA improved
from 21 to 28 letters [85]. Final results were published on nine STGD1 patients and nine dry
AMD patients showing that at the median follow-up of 22-month (4 patients < 12 months,
12 patients for 12–36 months, and 2 patients >36 months) treated eyes did not develop
abnormal proliferation, obvious rejection, or serious ocular or systemic adverse events
related to transplanted cells [82]. Adverse events were associated with the immunosup-
pressive systemic therapy required for the first 3 months after cell transplantation to reduce
the risk of rejection. Thirteen out of 18 eyes demonstrated patches of increased subretinal
pigmentation and BCVA improved in 10 treated eyes and deteriorated in one treated eye
with no improvement found in untreated fellow eyes [82]. Vision-related quality-of-life
measures increased for general and peripheral vision by 16–25 points 3–12 months post-
transplantation in patients with AMD and by 8–20 points in patients with STGD1 [82]. A
third phase I/II trial (NCT01469832) performed in the United Kingdom and sponsored by
Astellas, in which 12 STGD1 patients were transplanted using the subretinal injection of
50,000 to 200,000 hESC-RPE cells, revealed no uncontrolled proliferation or inflammatory
responses. No significant changes were seen in VA, microperimetry, or a quality-of-life
questionnaire at 1-year follow-up [86].

The fourth phase I trial was completed in Korea (NCT01625559) and sponsored by
CHA Biotech Co. It showed no serious adverse events for three patients with STGD1,
3 years after subretinal implantation of 50,000 hESC-RPE cells, with a similar protocol used
in the other Astellas’ trials mentioned above [87]. One patient improved from a BCVA of
1 ETDRS letter to 10 ETDRS letters in the treated eye. The remaining patients maintained
stable vision at 3 years [87]. Long-term follow-up of a minimum of 3 years in 13 STGD1
and 11 AMD patients treated in original phase I/II trials was presented at the 2019 ARVO
annual meeting through the long-term follow-up studies (NCT02941991, NCT02445612)
sponsored by Astellas (Table 1C) [88]. At 3 or more years after transplantation, there was
no evidence of unanticipated persistent inflammation, hyperproliferation, tumor, or ectopic
(non-RPE) growth. Patches of increased subretinal pigmentation were seen in 92% of
eyes [88]. Treated eyes improved by a mean of 4.1 ETDRS letters versus 3.3 ETDRS letters
in the untreated eyes at 3 years and BCVA was reported to improve most substantially
within the first 2 years, with diminished improvements in the 3rd year [88,89]. With further
research, hESC-RPE may prove to be a promising approach for the long-term treatment of
STGD1. Patients should be educated and cautioned against participating in trials that do
not follow the accepted norms of clinical trials. Patients should steer away from any trial
that requires payment to participate, even if a trial is listed on clinicaltrials.gov, which is not
reviewed or approved for safety and scientific integrity by the United States government
or any other agency [90].

5. Conclusions and Future Directions

STGD1 is one of the most common inherited retinal degenerative diseases and is highly
genetically heterogeneous [3]. No treatment is currently available. Clinical management
of STGD1 typically involves the utilization of low vision aids and adaptive strategies to
optimize visual function and enhance patients’ quality of life as well as instructing the
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patient to avoid vitamin A supplements and use sunglasses to protect their eyes from
sunlight [91,92]. Multiple strategies have been explored for potential interventions, with
many showing promise in preclinical studies and clinical trials. We summarize the current
trials, completed and ongoing in 2023, for STGD1 involving gene therapy, pharmacological
treatments, and stem cell therapy.

For gene therapy, SAR42259 was shown to have long-term safety and tolerability at
3 years with no significant functional changes, potentially indicating that the lentiviral
vector may be limited for retinal transduction [24,25]. While the ABCA4 gene was pre-
viously considered to be too large for AAV vectors [26], preclinical studies have shown
success with delivering the gene through dual AAV vectors (ABO-504, VG-801) [28,29] and
a non-viral delivery system, C3DNA (IG-002) [39–41]. Further studies will be needed to de-
termine if these systems will be safe for humans and lead to changes in disease progression.
AAV-based systems have also been used to deliver other gene products with potential for
STGD1 intervention including vMCO-I (vMCO-010) [37], which confers photosensitivity
to the inner retina bypassing degenerated photoreceptors in end-stage Stargardt disease,
and RORA (OCU-410ST) [34], which supports photoreceptor function and homeostasis.
vMCO-010 has shown success in improving functional vision in retinitis pigmentosa and
has an ongoing trial for STGD [34]. While gene therapy requires invasive techniques
like subretinal, suprachoroidal, or intravitreal injections, this potential intervention may
provide long-lasting therapeutic effects. With the development of additional studies, gene
therapy may prove to be a novel solution for the treatment of STGD1 and other retinal
degenerative conditions.

In small molecule therapies, STGD1 intervention focuses on modulating the visual
cycle, reducing A2E, and decreasing the effects of lipofuscin toxicity. Clinical trials for
these interventions have shown variable results. Emixustat demonstrated suppression of
the visual cycle with no significant BCVA changes in a phase 2 trial but failed to decrease
the macular atrophy growth rate in STGD1 in the subsequent phase 3 trial with a large
sample size [43,51]. ALK-001 shows some promise with preliminary data for the phase
2 trial demonstrating a decreased growth rate of STGD1 atrophic lesions after 2 years with
no significant changes in BCVA [55]. Preliminary data for omega-3 fatty acid supplements
(Eyetas) also indicate potential with 6 ETDRS letter improvement in BCVA for treated
STGD1 and AMD patients compared to the placebo at 6 months [81]. Other potential
pharmaceutical therapies including STG-001, tinlarebant, avacincaptad pegol, and met-
formin are being evaluated in ongoing clinical trials for treatment efficacy. While some
of the small molecule therapies show potential for ameliorating the retinal degenerative
effect of STGD1 with the lifelong use of oral medications or eye drops, additional studies
with a larger number of patients and longer follow-up will be necessary to show their full
therapeutic effect. Interventions may also be more effective in earlier stages of STGD1 with
smaller atrophy sizes or before atrophy formation with permanent loss of RPE cells and
photoreceptors. Alternative visual cycle modulators may also be explored for safe and
effective interventions for STGD1.

Stem cell therapy may also be a viable avenue for STGD1 treatment. Numerous
clinical trials have been performed with subretinal transplantation of hESC-RPE cells, which
have shown long-term safety in STGD1 patients 3 years after implantation with limited
BCVA improvement [88,89]. While this intervention may provide long-term protection
and regeneration of the RPE, further studies are still necessary to study the effectiveness,
duration, and continued safety of cell therapies in these patients. Further work is needed
to ascertain these aspects of cellular therapy. Additional studies will also be necessary to
determine the efficacy of stem cell therapy for functional improvement.

Overall, STGD1 is a complex, progressive disorder that leads to irreversible vision loss
and disability without current treatment. Multiple treatment strategies have shown promise
in attenuating disease progression. Further exploration will advance our understanding
of underlying disease mechanisms and pave the way for the development of treatment
solutions and interventions.



J. Clin. Med. 2023, 12, 6229 15 of 19

Author Contributions: Conceptualization, L.W., S.M.S., S.M.-M. and N.Z.G.; writing—original draft
preparation, L.W., S.M.S., S.M.-M. and N.Z.G.; writing—review and editing, L.W., S.M.S., S.M.-M.
and N.Z.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: Ninel Z. Gregori receives research support from Ocugen, Endogena, Nanoscope,
Gyroscope, and Biogen as well as consultation fees from Gyroscope, Novartis, BlueRock Therapeutics,
and Bionic Vision Technologies. The remaining authors declare no conflicts of interest.

References
1. Li, C.H.Z.; Pas, J.; Corradi, Z.; Hitti-Malin, R.J.; Hoogstede, A.; Runhart, E.H.; Dhooge, P.P.A.; Collin, R.W.J.; Cremers, F.P.M.;

Hoyng, C.B. Study of Late-Onset Stargardt Type 1 Disease: Characteristics, Genetics and Progression. Ophthalmology 2023, in press.
[CrossRef] [PubMed]

2. Blacharski, P.; Newsome, D. Retinal Dystrophies and Degenerations; Raven Press: New York, NY, USA, 1988; pp. 135–159.
3. Strauss, R.W.; Ho, A.; Muñoz, B.; Cideciyan, A.V.; Sahel, J.A.; Sunness, J.S.; Birch, D.G.; Bernstein, P.S.; Michaelides, M.; Traboulsi,

E.I.; et al. The Natural History of the Progression of Atrophy Secondary to Stargardt Disease (ProgStar) Studies: Design and
Baseline Characteristics: ProgStar Report No. 1. Ophthalmology 2016, 123, 817–828. [CrossRef] [PubMed]

4. Fujinami, K.; Sergouniotis, P.I.; Davidson, A.E.; Wright, G.; Chana, R.K.; Tsunoda, K.; Tsubota, K.; Egan, C.A.; Robson, A.G.;
Moore, A.T.; et al. Clinical and molecular analysis of Stargardt disease with preserved foveal structure and function. Am. J.
Ophthalmol. 2013, 156, 487–501.e481. [CrossRef] [PubMed]

5. Fujinami, K.; Zernant, J.; Chana, R.K.; Wright, G.A.; Tsunoda, K.; Ozawa, Y.; Tsubota, K.; Robson, A.G.; Holder, G.E.; Allikmets,
R.; et al. Clinical and molecular characteristics of childhood-onset Stargardt disease. Ophthalmology 2015, 122, 326–334. [CrossRef]

6. Cornelis, S.; Cremers, F. The ABCA4 Gene Homepage Leiden Open Variation Database. Available online: https://databases.lovd.
nl/shared/genes/ABCA4 (accessed on 18 September 2023).

7. Collison, F.T.; Lee, W.; Fishman, G.A.; Park, J.C.; Zernant, J.; McAnany, J.J.; Allikmets, R. Clinical characterization of Stargardt
disease patients with the p.N1868I ABCA4 mutation. Retina 2019, 39, 2311–2325. [CrossRef] [PubMed]

8. Lenis, T.L.; Hu, J.; Ng, S.Y.; Jiang, Z.; Sarfare, S.; Lloyd, M.B.; Esposito, N.J.; Samuel, W.; Jaworski, C.; Bok, D.; et al. Expression of
ABCA4 in the retinal pigment epithelium and its implications for Stargardt macular degeneration. Proc. Natl. Acad. Sci. USA
2018, 115, E11120–E11127. [CrossRef]

9. Allikmets, R.; Shroyer, N.F.; Singh, N.; Seddon, J.M.; Lewis, R.A.; Bernstein, P.S.; Peiffer, A.; Zabriskie, N.A.; Li, Y.; Hutchinson, A.;
et al. Mutation of the Stargardt disease gene (ABCR) in age-related macular degeneration. Science 1997, 277, 1805–1807. [CrossRef]

10. Fujinami, K.; Lois, N.; Mukherjee, R.; McBain, V.A.; Tsunoda, K.; Tsubota, K.; Stone, E.M.; Fitzke, F.W.; Bunce, C.; Moore, A.T.;
et al. A longitudinal study of Stargardt disease: Quantitative assessment of fundus autofluorescence, progression, and genotype
correlations. Investig. Ophthalmol. Vis. Sci. 2013, 54, 8181–8190. [CrossRef]

11. Bax, N.M.; Lambertus, S.; Cremers, F.P.M.; Klevering, B.J.; Hoyng, C.B. The absence of fundus abnormalities in Stargardt disease.
Graefes Arch. Clin. Exp. Ophthalmol. 2019, 257, 1147–1157. [CrossRef]

12. Strauss, R.W.; Muñoz, B.; Wolfson, Y.; Sophie, R.; Fletcher, E.; Bittencourt, M.G.; Scholl, H.P. Assessment of estimated retinal
atrophy progression in Stargardt macular dystrophy using spectral-domain optical coherence tomography. Br. J. Ophthalmol.
2016, 100, 956–962. [CrossRef]

13. Lois, N.; Holder, G.E.; Bunce, C.; Fitzke, F.W.; Bird, A.C. Phenotypic subtypes of Stargardt macular dystrophy-fundus flavimacu-
latus. Arch. Ophthalmol. 2001, 119, 359–369. [CrossRef]

14. Burke, T.R.; Yzer, S.; Zernant, J.; Smith, R.T.; Tsang, S.H.; Allikmets, R. Abnormality in the external limiting membrane in early
Stargardt disease. Ophthalmic Genet. 2013, 34, 75–77. [CrossRef] [PubMed]

15. Westeneng-van Haaften, S.C.; Boon, C.J.; Cremers, F.P.; Hoefsloot, L.H.; den Hollander, A.I.; Hoyng, C.B. Clinical and genetic
characteristics of late-onset Stargardt’s disease. Ophthalmology 2012, 119, 1199–1210. [CrossRef] [PubMed]

16. Quazi, F.; Lenevich, S.; Molday, R.S. ABCA4 is an N-retinylidene-phosphatidylethanolamine and phosphatidylethanolamine
importer. Nat. Commun. 2012, 3, 925. [CrossRef]

17. Weng, J.; Mata, N.L.; Azarian, S.M.; Tzekov, R.T.; Birch, D.G.; Travis, G.H. Insights into the function of Rim protein in photorecep-
tors and etiology of Stargardt’s disease from the phenotype in abcr knockout mice. Cell 1999, 98, 13–23. [CrossRef]

18. Agbaga, M.P.; Tam, B.M.; Wong, J.S.; Yang, L.L.; Anderson, R.E.; Moritz, O.L. Mutant ELOVL4 that causes autosomal dominant
stargardt-3 macular dystrophy is misrouted to rod outer segment disks. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3669–3680.
[CrossRef]

https://doi.org/10.1016/j.ophtha.2023.08.011
https://www.ncbi.nlm.nih.gov/pubmed/37598860
https://doi.org/10.1016/j.ophtha.2015.12.009
https://www.ncbi.nlm.nih.gov/pubmed/26786511
https://doi.org/10.1016/j.ajo.2013.05.003
https://www.ncbi.nlm.nih.gov/pubmed/23953153
https://doi.org/10.1016/j.ophtha.2014.08.012
https://databases.lovd.nl/shared/genes/ABCA4
https://databases.lovd.nl/shared/genes/ABCA4
https://doi.org/10.1097/IAE.0000000000002316
https://www.ncbi.nlm.nih.gov/pubmed/30204727
https://doi.org/10.1073/pnas.1802519115
https://doi.org/10.1126/science.277.5333.1805
https://doi.org/10.1167/iovs.13-12104
https://doi.org/10.1007/s00417-019-04280-8
https://doi.org/10.1136/bjophthalmol-2015-307035
https://doi.org/10.1001/archopht.119.3.359
https://doi.org/10.3109/13816810.2012.707271
https://www.ncbi.nlm.nih.gov/pubmed/22871184
https://doi.org/10.1016/j.ophtha.2012.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22449572
https://doi.org/10.1038/ncomms1927
https://doi.org/10.1016/S0092-8674(00)80602-9
https://doi.org/10.1167/iovs.13-13099


J. Clin. Med. 2023, 12, 6229 16 of 19

19. Paavo, M.; Lee, W.; Parmann, R.; Lima de Carvalho, J.R., Jr.; Zernant, J.; Tsang, S.H.; Allikmets, R.; Sparrow, J.R. Insights Into
PROM1-Macular Disease Using Multimodal Imaging. Investig. Ophthalmol. Vis. Sci. 2023, 64, 27. [CrossRef] [PubMed]

20. STGD2 Stargardt Disease 2 (Autosomal Dominant) [Homo Sapiens (Human)] Gene ID: 6784, Discontinued on 10 May 2005.
Available online: https://www.ncbi.nlm.nih.gov/gene/6784 (accessed on 18 September 2023).

21. Piotter, E.; McClements, M.E.; MacLaren, R.E. The Scope of Pathogenic ABCA4 Mutations Targetable by CRISPR DNA Base
Editing Systems-A Systematic Review. Front. Genet. 2021, 12, 814131. [CrossRef]

22. Shen, J.; Kim, J.; Tzeng, S.Y.; Ding, K.; Hafiz, Z.; Long, D.; Wang, J.; Green, J.J.; Campochiaro, P.A. Suprachoroidal gene transfer
with nonviral nanoparticles. Sci. Adv. 2020, 6, eaba1606. [CrossRef]

23. Hutton, D. Spotlight—Geographic Atrophy: Intergalactic Therapeutics Announces Positive Preclinical Results of Its Non-
Viral Gene Therapy Platform in ABCA4 Retinopathies. Available online: https://www.modernretina.com/view/intergalactic-
therapeutics-announces-positive-preclinical-results-of-its-non-viral-gene-therapy-platform-in-abca4-retinopathies (accessed on
1 September 2023).

24. Parker, M.A.; Erker, L.R.; Audo, I.; Choi, D.; Mohand-Said, S.; Sestakauskas, K.; Benoit, P.; Appelqvist, T.; Krahmer, M.; Segaut-
Prevost, C.; et al. Three-Year Safety Results of SAR422459 (EIAV-ABCA4) Gene Therapy in Patients with ABCA4-Associated
Stargardt Disease: An Open-Label Dose-Escalation Phase I/IIa Clinical Trial, Cohorts 1-5. Am. J. Ophthalmol. 2022, 240, 285–301.
[CrossRef]

25. Puppo, A.; Cesi, G.; Marrocco, E.; Piccolo, P.; Jacca, S.; Shayakhmetov, D.M.; Parks, R.J.; Davidson, B.L.; Colloca, S.; Brunetti-Pierri,
N.; et al. Retinal transduction profiles by high-capacity viral vectors. Gene Ther. 2014, 21, 855–865. [CrossRef] [PubMed]

26. Wu, Z.; Yang, H.; Colosi, P. Effect of genome size on AAV vector packaging. Mol. Ther. 2010, 18, 80–86. [CrossRef] [PubMed]
27. Allocca, M.; Doria, M.; Petrillo, M.; Colella, P.; Garcia-Hoyos, M.; Gibbs, D.; Kim, S.R.; Maguire, A.; Rex, T.S.; Di Vicino, U.; et al.

Serotype-dependent packaging of large genes in adeno-associated viral vectors results in effective gene delivery in mice. J. Clin.
Investig. 2008, 118, 1955–1964. [CrossRef]

28. Trapani, I.; Colella, P.; Sommella, A.; Iodice, C.; Cesi, G.; de Simone, S.; Marrocco, E.; Rossi, S.; Giunti, M.; Palfi, A.; et al. Effective
delivery of large genes to the retina by dual AAV vectors. EMBO Mol. Med. 2014, 6, 194–211. [CrossRef]

29. Colella, P.; Trapani, I.; Cesi, G.; Sommella, A.; Manfredi, A.; Puppo, A.; Iodice, C.; Rossi, S.; Simonelli, F.; Giunti, M.; et al. Efficient
gene delivery to the cone-enriched pig retina by dual AAV vectors. Gene Ther. 2014, 21, 450–456. [CrossRef] [PubMed]

30. Hutton, D. ASGCT 2023: Abeona Therapeutics Announces Preclinical Data from Its AAV Ophthalmology Program. Available
online: https://www.ophthalmologytimes.com/view/asgct-2023-abeona-therapeutics-announces-preclinical-data-from-its-
aav-ophthalmology-program (accessed on 1 July 2023).

31. Pipeline. Available online: https://www.abeonatherapeutics.com/science#pipeline-3762-description (accessed on 1 July 2023).
32. Xu, C.M. ViGeneron Presents Preclinical Data on Intravitreal Gene Therapy of Stargardt Disease at ESGCT. Available on-

line: https://vigeneron.com/press/vigeneron-presents-preclinical-data-on-intravitreal-gene-therapy-of-stargardt-disease-at-
esgct/ (accessed on 1 July 2023).

33. Akula, M.; McNamee, S.; Chan, N.P.M.; DeAngelis, M.M.; Haider, N.B. RORA Modifier Gene Therapy Rescues Retinal Degenera-
tion in a Juvenile AMD Mouse Model of Stargardt Disease. Investig. Ophthalmol. Vis. Sci. 2023, 64, 3842.

34. Hamilton, T.U.S. Food & Drug Administration (Fda) Grants Orphan Drug Designation to Ocu410st for the Treatment of Abca4-
Associated Retinopathies Including Stargardt, RP19 and Cord3. Available online: https://ir.ocugen.com/news-releases/news-
release-details/ocugen-announces-ocu410st-receives-orphan-drug-designation/ (accessed on 1 July 2023).

35. Ray Therapeutics Secures $100 Million in Funding for Optogenetic Gene Therapy Programs. Available online: https://glance.
eyesoneyecare.com/stories/2023-06-30/arvo-names-2023-2024-president-elect/?utm_medium=eoe:infinite-scroll (accessed on 1
July 2023).

36. Pipeline: Addressing a Range of Degenerative Retinal Diseases—Other Inherited Retinal Degeneration. Available online:
https://raytherapeutics.com/pipeline/ (accessed on 1 July 2023).

37. Ho, A.C. MCO-010 Optogenetic Therapy for Severe Vision Loss in Stargardt Disease: 6-Month Outcomes from the Phase
2 STARLIGHT Trial. In Proceedings of the 2023 American Society of Retina Specialists Meeting, Seattle, WA, USA, 28 July–1
August 2023.

38. Therapeutics, N. Nanoscope Therapeutics Unveils Clinical Trial Results for MCO-010 in Treating Stargardt Disease. Available
online: https://www.prnewswire.com/news-releases/nanoscope-therapeutics-unveils-clinical-trial-results-for-mco-010-in-
treating-stargardt-disease-301896754.html (accessed on 1 September 2023).

39. Hutton, D. Intergalactic Therapeutics Announces Positive Results for Its Non-Viral Gene Therapy Platform in ABCA4
Retinopathies in Non-Human Primates. Available online: https://www.ophthalmologytimes.com/view/intergalactic-
therapeutics-announces-positive-results-for-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-in-non-human-
primates (accessed on 1 July 2023).

40. C3DNA—Covalently Closed and Circular DNA—Is Intergalactic’s Versatile Non-Viral Cargo Platform. Available online: https:
//intergalactictx.com/science-and-technology/ (accessed on 1 July 2023).

41. Intergalactic Therapeutics Announces Positive Preclinical Results of Its Non-Viral Gene Therapy Platform in ABCA4 Retinopathies.
Available online: https://www.prnewswire.com/news-releases/intergalactic-therapeutics-announces-positive-preclinical-
results-of-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-301772407.html (accessed on 1 July 2023).

https://doi.org/10.1167/iovs.64.4.27
https://www.ncbi.nlm.nih.gov/pubmed/37093133
https://www.ncbi.nlm.nih.gov/gene/6784
https://doi.org/10.3389/fgene.2021.814131
https://doi.org/10.1126/sciadv.aba1606
https://www.modernretina.com/view/intergalactic-therapeutics-announces-positive-preclinical-results-of-its-non-viral-gene-therapy-platform-in-abca4-retinopathies
https://www.modernretina.com/view/intergalactic-therapeutics-announces-positive-preclinical-results-of-its-non-viral-gene-therapy-platform-in-abca4-retinopathies
https://doi.org/10.1016/j.ajo.2022.02.013
https://doi.org/10.1038/gt.2014.57
https://www.ncbi.nlm.nih.gov/pubmed/24989814
https://doi.org/10.1038/mt.2009.255
https://www.ncbi.nlm.nih.gov/pubmed/19904234
https://doi.org/10.1172/JCI34316
https://doi.org/10.1002/emmm.201302948
https://doi.org/10.1038/gt.2014.8
https://www.ncbi.nlm.nih.gov/pubmed/24572793
https://www.ophthalmologytimes.com/view/asgct-2023-abeona-therapeutics-announces-preclinical-data-from-its-aav-ophthalmology-program
https://www.ophthalmologytimes.com/view/asgct-2023-abeona-therapeutics-announces-preclinical-data-from-its-aav-ophthalmology-program
https://www.abeonatherapeutics.com/science#pipeline-3762-description
https://vigeneron.com/press/vigeneron-presents-preclinical-data-on-intravitreal-gene-therapy-of-stargardt-disease-at-esgct/
https://vigeneron.com/press/vigeneron-presents-preclinical-data-on-intravitreal-gene-therapy-of-stargardt-disease-at-esgct/
https://ir.ocugen.com/news-releases/news-release-details/ocugen-announces-ocu410st-receives-orphan-drug-designation/
https://ir.ocugen.com/news-releases/news-release-details/ocugen-announces-ocu410st-receives-orphan-drug-designation/
https://glance.eyesoneyecare.com/stories/2023-06-30/arvo-names-2023-2024-president-elect/?utm_medium=eoe:infinite-scroll
https://glance.eyesoneyecare.com/stories/2023-06-30/arvo-names-2023-2024-president-elect/?utm_medium=eoe:infinite-scroll
https://raytherapeutics.com/pipeline/
https://www.prnewswire.com/news-releases/nanoscope-therapeutics-unveils-clinical-trial-results-for-mco-010-in-treating-stargardt-disease-301896754.html
https://www.prnewswire.com/news-releases/nanoscope-therapeutics-unveils-clinical-trial-results-for-mco-010-in-treating-stargardt-disease-301896754.html
https://www.ophthalmologytimes.com/view/intergalactic-therapeutics-announces-positive-results-for-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-in-non-human-primates
https://www.ophthalmologytimes.com/view/intergalactic-therapeutics-announces-positive-results-for-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-in-non-human-primates
https://www.ophthalmologytimes.com/view/intergalactic-therapeutics-announces-positive-results-for-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-in-non-human-primates
https://intergalactictx.com/science-and-technology/
https://intergalactictx.com/science-and-technology/
https://www.prnewswire.com/news-releases/intergalactic-therapeutics-announces-positive-preclinical-results-of-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-301772407.html
https://www.prnewswire.com/news-releases/intergalactic-therapeutics-announces-positive-preclinical-results-of-its-non-viral-gene-therapy-platform-in-abca4-retinopathies-301772407.html


J. Clin. Med. 2023, 12, 6229 17 of 19

42. Kubota, R.; Boman, N.L.; David, R.; Mallikaarjun, S.; Patil, S.; Birch, D. Safety and effect on rod function of ACU-4429, a novel
small-molecule visual cycle modulator. Retina 2012, 32, 183–188. [CrossRef]

43. Kubota, R.; Birch, D.G.; Gregory, J.K.; Koester, J.M. Randomised study evaluating the pharmacodynamics of emixustat hydrochlo-
ride in subjects with macular atrophy secondary to Stargardt disease. Br. J. Ophthalmol. 2022, 106, 403–408. [CrossRef]

44. Chen, C.; Kono, M.; Koutalos, Y. Photooxidation mediated by 11-cis and all-trans retinal in single isolated mouse rod photorecep-
tors. Photochem. Photobiol. Sci. 2020, 19, 1300–1307. [CrossRef]

45. Golczak, M.; Maeda, A.; Bereta, G.; Maeda, T.; Kiser, P.D.; Hunzelmann, S.; von Lintig, J.; Blaner, W.S.; Palczewski, K. Metabolic
basis of visual cycle inhibition by retinoid and nonretinoid compounds in the vertebrate retina. J. Biol. Chem. 2008, 283, 9543–9554.
[CrossRef]

46. Nicoletti, A.; Wong, D.J.; Kawase, K.; Gibson, L.H.; Yang-Feng, T.L.; Richards, J.E.; Thompson, D.A. Molecular characterization
of the human gene encoding an abundant 61 kDa protein specific to the retinal pigment epithelium. Hum. Mol. Genet. 1995, 4,
641–649. [CrossRef]

47. Redmond, T.M.; Yu, S.; Lee, E.; Bok, D.; Hamasaki, D.; Chen, N.; Goletz, P.; Ma, J.X.; Crouch, R.K.; Pfeifer, K. Rpe65 is necessary
for production of 11-cis-vitamin A in the retinal visual cycle. Nat. Genet. 1998, 20, 344–351. [CrossRef]

48. Bavik, C.; Henry, S.H.; Zhang, Y.; Mitts, K.; McGinn, T.; Budzynski, E.; Pashko, A.; Lieu, K.L.; Zhong, S.; Blumberg, B.; et al. Visual
Cycle Modulation as an Approach toward Preservation of Retinal Integrity. PLoS ONE 2015, 10, e0124940. [CrossRef]

49. Rosenfeld, P.J.; Dugel, P.U.; Holz, F.G.; Heier, J.S.; Pearlman, J.A.; Novack, R.L.; Csaky, K.G.; Koester, J.M.; Gregory, J.K.; Kubota,
R. Emixustat Hydrochloride for Geographic Atrophy Secondary to Age-Related Macular Degeneration: A Randomized Clinical
Trial. Ophthalmology 2018, 125, 1556–1567. [CrossRef]

50. Yeong, J.L.; Loveman, E.; Colquitt, J.L.; Royle, P.; Waugh, N.; Lois, N. Visual cycle modulators versus placebo or observation for
the prevention and treatment of geographic atrophy due to age-related macular degeneration. Cochrane Database Syst. Rev. 2020,
12, CD013154. [CrossRef]

51. Fukai, M. Kubota Vision Announces Positive Post Hoc Analysis from Phase 3 Clinical Trial of Emixustat in Patients with Stargardt
Disease. Available online: https://www.businesswire.com/news/home/20221003005323/en/Kubota-Vision-Announces-
Positive-Post-Hoc-Analysis-from-Phase-3-Clinical-Trial-of-Emixustat-in-Patients-with-Stargardt-Disease (accessed on 1
July 2023).

52. Kaufman, Y.; Ma, L.; Washington, I. Deuterium enrichment of vitamin A at the C20 position slows the formation of detrimental
vitamin A dimers in wild-type rodents. J. Biol. Chem. 2011, 286, 7958–7965. [CrossRef]

53. Ma, L.; Kaufman, Y.; Zhang, J.; Washington, I. C20-D3-vitamin A slows lipofuscin accumulation and electrophysiological retinal
degeneration in a mouse model of Stargardt disease. J. Biol. Chem. 2011, 286, 7966–7974. [CrossRef] [PubMed]

54. Charbel Issa, P.; Barnard, A.R.; Herrmann, P.; Washington, I.; MacLaren, R.E. Rescue of the Stargardt phenotype in Abca4
knockout mice through inhibition of vitamin A dimerization. Proc. Natl. Acad. Sci. USA 2015, 112, 8415–8420. [CrossRef]

55. Scholl, H.P.; DeBartolomeo, G.; Washington, I.; Saad, L. ALK-001 (C20-D3-Vitamin A) slows the growth of atrophic lesions in
ABCA4-related Stargardt Disease: Results of a Phase 2 placebo-controlled clinical trial (TEASE study). Investig. Ophthalmol. Vis.
Sci. 2022, 63, 38.

56. Dobri, N.; Qin, Q.; Kong, J.; Yamamoto, K.; Liu, Z.; Moiseyev, G.; Ma, J.X.; Allikmets, R.; Sparrow, J.R.; Petrukhin, K. A1120, a non-
retinoid RBP4 antagonist, inhibits formation of cytotoxic bisretinoids in the animal model of enhanced retinal lipofuscinogenesis.
Investig. Ophthalmol. Vis. Sci. 2013, 54, 85–95. [CrossRef] [PubMed]

57. Maeda, A.; Golczak, M.; Chen, Y.; Okano, K.; Kohno, H.; Shiose, S.; Ishikawa, K.; Harte, W.; Palczewska, G.; Maeda, T.; et al.
Primary amines protect against retinal degeneration in mouse models of retinopathies. Nat. Chem. Biol. 2011, 8, 170–178.
[CrossRef] [PubMed]

58. Chen, Y.; Okano, K.; Maeda, T.; Chauhan, V.; Golczak, M.; Maeda, A.; Palczewski, K. Mechanism of all-trans-retinal toxicity with
implications for stargardt disease and age-related macular degeneration. J. Biol. Chem. 2012, 287, 5059–5069. [CrossRef]

59. Radu, R.A.; Han, Y.; Bui, T.V.; Nusinowitz, S.; Bok, D.; Lichter, J.; Widder, K.; Travis, G.H.; Mata, N.L. Reductions in serum vitamin
A arrest accumulation of toxic retinal fluorophores: A potential therapy for treatment of lipofuscin-based retinal diseases. Investig.
Ophthalmol. Vis. Sci. 2005, 46, 4393–4401. [CrossRef] [PubMed]

60. Mata, N.L.; Lichter, J.B.; Vogel, R.; Han, Y.; Bui, T.V.; Singerman, L.J. Investigation of oral fenretinide for treatment of geographic
atrophy in age-related macular degeneration. Retina 2013, 33, 498–507. [CrossRef] [PubMed]

61. Samuel, W.; Kutty, R.K.; Nagineni, S.; Vijayasarathy, C.; Chandraratna, R.A.; Wiggert, B. N-(4-hydroxyphenyl)retinamide induces
apoptosis in human retinal pigment epithelial cells: Retinoic acid receptors regulate apoptosis, reactive oxygen species generation,
and the expression of heme oxygenase-1 and Gadd153. J. Cell Physiol. 2006, 209, 854–865. [CrossRef]

62. Ohlmann, C.H.; Jung, C.; Jaques, G. Is growth inhibition and induction of apoptosis in lung cancer cell lines by fenretinide
[N-(4-hydroxyphenyl)retinamide] sufficient for cancer therapy? Int. J. Cancer 2002, 100, 520–526. [CrossRef]

63. Zhou, J.; Jang, Y.P.; Kim, S.R.; Sparrow, J.R. Complement activation by photooxidation products of A2E, a lipofuscin constituent
of the retinal pigment epithelium. Proc. Natl. Acad. Sci. USA 2006, 103, 16182–16187. [CrossRef]

64. Jaffe, G.J.; Westby, K.; Csaky, K.G.; Mones, J.; Pearlman, J.A.; Patel, S.S.; Joondeph, B.C.; Randolph, J.; Masonson, H.; Rezaei, K.A.
C5 Inhibitor Avacincaptad Pegol for Geographic Atrophy Due to Age-Related Macular Degeneration: A Randomized Pivotal
Phase 2/3 Trial. Ophthalmology 2021, 128, 576–586. [CrossRef] [PubMed]

https://doi.org/10.1097/IAE.0b013e318217369e
https://doi.org/10.1136/bjophthalmol-2020-317712
https://doi.org/10.1039/d0pp00060d
https://doi.org/10.1074/jbc.M708982200
https://doi.org/10.1093/hmg/4.4.641
https://doi.org/10.1038/3813
https://doi.org/10.1371/journal.pone.0124940
https://doi.org/10.1016/j.ophtha.2018.03.059
https://doi.org/10.1002/14651858.CD013154
https://www.businesswire.com/news/home/20221003005323/en/Kubota-Vision-Announces-Positive-Post-Hoc-Analysis-from-Phase-3-Clinical-Trial-of-Emixustat-in-Patients-with-Stargardt-Disease
https://www.businesswire.com/news/home/20221003005323/en/Kubota-Vision-Announces-Positive-Post-Hoc-Analysis-from-Phase-3-Clinical-Trial-of-Emixustat-in-Patients-with-Stargardt-Disease
https://doi.org/10.1074/jbc.M110.178640
https://doi.org/10.1074/jbc.M110.178657
https://www.ncbi.nlm.nih.gov/pubmed/21156790
https://doi.org/10.1073/pnas.1506960112
https://doi.org/10.1167/iovs.12-10050
https://www.ncbi.nlm.nih.gov/pubmed/23211825
https://doi.org/10.1038/nchembio.759
https://www.ncbi.nlm.nih.gov/pubmed/22198730
https://doi.org/10.1074/jbc.M111.315432
https://doi.org/10.1167/iovs.05-0820
https://www.ncbi.nlm.nih.gov/pubmed/16303925
https://doi.org/10.1097/IAE.0b013e318265801d
https://www.ncbi.nlm.nih.gov/pubmed/23023528
https://doi.org/10.1002/jcp.20774
https://doi.org/10.1002/ijc.10525
https://doi.org/10.1073/pnas.0604255103
https://doi.org/10.1016/j.ophtha.2020.08.027
https://www.ncbi.nlm.nih.gov/pubmed/32882310


J. Clin. Med. 2023, 12, 6229 18 of 19

65. Radu, R.A.; Hu, J.; Yuan, Q.; Welch, D.L.; Makshanoff, J.; Lloyd, M.; McMullen, S.; Travis, G.H.; Bok, D. Complement system
dysregulation and inflammation in the retinal pigment epithelium of a mouse model for Stargardt macular degeneration. J. Biol.
Chem. 2011, 286, 18593–18601. [CrossRef]

66. Patel, S.S.; Lally, D.R.; Hsu, J.; Wykoff, C.C.; Eichenbaum, D.; Heier, J.S.; Jaffe, G.J.; Westby, K.; Desai, D.; Zhu, L.; et al.
Avacincaptad pegol for geographic atrophy secondary to age-related macular degeneration: 18-month findings from the
GATHER1 trial. Eye 2023, 1–7. [CrossRef]

67. DeFronzo, R.A.; Goodman, A.M. Efficacy of metformin in patients with non-insulin-dependent diabetes mellitus. The Multicenter
Metformin Study Group. N. Engl. J. Med. 1995, 333, 541–549. [CrossRef]

68. Gao, C.; Fang, L.; Zhang, H.; Zhang, W.S.; Li, X.O.; Du, S.Y. Metformin Induces Autophagy via the AMPK-mTOR Signaling
Pathway in Human Hepatocellular Carcinoma Cells. Cancer Manag. Res. 2020, 12, 5803–5811. [CrossRef] [PubMed]

69. Zhao, X.; Liu, L.; Jiang, Y.; Silva, M.; Zhen, X.; Zheng, W. Protective Effect of Metformin against Hydrogen Peroxide-Induced
Oxidative Damage in Human Retinal Pigment Epithelial (RPE) Cells by Enhancing Autophagy through Activation of AMPK
Pathway. Oxidative Med. Cell. Longev. 2020, 2020, 2524174. [CrossRef] [PubMed]

70. Intartaglia, D.; Giamundo, G.; Conte, I. Autophagy in the retinal pigment epithelium: A new vision and future challenges. FEBS J.
2022, 289, 7199–7212. [CrossRef]

71. Chen, C.-L.; Chen, Y.-H.; Liang, C.-M.; Tai, M.-C.; Lu, D.-W.; Chen, J.-T. Glucosamine-Induced Autophagy through AMPK–mTOR
Pathway Attenuates Lipofuscin-Like Autofluorescence in Human Retinal Pigment Epithelial Cells In Vitro. Int. J. Mol. Sci. 2018,
19, 1416. [CrossRef] [PubMed]

72. Farnoodian, M.; Barone, F.; Boyle, M.; Gupta, R.; Nelson, L.M.; Bose, D.A.; Jun, B.; Gordon, W.C.; Do, K.V.; Guerin, M.-A.K.
Metformin Attenuates the Hallmarks of Stargardt Disease. Investig. Ophthalmol. Vis. Sci. 2023, 64, 476.

73. Prokopiou, E.; Kolovos, P.; Kalogerou, M.; Neokleous, A.; Nicolaou, O.; Sokratous, K.; Kyriacou, K.; Georgiou, T. Omega-3 Fatty
Acids Supplementation: Therapeutic Potential in a Mouse Model of Stargardt Disease. Investig. Ophthalmol. Vis. Sci. 2018, 59,
2757–2767. [CrossRef] [PubMed]

74. Young, R.W. The renewal of photoreceptor cell outer segments. J. Cell Biol. 1967, 33, 61–72. [CrossRef]
75. Huber, T.; Rajamoorthi, K.; Kurze, V.F.; Beyer, K.; Brown, M.F. Structure of docosahexaenoic acid-containing phospholipid bilayers

as studied by (2)H NMR and molecular dynamics simulations. J. Am. Chem. Soc. 2002, 124, 298–309. [CrossRef]
76. Acar, N.; Bonhomme, B.; Joffre, C.; Bron, A.M.; Creuzot-Garcher, C.; Bretillon, L.; Doly, M.; Chardigny, J.M. The retina is

more susceptible than the brain and the liver to the incorporation of trans isomers of DHA in rats consuming trans isomers of
alpha-linolenic acid. Reprod. Nutr. Dev. 2006, 46, 515–525. [CrossRef]

77. Prokopiou, E.; Kolovos, P.; Georgiou, C.; Kalogerou, M.; Potamiti, L.; Sokratous, K.; Kyriacou, K.; Georgiou, T. Omega-3 fatty
acids supplementation protects the retina from age-associated degeneration in aged C57BL/6J mice. BMJ Open Ophthalmol. 2019,
4, e000326. [CrossRef] [PubMed]

78. Schnebelen, C.; Viau, S.; Grégoire, S.; Joffre, C.; Creuzot-Garcher, C.P.; Bron, A.M.; Bretillon, L.; Acar, N. Nutrition for the
eye: Different susceptibility of the retina and the lacrimal gland to dietary omega-6 and omega-3 polyunsaturated fatty acid
incorporation. Ophthalmic Res. 2009, 41, 216–224. [CrossRef] [PubMed]

79. MacDonald, I.M.; Sieving, P.A. Investigation of the effect of dietary docosahexaenoic acid (DHA) supplementation on macular
function in subjects with autosomal recessive Stargardt macular dystrophy. Ophthalmic Genet. 2018, 39, 477–486. [CrossRef]

80. Choi, R.; Gorusupudi, A.; Bernstein, P.S. Long-term follow-up of autosomal dominant Stargardt macular dystrophy (STGD3)
subjects enrolled in a fish oil supplement interventional trial. Ophthalmic Genet. 2018, 39, 307–313. [CrossRef]

81. Ophthalmos Institute Reports Positive Efficacy Data from the MADEOS Study on Dry Macular Degeneration and Stargardt
Disease—Publications. Available online: https://eyetas.com/ophthalmos-institute-reports-positive-efficacy-data-from-the-
madeos-study-on-dry-macular-degeneration-and-stargardt-disease-publications/ (accessed on 1 July 2023).

82. Schwartz, S.D.; Regillo, C.D.; Lam, B.L.; Eliott, D.; Rosenfeld, P.J.; Gregori, N.Z.; Hubschman, J.P.; Davis, J.L.; Heilwell, G.; Spirn,
M.; et al. Human embryonic stem cell-derived retinal pigment epithelium in patients with age-related macular degeneration and
Stargardt’s macular dystrophy: Follow-up of two open-label phase 1/2 studies. Lancet 2015, 385, 509–516. [CrossRef] [PubMed]

83. D’Cruz, P.M.; Yasumura, D.; Weir, J.; Matthes, M.T.; Abderrahim, H.; LaVail, M.M.; Vollrath, D. Mutation of the receptor tyrosine
kinase gene Mertk in the retinal dystrophic RCS rat. Hum. Mol. Genet. 2000, 9, 645–651. [CrossRef]

84. Lu, B.; Malcuit, C.; Wang, S.; Girman, S.; Francis, P.; Lemieux, L.; Lanza, R.; Lund, R. Long-term safety and function of RPE from
human embryonic stem cells in preclinical models of macular degeneration. Stem Cells 2009, 27, 2126–2135. [CrossRef]

85. Schwartz, S.D.; Hubschman, J.P.; Heilwell, G.; Franco-Cardenas, V.; Pan, C.K.; Ostrick, R.M.; Mickunas, E.; Gay, R.; Klimanskaya,
I.; Lanza, R. Embryonic stem cell trials for macular degeneration: A preliminary report. Lancet 2012, 379, 713–720. [CrossRef]

86. Mehat, M.S.; Sundaram, V.; Ripamonti, C.; Robson, A.G.; Smith, A.J.; Borooah, S.; Robinson, M.; Rosenthal, A.N.; Innes, W.;
Weleber, R.G.; et al. Transplantation of Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Cells in Macular
Degeneration. Ophthalmology 2018, 125, 1765–1775. [CrossRef]

87. Sung, Y.; Lee, M.J.; Choi, J.; Jung, S.Y.; Chong, S.Y.; Sung, J.H.; Shim, S.H.; Song, W.K. Long-term safety and tolerability of
subretinal transplantation of embryonic stem cell-derived retinal pigment epithelium in Asian Stargardt disease patients. Br. J.
Ophthalmol. 2021, 105, 829–837. [CrossRef]

https://doi.org/10.1074/jbc.M110.191866
https://doi.org/10.1038/s41433-023-02497-w
https://doi.org/10.1056/NEJM199508313330902
https://doi.org/10.2147/CMAR.S257966
https://www.ncbi.nlm.nih.gov/pubmed/32765083
https://doi.org/10.1155/2020/2524174
https://www.ncbi.nlm.nih.gov/pubmed/32774666
https://doi.org/10.1111/febs.16018
https://doi.org/10.3390/ijms19051416
https://www.ncbi.nlm.nih.gov/pubmed/29747425
https://doi.org/10.1167/iovs.17-23523
https://www.ncbi.nlm.nih.gov/pubmed/29860462
https://doi.org/10.1083/jcb.33.1.61
https://doi.org/10.1021/ja011383j
https://doi.org/10.1051/rnd:2006033
https://doi.org/10.1136/bmjophth-2019-000326
https://www.ncbi.nlm.nih.gov/pubmed/31799410
https://doi.org/10.1159/000217726
https://www.ncbi.nlm.nih.gov/pubmed/19451735
https://doi.org/10.1080/13816810.2018.1484931
https://doi.org/10.1080/13816810.2018.1430240
https://eyetas.com/ophthalmos-institute-reports-positive-efficacy-data-from-the-madeos-study-on-dry-macular-degeneration-and-stargardt-disease-publications/
https://eyetas.com/ophthalmos-institute-reports-positive-efficacy-data-from-the-madeos-study-on-dry-macular-degeneration-and-stargardt-disease-publications/
https://doi.org/10.1016/S0140-6736(14)61376-3
https://www.ncbi.nlm.nih.gov/pubmed/25458728
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1002/stem.149
https://doi.org/10.1016/S0140-6736(12)60028-2
https://doi.org/10.1016/j.ophtha.2018.04.037
https://doi.org/10.1136/bjophthalmol-2020-316225


J. Clin. Med. 2023, 12, 6229 19 of 19

88. Schwartz, S.D.; Regillo, C.; Lam, B.L.; Eliott, D.; Gregori, N.; Hubschman, J.-P.; Heilweil, G.; Spirn, M.; Maguire, J.; Ostrick,
R. Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Transplantation for Retinal Degenerations: Three-Year
Outcomes Data. Investig. Ophthalmol. Vis. Sci. 2018, 59, 5004.

89. Ciulla, T.A. Seeking Therapies for Stargardt Macular Dystrophy. Available online: https://retinatoday.com/articles/2019-july-
aug/seeking-therapies-for-stargardt-macular-dystrophy (accessed on 1 July 2023).

90. Lysaght, T.; Kerridge, I.H.; Sipp, D.; Porter, G.; Capps, B.J. Ethical and Regulatory Challenges with Autologous Adult Stem Cells:
A Comparative Review of International Regulations. J. Bioethical Inq. 2017, 14, 261–273. [CrossRef] [PubMed]

91. Collee, C.M.; Jalkh, A.E.; Weiter, J.J.; Friedman, G.R. Visual improvement with low vision aids in Stargardt’s disease. Ophthalmology
1985, 92, 1657–1659. [CrossRef] [PubMed]

92. Radu, R.A.; Yuan, Q.; Hu, J.; Peng, J.H.; Lloyd, M.; Nusinowitz, S.; Bok, D.; Travis, G.H. Accelerated accumulation of lipofuscin
pigments in the RPE of a mouse model for ABCA4-mediated retinal dystrophies following Vitamin A supplementation. Investig.
Ophthalmol. Vis. Sci. 2008, 49, 3821–3829. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://retinatoday.com/articles/2019-july-aug/seeking-therapies-for-stargardt-macular-dystrophy
https://retinatoday.com/articles/2019-july-aug/seeking-therapies-for-stargardt-macular-dystrophy
https://doi.org/10.1007/s11673-017-9776-y
https://www.ncbi.nlm.nih.gov/pubmed/28247202
https://doi.org/10.1016/S0161-6420(85)34086-1
https://www.ncbi.nlm.nih.gov/pubmed/2418398
https://doi.org/10.1167/iovs.07-1470

	Introduction 
	Clinical Presentation and Diagnostic Testing 
	Genetics 

	Genetic Therapy 
	Introduction 
	Lentiviral Vectors 
	Adeno-Associated Viral Vectors 
	Optogenetics 
	Non-Viral Delivery via Covalently Closed and Circular DNA (C3DNA) 

	Pharmacological Therapies 
	Introduction 
	RPE65 Enzyme Inhibition 
	Vitamin A Dimerization Inhibition 
	RPB4 Antagonists 
	Complement C5 Inhibition 
	RPE Macroautophagy Stimulation 
	Omega-3 Fatty Acids 

	Stem Cell Therapy 
	Introduction 
	Human Pluripotent Stem Cell-Based RPE 

	Conclusions and Future Directions 
	References

