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The recent approval in the United States of the first adeno-associated viral (AAV) vector for the treatment
of an inherited retinal degeneration validates this approach for the treatment of many other diseases. A
major limiting factor continues to be the size restriction of the AAV transgene at under 5 kb. Stargardt
disease is the most prevalent form of recessively inherited blindness and is caused by mutations in
ABCA4, the gene that codes for ATP-binding cassette transporter protein family member 4, which has a
coding sequence length of 6.8 kb. Dual vector approaches increase the capacity of AAV gene therapy, but
at the cost of substantially reduced levels of target protein, which may be insufficient to achieve a ther-
apeutic effect. Here we show that the efficacy of recombination of dual vectors is dependent on the length
of DNA overlap between two transgenes. With optimized recombination, full-length ABCA4 protein is
expressed in the photoreceptor outer segments of Abca4-/- mice at levels sufficient to reduce bisretinoid
formation and correct the autofluorescent phenotype. These observations support a dual vector approach
in future clinical trials using AAV gene therapy to treat Stargardt disease.
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INTRODUCTION
ADENO-ASSOCIATED VIRUS (AAV) is the current vector
of choice for retinal gene therapy due to its ability
to diffuse through the various cell layers within the
retinal structure, low immunogenicity, excellent
tropism for photoreceptor cells, and extensive proof
of concept in a variety of preclinical models.1 Human
clinical trials have shown safety and efficacy with
AAV vectors in the retina and gene therapy trials for
multiple conditions have been reported.2–7 For some
disorders, such as Stargardt disease, the therapeu-
tic genes are too large to fit within a transgene that
can be packaged into a single AAV capsid. Gene
supplementation therapy for these disorders is
therefore an intriguing challenge. Given the re-
stricted packaging capacity of AAV, its potential to
treat ‘‘large gene’’ diseases initially seemed limited,
yet in the past decade, studies have indicated that
AAV delivery of genes over 3.5 kb in size using two

or more AAV particles is a distinct possibility.8–17

Through systematic design variations of an over-
lapping dual vector system, (Fig. 1) we achieved
therapeutic levels of ATP-binding cassette trans-
porter protein family member 4 (ABCA4) and
reduced the production of truncated protein
forms that are a known side effect of dual vector
strategies.10,12,14

Stargardt disease resulting from mutations in
the ABCA4 gene is the most commonly inherited
macular dystrophy and often becomes symptom-
atic in childhood but after the period of visual de-
velopment, which provides ample opportunity for
therapeutic intervention to prevent or slow further
sight loss.18 Lack of functional ABCA4 prevents the
transport of free retinaldehyde from the luminal to
the cytoplasmic side of the photoreceptor cell disc
outer membranes, resulting in increased forma-
tion of retinoid dimers (bisretinoids). Upon daily
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phagocytosis of photoreceptor outer segments by
the retinal pigment epithelium (RPE), the retinoid
derivatives are processed but are insoluble and
accumulate.19 This leads to dysfunction and even-
tual death of the RPE cells with subsequent sec-
ondary loss of the overlying photoreceptors. We
have previously characterized the fundus changes
in the pigmented Abca4-/- mouse model20 and
documented the positive effects of deuterized vi-
tamin A on fundus fluorescence and bisretinoid
accumulation.21 Here we show for the first time
that gene supplementation of ABCA4 in the pho-
toreceptors of the Abca4-/- mouse model using
an overlapping AAV dual vector system reduces
the buildup of toxic bisretinoids. Such an effect in
a patient with Stargardt disease could prevent
death of the RPE cells and the photoreceptor cells
they support.

MATERIALS AND METHODS
Vector design

NM_000350 was used with the exception of the
following nucleotide changes that did not influence
the amino acid sequence: 1,536 G>T; 5,175 G>A;
6,069 T>C. Codon optimization of this ABCA4
coding sequence was performed and generated by
GenScript (Piscataway, NJ). Full-length ABCA4
coding sequence (6,822 nucleotides) was inserted
into plasmids to generate CAG.ABCA4.pA and
CAG.coABCA4.pA. Upstream transgenes for in vitro
comparisons contained the CMV.CBA enhancer/
promoter elements prior to an ABCA4 coding se-
quence fragment (Table 1) generated by PCR before
cloning in between AAV2 inverted terminal repeats
(ITRs) via SwaI restriction sites. Upstream trans-
genes for in vivo experiments contained the human
rhodopsin kinase (GRK1) promoter.22 For the

optimized upstream transgene, 176 nucleotides of the
CAG intron region were amplified and attached to the
end of the GRK1 promoter by PCR. Downstream
transgenes were identical for in vitro and in vivo use,
the desired fragments of ABCA4 coding sequence
(Table 1) were amplified and attached to woodchuck
hepatitis virus post-transcriptional regulatory ele-
ment and bovine growth hormone polyA signal by
PCR before being inserted into ITR containing plas-
mids. Numerous primers were used for vector crea-
tion and primer designs are available on request.

AAV production
HEK293T cells were grown in HYPERFlasks

(SLS, UK) and transfected using a typical PEI
protocol to deliver a total of 500 lg of the required
plasmids: pRepCap, pHelper (pDeltaAdF6) and
pTransgene. Cells were harvested 3 days after
transfection, lysed, and the AAV population iso-
lated by ultracentrifugation with an iodixanol
gradient followed by purification in Amicon Ultra-
15 100K filter units (MerckMillipore, UK). The

Figure 1. Outline of the ABCA4 overlapping dual vector system. The elements of an adeno-associated virus (AAV) transgene were split across two
independent transgenes (upstream and downstream). The upstream transgene contained the promoter and upstream fragment of ABCA4 coding sequence,
and the downstream transgene carried a downstream fragment of ABCA4 coding sequence plus a WPRE and pA. Once inside the same host cell nucleus, the
two transgenes align and recombine via the region of overlap. ABCA4, human ATP-binding cassette transporter protein family member 4; GRK1, human
rhodopsin kinase promoter; In, intron; pA, polyA signal; WPRE, Woodchuck hepatitis virus posttranscriptional regulatory element.

Table 1. Details for the dual vector combinations tested

Overlapping
dual vector
name

Upstream vector Downstream vector

Overlap
length

Overlap
GC

content
Transgene

length
ABCA4

CDS
Transgene

length
ABCA4

CDS

A 4.9kb 1–4,326 4.9kb 3,154–6,822 1,173bp 55%
B 4.3kb 1–3,701 4.8kb 3,196–6,822 505bp 54%
C 4.3kb 1–3,701 4.6kb 3,494–6,822 207bp 52%
D 4.3kb 1–3,701 4.5kb 3,603–6,822 98bp 48%
E 4.3kb 1–3,701 4.4kb 3,653–6,822 48bp 47%
F 4.3kb 1–3,701 4.4kb 3,678–6,822 23bp 38%
X 4.3kb 1–3,701 4.3kb 3,701–6,822 0bp N/A
InC 4.3kb 1–3,701 4.6kb 3,494–6,822 207bp 52%

ABCA4, ATP-binding cassette transporter protein family member 4; bp,
base pairs; CDS, coding sequence; N/A, not applicable.
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final preparations were collected in phosphate-
buffered saline (PBS). SDS-PAGE analysis was
used to confirm good purification of each prepa-
ration and qPCR titers were determined using
primers targeting either the upstream (forward
[FW] 5¢GCACCTTGGCCGTATTTGGACAG; re-
verse [RV] 5¢TGAGTCAGACAGGCCGATGT) or
downstream (FW 5¢TGGCGCAGATCGTGCT; RV
5¢ACAGAAGGAGTCTTCCA) portion of ABCA4
coding sequence. Primer sets were confirmed to
have 95–105% efficiency.

In vitro experiments
All in vitro experiments were performed with

HEK293T cells, which were passaged using standard
protocols and transfected at 60–70% confluence with
equal molarities of plasmid using the TransIT-LT1
transfection reagent (Mirus Bio). Cells were incu-
bated for 48 hours at 37�C with 5% CO2 after which
the media was removed and the cells were washed in
cold PBS before collecting the cell pellets. For trans-
ductions, each AAV was applied at a mulitiplicity of
infection of 20,000 in a half well volume of media
without FBS and with 200 nM doxorubicin (Sigma-
Aldrich, UK) and incubated at 37�C, 5% CO2 for
1 hour. The remaining volume of media was then
added to each well containing 20% FBS and cells
were incubated at 37�C, 5% CO2 with a media change
conducted 2 and 4 days after transduction. Cells were
harvested 1 week after transduction.

In vivo experiments
All animal breeding and experimental proce-

dures were performed under approval of local and
national ethical and legal authorities and were
conducted in compliance with the Association for
Research in Vision and Ophthalmology statement
for the use of animals in ophthalmic and vision
research. Pigmented Abca4-/- mice (129S4/SvJae-
Abca4tm1Ght) were provided by Gabriel Travis
(David Geffen School of Medicine, University of
California, Los Angeles, CA) and bred in the Bio-
medical Sciences Division, University of Oxford.
Pigmented wild-type control mice (129S2/SvHsd)
were purchased from ENVIGO (Hillcrest, UK).
Animals were kept in a 12-hour light (<100 lux)/
dark cycle with food and water available ad libi-
tum. Subretinal injections were performed at 4–5
weeks of age by delivering 1–2 lL of reagent under
direct visual guidance using an operating micro-
scope (Leica Microsystems, Germany). Assess-
ments in Supplementary Fig. S1 used a scleral
tunnel approach through the posterior pole to the
superior retina with a Hamilton syringe and 34-
gauge needle (ESS labs, UK). All other subretinal

injections involved an anterior chamber para-
centesis with a 33G needle prior to subretinal in-
jection using a WPI syringe and beveled 35-gauge
needle system (World Precision Instruments,
UK). Animals were anesthetized by intraperito-
neal injection containing ketamine (80 mg/kg)
and xylazine (10 mg/kg) and pupils fully dilated
with tropicamide and phenylephrine eye drops
(Bausch & Lomb, UK). Proxymetacaine eye drops
(Bausch & Lomb, UK) were applied prior to sub-
retinal injection. Post-injection, chlorampheni-
col eye drops were applied (Bausch & Lomb)
and anesthesia was reversed with atipamezole
(2 mg/kg) and carbomer gel applied (Novartis,
UK).

In vivo imaging and analysis
Mouse fundus autofluorescence imaging using

a confocal scanning laser ophthalmology (Spec-
tralisHRA, Heidelberg Engineering, Heidelberg,
Germany) was performed using a standardized
protocol based on previously described meth-
ods.20,23 Animals were anesthetized and pupils
fully dilated as detailed above. A custom-made
contact lens was placed on the cornea with hy-
promellose eye drops (Alcon, UK) as a viscous
coupling fluid. The NIR reflectance image (820 nm
diode laser) was used to align the fundus camera
relative to the pupil and to focus on the highest
reflectivity in the outer retina. Fluorescence was
excited using a 790 nm diode laser. Images were
recorded using the ‘‘automatic real time’’ mode,
set to average 24 consecutive. The mean grey va-
lue of autofluorescence images were extracted by
measuring a standardized ring shaped area at the
inferior retina between 250 and 500 pixel radii
from the optic disc center using ImageJ software
(Supplementary Fig. S2).

Transcript analysis
Messenger RNA was extracted using mRNA

DIRECT Dynabeads-oligodT (Life Technologies,
UK) with 500ng used in SuperScript III cDNA
synthesis reaction with oligodT primer. The cDNA
was cleaned in QIAGEN spin columns and eluted in
50lL water. Quantitative PCRs used 2lL of each
cDNA preparation (primers above), ABCA4 levels
were normalized to ACTIN/Actin. In RT-PCRs,
2 lL of cDNA was used for overlap (FW 5¢AC-
CTTGATCAGGTGTTTCCA, RV 5¢ACAGAAGGAG
TCTTCCA) and 5¢UTR assessments (FW 5¢CCACT
CCTAAGCGTCCTC, RV 5¢CAGGGATTGTTCA-
CATTGC). Amplicons for sequence analysis were
PCR purified or cloned and purified before Sanger
sequencing.
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Western blot assessment
Samples were lysed in RIPA buffer (MerckMil-

lipore, UK) plus proteasome inhibitor (Roche, UK)
and 10% glycerol using a hand-held homogenizer
prior to centrifugation. Supernatants were removed
and 20lL added to 5 lL protein loading buffer
(GeneFlow, UK). Samples were run on a 7.5% Tris-
Glycine gel (TGX, BioRad, UK) and transferred to
a polyvinylidene difluoride membrane using a
TransBlotTurbo. ABCA4/Abca4 (ab72955, Abcam,
UK; Supplementary Fig. S3C) and GAPDH/Gapdh
detection (TA802519, Origene) was conducted using
a SNAPiD system (MerckMillipore, UK). Blots in
Supplementary Fig. S1 used horseradish peroxidase
(HRP)-conjugated secondary antibodies (Abcam,
UK) developed with Luminata Forte HRP substrate
(MerckMillipore, UK). All other blots used IRDye
fluorescent secondary antibodies (LI-COR Bios-
ciences, UK). Signals were recorded with the
Odyssey imaging system and band densities as-
sessed using Image Studio Lite software. ABCA4/
Abca4 levels were normalized to GAPDH/Gapdh
levels and values presented relative to back-
ground readings of negative control samples.

Immunohistochemistry
Following enucleation, the lens and cornea

were removed and each eye cup incubated in 4%
paraformaldehyde and passed through sucrose so-
lution before being frozen in O.C.T compound (VWR,
UK). Eyes were sectioned and dried before per-
meabilizing with 0.2% Triton-X 100. Slides were
washed in PBS before blocking with 10% bovine
serum albumin (BSA), 10% serum. Slides were wa-
shed prior to primary antibody incubation (1/200 in
1% BSA, 1% serum) and secondary antibody incu-
bation (1/400 in 1% BSA, 1% serum). Hoescht stain
was performed (Sigma-Aldrich,UK) (1/1,000 in PBS)
prior to a final wash. ProLong Diamond antifade
mounting medium (ThermoFisher, UK) was applied
and slides sealed before imaging. Primary anti-
bodies were: ABCA4 (goat polyclonal, ABIN343052,
AntibodiesOnline, Germany; Supplementary
Fig. S3C) and Hcn1 (mouse monoclonal, ab84816,
Abcam, UK). Secondary antibodies were donkey
Alexa Fluor: anti-goat 488 (ab1050129, Abcam,
UK) and anti-mouse 568 (ab175472, Abcam, UK).

High-performance liquid chromatography
analysis of bisretinoid content

These assessments were performed with the
identity of each eye masked. Enucleation was
conducted under dim red light and eyes were im-
mediately frozen and stored at -80�C, protected from
light, and then shipped frozen to the Jules Stein Eye

Institute. Bisretinoid extraction and assessment by
high-performance liquid chromatography (HPLC)
was performed on the eyes as previously described.24

The identity of each sample was only revealed once
all eyes had undergone HPLC assessment and
paired eyes could then be compared.

Statistical analysis
Each data set was assessed for normal distribution

(Shapiro–Wilk test) and variance (Brown–Forsythe
test). If data for comparison were skewed and un-
paired then nonparametric tests were performed
(Mann–Whitney U-test or Kruskal–Wallis). If the
data were normally distributed and paired, then
parametric tests were used (Student’s t-test or AN-
OVA). Multiple comparisons were conducted with
correction using either Tukey’s or Sidak’s compari-
sons test (if ANOVA) or Dunn’s comparisons (if
Kruskal–Wallis). Figure legends indicate the test
used to analyze each specific data set with n, p, and
F values provided where appropriate. Data are
shown as mean and standard error of the mean.

RESULTS
Capsid and coding sequence selections

Initial comparisons of ABCA4 protein levels
were compared from wild-type and codon-optimized
ABCA4 coding sequences tested in HEK293T cells
(Supplementary Fig. S1A) and Abca4-/- mice
(Supplementary Fig. S1B). Whilst ABCA4 detec-
tion was higher when using a codon-optimized
construct in plasmid form, for dual vector AAV
recombination it was found that use of the wild-
type sequence in vivo was more efficacious (Sup-
plementary Fig. S1B). It should be noted that
changing codons also affects DNA base pairing
and hence has a direct influence on dual vector
recombination in this scenario.

Changes to the AAV capsid protein amino acids
by substituting tyrosine (Y) for phenylalanine (F)
have been shown to improve transduction in wild-
type mice25 and in the Abca4-/- retina.26 We there-
fore compared the success of the overlapping dual
vector approach in Abca4-/- retinae using identical
transgenes packaged in either AAV8 or AAV8 Y733F
capsids; 31.3 – 7.8 times more ABCA4 transcripts
were detected in Abca4-/- retinae injected with the
AAV8 Y733F dual vectors ( p = 0.0002, Supplemen-
tary Fig. S1C). We therefore continued our investi-
gations using the AAV8 Y733F capsid.

Comparisons of different overlapping regions
Six overlap variants were prepared (A–F), rang-

ing from the maximum possible length (1,173 bp) to
a minimum consistent with maintaining specificity
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(23 bp). An additional variant (X) designed with no
overlapping region between transgenes acted as a
negative control (Table 1). Overlap variants B–X
shared the same upstream transgene and differed
only in the ABCA4 coding sequence contained in
their downstream transgene. An extension of the
upstream transgene was required to obtain the
maximal 1,173 bp overlap zone for variant A.

HEK293T cells were transduced with each
overlapping variant and ABCA4 expression mea-
sured by Western blot. The overlap region was ob-
served to have a significant influence on the levels of
ABCA4 generated ( p < 0.0001, Fig. 2). These dual
vector variants were injected into the subretinal
space of Abca4-/- mice and the neural retinae re-
moved for ABCA4 detection. Full-length ABCA4
production was evident by Western blot with dual
vector variants A–F (Supplementary Fig. S3A).

Including an intron immediately after the pro-
moter has been shown to augment gene expres-
sion27 and in a dual vector context, including an
intron had a significant influence on levels of full-
length ABCA4 achieved, with a minimum 1.5-fold
increase in detection observed following treatment
with overlapping variants ( p = 0.004, Supplemen-
tary Fig. S3B). Subsequent injections with the op-
timized dual vector variant InC enabled consistent
detection of full length ABCA4 in Abca4-/- injected
eyes (Fig. 2C).

Sequencing across the overlap zones confirmed
that ABCA4 transcripts generated from re-
combined transgenes did not carry mutations
(Supplementary Fig. S4A) and the intron was
confirmed to be successfully spliced from mRNA
transcripts (Supplementary Fig. S4B). Hence the
dual vector system had been optimized in terms of
capsid, overlap zone and transgene regulatory
elements.

Limiting production of truncated ABCA4
A key aspect in the optimization of the dual

vector system was limiting unwanted expression
from unrecombined transgenes. Despite detection
of ABCA4 mRNA transcripts from upstream vector
only injected eyes, absence of truncated ABCA4
protein forms was confirmed with constructs con-
taining an N-terminus FLAG tag (Supplementary
Fig. S5). However, C-terminus protein detection
identified truncated ABCA4 protein *135 kDa fol-
lowing dual and downstream vector-only treatment
(Figs. 2 and 3). Expression from unrecombined
downstream transgenes was anticipated to result
from the native promoter activity of the AAV2
ITR.28 The ABCA4 coding sequence contained in the
downstream transgenes significantly influenced the

levels of truncated ABCA4 detected with only A and
B unrecombined downstream constructs generating
consistently detectable truncated ABCA4 ( p = 0.0003,
Fig. 3). In a dual vector context, variants A–D gen-
erated clearly detectable ABCA4 forms (Fig. 2A),
and of the total ABCA4 population, cells treated
with variants A and B achieved a truncated ABCA4
proportion of 21 – 5% and 25 – 1%, respectively,
whereas variant C and D treated samples were
4 – 2% and 3 – 3%, respectively. Downstream con-

Figure 2. Assessment of overlapping upstream and downstream AAV8
Y733F ABCA4 dual vectors. (A) Transduced HEK293T cells generated full
length ABCA4. (B) A significant influence of the overlapping region on the
levels of ABCA4 was identified in vitro (one-way ANOVA, n = 6, p < 0.0001,
F(6,35) = 12.81). Variants A, B, and C generated significantly more ABCA4
than variant X (one-way ANOVA, Tukey’s multiple comparisons test; A,
**p = 0.004; B, ****p < 0.0001; C, ***p £ 0.0004). Error bars represent SEM.
(C) Dual vector overlap variant InC was injected into Abca4-/- mouse eyes
with consistent detection of full length ABCA4 achieved 6 weeks postin-
jection (one eye per lane). +, HEK293T cells transfected with pCAG.ABCA4;
Abca4, mouse ATP-binding cassette transporter protein family member 4
(positive control); Do, Abca4-/- eye injected with downstream vector;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; InC, optimized dual
vector system; KO, uninjected Abca4-/-; Up, Abca4-/- eye injected with
upstream vector; UTC, untransduced HEK293T cells.
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structs A and B contained in-frame ATG codons
prior to any out-of-frame codons, whereas vari-
ants C–X contained out-of-frame ATG codons
prior to any in-frame ATG codons downstream of
the 5¢ITR.

Taking into consideration the desire to reduce
expression of truncated ABCA4 from the down-
stream vector, a compromise was made to select
overlap C (207 bp), which although slightly less
efficient than B (505 bp), gave a purer ABCA4
protein population, which would have safety ben-
efits in the clinical scenario. Therefore, overlap C
downstream vector was combined with the intron-
containing upstream vector. This optimal dual
vector combination (InC) was used for subsequent
testing in the Abca4-/- mouse at 1 · 1010 genome
copies per vector, per eye.

Confirmation of ABCA4 expression
in photoreceptor cells

ABCA4 is a large, complex, folded protein that
undergoes post-translational modifications and is
trafficked to the cell membrane of the specialized
photoreceptor outer segments. Immunohistochemical
localization of ABCA4 therefore provides indirect
information on protein structure after dual vector
transduction by subretinal injection. Anti-Hcn1 was
used to highlight the limit of the photoreceptor in-
ner segments. Uninjected Abca4-/- eyes and those
that received a sub-retinal injection of either up-
stream or downstream vector-only exhibited no
detectable ABCA4 staining (Fig. 4B, C, and D, re-
spectively). The absence of staining in downstream
vector-only injected eyes aligned with the reduction
of truncated ABCA4 observed by Western blot
(Fig. 3). Importantly, truncated ABCA4 from un-

recombined downstream transgenes would gen-
erate a nonspecific expression pattern given the
absence of a cell-specific promoter, yet we observed
no truncated ABCA4 staining up to 6 months after
injection (Supplementary Fig. S6A). For Abca4-/-

eyes injected with the optimized dual vector system,
ABCA4 staining was evident in the outer segments
of photoreceptor cells (Fig. 4E) with expression de-
tected up to 6 months after injection (Supplemen-
tary Fig. S6B). The area of ABCA4 staining in a dual
vector injected eye was observed to extend from the
site of injection in the superior retina into the infe-
rior retina (Supplementary Fig. S6C).

Reduction in buildup of toxic bisretinoids
The accumulation of bisretinoids is the hallmark

of Stargardt disease and is believed to be the major
driver for retinal degeneration in humans. This
study used pigmented Abca4-/-, a mouse model
without significantly abnormal photoreceptor cell
loss.20 However, a consistent feature of these mice
is the extensive accumulation of quantifiable bis-
retinoids over time, thus recapitulating a key
pathological hallmark of the human disease.20,23,29

In a blinded study, eyes of 13 Abca4-/- mice re-
ceived the upstream vector-only in one eye (sham)
and the dual vector in the contralateral eye
(treatment), with each eye receiving the same
total AAV dose. Eyes were harvested in dark
conditions, processed, and analyzed by high perfor-
mance liquid chromatography to determine levels of
all-trans-retinal dimer-phosphatidylethanolamine,
N-retinylidene-N-retinylphosphatidylethanolamine
(A2PE), di-hydro-A2PE, and conjugated N-retinylidene-
N-retinylphosphatidylethanolamine (A2E) and its
major cis-isomer (iso-A2E). Data are presented as a

Figure 3. (A) HEK293T cells transfected with downstream transgene constructs revealed that generation of truncated ABCA4 was only detectable from
downstream variants A and B. (B) Levels of truncated ABCA4 generated from Unrecombined downstream transgenes was significantly influenced by the
transgene variant (Kruskal–Wallis, n = 6, p = 0.0003). Error bars represent SEM. +, HEK293T cells transfected with pCAG.ABCA4.

GENE THERAPY FOR STARGARDT DISEASE 595



comparison of the levels of each biomarker in
paired eyes. The treatment was observed to have a
significant influence on the bisretinoid levels in
Abca4-/- mouse eyes compared to sham injected
eyes ( p = 0.03, Fig. 5B). This is the first presenta-
tion of a dual vector treatment for Stargardt dis-
ease affecting the biochemistry of the Abca4-/-

mouse model and thus inducing a positive thera-
peutic effect.

Reduction in 790 nm fundus autofluorescence

Directly measuring bisretinoid levels in Abca4-/-

mice enabled quantifiable assessment of thera-
peutic efficacy. However, looking towards a human
clinical trial endpoint, scanning laser ophthal-
moscopy (SLO) assessment of autofluorescence was
also performed using the 790 nm wavelength as an
in vivo measure for melanolipofuscin accumula-
tion.20 In this cohort, mice received a sham injec-

Figure 4. Sections of mouse eyes stained for ABCA4 (green) and Hcn1 (red). Nuclei were stained with Hoescht. (A) Abca4 staining in photoreceptor outer
segments of WT SVEV 129. (B) Absence of Abca4 staining in uninjected Abca4-/- (C) Absence of ABCA4 in upstream vector injected Abca4-/-. (D) Absence of
ABCA4 staining in downstream vector injected Abca4-/-. (E) ABCA4 staining in photoreceptor outer segments of dual vector injected Abca4-/-. Dual, dual
vector injected; Downstream, downstream vector injected; Hcn1, hyperpolarization activated cyclic nucleotide gated potassium channel 1 (inner segment
marker); IS, inner segments; ONL, outer nuclear layer; OS, outer segments; RPE, retinal pigment epithelium; Upstream, upstream vector injected Abca4-/-; WT,
SVEV wild type.
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tion of PBS to control for the effects of retinal de-
tachment, whilst the contralateral eye received the
optimized overlapping dual vector system. A stan-
dardized SLO protocol based on previous work was
used,30 and when extracting the mean grey value of
each image, a standardized area of measurement
was taken only from the inferior retina near the
optic nerve to avoid disrupted autofluorescence
caused by surgically induced changes around the
site of injection which was in the superior hemiretina
(Supplementary Fig. S2). Between 3 and 6 months
postinjection, the increase in levels of 790 nm auto-
fluorescence was significantly attenuated in the
ABCA4 dual vector injected eyes compared with the
paired sham injected eyes ( p = 0.04, Fig. 5D).

DISCUSSION

Since AAV-mediated gene therapy has now be-
come an approved treatment for inherited retinal
degeneration, the ability to increase the size of the
AAV transgene would widen the therapeutic indi-
cations considerably. Here we focus on recessive
ABCA4 mutations which are responsible for Star-
gardt disease and other cone and cone–rod dys-
trophies.31 The size of the ABCA4 coding sequence
allowed us to explore different degrees of overlap in
order to identify a critical zone for optimal dual
vector recombination. Previously, questions have
been raised regarding whether these strategies
could lead to production of enough target protein to
provide therapeutic effect. In the Stargardt mouse

Figure 5. Dual vector therapeutic effects in the Abca4-/- mouse model. (A) Representative chromatogram traces for treatment and sham injected eyes. (B) A
significant reduction in bisretinoid levels was observed in eyes that received the dual vector treatment compared to paired sham injected eyes (two-way ANOVA
with matching values, n = 13, treatment effect p = 0.03, F(1,60) = 4.516). A multiple comparisons test identified a significant difference in A2PE-H2 levels between
treatment and sham injected eyes (*p = 0.01). Bisretinoid levels in WT eyes are presented for reference only and were not included in the analysis. (C) Paired
treated and sham injected Abca4-/- eyes were imaged by scanning laser ophthalmology (SLO). (D) Between 3 and 6 months postinjection, the increase in 790nm
autofluorescence was significantly attenuated in eyes that received dual vector (treatment) compared to paired sham-injected eyes (paired t-test, n = 12,
*p = 0.04). atRALdi-PE, all-trans-retinal dimer-phosphatidylethanolamine; A2PE-H2, di-hydro-A2PE; A2PE, N-retinylidene-N-retinylphosphatidylethanolamine; A2E,
conjugated N-retinylidene-N-reintylphosphatidylethanolamine; iso-A2E, isomer of A2E; WT, SVEV age-matched controls.
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model, therapeutic effect can be readily assessed as
the target protein, ABCA4, is required in abun-
dance in the photoreceptor cells of the retina and
its absence induces the accumulation of bisretinoid
compounds, which in turn leads to an increase in
autofluorescence. The therapeutic potential of the
overlapping dual vector system was validated by
observing a reduction in this bisretinoid accumu-
lation and fundus autofluorescence levels following
treatment.

The most critical aspect of an overlapping dual
vector strategy is the event of recombination be-
tween two transgenes. Six different overlap regions
ranging from 23 to 1,173 bp were compared, with
the best performing being 207–505 bp. A recent
report compared 0.3 kb, 0.6 kb, and 1.0 kb overlap
regions of a lacZ gene in an overlapping dual vector
system and identified the largest overlap region as
being the most efficient.11 However, in another
report, a 0.07 kb F1 phage-derived sequence has
proven to be efficient for achieving recombination
between hybrid dual vectors in photoreceptor
cells.14 There are currently no clearly defined char-
acteristics of what makes a region efficient at re-
combination. While a longer region of overlap may
seem logical to increase the opportunity for inter-
molecular interactions, it may also be less available
for such interactions due to secondary structure
formation, whereas shorter overlaps might be
problematic in the strength of their binding to the
opposing transgene molecule. This study highlights
the importance of assessing multiple overlapping
regions to determine the optimal sequence for a gi-
ven dual vector system.

Critical to assessing the safety of a dual vector
system is the identification of unwanted by-
products from unrecombined transgenes. Testing
of upstream or downstream vectors (not in combi-
nation) revealed that each vector was capable of
generating truncated ABCA4 mRNA transcripts.
The upstream transgene nucleotide sequence con-
tained a SwaI restriction site used for cloning
purposes that was suspected to be acting as a
cryptic polyA signal: TTTAAA, which has been
identified as a polyA signal in 1–2% of human
genes.32,33 The absence of any protein detection
following treatment with the upstream vector
could be attributed to the lack of an in-frame stop
codon in the resulting mRNA transcript, which
would lead to degradation of any generated pep-
tide.34 Given the overexpression achieved when
testing our upstream transgenes and that other
publications using an N-terminus FLAG-tag with
ABCA4 have detected truncated protein forms,14

we believe our inability to detect truncated protein

from the upstream transgene to be genuine. Trun-
cated ABCA4 protein was detected from original
downstream vector designs (Fig. 3). Other research
groups have attempted to reduce unwanted protein
production from dual vectors by inclusion of addi-
tional genetic sequences in the transgene design.14

However, our own attempts employed sequence se-
lection of coding regions that carried out-of-frame
ATG codons prior to any in-frame ATG codons
within 100 bases of the 5¢ITR, reducing truncated
ABCA4 to negligible levels (Fig. 3). This sequence
design was based on evidence that ribosomes favor
initiating translation from the first AUG codon they
encounter in good context.35,36 Translation from
unrecombined downstream transgenes at an out-of-
frame AUG would generate only short peptides be-
fore an out-of-frame stop codon was reached, such
short peptides would then be degraded by the cell
due to their size.37,38

Studies have shown that mRNA transcripts
which undergo splicing may exhibit higher trans-
lational yields than equivalent intronless tran-
scripts and placing the intron near the promoter
enhances gene expression more than when used
inside the coding sequence.24,39 Our data reinforce
these previous findings, supporting the standard
use of introns in vector transgenes.

Other dual vector approaches14,15,16 and nano-
particle delivery40 led to successful ABCA4 ex-
pression in adult Abca4-/- mice and provided
evidence of positive effects attributed to ABCA4
expression. In this study, we have, for the first
time, shown convincing expression of ABCA4 in the
photoreceptor outer segments of adult Abca4-/-

mouse retinae following injection with an over-
lapping dual vector system. The levels of full-
length ABCA4 detected by Western blot in whole
Abca4-/- eyes treated with dual vector were 1%
of the Abca4 levels detected in wild-type eyes.
However, such a comparison assumes no loss of
photoreceptor cells as a result of injection trauma
and retinal detachment and that the injected mice
achieve 100% photoreceptor transduction, which is
not the case. Despite what may be considered from
the Western blots to be relatively low levels of
ABCA4 expression across an entire Abca4-/- neu-
ral retina, the ABCA4 present in eyes treated with
dual vector exhibited a detectable reduction in the
levels of bisretinoids that accumulate in the mouse
model. In patients with Stargardt disease, the
bisretinoid accumulation leads to death of the RPE
cells and subsequently the photoreceptor cells,
which results in blindness. Given the progressive
degenerative nature of the disorder, providing
therapeutic intervention at any age could be an-
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ticipated to be beneficial by preserving the surviv-
ing cells of the retina.

This study is a step forward in the difficult task
of developing a gene therapy treatment for Star-
gardt disease and further optimizations of the
vector preparation, such as by reducing empty
capsid contamination, will be another step toward
clinical trial. By optimizing an overlapping dual
vector system to increase the levels of therapeutic
protein delivered to the target cells and, impor-
tantly, reducing the expression of unwanted prod-
ucts that often occur in dual vector strategies, AAV
gene therapy clinical trial prospects for Stargardt
disease are now looking increasingly achievable.
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