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Abstract
Autosomal recessive Stargardt disease (STGD1) is a macular dystrophy caused by mutations in
the ABCA4 (ABCR) gene. The disease phenotype that is most recognized in STGD1 patients, and
also in the Abca4−/− mouse (a disease model), is lipofuscin accumulation in retinal pigment
epithelium. Here, we tested whether delivery of the normal (wt) human ABCA4 gene to the
subretinal space of the Abca4−/− mice via lentiviral vectors would correct the disease phenotype;
that is, reduce accumulation of the lipofuscin pigment A2E. Equine infectious anemia virus
(EIAV)-derived lentiviral vectors were constructed expressing either the human ABCA4 gene or
the LacZ reporter gene under the control of the constitutive (CMV) or photoreceptor-specific
(Rho) promoters. Abca4−/− mice were injected subretinally with 1 µl (~5.0 × 105 TU) of each
EIAV vector in one eye at postnatal days 4 and 5. An injection of saline, an EIAV-null vector, or
an uninjected contralateral eye served as a control. Mice were killed at various times after
injection to determine photoreceptor (PR) transduction efficiency and A2E concentrations. EIAV-
LacZ vectors transduced from 5 to 20% of the PRs in the injected area in mice. Most importantly,
a single subretinal injection of EIAV-CMV-ABCA4 to Abca4−/− mouse eyes substantially
reduced disease-associated A2E accumulation compared to untreated and mock-treated control
eyes. Treated eyes of Abca4−/− mice accumulated 8–12 pmol per eye (s.d. = 2.7) of A2E 1 year
after treatment, amounts comparable to wt controls, whereas mock-treated or untreated eyes had
3–5 times more A2E (27–39 pmol per eye, s.d. = 1.5; P = 0.001–0.005). Although extrapolation to
humans requires caution, the high transduction efficiency of both rod and cone photoreceptors and
the statistically significant reduction of A2E accumulation in the mouse model of STGD1 suggest
that lentiviral gene therapy is a potentially efficient tool for treating ABCA4-associated diseases.
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Introduction
Autosomal recessive Stargardt disease (STGD1; MIM 248200) is arguably the most
common hereditary recessive macular dystrophy (estimated frequency of 1:8000–10 000 in
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the US).1 It is characterized by a highly variable age of onset and clinical course. Most cases
present with juvenile to young-adult onset, insidious to rapid central visual impairment,
progressive bilateral atrophy of the foveal retinal pigment epithelium (RPE) and
photoreceptors, and the frequent appearance of yellow-orange flecks distributed around the
macula and/or the mid-retinal periphery.2,3

Several laboratories independently described ABCA4 (initially called ABCR) in 1997 as the
causal gene for arSTGD.4–6 Subsequently, several cases were reported where ABCA4
mutations segregated with retinal dystrophies of significantly different phenotype, such as
autosomal recessive cone-rod dystrophy7,8 and autosomal recessive retinitis pigmentosa
(arRP).7,9,10 Disease-associated ABCA4 alleles have shown an extraordinary
heterogeneity,4,11–15 with > 500 disease-associated ABCA4 variants identified to date. The
empirical estimates suggest that the carrier frequency of ABCA4 alleles in general
population is at least 5%.12,16,17 This finding, that at least 1/20 people carry a disease-
associated ABCA4 allele, has significant implications for the amount of retinal pathology
attributable to ABCA4 variation.

The ABCA4 protein was first described in 1976 as an abundant component of photoreceptor
outer segment disk rims.18,19 Hence, it was called a Rim protein until the encoding gene,
ABCA4, was cloned and characterized as a member of the ATP-binding cassette transporter
superfamily, which suggested a transport function of some substrate in photoreceptor outer
segments.4,6 All-trans-retinal, an isoform of the rhodopsin chromophore, was identified as a
potential substrate of ABCA4 by its ability to stimulate ATP hydrolysis by reconstituted
ABCA4 protein in vitro, suggesting that retinal could also be the in vivo substrate for
ABCA4.20 Studies of Abca4 knock-out (Abca4−/−) mice have fully supported this
hypothesis, and have led to the concept that ABCA4 is a ‘flippase’ of a complex of all-trans-
retinal and phosphatidylethanolamine (PE).21 Recent experimental data confirmed this
hypothesis.22

Mice lacking a functional Abca4 gene have demonstrated delayed dark adaptation, increased
all-trans-retinal following light exposure, elevated PE in rod outer segments, and a striking
deposition of a major lipofuscin fluorophore (A2E) in RPE.21 Based on these findings, it
was suggested that the ABCA4-mediated retinal degeneration may result from adverse
effects of lipofuscin accumulation in the RPE, with secondary photoreceptor degeneration
due to loss of the RPE support role.21 A2E, a pyridinium bis-retinoid, derived from two
molecules of vitamin A aldehyde and one molecule of ethanolamine, has been characterized
as one of the major components of retinal pigment epithelial lipofuscin,23 although others
have been described more recently.24 Evidence indicates that bis-retinoid compounds such
as A2E can damage cells by initiating photo-oxidative processes and/or by a detergent-like
perturbation of membranes.25 Accumulation of lipofuscin in the macular region of RPE is
characteristic to aging eyes and is the hallmark of both STGD1 and age-related macular
degeneration. Together, these data define ABCA4 as a ‘rate-keeper’ of retinal transport in
the visual cycle with an auxiliary, but not an essential, role in this process, because
individuals completely lacking the functional protein (for example, some patients with RP-
like phenotype) maintain some vision for years. Over time, however, even mild dysfunction
of ABCA4 affects vision irreparably.

Genetic and functional studies have defined ABCA4 as an important, but difficult target for
therapeutic applications. Suggested treatment strategies include light restriction, limiting
dietary intake of vitamin A, slowing down the visual cycle with small molecule drugs and
compounds modifying the functional (ATP-binding and hydrolysis) activity of ABCA4.26

However, as each of these approaches will have either indirect or limited effects on the
ABCA4 function, these would only delay or modify the disease progress.
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Somatic gene therapy has demonstrated success in several animal models of (recessive)
retinal degeneration. 27,28 Most well known reports have been that a recombinant adeno-
associated virus (rAAV) carrying wild-type Rpe65 (rAAV-Rpe65) improved visual function
in the Briard dog model of childhood blindness.29–31 Similar successes have been reported
for the Rpe65−/− and Lrat−/− mouse models with AAV and lentiviral vectors.32–35

Delivering a normally functioning gene to photoreceptors harboring mutant ABCA4 via gene
therapy should therefore be considered as a possible ‘cure’ for ABCA4-associated diseases
because: (1) all ABCA4-associated diseases are recessive, caused by a variable insufficiency
exceeding 50%, so that adding a functional gene could fully restore visual function; (2)
degeneration of the retinal cells in all ABCA4-associated diseases is relatively delayed,
allowing a reasonable time window for therapeutic intervention.

Lentiviral vectors offer several advantages for gene therapy applications in general, as well
as in the specific case of ABCA4-associated diseases. First and foremost, lentiviruses are
capable of delivering genes stably and permanently into the genome of transduced cells in
vivo.36–38 Secondly, they can transduce nondividing cells, a crucial requirement for
terminally differentiated cells such as photoreceptors.39 Thirdly, they can carry relatively
large expression cassettes, which is essential in this case because the human ABCA4 cDNA
is almost 7 kb which exceeds the capacity of the commonly used AAV vectors.

Here, we describe the utility of equine infectious anemia virus (EIAV)-based lentiviral gene
therapy in the mouse model of ABCA4-associated diseases leading to a substantial
modulation of the disease phenotype.

Results
Photoreceptor transduction efficiency with EIAV-based vectors and constitutive promoters
in mice

The efficiency of rodent photoreceptor transduction by lentiviruses has been an area of much
debate, despite early reports of success in rats.40,41 Subsequent studies have reported rather
low efficiencies of PR transduction by lentiviruses, especially in adult animals, which have
raised concerns in their suitability as efficient tools for gene therapy in mouse models.37,42

In this study we have extensively evaluated the PR transduction efficiency of EIAV-based
lentiviral vectors (Figure 1) in mice. Although the Abca4−/− mouse is currently the only
animal model for STGD1, the ultimate goal of these studies was to assess the possibility of
treating STGD1 in humans. In mice, subretinal injections of ~1 µl of the EIAV-CMV-LacZ
vector (~5.0 × 105 transducing units (TU)) or the HIV-EF1α-LacZ vector (3.0 × 105 TU)
were performed at postnatal days 4 and 5 (P4–5). Mice were killed 14 days later and retinal
sections were examined for reporter gene expression after X-gal staining (Figure 2). A
single injection routinely resulted in effectively transduced areas amounting to 20–30% of
the entire retina (Figure 2a). EIAV-derived constructs routinely targeted at least 5% of
photoreceptors, RPE and, occasionally, Mueller cells (Figure 2b), whereas the transduction
was mainly restricted to RPE in the case of the HIV-derived vectors (Figure 2c).

In summary, we determined that the EIAV-based vectors are substantially more efficient in
transducing PRs in mouse models than HIV-based vectors (at least those used in our study).

Evaluation of photoreceptor transduction efficiency with EIAV-based vectors using PR-
specific promoters

Rod opsin (Rho) promoters have been widely used to efficiently drive and restrict the
expression of genes in photoreceptors.43,44 As the ABCA4 gene is expressed only in PRs in
vivo, we tested if the bovine Rho (bRho) promoter43,44 when used in EIAV-based vectors
carrying the LacZ reporter gene could couple the high efficiency of photoreceptor
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transduction with expression restricted to PRs. Experiments in mice were designed exactly
as described above for EIAV vectors with the control of the constitutive (CMV) promoter,
where 1 µl (2.0 × 105 TU) of EIAV-Rho-LacZ constructs (Figure 1) were injected
subretinally to Abca4−/− mice at P4–5, followed by examination of the retinas by X-gal
staining, Epon sectioning and microscopy. Figure 3 shows that the reporter gene was
expressed in mouse photoreceptors with high efficiency and at the injected site; up to one-
fifth of all photoreceptors in parts of the injected area expressed LacZ (~20%; s.d. = 5.5,
s.e.m. = 2.4, n = 5) and the expression was limited to photoreceptors, the site of ABCA4
expression in vivo.

Efficacy of EIAV ABCR vectors in the Abca4−/− mouse model
The Abca4−/− mouse was first reported by Weng and colleagues.21 These mice reproduced
two main features of STGD1 in humans: (1) an enhanced accumulation of the major
fluorophore of the RPE lipofuscin, A2E, in the RPE cells21,45,46 and (2) a delayed dark
adaptation.47 We produced an Abca4−/− mouse strain by a homozygous targeted deletion of
exon 1 of the murine Abca4 gene (data not shown) and confirmed the phenotype of
enhanced A2E accumulation. Specifically, at measured time points of 6–12 months of age,
our Abca4−/− mice presented with 8- to 10-fold excess of A2E in the RPE cells as compared
to wild-type (wt) controls (see Figure 6 in the next section). The data on delayed dark
adaptation and reduction in the a-wave component of the full field electroretinogram (ERG)
was less prominent in our strain (data not shown) than reported previously.21,47 As we could
not obtain robust differences using ERG to determine the kinetics of dark adaptation in these
mice, ERG was only used to assess whether there was significant injury or toxicity to the
photoreceptors from the subretinal injections.

The transgene expression from the EIAV-ABCA4 vectors following subretinal delivery to
Abca4−/− mice was first determined by a reverse transcriptase–polymerase chain reaction
(RT–PCR) on total RNA isolated from vector-treated eyes 2 weeks and 2 months after the
injection (Figure 4). The results confirmed the expression of ABCA4 in the Abca4−/− mice
retinas for at least up to 2 months post subretinal delivery of either the EIAV-CMV-ABCA4
or the EIAV-bRho-ABCA4 vectors.

Next, we determined the pattern of human ABCA4 protein expression in the EIAV-CMV-
ABCA4 treated mice 2 weeks post vector delivery using the monoclonal antibody for the
ABCA4 protein (Rim 3F4).20 The human ABCA4 protein is localized to PR outer segments
and to the RPE of the Abca4−/− mouse retina (Figure 5). The ABCA4 histological data
perfectly correlates with the LacZ expression data for the EIAV-CMV-LacZ vector, where
expression was seen in PRs and in RPE (Figure 2b). Together, these data confirm the
expression of the ABCA4 gene in the photoreceptors of Abca4−/− mice for up to 2 months
following subretinal delivery of the EIAV-CMV-ABCA4 or EIAV-Rho-ABCA4 vectors.

Subretinal delivery of the human ABCA4 gene reduces A2E accumulation in Abca4−/−
mice

We determined the therapeutic efficacy of an EIAV-based gene therapy approach by
injecting EIAV-CMV-ABCA4 and EIAV-Rho-ABCA4 vectors into the subretinal space of
one eye in Abca4−/− mice whereas the contralateral eye was either left untreated (KO) or
injected with EIAV-null vector (mock). Eyes were harvested and analyzed for their A2E
content at 6 and 12+ months after vector delivery (Figure 6).

At 6 months of age, the untreated Abca4−/− mice have ~31 pmol per eye (s.d. = 1.7) of A2E/
isoA2E, compared to ~19 pmol per eye (s.d. = 5.2) for mock-treated (a nonsignificant
difference; P = 0.08 by Student’s t-test) and ~9 pmol per eye (s.d. = 3.2) for animals injected
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with therapeutic viruses (a significant difference; P = 0.001 with double-sided t-test). The
A2E accumulation is kept under control by the EIAV-ABCA4 vectors; that is, it increases
slowly similar to the wt mice reaching the same levels by the age of 1 year (P = 0.005). The
statistically significant difference between experimental (ABCA4-treated) and control
(mock-treated) groups were confirmed by pair-wise (t-test) and multiple comparisons
(ANOVA; P = 0.008). In summary, these data clearly indicate a therapeutic effect, most
reasonably based on what must be a partial restoration of ABCA4 function. Elevated A2E
accumulation in human and mouse eyes is caused by dysfunctional ABCA4;21,25,26

therefore, reduction of A2E accumulation rates is a direct measure of the ABCA4 function.

ERG evaluation of photoreceptor status
Subretinal surgery causes a transient local retinal detachment and some photoreceptor
damage both of which can interfere with the visual cycle and consequently influence A2E
accumulation. In order to determine whether subretinal surgery itself was a significant cause
of the observed reduction of A2E in the treated P4–5 Abca4−/− mice, we examined ERG
before euthanizing the animals in each experiment. ERG was somewhat reduced in all
animals who received subretinal injections, but it was significantly lower in the EIAV-null
injected (mock-treated) controls than in the therapeutically treated mice (Supplementary
Table 1). The ERG difference between mock-treated and untreated animals is statistically
more significant (P < 1 × 10−8, Student’s t-test), than the difference between animals treated
with therapeutic vectors and the untreated ones (P = 0.0006). Therefore, the significant
difference in A2E content in the mice treated with EIAV-ABCA4 compared to the mock-
treated animals cannot be explained by greater photoreceptor pathology. On the contrary, the
significantly lower reduction of ERG in the EIAV-ABCA4 treated mice compared to the
mock-treated controls clearly indicates that the surgical trauma is not a major factor in the
observed therapeutic effect; that is, in the statistically significant difference in A2E
reduction in the treatment group vs the control group.

Discussion
Development of successful treatments for inherited retinal disease caused by congenital
defects is a major challenge. Recessive diseases, arising from insufficient gene activity
which disrupts a metabolic pathway (such as the visual cycle), are particularly amenable to
somatic gene therapy. Here, we demonstrate that defects of the visual cycle leading to vision
loss can be successfully treated by direct gene therapy with EIAV-based lentiviral vectors.
Contrary to some prevailing concerns, the EIAV lentiviral vectors efficiently transduce PRs
in newborn mice. The precisely quantifiable measure of ABCA4 function, accumulation of
A2E/isoA2E (as measured by high performance liquid chromatography (HPLC)), was
significantly reduced after treating a mouse model of STGD1 (Abca4−/−) with subretinal
injections of EIAV-ABCR constructs.

The Abca4−/− mouse is currently the only available animal model for STGD1. The murine
phenotype resembles STGD1 in humans in that the KO mice accumulate the major
fluorophore of lipofuscin, A2E, at a 5- to 10-fold higher rate (Figure 6).21,45 Another
reported measurable feature is the delayed recovery time after photobleach.21 The mouse
strain used in this study, although made in a practically identical fashion (deletion of the
exon 1 of the mouse Abca4 gene), did not exhibit this phenotype as prominently as
previously reported. Therefore, as the Abca4−/− mice do not present with any other
clinically relevant phenotypic feature, we chose A2E accumulation, the direct measure of
the protein function, also as the measure of the efficiency of the therapeutic intervention.
Injection of the human ABCA4 gene under both constitutive and PR-specific promoters in
the subretinal space of the Abca4−/− mice substantially and reproducibly reduced A2E
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accumulation. The effect was efficiently sustained and resulted in A2E levels comparable to
those in wt mice at 12 months of age.

The reported low efficiency of PR transduction with lentiviruses in (adult) rodents has been
considered a major limiting factor for gene therapy of eye diseases with lentiviral vectors.
Although the early experiments with rats were successful,40,41 they were not confirmed
subsequently, especially in adult rodent models.37,42 Here, we confirm a relatively efficient
(5–20%) expression of the reporter gene (LacZ) driven from both constitutive and PR-
specific promoters after subretinal injection of mice at P4–5 (Figure 2).

Efficient reduction of A2E/isoA2E accumulation was obtained by the transfer of the human
ABCA4 gene with EIAV-based lentivectors to the subretinal space of Abca4−/− mice. The
consistent observation that there was a more profound therapeutic effect than expected from
the size of the injected area (~25–30% of the entire retina, Figure 2a) was surprising but
could be explained by several, possibly interacting, factors. The subretinal injection causes
retinal detachment and possibly some photoreceptor loss, which reduces the amount of A2E
reaching RPE. This is the most plausible explanation for the observed small reduction of
A2E accumulation in the EIAV-null injected mice. This hypothesis receives support from
the ERG data, which reflects the number of functional photoreceptors. However, this
mechanism cannot explain the much more significant therapeutic effect in the EIAV-
ABCA4-treated mice, because their ERGs were larger than those of the mock-injected mice
whereas their A2E levels were significantly lower. Another possibility is that the efficiently
transduced areas may contain more ABCA4 than physiologically necessary, thereby
eliminating A2E precursors more efficiently and compensating for the neighboring retina.
The human protein could also be more efficient in the mouse than the endogenous murine
protein, or the expression of the ABCA4 protein in the RPE could also reduce A2E levels,
for example, by exporting A2E from RPE cells. Our preliminary experiments with the
EIAV-ABCA4 vectors with the VMD2 promoter, which expresses ABCA4 only in the RPE,
showed approximately two times less A2E accumulation than mock-injected animals (data
not shown) suggesting that ABCA4 expression in the RPE may have an additional effect on
A2E levels.

The comparison of the mock-injected mice with the animals treated with ABCA4-containing
constructs provides strong evidence that the lentiviral-mediated gene transfer has a
therapeutic effect. The possibility that the observed effect on A2E accumulation is an
artifact and not a direct result of EIAV-ABCR transduction is further contraindicated by two
major lines of evidence: first, the mock-injection experiments, where subretinal injections
were performed with either the same amount of solution containing no virus, or an EIAV-
null virus, reduced A2E accumulation much less than experiments with most efficient
viruses (Figure 6). In addition, the same effect, that is, a slight (1/4–1/3) reduction of A2E
was also observed with several lentiviral constructs containing ABCA4 under less efficient
promoters (that is, PDEb; data not shown), suggesting that any mechanical damage to the
retina or even an injection of a less efficient construct will not have the strong suppressing
effect on A2E accumulation observed with therapeutic constructs. The PR transduction and
A2E accumulation data were highly reproducible between experiments.

No obvious side effects were detected in treated animal models. We avoided examining the
animals, especially the P4–5 mice, immediately after surgery. It would not be surprising, if
biomicroscopy was performed right after surgery, to observe cells in the vitreous but
evidence of prolonged and/or increasing inflammation was never detected. Examinations of
the surface of the eyes of the mice within the first week after surgery did not reveal signs of
inflammation or infection. Postmortem histology also revealed no inflammatory cells in the
vicinity of the injected area or elsewhere in the retina. The major concern one would have
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with this procedure, if extended to humans, is that it requires detaching the macula retina,
the site of the major pathology and the structure causing most of the vision loss in Stargardt
disease. This detachment can be done without vitrectomy; instead, a small hole in the
paramacular neural retina is produced by current methods, which could be further improved.

The therapeutic reduction of A2E by subretinal treatment with EIAV-based vectors could be
used alone, or in combination with nonviral treatments. For example, we and others have
been able to reduce A2E accumulation with compounds slowing the visual cycle48–50 or by
reducing the light reaching the retina,51 suggesting a complementary therapeutic role of
several approaches. Other pharmacological agents could also be applied, such as those
inhibiting apoptosis. For example, several studies have suggested that intraocularly
delivered neurotrophic factors (such as BDNF, CNTF and others) can delay photoreceptor
degeneration in several animal models.52 In most cases, however, effects of these treatments
last a limited time and require repeated administrations. A lentiviral vector, which integrates
the therapeutic gene into the host chromosome, should last permanently and not require
repeated treatments. The ability to integrate into the host genome has however, been
considered a cause of potentially severe side effect(s) in cases where retroviral and lentiviral
vectors are used as delivery vehicles for therapeutic genes. The most publicized case
involves gene therapy of X-linked severe combined immunodeficiency (X-SCID) by
gammaretroviral vectors, where a functional copy of the IL2Rγ gene was delivered into the
host genome. Although the trial was very effective in treating the disease, it resulted in
vector integration in close proximity to genes that act as proto-oncogenes, resulting in
insertional mutagenesis.53 However, unlike the MLV vectors used in the X-SCID trial, the
EIAV-based lentiviral vectors described here do not preferentially integrate into the
promoter regions or the 5′ ends of the transcription units. It has been shown that EIAV
vectors preferentially integrate within active genes favoring AT-rich regions with a similar
profile to that of HIV-1 vectors.54 Furthermore, it has recently been demonstrated that the
genotoxicity associated with lentiviral vectors is very low.55

In conclusion, treatment of mouse models with lentiviral vectors carrying a reporter gene
and/or the therapeutic gene, ABCA4, results in high-level and sustained expression of a
transgene/protein in the injected area. The resulting efficient reduction of A2E accumulation
in the mouse model of STGD1 with EIAV-based vectors allows for optimism in transferring
the technology to patients diagnosed with Stargardt macular dystrophy and other ABCA4-
associated diseases.

Materials and methods
Animals

All animal experiments were approved by Columbia University (IACUC) and conformed to
the standards of the American Veterinary Medical Association Panel on Euthanasia and
recommendations of the Association of Research for Vision and Ophthalmology. Animals
were maintained under normal cyclic lighting. Abca4−/− mice were generated in
collaboration with Bristol-Myers Squibb and Lexicon Genetics (The Woodlands, TX, USA)
and genotyped as described previously.45 Specifically, all Abca4−/− and wt mice used in this
study were homozygous for the Rpe65 Leu450 variant.45 Typically, subretinal injections
with lentiviral vectors were performed in mice on P4–5 in all experiments.

Construction of viral vectors
The human immunodeficiency virus-based vector (HIV-EF1α-LacZ) was generously
provided by R Pawliuk and P Leboulch (Genetix Pharmaceuticals, Cambridge, MA, USA).
The configurations of the minimal EIAV vectors used in this study are shown in Figure 1.
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The human ABCA4 cDNA was a generous gift from Hui Sun and Jeremy Nathans (HHMI,
Johns Hopkins Medical Center).20 The ABCA4 cDNA was cloned into the EIAV-CMV-
LacZ vector (from the pONY8 series described previously)56 to replace LacZ to create the
EIAV-CMV-ABCR construct. Subsequently, the constitutive hCMV promoter was replaced
with the minimal (0.3 kb) photoreceptor-specific bRho promoter43,44 in both constructs to
obtain EIAV-bRho-LacZ and EIAV-bRho-ABCR vectors. A detailed description of the
specific cloning strategies is available on request.

EIAV viral vector production
Recombinant EIAV vectors were produced using the transient vector production method by
three plasmid cotransfections of HEK293T cells using lipofectamine (Invitrogen, Carlsbad,
CA, USA) as described previously57 except that the transfections were carried out in 10
layer cell factories and media was changed 6–8 h after sodium butyrate addition and vector
harvested 42 h post transfection and concentrated by double centrifugation process. The
following quantities of plasmid were used per cell factory: 440 µg genome plasmid, 220 µg
EIAV synthetic gag/pol (pESynGP; Wilkes et al., manuscript in preparation) and 8.8 µg
VSV-G envelope (pHCMVG).58

The titers of the viral vector stocks were determined by the integration (DNA) assay.
HEK293T cells were transduced and passaged three times post transduction. Negative
(mock-transduced) and positive (reference vector) controls were included in each assay.
Cells were harvested at day 10 and total DNA extracted using the QIAamp DNA Mini Kit
(Qiagen, Valencia, CA, USA). The DNA concentration was analyzed by spectrophotometer
and adjusted to 30 ng µl−1. Samples were analyzed in duplicate using 150 ng DNA per 25 µl
reaction. The PCR mix contained 1× TaqMan Universal Master Mix with AmpErase UNG
(Applied Biosystems, Foster City, CA, USA), 300 nM EIAV forward (5′-
ATTGGGAGACCCTTTGACATTG), and reverse (5′-
ACCAGTAGTTAATTTCTGAGACCCTTGTA) primers and 200 nM probe (5′-
FAMCACCTTCTCTAACTTCTTGAGCGCCTTGCTTAMRA). A stock of plasmid DNA
containing the amplicon was used to prepare standards of known copy number and a
standard curve. DNA prepared from HEK293T cells containing a single EIAV
(pONY8.4ZCG) vector copy, cloned by limiting dilution and verified by Southern blotting,
was used as an internal reference standard. Samples were transferred to a 96-well optical
plate and amplified using a TaqMan 7900HT quantitative PCR machine using the cycling
parameters: 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. The plasmid standard dilution series was used to plot a regression curve of
Ct plotted against copies of EIAV packaging signal. The predicted number of transducing
units per ml (TU ml−1) of each sample was calculated from the regression equation and
normalized to the pONY8.4ZCG reference standard. Titers were adjusted to account for the
number of cells at the time of transduction and the dilution and volume of the vector applied.

Reverse transcriptase–polymerase chain reaction
In-vivo expression of the human ABCA4 in treated Abca4−/− animals was confirmed by RT–
PCR. Whole mouse eyes were harvested either 2 weeks or 2 months after vector delivery
and frozen in liquid nitrogen. The eye cups (two per tube) were crushed and homogenized in
350 µl ALT buffer (containing 1% fresh 2-mercaptoethanol) with the Qiagen Qiashredder.
Total RNA was isolated with the Qiagen mini RNeasy kit according to the manufacturer’s
protocol (Qiagen). RT–PCR reactions were carried out with equal amounts of total RNA
using the SuperScript III One-Step RT–PCR System (Invitrogen) with Platinum Taq DNA
polymerase (Invitrogen). At the end of the reaction 20 µl of each product was separated on a
1.2% agarose gel. Primers for the human ABCA4 gene were as follows: forward, ABCA4
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5708-F 5′-GGAAGAACCTGTTTGCCATGGTGGT-3′; reverse, ABCA4 6613-R 5′-
TTCTAGTTTAGGGGCTTCCTGCTGG-3′.

LacZ expression
After euthanasia, eyes were quickly removed and fixed in 3% glutaraldehyde overnight at 4
°C After washing, the anterior segments, lens and vitreous were removed and the eye cups
washed with phosphate buffered saline (PBS). The eye cups were reacted with X-gal
reagents (1 mg ml−1 X-gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM

MgCl2, 0.02% Nonidet P-40 diluted from 20% stock, 0.01% Na deoxycholate diluted from
10% stock, in PBS) overnight at room temperature on a rotator and finally incubated for 1 h
at 37 °C in a closed chamber. The eye cups were rinsed in PBS until the solution no longer
turned yellow and then postfixed in 3% glutaraldehyde overnight at 4 °C.

Immunohistochemistry for ABCA4
Mouse eyes were embedded in Optimal Cutting Temperature (OCT) embedding compound
and frozen in liquid nitrogen immediately after euthanasia. Cryo sectioning was performed,
followed by fixation with 4% paraformaldehyde for 10 min. Sections were washed in PBS
and dried at room temperature for one hour, then hydrated with PBS for 10 min. The
sections were permeabilized with 0.2% Triton X100 for 10 min at room temperature. The
MOM (Mouse on Mouse) basic kit from Vector (BMK-2202) was used for immunolabeling.
Sections were blocked with MOM Ig blocking reagent for one hour at room temperature,
washed in PBS, immersed in working solution of MOM diluent for 5 min, incubated with
ABCA4 monoclonal antibody Rim 3F4 (a generous gift from Robert Molday, University of
British Columbia, Vancouver, Canada), washed in PBS, incubated with MOM biotinylated
anti-mouse immunoglobulin G reagent for 10 min at room temperature, washed in PBS,
incubated with secondary antibody Alexa 594 antistreptavidin 1:500 in MOM diluent for 30
min at room temperature and washed, dried and mounted in Vectashield mounting medium
plus 4′,6-diamidino-2-phenylindole dihydrochloride.

Electroretinogram
ERG was recorded from the corneas of mice anesthetized by intraperitoneal xylazine/
ketamine and the pupils dilate with epinephrine and cyclogel. A cotton wick or a Burian–
Allen contact lens electrode designed for mice (Hansen Ophthalmic Development Lab,
Coralville, IA, USA) was used to detect the ERG with a reference gold electrode in the
mouth and a needle ground electrode in the tail. The mouse was mounted on an
electronically controlled heat blanket (TC 1000, CWE Inc, Ardmore, PA, USA) that
monitored core body temperature by a rectal thermometer in order to maintain it at 37 °C.
Mice were dark adapted overnight and prepared under deep red light for testing. Light
stimuli were obtained from a ganzfeld stimulator coupled to a Grass photic stimulator (Grass
Technologies, West Warwick, RI, USA). The mouse rested on the heat blanket on a block
with its head within the ganzfeld. The ERG responses were recorded with an AD
instruments Power Lab Scope system (AD Instruments, Colorado Springs, CO, USA) and a
Mac computer. ERGs were obtained from Abca4−/− mice treated with therapeutic and null
vectors and untreated animals and compared to Abca4+/+ mice. The b-wave amplitudes of
the ERG were measured from the negative peak of the a-wave to the positive peak of the b-
wave.

Quantification of A2E/isoA2E in mouse eyes
Tissue extraction and HPLC analysis was carried out as previously described.46 Posterior
eye cups were pooled and homogenized in PBS using a tissue grinder. An equal volume of a
mixture of chloroform/methanol (2:1) was added and the sample was extracted three times.
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To remove insoluble material, extracts were filtered through cotton and passed through a
reversed phase (C18 Sep-Pak, Millipore) cartridge with 0.1% trifluoroacetic acid (TFA) in
methanol. After removing solvent by evaporation under gas, the extract was dissolved in
methanol containing 0.1% TFA, for HPLC analysis. For quantification of A2E, a Waters
600E HPLC was used with a C18 column (4 × 150 mm) with the following gradient of
acetonitrile in water (containing 0.1% TFA): 90–100% (0–10 min), 100% acetonitrile (10–
20 min). A flow rate of 0.8 ml min−1 was used and the solution was monitored at 430 nm.
An injection volume 10 µl was used. Extraction and injection for HPLC was performed
under dim red light. Levels of A2E and iso-A2E were determined by reference to external
standards of HPLC-purified A2E/iso-A2E.

Statistical analyses
Data are presented as means and standard deviation (s.d.) and error of the mean (s.e.m.).
Pair-wise comparisons with t-test and multiple comparisons with ANOVA were used to
determine statistical significance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the equine infectious anemia virus (EIAV) vectors used in this
study including the titer of each vector in transducing units per ml (TU ml−1). CMVp, the
cytomegalovirus immediate/early promoter; Neo, Neomycin open reading frame; bovRho,
0.3 kb fragment from the bovine rhodopsin promoter; LacZ, β-galactosidase reporter gene,
ABCR, human ABCR/ABCA4 cDNA; WPRE, modified Woodchuck hepatitis virus post-
transcriptional regulatory element.
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Figure 2.
X-gal staining of the posterior segment (a) and Epon-embedded sections of mouse retinas
transduced with the EIAV-CMV-LacZ vector (b) or the HIV-EF1α-LacZ vector (c). (a) A
single injection of the EIAV-CMV-LacZ vector transduced ~20–30% of the entire retina. (b
and c) Retinal sections of 18 days old mice, injected subretinally with 1 µl of viral solution
containing 3–5 × 105 TU of either EIAV-CMV-LacZ (b) or HIV-EF1α-LacZ (c) 14 days
earlier. EIAV-derived vector transduced ~5% of photoreceptors, retinal pigment epithelium
(RPE) and occasionally Mueller cells (b), whereas transduction was restricted to RPE cells
with the HIV-derived vector (c). Representative images of n = 10 eyes (a and b) and n = 6
eyes (c) are shown.
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Figure 3.
X-gal staining of Epon section of a mouse retina following subretinal delivery of the equine
infectious anemia virus (EIAV)-bRho-LacZ vector. The newborn mice (P4–5) were
subretinally injected with 2.0 × 105 TU of the EIAV-bRho-LacZ virus and X-gal staining
was carried out 14 days later. The X-gal staining was restricted to the photoreceptor cell
layer in all animals (n = 5).
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Figure 4.
Reverse transcriptase (RT)–PCR on the total RNA from eyecups of Abca4−/− mice treated
with equine infectious anemia virus (EIAV)-ABCA4 vectors 2 weeks (lanes 2, 3) and 2
months (lanes 4–6) after subretinal injections. Upper panel: lane 1, untreated Abca4−/−

mouse eyes; lane 2, Abca4−/− mouse eyes 2 weeks after EIAV-CMV-ABCR injection; lane
3, Abca4−/− mouse eyes 2 weeks after EIAV-bRho-ABCR injection; lane 4, Abca4−/−

mouse eyes 2 months after EIAV-CMV-ABCR injection; lane 5, the same experiment as in
lane 4 with a different isolate of the EIAV-CMV-ABCR virus; lane 6, Abca4−/− mouse eyes
2 months after EIAV-bRho-ABCR injection; lane 7, marker. Lower panel shows
amplification of a 0.3 kb fragment of the actin gene from the same RNA isolates.
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Figure 5.
Expression of the human and murine ABCA4 protein in the mouse retina. (a) The Abca4−/−

mouse retina treated with the EIAV-CMV-ABCA4 virus, showing the human ABCA4 in
photoreceptor (PR) outer segments (OS) and in the RPE (in red). OS and RPE cell layers are
slightly detached (shown by *) to further separate the staining in the PR outer segments and
RPE cells. (b) Untreated Abca4−/− mouse, lacking any ABCA4/Abca4. (c) Wild-type mouse
showing the endogenous mouse Abca4 protein in PR outer segments. (d) The same
experiment as in (a), showing the extent of the expression of the human ABCA4 protein in
the treated area with no detachment. INL, inner nuclear layer; ONL, outer nuclear layer; OS,
outer segments of photoreceptors; RPE, retinal pigment epithelium.
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Figure 6.
A2E/isoA2E content in mouse eyes at 6 and 12+ months time points. KO, untreated
Abca4−/− mice; mock, Abca4−/− animals injected with equine infectious anemia virus
(EIAV)-null virus; CMV, Abca4−/− mice treated with EIAV-CMV-ABCA4 construct; Rho,
Abca4−/− mice treated with EIAV-Rho-ABCA4 constructs; wt, wild type animals. Each bar
(data point) represents n = 4–20 eyes with s.d. values shown.
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