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Recessive Stargardt macular degeneration (STGD1) is caused by
mutations in the gene for the ABCA4 transporter in photoreceptor
outer segments. STGD1 patients and Abcad4~"~ (STGD1) mice exhibit
buildup of bisretinoid-containing lipofuscin pigments in the retinal
pigment epithelium (RPE), increased oxidative stress, augmented
complement activation and slow degeneration of photoreceptors.
A reduction in complement negative regulatory proteins (CRPs), pos-
sibly owing to bisretinoid accumulation, may be responsible for the
increased complement activation seen on the RPE of STGD1 mice.
CRPs prevent attack on host cells by the complement system, and
complement receptor 1-like protein y (CRRY) is an important CRP in
mice. Here we attempted to rescue the phenotype in STGD1 mice by
increasing expression of CRRY in the RPE using a gene therapy ap-
proach. We injected recombinant adeno-associated virus containing
the CRRY coding sequence (AAV-CRRY) into the subretinal space of
4-wk-old Abca4~~ mice. This resulted in sustained, several-fold in-
creased expression of CRRY in the RPE, which significantly reduced
the complement factors C3/C3b in the RPE. Unexpectedly, AAV-CRRY-
treated STGD1 mice also showed reduced accumulation of bisreti-
noids compared with sham-injected STGD1 control mice. Furthermore,
we observed slower photoreceptor degeneration and increased visual
chromophore in 1-y-old AAV-CRRY-treated STGD1 mice. Rescue of
the STGD1 phenotype by AAV-CRRY gene therapy suggests that com-
plement attack on the RPE is an important etiologic factor in STGD1.
Modulation of the complement system by locally increasing CRP ex-
pression using targeted gene therapy represents a potential treat-
ment strategy for STGD1 and other retinopathies associated with
complement dysregulation.

recessive Stargardt macular degeneration | complement system |
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ecessive Stargardt macular degeneration (STGD1) is a blinding

disease of children and young adults caused by mutations in the
ATP binding cassette subfamily A member 4 (4BCA4) gene (1, 2).
The pathological hallmark of STGD1 is deposition of autofluorescent
lipofuscin in the retinal pigment epithelium (RPE), which precedes
photoreceptor degeneration (3, 4). The exact mechanism of how
RPE lipofuscin accumulation disrupts overall RPE performance is
poorly understood. The RPE fulfills several photoreceptor sup-
port tasks, including phagocytosis of distal outer segments (OS)
and processing of visual retinoids (5-8). In addition, the RPE
plays a major role in controlling the ocular immune response
through expression of various complement negative regulatory
proteins (CRPs) (9). For these reasons, photoreceptors are criti-
cally dependent on a healthy RPE for continued viability.

The ABCA4 transporter clears retinaldehyde released by photo-
bleached rhodopsin and cone-opsins from OS discs in the form of
N-retinylidene phosphatidylethanolamine (N-ret-PE) (10). As a re-
sult, mice lacking ABCA4 accumulate retinaldehyde and N-ret-PE
in their OS after light exposure (11), which promotes condensation
of N-ret-PE with a second retinaldehyde to yield a series of bis-
retinoid pigments that build up as lipofuscin in the RPE with
advancing age (12-15). This accumulation is greatly enhanced in
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the RPE of STGDI patients and Abca4~'~ mice (STGD1) (16).
Fluorescent bisretinoid-lipofuscin pigments can be visualized by
fundus autofluorescence imaging (17, 18) and are responsible for
the “dark choroid” seen in STGDI1 patients on fluorescein angi-
ography (19). One of the major lipofuscin components in the RPE
of Abca4™'~ mice and STGDI1 patients is N-retinylidene-N-reti-
nylethanolamine (A2E) (15). A2E and other bisretinoids exhibit
several mechanisms of cytotoxicity (20-23) and are thought to
contribute to STGD1 pathogenesis (24). Importantly, bisretinoids
and their oxidation products have been shown to activate com-
plement in cultured RPE cells (25, 26). Increased inflammatory
markers and complement activation also have been observed in
Abca4™~ mice (27). Degeneration of photoreceptors in these
animals has been attributed to degraded RPE function owing to
chronic bisretinoid-mediated complement dysregulation (27, 28).

Age-related macular degeneration (AMD), a disease with signif-
icant similarities to STGD], is also associated with RPE lipofuscin
accumulation and complement dysregulation (29). The genes for
multiple proteins of the complement cascade, such as complement
factor H (CFH), are susceptibility loci for AMD (30-32). CFH is a
soluble CRP secreted by liver and RPE cells (33). Notably, com-
plement activation in bisretinoid-laden RPE cells has been shown
to be strongly dependent on the CFH haplotype (34). Moreover, a
subset of AMD has been linked to ABCA4 mutations, suggesting a
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The complement system, a key component of innate immunity, is
necessary to maintain tissue homeostasis. In the eye, the retinal
pigment epithelium (RPE) plays a major role in controlling the
immune response through expression of various complement
negative regulatory proteins (CRPs). Here we identify that in-
appropriate activation of the complement cascade plays a role in
the pathogenesis of recessive Stargardt disease (STGD1). Using
the STGD1 mouse model, we show that overexpression of the
complement receptor 1-like protein y, a major murine CRP, re-
duces complement attack on the RPE and rescues both bisretinoid
accumulation and photoreceptor degeneration. Our data dem-
onstrate that STGD1 presents with dysregulation of the comple-
ment system as also has been proposed for age-related macular
degeneration, supporting a common etiologic pathway.
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Fig. 1. Increased expression of CRRY in the RPE cells by subretinal injection
of AAV-CRRY. (A) Histogram showing relative CRRY, DAF1, DAF2, CD59a,
CD59b, and CFH mRNA levels by qRT-PCR. Each mRNA level was normalized
to 18S rRNA. (B) Representative immunoblot of CRRY (65-kDa isoform), Myc,
and B-actin using RPE homogenate (10 pg of protein per lane). Protein and
¢DNA samples were obtained from 1-y-old Abca4~"~ mice injected with AAV-
CRRY and -null viruses. Data represent mean + SD; n = 5 mice. Each protein
and ¢cDNA sample was run in triplicate. M.W., molecular weight.

convergent pathogenesis for STGD1 and AMD (35). Although
effective treatments exist to temporize the “wet” form of AMD
associated with choroidal neovascularization (36-39), no effective
treatments exist for the early “dry” form of AMD that more
closely resembles STGD1.

To date, the contribution of complement dysregulation to the
pathogenesis of STGD1 has not been assessed in live animals. In
the present study, we attempted to normalize complement activity
in the eye by increasing expression of complement receptor 1-like
protein y (CRRY) in the Abca4™'~ RPE cells. To this end, we in-
jected recombinant adeno-associated virus containing the gene for
CRRY (AAV-CRRY) into the subretinal space of STGD1 mice.
We assessed complement reactivity, bisretinoid accumulation, ox-
idative stress, photoreceptor morphology, and physiological re-
sponses of the retina up to 1y following delivery of the virus.

Results

AAV-CRRY Subretinal Injection Results in Increased Expression of
CRRY in the RPE Cells. Subretinal delivery of 13,000 multiplicity of
infection (MOI) AAV-CRRY or AAV-null virus in 0.5 pL of in-
jection volume was performed under direct visualization and
confirmed by fundus imaging and optical coherence tomography
(OCT) in 4-wk-old mice. The CRRY construct was designed with a
Myc tag, allowing us to distinguish the AAV-expressed protein
from endogenous CRRY. We confirmed expression of Myc-tagged
CRRY protein in RPE homogenates of Abca4~'~ mice by immu-
noblotting at 5 wk after subretinal injection. In AAV-CRRY RPE
homogenates, the protein was detected by both CRRY and Myc
antibodies, whereas RPE homogenates from uninjected and null-
injected (AAV-GFP) Abca4™'~ mice exhibited reactivity only with
the CRRY antibody (Fig. S1B); however, Myc immunoreactivity
was undetectable in the neural retina homogenates, suggesting
RPE specificity (Fig. S1C). CRRY mRNA expression was mea-
sured by quantitative RT-PCR (qRT-PCR) using cDNA from
mouse RPE as the template. By 1 y postinjection, the CRRY
mRNA was fourfold more abundant in AAV-CRRY-injected vs.
AAV-null-injected Abca4~~ mice (Fig. 14). Consistently, levels of
recombinant CRRY were higher in RPE homogenates from AAV-
CRRY-injected vs. AAV-null-injected mice by immunoblotting,
using antibodies against CRRY and Myc (Fig. 1B). These results
indicate stable long-term expression of AAV-CRRY. Expression
of other CRP mRNAs was not significantly altered in the RPE of
AAV-CRRY-injected Abca4™~ mice (Fig. 14).

CRRY overexpression correlates with decreased accumulation of comple-
ment C3 and its breakdown fragments in the RPE. Complement factor
C3 is cleaved to generate the C3bBb convertase, C3b, and its
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breakdown fragment (iC3b) on initiation of the complement cas-
cade. To determine whether overexpression of CRRY results in
decreased C3 convertase, we evaluated C3/C3b levels in the eyes of
injected animals by immunohistochemistry and quantitative im-
munoblotting. C3/C3b (red) immunofluorescence was reduced in
RPE sections from AAV-CRRY-injected vs. AAV-null-injected
mice (Fig. 24). In these animals, CRRY overexpression was con-
fined to the RPE by Myc (green) immunofluorescence (Fig. 24).
To confirm this finding, we measured C3 in RPE homogenates by
quantitative immunoblotting. At 1 y of age, C3/C3b levels were
twofold lower in AAV-CRRY-injected vs. AAV-null-injected
mice (Fig. 2B). These results suggest that overexpression of CRRY
reduced complement activation on the RPE, as intended.

RPE autofluorescence is decreased in the AAV-CRRY-injected Abcad™'~
mice. Accumulation of autofluorescent bisretinoids in the RPE is
a hallmark of STGD1 (15). It was previously shown that C3
breakdown fragments become internalized in the RPE cells of
Abca4™"~ mice and colocalize with endogenous autofluorescence
(27). We investigated the distribution of CRRY by immunofluo-
rescence and the distribution of autofluorescent bisretinoids in RPE
flat mounts from 6-mo-old Abca4~'~ mice. Age-matched wild-type
(BALB/c) mice exhibited lower autofluorescence compared with
AAV-null-injected Abca4™~ mice, as anticipated (Fig. 3). AAV-
CRRY-injected Abca4™~ mice exhibited significantly lower auto-
fluorescence (green) in the RPE compared with AAV-null-
injected Abca4”'~ mice (Fig. 3). Only the AAV-CRRY-injected
mice showed significant Myc immunofluorescence in the RPE (red)
(Fig. 3). Subretinal injection of the virus in the superior-temporal
region covered only approximately one-third of the retina; the flat
mounts in Fig. 3 are from this treated area. As expected, RPE from
an inferior-nasal region remote from the superior-temporal site of
injection exhibited minimal Myc immunofluorescence (Fig. S2,
away from the injection site). In addition, RPE autofluorescence
was higher in this nonrescued region (Fig. S2), suggesting a corre-
lation between CRRY overexpression and reduced bisretinoid ac-
cumulation in the RPE of Abca4™~ mice.
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Fig. 2. Reduced C3/C3b immunoreactivity in AAV-CRRY-treated Abca4™’~
mice. (A) Representative confocal images of Myc (green), C3/C3b (red), and
DAPI (blue) immunohistochemistry in 5-mo-old Abca4~"~ mice injected with
AAV-CRRY and -null viruses (n = 3 mice). Images were taken from the
superior-temporal quadrant. (Scale bar: 10 pm.) (B) Representative immu-
noblot of C3/C3b and p-actin using RPE homogenate (10 pg protein per lane).
C3/C3b band intensity in RPE homogenate samples was normalized to
B-actin. Data in the histogram are mean + SD; n = 6 mice. P < 0.005. Note the
approximate twofold reduction in C3/C3b levels in the AAV-CRRY group.

Lenis et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620299114/-/DCSupplemental/pnas.201620299SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620299114/-/DCSupplemental/pnas.201620299SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620299114/-/DCSupplemental/pnas.201620299SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620299114/-/DCSupplemental/pnas.201620299SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1620299114

Myc-CRRY, autofluorescence, and DAPI confocal images
Abca4-/-

BALB/c
Uninjected

Fig. 3. Decreased RPE autofluorescence in AAV-CRRY-injected Abca4™~ mice.
Representative confocal images of Myc (red) and DAPI (blue) immunohistochem-
istry; autofluorescence (AF, green) acquired at an 488-nm excitation wavelength in
6-mo-old Abca4™~ mice injected with AAV-CRRY and -null viruses (Left and Mid-
dle) and age-matched untreated BALB/c mice (Right). Images were taken from the
superior-temporal quadrant. Autofluorescence intensity inversely correlates with
levels of Myc-CRRY expression in the Abcad™~ mice (n = 4). (Scale bar: 20 pm.)

Bisretinoid levels are reduced in AAV-CRRY-injected Abcad—'~ mice. We
quantified bisretinoids by liquid chromatography in wild-type and
Abca4~~ RPE at 11-12 mo postinjection. Both A2PE-H, and A2E
were ~2.5-fold reduced in Abca4~'~ mice that received the AAV-
CRRY virus vs. those that received the AAV-null virus (Fig. 4).
Still lower levels of bisretinoids were present in noninjected, age-
matched wild-type mice (Fig. 4).

CRRY overexpression did not affect oxidative stress or autophagy in
Abcad™"~ RPE. Bisretinoid accumulation in the RPE is partly re-
sponsible for inducing cellular oxidative stress and compromised
autophagy (27, 40). We measured mRNA and protein expression
of superoxide dismutase-1 (SOD-1) along with a mitochondria-
specific marker, superoxide dismutase-2 (SOD-2), in the eyes of
7-mo-old AAV-CRRY- and AAV-null-injected mice by qRT-
PCR and immunoblotting (Fig. S3). SOD-1 and SOD-2 mRNA
and protein were present at similar levels in the RPE cells of AAV-
CRRY-injected and AAV-null-injected mice (Fig. S3).

We also measured the lipidated form of microtubule-associated
protein light chain 3 (LC3) in the RPE of wild-type and Abca4 ™'~
mice at 6 mo after subretinal injection of AAV-CRRY or AAV-
null virus. We observed a significant decrease in LC3 levels in
RPE homogenates from Abca4~'~ mice vs. age-matched wild-type
mice; however, LC3 immunoreactivity was not influenced by
CRRY overexpression in either the wild-type or the Abca4™'~
RPE (Fig. S4). Thus, oxidative stress and impaired autophagy
might not be improved by increasing CRRY expression.
Lipofuscin deposition in RPE cells is decreased after AAV-CRRY injection.
Accumulation of lipofuscin granules in the RPE occurs with nor-
mal aging and is greatly accelerated in Abca4”~ mice (11, 41).
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Electron microscopy analysis of retinal sections of AAV-CRRY-
injected Abca4”~ eyes showed significantly reduced pigment
granules in the RPE cells compared with AAV-null-injected
Abca4™~ eyes (Fig. 54). To quantify these lipofuscin pigments, we
measured the RPE cell area occupied with pigment granules di-
vided by the total cytoplasmic area. The fractional area of lip-
ofuscin granules in the RPE was ~30% lower in AAV-CRRY-
injected Abca4™'~ eyes compared with AAV-null-injected Abca4 ™~
eyes; however, AAV-CRRY- and AAV-null-injected Abca4™'~
eyes showed 2.5-fold and 1.8-fold, respectively, higher lipofuscin
deposition compared with uninjected wild-type eyes (Fig. 5B).
Overexpression of CRRY in the RPE protects Abcad~'~ photoreceptors from
degeneration. Albino Abca4™~ mice exhibit slow degeneration of
photoreceptors (16). Here we tested whether overexpression of
CRRY in the RPE of Abca4~'~ mice had a protective effect. We
performed light microscopy (LM) on fixed retinal sections from
regions overlying the site of virus injection from ~1-y-old mice.
AAV-CRRY-injected Abca4~'~ mice exhibited significantly more
photoreceptor nuclei in the outer nuclear layer (ONL) compared
with AAV-null-injected Abca4”~ mice (Fig. 6 A and B). In the
rescued area, the number of ONL nuclei were similar in AAV-
CRR Y-injected Abca4~'~ mice and wild-type mice (Fig. 6 A and
B). These results suggest nearly complete protection from photo-
receptor degeneration in the injected region (superior-temporal).

To confirm these findings, we measured levels of 11-cis-reti-
naldehyde (11-cis-RAL) chromophore in dark-adapted mice, which
correlates with the number of rhodopsin molecules. At ~11 mo
postinjection, AAV-CRRY-injected Abca4™'~ whole eyes con-
tained 25% more 11-cis-RAL than AAV-null-injected Abca4™~
whole eyes (Fig. 7). Still higher levels of 11-cis-RAL were present in
age-matched wild-type control mice (Fig. 7). The less dramatic
rescue of photoreceptor degeneration by 11-cis-RAL levels likely
reflects the averaging of protected and nonprotected areas in the
AAV-CRRY-injected mice.

Discussion

Accumulation of bisretinoid pigments in the RPE of Abca4~'~ mice
causes significant complement dysregulation that further contrib-
utes to RPE dysfunction and subsequent photoreceptor de-
generation (15, 16, 27). In this study, we attempted to protect cells
against complement attack by increasing expression of CRRY in
the RPE of Abca4~'~ mice. CRRY is an important CRP in the
mouse eye (9). The functional human homolog of CRRY is
Membrane Cofactor Protein (MCP, or CD46), which is implicated
in several human inflammatory diseases, including AMD (42, 43).
A single subretinal injection of AAV-CRRY in 4-wk-old Abca4™"~
mice was sufficient to sustain a several-fold increase in CRRY
expression in the RPE beyond 1 y without affecting the levels of
other CRPs (Fig. 1). CRRY prevents cleavage of complement
components C3 and C5, which generate reactive breakdown
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Fig. 4. Reduced bisretinoid levels in AAV-CRRY-injected Abca4~'~ mice. Bis-
retinoids were quantified by HPLC from chloroform extracts of a single eye
from 1-y-old Abca4™"~ and BALB/c mice. A2PE-H, (A) and A2E (B) are expressed
as milliabsorbance units (mAU) and picomoles (pmol) per eye, respectively.
Data represent mean + SD; n = 6-8 mice. *P < 0.05; **P < 0.005.
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Fig. 5. Lipofuscin accumulation is decreased in CRRY-injected Abca4~’~
mice. (A) Representative EM images of RPE from 1-y-old Abca4~"~ and BALB/c
mice. Arrows indicate electron-dense lipofuscin granules. (Scale bar: 2 um.)
(B) Histogram showing the lipofuscin fractional area measurements by EM.
Images were taken from the superior nasal quadrant. Data are presented as
mean + SD; n = 4-11 mice. *P < 0.005.

fragments that form the cytolytic membrane attack complex
(MAC) (44). These proteins can deposit on the plasma membrane
of RPE cells to create a sublytic complex that degrades RPE
function without killing the cell (45, 46). CD46 is expressed in the
basolateral membranes of human RPE cells, where it is exposed to
the choroidal circulation. CD46 and CRRY bind complement C3b
with high affinity, inhibiting the C3 convertase amplification loop
that leads to MAC deposition (47). Here we have shown that
CRRY overexpression in AAV-CRRY-injected Abca4™~ eyes
leads to reduced deposition of the C3 breakdown fragments C3b
and iC3b (Fig. 2).

The presence of reactive complement proteins on the surface of
RPE cells may accelerate lipofuscin accumulation by impeding its
clearance via endolysosomes within the RPE (48). This concept is
supported by the observation that the RPE region transduced by
the AAV-CRRY virus exhibited decreased autofluorescence (Fig.
3). In the case of STGDI1 patients and Abca4™ mice, this auto-
fluorescent material contains abundant A2E and related bisreti-
noids (15, 49). Bisretinoid levels in the AAV-CRRY-injected mice
were approximately twofold lower than those in the AAV-null-
injected mice (Fig. 4). These data lend further support to the as-
sociation between complement activation and buildup of vitamin A
byproducts in RPE cells. Increased bisretinoid-lipofuscin granules
within RPE cells have been shown to inhibit cholesterol-mediated
autophagy (40). We measured levels of LC3, a key marker of
autophagy, in response to AAV-CRRY injection. Althouﬁh the
relative amount of LC3 was significantly lower in the Abca4™~ mice
compared with the wild-type mice, similar levels of LC3 were ob-
served in mice that received AAV-CRRY virus injections and those
that received AAV-null virus injections (Fig. S4). Likewise, anti-
oxidative stress protein levels were similar in the AAV-CRRY-
injected and AAV-null-injected Abca4~'~ mice (Fig. S3). These data
suggest that even mild accumulations of bisretinoid-lipofuscin above
the levels in wild-type mice are sufficient to induce cellular stress.

A major effect of increasing CRRY expression in the RPE of the
Abca4™"~ mice was the slowing of photoreceptor degeneration (Fig.
6). We observed an ~30% increase in the number of photoreceptor
nuclei in the area transduced by the AAV-CRRY treatment. This
modest but significant rescue was evidenced by increased visual
chromophore in AAV-CRRY-treated Abca4~~ mice (Fig. 7). In
Abca4™~ mice and STGD1 patients, photoreceptor degeneration is
attributed to bisretinoid accumulation by the RPE (4, 15). With
time, the combination of bisretinoid accumulation and comple-
ment activation may impair the recycling of retinoids released from
phagocytosed OS in the RPE. This favors the formation of bisre-
tinoids, such as A2E (8). Reduced bisretinoid levels have been
observed in Abca4~~ mice treated with drugs that lower circulating
vitamin A or inhibit enzymes of the visual cycle (28, 41, 50).
Combination drug therapy with both complement modulators and

3990 | www.pnas.org/cgi/doi/10.1073/pnas.1620299114

visual cycle inhibitors may be an effective treatment strategy for
STGD1 because it targets both pathogenic mechanisms.

Rescue of both bisretinoid accumulation and photoreceptor
degeneration by subretinal injection of AAV-CRRY suggests that
inappropriate activation of the complement cascade plays a role in
the pathogenesis of STGD1. Correlation between monoallelic se-
quence variants in the ABCA4 gene and a clinically distinct subset
of “dry” AMD patients (51), together with the present findings,
suggest a common final etiologic pathway for STGD1 and some
cases of AMD (51). In AMD, complement dysfunction in the RPE
can be caused by mutations in the gene for CFH or other com-
plement regulatory proteins (52-55). In contrast, the primary de-
fect in STGD1 is lack of the functional ABCA4 transporter, which
is responsible for the formation and accumulation of toxic bisre-
tinoids in the RPE (2, 15). Degeneration of macular photorecep-
tors in both diseases results from loss of RPE support. Our study
shows that normalizing local complement activity in aged or dis-
eased RPE may prolong photoreceptor viability.

Materials and Methods

Animals. Albino Abca4~'~ and BALB/c mice were housed in 12-h light/12-h dark
conditions and fed ad libitum. Mice were on the homozygous Leu450
Rpe65 variant and free of Rd8 mutations. All experiments were performed in
accordance with the Association for Research in Vision and Ophthalmology
statement and University of California Institutional Animal Care and Use
Committee guidelines for animal care and approved research protocols.

Generation of Adeno-Associated Viral Vector Expressing CRRY. The murine
CRRY gene was amplified by PCR from a cDNA clone (Origene NM_013499) (56).
A carboxy terminal c-Myc tag was added using oligonucleotides (forward:
5’-CACACACGCTAGCCCTCTTAAAAGATCCAAAAAATGAGACTTCTAGC-3/;
reverse: 5-TGTGTGCTCGAGTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCGG
AGACTTCTTGAGTGAGTGAATTCCGTG-3’) and subcloned into pAAV8-CAG-
MCS (Vector Biolabs) within restriction sites Xhol to Nhel to generate
pPAAV8-CAG-CRRY-Myc (CRRY-Myc) (Fig. S1A). The construct was verified
with restriction digests and by sequencing analysis. The CRRY-Myc construct
was packaged in an AAV2 vector genome pseudoserotyped with the type
8 capsid (AAV-CRRY) by the Penn Vector Core (57). Control vectors, such as
AAV2/8 null (AAV-null) and a vector expressing green-fluorescence protein
(AAV-GFP), were obtained from SignaGen Laboratories.

Subretinal Injections. Mouse eyes were dilated with 2.5% phenylephrine (Hub
Pharmaceuticals) and 0.5% tropicamide (Akorn Pharmaceuticals). Mice were
anesthetized with 100 mg/kg ketamine (Phoenix Pharmaceuticals) and 8 mg/kg
xylazine (Lloyd Laboratories). Before injection, the AAV-CRRY, -GFP, and -null
vector stock solutions were diluted from 2 x 10" to 2 x 10'® GUmL to deliver
an MOI of ~13,000 in a volume of 0.5 uL. A multipurpose 2.7-mm telescoping
modified endoscope (Karl Storz) was used to perform the subretinal injections
in the superior-temporal quadrant under direct visual control. The endoscope
tip was illuminated via a fiber optic cable connected to a xenon light source
and connected to a high-definition camera and Image 1 Hub monitor (Karl
Storz). A superior-temporal scleral incision was made with a 33-gauge needle,
followed by insertion of a blunt-tip 33-gauge needle on a Hamilton syringe.
Successful injections were identified by OCT (Bioptigen) and fundus imaging

B Outer nuclei counts

A Representative retina micrographs
BALB/c

_Uninjected

a2 ey

Abca4-/-
AAV-Null AAV-CRRY

BALB/c

Fig. 6. Rescue of photoreceptor cells in CRRY-injected Abcad4™~ mice.
(A) Representative LM images of retinas from 1-y-old Abca4~~ and BALB/c
mice. (Scale bar: 20 pm.) (B) Histogram showing the ONL nuclei counts by LM.
Images were taken from the superior-temporal quadrant. Data are mean =+ SD;
n = 5-9 mice. *P < 0.005.
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Fig. 7. Visual chromophore (11-cis-RAL) is increased in CRRY-injected
Abca4™"~ mice. Retinoid levels were quantified by HPLC from hexane extracts
of a single eye from 1-y-old Abca4~~ and BALB/c mice. The 11-cis-RAL data are
expressed as mean + SD, in pmol per eye; n = 6-8 mice. *P < 0.005.

(Karl Storz) immediately after injection and at different time points thereafter.
The mice were kept on a 37 °C heating pad during the subretinal injection,
recovery after the anesthesia, and follow-up fundus examination. Eyes
exhibiting evidence of retinal damage or hemorrhage by fundus visualization
or OCT were excluded from further analysis.

gRT-PCR. Total RNA was extracted from mouse RPE homogenate using an
Absolutely RNA Miniprep Kit (Stratagene) with DNase treatment and reverse-
transcribed to ¢cDNA using SuperScript Il (Invitrogen) in accordance with the
manufacturer’s protocol. gqRT-PCR was performed with SYBR Green (Invitrogen)
and mouse gene-specific primer sets for CRRY, DAF1, DAF2, CD59a, CD59b,
CFH, SOD-1, and SOD-2 following a previously reported protocol (27). RNA
expression was normalized to 18S rRNA Ct values for each sample, and relative
mRNA levels were recorded as mean + SD (n = 5 eyes for each group).

Immunoblotting. RPE/eyecup vs. neural retina tissue from each animal was
homogenized in 1x PBS with Halt protease inhibitor mixture (Life Technolo-
gies). Protein samples were treated with benzonase nuclease (Sigma-Aldrich) at
room temperature for 1 h and then rehomogenized with 1% SDS. Cellular
debris was removed using centrifugation, and protein concentration was de-
termined using the Micro BCA Protein Assay Kit (Thermo Fisher Scientific).
Proteins were then separated on 4-12% SDS/PAGE gels (Novex; Invitrogen) as
described previously (27). Membranes were blocked with Odyssey Blocking
Buffer (LI-COR Biosciences), followed by incubation at room temperature, and
then probed with antibodies against Myc (c-myc; PA1-22826; Thermo Fisher
Scientific), a-tubulin (T9026; Sigma-Aldrich), LC3 (L7543; Sigma-Aldrich), p-actin
(A00702; Genscript), C3/C3b/iC3b (HM1065; Hycult Biotech), CRRY (sc-30214;
Santa Cruz Biotechnology), SOD-1 (sc-11407; Santa Cruz Biotechnology), and
SOD-2 (sc-30080; Santa Cruz Biotechnology). The predominant isoforms of
recombinant CRRY detected by CRRY antibody were 53 kDa and 65 kDa; Myc
immunostaining consistently confirmed recombinant CRRY expression. Western
blot analysis was performed using cognate IR dye-labeled secondary antibodies
and detected with an Odyssey CLx Infrared Imaging System (LI-COR).

Immunohistochemistry and Confocal Microscopy. Before enucleation, all eyes
were marked by cauterization on the superior pole. The eyes were immersion-
fixed in 4% paraformaldehyde for 2 h on ice for RPE-choroid-sclera flat mounts
or overnight at 4 °C for frozen sections. For frozen sections, after fixation, the
eyes were embedded in CRYO-OCT (Tissue-Tek) and cut into 10-um sections for
C3/C3b and Myc immunohistochemistry as described previously (27). For flat
mounts, eyecups were dissected into eight leaflets, permeabilized with 1%
Triton X-100, and blocked with 1% BSA/5% normal goat serum in 0.1 M NaPO,
buffer (pH 7.0). RPE-choroid-sclera flat mounts were incubated overnight at
4°C with anti-rabbit ZO-1 (61-7300; Thermo Fisher Scientific) and anti-mouse
c-myc (PA1-22826) and then stained with goat anti-rabbit Alexa Fluor
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647 conjugate and anti-mouse Alexa Fluor 568 conjugate secondary anti-
bodies for 1 h at room temperature. The RPE flat mounts (with apical RPE
facing up) and retinal sections were mounted in Prolong Gold anti-fade re-
agent containing DAPI nuclear staining (Life Technologies) and imaged from
the superior-temporal quadrant using a 60x oil-immersion lens with an Olym-
pus Fluoview FV1000 confocal microscope. The RPE flat mounts were imaged at
a single 3-um-thick z-plane at the mid-RPE level. RPE autofluorescence was
evaluated using an excitation wavelength of 488 nm and an emission wave-
length of 500-545 nm.

Light and Electron Microscopy. Mice were euthanized under anesthesia and
fixed by intracardiac perfusion with 2% formaldehyde and 2.5% glutaralde-
hyde in 0.1 M sodium phosphate buffer (pH 7.2). The nasal and temporal
hemispheres of each eyecup were separated and also fixed in 1% osmium
tetroxide dissolved with 0.1 M sodium phosphate, then dehydrated in a graded
series of alcohols. The temporal hemispheres were embedded in a mixture of
tEpon-812 (Tousimis Research) and Araldite (Electron Microscopy Sciences) for
LM. Then 1-um-thick sections stained with toluidine blue were imaged in the
region of the injected quadrant (superior-temporal) with a 63x objective using
a CoolSNAP digital camera (Photometrics) affixed to a Zeiss Axiophot micro-
scope. The total number of photoreceptor nuclei in three independent areas in
the region of the injection site (superior-temporal quadrant) were counted
and plotted in PrismGraph program. Data are presented as mean + SD (AAV-
null-injected Abca4~~ mice, n = 6 eyes; AAV-CRRY-injected Abca4™~ mice, n =
11 eyes; uninjected BALB/c mice, n = 4 eyes).

The nasal hemispheres were cut into quadrants and embedded in Araldite
502 (Electron Microscope Sciences) for electron microscopy (EM). Ultrathin
sections were cut on a Leica Ultracut microtome, collected on 200-mesh copper
grids, and double-stained with uranium and lead salts. The ultrathin sections
were imaged on a JEM 1200-EX electron microscope (JEOL). At least 10 100-um?
images were acquired from the superior-nasal quadrant of each eye at
15,000x magnification. Using OSIS software (EMSIS), fractional lipofuscin
granules were measured by obtaining the area (in pm?) occupied by lipofuscin
over the area (in pm?) occupied by cytoplasm. Each animal's fractional lip-
ofuscin granule measurement corresponded to an average of at least 10 ad-
jacent EM images from one eye (n = 5-9 animals per group).

Quantification of Retinoids and Bisretinoids. Retinoid and bisretinoid levels in
the mouse whole eyes were determined using previously published methods
(27, 58). Mice were dark-adapted overnight, and all tissue manipulations were
performed under dim red light (Kodak Wratten 1A filter). Each eye was ho-
mogenized in 1x PBS, mixed with chloroform/methanol (2:1, vol/vol), and
extracted with chloroform for bisretinoid analysis. For 11-cis-RAL quantifica-
tion, a single eye homogenization was done in the presence of hydroxylamine
and extracted in hexane. The organic phase was dried under an argon stream
and resuspended in 100 puL of isopropanol and 100 uL of hexane. Absorption
units corresponding to the A2E peak at 435 nm were converted to picomoles
using a calibration curve with an authentic A2E standard and the published
molar extinction coefficient for A2E (12). Eluted retinal oxime peaks were
identified by spectra and elution time, and absorption units were converted to
picomoles using a calibration curve based on authentic standards and pub-
lished molar extinction coefficients (59).

Statistical Analysis. Data are presented as mean + SD of a minimum of four to
six animals per group unless specified otherwise. Two-group comparisons were
performed using Student'’s t-test in Microsoft Excel, and multiple group com-
parisons were performed using ANOVA in JMP Pro v12 (SAS Institute).
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