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ABSTRACT OF THE DISSERTATION

Cell-Autonomous Retinal Pigment Epithelium Dysfunction in Stargardt Disease

by

Tamara Lee Lenis
Doctor of Philosophy in Molecular, Cellular and Integrative Physiology
University of California, Los Angeles, 2017

Professor Gabriel H. Travis, Chair

Recessive Stargardt disease (STGD1) is a blinding juvenile macular degeneration caused by
mutations in ATP-binding cassette subfamily A member 4 (ABCA4), a membrane protein
thought to be exclusively expressed in photoreceptor outer segment (OS) discs. Its proposed
function is an inward-directed flippase for N-retinylidene-phosphatidylethanolamine (N-ret-PE),
the conjugate of retinaldehyde and phosphatidylethanolamine, across OS discs. In STGD1
patients and mice with a null mutation in ABCA4 (Abca4™), excess free retinaldehyde
irreversibly reacts with N-ret-PE to form toxic bisretinoids, which accumulate as lipofuscin
pigments in the retinal pigment epithelium (RPE). Chapter 1 of this dissertation provides the first
evidence that ABCA4 is expressed in human and murine RPE, with subcellular localization to
endo-phagolysosomal membranes, thus suggesting that bisretinoids may be forming directly in
the RPE, in addition to being secondarily deposited from phagocytosed OS. Chapter 2 reveals
that transgenic mice expressing ABCA4 in the RPE, but not in the retina, had decreased
autofluorescence and lipofuscin granules, greater photoreceptor preservation, and significant

reduction of bisretinoid and complement factor C3b accumulation, confirming that RPE-specific



ABCA4 plays a functional role in RPE internal membranes, as it does in photoreceptor OS
discs. Since bisretinoids in the RPE result in susceptibility to complement-mediated injury and
failure to support the neurosensory retina, we attempted in Chapter 3 to rescue the phenotype
in Abca4” mice by increasing expression of a major complement negative-regulatory protein
(CRP), complement receptor 1-like protein y (CRRY), in the RPE. Subretinal injection of
recombinant adeno-associated virus containing CRRY (AAV-CRRY) in Abca4” mice
significantly increased RPE CRRY levels, while reducing the accumulation of C3b, total
bisretinoids and RPE lipofuscin. Rescue of Abca4” mice using AAV-CRRY gene therapy
suggests that modulation of the complement system by increasing expression of CRPs in the
RPE may be a potential treatment strategy for retinopathies associated with complement
dysregulation. Chapter 4 discusses the implications of this dissertation which 1) presents a
previously undiscovered role for RPE-expressed ABCA4 to limit excess toxic bisretinoid
formation directly in the RPE and thereby maintain RPE health, and 2) demonstrates that the
pathophysiology of STGD1 involves cell-autonomous, bisretinoid-induced susceptibility to

complement, which can be reduced by complement modulation in the RPE.
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Chapter 1: ABCA4 is expressed in the Retinal Pigment Epithelium (RPE)

i. Introduction

Physiologic function of ABCA4 in photoreceptor outer segments

The rod and cone photoreceptor cells in the vertebrate retina are responsible for
initiating vision. They contain a structure called the outer segment (OS), comprising a stack of
flattened membranous disks packed with rhodopsin or cone-opsin pigments. The
photoisomerization of vitamin A-derived visual chromophore 11-cis-retinaldehyde (11-cis-RAL)
to its all-trans-retinaldehyde (all-trans-RAL) isomer is the first and central step in visual
signaling, and renewal of the visual pigment, which consists of a protein component (opsin)
covalently bound to the photosensitive chromophore 11-cis-RAL, is required for vision'.
Continuous vision is achieved by the recycling of all-trans-RAL back to 11-cis-RAL, through a
series of enzymatic reactions involving reduction, acylation, isomerization and oxidation?.

The ATP-binding cassette subfamily A, member 4 (ABCA4) transporter is a membrane
protein involved in the visual cycle and it has been shown to be expressed in retinal
photoreceptor outer segment (OS) discs>®. Whereas most eukaryotic ABC transporters are
exporters, outwardly translocating substrates from cytoplasmic to extracellular or luminal
compartments, ABCA4 expressed in rod and cone OS discs is proposed to be an importer for
N-retinylidene-phosphatidylethanolamine (N-ret-PE), the Schiff base adduct of retinaldehyde
and PE"*"". By flipping N-ret-PE inwardly across OS disc membranes, photoreceptor-
expressed ABCA4 is believed to facilitate the removal of all-trans-retinaldehyde (all-frans-RAL)
via its subsequent reduction to all-frans-retinol by retinol dehydrogenase type-10 (RDH10) in the

11-14
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Thus, ABCA4 contributes to (i) visual pigment recycling for continuous photosensitivity
and (ii) preventing build-up of reactive free all-trans-RAL which may form toxic bisretinoid
adducts if present in excess. Mutations in ABCA4 cause recessive Stargardt disease (STGD1),
which is the most common juvenile macular dystrophy with an estimated prevalence of 1 in

8,000-10,000 individuals™"".

ABCA4 expression in mammalian tissues

It is well established that ABCA4 is primarily expressed in retinal photoreceptor outer OS
discs, however several studies have also suggested that ABCA4 mRNA and protein may be
expressed in the choroid plexus of the brain and in skin fibroblasts'®'®. Furthermore, systems-
level analyses looking at genes expressed in developing RPE and in human fetal RPE cell
culture have also identified Abca4 gene expression in the RPE?°?". However, there have been
no published studies to critically assess whether ABCA4 protein is present in the RPE (RPE-
ABCA4).

The RPE and photoreceptors are interdependent adjacent cell layers of the outer retina
that are required for visual function.? Isolation of the RPE-choroid-sclera eyecup from the rest
of the neurosensory retina (herein referred to as “RPE” vs. “retina,” respectively) may result in
inadvertent contamination with retina-specific protein during the dissection procedure. An
additional source of retinal byproducts in the RPE comes from the daily phagocytic uptake and
removal of the distal 10% of photoreceptor OS tips by the adjacent RPE.**** Thus, the presence
of retinal proteins in the RPE may possibly be attributed to this physiologic renewal process,
which follows a circadian pattern mirroring cyclic light and sees its peak at approximately two

hours following the onset of light.?®

A detailed analysis of RPE-specific expression should
therefore avoid the phagocytic peak after light onset by timing tissue collections several hours

after the time of light onset. Another strategy used in this work was to conduct RPE-specific
2



expression studies in wild type and Abca4” mice, in addition to mice with a null mutation in Mer
proto-oncogene tyrosine kinase (Mertk”) which result in loss of phagocytosis and near complete
photoreceptor degeneration by two to three months of age.? By five months of age, Mertk”
mice have one or two photoreceptor nuclei visible in the outer nuclear layer with no visible
photoreceptor OS adjacent to the remaining RPE.

We conducted an extensive analysis to determine if ABCA4 is endogenously expressed
in the RPE, given the potential clinical importance of RPE-expressed ABCA4 in the context of
retinal physiology and disease. The presence of ABCA4 in the RPE alters our understanding of
STGD1 pathophysiology by suggesting that it involves a cell-autonomous process, and thereby
potentially expands treatment options. Chapter 1 of this study is the first work to show
endogenous ABCA4 protein expression in the RPE, apart from its deposition secondary to daily

OS phagocytosis by the RPE.

ii. Expression of ABCA4 in murine, bovine, and human RPE

ABCAA4 is expressed in RPE cells

We employed several approaches to test whether ABCA4 is expressed in RPE cells.
First we looked for evidence that the ABCA4 mRNA is expressed in RPE cells. RNA-Seq
analysis of bovine RPE showed presence of the ABCA4 mRNA, with greatly reduced or absent
expression of mMRNAs for the photoreceptor-specific proteins: rhodopsin, melanopsin, cone m-
opsin and cone s-opsin (Fig. 1.1A). RNA-Seq analysis of confluent hfRPE cells also showed
expression of the ABCA4 mRNA and other RPE mRNAs including those for Rpe65, bestrophin-
1, and LRAT, with absent expression of mMRNAs for the photoreceptor proteins, rhodopsin,
melanopsin, cone m-opsin and cone s-opsin (Fig. 1.1A). We also quantitated levels of the

ABCA4 and rhodopsin mRNAs in confluent hfRPE cells and human retina from an adult
3



cadaveric donor by gRT-PCR normalizing to 18S rRNA. The ABCA4 mRNA was present in
both adult retina and hfRPE cells, while the rhodopsin mRNA was only present in retina (Fig.
1.1B). These data show that the mRNA for Abca4 is endogenously expressed in RPE cells.

ABCA4 and RDS/peripherin are integral membrane proteins located in the rims of rod
and cone OS disks**®. To determine whether the ABCA4 protein is present in RPE cells, we
performed immunoblot analysis on retina and RPE homogenates from five-month-old wild type
(129/Sv) and Mertk” mice using antibodies against ABCA4 and RDS/peripherin (Fig. 1.2A).
Both ABCA4 and RDS/peripherin were present in five-month-old wild type retina homogenates,
but undetectable in Mertk” retinas of the same age (Figs. 1.2B and 1.2C), consistent with
complete degeneration of photoreceptors in these animals®. Importantly, ABCA4 was present
at ~20% of the wild type level in Mertk”” RPE homogenates, while RDS/peripherin was virtually
undetectable in the same samples. The persistence of ABCA4 immunoreactivity in RPE
homogenates from fully degenerate Mertk” mice suggests that ABCA4 is endogenously
expressed in RPE.

We also tested for ABCA4 expression in RPE cells by immunofluorescence analysis.
Wild type (129/Sv) retinas showed ABCA4 immunofluorescence in photoreceptor OS and RPE
cells, while degenerate Mertk” sections showed ABCA4 immunofluorescence only in the RPE
(Fig. 1.3A). As expected, we observed no ABCA4 immunofluorescence in Abca4™ retina/RPE
sections (Fig. 3A). Primary cultures of human fetal RPE (hfRPE) cells were established before
photoreceptor differentiation®”. Immunofluorescence analysis on sections of hfRPE cells grown
to confluence showed a granular pattern of ABCA4 immunoreactivity, consistent with a
distribution in internal membranes (Fig. 1.3B). The presence of ABCA4 immunoreactivity in
Mertk”” RPE cells, which are incapable of OS phagocytosis, and in hfRPE cells, which were
never exposed to photoreceptor OS, is further evidence that ABCA4 is endogenously expressed

in RPE cells.



ABCAA4 co-localizes with endo-phagolysosomal markers

To determine whether ABCA4 is expressed in the endo-phagolysosomal system, we
tested for co-localization with endosomal and lysosomal markers in murine and human RPE. In
distal retina sections from wild type albino mice (Balb/c) we observed co-localization of ABCA4
with lysosomal-associated membrane protein 1 (LAMP1) in the apical RPE but not in
photoreceptor OS (Fig. 1.3C). As expected, LAMP1 but not ABCA4 immunofluorescence was
seen in similar retina sections from albino Abca4” mice. In hfRPE cells, ABCA4
immunofluorescence was distributed in a granular pattern concentrated apically (Fig. 1.3D).
The distribution of ABCA4 largely overlapped with that of caveolin-1 (CAV1) (Fig. 1.3D). CAV1
is a marker for endosomes and phagolysosomes®®. These results suggest that ABCA4 is

present in endo-phagolysosomal membranes of RPE cells.

iii. Materials and methods

Animals: All experiments were performed in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and IACUC guidelines. Animals were housed in
normal cyclic 12-hour light/12-hour dark conditions and fed ad libitum. All animals were
homozygous for the Rpe65 Leud450 variant and free of the retinal degeneration 8 (rd8) mutation
in the crumbs homolog 1 (Crb1) gene. Wild type 129/Sv, pigmented Mertk”” mice, and

pigmented Abca4” mice were used for RPE-ABCA4 expression studies.

RNA-Seq analysis: For bovine RPE cell RNA-Seq analysis, bovine eyes were obtained from a
local slaughterhouse (J W Treuth and Sons, Catonsville, MD) and processed the day of arrival.
The eyes were rinsed in 70% ethanol to sterilize the external tissues. Total RNA was isolated

from the native bovine RPE using miRNeasy Mini Kit (Qiagen, Valencia, CA). The total RNA
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samples were submitted to Expression Analysis, Inc., for RNA-Seq analysis (Q? Solutions,
Morrisville, NC). Briefly, stranded and rRNA depleted cDNA libraries were prepared from total
RNA samples using the TruSeq Stranded mRNA Sample Prep Kit (lllumina, San Diego, CA).
The cDNA libraries were analyzed for size distribution using an Agilent Bioanalyzer (Agilent,
Santa Clara, CA), and then normalized to 2 nM using the KAPA Library Quantification Kit
(#KK4824, KAPA Biosystems, Wilmington, MA). The libraries were sequenced using a 2x50 bp
paired end protocol with the median number of 87.3 million reads across all samples on the
lllumina HiSeq 2500 (Illumina). Following sequencing, base call files were converted into
FASTQ files using lllumina Software (CASAVA) and Expression Analysis developed open
source programs. To prepare the reads for alignment, the sequencing adapters and other low
quality bases were clipped. Gene read counts, derived from three biologic replicates, were
averaged and subjected to paired Student t-test analysis. Expression levels are given as gene
counts and are normalized for variation between sequencing runs. The basic statistical
calculations were performed using GraphPad Prism version 7.00 for Windows

(GraphPad Software, La Jolla, CA). Names of human orthologs of the bovine dataset were
obtained from the BioMart utility of Ensembl (http://www.ensembl.org/biomart/) or the HUGO
Gene Nomenclature Committee (HGNC) Comparison of Orthology Predictions (HCOP) tool
(http://www.genenames.org/cgi-bin/hcop). For hfRPE cell RNA-Seq analysis, methods have
been described previously?', and data can be accessed through the Gene Expression Omnibus

(GEO: GSE67899).

Quantitative real-time polymerase chain reaction (QRT-PCR): Mouse retina and RPE were
dissected from euthanized animals, and total RNA was extracted using Absolutely RNA
Miniprep (Stratagene, La Jolla, CA) with DNAase treatment. RNA was reverse transcribed to

cDNA using SuperScript Il First Strand Synthesis (Invitrogen, Carlsbad, CA). Reactions for
6



gRT-PCR were set up with iTaq Universal SYBR Green Supermix (Invitrogen) and gene specific
primer sets for mouse Abca4 (Forward AGG GAG AGC TGT GGT TCT CA; Reverse AGC AAG
TCG TCC TTT GGA GA), human ABCA4 (Forward CCT GGA TGG GGA TGT AAA TG;
Reverse GGC ATA TGC TCT GTG CTT GA), and human RHO (Forward AGA ATG GGG CAC
ACA GTA GG; Reverse GGG ATC TGG GAT TTC CAT TT). Relative mRNA expression was

calculated based on normalization to 18S RNA.

RPE Cell Culture and Immunocytochemistry: Detailed protocol of hfRPE cell culture has been
previously described®”*°. Briefly, RPE cells were collected from 18- to 23-week-old aborted
fetuses (Advanced Bioscience Resources, Alameda, CA) then grown and maintained in Chee's
essential replacement medium containing 1% calf serum and minimal essential medium
containing 1.8 mM CaCl, (Sigma-Aldrich, St. Louis, MO) for two months before use. Human
RPE cells with their associated filters were fixed in 4% formaldehyde/0.1M phosphate buffer for
30 minutes, embedded in agarose (TypeXI low gelling temperature, Sigma-Aldrich), and cut into
100 ym sections on a VT1000S vibratome (Leica Microsystems, Wetzlar, Gemany). The
sections were blocked with 0.5% goat serum and 1% BSA in PBS for one hour followed by
incubation with rabbit anti-ABCA4 (1:100, ab72955, Abcam), goat anti-caveolin 1 (1:100,
ab36152, Abcam), or mouse anti-rhodopsin (RHO1D4; 1:250, University of British Columbia)
separately. The sections were rinsed three times and incubated in secondary antibodies
conjugated with Alexa Fluor dyes (goat anti-rabbit IgG-647, goat anti-mouse IgG-647, or donkey
anti-goat 1gG-594; 1:500, Invitrogen) for one hour. The sections were stained with DAPI nuclear
marker (Invitrogen), mounted with 5% n-propyl gallate in 100% glycerol, and imaged with an
Olympus FluoView FV1000 confocal laser-scanning microscope (Waltham, MA) under a 60x oil

objective.



Immunoblotting: Retina and RPE were dissected from mouse eyecups and subsequently
homogenized in PBS with Halt Protease Inhibitor cocktail (Life Technologies, Carlsbad, CA).
Protein samples were treated with Benzonase nuclease (Sigma-Aldrich) at room temperature
for one hour and re-homogenzied with 1% SDS. Upon centrifugation of samples at 3,000x g for
10 minutes, cell debris was pelleted out and the supernatant containing protein was collected.
Protein concentrations were measured using the MicroBCA assay kit (ThermoFisher, Canoga
Park, CA), and samples were fractionated on 4-12% Bis-Tris gels (Invitrogen). Membranes were
blocked with Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) followed by incubation
in primary antibody overnight at 4°C (goat anti-ABCA4, 1:200, sc-21460, Santa Cruz) or for one
hour at room temperature (mouse anti-a-tubulin, 1:100, T9026, Sigma-Aldrich; rabbit anti-
RDS/peripherin custom anti-sera, 1:200%°). Membranes were washed with PBS-Tween, probed
for one hour at room temperature with cognate IR-dye labeled secondary antibodies from LI-

COR, and imaged with the CLx Odyssey system (LI-COR).

Immunohistochemistry: Mouse eyes were fixed in 2% paraformaldehyde/0.1M sodium
phosphate buffer for one hour followed by preparation of eyecups, which were then infiltrated
with 10-30% sucrose for cryoprotection. Eyecups were embedded in cryo-OCT (Tissue-Tek)
and cut into 8 um sections. Slides were blocked with normal goat or donkey serum and probed
overnight at 4°C with rabbit anti-ABCA4 (1:1,000, ab72955, Abcam), mouse anti-LAMP1 (1:100,
ab25630, Abcam), and goat anti-caveolin 1 (1:100, ab36152, Abcam) primary antibodies. Slides
were washed and labeled with conjugated Alexa Fluor secondary antibodies for 1 hour at room
temperature. All mouse primary antibodies were used in conjunction with the Mouse-on-Mouse
Immunodetection Kit (Vector Labs, Burlingame, CA). Images were obtained with the Olympus

FV1000 confocal microscope using a 60x objective.



iv. Figures

A.RNA-Seq analysis of bovine and human RPE B. qRT-PCR of hfRPE and human retina
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Figure 1.1. ABCA4 RNA is expressed in bovine RPE and in hfRPE cells. (A) RNA-Seq analysis of bovine RPE and
cultured hfRPE cells shows elevated ABCA4 (red font) along with elevated RPE65 and other RPE-specific genes (black
font) despite negligible levels of RHO and other retina-specific genes (blue font). (B) ABCA4 and Rhodopsin mRNA
levels by qRT-PCR, normalized to 18S, from hfRPE cells are shown (black bars). Retina controls represent mMRNA from
human donor cadavers (white bars). For hfRPE cells, each experiment was repeated three times from three different

donor cell lines.



A.Immunoblot analysis for ABCA4and RDS
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Figure 1.2. ABCA4 protein is expressed in the RPE of Mertk1” mice. (A) Representative immunoblots for
ABCA4, RDS/Peripherin, and a-tubulin from retina and RPE protein homogenates, for which 10 and 25 ug of protein
was loaded per lane, respectively. ABCA4 (B) and RDS/Peripherin (C) protein levels, normalized to a-tubulin, are

represented as a relative percent of wild type 129/Sv levels, in 5-month-old pigmented mice. Data presented as mean
+ S.D. (n=3 mice per group).
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A. ABCAA4 expression in murine RPE B. ABCA4 expression in hfRPE cells
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Figure 1.3. Inmunohistochemical expression of ABCA4 in the RPE demonstrates co-localization with
lysosomal LAMP1 and endo-phagolysosomal CAV1. (A) Representative confocal images of murine retinal
sections showing strong ABCA4 (red) immunoreactivity in wild type (top panel) and Mertk” (middle panel) RPE but
near absent ABCA4 expression in Abca4” RPE (bottom panel); asterisk (*) denotes photoreceptor outer segments;
arrowheads (>) denote rare photoreceptor outer nuclei displaced due to the complete loss of photoreceptor outer
segments. (B) ABCA4 (red) immunoreactivity is seen in the representative confocal image of a hfRPE cell culture
section stained for ABCA4 (bottom panel), in contrast with the secondary antibody control (top panel). (C)
Representative confocal image of a retinal section shows strong I/ysosome-associated membrane protein (LAMP1,
green) immunoreactivity in the RPE of 2-month-old albino Abca4™™ mice (top panel) with negligible ABCA4 (red)
expression; corresponding image of age-matched wild type Balb/c mice (bottom panel) with ABCA4 expression
throughout the RPE and retina reveals that LAMP1 co-localizes with ABCA4 in the RPE, but not in photoreceptor
outer segments. (D) Representative confocal image of a hfRPE cell culture section, where ABCA4 (red)
immunoreactivity is seen diffusely throughout the RPE cells (top panel, Control); when co-stained with endosomal
caveolin 1 (CAV1, green), ABCA4 (red) co-localizes with structures that also express CAV1 in hfRPE cell culture
sections (bottom panel, Merge). The green labeling of the filter in the CAV1 panel is due to nitrocellulose
autofluorescence with 488-nm excitation®'. Nuclei stained with DAPI (blue); 60x objective; scale bar = 10 um. For
murine RPE sections, three independent animals were analyzed per group. For hfRPE cells, each experiment was
repeated three times with three different donor cell lines.
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Chapter 2: The functional role of RPE-expressed ABCA4

i. Introduction

Stargardt disease and the Abca4”” mouse model

Recessive Stargardt macular degeneration (STGD1) is a blinding disease of children
and young adults caused by mutations in the ABCA4 gene'>"". Both recessive Stargardt
disease (STGD1) patients and mice with a null mutation in Abca4 (Abca4”") show accelerated
deposition of lipofuscin granules, or “age pigment,” in the RPE, which precedes photoreceptor
death'®*?*_ Lipofuscin refers to the autofluorescent, intracellular lipid material found with
increasing age in many post-mitotic cells of the body*®*'. The chemical make-up and electron
microscopic appearance of lipofuscin found in the RPE is distinct from that of other organs, in
that it includes a large amount of vitamin A derivatives*?**. The major fluorophore of lipofuscin in
RPE cells is the bisretinoid pyridinium salt, N-retinylidene-N-retinylethanolamine (A2E), which
forms by condensation of a second all-trans-RAL with N-ret-PE*****®_ A notable feature of the
Abca4” mouse that consistently recapitulates STGD1 is the accumulation of lipofuscin
containing A2E in the RPE'#***". Several mechanisms of cytotoxicity from A2E accumulation in
the RPE, including cellular oxidative stress and complement dysregulation, result in RPE failure

and subsequent photoreceptor loss®*®*.

Mechanism of RPE bisretinoid accumulation associated with ABCA4 loss

Daily circadian phagocytosis of distal OS by the adjacent RPE?*** accounts for the
deposition of photoreceptor-derived bisretinoid precursors in the RPE®*®’_ It was previously
thought that bisretinoid formation was dependent on the availability of all-frans-RAL produced in

photoreceptor OS only. If ABCA4 was indeed only expressed in OS disc membranes,
12



accumulation of bisretinoids should be seen in cyclic light-raised Abca4” RPE, but not in dark-
reared Abca4” RPE, because photoisomerization of rhodopsin and subsequent release of all-
trans-RAL does not occur in the dark. However, it was shown that dark-reared Abca4” mice do
accumulate bisretinoids (A2E and iso-A2E) in the RPE at rates similar to cyclic-light reared
mice®, suggesting that retinaldehydes in the RPE, locally released from phagolysosomes, may
be forming bisretinoids directly in the RPE. The authors of this study assume that bisretinoids
are still being formed in photoreceptors, but attribute ‘dark-reared’ bisretinoid formation to 11-
cis-RAL, vs. all-trans-RAL, as the primary substrate. However, given the very high stability of
rhodopsin in the dark, any 11-cis-RAL in the photoreceptors would presumably be sequestered
immediately by apo-opsin®, and so an alternative explanation for ‘dark-reared’ bisretinoids
could be that they are formed directly in the RPE. The possibility for RPE-derived bisretinoids is
highly plausible, given our finding of endogenous RPE-expressed ABCA4, demonstrated in
Chapter 1.

Given the various biochemical and clinical differences seen between wild type and
Abca4” mice, we sought to determine if replacing ABCA4 specifically in the RPE of Abca4™
mice would alter the phenotype and thus uncover a functional role for RPE-expressed ABCA4.
The transgenic RPE-Abca4-Tg/Abca4” mouse line was generated on the Abca4” background
to express ABCA4 in RPE cells, but not in photoreceptors. Chapter 2 of this work suggests that
RPE-expressed ABCA4 plays a similar role to that of ABCA4 expressed in photoreceptors, that
is, to help clear free retinaldehyde by flipping N-ret-PE to the cytoplasm, thereby preventing the

buildup of potentially toxic bisretinoids. (Fig. 2.1)

ii. Characterization of a transgenic mouse with selective expression of ABCA4 in the RPE

Abca4 is uniquely expressed in the RPE of the RPE-Abca4-Tg/Abca4” mouse
13



Using a construct containing the normal mouse Abca4 coding region downstream of the
RPE-specific Rpe65 promoter (Fig. 2.2), we generated several transgenic lines on the Abca4™
background and then selected one line, RPE-Abca4-Tg/Abca4”, with highest expression of
ABCA4 in the RPE and, correspondingly, lowest expression of ABCAA4 in the retina. The level of
RPE-expressed ABCA4, normalized to tubulin, in 6-month-old RPE-Abca4-Tg/Abca4'/'
transgenic mice was about 25% of wild type levels (Fig. 2.3A-B). In contrast, the protein level of
ABCAA4 in the corresponding retinas of RPE-Abca4-Tg/Abca4” transgenic mice was less than
5% that of wild type retina. RPE-Abca4-Tg/Abca4” transgenic mice expressed approximately
50% of wild type Abca4 mRNA levels, normalized to 18S, in the RPE at three months of age
(Fig. 2.3C). In contrast, less than 10% of wild type Abca4 mRNA levels were found in the
corresponding retinas of RPE-Abca4-Tg/Abca4” mice. Non-transgenic control littermates of
RPE-Abca4-Tg/Abca4™ are genetically equivalent to Abca4” mice, and therefore expressed 0%
of wild type Abca4 mRNA. Finally, retina sections from 1-year-old mice stained with anti-Rim
3F4 ABCA4 demonstrate strong RPE-expressed ABCA4 in Balb/c wild type mice by
immunohistochemistry (Fig. 2.3D). Whereas ABCA4 expression is likewise strong in the RPE of
RPE-Abca4-Tg/Abca4” transgenic mice, it is notably absent in the RPE of non-transgenic

control Abca4” littermates.

RPE-Abca4-Tg/Abca4'/ " mice show rescue of bisretinoid accumulation, autofluorescence, and
lipofuscin burden seen in Abca4” mice

To determine whether RPE-expressed ABCA4 might play a functional role to prevent
bisretinoid accumulation in RPE cells, we compared levels of several lipofuscin fluorophores in
the retina and RPE of 3-month-old wild type, Abca4”, and RPE-Abca4-Tg/Abca4” mice by high
performance liquid chromatography (HPLC). Levels of A2E in the RPE were reduced by

approximately 50% in RPE-Abca4-Tg/Abca4” versus Abca4” mice (Tukey’s p<0.0001; ANOVA
14



F-ratio = 113.0, p<0.0001), although the levels of these pigments were still higher in the RPE-
Abca4-Tg/Abca4” versus wild type mice (Tukey’s p=0.0002) (Fig. 2.4A-D). Likewise, levels of
A2PE, all-trans-RAL Dimer-PE, and A2PE-H, all trended lower in the RPE of RPE-Abca4-
Tg/Abca4™ versus Abca4” mice, although not as low as Balb/c. Interestingly, the levels of
lipofuscin fluorophores were similar in RPE-Abca4-Tg/Abca4” versus Abca4” retinas,
consistent with non-rescue of the phenotype in photoreceptors.

By confocal microscopy of RPE flat mounts, we also observed that RPE of RPE-Abca4-
Tg/Abca4” mice had approximately 25% lower autofluorescence (at 488 nm excitation with a
500-545 nm emission filter) compared to that of Abca4™ littermates (Tukey’s p=0.0006; ANOVA
F-ratio = 37.2, p<0.0001), at levels still greater than wild type mice (Tukey’s p<0.0001) (Fig.
2.5A-B). Finally, fractional lipofuscin granules per 100 pm? RPE area in electron microscopy
(EM) sections from RPE-Abca4-Tg/Abca4” mice (8.6%) were approximately half of that seen in
the non-transgenic Abca4” control littermates (15.8%) (Fig. 2.5C-D) (Tukey’s p=0.0186;
ANOVA F-ratio 14.4; p=0.0016) but still higher than the 3% fractional lipofuscin granule burden

observed in the Balb/c wild type controls (Tukey’s p=0.0951).

Morphologic and biochemical retinal preservation is seen in the RPE-Abca4-Tg/Abca4™
transgenic mouse

An important feature of the Abca4” phenotype is slow degeneration of photoreceptors,
which leads to visual loss in STGD1 patients. Here we tested whether expression of ABCA4
in RPE cells affects photoreceptor degeneration in Abca4” mice. Photoreceptor degeneration
can be quantitated by counting photoreceptor nuclei in the outer nuclear layer (ONL) of retina
sections. In order to further assess the phenotypic impact of RPE-expressed ABCA4, we
analyzed retinal morphology of 1-year-old eyes embedded in plastic. Compared to wild type,

one-year-old non-transgenic Abca4” mice exhibited a 20% reduction in photoreceptor nuclei
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(Fig. 2.6A-B) (Tukey’s p < 0.0001). In contrast, RPE-Abca4-Tg/Abca4” littermates exhibited
only 10% loss of photoreceptors compared to wild type mice (Fig. 2.6A-B) (Tukey’s p = 0.0061;
ANOVA F-ratio 14.8, p < 0.0001). Expression of ABCA4 in RPE cells therefore slowed the
photoreceptor degeneration seen in Abca4” mice by a factor of two.

Likewise, 11-cis-retinaldehyde (11-cis-RAL) levels by HPLC were significantly lower in
the RPE of non-transgenic Abca4” mice compared with wild type mice (Tukey’s p=0.0220;
ANOVA F-ratio = 4.7, p=0.0235), while there was a non-statistically significant increase in 11-
cis-RAL levels in the RPE of RPE-Abca4-Tg/Abca4” mice compared with Abca4” mice (Fig.
2.6C-D) (Tukey’s p=0.6455).

To evaluate retinal function, we evaluated dark-adapted a- and b-wave ERG responses
at one year of age. One-way ANOVA testing (F-ratio = 4.1654, p=0.0364) with Tukey-Kramer
post-hoc analysis revealed that Balb/c mice trended to have significantly larger scotopic a-wave
maximum amplitudes than the RPE-Abca4-Tg/Abca4” (p=0.0717) and Abca4” (p=0.0544) lines
(Fig. 2.7A-B). However, both of these groups of mice on the Abca4” background, were not
statistically different (0.9569). Group-wise comparison of scotopic b-wave maximum amplitudes
revealed no significant differences between Balb/c, RPE-Abca4-Tg/Abca4'/', or Abca4” mouse

lines.)

Complement dysregulation seen in the Abca4” mouse is improved in the RPE-Abca4-Tg/Abca4”
" transgenic mouse

Several studies have suggested that the cellular pathogenesis of ABCA4-mediated
maculopathy involves complement dysregulation and cellular oxidative stress®*®*"!. To further
investigate the role of these pathogenic mechanisms in the etiology of the Abca4” mouse, we
measured RPE levels of the complement activation product C3b in 6-month-old mice.

Compared to wild type RPE, Abca4” RPE have significantly greater levels of C3b accumulation
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(Tukey’s p=0.0369; ANOVA F-ratio = 5.6644, p=0.0415). RPE from RPE-Abca4-Tg/Abca4™
transgenic mice, on the other hand, show reduced levels of C3b (Tukey’s p=0.5108) compared

with Abca4” mice (Fig. 2.8A-B).

iii. Materials and methods

Animals: All experiments were performed in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and IACUC guidelines. Animals were housed in
normal cyclic 12-hour light/12-hour dark conditions and fed ad libitum. All animals were
homozygous for the Rpe65 Leu450 variant and free of the rd8 mutation in the Crb1 gene.
Transgenic mice expressing ABCA4 in the RPE on the albino Abca4” background (RPE-Abca4-
Tg/Abca4™) were used with albino non-transgenic Abca4™ littermate and albino wild type

(Balb/c) age-matched controls.

Generation of RPE-Abca4-TglAbca4™” transgenic mice: We generated a transgenic construct
(RPE-Abca4), containing the normal mouse Abca4 coding region downstream of the RPE-
specific RPE65 promoter in the transgene plasmid, pSTEC-1 (Fig. 2.2). A700 bp &’
untranslated region of the Rpe65 gene corresponding to the Rpe65 promoter’? was PCR
amplified from pTR4 plasmid and subcloned into Hindlll (5’) and Pstl (3’) restriction sites of the
pSTEC-1 vector’ to increase transgene expression level by including a spliceable intron. The
Rpe65 promoter/Intron 1 complex was then cloned into the 5’ end of the Abca4 cDNA in the
pSport-Abca4 plasmid using EcoRI (5’) and Sall (3’) restriction sites. The entire transgene
(Rpeb65-intron-Abca4) was excised from the pSport6-Abca4 using EcoRI restriction sites. RPE-
specific Rpe65 promoter (RPE-Abca4). The RPE-Abca4 construct was sent to the UCLA

Transgenic Core facility for injection and resulted in six lines of transgenic mice. Each line was
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crossed onto the albino Abca4” background and one line was identified to have the most robust
RPE-specific expression of Abca4 by gRT-PCR, immunoblotting, and immunocytochemistry.
Primers used for genotyping Rpe65-Abca4-Tg/Abca4” mice included: Forward AGG AAA AGG

CAG AAG ATT CGC TTT GTA G; Reverse: TGG GAA AAT GGC ATT CAT GCT GAC.

Quantitative real-time polymerase chain reaction (QRT-PCR): Mouse retina and RPE/eyecups
were dissected from euthanized animals, and total RNA was extracted using Absolutely RNA
Miniprep (Stratagene, La Jolla, CA) with DNAase treatment. RNA was reverse transcribed to
cDNA using SuperScript 1l First Strand Synthesis (Invitrogen, Carlsbad, CA). Reactions for
gRT-PCR were set up with iTaq Universal SYBR Green Supermix (Invitrogen) and gene specific
primer sets for mouse Abca4: Forward AGG GAG AGC TGT GGT TCT CA; Reverse AGC AAG
TCG TCC TTT GGA GA. Relative mRNA expression was calculated based on normalization to

18S RNA.

Immunoblotting: Retina and RPE were dissected from mouse eyecups and subsequently
homogenized in PBS with Halt Protease Inhibitor cocktail (Life Technologies, Carlsbad, CA).
Protein samples were treated with Benzonase nuclease (Sigma-Aldrich) at room temperature
for one hour and re-homogenzied with 1% SDS. Upon centrifugation of samples at 3,000x g for
10 minutes, cell debris was pelleted out and the supernatant containing protein was collected.
Protein concentrations were measured using the MicroBCA assay kit (ThermoFisher, Canoga
Park, CA), and samples were fractionated on 4-12% Bis-Tris (ABCA4, GAPDH, oa-tubulin) or 4-
8% Tris Acetate (C3b) gels (Invitrogen). Membranes were blocked with Odyssey blocking buffer
(LI-COR Biosciences, Lincoln, NE) followed by incubation in primary antibody overnight at 4°C
(goat anti-ABCA4, 1:200, sc-21460, Santa Cruz; goat anti-C3, 1:100, 0855444, MP

Biomedicals) or for one hour at room temperature (mouse anti-a-tubulin, 1:100, T9026, Sigma-
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Aldrich; rabbit anti-GAPDH, 1:500, sc-25778, Santa Cruz). Membranes were washed with PBS-
Tween, probed for one hour at room temperature with cognate IR-dye labeled secondary

antibodies from LI-COR, and imaged with the CLx Odyssey system (LI-COR).

Immunohistochemistry: Mouse eyes were fixed in 2% paraformaldehyde/0.1M sodium
phosphate buffer for one hour followed by preparation of eyecups, which were then infiltrated
with 10-30% sucrose for cryoprotection. Eyecups were embedded in cryo-OCT (Tissue-Tek)
and cut into 8 um thick sections. Slides were blocked with normal goat or donkey serum and
probed overnight at 4°C with rabbit anti-ABCA4 (1:1000, ab72955, Abcam) primary antibody.
Slides were washed and labeled with conjugated Alexa Fluor secondary antibody for 1 hour at
room temperature. Images were obtained with the Olympus FV1000 confocal microscope using

a 60x objective.

Quantitation of A2E in mouse eyes: Bisretinoids were isolated by chloroform extraction followed
by analysis using high performance liquid chromatography (HPLC), as described previously®?.
Briefly, retina and RPE samples previously stored at -80°C were homogenized in 1x PBS,
washed with chloroform/methanol (2:1, v/v), and extracted with chloroform/water (4:3, v/v). The
organic phase was isolated after centrifugation at 1,000x g for 10 minutes, then dried down

under argon and resuspended in 100 pl of isopropanol.

RPE Flat Mount: Eyes of 6-month-old mice were enucleated, fixed in 2%
paraformaldehyde/0.1M sodium phosphate buffer (NaPQO,, pH 7.4) for thirty minutes at room
temperature, thrice rinsed and dissected in 0.1M NaPO, to create RPE-choroid-scleral eyecups
with the neurosensory retina and anterior segment removed. To flatten eyecups, eight leaflets

were made with straight cuts using Castroviejo microdissecting scissors. Resultant RPE-
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choroid-scleral flat mounts were permeabilized with 1% Triton X-100, blocked with 1% BSA/5%
NGS and incubated at 4°C overnight with rabbit anti-ZO-1 (ThermoFisher). Flat mounts were
mounted with ProLong Gold anti-fade with DAPI (Molecular Probes), and imaged with an
Olympus confocal microscope using a 60x objective lens. Autofluorescence was detected by
excitation with 488 nm (Argon) laser using a 500-545 nm emission filter, and images were

quantified in ImagedJ.

Light and Electron Microscopy: Mice were anesthetized with isofluorane and fixed by
intracardiac perfusion with 2% formaldehyde and 2.5% glutaraldehyde in 0.1M sodium
phosphate buffer, pH 7.2. The nasal and temporal hemispheres of each eyecup were separated
and fixed in 1% osmium tetroxide dissolved in 0.1M sodium phosphate buffer, then dehydrated
in a graded series of alcohols. The temporal hemispheres were embedded in an Epon/Araldite
mixture (5:3 part) for light microscopy, whereas the nasal hemispheres were cut into quadrants
and embedded in Araldite 502 (Tousimis Research Corporation and Electron Microscope
Sciences) for EM. Sections of 1 um thickness for light microscopy were cut on a Leica Ultracut
microtome and stained with Toluidine blue. 300 x 300 dpi images were obtained with a
CoolSNAP digital camera (Photometrics, Tucson, AZ) affixed to Zeiss Axiophot microscope
(Thornwood, NY) with a 63X oil immersion objective (n=10-20 animals per group). The total
number of photoreceptor nuclei in three adjacent mid-peripheral visual field locations were
averaged per eye and plotted in Microsoft Excel. Ultrathin sections for EM were cut on a Leica
Ultracut microtome and collected on 200-mesh copper grids. Sections were stained with
uranium and lead salts prior to viewing on a JEM 1200-EX electron microscope (JEOL,
Peabody, MA). At least ten 100 pm? adjacent EM images were acquired from the superior
region of each eye at 15000x. From each image, using Soft-imaging software (Olympus Soft

Imaging Solutions, EMSIS, GmbH, Minster, Germany), fractional lipofuscin granules were
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measured by obtaining the area in pm? occupied by lipofuscin over the area in pm? occupied by
cytoplasm. One eye from each animal was included, and ten images from each eye were
averaged, such that each animal’s fractional lipofuscin granule measurement and Bruch’s
membrane measurement corresponded to an average of at least ten adjacent EM images from

one eye (n=5-9 animals per group).

Electroretinography: Mice were dark-adapted overnight and anesthetized with intraperitoneal
ketamine (15 pg/gm) and xylazine (5 ug/gm). ERGs were recorded from the corneal surface of
both eyes using a gold loop electrode referenced to a gold wire in the mouth. Eyes were dilated
with 1% atropine sulfate and lubricated with 2.5% methylcellulose. Body temperature was
maintained at 38°C with a heated water pad. Mice were positioned in front of the anterior
opening of a large dome with an interior surface of highly reflective white matte paint (Eastman
Kodak Corporation #6080). Light was generated with a photic stimulator (Grass Instruments,
PS33 Plus) affixed to the outside of the dome at 90° to the viewing porthole. Responses were
amplified (Grass CP511 AC amplifier, x10,000) and digitized using an I/O board (National
Instruments, PCI-1200) in a personal computer. Signal processing was performed with custom
software. Rod mediated responses were recorded to blue (Wratten 47A; Anax = 470 nm) flashes
of light over a 4.0 log unit range of intensities (in 0.3 log unit steps) up to the maximum
allowable by the photic stimulator (0.35 cd/m?). Cone responses were obtained with white
flashes on the rod-saturating background (32.0 cd/m?) after ten minutes of exposure to the

background light.

Statistical analysis: The results were presented as means with S.D. of a minimum of four to six
animals per group unless otherwise specified. Two-group comparisons were performed using

the Student’s t-test in Microsoft Excel, whereas multiple group comparisons were performed
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using the one-way analysis of variance (ANOVA) test with Tukey’s post-hoc analysis in JMP Pro

v12 (SAS Institute, Cary, NC).
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iv. Figures
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Figure 2.1. Proposed role of ABCA4 in the RPE. Following proteolysis of rhodopsin, 11-cis-RAL (red) is released
and condenses with PE on the luminal face of RPE endo-phagolysosomal membranes to form 11-cis-N-ret-PE. A
fraction of 11-cis-N-ret-PE may thermally isomerize to all-trans-N-ret-PE. ABCA4 in the RPE, expressed in the
membrane of endosomes and lysosomes, flips either isomer of N-ret-PE from the luminal to cytoplasmic surface.
Following its translocation to the RPE cytoplasm, spontaneous hydrolysis of N-ret-PE would then yield free 11-cis-
RAL or all-trans-RAL, which would contribute to opsin pigment regeneration via either CRALBP-mediated export of
11-cis-RAL back to the photoreceptor, or retinol dehydrogenase type-10 (RHD10)-mediated reduction of all-trans-
RAL to all-trans-retinol for recycling of visual pigment via conventional RPE visual cycle enzymes (i.e. LRAT, RPEGS5,
RDHS5).
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Figure 2.2. Schematic of mMRPE65-ABCA4 transgene. The RPE-Abca4-Tg/Abca4'/' mouse was generated using a
transgenic construct containing the normal mouse Abca4 coding region downstream of the RPE-specific RPE65
promoter.
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A. Immunoblot analysis for ABCA4 D. ABCA4 expression in murine RPE
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Figure 2.3. ABCA4 is expressed in the RPE of RPE-Abca4-Tg/Abca4'/' mice. (A) Representative immunoblot for
ABCA4 and a-tubulin from retina and RPE homogenates, for which 10 and 25 ug of protein was loaded per lane,
respectively. (B) Levels of ABCA4 protein by Western blot from 6-month-old albino Abca4™ and RPE-Abca4-
Tg/Abca4'/' mice, normalized to a-tubulin, are represented as a percent of wild type Balb/c levels (n=7 mice per
group). (C) Levels of Abca4 mRNA by gRT-PCR from 2-month-old albino Abca4™ and RPE-Abca4-Tg/Abca4'/' mice,
normalized to 18S, are represented as a percent of wild type Balb/c levels (n=7-11 mice})er group). (D)
Representative confocal images of retinal sections from RPE—Abca4-Tg/Abca4'/ ", Abca4”", and Balb/c mice from 1-
year-old mice show ABCA4 immunoreactivity (red) and DAPI nuclear staining (blue); upper row (i) represents zoom-
in of boxed areas below (ii); asterisk (*) denotes RPE layer; CC = choriocapillaris; OS = outer segments; IS = inner
segments; ONL = outer nuclear layer; 60x objective; scale bar = 10 ym.
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A. Total A2E levels B. A2PE levels
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Flgure 2.4. Bisretinoid levels are lower in the RPE of RPE-Abca4- Tg/Abca4 mice compared to the RPE of
Abca4” mice. Total A2E (A), A2PE (B), All-trans-RAL Dimer-PE (C), and A2PE-H: (D) levels are expressed as
milliabsorbance units (mAU) per eye, whereas total A2E (A) represents sum of A2E and iso-A2E in picomoles (pmol)
per eye. Absorption units corresponding to the A2E peak at 435 nm were converted to pmols using a calibration
curve with an authentic A2E standard and the published molar extinction coefficient for A2E 7 Bisretinoids were
extracted from retina and RPE homogenates of 3-month-old albino mice and analyzed by normal phase HPLC. Data
presented as mean + S.D. (n=5 mice per group).
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A. RPE flat mount autofluorescence in murine RPE
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C. Lipofuscin granule burden in murine RPE
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Figure 2.5. Reduced RPE flat mount autofluorescence and RPE lipofuscin burden in RPE-Abca4-Tg/Abca4'/'
mice compared to Abcad” mice. (A) Representative confocal images of 6-month-old albino RPE-choroid-sclera flat
mounts captured using a 488 nm excitation laser (and 500-545 emission filter) at 60x objective show varying levels of
autofluorescence (green). RPE cell borders highlighted by anti-Zo-1 staining (blue); nuclei stained with DAPI (blue);
scale bar = 20 um. (B) Fluorescence intensity of the green channel was quantified by automated measure of raw
integrated density units (x107) using Imaged. Data presented as mean + S.D. (n=3 mice per group); *p<0.001; RPE-
Abca4-Tg/Abca4'/' vs. Abcad” ", p=0.0006; Abcad” vs. Balb/c, p<0.0001; RPE—Abca4-Tg/Abca4'/ “vs. Balb/c,
p<0.0001). (C) Representative electron microscopic images of RPE from 1-year-old albino mice showing polymorphic
lipofuscin granules of mixed moderate- and high-electron density (white arrows) within RPE cytoplasm; BM = Bruch’s
membrane; RPE = retinal pigment epithelium; N = nucleus; Scale bar = 2 ym. (D) Fractional lipofuscin granules per
100 um2 cell area were measured and averaged from ten adjacent EM images per eye. Data presented as mean +
S.D. (n=5-9 mice per group); **p=0.0186; ***p=0.0013.
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A. Representative retinal micrographs
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Figure 2.6. Photoreceptor preservation in RPE-Abca4-Tg/Abca4'/' mice compared to Abca4” mice. (A)
Representative 1 um retinal sections from 1-year-old albino mice taken with a light microscope at 63x objective;
asterisk (*) denotes RPE layer; OS = outer segments; ONL outer nuclear layer; scale bar = 20 um. (B) Total
number of photoreceptor nuclei were counted per 100 um cell area. Data presented as mean + S.D. (n=5-9 mice per
group); p<0 05; RPE-Abca4- Tg/Abca4 vs. Abcad™ , p=0.0061; Abcad™ vs. Balb/c, p<0.0001; RPE-Abca4-
Tg/Abca4 vs. Balb/c, p=0.0319. In 3-month-old alblno mice, 11- c:s-RAL (C) and all- trans—RAL (D) levels are
unchanged in both the RPE and retina of RPE-Abca4- Tg/Abca4 mice compared to Abca4 mice and Balb/c mice,
although there is a significant difference in 11-cis-RAL levels in the RPE between Abca4™ and Balb/c mice;
**p=0.022. Data presented as mean + S.D. (n=5 mice per group).

28



A. Scotopic a-wave ERG Intensity Response at 12 months
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Figure 2.7. ERG recordings in one-year-old mice. Response amplitudes from scotopic a-wave (A) and b-wave (B)
recordings were measured at varying flash intensities in overnight dark-adapted albino mice at one year of age.
Differences in scotopic a-wave intensity responses are seen between Balb/c (black) vs. Abcad™ (green) and Balb/c
(black) vs. RPE—Abca4-Tg/Abca4'/'(blue) mice. No differences in scotopic b-wave intensity responses are seen
between any of the groups. Data presented as mean + S.D. (n=4-8 mice per group).
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A. C3b Normalized to Tubulin B. Immunoblot Analysis for C3b
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Figure 2.8. Reduced complement activation in the RPE of RPE-Abca4-Tg/Abca4'/' mice compared to Abcad”
mice. (A) Quantitation of C3b protein levels, normalized to normalized to a-tubulin, in 6-month-old albino mice. (B)
Representative immunoblots for C3b and a-tubulin from 25 ug of RPE protein homogenate.
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Chapter 3: The role of RPE complement dysrequlation in the Abca4” mouse model of

recessive Stargardt disease (STGD1)

i. Introduction

Complement dysregulation in STGD1

The pathological hallmark of STGD1 is deposition of autofluorescent lipofuscin in the
RPE®""®. Although lipofuscin deposition precedes retinal degeneration in STGD1 patients, the
exact mechanism of how RPE lipofuscin accumulation disrupts overall RPE performance and
leads to loss of macular photoreceptors is poorly understood®. The major lipofuscin component
in the RPE of Abca4” mice and STGD1 patients, A2E'>*®, exerts cytotoxic effects through a
variety of different and possibly linked mechanisms such as oxidative stress, lysosomal
dysfunction, disrupted autophagy, and interference with cholesterol metabolism®%®.
Furthermore, bisretinoids and their oxidation products have been shown to directly activate
complement in RPE cell culture®”’®.

Complement dysregulation is implicated in the pathogenesis STGD1, as increased
inflammatory markers and complement reactivity have been observed in Abca4” mice®.
Furthermore, mutations in complement regulatory proteins have been identified as strong
susceptibility factors in patients with age-related macular degeneration (AMD), which shares
several phenotypic features with STGD1 including the presence of lipofuscin-laden RPE
drusen’”®. A proposed link between bisretinoid accumulation and complement-mediated RPE
injury includes the loss of cellular protective responses against complement due to A2E-induced
perturbed cholesterol metabolism and increased oxidative stress’®. Degeneration of
photoreceptors in these animals has been attributed to degraded RPE function due to chronic

bisretinoid-mediated complement dysregulation®?®.
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Modulation of complement regulatory proteins as a potential treatment for STGD 1

The RPE fulfills several photoreceptor support functions including phagocytosis of distal
outer segments (OS) and processing of visual retinoids®*®%%8_ Additionally, the RPE plays a
major role in controlling the ocular immune response through expression of various complement
negative regulatory proteins (CRP’s)®. For these reasons, photoreceptors are critically
dependent upon a healthy RPE for continued viability. Chapter 3 of this dissertation provides
direct evidence that inappropriate complement activation plays a role in the pathogenesis of
STGD1, especially given the rescue of Abca4” pathology seen with complement regulation.
Specifically, this chapter describes the biochemical and morphologic protection achieved by
normalizing complement activity with subretinal injection of recombinant adeno-associated virus

containing the gene for the CRP, complement receptor 1-like protein y (CRRY).

ii. Viral gene therapy-mediated complement modulation in the RPE rescues

photoreceptor degeneration in the Abca4” mouse model of STGD1

Subretinal AAV-CRRY delivery increases CRRY expression in the RPE

The murine CRRY gene was subcloned with a c-Myc (Myc) tag into the pAAV8-CAG-
MCS plasmid vector to generate the CRRY-Myc construct (Fig. 3.1A), which was packaged into
an AAV type 2 vector genome pseudo-serotyped with the RPE-tropic AAV type 8 capsid
(AAV2/8). The recombinant adeno-associated virus containing the gene for CRRY (AAV-CRRY)
was then subretinally injected under direct visualization and confirmed by fundus imaging and
OCT in 4-week-old mice. Either 13,000 MOI of AAV-CRRY or control AAV2/8 (AAV-null) virus in
0.5 ul injection volume was delivered. The CRRY construct designed with a Myc tag allowed 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 immunoblotting, five weeks
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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 only exhibited reactivity with the CRRY antibody (Fig. 3.1B). However, Myc-
immunoreactivity was undetectable in the neural retina homogenates suggesting RPE
specificity. CRRY mRNA expression was measured by qRT-PCR using cDNA from mouse RPE
as the template. By one year post-injection, the CRRY mRNA was four-fold more abundant in
AAV-CRRY injected versus AAV-Null injected Abca4-/- mice (Fig. 3.2A). Consistently, levels of
recombinant CRRY were higher in RPE homogenates from AAV-CRRY-injected versus AAV-
Null-injected mice by immunoblotting, using antibodies against CRRY and Myc (Fig. 3.2B).
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.

3.2A).

CRRY overexpression correlates with decreased accumulation of complement C3 and its
breakdown fragments in the RPE

Complement factor C3 is cleaved to generate the C3bBb convertase, C3b and its
breakdown fragment (iC3b) upon initiation of the complement cascade. To determine whether
overexpression of CRRY resulted in decreased C3 convertase, we evaluated C3/C3b levels in
the eyes of injected animals by immunohistochemistry and quantitative immunoblotting. C3/C3b
immunofluorescence was reduced in RPE sections from AAV-CRRY- vs. AAV-Null-injected
mice (Fig. 3.3A). In these animals, CRRY overexpression was confined to the RPE by Myc
immunofluorescence (Fig. 3.3A). To confirm this finding, we measured C3 in RPE
homogenates by quantitative immunoblotting. At one year of age, C3/C3b levels were two-fold
lower in AAV-CRRY- vs. AAV-Null-injected mice (Fig. 3.3B). These results suggest that

overexpression of CRRY reduced complement activation on the RPE, as intended.
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RPE autofluorescence is decreased in the AAV-CRRY-injected Abca4” mice

133 It was

Accumulation of autofluorescent bisretinoids in the RPE is a hallmark of STGD
previously shown that C3 breakdown fragments get internalized in the RPE cells of Abca4™
mice and co-localize with endogenous autofluorescence®. We investigated the distribution of
CRRY by immunofluorescence and the distribution of autofluorescent bisretinoids in RPE flat
mounts from 6-month-old Abca4” mice.

AAV-CRRY-injected Abca4” mice exhibited significantly lower autofluorescence in the
RPE compared to AAV-Null-injected Abca4” mice (Fig. 3.4). Age-matched wild-type (Balb/c)
controls also exhibited lower autofluorescence in the RPE compared to AAV-Null-injected
Abca4” mice, as anticipated (Fig. 3.4). Only the AAV-CRRY-injected mice showed significant
Myc immunofluorescence in the RPE (Fig. 3.4). Subretinal injection of the virus in the superior-
temporal region only covered approximately one-third of the retina; the flat mounts in (Fig. 3.4)
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. 3.5, away from injection site).
Additionally, RPE autofluorescence was higher in this non-rescued region (Fig. 3.5), suggesting
a correlation between CRRY overexpression and reduced bisretinoid accumulation in the RPE

of Abca4” mice.

Bisretinoid levels are reduced in AAV-CRRY-injected Abca4” mice

We quantified bisretinoids fluorophores by HPLC in wild type and Abca4” RPE at 11-12
months post-injection. Both A2PE-H, and A2E were ~2.5-fold reduced in Abca4” mice that
received the AAV-CRRY vs. those that received the AAV-Null virus (Fig. 3.6). Still lower levels

of bisretinoids were present in uninjected, age-matched wild type mice (Fig. 3.6).
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CRRY-overexpression did not affect oxidative stress or autophagy in Abca4” RPE

Bisretinoid accumulation in the RPE is partly responsible for inducing cellular oxidative
stress and compromised autophagy®*’". We measured mRNA and protein expression of
cytoplasmic superoxide dismutase 1 (SOD-1) along with mitochondrial superoxide dismutase 2
(SOD-2), in the eyes of 7-month-old AAV-CRRY- and AAV-Null-injected mice by qRT-PCR and
immunoblotting (Fig. 3.7). SOD-1 and SOD-2 mRNA and protein levels were present at similar
levels in the RPE cells of AAV-CRRY- and AAV-Null-injected mice (Fig. 3.7). We also
measured the lipidated form of microtubule-associated protein light chain 3B (LC3) in the RPE
of wild type and Abca4” mice, six months following subretinal injection of AAV-CRRY or AAV-
Null virus. We observed a significant decrease in LC3 levels in RPE homogenates from Abca4”
vs. age-matched wild type mice (Fig. 3.8). However, LC3 immunoreactivity was not influenced
by CRRY over-expression in either wild type or Abca4” RPE (Fig. 3.8). Thus, oxidative stress

and impaired autophagy may not be improved by increasing CRRY expression.

Lipofuscin deposition in the RPE cells is decreased after AAV-CRRY injection

Accumulation of lipofuscin granules in the RPE occurs with normal aging and is greatly
accelerated in Abca4” mice'**°. Electron microscopic analysis of retinal sections from AAV-
CRRY-injected Abca4” eyes showed significantly reduced pigment granules in the RPE cells
compared to AAV-Null-injected Abca4” eyes (Fig. 3.9). To quantify these lipofuscin pigments,
we measured the RPE cell area occupied with pigment granules divided by the total cytoplasmic
area. The fractional area of lipofuscin granules in the RPE of AAV-CRRY-injected Abca4” eyes
was ~30% lower than that of AAV-Null-injected Abca4” eyes (Fig. 3.9). However, both AAV-
CRRY- and AAV-Null-injected Abca4” eyes show 2.5-fold and 1.8-fold respectively higher

lipofuscin deposition in comparison to uninjected wild type eyes (Fig. 3.9).
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Overexpression of CRRY in the RPE protects Abca4” photoreceptors from degeneration

Albino Abca4” mice exhibit slow degeneration of photoreceptors®. In order to test
whether overexpression of CRRY in the RPE of Abca4” mice had a protective effect, we
performed light microscopy on fixed retinal sections from regions overlying the site of virus
injection from 1-year-old mice. AAV-CRRY-injected Abca4” mice exhibited significantly more
photoreceptor nuclei in the outer nuclear layer (ONL) compared to AAV-Null-injected Abca4”
mice (Fig. 3.10). In the rescued area, the number of ONL nuclei were similar in AAV-CRRY-
injected Abca4” and wild type mice (Fig. 3.10).

These results suggest nearly complete protection from photoreceptor degeneration in
the injected region (superior-temporal). To confirm these findings, we determined levels of
11-cis-retinaldehyde (11-cis-RAL) chromophore in dark adapted mice, which correlates with the
number of rhodopsin molecules. At ~11 months post-injection, AAV-CRRY-injected Abca4™
eyes contained 25% more 11-cis-RAL than AAV-Null-injected Abca4™ eyes (Fig. 3.11). Still
higher levels of 11-cis-RAL were present in age-matched wild type control mice (Fig. 3.11). The
less dramatic rescue of photoreceptor degeneration by 11-cis-RAL levels likely reflects the

averaging of protected and non-protected areas in the AAV-CRRY-injected mice.

iii. Materials and methods

Animals: Albino Abca4” and Balb/c mice were housed in 12-hour light/12-hour dark conditions
and fed ad libitum. Mice were on the homozygous Rpe65 Leu450 variant and free of the rd8
mutation in Crb1. All experiments were performed in accordance with the Association for
Research in Vision and Ophthalmology (ARVO) statement and University of California
Institutional Animal Care and Use Committee (IACUC) guidelines for animal care and approved

research protocols.
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Generation of adeno-associated viral vector expressing CRRY: Murine CRRY gene® was
amplified by polymerization chain reaction (PCR) from cDNA clone (Origene NM_013499). A
carboxy terminal c-Myc tag was added using oligonucleotides (Forward:

5' CACACACGCTAGCCCTCTTAAAAGATCCAAAAAATGAGACTTCTAGC 3' and Reverse: 5'
TGTGTGCTCGAGTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCGG
AGACTTCTTGAGTGAGTGAATTCCGTG 3') and subcloned into pAAV8-CAG-MCS (Vector
Biolabs, Malvern, PA) within restriction site Xhol to Nhel to generate pAAV8-CAG-CRRY-Myc
(CRRY-Myc, Fig. 3.1A). The construct was verified with restriction digests and by sequencing
analysis. The CRRY-Myc construct (AAV-CRRY) was packaged in an AAV2 vector genome
pseudo-serotyped with the AAV type 8 capsid (AAV2/8) by the Penn Vector Core (Philadelphia,
PA)®. Control vector such as AAV2/8 null (AAV-Null) and a vector expressing green-

fluorescence protein (AAV-GFP) were obtained from Signagen laboratories (Rockville, MD).

Subretinal injections: Mouse eyes were dilated with 2.5% phenylephrine (Hub Pharmaceuticals,
Rancho Cucamonga, CA) and 0.5% tropicamide (Akorn Pharmaceuticals, Lake Forest, IL).
Mice were anesthetized with 100 mg/kg of ketamine (Phoenix Pharmaceuticals, Burlingame,
CA) and 8 mg/kg of xylazine (Lloyd Laboratories, Shenandoah, |A). Prior to injection, the AAV-
CRRY, -GFP, and -Null vector stock solutions were diluted from a 2x10'?- 2x10" GC/ml to
deliver about 13,000 multiplicities of infection (MOI) in 0.5 pl volume. A multi-purpose 2.7 mm
telescoping modified-endoscope (Karl Storz, Tuttlingen, Germany) 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 33g needle followed by insertion of a blunt tip 33g
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needle on a Hamilton syringe. Successful injections were identified by optical coherence
tomography (OCT, Bioptigen, Morrisville, NC) and fundus imaging (Karl Storz) immediately
following 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 presenting with evidence of retinal damage or hemorrhage by fundus

visualization or OCT were excluded from further analysis.

Quantitative real-time RT-PCR: Total RNA was extracted from mouse RPE homogenate using
an Absolutely RNA Miniprep kit (Stratagene, La Jolla, CA) with DNAase treatment and reverse-
transcribed to cDNA using SuperScript Il (Invitrogen) according to the manufacturer’s protocol.
Quantitative real-time PCR (qRT-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 *. RNA expression was normalized to 18S
rRNA Ct-values for each sample, and relative mRNA levels were presented as means with

standard deviation (S.D.; n=5 eyes for each group).

Immunoblotting: RPE/eyecup vs. neural retina tissue from each animal was homogenized in
1xPBS with Halt protease inhibitor cocktail (Life Technologies, Carlsbad, CA). Protein samples
were treated with Benzonase nuclease (Sigma-Aldrich) at room temperature for one hour and
re-homogenized with 1% SDS. Cellular debris was removed using centrifugation and protein
concentration was determined using Micro BCA assay (Thermo Scientific, Waltham, MA).
Proteins were then separated on 4-12% SDS-PAGE gels (Novex, Invitrogen, Carlsbad, CA) as
previously described ®. Membranes were blocked with Odyssey blocking buffer (LI-COR
Biosciences, Lincoln, NE) followed by incubation at room temperature and probed with the

following antibodies: Myc (c-myc, PA1-22826; Thermo Scientific, Waltham, MA); a-tubulin
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(T9026), LC3 (L7543) from Sigma Aldrich (St. Louis, MO); B-actin (A00702; Genscript,
Piscataway, NJ); C3/C3b/iC3b (HM1065; Hycult Biotech, Plymouth Meeting, PA); CRRY (sc-
30214), SOD-1 (sc-11407), SOD-2 (sc-30080) from Santa Cruz Biotechnology (Santa Cruz,
CA). The predominant isoforms of recombinant CRRY detected by CRRY antibody were 53 kDa
and 65 kDa; Myc immunostaining consistently confirmed recombinant CRRY expression.
Western blotting was performed using cognate IR-dye labeled secondary antibodies and

detected with an Odyssey CLx infrared imaging system (LI-COR).

Immunocytochemistry: Prior to enucleation, all eyes were marked by cauterization on the
superior pole. The eyes were immersion fixed in 4% paraformaldehyde for two hours on ice for
RPE-choroid-sclera flat mounts or overnight at 4°C for frozen section. For frozen sections, each
eye was embedded in cryo-OCT (Tissue-Tek) and cut into 10 um sections for and C3/C3b and
Myc immunohistochemistry as previously described®?. For flat mounts, eyecups were dissected
into eight leaflets, permeabilized with 1% Triton-X 100, and blocked with 1% BSA/5% NGS in
0.1M NaPO4 buffer (pH 7.0). RPE-choroid-sclera flat mounts were incubated overnight at 4°C
with anti-rabbit ZO-1 (61-7300; Thermo Scientific, Waltham, MA) and anti-mouse c-myc (PA1-
22826) and then stained with goat anti-rabbit Alexa Fluor 647 conjugate and anti-mouse Alexa
Fluor 568 conjugate secondary antibodies for one hour at room temperature. The RPE flat
mounts (with apical RPE facing up) and retinal sections were mounted in Prolong Gold anti-fade
reagent containing DAPI nuclear staining (Life Technologies, Carlsbad, CA) and imaged from
the superior-temporal quadrant using a 60x oil-immersion lens with an Olympus 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 emission filter of 515 to 565 nm.
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Light and electron microscopy: Mice were euthanized under anesthesia and fixed by intra-
cardiac perfusion with 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium phosphate
buffer, pH 7.2. The nasal and temporal hemispheres of each eyecup were separated and fixed
additionally 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 an tEpon-812
(Tousimis Research Corporation, Rockville, MD) / Araldite mix (Electron Microscopy Sciences,
Hartfield, PA) for light microscopy. Sections of 1 um thickness stained with Toluidine blue were
imaged in the region of the injected quadrant (superior-temporal) at 63x objective using a
CoolSNAP digital camera (Photometrics, Tucson, AZ) affixed to a Zeiss Axiophot microscope
(Zeiss, Thornwood, NY). 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 is presented as means with S.D. (AAV-Null-injected Abca4”: n=6
eyes; AAV-CRRY-injected Abca4”: n=11 eyes; uninjected Balb/c: n=4 eyes). The nasal
hemispheres were cut into quadrants and embedded in Araldite 502 (Electron Microscope
Sciences) for 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 (JEOL, Peabody, MA) electron microscope. At least ten images of
100 pm? area were acquired from the superior-nasal quadrant of each eye at 15,000x
maghnification. Using Soft-imaging software (Olympus Soft Imaging Solutions, EMSIS, GmbH,
Miinster, Germany), fractional lipofuscin granules were measured by obtaining the area in pm?
occupied by lipofuscin over the area in um? occupied by cytoplasm. Each animal’s fractional
lipofuscin granule measurement corresponded to an average of at least ten adjacent EM

images from one eye (n=5-9 animals per group).
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Quantification of retinoids and bisretinoids: Retinoids and bisretinoids levels in the mouse whole
eye were determined using published methods®**. Mice were dark-adapted overnight and all
tissue manipulations were performed under dim red light (Kodak Wratten 1A filter). Each whole
eye was homogenized in 1x PBS, mixed with chloroform/methanol (2:1, v/v), and extracted with
chloroform for bisretinoids analysis. For 11-cis-retinaldehyde (11-cis-RAL) quantification, whole
eye homogenization was done in the presence of hydroxylamine and extracted in hexane. The
organic phase was dried under argon stream and resuspended in 100 ul of isopropanol and 100
ul of hexane respectively. Absorption units corresponding to the A2E peak at 435 nm were
converted to picomoles (pmol) using a calibration curve with an authentic A2E standard and the
published molar extinction coefficient for A2E”*. Eluted retinal oxime peaks were identified by
spectra and elution time, and absorption units were converted to pmol using a calibration curve

based on authentic standards and published molar extinction coefficients®.

Statistical analysis: The results were presented as means with S.D. of a minimum of four to six
animals per group unless otherwise specified. Two-group comparisons were performed using
the Student’s t-test in Microsoft Excel, whereas multiple group comparisons were performed
using one-way ANOVA with Tukey’s post-hoc analysis in JMP Pro v12 (SAS Institute, Cary,

NC).
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iv. Figures

A. Schematic of CRRY-Myc construct B. CRRY and Myc immu\?oblots
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Figure 3.1. AAV-CRRY construct to express a Myc-tagged CRRY protein delivered by subretinal injection.
(A) Schematic of CRRY-Myc construct delivered by subretinal injection. (B) Representative immunoblot of CRRY
and Myc using RPE homogenate (10 ng protein per lane) from 2-month-old mice at five weeks post-subretinal
injection of 0.5 ul of AAV-CRRY construct. Note: Myc immunoreactivity is observed only in the mice injected with
AAV-CRRY whereas CRRY antibody binding is present in all tested samples.
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A. mRNA levels by qRT-PCR B. CRRY, Myc, and B-Actin immunoblots
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Figure 3.2. 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 gRT-PCR. Each mRNA
level was normalized to 18S rRNA. (B) Representative immunoblot of CRRY, Myc, and B-actin using RPE
homogenate (10 ug protein per lane). Protein and cDNA samples were obtained from 1-year old Abca4” mice
injected with AAV-CRRY and -Null viruses. Data presented as mean + S.D. (n=5 mice per group; each protein and
cDNA sample was run in triplicate).
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A. Myc-CRRY and C3/C3b immunohistochemistry
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Figure 3.3. 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-month-old Abca4™ mice
injected with AAV-CRRY and -Null viruses (n=3 mice per group). Scale bar = 10um. (B) Representative immunoblot
of Myc, C3/C3b, and B-actin using RPE homogenate (10 ug protein per lane). C3/C3b band intensity in RPE
homogenate samples was normalized to -actin. Note ~two-fold reduction in C3/C3b levels in the AAV-CRRY group.

Data presented as mean = S.D. (p<0.005; n=6 mice per group).
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Figure 3.4. Decreased RPE autofluorescence in AAV-CRRY-injected Abcad” mice. Representative confocal
images of Myc (red) and DAPI (blue) immunohistochemistry; autofluorescence (AF, green) acquired at 488nm in 6-
month-old Abca4”” mice injected with AAV-CRRY or -Null virus (left and middle columns) and age-matched, untreated
Balb/c control mice (right column). (n=4 mice per group). Scale bar = 20 um. Autofluorescence intensity inversely
correlates with levels of Myc-CRRY expression in the Abca4” mice.
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Myc-CRRY, autofluorescence, and DAPI
representative confocal images
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Figure 3.5. RPE autofluorescence pattern and CRRY-Myc staining in CRRY-injected Abca4” and Balb/c mice.
Representative confocal images of Myc (red) and DAPI (blue) |mmunoh|stochem|stry, autofluorescence (AF, green)
acquired at 488nm of 7-month-old AAV-CRRY-injected Abcad™ (left two columns) and Balb/c (right two columns)
mice. Note increased Myc immunostaining of RPE cells in the area nearby the injection site corresponding with the
superior-temporal quadrant (top row, second and fourth columns). In contrast, there is no Myc immunostaining of
RPE cells in the area away from the injection site corresponding with the mfernor-nasal quadrant. Autofluorescence
(green) distribution is inversely related to Myc immunoreactivity for the Abcad™ mice, whereas Balb/c mice show
negligible RPE autofluorescence. Scale bar = 20 um.
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A. A2PE-H,levels by HPLC
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B. Total A2E levels by HPLC
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Figure 3.6. Reduced bisretinoid levels in AAV-CRRY-injected Abca4” mice. Bisretinoids were quantified by
HPLC from RPE chloroform extracts of a single eyecup from 1-year-old mice. (A) A2PE-H2 and (B) A2E are
expressed as milliabsorbance units (mAU) and picomoles (pmol) per eye respectively. Data presented as mean +

S.D. (n=6-8 mice per group; *p<0.05, **p<0.005).
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A. SOD-1 and SOD-2 B. Representative SOD-1, SOD-2, C. Normalized SOD-1 and

mRNA levels by qRT-PCR and a-tubulin immunoblots SOD-2 protein levels
&~ 7.51 0 AAV-Null 7.5, 0 AAV-Null
$ (/2]
% B AAV-CRRY Abcad- 3 B AAV-CRRY
S6.0] == - U < 26.0
© W & N5
845 v?“*v?“ ??‘q'\*' 545
<Z( Antibody M.W. _g
£3.0 SOD-1 23kDa  §30
2.5 SOD-2 25kDa  E 4
2 1. S1.
° a-tubulin 50kDa

0.0 0.0

SOD-1 SOD-2 SOD-1 SOD-2

Figure 3.7. AAV-CRRY treatment does not change the oxidative stress level in Abcad” mice. (A) Histogram
showing the relative SOD-1 and SOD-2 mRNA levels by gqRT-PCR. Each mRNA level was normalized to 18S rRNA.
(B) Representative immunoblots of SOD-1, SOD-2, and a-tubulin using RPE homogenate (10 pg protein per lane).
(C) Histogram showing SOD-1 and SOD-2 normalized protein data in the RPE homogenate samples. Protein and
cDNA samples were obtained from 7-month-old Abca4” mice injected with AAV-CRRY or -Null viruses. Data
presented as mean + S.D. (n=4 mice per group; each protein and cDNA sample was run in triplicate).
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A. Representative LC3 and B. Normalized LC3
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Figure 3.8. LC3 activity in the RPE of Abca4” mice is not affected by the AAV-CRRY treatment. (A)
Representative immunoblots of LC3-1 (cytosolic), LC3-ll (membrane bound), and a-tubulin using RPE homogenate
(10 ng protein per lane) of Balb/c (top panel) and Abcad™ (bottom panel) mice. (B) Histogram showing LC3
normalized protein data in the RPE homogenate samples shown in (A). RPE protein samples were obtained from 7-
month-old Abca4”” mice injected with AAV-CRRY or -Null viruses. Data presented as mean + S.D. (n=4 mice per
group; each protein sample was run in triplicate).
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A. Representative EM images B. Fractional lipofuscin measurements
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Figure 3.9. Lipofuscin accumulation is decreased in CRRY-injected Abcad” mice. (A) Representative electron
microscopic images of RPE from 1-year-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 electron
microscopy. Data presented as mean + S.D. (*p<0.005, n=4-11 mice per group).
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A. Representative retina micrographs B. Outer nuclei counts
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Figure 3.10. Rescue of photoreceptor cells in CRRY-injected Abca4” mice. (A) Representative light microscopic
images of retinas from 1-year-old Abca4” and Balb/c mice. Scale bar = 20 um. (B) Histogram showing the outer layer
nuclei counts by light microscopy. Data presented as mean + S.D. (*p<0.005, n=5-9 mice).

51



11-cis-retinaldehyde by HPLC
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Figure 3.11. Visual chromophore (11-cis-retinaldehyde) is increased in CRRY-injected Abca4-/- mice. Retinoid
levels were quantified by HPLC from hexane extracts of a single retina from 1-year-old Abca4” and Balb/c mice. 11-
cis-retinaldehyde data is expressed as picomoles (pmol) per eye. Data presented as mean + S.D. (n=6-8 mice per
group; *p<0.005).

11-cis-retin
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Chapter 4: Significance of cell-autonomous RPE dysfunction in STGD1

i. Expression of ABCA4 in the RPE and its implications for STGD1

RPE involvement in STGD1

STGD1 is the most common juvenile macular degeneration with an estimated worldwide
prevalence of 1/8,000-1/10,000 and an average onset in the first two decades of life'>'¢%¢%,
There is no cure for STGD1, which causes progressive central vision loss and delayed dark
adaptation in young patients®*'%. In addition to causing STGD1, ABCA4 mutations have also
been associated with recessive cone-rod dystrophy, recessive retinitis pigmentosa, and
increased susceptibility to AMD'*"'%_ Research aimed at developing treatment for ABCA4-
associated retinopathy currently encompasses gene replacement, stem cell therapy, and
pharmacologic strategies'®" """ Importantly, these approaches may be limited by the
assumption that ABCA4 is exclusively expressed in retinal photoreceptor OS discs. The
expression of ABCA4 in the RPE has not been extensively tested prior to this study, although
expression of ABCA4 outside of photoreceptors has in fact been indirectly shown in other
tissues, including the RPE'®*%'. However, this dissertation describes the first evidence of
expressed and functionally active ABCA4 protein in the RPE.

It is thought that RPE dysfunction plays an early pathogenic role and precedes
photoreceptor cell loss in most STGD1 patients®. This may explain why some early
presentations and mild, foveal-sparing variants of STGD1 present only with subtle changes in
RPE autofluorescence intensity or texture’*""”. Common findings in STGD1 include foveal
atrophy surrounded by characteristic yellow flecks which are associated with initial

hyperautofluorescence from lipofuscin accumulation at the level of the RPE>®">118122,

Expansion of the bull’s eye pattern hyperautofluorescent ring results in a hypoautofluorescent
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wake due to subsequent cell death®*''* However, the wide phenotypic and genotypic
heterogeneity in STGD1 has made it difficult to fully understand the complex interaction
between RPE and photoreceptor degeneration'®'?®. The expression of ABCA4 in the RPE
helps to clarify the cellular pathogenesis of STGD1, and thus also impacts future treatment

strategies.

ABCA4 is expressed in the RPE, where it co-localizes with endo-phagolysosomal membranes

ABCA4 was previously thought to be present only in OS disks within ocular tissues,
where it assists in processing retinaldehyde released following photoisomerization in rhodopsin.
In the current work, we have shown that ABCA4 is additionally expressed in RPE cells, where it
plays an important role in suppressing the phenotype in Abca4” mice and presumably STGD1
patients. The distal OS of rods and cones are shed and phagocytosed daily by RPE cells*.
ABCA4 from photoreceptors may therefore be detectable in early RPE phagosomes before
completion of OS proteolysis. We employed several approaches to control for the presence of
photoreceptor-derived ABCA4 in RPE cells. The first was to look for ABCA4 mRNA in RPE
cells. Since OS do not contain RNA, mRNA'’s present in RPE cells should be endogenously
expressed. By RNA-Seq analysis and qRT-PCR, we found that the ABCA4 mRNA is present in
RPE cells, similar to other RPE-expressed mRNA's including Rpe65, bestrophin, and LRAT
(Fig. 1.1). In contrast, the mRNA’s for proteins expressed specifically in photoreceptors,
including rhodopsin, m-cone opsin and s-cone opsin, were undetectable or present at greatly
reduced abundances in RPE (Fig. 1.1). These data indicate that the ABCA4 gene is expressed
in RPE cells.

Mertk” mice lack Mer tyrosine kinase, which is required for phagocytosis of OS by RPE
cells'®. Mertk” mice exhibit greatly impaired OS phagocytosis and degeneration of

photoreceptors, which is complete by three months®*. ABCA4 and RDS/peripherin are
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membrane proteins located in the rims of rod and cone OS disks>>®'%'2°. ABCA4 and
RDS/peripherin were present in five-month-old wild type retina and RPE homogenates, but
undetectable in Mertk™ retinas of the same age (Figs. 1.2A and 1.2B), consistent with complete
degeneration of photoreceptors in these animals. Importantly, ABCA4 was present at ~20% of
the wild type level in Mertk” RPE homogenates, while RDS/peripherin was nearly undetectable
in the same samples. The presence of ABCA4 immunoreactivity in RPE homogenates from
fully degenerate Mertk” mice suggests that the ABCA4 protein is endogenously expressed in
the RPE.

We also tested for ABCA4 expression in RPE cells by immunofluorescence analysis.
Wild type (129/Sv) retinas showed ABCA4 immunofluorescence in photoreceptor OS and RPE
cells, while degenerate Mertk” sections showed ABCA4 immunofluorescence only in the RPE
(Fig. 1.3A). As expected, we observed no ABCA4 immunofluorescence in Abca4™ retina/RPE
sections (Fig. 1.3A). Human RPE precursor cells were collected from fetal retinas before
appearance of 0S?’, and hence were never exposed to exogenous ABCA4.
Immunofluorescence analysis on sections of hfRPE cells grown to confluence showed a
granular pattern of ABCA4 immunoreactivity, consistent with a distribution in internal
membranes (Fig. 1.3B). The presence of ABCA4 immunoreactivity in Mertk” RPE cells, which
are incapable of OS phagocytosis, and in hfRPE cells, which were never exposed to
photoreceptor OS, confirms that ABCA4 is expressed in RPE cells. Co-localization of ABCA4
with CAV1 and LAMP1 inside RPE cells (Figs. 1.3C and 1.3D) suggests that ABCA4 is present

in endo-phagolysosomal membranes.

Transgenic RPE-specific expression of ABCA4 in Abca4” mice improves the Abca4™

phenotype
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The phenotype in albino Abca4” mice includes accumulation of bisretinoid pigments
such as A2E in the RPE, deposition of fluorescent lipofuscin granules in RPE cells, and slow
photoreceptor degeneration. To what extent does this phenotype depend on loss of ABCA4
from RPE cells? We addressed this question by expressing ABCA4 in the RPE of transgenic
Abca4” mice. These RPE-Abca4-Tg/Abca4” mice expressed the ABCA4 protein in the RPE at
approximately 20% the level in wild type RPE, with no detectable expression of ABCA4 in
photoreceptors (Fig. 2.3). Notwithstanding this low expression of ABCA4 in the RPE, we
observed 50% slowing of A2E accumulation in RPE-Abca4-Tg/Abca4” versus non-transgenic
Abca4” mice (Fig. 2.4A). In addition to the improved A2E profile measured by HPLC, we saw
similarly consistent improvements in RPE lipofuscin burden and RPE autofluorescence (Fig.
2.5). Photoreceptor degeneration was also slowed by 50% in the transgenic versus non-
transgenic Abca4” mice (Fig. 2.6A-B). Thus, expression of ABCA4 in RPE at only 20% the level
in wild type mice yielded 50% rescue of lipofuscin accumulation and photoreceptor
degeneration. Expression of ABCA4 in the RPE at levels nearer to wild type would probably
deliver still greater rescue of the Abca4” phenotype. Interestingly, levels of the bisretinoids:
A2PE, A2PE-H,, and all-trans-RAL-dimer in the retinas of Abca4” mice were less affected by
transgenic expression of ABCA4 in the RPE (Figs. 2.4B-D). These bisretinoids probably formed
due to loss of ABCA4 in photoreceptor OS. The observed 50% slowing of photoreceptor
degeneration in RPE-Abca4-Tg/Abca4” versus Abca4” mice despite similar levels of
bisretinoids in their retinas, suggests that ABCA4 in the RPE is critical to the preservation of
photoreceptors.

Despite any modest “rescue” effects seen with replacement of RPE-expressed ABCA4,
greater improvements would certainly be anticipated if photoreceptor-expressed ABCA4 was
also replaced. However, given that the majority of ABCA4 is expressed in the retina, and not the

RPE, the effects seen in this study are appropriate, reflecting mild improvement due to the
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physiologic relationship between the RPE and the photoreceptors. For example, although a
functional difference in scotopic a-wave amplitude was seen between wild type and Abca4™
mice, the transgenic model most likely did not show significant functional improvement because

the photoreceptors were not directly rescued (Fig. 2.7).

Proposed physiologic role of ABCA4 in RPE cells

Given that ABCA4 co-localizes with the membrane associated proteins LAMP1 and
CAV1 in lysosomes and endo-phagolysosomes respectively, we propose that ABCA4 acts as a
flippase within the endo-phagolysosomal membrane network in RPE cells (Fig. 2.1). Following
daily phagocytosis of the distal 10% of photoreceptor outer segments, rhodopsin and cone
opsins are taken up by the RPE and proteolysed, releasing free 11-cis-RAL into the
phagolysosome where it readily reacts with phosphatidylethanolamine (PE) in the membrane to
form 11-cis-N-ret-PE. A fraction of this material may isomerize (thermally or light-induced) to
form all-trans-N-ret-PE, and both isomers of N-ret-PE would be available to RPE-expressed
ABCA4 in endo-phagolysosomal membranes, across which they would be flipped to the
cytoplasmic surface, maintaining the same directionality proposed by ABCAA4 flippase in
photoreceptor OS™'. Following translocation to the RPE cytoplasm, spontaneous hydrolysis of
N-ret-PE would then yield free 11-cis-RAL or all-frans-RAL, which would contribute to opsin
pigment regeneration via either CRALBP-mediated export of 11-cis-RAL back to the
photoreceptor, or retinol dehydrogenase type-10 (RDH10)-mediated reduction of all-trans-RAL
to all-trans-retinol for recycling of visual pigment'**"*®. Thus, the proposed function of ABCA4 in
the RPE, to accelerate the transfer of N-ret-PE from the luminal to cytoplasmic leaflet of endo-
phagolysosomal membranes for chromophore recycling, is similar to the activity of ABCA4 in

OS disc membranes.
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Bisretinoids may form directly in the RPE

It was previously thought that bisretinoids only formed from light-activated all-trans-RAL
in photoreceptors, and became secondarily deposited in the RPE by phagocytosis, or as a
recent study suggested, delivered to the RPE by activated microglia*. It was surprising then
that Abca4” mice raised in total darkness (with presumably less release of photoactivated all-
trans-RAL), still accumulate similar levels of A2E as cyclic light-reared mice®. Although small
amounts of thermal isomerization from 11-cis-RAL to all-frans-RAL do occur, these negligible
levels of free thermally produced free all-frans-RAL could not account for the high levels of RPE
bisretinoids that were surprisingly seen in dark-reared Abca4” mice. Instead, the study authors
attributed the ‘dark-reared’ bisretinoids to 11-cis-RAL, as opposed to all-trans-RAL, as the
primary substrate. According to this model, the visual cycle continues to supply photoreceptors
with 11-cis-RAL in the dark. This unused 11-cis-RAL forms 11-cis-N-ret-PE, which is normally
transported out of the disks by ABCA4. In Abca4” mice lacking this flippase, the 11-cis-N-ret-PE
condenses with another 11-cis-RAL to form an iso-bisretinoid, which is converted to lipofuscin in
the RPE after OS phagocytosis. The problem with this model is that synthesis of visual
chromophore by the RPE requires the presence of apo-CRALBP, as a mechanism to match

11-cis-RAL synthesis with the demand for chromophore'®

. Once all visual pigments are
regenerated, excess 11-cis-RAL binds to CRALBP, saturating it with ligand and arresting further
synthesis. Consistently, dark-adapted mouse retinas were shown to contain only 10 pmols of
11-cis-N-ret-PE versus 450 pmols of 11-cis-RAL in rhodopsin'®®. For this reason, removal of
excess 11-cis-RAL by ABCA4 in OS is unlikely to explain the accumulation of A2E in dark-
reared animals. A more likely function for ABCA4 in the dark is to clear retinaldehydes released
during visual-pigment proteolysis in RPE phagolysosomes following phagocytosis of distal OS.

Thus, an alternative explanation for ‘dark-reared’ bisretinoids could be that they are formed

directly in the RPE from either 11-cis-RAL or all-trans-RAL.
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Another question posed in recent literature is why Mertk” mice, which are left with RPE
but no photoreceptors due to a defect in phagocytosis, retain high A2E levels'*. If bisretinoids
are indeed forming directly in the RPE, this could explain several unanswered questions in the
literature such as the conundrum of “dark-reared bisretinoids” and “Mertk” bisretinoids.” Our
finding, that RPE-expressed ABCA4 plays a role in reducing bisretinoid burden in the RPE,
provides evidence that free retinaldehydes in the RPE are a primary and direct source of

bisretinoid formation.

Potential downstream consequences of ABCA4 loss in RPE

Mechanistically, our research supports previous studies that have implicated
complement dysregulation in the pathogenesis of STGD1. A2E has been shown to exert
cytotoxic effects through a variety of different and possibly linked mechanisms (oxidative stress,
lysosomal dysfunction, disrupted autophagy, interference with cholesterol metabolism) °#%*,
Complement dysregulation is strongly implicated in the pathogenesis of Abca4” mice and
STGD1 patients®**’, as well as in AMD patients which share similar phenotypic features such as
lipofuscin accumulation’”®®. Our study confirmed previous findings®? that activation of
complement is significantly higher in Abca4” RPE compared to wild type RPE, as evidenced by
C3b accumulation on Western blot (Fig. 2.8). Importantly, the RPE-Abca4-Tg/Abca4” RPE

showed improved levels of C3b accumulation, suggesting that the presence of RPE-expressed

ABCAA4 plays a protective role in curbing complement dysregulation.

Impact of RPE-expressed ABCA4 in emerging therapeutics for STGD1
Our demonstration that ABCA4 is expressed in the RPE, and that loss of ABCA4 from
these cells is responsible for much of the phenotype in Abca4” mice, has important implications

for the treatment of ABCA4-mediated macular and retinal degenerations. These diseases
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include STGD1, approximately one third of recessive cone-rod dystrophy , and a small subset

of recessive retinitis pigmentosa'®

. One treatment approach is gene therapy. If ABCA4 were
only expressed in photoreceptor OS, as previously thought, treatment would require efficient
transduction of photoreceptors by a recombinant virus containing the 6.8-kb ABCA4 coding
region. However, photoreceptors are only transduced at low efficiencies™” . The current
results suggest that viral transduction of photoreceptors is not required. We observed two-fold
reductions in the critical parameters of A2E accumulation and photoreceptor degeneration (Figs.
2.4 and 2.6) by expressing ABCA4 in RPE but not photoreceptors of Abca4” mice. Further, the
level of ABCA4 protein in these cells was only about 20% of the wild type level (Fig. 2.3). In
contrast to photoreceptors, recombinant viruses transduce RPE cells at high efficiency, often
with levels of protein expression exceeding the level observed here. Thus, RPE cells are far
more tractable than photoreceptors as targets for gene therapy of ABCA4-mediated
retinopathies. A second treatment approach is cell transplantation. Here again, expression of
ABCA4 in RPE cells opens therapeutic possibilities. Induced pluripotent stem cells (iPSC’s) can
be readily programed to become functional RPE cells. Numerous studies have shown
successful transplantation of iPSC-derived RPE cells into the subretinal space of animals and
humans'""*°. Targeted gene editing of patient-derived iPSC’s could be used to correct
mutations in ABCA4, allowing for autologous transplants of functional RPE cells. Still a third
treatment approach is intraocular delivery of pharmacologic agents that target formation of toxic
lipofuscin pigments. Here again, the high uptake capacity of RPE cells would assist in the
delivery of drugs to their cellular target.

In summary, we have shown in Chapter 1 that ABCA4 is expressed in RPE cells, and in
Chapter 2 that much of the phenotype in Abca4” mice is caused by loss of RPE-expressed
ABCAA4. These observations change the prime cellular target for treatment of ABCA4-mediated

retinopathies from photoreceptors to the more tractable RPE cells. These findings provide
60



rational support to treatments involving ABCA4 gene therapy, RPE cell-transplantation, and

intraocular delivery of new drugs targeting RPE cells.

ii. Complement modulation in the RPE rescues photoreceptor degeneration in a mouse

model of Stargardt disease

Complement dysregulation in AMD and STGD1

The complement system, a key component of innate immunity, is necessary to maintain
tissue homeostasis. In the eye, the RPE plays a major role in controlling the immune response
through expression of various complement regulators, or CRPs. Accumulation of bisretinoid
pigments in the RPE is a characteristic feature of STGD1 and the Abca4” mouse®*. The
association between bisretinoids and complement activation has been well established in
cultured RPE cells®” "¢ and in Abca4” mice®. Further, the complement factor F (CFH) gene

which encodes a soluble CRP secreted by RPE cells™’

, is an important susceptibility locus for
AMD, a disease with significant similarities to STGD1%*. Complement activation in bisretinoid-
laden RPE cells was strongly dependent on the CFH haplotype'. Finally, cellular protective
mechanisms against sublytic complement deposition have been shown to be impaired in Abca4
” mice™. These findings suggest that RPE cells become unable to protect themselves from sub-

lethal attack by the complement system as they accumulate bisretinoid pigments, resulting in

RPE dysfunction and photoreceptor degeneration.

Viral gene therapy-mediated overexpression of a major complement regulatory protein improves
the Abca4” phenotype
In this study, we attempted to protect cells against complement attack by increasing

expression of a major CRP of the alternative complement pathway, CRRY, in the RPE of Abca4
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” mice. The human homolog of CRRY is membrane cofactor protein (MCP), also known as
CD46, which is implicated in several diseases including AMD'2. A single subretinal injection of
AAV-CRRY in 4-week-old Abca4” mice was sufficient to sustain a several-fold increase in
CRRY expression in the RPE beyond one year without affecting the levels of other CRPs (Fig.
3.2). CRRY prevents cleavage of complement components C3 and C5, which generate reactive
fragments and subsequently form the cytolytic membrane attack complex (MAC)'**. The MAC
proteins deposit on the plasma membrane of RPE cells to create a sublytic complex that
degrades RPE function without killing the cell™*'**. MCP is expressed in the basolateral
membranes of human RPE cells, where it is exposed to the choroidal circulation. MCP and
CRRY bind complement C3b with high affinity, inhibiting the C3 convertase amplification loop
that leads to MAC deposition "°. Here we show that CRRY overexpression in AAV-CRRY-
injected Abca4” eyes leads to reduced deposition of the C3 breakdown fragments, C3b and
iC3b (Fig. 3.3).

The presence of reactive complement proteins on the surface of RPE cells may
accelerate lipofuscin accumulation by impeding its clearance via endo-phagolysosomes within
the RPE'. This concept is supported by the observation that the RPE region transduced by the
AAV-CRRY virus exhibited decreased autofluorescence (Fig. 3.4). In the case of STGD1
patients and Abca4” mice, this autofluorescent material contains abundant A2E and related
bisretinoids®*'*®. Bisretinoid levels in RPE homogenates of the AAV-CRRY-injected group were
~two-fold lower compared to the AAV-Null-injected group (Fig. 4). These data lend further
support to the association 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’'. We measured levels of LC3, a key marker of
autophagy, in response to AAV-CRRY injection. Although the relative amount of LC3 was

significantly lower in the Abca4” mice compared to the wild type group, similar levels of LC3
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were observed in mice that received AAV-CRRY and AAV-null virus injections (Fig. 3.8).
Likewise, anti-oxidative stress protein levels were similar for AAV-CRRY-injected and AAV-Null
injected Abca4” mice (Fig. 3.7). These data suggest that even mild accumulations of bisretinoid
above wild type levels was 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. 3.10). We observed about 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. 3.11). In Abca4” mice and STGD1 patients, photoreceptor
degeneration is attributed to bisretinoid accumulation by the RPE***. With time, the
combination of bisretinoid accumulation and complement activation may impair the recycling of
retinoids released from phagocytosed OS in the RPE. This favors the formation of bisretinoids
such as A2E®. Reduced bisretinoid levels were observed in Abca4” mice treated with drugs
that lower circulating vitamin A or inhibit enzymes of the visual cycle®>**'**. Combination drug
therapy with both complement modulators and visual cycle inhibitors may be an effective

treatment strategy for STGD1 since it targets both pathogenic mechanisms.

Reducing inappropriate complement activation as a treatment approach for STGD1

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 STGD1. Correlation between mono-allelic sequence variants in the
ABCA4 gene and a clinically distinct subset of ‘dry’ AMD patients'*, together with the current
findings, suggest a common final etiological pathway for STGD1 and some cases of AMD™. In
AMD, complement dysfunction in the RPE can be caused by mutations in the gene for CFH or

other complement regulatory proteins®®*'*"1%2_|n contrast, the primary defect in STGD1 is loss
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of the ABCA4 transporter, which is responsible for the formation and accumulation of toxic
bisretinoids in the RPE'"**. Degeneration of macular photoreceptors in both diseases results
from loss of RPE support. Our study shows that normalizing local complement activity in aged

or diseased RPE may prolong photoreceptor viability.

iii. Conclusion

Chapter 1 of this dissertation provides the first direct evidence that ABCA4 is expressed
in the RPE, within endo-phagolysosomal structures. Here, ABCA4 plays a similar role in RPE
internal membranes as it does in photoreceptor OS discs, that is, to recycle free retinaldehydes.

Through characterization of a transgenic mouse model expressing ABCA4 in the RPE,
but not in photoreceptors, Chapter 2 reveals that RPE-expressed ABCA4 confers cytoprotection
against bisretinoid induced complement dysregulation. This study suggests that bisretinoid
formation may be occurring directly in the RPE, not just in the photoreceptor with secondary
deposition in the RPE. Thus, transgenic overexpression of ABCA4 uniquely in the RPE on the
Abca4” background resulted in relative rescue: reduced accumulation of visual cycle toxic
byproducts, decreased complement dysfunction, and improvement in late-onset photoreceptor
degeneration.

Finally, Chapter 3 identifies that inappropriate activation of the complement cascade
plays a role in the pathogenesis of recessive Stargardt macular degeneration. We showed in
Abca4” mice that over-expression of CRRY, a major murine CRP, reduces complement attack
on the RPE and rescues both bisretinoid accumulation and photoreceptor degeneration.

In summary, this work introduces a cell-autonomous disease process in Stargardt
disease and may direct future targeted therapies for ABCA4-associated disease as well as

related maculopathies involving complement dysregulation.
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