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Complement Regulatory Protein CD46 Protects against
Choroidal Neovascularization in Mice
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Accepted for publication

June 4, 2014. Dysregulation of the complement system is increasingly recognized as a contributing factor in age-

related macular degeneration. Although the complement regulator CD46 is expressed ubiquitously in
humans, in mouse it was previously thought to be expressed only on spermatozoa. We detected CD46
mRNA and protein in the posterior ocular segment (neuronal retina, retinal pigment epithelium, and
choroid) of wild-type (WT) C57BL/6J mice. (d46 7~ knockout mice exhibited increased levels of the
membrane attack complex and of vascular endothelial growth factor (VEGF) in the retina and choroid.
The (d46 7~ mice were also more susceptible to laser-induced choroidal neovascularization (CNV). In
(d46 7~ mice, 19% of laser spots were positive for CNV at day 2 after treatment, but no positive spots
were detected in WT mice. At day 3, 42% of laser spots were positive in Cd46 ™ mice, but only 11% in
WT mice. A fully developed CNV complex was noted in both Cd46 7~ and WT mice at day 7; however,
lesion size was significantly (P < 0.05) increased in (d46 '~ mice. Our findings provide evidence for
expression of CD46 in the mouse eye and a role for CD46 in protection against laser-induced CNV. We
propose that the (d46~~ mouse has a greater susceptibility to experimental CNV because of insuffi-
cient complement inhibition, which leads to increased membrane attack complex deposition and VEGF
expression. (Am J Pathol 2014, 184: 2537—2548; http://dx.doi.org/10.1016/].ajpath.2014.06.001)
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Age-related macular degeneration (AMD) is a leading
worldwide cause of central vision loss in individuals over
the age of 50." > The prevalence of AMD is growing
because of increased longevity. The disease brings negative
changes in life style. AMD patients often cannot perform
daily tasks of living, such as reading or driving. Current
estimates are that it requires 575 to 733 million dollars
annually to treat AMD in the United States.” Thus, AMD
profoundly affects the quality of life, creating a serious
social and public health problem.”

Two major clinical phenotypes of AMD are recognized:
nonexudative (dry type) and exudative (wet type). Wet AMD is
frequently associated with central blindness, and choroidal
neovascularization (CNV) is the hallmark of this type in
humans. Agents available for treating exudative AMD reduce
the rate of vision loss, but they do not reverse damage; further-
more, they are associated with a variety of ocular complications,
require repetitive administration, and are expensive.'

Copyright © 2014 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2014.06.001

AMD is a disease with numerous risk factors, and mul-
tiple pathological mechanisms have been reported.” '’ Ev-
idence accumulated during the past decade, primarily
through genetic studies, strongly indicates that the alterna-
tive pathway of the complement system plays an important
role in AMD pathogenesis in humans.”'' "> Reports from
multiple investigators have established that the membrane
attack complex (MAC) C5b-9, formed as a result of
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alternative pathway complement engagement, participates in
mediating animal models of CNV.'"'*!°"* Complement
regulatory proteins control the complement cascades,”*
and their deficiency has been reported to predispose to the
development of experimental CNV.'%*°

CDA46 [alias membrane cofactor protein (MCP)] is a widely
expressed transmembrane glycoprotein in primates that serves
as a complement regulatory protein”®’ and is present in the
normal human eye.”® ' It binds C3b and C4b and then serves
as a cofactor protein for the cleavage of these two substrates
by serine protease factor I. In rodents, however, CD46 expres-
sion has been firmly established only for the inner acrosomal
membrane of spermatozoa.’” "' Our goal in the present
study was to investigate whether CD46 is expressed in the
mouse eye. After this was unequivocally shown, we explored its
role in a murine model of laser-induced CNV.'"+'#9-%¢

Materials and Methods

Animals

A mouse with homozygous deficiency of Cd46 (Cd46~"") on
the C57BL/6J background was generated at the Washington
University School of Medicine in St. Louis. Standard targeting
techniques’’ were used to replace complement control protein
repeat 1 (CCP 1) and almost all of the CCP 2a sequence of the
mouse Cd46 gene with the Neo cassette. Southern blotting with a
probe between CCP 2b and CCP 3 was used to confirm targeted
embryonic stem cells (129Sv origin; Washington University
Cancer Center). Positive embryonic stem-cell clones were
expanded and microinjected into blastocyst-stage embryos of
C57BL/6J mice. The embryos were next transferred into the
uterus of surrogate females. Germline transmission of the dis-
rupted Cd46 gene was noted in chimeric mice, and the resultant
heterozygotes were bred to produce three genotypes: homozy-
gous, heterozygous, and wild-type (WT) mice. The phenotype
was unaltered, and reproductive capacity was normal.

Homozygous knockout mice were subsequently back-
crossed into C57BL/6J for at least eight generations. Neo
primers were used to detect the targeted band, and CD46
primers (CD46 primer A: 5'-ATGCCTGTGAACTACCA-
CGGCCATTTGAAG-3'; CD46 primer B: 5'-AACTTTAA-
TATAGCTCCAGTGCCAGTTGCA-3') were used to detect
the deleted sequences. Genotypes of mice were determined by
PCR analysis of tail-derived DNA. Male homozygous Cd46 "~
mice, 6 to 8 weeks of age, were used. Age- and sex-matched
C57BL/6J mice purchased from the Jackson Laboratory (Bar
Harbor, ME) served as a WT control.

Preparation of Polyclonal Anti-CD46 Antibody

Using cDNA prepared from C57BL/6] mouse testes as a
template, full-length murine CD46 was amplified using the
following oligos: 5'-CGCGGATCCATGACGGCGGCGC-
CTCTTAT-3’ and 5-ATAAGAATGCGGCCGCTCATCT-
TGCTGCAGATACATTTG-3'. The resulting PCR fragment
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was ligated into the BamHI and Notl sites of pET28a(+)-2, a
derivative generated in our laboratory of pET-28a(+)
(Novagen; EMD Millipore, Billerica, MA). This plasmid was
then used as a template to generate murine CD46 CCPs 1 and
2 and murine CD46 CCPs 3 and 4 separately, using the
following oligos: 5-CGCGGATCCATGGATGCCTGTG-
AACTACC-3' and 5-ATAAGAATGCGGCCGCTTAT-
TCACAATGTGGGGGATAGC-3' for CCPs 1 and 2, and
5'-CGCGGATCCATGAAGATTTATTGTTTACCACC-
TC-3' and 5-ATAAGAATGCGGCCGCTTATTTAAGA-
CATTTTGGGATAGAT-3' for CCPs 3 and 4. The resulting
PCR fragments were ligated into the BamHI and Notl sites
of pET28a(+)-2. The recombinant proteins were expressed
and purified as described previously.”® Refolded CCP 1 and
2 and CCP 3 and 4 proteins were pooled and then purified
over a Superose 12 sizing column (GE Healthcare, Little
Chalfont, UK). Pooled proteins were injected into rabbits
for polyclonal antibody (Ab) generation (Harlan Labora-
tories, Indianapolis, IN).

RT-PCR Analysis

Total RNA was extracted from the posterior segment of eyes
[ie, neuronal retina, retinal pigment epithelium (RPE), and
choroid] and testes of WT and Cd46 " mice for RT-PCR
using an RNeasy kit (Qiagen, Valencia, CA). Specific oligo-
nucleotide primers derived from the mouse Cd46 gene (Na-
tional Center for Biotechnology Information; Aztp.//www.ncbi.
nlm.nih.gov/nuccore/NM_010778; accession number NM_
010778) were synthesized at Integrated DNA Technologies
(Coralville, IA). RT-PCR was performed using the following
primers: mouse B-actin, 5'-GGCTGTATTCCCCTCCATCG-
3’ (forward) and 5-AGCCTGGATGGCTACGTACA-3
(reverse); mouse CD46, 5-ATGCCTGTGAACTACC-
ACGGCCATTTGAAG-3 (forward) and 5'-TTTGCCAA-
ATGAAGGGTCTTG-3' (reverse). RT-PCR for CD46 and
[-actin transcripts was performed using 0.1 pg of total RNA as
template, with reagents purchased from Bio-Rad Laboratories
(Hercules, CA). PCR was performed using 27, 29, and 35
cycles. The negative control reactions included nuclease-free
water (Ambion; Life Technologies, Carlsbad, CA) instead of
the RNA and a reaction lacking reverse transcriptase.

Western Blot Analysis

Tissues harvested from the neuronal retina, RPE, and
choroid of WT and Cd46 '~ mice were homogenized and
solubilized in ice-cold phosphate-buffered saline contain-
ing 1% protease inhibitors and 1% NP-40 (Sigma-Aldrich,
St. Louis, MO). Electrophoresis was performed on 12%
SDS—polyacrylamide gels with 20 pg of total protein
loaded in each lane. The separated proteins were trans-
ferred to polyvinylidene difluoride membranes. The blots
were blocked with 5% bovine serum albumin overnight at
4°C. A rabbit polyclonal IgG reactive with mouse C9
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(dilution 1:40,000) provided by Prof. Brian P. Morgan
(University of Wales College of Medicine, Cardiff, UK)
and a monoclonal IgG to B-actin (dilution 1:10,000;
Sigma-Aldrich) were used as the primary Abs. The blots
were treated separately with these Abs at room temperature
for 2 hours. The anti-C9 Ab recognizes neoepitopes on C9
in the MAC.'°"'® Horseradish peroxidase—labeled goat
anti-rabbit IgG and horseradish peroxidase—labeled goat
anti-mouse IgG (both from Santa Cruz Biotechnology,
Dallas, TX) were used as the secondary Abs for C9 and B-
actin, respectively. Blots were developed using an
enhanced chemiluminescence Western blotting detection
system (Pierce SuperSignal West Femto; Thermo Fisher
Scientific, Waltham, MA), according to the manufacturer’s
recommendations. Quantification of protein bands was
accomplished by analyzing the intensity of the bands using
ImagelJ software version 1.46r (NIH, Bethesda, MD).

ELISA

For enzyme-linked immunosorbent assay (ELISA),
neuronal retina, RPE, and choroid tissues were harvested
from enucleated eyes of WT and Cd46 '~ mice. The tissue
sample was placed in 500 pL of lysis buffer and homoge-
nized on ice for 30 seconds; the lysate was then centrifuged
at 9 x g for 10 minutes at 4°C. Levels of VEGF protein in
the supernatant were determined using a mouse VEGF
ELISA kit (R&D Systems, Minneapolis, MN). The assay
was performed according to the manufacturer’s recom-
mendations. Samples were analyzed in duplicate.

Immunohistochemical Studies

Immunoperoxidase Staining

Mouse epididymis was cut in 8-um sections using a CM
1850 cryostat (Leica Microsystems, Wetzlar, Germany).
Sections were fixed with 95% ethanol and 5% glacial acetic
acid for 10 minutes at room temperature. The endogenous
peroxidases were blocked by H,O, (1.5%) in methanol for
30 minutes at room temperature. Sections were treated with
avidin and biotin blocking solutions (Vector Laboratories,
Burlingame, CA) for 15 minutes each. Tissues were incu-
bated with blocking solution (10% goat serum, 10% mouse
serum, and 1% bovine serum albumin in phosphate-buffered
saline) for 60 minutes at room temperature. Rabbit anti-
mouse CD46 at 4.2 pg/mL in blocking solution was
added to stain the sections for 60 minutes at room temper-
ature. After three washes with phosphate-buffered saline,
sections were incubated with 1:200 dilution of biotinylated
goat anti-rabbit IgG (Jackson ImmunoResearch Labora-
tories, West Grove, PA) for 60 minutes at room temperature.
Sections were subsequently incubated with an avidin—biotin
peroxidase complex (ABC complex; Vector Laboratories)
for 60 minutes at room temperature. Tissue structures were
visualized with ImmPACT 3,3’-diaminobenzidine substrate
(Vector Laboratories).
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Immunofluorescence Staining

Identification and Localization of (D46 in Mouse Eye

Eyes and testes harvested from WT and Cd46 /"~ mice were
placed in Tissue-Tek OCT optimal cutting temperature
compound (Sakura Finetek, Torrance, CA), snap-frozen, and
stored in sealed vials at —80°C until sectioning by cryostat.
Tissue sections (8 pm thick) were fixed in 95% ethanol and
5% glacial acetic acid (Thermo Fisher Scientific) for 20 mi-
nutes at —20°C. Sections were incubated in 1% bovine serum
albumin (Thermo Fisher Scientific) and 10% donkey serum
(Jackson ImmunoResearch Laboratories) for 30 minutes to
block nonspecific binding. Tissue sections were treated with
rabbit polyclonal anti-mouse CD46 Ab (dilution 1:400) for
18 hours at 4°C. DyLight 549—conjugated anti-rabbit IgG
(donkey) (dilution 1:400; Jackson ImmunoResearch Labo-
ratories) served as the secondary Ab.

To identify Miiller cells in the retina and cells of mesen-
chymal origin in the testis, the sections were treated with rabbit
anti-vimentin monoclonal Ab conjugated with Alexa Fluor
488 (dilution 1:200; Cell Signaling Technology, Danvers,
MA). Mouse monoclonal anti—cytokeratin 18 (anti—CK-18)
primary Ab (ABR; Thermo Fisher Scientific), goat anti-mouse
Alexa Fluor 488—conjugated secondary Ab (Life Technolo-
gies), and a M.O.M. (mouse-on-mouse) immunodetection kit
(Life Technologies) were used to identify RPE cells. Control
stains were performed with an isotype-matched Ab at a con-
centration equal to that of the primary Ab. Additional controls
included omitting the primary or secondary Ab. Anti-CD46
polyclonal Ab, blocked with excess recombinant CD46 pro-
tein (purified mouse CD46 CCPs 1 and 2 and mouse CD46
CCPs 3 and 4) was also used as control. Sections were
mounted in ProLong antifade reagent with DAPI (Life Tech-
nologies) and examined using an LSMS510 laser confocal
microscope (Carl Zeiss Microscopy, Jena, Germany). Beam
splitters were set up as follows: 405 nm laser (10%) window
420 to 480 nm, 488 nm laser (10%) window 505 to 530 nm,
and 561 nm laser (15%) window 575 to 615 nm. Eight-bit
images were obtained using the microscope in sequential
mode with line average of 8 and a format of 1024 x 1024
pixels. We captured a single 1-pum optical slice of each section
using an EC Plan-Neofluar 40x/1.30 oil differential interfer-
ence contrast (DIC) objective or a Plan-Apochromat 63x/1.4
oil DIC objective. All images were captured with the same
settings. DIC images were captured to facilitate localization of
histological structures of the eye. Cryosections from the eyes
were also stained with hematoxylin and eosin and investigated
using a Vanox-S microscope (Olympus, Tokyo, Japan)
equipped with a GO-5 camera (QImaging, Surrey, BC, Can-
ada). Images of hematoxylin and eosin—stained sections were
captured using an SPlan 40x/0.7 objective (Olympus).

MAC Deposition and VEGF Expression

Eyes harvested from WT and Cd46 "~ mice were fixed in 10%
neutral buffered formalin (Sigma-Aldrich) for 4 hours at 25°C.
Eyes were embedded in paraffin, and 5-pum sections were cut.
After deparaffinization in xylene and rehydration, sections
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were treated with antigen unmasking solution (Vector Labo-
ratories). All samples were processed at the same time. For
detection of the MAC, sections were treated with rabbit
polyclonal anti-MAC (C9 neoepitope) Ab (primary Ab), fol-
lowed by Alexa Fluor 594—conjugated donkey anti-rabbit IgG
[(heavy chain and light chain) (secondary Ab) (Life Tech-
nologies). For VEGF staining, we used rabbit polyclonal anti-
VEGF (Abcam, Cambridge, MA) as the primary Ab and
Alexa Fluor 594—conjugated goat anti-rabbit (Life Technol-
ogies) as the secondary Ab. Miiller cells in the retina were
identified as described above. Mouse monoclonal anti—CK-18
(primary Ab) (ABR; Thermo Fisher Scientific), goat anti-
mouse Alexa Fluor 488—conjugated (secondary Ab) (Life
Technologies), and a M.O.M. immunodetection kit (Life
Technologies) was used to identify RPE cells. Sections were
examined with an LSM510 laser confocal microscope (Zeiss)
using settings as described above.

Induction and Measurement of CNV and VEGF
Expression in Laser Spots

CNV was induced by laser photocoagulation with an argon
laser (spot size, 50 pm; duration, 0.05 seconds; power, 260
mW) as described previously.'® >’ Three laser spots were
placed in each eye, close to the optic disk. Production of a
vaporization bubble at the time of laser confirmed the rupture of
Bruch’s membrane. Mice were anesthetized with a ketamine/
xylazine cocktail at days 2, 3, and 7 after laser treatment. They
were then perfused with 0.75 mL of phosphate-buffered saline
containing 50 mg/mL of fluorescein isothiocyanate—labeled
dextran (2 X 10° molecular weight) (Sigma-Aldrich) before
sacrifice. The eyes were harvested and fixed for 4 hours in 10%
neutral buffered formalin (Sigma-Aldrich), and RPE—chor-
oid—scleral flat mounts were prepared.'” >’ For VEGF stain-
ing, we used rabbit polyclonal anti-VEGF (Abcam, Cambridge,
MA) as the primary Ab and Alexa Fluor 594—conjugated goat
anti-rabbit (Life Technologies) as the secondary Ab. The flat
mounts were mounted in ProLong antifade reagent (Life
Technologies) with the sclera facing down and were examined
under an LSM510 confocal microscope (Zeiss). In confocal
micrographs, areas of green fluorescence (CNV complex size)
or red fluorescence (VEGF™ staining) in laser spots were
measured using NIH Image] software. Laser spots were iden-
tified by staining for filamentous actin using Alexa Fluor
647—conjugated phalloidin (Life Technologies). If the CNV
was <3% of the total laser spot area, it was graded negative;
CNV of >3% was graded positive.

Ethics

The knockout mouse was generated under an animal pro-
tocol approved by the Division of Comparative Medicine at
Washington University in St. Louis. Animal experiments
were approved by the Institutional Animal Care and Use
Committee, University of Arkansas for Medical Sciences,
Little Rock.
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Statistical Analysis

Data were analyzed and compared using the U-test or
analysis of variance, and differences were considered sta-
tistically significant at P < 0.05.

Results
Generation of the Cd46~~ Mouse

To generate a CD46 knockout mouse, the Cd46 gene was
disrupted, as described under Materials and Methods. A
positive ES clone is shown in Figure 1A. PCR reactions of
mouse tail DNA were performed to distinguish the three
genotypes (Figure 1B). Analysis with a polyclonal anti-
mouse CD46 Ab was used to verify the absence of CD46
protein in the epididymis of the Cd46 "~ mice (Figure 1C).
These results demonstrated that inactivation of the mouse
Cd46 gene was complete. Homozygous Cd46 "~ mice were
viable, developed normally, and were fertile.

Expression of (D46 mRNA and Protein in the Posterior
Segment of the Mouse Eye

RT-PCR was used to detect CD46 mRNA in the retina and
choroid of eyes from WT and Cd46 " mice. Testes were

A B

ES Cell Clones Mouse Cd46 Genotype

kb 4 5 7 8 10 11 13 QL E o2 oL
r 2 ¥ F 5 v

23—
WT
9.4—
WT

Targeted Targeted

6.5—

44—

wT Caag-

Figure 1  Generation of the (d46~~ mouse. A: Targeted homologous
recombination, as identified by Southern blot analysis of PvulI-digested
DNA samples extracted from ES cell clones. Two DNA fragments, WT 9.3
kb and targeted 6.6 kb, are identified by a probe with sequences from
CCP 2b to CCP 3 of the (d46 gene. Positive ES clones (such as number 10)
were injected into C57BL/6J blastocysts to generate chimeric mice. B:
Genotype analysis of mouse tail DNA with Neo and CD46 primers. A com-
bination of these primers is capable of distinguishing WT, heterozygous,
and homozygous mice. C: Immunohistochemical staining of the epididymis
from WT and Cd46~~ mice with rabbit anti-mouse CD46 Ab. CD46 protein
was detected in WT spermatozoa, but not in spermatozoa of the (d46~~
mice. CCP, complement control protein (repeat or module); WT, wild type.
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harvested from WT mice to serve as a positive control.
Using RT-PCR, we detected CD46 mRNA in the eye and
testis of WT mice, which was absent in the eye and testis of
Cd46™" mice (Figure 2A). These findings establish a sec-
ond tissue site for the expression of CD46 in mouse.

The specific location of CD46 in the eye was assessed by
immunofluorescence (IF) using rabbit polyclonal anti-
mouse CD46 Ab. In WT mice, an intense signal for CD46
was observed on the basolateral surface of RPE cells
(Figure 2, B—D) and, as expected, in the testis (Figure 2I).
RPE cells were identified by staining for the intermediate
filament protein CK-18 (Figure 2, B and D). Less intense

A Eye Testis
bp Cd46” WT Cd46” WT

B wrcos (red), CK18 (green), DAPI (blue), DIC E

WT: No primary Ab (red)

WT: rabbit serum (red)

Cd467: CDA46 (red)

Testis
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_ .
1 2 3 4 5 6 7 8

WT: CD4 + CD46 protein (red)

staining was present in the choroid of WT mice (Figure 2, B
and C). No positive signal was detected in the same struc-
tures of WT mice stained using primary Ab blocked with
recombinant protein (Figure 2E), with the primary Ab
omitted, (Figure 2F), or stained with rabbit nonimmune
serum (Figure 2, G and J), and likewise no positive signal
was detected in Cd46™"~ mice (Figure 2, H and K).
Differential expression of CD46 was also observed in the
WT retina (Figure 3). Hematoxylin and eosin—stained sec-
tions were used to demonstrate the choroid and layers of the
retina (Figure 3E). Moderate CD46 expression was observed
in the inner plexiform layer, outer plexiform layer, inner

Figure 2 (D46 expression and localization in the
mouse eye. A: CD46 mRNA was analyzed in the retina
and the choroid of C57BL/6J (WT) and (d46 7~ mice.
Representative ethidium bromide—stained gel shows
(D46 (230 bp) transcripts in the retina and choroid
(lane 4) and testis (lane 7) of WT mice. (D46 mRNA
was not detected in the eye (lane 3) or testis (lane 6)
of (d46/~ mice. B-Actin (330 bp) was used as a
loading control in the eye (lanes 3 and 4) and testis
(lanes 6 and 7) of WT and Cd46 "~ mice. Size markers
(100 bp DNA ladder, lane 1). Lane 2, nuclease free
water; lane 5, without reverse transcriptase, and lane
8, empty. B—K: For IF analysis, frozen sections were
stained with rabbit polyclonal anti-CD46 Ab, CK-18, or
vimentin. DIC microscopy was used to identify ocular
structures on sections from WT mice. Nuclei were
counterstained with DAPI. Confocal micrographs
show staining for CD46 on the basolateral surface of
RPE cells (B, C, and D), in choroid (B and C), and in
testis (I) of WT mice. No staining was observed in the
negative controls stained using a primary Ab blocked
with recombinant protein (E), by omitting the pri-
mary Ab (F), or with rabbit nonimmune serum (G and
J), norin (d46~~ mice (H and K). Results shown are
representative of five independent experiments. Scale
bars: 80 um (I-K); 25 um (B, C, and E—H); 10 um
(D). RPE, retinal pigment epithelium; Vim, vimentin;
WT, wild type.
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A Negative control B

F CD46

Figure 3

ILM
GCL

IPL

INL

OPL

ONL

OoLM
IS

os

RPE
Choroid

CD46 + Vim

CD46 expression in the mouse retina. A: (d46~~ mouse retina served as a negative control. E: Retinal layers and choroid (hematoxylin and

eosin). B, C, F, and G: Frozen sections of eyes from WT C57BL/6J mice were subjected to IF staining with rabbit polyclonal Abs to CD46 (B and F) and vimentin
(Cand G). CD46™ signal (red) was detected in the neuronal retina and RPE (B and F). D and H: CD46 colocalized with vimentin. Within the neuronal retina, the
most intense staining was detected in the processes of vimentin™ (green) Miiller cells in the OLM (D and H). I: Confocal micrographs were merged with DIC
images. Nuclei were counterstained with DAPI (blue). Images are representative of five independent experiments. Scale bars: 20 pm (A—E); 10 um (F—I). GCL,
ganglion cell layer; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segment of photoreceptors; OLM, outer limiting
membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; 0S, outer segment of photoreceptors; RPE, retinal pigment epithelium; Vim, vimentin.

segment of photoreceptors, and outer segment of photore-
ceptors (Figure 3, B and F). Intense staining for CD46 was
noted in the outer limiting membrane (OLM) (Figure 3, B and
F). By contrast, the inner limiting membrane(ILM), ganglion
cell layer, inner nuclear layer, and outer nuclear layer were
negative for CD46 (Figure 3, B and F). Weak background
staining was observed in the retinal sections of Cd46 '~ mice
(Figure 3A). Using IF analysis, we identified the intermediate
filament protein vimentin in radial processes of Miiller cells
(Figure 3, C and G). CD46 colocalized with vimentin™
Miiller cells (Figure 3D), especially in the OLM (Figure 3H).
Thus, CD46 is expressed in multiple specific locations in the
mouse eye.

Role of CD46 in Laser-Induced CNV

In view of these results and previous findings of an important
role for complement activation in the development of laser-
induced CNV,'(’H&ZO’N’23 we studied the response of the
Cd46™~ mouse to laser injury. CNV was induced by
photocoagulation using an argon laser, and mice were
sacrificed at days 2, 3, and 7 after laser treatment. Confocal
analyses of RPE—choroid—scleral flat mounts revealed that
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Cd46~'~ mice were more susceptible to laser-induced CNV
than WT mice. For example, at day 2 after laser treatment,
19% of the laser spots were positive for CNV, compared with
0% in WT mice (Figure 4A). At day 3 after laser treatment,
42% of the laser spots had developed CNV in Cd46 " mice,
compared with 11% in WT mice (Figure 4A), but CNV size
did not differ significantly between groups (Figure 4, B—D).
All spots were positive for CNV at day 7 (Figure 4A), but
Cd46~"" mice had developed significantly more severe CNV
(P < 0.05) (Figure 4, E—G).

We compared VEGF expression in laser spots at days 3
and 7 after laser treatment in Cd46 "~ and WT mice, using
IF analysis. We noted significantly increased VEGF"
staining in laser spots at day 3 (Figure 5, A—C) and at day 7
(Figure 5, D—F) after laser treatment in Cd46™"~ mice,
compared with WT mice (P < 0.05).

Underlying Mechanism Responsible for Increased
Susceptibility of the Cd46~~ Mouse to CNV

This mouse model of CNV is dependent on complement acti-
vation. MAC deposition leads to the release of angiogenic
growth factors, including VEGF, that drive neovascularization.

ajp.amjpathol.org m The American Journal of Pathology
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Incidence of CNV
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D

Area (pm? x 10%)
s

WT  Cd46"

WT  Cd46"

Effect of CD46 on the incidence of CNV and the size of CNV complex. A: CNV was induced in both eyes of C57BL/6J (WT; circles) and (d46 7~ (squares)

mice by laser photocoagulation. Increased incidence of CNV was observed at days 2 and 3 after laser treatment in (d46~~ mice, compared with WT mice. B—Gs:
Representative confocal photomicrographs of RPE—choroid—scleral flat mounts with fluorescein isothiocyanate—dextran perfused vessels (green) from WT (B and E)
and Cd46~~ (Cand F) mice, with cumulative data of CNV quantification (D and G). At day 3 after laser treatment, the size of the CNV complex in (d46™~ mice (Cand
D) is not significantly different from those in WT (B and D). However, at day 7 after laser treatment, the CNV complex is significantly larger in Cd46 7~ mice (F and G),
compared with WT mice (E and G). Data are expressed as means + SEM, representative of two independent experiments. n = 3 mice per group at each post-treatment
time point. *P < 0.05, analysis of variance. Scale bar = 100 um. CNV, choroidal neovascularization; RPE, retinal pigment epithelium; WT, wild type.

Because the MAC formed as a result of complement activation
is essential for the expression and release of growth factors to
mediate the development of laser-induced CNV in the mouse
model,'®”"® we performed experiments to compare the levels of
MAC and VEGF in the retina and the choroid of the Cd46 "~
and WT mice.

MAC in the Retina and Choroid of the Cd46 7/~ Mouse

Paraffin-embedded sections of eyes were stained with an
anti-mouse C9 Ab. This Ab recognizes a neoepitope in C9
that arises when C9 is part of the MAC. We observed weak
staining of the MAC in the retina (Figure 6B) and choroid
(Figure 6J) of WT mice. In Cd46~" mice, however, MAC
staining was more intense in both retina and choroid
(Figure 6, F and O). Increased MAC deposition on the inner
surface of the retina was observed, including strong coloc-
alization with vimentin™ fibrillar structures in Cd46 '~ mice
(Figure 6, G and H), compared with WT mice (Figure 6, C
and D). We also observed increased deposition of MAC on
the basal surface of CK-18" RPE cells in Cd46 " mice
(Figure 6, P—R), compared with WT mice (Figure 6, K—M).
No positive staining was detected in negative control section
(Figure 6, A, E, I, and N). Western blot analyses confirmed
the IF results, demonstrating increased C9 levels in neuronal
retina, RPE, and choroid of Cd46~~ mice (P < 0.05
(Figure 6, S—U).
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Expression of VEGF in the Retina and Choroid of the
Cd46 /"~ Mouse

We performed IF and ELISA to assess VEGF expression in
mouse retina and choroid. Using IF on paraffin-embedded
sections, we observed VEGF expression in untreated WT
mice in vimentin® Miiller cells, other retinal cells sur-
rounding Miiller cells (Figure 7, B—D), and CK-18" RPE
cells (Figure 7, J—M). In untreated Cd46™'~ mice, expres-
sion was more intense in vimentin™ Miiller cells (Figure 7,
F—H) and in CK-18" RPE cells (Figure 7, O—R). IF per-
formed without the primary Ab demonstrated no significant
staining (Figure 7, A, E, I, and N). Levels of VEGF protein,
as determined by ELISA, were also significantly elevated in
the neuronal retina, RPE, and choroid harvested from the
eyes of untreated Cd46~, compared with untreated WT
mice (P < 0.05) (Figure 7S).

Discussion

Studies performed in humans and in mice, particularly over
the past decade, have substantially improved our under-
standing of the role of the complement system in
AMD."''"** Complement inhibitors expressed in the retina
and choroid provide cellular protection during intraocular
engagement of this innate immune cascade.'' ** A decrease
in this regulatory activity, for which there is strong genetic
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Effect of CD46 on VEGF expression in laser spots. A—F: CNV was induced in C57BL/6J (WT) and Cd46~~ mice by laser photocoagulation. Mice

were sacrificed at days 3 and 7 after laser treatment. Representative confocal photomicrographs of RPE—choroid—scleral flat mounts with VEGF* staining (red)
from WT (A and D) and Cd46~~ (B and E) mice, with cumulative data of VEGF quantification (C and F). Laser-injured areas (red) in laser spots were measured
using NIH ImageJ software, At both day 3 (C) and day 7 (F) after laser treatment, the VEGF" area was significantly higher in Cd46 ™~ mice, compared with WT
controls. Data are expressed as means + SEM, representative of two independent experiments. n = 3 mice per group at each post-treatment time point.
*P < 0.05. Scale bar = 100 um. RPE, retinal pigment epithelium; WT, wild type.

evidence in humans, leads to excessive activation of the
alternative complement pathway and thereby contributes to
the pathology of AMD. In animal models, excessive MAC
formation within the retina causes an increase in production
of angiogenic growth factors that drive the development of
CNV.'°" ' With the present study, we have demonstrated
the expression of CD46 in multiple segments of the mouse
eye and, using a Cd46™~’~ mouse model, we have elucidated
how CD46 deficiency predisposes to more severe CNV in a
laser injury model.

In humans and most other mammals, CD46 is a widely
expressed membrane regulator that inhibits the alternative
pathway on the same cell on which it is expressed
(intrinsic protection).”®?’ CD46 accomplishes this by
serving as a cofactor protein for the plasma serine protease
factor I. By limited and specific proteolysis, factor I
cleaves C3b bound to CD46 on a host cell. The resulting
iC3b fragment cannot engage the highly efficient feedback

2544

loop of the alternative pathway,”®’ and thus the activation
process is curtailed.

The expression of CD46 in multiple locations in the
human eye is well documented.”® ' In 2003, using human
donor eyes, primary cultures of human RPE, and ARPE-19
cells, we demonstrated that CD46 is preferentially localized
to the basolateral surface of the RPE.”” Other researchers
have also described CD46 staining in this location in human
donor eyes.3"39’40 In mouse and rat, however, CD46 was
initially reported to be expressed solely on the inner acro-
somal membrane of spermatozoa, where it is also expressed
in humans.”**' Complement receptor 1-related gene/
protein-y (Crry) was hypothesized to substitute for the
widely expressed CD46 in all other locations in the
mouse,”” because it is widely expressed and possesses
cofactor activity for mouse C3b.

In the present study, we observed that CD46 is expressed
in the retina, RPE, and choroid of the mouse eye. Two
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Figure 6 The MAC of complement is increased in the retina and choroid of the (d46 '~ mouse. Untreated (nonlasered) mice were used. A—R: Repre-
sentative confocal photo micrographs of MAC staining (red), vimentin staining (green), and CK-18 staining (green) in paraffin-embedded sections of WT
C57BL/6J neuronal retina (A—D) and RPE—choroid (I—M) and of (d46 "~ neuronal retina (E—H) and RPE—choroid (N—R). In DIC merged images (M and R),
nuclei are stained with DAPI (blue). MAC staining was more intense in the retina and choroid of (d46 '~ mice (F and 0), compared with WT mice (B and J).
Increased MAC deposition was observed on the inner surface of the retina, including vimentin™ Miiller cells (H), and on the basal surface of CK-18" RPE cells (Q
and R) of (d46 7~ mice, compared with WT mice (D, L, and M). Control sections were stained without the primary Ab (negative control) (A, E, I, and N). S and
T: Representative Western blot analyses of MAC (approximately 70 kDa) and B-actin (approximately 42 kDa) in retina and choroid of WT (lane 3) and Cd46~~
(lane 5) mice. Lane 1, molecular weight marker; lanes 2 and 3, empty. Blots for MAC and B-actin were performed separately with an equivalent amount of
protein loaded. U: Densitometric analysis of blots is expressed as the ratio of the intensity of the MAC protein to the intensity of B-actin protein band. Data are
expressed as means + SEM. Results are representative of four (A—R) or 7 (S—U) independent experiments. *P < 0.05. Scale bar = 40 pum. Ch, choroid. Ab,
antibody; MAC, membrane attack complex; RPE, retinal pigment epithelium; WT, wild type.

recent prior reports of CD46 expression in the mouse eye do mice, but not in age-matched WT C57BL/6J mice. We,
not agree on which cell types express CD46,"*** and in one however, have been unable to detect specific staining in the
of those studies CD46 expression was not observed in WT mouse eye or spermatozoa, using these two Abs (unpublished
mice.** Mallam et al,*’ using immunohistochemistry and a data). In the present study, using a polyclonal Ab raised to
commercially available monoclonal Ab raised to human mouse CD46, we observed specific basolateral membrane
CD46, found that CD46 is expressed in the inner and the staining of the RPE, as well as CD46 expression in the retina
outer segments of photoreceptors of C57BL/6J mice; how- and the choroid of WT mice. To summarize, the differences
ever, expression at the OLM of the neurosensory retina or between the present study and the two other studies are likely
basolaterally on the RPE or in the choroid was not found. attributable to the fact that we used an Ab directed against
Ambeati et al,"* using immunohistochemistry and a commer- mouse CD46, rather than commercially available anti-CD46
cially available rabbit polyclonal Ab raised to human CD46, Abs raised to human CD46. Furthermore, to validate our re-
observed reactivity in the eyes of aged Ccl2™~ and Ccr2™"~ sults, we had the considerable advantage of the availability of
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and WT mice were used. A—R: Representative separate or merged confocal photomicrographs of paraffin-
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representative of three independent experiments. Data are expressed as means + SEM. n = 11 samples (duplicate
determinations) per group. *P < 0.05. Scale bar = 40 pum. Ab, antibody; ELISA, enzyme-linked immunosorbent

WT Cd46-

the Cd46™"~ mouse as a negative control, and we routinely
used mouse testis as a positive control.

The expression pattern for CD46 in the mouse eye is of
interest. The most intense staining was on the basolateral
surface of RPE cells (as it is in humans'****"%*%) and on the
OLM. Also, moderate CD46 staining was present in both the
inner plexiform layer and outer plexiform layer. Although it
is possible that CD46 immunoreactivity at the OLM may
represent accumulation of soluble CD46,] 11229 imilar to
that seen with albumin,*’ this staining pattern in the retina is,
in our opinion, most consistent with CD46 localization on
Miiller cells, especially at terminal OLM processes. We have
previously reported that the soluble form of CD46 is present
in normal human vitreous.”’ Thus, the expression (or accu-
mulation) of CD46 is polarized toward the OLM end of the
Miiller cells, because no staining is present at the ILM.
Staining for CD46 in human neuronal retina is reported in the
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assay; RPE, retinal pigment epithelium; VEGF, vascular endothelial growth factor; WT, wild type.

outer segment and inner segment of photoreceptors™® and
retinal vessels."® Elucidation of the nature of the variable and
lighter staining pattern in choroid requires further study.

A role for CD46 in CNV was explored using Cd46 "~
mice in a model of laser-induced CNV. The Cd46 '~ mice
had increased expression of VEGF in laser spots, compared
with WT mice, and developed a more severe clinical pheno-
type of CNV. Recent studies analyzing CD46 expression in
human eyes with the dry form of AMD indicate that CD46 is
present in RPE cells overlying drusen.'* Furthermore, in the
eyes of patients with early AMD, CD46 staining was mark-
edly reduced in RPE cells.”"** Those reports suggest that
decreased expression of CD46 in dry AMD contributes to
disease pathogenesis. Our present findings indicate that a
deficiency of CD46 exacerbates CNV in mouse.

To determine why the Cd46 /" mouse is more prone
to CNV, we analyzed MAC and VEGF levels. We have
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previously reported that, in laser-induced CNV, MAC
deposition is a major mediator of the disease process, having
a direct effect on VEGF production.'®'® Additionally, there
is ample evidence in the literature that VEGF is a key
angiogenic growth factor in the development of CNV, both in
humans with wet AMD*’* and in animal models of
CNV.'°"%% Our present results indicate that the MAC and
VEGF are present in significantly higher amounts in the
neuronal retina, RPE, and choroid of the Cd46™'~ mouse.
Furthermore, increased VEGF expression in Miiller cells and
in RPE overlapped the sites featuring elevated MAC depo-
sition. This was prominent at the ILM as well, although our
present results did not demonstrate CD46 expression in this
region. We have several hypotheses about this finding, all of
which would require further investigation. Either soluble
CD46 present in the vitreous humor or soluble CD46
migrating through the retina from the RPE may be protective
at the ILM. We even consider it possible that CD46 present at
the OLM region of the Miiller cells is normally protective at
the ILM and in the vitreous, because it is possible that OLM
membrane-bound CD46 helps to maintain tight junctions at
this critical barrier through local mitigation of inflammatory
factors. Absence of CD46 allows the MAC to migrate to the
ILM and vitreous through a leaky barrier. This process could
in turn likely up-regulate VEGF in a manner not seen in WT
mice. Thus, there is an intriguing relationship among CD46
expression, MAC deposition, and elevated VEGF levels that
translates into a more severe form of laser-induced CNV. We
suggest that, in mice, CD46 has a role in the initiation and the
progression of choroidal angiogenesis.

In conclusion, here we have reported several novel ob-
servations: i) CD46, the major membrane regulator of the
human alternative pathway, is also expressed in the mouse
retina, RPE, and choroid; ii) baseline levels of MAC and
VEGEF are increased in the retina and the choroid of mice
deficient in CD46, suggesting an elevated, spontaneous
basal level of complement turnover; and iii) the Cd46~"~
mouse develops more severe CNV in the laser model. Taken
together, these findings raise the possibility that inhibition of
the alternative pathway of the complement system (eg, by
recombinant CD46) could be a successful therapeutic
strategy for treatment of AMD.
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