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The present study investigated the interactions among the
complement membrane attack complex (MAC), CCL2, and
VEGF that occur in vivo during the development of choroidal
neovascularization (CNV). We first investigated the sequential
expression of MAC, CCL2, and VEGF during laser-induced
CNV in C57BL/6 mice. Increased MAC deposition was detected
at1h, CCL2 increased at 3 h, and VEGF was up-regulated at day
3 post-laser treatment. These results suggested that during
laser-induced CNV, MAC, CCL2 and VEGF are formed and/or
expressed in the following order: MAC — CCL2 — VEGF. To
determine the cross-talk between MAC, CCL2, and VEGF dur-
ing laser-induced CNV, neutralizing antibodies were injected
both systemically and locally to block the bioactivity of each
molecule. Blocking MAC formation inhibited CCL2 and VEGF
expression and also limited CNV formation, whereas neutral-
ization of CCL2 bioactivity did not affect MAC deposition; how-
ever, it reduced VEGF expression and CNV formation. When
bioactivity of VEGF was blocked, CNV formation was signi-
ficantly inhibited, but MAC deposition was not affected.
Together, our results demonstrate that MAC is an upstream
mediator and effect of MAC on the development of laser-in-
duced CNV can be attributed to its direct effect on VEGF as well
as its effect on VEGF that is mediated by CCL2. Understanding
the interplay between immune mediators is critical to gain
insight into the pathogenesis of CNV.

Age-related macular degeneration (AMD)? is the major
cause of irreversible blindness in individuals over the age of 50
worldwide (1-5). Based on clinical and pathological features,
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AMD is usually classified into two forms: the nonexudative/dry
form and the exudative/wet form (6, 7). Wet AMD is a patho-
logical process, secondary to choroidal neovascular changes
(CNV).CNV is a complex pathogenic process where new blood
vessels are generated beneath the retina from pre-existing cho-
riocapillaries (8 —10). Several risk factors have been reported to
be associated with CNV formation (11-15). Studies reported in
the literature support a key role for the complement system in
the development of CNV (16 -21).

Although the complement system is recognized traditionally
as a major component of innate immunity, it has multifunc-
tional role in immunity, including the initiation and regulation
of adaptive immune responses (22—26). The role of the comple-
ment in the development of CNV has been more directly
addressed by using laser-induced animal model (27-29). The
laser-induced model of CNV is produced in C57BL/6 mice by
laser photocoagulation, and this model is used by an increasing
number of investigators (29-32). Using this animal model of
CNV, we demonstrated that complement activation, especially
the formation of membrane attack complex (MAC), is crucial
for the development of laser-induced CNV (27-29). We also
reported that there is a direct correlation between MAC depo-
sition and levels of angiogenic growth factors, including VEGF
during laser-induced CNV (29).

Studies reported in the literature have indicated a possible
role of chemokines such as chemokine (C-C motif) ligand 2
(CCL2) in CNV formation (33—35). However, the exact role of
CCL2 in CNV formation still remains unclear. It has been
reported that down-regulation of CCL2 inhibited laser-induced
CNV (34), whereas another study demonstrated that aged mice
deficient in CCL2 develop key features of human AMD (36).
CCL2, also known as monocyte chemotactic protein-1 belongs
to the CC chemokine family (37, 38). Several studies have sug-
gested that the expression of various chemokines can be regu-
lated by MAC, the end product of complement activation (39 —
42). It is also known that various chemokines can modulate the
levels of angiogenic growth factors (43— 46). To our knowledge,
the cross-talk between MAC, chemokines, and angiogenic
growth factors in laser-induced CNV has not been elucidated
thus far. In the present study, we asked whether the effect of
MAC on the induction and/or release of angiogenic growth
factor, VEGF, is mediated via CCL2. We believe that it is impor-
tant to determine the interactions between MAC, CCL2, and
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VEGF that occur in vivo during laser-induced CNV because
such studies will lead to a better understanding of the immuno-
pathogenesis of wet AMD and are required for the development
of effective therapy based on specific blockade of critical
immune mediators.

EXPERIMENTAL PROCEDURES

Animals—Eight-week-old male C57BL/6 mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) and
were maintained under pathogen-free conditions in the animal
facility at the University of Arkansas for Medical Sciences. This
study was approved by the Institutional Animal Care and Use
Committee of the University of Arkansas for Medical Sciences
(Little Rock, AR).

Antibodies—Purified IgG fractions of rabbit anti-mouse C6
(Cell Sciences, Canton, MA), monoclonal rat anti-mouse CCL2
(R&D Systems, Minneapolis, MN), and purified IgG fractions of
goat anti-mouse VEGF (R&D Systems) were used. Purified nor-
mal rabbit IgG (Cell Sciences), rat IgG (R&D Systems) and goat
IgG (R&D Systems) served as the control for C6, CCL2, and
VEGEF, respectively.

Induction and Measurement of CNV—CNV was induced by
laser photocoagulation in both eyes of C57BL/6 mice with an
Argon laser (50-um spot size; 0.05-s duration; 260 milliwatt)
as described previously (27-29, 47-52). Six laser spots were
placed in each eye close to the optic disc. Production of a vapor-
ization bubble at the time of laser treatment confirmed the
rupture of Bruch’s membrane.

Animals were anesthetized with ketamine/xylazine mixture
at different time points post-laser treatment and perfused with
1 ml of PBS containing 50 mg/ml FITC-dextran (Sigma-
Aldrich). Eyes were harvested and fixed in 10% phosphate-
buffered formalin for 4 h, and retinal pigment epithelium
(RPE)-choroid-sclera flat mounts were prepared as described
previously (27-29). After blocking nonspecific binding with 1%
BSA for 2 h, RPE-choroid-sclera flat mounts were incubated
with the anti-elastin polyclonal antibody overnight at 4 °C
(1:100 dilution; Santa Cruz Biotechnology), triple-washed with
PBS, incubated with the Cy3-labeled secondary antibody for 1 h
(1:200 dilution; Sigma-Aldrich), washed three times with PBS,
and mounted in ProLong Gold Anti-fade Mounting Medium
(Invitrogen). RPE-choroid-sclera flat mounts were examined
under a ZEISS LSM 510 laser confocal microscope, and images
of laser spots were captured. The green color in the laser spot
represents the CNV complex, whereas the elastin was stained
red. Area of green fluorescence (CNV size) was measured using
the NIH Image] program.

In Vivo Antibody Administration—To block MAC forma-
tion, C57BL/6 mice (group 1, » = 21 mice) received a total of
eight injections of anti-murine C6 (50 pg/injection) via the i.p.
route before laser treatment on days —7, —6, =5, —4, —3, =2,
and —1 and immediately after laser treatment (day 0). Control
animals (group 2, n = 21 mice) received a similar treatment
with purified normal rabbit IgG. Another group of mice (group
3, n = 21 mice) received a single subretinal injection of anti-C6
(1.4 pgin 2 pl) immediately after laser treatment. Control ani-
mals (group 4, n = 21 mice) received a similar treatment with
purified normal rabbit IgG. To block the bioactivity of CCL2,
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C57BL/6 mice (group 5, n = 15 mice mice) received a total four
injections of anti-murine CCL2 (100 ug/injection) via an i.p.
route before laser treatment on days —2 and —1 and at 6 and
12 h post-laser treatment. Control animals (group 6, n = 15
mice) received a similar treatment with purified rat IgG.
Another group of mice (group 7, n = 15 mice) received a single
subretinal injection of anti-CCL2 (10 g in 2 ul) immediately
after laser treatment. Control animals (group 8, n = 15 mice)
received a similar treatment with purified rat IgG. To block the
bioactivity of VEGF, C57BL/6 mice (group 9, n = 15 mice)
received total seven injections of anti-murine VEGF (100
pg/injection) via ip route on days O (right after laser treatment),
1,2, 3,4, 5, and 6 after laser treatment. Control animals (group
10, n = 15 mice) received a similar treatment with purified
normal goat IgG. Another group of mice (group 11, # = 6 mice)
received a single subretinal injection of anti-VEGF (15 ug in 2
wl) 2 days after laser treatment. Control animals (group 12, n =
6 mice) received a similar treatment with purified goat IgG.

Measurement of MAC Deposition—RPE-choroid-sclera flat
mounts were stained for MAC with a polyclonal antibody
(raised in rabbit) reactive with rat/mouse C9 (kindly provided
by Professor B. P. Morgan (University of Wales College of Med-
icine, Cardiff, UK) at a 1:1000 dilution as described previously
(27-29, 50). FITC-conjugated anti-rabbit IgG obtained from
Invitrogen was used as the secondary antibody at a 1:400 dilu-
tion. After incubation, sections were covered with ProLong
Gold Mounting Medium (Invitrogen). Control stains were per-
formed with normal rabbit serum at concentrations similar to
the primary antibody, and additional controls consisted of
staining by omission of the primary or secondary antibody. Flat
mounts were examined under confocal microscope (Zeiss
LSM510) and Z-stack images (2-um thickness of each optical
section) of the laser-injured area were captured. Mean intensity
of green fluorescence in area of laser injury was measured using
the NIH Image] program in each Z-stack layer. The mean value
of intensity for each laser spot was calculated. Each experiment
was repeated three times.

Real-time Quantitative RT-PCR (RT-qPCR)—Animals were
sacrificed at various time points post-laser treatment, and RPE-
choroid tissue harvested from the enucleated eyes were pooled
separately for each time point. Total RNA was purified using
the RNeasy mini kit (Qiagen, Valencia, CA), and cDNA was
synthesized using the iScript cDNA synthesis kit (Bio-Rad) with
0.5 ug of total RNA according to the manufacturer’s recom-
mendations. qPCR was performed with primers specific for
mouse CCL2, VEGF, and GAPDH using iQ SYBR Green Super-
mix in an iQ5 real-time PCR detection system (Bio-Rad). The
primers were designed and ordered from Integrated DNA
Technologies (Coralville, IA), and primer sequences used were
as follows: mouse CCL2, 5'-AACTCTCACTGAAGCCAG-
CTCT-3" (forward) and 5'-CGTTAACTGCATCTGGC-
TGA-3' (reverse); mouse VEGF, 5'-GTTCACTGTGAGCCT-
TGTTCAG-3' (forward) and 5'-GTCACATCTGCAAGTAC-
GTTCG-3' (reverse); and mouse GAPDH, 5'-CTGGAGAAA-
CCTGCCAAGTA-3’ (forward) and 5'-TGTTGCTGTAGCC-
GTATTCA-3' (reverse).

Pilot real-time RT-qPCR experiments were performed to
determine optimal condition for each primer. All real-time RT-
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FIGURE 1. Time-dependent expression of MAC, CCL2, and VEGF during laser-induced CNV. CNV was induced by laser photocoagulation and C57BL/6 mice
were sacrificed at various time points: 1 h,3 h, 6 h, 12 h, day 1, day 2, day 3, day 5, and day 7 post-laser treatment. A, representative confocal micrographs of
RPE-choroid-sclera flat mounts immunostained for MAC at various time points post-laser treatment are shown. The graph shows semi-quantitative evaluation
of positive fluorescent signal for MAC (B). CCL2 mRNA (C) and protein (D) levels were analyzed by quantitative real-time RT-PCR and ELISA, respectively, at the
time points mentioned above. Levels of VEGF mRNA (E) and protein (F) at these time points were determined by real-time RT-PCR and ELISA. CNV formation was
monitored by immunohistochemical staining of RPE-choroid-sclera flat mounts, and results were quantified as described under “Experimental Procedures.”
Representative confocal microphotographs of RPE-choroid-sclera flat mounts from C57BL/6 mice sacrificed at different time points after laser treatment show
new vessels as green and red for elastin (G). CNV was quantified by NIH ImageJ software and cumulative data obtained by the quantification of the images are
shown in H. Quantification and statistical analyses, including S.D. and Student’s t test, were performed as described under “Experimental Procedures.” All data

are representative of three independent experiments. N represents naive mice. *, p < 0.05.

qPCR experiments were performed in duplicate. The primer
specificity of the amplification product was confirmed by melt-
ing curve analysis of the reaction products using SYBR Green as
well as by visualization on ethidium bromide-stained agarose
(1.5%) gels. The housekeeping gene GAPDH was used as an
internal control, and gene-specific mRNA expression was nor-
malized against GAPDH expression. iQ™5 optical system
software (Bio-Rad; version 2.0) was used to analyze real-time
RT-qPCR data and derive threshold cycle (C+) values according
to the manufacturer’s instructions. The DDC. method was
used to transform C values into relative quantities with S.D.
The same software was used to calculate the normalized
expression of the gene of interest, using GAPDH as reference
gene, and the results were expressed as normalized fold
expression.

ELISA—RPE-choroid tissue harvested from the enucleated
eyes were pooled, placed in 500 ul of lysis buffer, and homoge-
nized on ice for 30 s. The lysate was then centrifuged at 10,000
rpm for 10 min at 4 °C, and levels of CCL2 and VEGF proteins in
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the supernatant were determined using a mouse CCL2 and
VEGF ELISA kit (both from R&D Systems), respectively. ELISA
was performed according to the manufacturer’s recommenda-
tions, and samples were assayed in triplicate. The concentra-
tion of each cytokine was calculated by computer software
using the standard curves obtained from known concentrations
(ELISA kit).

Statistical Analysis—The data are expressed as the mean =
S.D. Data were analyzed and compared using analysis of vari-
ance, and differences were considered statistically significant
with p < 0.05.

RESULTS

A combination of following four approaches was used to
establish a link between MAC, the end product of comple-
ment activation, CCL2 (chemokine), and VEGF (angiogenic
growth factor) during the development of laser-induced
CNV in mice.
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FIGURE 2. Effect of i.p. injection of anti-murine C6 on MAC deposition, CCL2 expression, VEGF expression, and formation of CNV complex. Represen-
tative confocal micrographs of RPE-choroid-sclera flat mounts immunostained for MAC at 12 h (A) and day 3 (C) post-laser treatment from mice injected i.p. with
anti-murine C6 or control antibody. Graphs show semi-quantitative evaluation of positive fluorescent signal for MAC at 12 h (B) and at day 3 (D). CCL2 mRNA
(E) and protein (F) levels were analyzed 12 h after laser treatment, whereas levels of VEGF mRNA (G) and protein (H) were determined at day 3 post-laser
treatment by real-time RT-PCR and ELISA, respectively, in RPE-choroid of mice treated i.p. with anti-murine C6 or control antibody. Representative confocal
microphotographs of RPE-choroid-sclera flat mounts with FITC-dextran perfused vessels (green) from C57BL/6 mice injected i.p. with anti-murine C6 or control
antibody and sacrificed at day 7 post-laser treatment are shown (/). Cumulative data obtained by the quantification of the images are shown in J. Quantification
and statistical analyses, including S.D. and Student’s t test, were performed as described under “Experimental Procedures.” All data are representative of three

independent experiments. *, p < 0.05.

Expression Profile of MAC, CCL2, and VEGF during
Laser-induced CNV

To study the sequential expression of MAC, CCL2, and
VEGF, CNV was induced in C57BL/6 mice using an Argon
laser. After laser treatment, animals were sacrificed at 1 h, 3 h,
6h,12h,day1,2,3,5,and 7 (n = 18 mice/molecule/time point).
Time-dependent MAC deposition, along with CCL2 and VEGF
expression, was determined. Immunohistochemical staining of
RPE-choroid-sclera flat mounts and semi-quantitative evalua-
tion of a positive fluorescent signal for MAC demonstrated that
MAC deposition increased significantly (p < 0.05) at 1 h post-

20994 JOURNAL OF BIOLOGICAL CHEMISTRY

laser treatment compared with naive mice, peaked at day 3, and
remained elevated until day 7 (Fig. 1, A and B). Results of quan-
titative real-time RT-PCR and ELISA revealed that in RPE-cho-
roid, CCL2 mRNA (Fig. 1C) and protein (Fig. 1D) levels were
significantly (p < 0.05) elevated at 3 h post-laser treatment and
peaked at 12 h post-laser treatment relative to naive mice. Com-
pared with naive animals, both mRNA (Fig. 1E) and protein
(Fig. 1F) levels of VEGF remained unaltered until day 1 post-
laser treatment as determined by real-time RT-PCR and ELISA,
respectively. Levels of VEGF mRNA were significantly (p <
0.05) elevated at day 2 (Fig. 1E), whereas significantly (p < 0.05)
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FIGURE 3. Effect of subretinal administration of anti-murine C6 on MAC deposition, CCL2 expression, VEGF expression, and formation of CNV com-
plex. Representative confocal micrographs of RPE-choroid-sclera flat mounts immunostained for MAC at 12 h (A) and day 3 (C) post-laser treatment from mice
injected with anti-murine C6 or control antibody via sub-retinal route. Graphs show semi-quantitative evaluation of positive fluorescent signal for MACat 12 h
(B) and at day 3 (D). CCL2 mRNA (E) and protein (F) levels were analyzed 12 h after laser treatment, whereas levels of VEGF mRNA (G) and protein (H) were
determined at day 3 post-laser treatment by real-time RT-PCR and ELISA, respectively, in RPE-choroid of mice injected with anti-murine C6 or control antibody
via subretinal route. Representative confocal microphotographs of RPE-choroid-sclera flat mounts with FITC-dextran perfused vessels (green) from C57BL/6
mice injected sub-retinally with anti-murine C6 or control antibody and sacrificed at day 7 post-laser treatment are shown (/). Cumulative data obtained by the
quantification of the images are shown (J). Quantification and statistical analyses, including S.D. and Student's t test, were performed as described under

“Experimental Procedures.” All data are representative of three independent experiments. *, p < 0.05.

elevated VEGF protein levels were detected at day 3 post-laser
treatment (Fig. 1F). CNV formation at above mentioned time
points was also monitored. CNV was observed in most laser-
treated spots at day 5 post-laser treatment, and the CNV com-
plex was fully developed on day 7 (Fig. 1, G and H). Experiments
were repeated three times with similar results.

Effect of MAC on CCL2 and VEGF

To investigate the effect of MAC inhibition in vivo on
CCL2 and VEGEF, C57BL/6 mice were injected with poly-
clonal anti-mouse C6 antibody systemically (i.p.) or locally
(subretinal). Control animals received similar treatment
with control antibody. The effect of anti-C6 antibody on
complement system was determined by us in a previous

JUNE 10,2011 +VOLUME 286+NUMBER 23

study (27). The dose of this antibody for i.p. and sub-retinal
injections used in the current study was determined in our
pilot experiments by measuring the effect of each dose of
antibody on CNV size in mice.

i.p. Injection—Systemic administration of the anti-C6 anti-
body significantly (p < 0.05) reduced the deposition of MAC
within the laser spots at 12 h post-laser treatment (~ 20%, Fig.
2, A and B) and at day 3 (~45%, Fig. 2, C and D) compared with
mice treated similarly with the control antibody (Fig. 2, A and
B). Because the CCL2 level peaked at 12 h post-laser treatment,
and VEGF levels were elevated on day 3 post-laser treatment
(Fig. 1), we decided to study the effect of anti-C6 on CCL2 and
VEGF at 12 h and day 3 post-laser treatment, respectively. At

JOURNAL OF BIOLOGICAL CHEMISTRY 20995



Role of Complement, CCL2, and VEGF in CNV

A MAC (12 h) B

~

120
100 A
80 A
60 A
40 +

Control Ab anti-CCL2 Ab

Mean Intensity

20 A

MAC (12 h)

> Ak
Control Ab

anti-CCL2 Ab

Control Ab

O

MAC (Day 3)

140-
120-
100-
80
60 -
40
20

12 1

08 -
06 1
04 -+
0.2 1

Mean Intensity
Fold expression

T

Control Ab anti-CCL2 Ab

CNV

Control Ab

T

50 -

40

30 A

20 A

pm? (X103)

anti-CCL2 Ab

Control Ab 10 -

VEGF mRNA

1

anti-CCL2 Ab

VEGF Protein

*

*
501

40+

304

204

VEGF (pg/mg)

104

anti-CCL2 Ab Control Ab anti-CCL2 Ab

CNVsize

*

0 =
Control Ab

T 1

anti-CCL2 Ab

FIGURE 4. Effect of i.p. injection of anti-murine CCL2 on MAC deposition, VEGF expression, and CNV formation. A and C show representative confocal
micrographs of RPE-choroid-sclera flat mounts immunostained for MAC at 12 h and day 3 post-laser treatment, respectively, from mice injected i.p. with
anti-murine CCL2 or isotype control antibody. Semi-quantitative evaluation of positive fluorescent signal for MAC at 12 h (B) and at day 3 (D) is shown. VEGF
mRNA (E) and protein (F) were analyzed at day 3 post-laser treatment by real-time RT-PCR and ELISA, respectively, in RPE-choroid of these animals. Represen-
tative confocal microphotographs of RPE-choroid-sclera flat mounts from C57BL/6 mice injected with anti-murine CCL2 or isotype control antibody and
sacrificed at day 7 post-laser treatment are shown (G). Cumulative data obtained by the quantification of the images are shown (H). Quantification and
statistical analyses, including S.D. and Student's t test, were performed as described under “Experimental Procedures.” All data are representative of three

independent experiments. *, p < 0.05.

12 h post-laser treatment, blocking MAC formation signifi-
cantly (p < 0.05) decreased the expression of CCL2 (both
mRNA and protein). Mice treated with anti-Cé antibody had
significantly (p < 0.05) reduced (~30%) levels of CCL2 mRNA
(Fig. 2E) and protein (Fig. 2F) compared with mice treated with
control antibody. We noted that in anti-C6 treated mice, VEGF
mRNA (Fig. 2G) and protein (Fig. 2H) levels were also signifi-
cantly (p < 0.05) decreased (~ 25%) at day 3 post-laser treat-
ment, and CNV was significantly (p < 0.05) inhibited (~77%)
on day 7 post-laser treatment (Fig. 2, I and /) compared with
control antibody-treated animals.

Subretinal Injection—In another set of experiments, local (i.e.
ocular) MAC formation was inhibited by injecting anti-C6 anti-
body subretinally in the eye of C57BL/6 mice immediately after
laser treatment.

We observed that subretinal injection of the anti-Cé6 anti-
body significantly (p < 0.05) decreased MAC deposition at 12 h
(~29%, Fig. 3, A and B) and on day 3 (~26%, Fig. 3, C and D)
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post-laser treatment compared with treatment with control
IgG. Treatment with anti-C6 also resulted in significantly (p <
0.05) reduced expression of CCL2 mRNA (~26%, Fig. 3E) and
protein (~25%, Fig. 3F) at 12 h post-laser treatment, signifi-
cantly (p < 0.05) reduced expression of VEGF mRNA (~29%,
Fig. 3G) and protein (25%, Fig. 3H) on day 3 post-laser treat-
ment and inhibited the formation of CNV complex (~73%, Fig.
3,1and ) at day 7 compared with the animals treated similarly
with control antibody.

Collectively, our data demonstrate that both systemic and
local inhibition of MAC down-regulates CCL2 as well as VEGF
and inhibits the development of CNV complex. These results
suggest that MAC is crucial for the expression of CCL2 and
VEGF during laser-induced CNV.

Effect of CCL2 on MAC and VEGF

Experiments were performed to explore the effect of CCL2
neutralization on MAC and VEGF during laser-induced CNV
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FIGURE 5. Effect of subretinal administration of anti-murine CCL2 on MAC deposition, VEGF expression, and formation of CNV complex. Representa-
tive confocal micrographs of RPE-choroid-sclera flat mounts immunostained for MAC at 12 h (A) and day 3 (C) post-laser treatment from mice injected with
anti-murine CCL2 or isotype control antibody via subretinal route. Graphs show semi-quantitative evaluation of positive fluorescent signal for MAC at 12 h (B)
and at day 3 (D). VEGF mRNA (E) and protein (F) were determined at day 3 post-laser treatment by real-time RT-PCR and ELISA, respectively, in RPE-choroid.
Representative confocal microphotographs of RPE-choroid-sclera flat mounts from C57BL/6 mice injected sub-retinally with anti-murine CCL2 or isotype
control antibody and sacrificed at day 7 post-laser treatment are shown (G). Cumulative data obtained by the quantification of the images are shown (H).
Quantification and statistical analyses, including S.D. and Student's t test, were performed as described under “Experimental Procedures.” All data are repre-

sentative of three independent experiments. *, p < 0.05.

and CCL2 bioactivity was blocked in vivo by i.p. or subretinal
injection of monoclonal anti-mouse CCL2 antibody. Control
animals received similar treatment with isotype control anti-
body. Monoclonal anti-mouse CCL2 is reported to neutral-
ize mouse CCL2 bioactivity by the manufacturer (R&D Sys-
tems) and the dose of this antibody for i.p. and sub-retinal
injections used in the current study was determined in our
pilot experiments by measuring the effect of each dose of
antibody on the size of the CNV complex in mice.

i.p. Injection—C57BL/6 mice were injected with monoclonal
anti-mouse CCL2 antibody or control rat IgG as described
under “Experimental Procedures.” Neutralization of CCL2 bio-
activity did not alter the MAC deposition within laser spots
both at 12 h (Fig. 4, A and B) and on day 3 post-laser treatment
(Fig. 4, Cand D). Levels of MAC in mice treated with anti-CCL2
were similar to those observed in the animals treated similarly
with isotype control antibody at these time points (Fig. 4, A—D)
Interestingly, treatment with anti-CCL2 antibody resulted in

JUNE 10,2011 +VOLUME 286+NUMBER 23

significantly (p < 0.05) reduced levels of VEGF mRNA (~18%,
Fig. 4E) and VEGF protein (~ 26%, Fig. 4F) at day 3 post-laser
treatment compared with mice treated with isotype control.
Additionally, CNV formation was also inhibited in these ani-
mals by 49% at day 7 (Fig. 4, G and H).

Subretinal Injection—C57BL/6 mice were injected 10 ug of
neutralizing antibody against mouse CCL2 immediately after
laser treatment via subretinal route. Our results presented in
Fig. 5 demonstrate that neutralization of CCL2 bioactivity
within the mouse eye did not affect the MAC deposition in laser
spots at 12 h (Fig. 5, A and B) and at day 3 (Fig. 5, C and D)
post-laser treatment, and the levels of MAC in these animals
were similar to those observed in the mice treated with isotype
control antibody. However, VEGF expression was significantly
(p < 0.05) reduced (~20%, Fig. 5, E and F) at day 3, and CNV
formation at day 7 was inhibited (~51%) by treatment with
anti-CCL2 (Fig. 5, G and H) compared with similar treatment
with isotype control antibody.
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FIGURE 6. Effect of i.p. injection of anti-murine VEGF on MAC deposition, CCL2 expression, and formation of CNV complex. A and C show representative
confocal micrographs of RPE-choroid-sclera flat mounts immunostained for MAC at 12 h and day 3 post-laser treatment, respectively, from mice injected i.p.
with anti-murine VEGF or control antibody. Semi-quantitative evaluation of positive fluorescent signal for MACat 12 h (B) and at day 3 (D) is shown. CCL2 mRNA
(E) and protein (F) were analyzed at 12 h post-laser treatment by real-time RT-PCR and ELISA, respectively, in RPE-choroid of these animals. Representative
confocal microphotographs of RPE-choroid-sclera flat mounts from C57BL/6 mice injected with anti-murine VEGF or control antibody and sacrificed at day 7
post-laser treatment are shown (G). H represents the cumulative data of CNV quantification. Quantification and statistical analyses, including S.D. and Student’s
t test, were performed as described under “Experimental Procedures.” All data are representative of three independent experiments. *, p < 0.05.

Thus, the above-mentioned results demonstrate that the lev-
els of VEGF were significantly reduced by interception of CCL2
bioactivity; however, MAC formation was not affected by this
treatment. The formation of CNV complex was also inhibited
in the animals treated with CCL2 antibody. Taken together, our
results suggest that CCL2 expression is downstream to MAC
deposition and upstream of VEGF expression during laser-in-
duced CNV.

Effect of VEGF on MAC and CCL2

Experiments were performed to study the effect of VEGF
neutralization on MAC and CCL2 during laser-induced CNV.
The bioactivity of VEGF was blocked in vivo by i.p. or subretinal
injection of polyclonal anti-mouse VEGF antibody. Control
animals received similar treatment with control antibody. Poly-
clonal anti-mouse VEGF is reported to neutralize mouse VEGF
bioactivity by the manufacturer (R&D Systems), and the dose of
this antibody for ip and sub-retinal injections used in the cur-
rent study was determined in our pilot experiments by meas-
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uring the effect of each dose of antibody on the size of the CNV
complex in mice.

i.p. Injection—Animals injected with anti-VEGF antibody or
control goat IgG (described under “Experimental Procedures”)
were sacrificed at 12 h, day 3, or day 7, and the harvested eyes
were analyzed for MAC deposition, CCL2 expression, and CNV
formation. As shown in Fig. 6, blocking VEGF bioactivity had
no effect on MAC deposition at 12 h (Fig. 6, A and B) and day 3
(Fig. 6, C and D) post-laser treatment. Levels of MAC in mice
treated with anti-VEGF were similar to those observed in the
animals treated similarly with control antibody at these time
points (Fig. 6, A-D). Interestingly, mice in which the VEGF
bioactivity was blocked produced significantly (» < 0.05) more
CCL2 mRNA (Fig. 6E) and protein (Fig. 6F) at 12 h post-laser
treatment relative to control mice treated similarly with control
antibody. On day 7 post-laser treatment, CNV formation was
significantly (p < 0.05) inhibited (~77%) in anti-VEGF anti-
body-treated mice compared with the animals treated with
control antibody (Fig. 6, G and H).
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Subretinal Injection—Anti-VEGF antibody (15 ug) was
injected via sub-retinal route into the eye of C57BL/6 mice on
day 2 post-laser treatment to block VEGF bioactivity locally.
Local blockade of VEGF function did not affect MAC deposi-
tion on day 3 post-laser treatment (Fig. 7, A and B), and the
levels of MAC in these animals were similar to those observed
in the mice treated with control antibody. However, treatment
with anti-VEGF significantly inhibited (~89%) CNV formation
on day 7 post-laser treatment compared with the mice treated
with control antibody (Fig. 7, C and D). Because CCL2 levels
peaked at 12 h, declined at day 1 post-laser treatment, and sub-
retinal injection of anti-VEGF was given at day 2 post-laser
treatment, we could not study the effect of subretinal anti-
VEGF on CCL2 expression.

Taken together, our results reveal that during laser-induced
CNV, MAC deposition precedes CCL2, and VEGF expression
and these molecules are formed and/or expressed in the follow-
ing order: MAC — CCL2 — VEGE. Our results further dem-
onstrate that during the course of laser-induced CNV, MAC
regulates CCL2 and VEGF expression. MAC facilitates choroi-
dal angiogenesis by directly up-regulating VEGF or by up-reg-
ulating VEGF through its effect on CCL2 (Fig. 8).

DISCUSSION

CNV-associated with wet type (exudative) AMD leads to cat-
astrophic loss of central vision among the elderly worldwide
(1-5, 53, 54). Currently available agents as well as procedures
for the treatment of exudative AMD have limited efficacy and
are associated with significant ocular complications (55-57).
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Therefore, studies exploring the molecular mechanisms
involved in CNV formation are essential to gain insight into the
pathogenesis of CNV and are required for the development of
effective therapy for this blinding disease. Over the years,
experimental CNV induced by laser photocoagulation in mice
has allowed the investigators to understand the pathogenesis as
well as development and progression of CNV (27-32, 50, 51).

Using an animal model of laser-induced CNV, we have pre-
viously reported a correlation between MAC generation (as a
result of complement activation via the alternative pathway)
and the release of angiogenic growth factors, VEGF, basic fibro-
blast growth factors, and TGF-f, during laser-induced CNV
(28, 29). Studies reported in the literature have indicated a pos-
sible role of chemokines in AMD (33-35, 58, 59). Furthermore,
several studies have suggested that the expression of various
chemokines can be regulated by complement activation prod-
ucts, including MAC (39-42). It is also known that various
chemokines can modulate the levels of growth factors (43—46).
However, the link between MAC, chemokines, and growth fac-
tors in laser-induced CNV is not elucidated thus far. In the
present study, we investigated whether the effect of MAC on
the induction and/or release of angiogenic growth factors is
mediated by chemokines in mouse model of laser-induced
CNV. This study provides evidence for the first time that MAC
regulates CNV by modulating the expression of chemokines
and angiogenic growth factors.

We hypothesized that MAC will modulate the production
and/or secretion of chemokine and will facilitate angiogenesis
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FIGURE 8. A schematic of interrelationship between MAC, CCL2, and
VEGF during laser-induced CNV. Laser treatment leads to complement acti-
vation within the posterior segment of the eye which results in MAC deposi-
tion within the laser spots. MAC facilitates choroidal angiogenesis by directly
up-regulating VEGF or by up-regulating VEGF through CCL2. Our data sug-
gest that there are reciprocal interactions between CCL2 and VEGF.

by inducing angiogenic growth factors in the laser-induced
CNV mouse model. To test this hypothesis, a series of experi-
ments were performed, and we focused our attention on CCL2
and VEGF. This is because the evidence in the literature pro-
vides ample evidence that VEGF is a major factor in the devel-
opment of CNV (60-62) and CCL2 has been reported to play
an important role in AMD (33-35).

The first experiments were conducted to determine time-de-
pendent expression of MAC, CCL2, and VEGF after laser pho-
tocoagulation. We found that MAC deposition started to
increase as early as 1 h post-laser treatment, CCL2 levels
increased at 3 h post-laser treatment, and VEGF increased sig-
nificantly at days 2-3 post-laser treatment. CNV complex
started to form on day 5 post-laser treatment, and CNV was
fully developed by day 7. Collectively, these results suggest that
in the laser treatment-induced mouse model CNV formation
takes place in the following order: MAC deposition — CCL2
expression — VEGF production — CNV formation.

Having demonstrated sequence of MAC, CCL2, and VEGF
expression during laser-induced CNV, we sought to establish a
link between MAC, CCL2, and VEGF and used neutralizing
antibodies against C6, CCL2, and VEGF to explore the cross-
talk between MAC, CCL2, and VEGF in this animal model. We
first blocked MAC formation using an anti-mouse C6 antibody.
MAC is a multimolecular complex composed of five comple-
ment proteins, C5b, C6, C7, C8, and C9 (C5b-9). MAC cannot
be fully formed and will not be functional if the function of any
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component comprising MAC is blocked (63— 65). By giving sys-
temic injections of anti-mouse C6 antibody, we successfully
inhibited MAC formation iz vivo in the laser-induced CNV
mouse model. Decreased MAC formation resulted in reduced
expression of CCL2 and VEGF (both mRNA and protein) and
inhibited CNV formation. Local blocking (by subretinal injec-
tion) of MAC had similar effect. Next, we neutralized the bio-
activity of CCL2 in vivo (both systemically and locally) using an
anti-mouse CCL2 antibody, and explored whether loss of CCL2
function affects MAC deposition, VEGF expression, and CNV
formation. Blocking of CCL2 function inhibited VEGF expres-
sion and CNV formation; however, it had no effect on MAC
deposition in the laser spots. Finally, we blocked the bioactivity
of VEGF using neutralizing antibody against mouse VEGF. Sys-
temic and local neutralization of the VEGF bioactivity inhibited
CNV formation significantly but did not affect MAC deposi-
tion. Interestingly, neutralization of VEGF bioactivity leads to
increased CCL2 expression, thus suggesting that VEGF expres-
sion may have a negative feedback effect on CCL2 expression.
CCL2 has been reported to have a bidirectional relationship
with VEGF (46, 66 —68).

Together, our results demonstrate that MAC is an upstream
mediator and effect of MAC on the development of CNV can be
attributed to its direct effect on VEGF as well as its effect on
VEGEF that is mediated by CCL2 (Fig. 8). Although, our study
focused on CCL2 and VEGF, we cannot rule out the role of
potential cross-talk between MAC and other chemokines as
well as growth factors. Several chemokines such as IL-8 (KC in
mouse) and angiogenic growth factors modulated by MAC
have been implicated in the pathogenesis of AMD (27-29, 69,
70). In conclusion, our study provides evidence for the first time
that the interactions between MAC, CCL2, and VEGF are cru-
cial in the pathogenesis of CNV. There is a dynamic balance
between MAC, chemokine (CCL2), and angiogenic growth fac-
tor (VEGF) in mouse model of laser-induced CNV (Fig. 8). The
results presented here describe important immune interactions
that occur during the development of laser-induced CNV. In
terms of therapy, understanding the mechanisms of action of
different immunological factors may enable multiple
approaches to treat CNV or neovascular AMD.
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