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Dysregulation of Complement Contributes to Development and 
Progression of Advanced Age-related Macular Degeneration (AMD)

3

CNV lesion: the abnormal new 
vessel growth from the 
choriocapillaris that extends 
through Bruch’s membrane into 
the sub-RPE and/or subretinal 
space

• AMD is the leading cause of blindness in 
the US and the developed world

• Human genetics and other evidence 
implicate dysregulation of complement 
system in pathogenesis of both forms of 
advanced AMD – Geographic Atrophy 
and Choroidal Neovascularization (CNV)



Complement Activation Pathways Converge on Complement C3
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Laser-induced CNV Model Mechanistically Recapitulates Wet AMD

5

Laser-induced CNV model: one of the most widely used models that recapitulates the VEGF dependent 
angiogenic aspect of wet AMD, including activation of microglia and recruitment of myeloid immune cells
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Complement Inhibition Ameliorates Laser-induced CNV in Mice

6

(volume studies, three per eye; protein analyses!flow cytometry, 12
per eye) on both eyes of each animal to induce CNV, as described
(14, 15, 42). CNV volumes were measured by scanning laser
confocal microscope (TCS SP, Leica), as reported (14, 15, 42), with
0.5% FITC–Griffonia simplicifolia Isolectin B4 (Vector Laborato-
ries) or 0.5% FITC–rat antibody against mouse CD31 (BD Bio-
sciences). Volumes obtained by lectin and CD31 staining were
highly correlated (r2 ! 0.95).

Complement Inhibition. The C3a receptor antagonist N2-[(2,2-
diphenylethoxy)acetyl]-L-arginine (43) and the C5a receptor an-
tagonist AcF[OPdChaWR] (44) were synthesized as described (45,
46). A control peptide (IAVVQDWGHHRAT), synthesized as
described (47), was used as control. Rat IgG2a antibody against
mouse C3a (clone 3!11; HyCult biotechnology, Uden, The Neth-
erlands) and rabbit polyclonal IgG antibody against a synthetic
peptide constructed from the C-terminal region of rat C5a (48)
were used to block C3a and C5a. Rabbit IgG (Jackson Immunore-
search) and rat IgG2a (Serotec) were used as controls. These
reagents were injected into the vitreous humor of wild-type mice by
using a 33-gauge double-caliber needle (Ito, Tokyo) immediately
after laser injury, as described (42).

Immunohistochemistry. Mouse eyes were enucleated, snap-frozen in
OCT compound, and cryosectioned. Frozen sections (10 !m), fixed
in Histochoice MB (Amresco, Euclid, OH), and blocked with
DakoCytomation Protein Block (DAKO) were incubated with
rabbit antibody against mouse RPE65 (1:100; generous gift of T. M.
Redmond, National Eye Institute, Bethesda) diluted in DakoCy-
tomation Antibody Diluent (DAKO) and then with Alexa 488-
conjugated goat antibody against rabbit IgG (Molecular Probes).
We generated chicken antibodies against mouse C3 or C5 by
immunizing hens with keyhole limpet hemocyanin-conjugated
mouse C3 or C5 peptide (Aves Labs, Tigard, OR) and subsequently

affinity-purified these polyclonal antibodies from the eggs by using
C3 or C5 peptide coupled to agarose beads. Slides were incubated
in chicken antibodies against mouse C3 (1:250) or C5 (1:5,000) and
then with Cy3-conjugated donkey antibody against chicken IgG
(Jackson Immunoresearch). Cell nuclei were stained with DAPI
(1:25,000; Molecular Probes). Human eye sections, fixed in Histo-
choice MB and blocked in DakoCytomation Protein Block, were
incubated with mouse monoclonal antibodies against human C3a
(1:50) or C5a (1:25; HyCult biotechnology), which are specific to
the neoepitopes generated upon complement activation, and then
with biotinylated goat antibody against mouse IgG (1:1,000; Vector
Laboratories). Immunostaining was developed by using Alkaline
Phosphatase Vectastain ABC and Vector Blue Alkaline Phospha-
tase Substrate Kits (Vector Laboratories) according to the manu-
facturer’s instructions. Endogenous alkaline phosphatase was
blocked by using levamisole solution (Vector Laboratories). Spec-
ificity of staining was confirmed by omitting the primary antibodies.

Cell Culture. Human RPE cells isolated from donor eyes of patients
with a normal fundus examination were cultured in DMEM (In-
vitrogen) containing 10% FBS, penicillin G (100 units!ml), strep-
tomycin sulfate (0.1 mg!ml) (all from Sigma Aldrich) at 37°C under
10% CO2 and 90% room air. Passage 2–4 cells were used for
experiments upon attaining 80% or 100% confluence and stimu-
lated with either C3a or C5a (50 ng!ml; Sigma Aldrich) in serum-
free media. Supernatant fractions from the media were harvested
at 8 h and analyzed for protein content.

ELISA. Cell culture supernatants were analyzed for total protein
content by a modified Bradford assay (Bio-Rad) and for VEGF by
ELISA kit (R & D Systems), at 450!570 nm (Emax, Molecular
Devices). Normalized VEGF levels were calculated for each sample
by dividing the VEGF ELISA outcome by the total protein
determination for the same sample. For in vivo determination, the

Fig. 6. Disruption of complement function inhibited CNV. Stacked confocal images (1-!m sections) of FITC–isolectin B4-labeled tissue within laser scars in wild-type
(A), C3aR–/– (B), and C5aR–/– (C) mice demonstrate reduction in CNV volume in knockout animals (D). *, P " 0.05 compared with wild-type (wt) mice. (Scale bar, 100 !m.)
CNV was reduced in wild-type mice treated with neutralizing anti-C3a or -C5a antibodies (2 !g) compared with isotype control antibodies (E) or with C3a receptor
antagonist or C5a receptor antagonist (1 !g) compared with control peptide or PBS (F). *, P " 0.05 compared with control IgGs (E) or control peptide (F).
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Reduced CNV lesion size in C3aR 
and C5aR knockout mice
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Nozaki M., et al., PNAS 2006

C3aR KO C5aR KOWT

Jo D., et al., Oncotarget 2017

CNV lesion size is reduced by 
intravitreous anti-C5 antibody

Oncotarget45509www.impactjournals.com/oncotarget

retinal layers, the total thickness of retinal layers (Figure 
5C and Supplementary Figure 3) and apoptotic activity 
measured by the level of cleaved caspase-3 (Figure 5D) 
at 7 days after the treatment of anti-C5 antibody at 10 
times the therapeutic dose. Neither cellular toxicity was 
observed in murine brain microvascular endothelial 
cells with the treatment of anti-C5 antibody at the 
FRQFHQWUDWLRQV�IURP���QJ�P/�WR���ȝJ�P/�LQ�:67���DVVD\�
(Figure 5E) and direct cell counting with methylene blue 
staining (data not shown).

DISCUSSION

In this study, an anti-C5 antibody targeting MG4 
domain effectively inhibited CNV in a mouse model of 
CNV, a well-established animal model of neovascular 
AMD [21]. This model demonstrates representative 
characteristics of neovascular AMD including the 
LQYROYHPHQW� RI� FRPSOHPHQW� V\VWHP�� LQ¿OWUDWLRQ� RI�
immune cells, and CNV [8-10, 13, 25-31]. Upon laser 
photocoagulation to Bruch’s membrane delineating RPE 
and choroid, the complement system is activated in 
UHVSRQVH�WR�WLVVXH�GDPDJH�DQG�H[DFHUEDWHV�LQÀDPPDWLRQ�
and tissue injury as in other organs [7]. In particular, as C5 

and its cleaved forms of effector proteins (C5a and C5b) 
are expressed in human CNV [8, 9, 13] and associated 
with the progression of neovascular AMD [12, 13], C5a 
is elevated in RPE-choroid-scleral complexes [8] and the 
level of C5a is related with the degree of CNV formation 
in the laser-induced CNV model in mice [34]. In this 
study, we also demonstrated that C5a was elevated in 
RPE-choroid-scleral complexes, of which the highest 
value was evident at 6 hours after laser photocoagulation 
(Figure 3A and Supplementary Figure 1A).

The involvement of C5 and its cleaved effector 
proteins in the pathogenesis of CNV might be considered 
in 2 distinct phases. First, C5a directly affects RPE cells 
to express and secrete VEGF in vitro and in vivo [8, 35, 
��@��7KLV�SKHQRPHQRQ�ZDV�FRQ¿UPHG�XVLQJ�TXDQWLWDWLYH�
real-time polymerase chain reaction and ELISA in this 
study (Supplementary Figure 2A and 2B). Second, C5a 
attracts immune cells including macrophages by inducing 
the expression and secretion of cytokines such as MCP-
1 and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) [23, 37]. In a study using a primary human 
RPE cell line and ARPE-19 cells which possess C5a 
receptors, C5a increases the expression of interleukin 
6, MCP-1, and GM-CSF [23]. Similarly, C5a induced 

Figure 2: Anti-C5 antibody targeting MG4 domain inhibits laser-induced CNV in mice. (A) Representative photographs of 
CNV at 7 days after laser photocoagulation and intravitreal injection of IgG1 isotype control, anti-C5 antibody, or BB5.1 demonstrated by 
LPPXQRVWDLQLQJ�ZLWK�LVROHFWLQ�%�������6FDOH�EDU������ȝP��(B) Quantitative demonstration of relative CNV areas regarding Figure 2A (n = 
12). (C) Quantitative demonstration of relative CNV areas at 7 days after laser photocoagulation. ‘Immediate’ and ‘Delayed’ indicate that 
antibodies were injected just after laser photocoagulation and 4 days later, respectively (n = 12). Anti-mC5, anti-C5 antibody; IgG1, IgG1 
isotype control. NS, P-value > 0.05; ***, P-value < 0.001 (Kruskal-Wallis test with post-hoc Dunn’s multiple comparison test).

IgG1 Anti-C5

Reduced macrophage recruitment 
in C3aR and C5aR knockout mice

Nozaki M., et al., PNAS 2006

receptors also may be due to down-regulation of leukocyte–
endothelial adhesion molecules, which can be promoted by C3a and
C5a (21–23) and are critical for CNV formation (15).

Although VEGF levels after laser injury in C3aR–/– and C5aR–/–

mice were markedly reduced, CNV was not completely abolished,
suggesting there are both VEGF-dependent and- redundant path-
ways of angiogenesis in this model. Although RPE cells constitu-
tively produce both Ccl-2 (24, 25) and VEGF (26), the stimuli
inducing their overexpression in human CNV (27–29) are un-
known. The demonstration that bioactive complement fragments
can trigger Ccl-2 (10) and VEGF production makes them attractive
CNV-triggering candidates given their presence in drusen deposits
in patients with AMD, as well as after laser injury, particularly
because they can be locally synthesized in the RPE (6, 7). As such,
there is a rationale for testing complement inhibitors in the pro-
phylaxis or treatment of CNV. These data also reinforce the
potential significance of Ccl2–/– and Ccr2–/– mice as models for
studying the progress of human AMD.

After submission of this report, a paper describing the impor-
tance of C3 and membrane attack complex in laser-induced CNV
appeared (30). The recent definition of complement factor H,
which inhibits C3 deposition and C5a release after complement
activation (31), and toll-like receptor-4, which influences C3 dep-
osition and is negatively regulated by C5a (32, 33), as major
susceptibility loci in AMD (34–39) adds to the mounting evidence
of complement dysfunction in this disease. These findings and ours
enrich the growing recognition that the complement system is not
dedicated solely to immunological surveillance but also can play a
versatile role in angiogenesis.

Intercepting specific receptor-mediated pathways, we have iden-
tified a mechanistic association between the complement and
cytokine networks in promoting laser-induced CNV. Our findings
introduce bioactive complement fragments as modulators of an-
giogenesis in the eye and highlight an intersection of immunology
and vascular biology. If these complement components act similarly

in the human eye via leukocyte recruitment and VEGF production,
the hypothesis of a causative link between drusen and CNV in
neovascular AMD is strengthened, given the many parallels and
conserved pathways of pathophysiology in both human disease and
animal models of CNV (5, 10).

Materials and Methods
Animals. All animal experiments were in accordance with the
guidelines of the University of Kentucky Institutional Animal Care
and Use Committee and the Association for Research in Vision and
Ophthalmology. Male C3aR–/– and C5aR–/– mice backcrossed six
and nine times, respectively, to C57BL!6J generated as described
(40, 41) and wild-type C57BL!6J mice (The Jackson Laboratories)
between 6 and 8 weeks of age were used to minimize variability. For
all procedures, anesthesia was achieved by i.p. injection of 50 mg!kg
ketamine hydrochloride (Fort Dodge Animal Health, Wyeth) and
10 mg!kg xylazine (Phoenix Scientific, San Marcos, CA), and pupils
were dilated with topical 1% tropicamide (Alcon Laboratories, Fort
Worth, TX).

Patients. Donor eyes were obtained within 3–4 h after death from
a 91-year-old woman with an ophthalmic diagnosis of confluent soft
drusen and an 87-year-old man with a normal fundus examination
and no signs of drusen. Eye globes were dissected to remove the
anterior segment, and the posterior segment was fixed with 4%
paraformaldehyde in PBS for 2 h on ice. Globes were dehydrated
by transferring to 15% sucrose for 30 min and maintained in 30%
sucrose at 4°C overnight. TBS-embedded blocks were frozen on dry
ice and cut into 12-!m sections on polylysine-coated slides. All
human tissue experiments were approved by the University of Utah
and University of Kentucky Institutional Review Boards and con-
formed to the Declaration of Helsinki.

CNV. Laser photocoagulation (532 nm, 200 mW, 100 ms, 75 !m)
(OcuLight GL, IRIDEX, Mountain View, CA) was performed

Fig. 5. Leukocyte recruitment to the choroid was di-
minished in C3aR–/– and C5aR–/– mice. The fraction (%) of
neutrophils in the choroid, maximal at 1 day after injury
(A), and of macrophages in the choroid, maximal at 3
days after injury (C), was significantly reduced in both
knockout strains (B and D). *, P ! 0.05 compared with
wild-type (wt) mice.

Nozaki et al. PNAS " February 14, 2006 " vol. 103 " no. 7 " 2331

M
ED

IC
A

L
SC

IE
N

CE
S

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

M
ay

 1
2,

 2
02

0 

F4/80+/CD11c-

Oncotarget45510www.impactjournals.com/oncotarget

Figure 3: Anti-C5 antibody reduces sequential expression and secretion of C5a, MCP-1, and VEGF after laser 
photocoagulation. (A-C) The levels of C5a (A), MCP-1 (B), and VEGF (C) in RPE-choroid-scleral complexes (n = 6). The extended 
versions of the graphs are provided in Supplementary Figure 1. (D) The patterns of multiple cytokines in RPE-choroid-scleral complexes 
DIWHU�ODVHU�SKRWRFRDJXODWLRQ��5HSUHVHQWDWLYH�¿JXUHV�IURP���LQGHSHQGHQW�H[SHULPHQWV��(E) Relative CCL2 mRNA expression according to 
the treatment with C5a in ARPE-19 cells (n = 6). (F) Amounts of VEGF in conditioned media according to the treatment with C5a (n = 6). 
Anti-mC5, anti-C5 antibody; IgG1, IgG1 isotype control. NS, P-value > 0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001 
(Mann-Whitney U-test).

)LJXUH����$QWL�&��DQWLERG\�SUHYHQWV�LQ¿OWUDWLRQ�RI�)�����SRVLWLYH�FHOOV�LQ�&19�OHVLRQV� (A) Representative photographs of 
)�����SRVLWLYH�FHOOV�LQ�&19�OHVLRQV�DW���GD\V�DIWHU�ODVHU�SKRWRFRDJXODWLRQ�DQG�LQWUDYLWUHDO�LQMHFWLRQ�RI�DQWL�&��DQWLERG\��5HG�GDVKHG�OLQHV�
GHOLQHDWH�&19�DUHDV��6FDOH�EDU������ȝP��(B)�4XDQWLWDWLYH�DQDO\VHV�RI�UHODWLYH�)�����SRVLWLYH�DUHDV�RI�&19�OHVLRQV��n = 6). Anti-mC5, 
anti-C5 antibody; IgG1, IgG1 isotype control. **, P-value < 0.01 (Mann-Whitney U-test).

Oncotarget45510www.impactjournals.com/oncotarget

Figure 3: Anti-C5 antibody reduces sequential expression and secretion of C5a, MCP-1, and VEGF after laser 
photocoagulation. (A-C) The levels of C5a (A), MCP-1 (B), and VEGF (C) in RPE-choroid-scleral complexes (n = 6). The extended 
versions of the graphs are provided in Supplementary Figure 1. (D) The patterns of multiple cytokines in RPE-choroid-scleral complexes 
DIWHU�ODVHU�SKRWRFRDJXODWLRQ��5HSUHVHQWDWLYH�¿JXUHV�IURP���LQGHSHQGHQW�H[SHULPHQWV��(E) Relative CCL2 mRNA expression according to 
the treatment with C5a in ARPE-19 cells (n = 6). (F) Amounts of VEGF in conditioned media according to the treatment with C5a (n = 6). 
Anti-mC5, anti-C5 antibody; IgG1, IgG1 isotype control. NS, P-value > 0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001 
(Mann-Whitney U-test).

)LJXUH����$QWL�&��DQWLERG\�SUHYHQWV�LQ¿OWUDWLRQ�RI�)�����SRVLWLYH�FHOOV�LQ�&19�OHVLRQV� (A) Representative photographs of 
)�����SRVLWLYH�FHOOV�LQ�&19�OHVLRQV�DW���GD\V�DIWHU�ODVHU�SKRWRFRDJXODWLRQ�DQG�LQWUDYLWUHDO�LQMHFWLRQ�RI�DQWL�&��DQWLERG\��5HG�GDVKHG�OLQHV�
GHOLQHDWH�&19�DUHDV��6FDOH�EDU������ȝP��(B)�4XDQWLWDWLYH�DQDO\VHV�RI�UHODWLYH�)�����SRVLWLYH�DUHDV�RI�&19�OHVLRQV��n = 6). Anti-mC5, 
anti-C5 antibody; IgG1, IgG1 isotype control. **, P-value < 0.01 (Mann-Whitney U-test).

Jo D., et al., Oncotarget 2017

Reduced macrophage recruitment, 
MCP-1 and VEGF expression upon 

anti-C5 antibody treatment
IgG1 Anti-C5

F4/80

Inactivation of C3a or C5a function is protective in 
mouse laser-induced CNV model (Nozaki M., et al., 
PNAS 2006)
• CNV lesion size is reduced in C3aR and C5aR knockout 

mice or by treatment with anti-C3a, anti-C5a antibodies 
and with C3aR antagonist

• Recruitment of neutrophils and macrophages is 
diminished

• Concentration of VEGF is reduced in C3aR or C5a 
knockout mice

• C3a and C5a activate RPE to secrete VEGF and MCP-1

Blocking of complement C5 activation by genetic 
knockout or by blocking antibody is protective in 
mouse laser-induced CNV model (Bora N., et al., J 
Immunol 2006; Jo D., et al., Oncotarget 2017)
• CNV lesion size is reduced by treatment with anti-C5a 

antibodies
• Recruitment of macrophages (F4/80+) to CNV lesions is 

reduced
• Concentrations of MCP-1 and VEGF in choroid/ sclera is 

reduced



Genetic Inactivation of Complement C3 in Mice Ameliorates CNV 
Phenotype in Laser-induced Model

7

Rohrer B., et al., IOVS 2009

Alternative complement inhibition 
reduces CNV lesion size

Tan X., et al., Sci. Reports 2015

Reduced laser-induced CNV lesion 
size in C3 knockout mice

WT

C3 KO

Tan X., et al., Sci. Reports 2015

Reduced recruitment of 
CD11b+/Ly6C+ granulocytes and in 

C3 knockout mice WT

C3 KO

www.nature.com/scientificreports/
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occurs 1 day a!er laser injury9,36. However, others have reported that neutrophil in"ltration is maximal 
at 3 days a!er laser injury in wild-type mice13. All studies concur that macrophage in"ltration peaks 
on day 3 a!er laser injury9,36,37. In our study, granulocytes and all three macrophage subsets showed 
maximal in"ltration into the posterior segment of the eyes of wild-type mice 3 days a!er laser treat-
ment. However, in C3!/! mice, the proportions of intraocular granulocytes and Ly6Chi macrophages 
were maximal at 1 day a!er laser injury, whereas Ly6Cint macrophages were maximal at 3 days and the 
proportion of Ly6Clo macrophages increased until at least 7 days. In sharp contrast to the larger propor-
tion of in#ammatory cells in the peripheral blood of C3!/! mice, immune cell in"ltration of the eyes was 
markedly suppressed by C3 de"ciency. It is likely that tissue migration and the recruitment of immune 
cells were inhibited because of the lack of C3a and C5a anaphylatoxins. It is also plausible that when the 
number of in#ammatory cells in"ltrating the eyes is increased, a feedback loop may occur and reduce 
the number of in#ammatory cells in the peripheral blood38. Our results also suggest that this feedback 
mechanism might be abrogated in C3!/! mice, probably due to the deletion of C3 and subsequent loss 
of anaphylatoxin production.

Complement C3 is produced in the RPE/choroid and upregulated in the CNV mouse model34,39. 
C3a and C5a anaphylatoxins have been shown to regulate tissue in"ltration of macrophages and mono-
cytes, and control VEGF production and secretion from RPE cells. RPE cells also contribute to the 
VEGF-VEGFR1 axis. It is likely that macrophage/monocyte recruitment into the eye and the upregula-
tion of VEGF expression are suppressed in C3!/! mice because of the absence of C3a and C5a. Moreover, 
the inhibition of laser-induced CNV in C3!/! mice is likely to be due to the reduction of VEGF expres-
sion in the eye. However, further studies are still required to identify the role of C3 in the production 
of VEGF by RPE cells and to clarify whether locally or systematically produced C3 plays a pivotal role.

Blockade of the complement pathway is a new strategy for the treatment of AMD. Many new drugs 
are currently being studied in clinical trials. POT-4 (Potentia Pharmaceuticals, Louisville, KY) is a pep-
tide capable of binding to human complement factor C3 and preventing its activation, and a phase I clin-
ical trial of POT-4 for exudative AMD has been completed40. Our "ndings provide additional evidence 
that an ocular C3-targeting agent is likely to be e$ective in the treatment of exudative AMD.

Figure 2. Time course of changes in the proportion of granulocytes recruited into the posterior segment 
of the eye in response to laser photocoagulation. (A) Representative #ow cytometry plots of granulocytes 
in the posterior segment of the eye from WT and C3!/! mice without laser treatment and at 1, 3, and 7 days 
a!er injury. %e regions surrounded by ovals contain CD11b+Ly6G+ cells. (B) Ratios of CD11b+Ly6G+ cells 
(oval region in A) to total number of live cells. *P <  0.05 compared with WT mice. Six mice were used to 
give a single value; n =  3 in each experiment.

Genetic inactivation of complement C3 is protective 
in mouse laser-induced CNV model (Tan X., et al., Sci. 
Reports 2015; Poor S., et al., IOVS 2014; Bora P., et al., J 
Immunol 2005)
• Laser-induced CNV lesions were significantly smaller in 

C3 knockout (C3 KO) mice than in wild-type mice
• Reduced intraocular granulocytes, 

macrophage/monocyte subsets in C3 KO mice at days 1-
3 after laser injury.

• Expression of Vegfa164 was reduced in intraocular 
inflammatory Ly6Chi macrophages/monocytes of C3 KO 
mice

Tan X., et al., Sci. Reports 2015

Reduced recruitment of 
CD11b+/F4/80+Ly6Chi macrophages 
and Vegfa164 in C3 knockout mice 

www.nature.com/scientificreports/
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��������������������Ǥ� Unpaired t tests were performed to compare the di!erences between the groups. 
P values less than 0.05 were considered statistically signi"cant.
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Figure 6. Fold changes in Vegfa164 and Vegfr1 expression levels before and a!er laser. Ly6Chi and Ly6Clo 
cells were sorted from the eyes of WT and C3!/! mice without or with laser treatment (3 days a)er laser 
injury) by using %ow cytometry. Real-time RT-PCR was performed. Vegfa164 expression was not detected 
in intraocular Ly6Chi or Ly6Clo macrophages/monocytes in both groups without laser treatment. In contrast, 
Vegfa164 expression levels were upregulated in intraocular Ly6Chi cells of C3!/! mice a)er laser injury, but 
not as much as in those of WT mice. 'ere was no signi"cant di!erence in the expression levels of Vegfr1 in 
intraocular Ly6Chi cells between both groups before or a)er laser injury. Vegfr1 expression was not detected 
in intraocular Ly6Clo cells of both groups with or without laser treatment. *P <  0.05 compared with WT 
mice. Ten mice were used to give a single value; n =  3 in each experiment.
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In conclusion, our data show that inhibition of intraocular complement factor C3 might suppress 
CNV formation via reduction of macrophage/granulocyte in!ltration and Vegfa164 expression. "us, 
a C3 inhibitor might be useful in the treatment of AMD. Importantly, our results also support the 
pro-angiogenic nature of Ly6Chi macrophages/monocytes in CNV.

Methods
����������������Ǥ� All animal experiments were performed in accordance with the guidelines of the 
University of Tokyo and the Association for Research in Vision and Ophthalmology. All experimental 
protocols were approved by the department’s animal experimentation committee of the University of 
Tokyo.

�������Ǥ� Male wild-type C57BL/6J mice were purchased from Kiwa Laboratory (Wakayama, Japan). 
Male C3-de!cient mice (C3!/!), backcrossed into a C57BL/6 background, were kindly provided by Dr. 
Naito (Osaka University Graduate School of Medicine). "e mice were used at 7 to 8 weeks of age. 
Genotyping was performed as described previously and also to exclude the presence of Rd1 and Rd8 
mutations41–43. Anesthesia was achieved by intramuscular injection of 75 mg/kg ketamine HCL (Ketalar®; 
Sankyo, Tokyo, Japan) and 5 mg/kg xylazine (Celectal®; Bayer, Tokyo, Japan). Pupils were dilated with a 
solution of 0.5% tropicamide (Mydrin-M®; Santen, Osaka, Japan).

�����Ǧ�����������Ǥ� CNV lesions were induced by laser photocoagulation. Laser radiation was deliv-
ered between the major retinal vessels and at equal distances from the optic disc with a diode laser (DC-
3000®; NIDEK, Osaka, Japan) and a slit lamp delivery system (SL-7F; Topcon, Tokyo, Japan). "rough 
a glass cover used as a contact lens, we delivered laser light (200 mW intensity, 170 µ m size, 0.02 s dura-
tion) to 4 spots per eye for the lesion size study and to 12 spots per eye for the #ow cytometry studies. 
"e rupture of Bruch’s membrane for each lesion was evidenced by bubble formation at the time of laser 
exposure44,45. Each experimental group consisted of 6 or 10 mice. For the analysis of CNV area, 6 mice 
per group were subjected to laser treatment and used for the analysis. For #ow cytometric analysis, cells 
isolated from 6 mice were used for a single FACS analysis and cells from 10 mice were used for a single 

Figure 3. Lack of C3 a!ected the recruitment of macrophage/monocyte subsets to the posterior segment 
of the eye. (A) Representative #ow cytometry plots of macrophages/monocytes in the posterior segment of 
the eye from WT and C3!/! mice without laser treatment and at 1, 3, and 7 days a$er injury. Hi, int, and 
lo correspond to CD11b+F4/80+Ly6Chi, CD11b+F4/80+Ly6Cint, and CD11b+F4/80+Ly6Clo cells, respectively. 
(B) Ratios of CD11b+F4/80+Ly6Chi (region hi in A), CD11b+F4/80+Ly6Cint (region int in A), and 
CD11b+F4/80+Ly6Clo (region lo in A) cells to total number of live cells. *P <  0.05 compared with the same 
subtype of WT mice. Six mice were used to give a single value; n =  3 in each experiment.

Multiple studies demonstrate reduction in 
CNV phenotype upon complement inhibition 
through modulation of downstream 
inflammatory signaling



Genetic Deletion of Complement C3 Reduces Vascular Leakage in 
Mouse Laser-induced CNV Model 
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• Vascular leakage, as determined by FA, was 
reduced by 52% in C3 KO mice compared to WT 
littermate controls

• A trend of decreased CNV size in C3 KO mice was 
observed but did not reach statistical significance

• Mixed genetic background may contribute to 
insignificant reduction in CNV 

CNV Lesion Size

Animals: C3 KO mice  (JAX #32042, backcrossed to 
C57BL/6, N2) males, 8 week-old (WT: N=10, KO: N=11)

Fluorescein angiography

-52%
p<0.05

Day 0
Fundus

Day 7 FA

WT C3 KO

Day 7 IB4



Anti-Complement C3 Antibodies to Interrogate Complement 
Biology in Rodents
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AP IC50=3.3nM
CP IC50=5.4nM

Anti-C3.105B9 blocks classical and 
alternative hemolytic assays

KD 7.4x10-11 M

Anti-C3.105B9 binding to 
murine C3 measured by SPR

• We generated a murine complement C3 specific inhibitory 
antibody anti-C3.105B9
– Binds to intact complement C3 with high affinity KD=74 pM
– Blocks complement activation by classical and alternative 

pathways with IC50 5.4 nM and 3.3 nM respectively

• Anti-C3d.3D29 antibody specific to C3d can be used to 
detect complement activation in vivo, including marking 
laser-induced lesions in the retina (Thurman J., et al., JCI 2013)



Complement Activation and C3d Deposition in the Retina Peaks at 
Day 2 after Laser-induced Injury
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Animals: C57BL/6 and C3 KO mice  2-3 per group/time point

C3 KO

Day 3 Day 1

WT

Day 2 Day 3 Day 7

Green: anti-C3d.3D29 Red: Isolectin B4

• Complement activation in the retina, measured by staining for deposition of C3d with anti-
C3d.3D29, peaks at Day 2 after laser injury

• C3d deposition in vivo can be detected by intravenous administration of Alexa 488 labeled anti-
C3d.3D29 at Day 1 followed by live fluorescence imaging

Anti-C3d.3D29 intensity per CVN lesion area

***

***

C3 K
O

***p<0.001 vs C3 KO



Pharmacological Inhibition of C3 in the Eye Results in Reduced 
Complement Activation and Vascular Leakage
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In vivo Anti-C3d 
fluorescence imaging  

p<0.01

Animals: C57BL/6 males, 8 weeks-old, n=8 per arm
Treatment:
• Arm 1: anti-KLH control (100 ug/eye) intravitreal (IVT)
• Arm 2: anti-C3.105B9 (100 ug/eye) IVT

• C3 inhibition with anti-C3.105B9 antibody 
reduced complement activation at day 2 after 
laser injury, which was demonstrated by in vivo 
imaging of C3d deposition in the retinal lesions

• Intravitreally administered anti-C3.105B9 
antibody reduced vascular leakage by 38% at day 
7 post-laser injury, compared to anti-KLH control

Fluorescein angiography

p<0.05
-38%

Day 0
Fundus

Day 2
Anti-C3d

Day 7
FA

Anti-KLH Anti-C3.105B9



Conclusions: Inhibition of C3 in the Eye Reduces in Vascular Leakage 
in Mouse Laser-Induced CNV Model of Wet AMD

12

• We demonstrate decreased vascular leakage upon genetic or pharmacological 
inhibition  of complement C3 in mouse laser-induced CNV model of wet AMD
– Pharmacological inhibition by intravitreal administration of the mouse 

specific anti-C3 antibody reduced C3d deposition and vascular leakage
– Genetic ablation of C3 in mice ameliorated CNV phenotype

• Our data in conjunction with published studies suggest the therapeutic 
potential for C3 inhibition for neovascular AMD

• We continue to investigate the mechanism through which complement 
inhibition affects the progression of angiogenesis in response to acute injury

• NGM Biopharmaceuticals is developing anti-C3 antibody NGM621 for the 
treatment of geographic atrophy – see ARVO Abstract/Video Presentation # 
B0267
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