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PURPOSE. Immunocytochemical and genetic data implicate a significant role for the activation
of complement in the pathology of AMD. Individuals homozygous for a Y402H polymorphism
in Factor H have elevated levels of membrane attack complex (MAC) in their choroidal blood
vessels and RPE relative to individuals homozygous for the wild-type allele. An R95X
polymorphism in C9, a protein necessary for the final assembly of MAC, is partially protective
against the formation of choroidal neovascularization (CNV) in AMD patients. Aurintricarbox-
ylic Acid (ATA) is a small molecule inhibitor of MAC. Our hypothesis was that attenuation of
the formation of MAC on ocular tissues by ATA may protect mice against laser-induced CNV.

METHODS. The ability of ATA to inhibit human complement-mediated cell lysis, inhibit
formation of human MAC, and inhibit formation of tubes by endothelial cells was examined in
vitro. Subsequently, the Bruch’s membrane of adult mice was damaged using an argon laser,
followed by intravitreal injection of ATA. One week later, choroidal flat mounts from these
mice were stained for the presence of MAC, endothelial cells, and macrophages.

RESULTS. ATA protects cells from human complement-mediated lysis, attenuates assembly of
the MAC, and inhibits tube formation by endothelial cells in vitro. ATA also attenuates CNV,
MAC deposition, and macrophage infiltration in a murine model of exudative AMD.

CONCLUSIONS. ATA warrants further study as a potential drug for the treatment of exudative and
nonexudative AMD.

Keywords: macular degeneration, choroidal neovascularization, aurintricarboxylic acid,
complement, membrane attack complex

Age-related macular degeneration (AMD) is the most
common cause of blindness among the elderly, affecting

approximately 1 in 3 people older than 65.1–3 AMD begins with
the appearance of lipoproteinaceous deposits between the RPE
and Bruch’s membrane. This stage of AMD is generally referred
to as ‘‘dry’’ or nonexudative AMD that can progress toward a
more advanced form known as geographic atrophy, involving
degeneration and loss of RPE cells. Approximately 10% of
moderate or advanced AMD patients progress toward ‘‘wet’’ or
exudative AMD, involving the growth of new blood vessels
from the choroid into the subretinal space, that is, choroidal
neovascularization (CNV) (see Ref. 4 for review). The growth of
these immature and leaky blood vessels results in macular
edema and is associated with elevated levels of cytokines, such
as VEGF. Inhibitors of VEGF are hence the current standard of
care for wet AMD.5,6 However, there are currently no therapies
approved by the Food and Drug Administration (FDA) for dry
AMD, which accounts for approximately 90% of AMD cases.
Moreover, a significant fraction of wet AMD patients do not
respond to anti-VEGF agents. Because dry AMD generally
precedes wet AMD, any treatment for dry AMD may be
efficacious in attenuating the progression to wet AMD.4,7

Although a complex disorder, risk factors for AMD include
diet, smoking, environment, and aging. Approximately 50% of
AMD patients can be accounted for by a polymorphism in the
negative regulator of complement known as Factor H.8–11

Activation of complement terminates with the formation of the
membrane attack complex (MAC) on the surface of cells.12 Low
levels of MAC deposition are known to lead to cell mitogenesis
and cytokine release and high levels of MAC are known to lead
to cell lysis.13–15 Individuals who are homozygous for a Y402H
polymorphism in Factor H have approximately 70% more MAC
in their choroidal blood vessels and RPE relative to individuals
who are homozygous for the wild-type allele.16 Prevalence of
an R95X polymorphism in C9 in the Japanese population that
prevents those individuals from forming MAC is protective
against the development of CNV.17 Geographic atrophy patients
have reduced levels of CD59 (an inhibitor of MAC) on their RPE
cells18 and inhibition of MAC using recombinant CD59 protects
mice from laser-induced CNV.19 In addition to MAC deposition,
activation of complement produces anaphylatoxins, which are
known to mediate chemotaxis of macrophages.20 Macrophage
infiltration has been documented in human AMD eyes as well as
in laser-induced CNV in mice.21,22 Based on the above
observations, a model of AMD pathology is emerging and
consistent with the hypothesis that AMD is associated with an
imbalance between complement activation and complement
inhibition and that MAC deposition may be a key component in
the pathology associated with AMD. Although complement is a
part of the innate immune system that evolved to attack
invading pathogens, complement also plays key roles in various
processes and in maintaining tissue homeostasis, including lipid
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metabolism, tissue regeneration, synapse formation, and
angiogenesis. Hence, selection of the appropriate target for
attenuation of complement activation needs to be selected
carefully.

Previously, we demonstrated that human membrane-
anchored or membrane-independent soluble CD59 can
protect mice from human or murine MAC deposition and
laser-induced CNV.19,23 In those studies, CD59 was delivered
via an adenovirus or an adeno-associated virus vector. There
are currently at least five anticomplement clinical trials
ongoing using antibodies, peptides, or aptamers targeting
various parts of the complement pathway, including C3, C5,
and Factor D.24 The objective of the current study was to
identify and examine the potential efficacy of a small
molecule that may inhibit MAC deposition, CNV, and
macrophage infiltration following laser-induced disruption
of the Bruch’s membrane, the most commonly used model of
wet AMD.

Aurintricarboxylic acid (ATA) is a 422-Dalton triphenyl-
methyl dye compound previously shown to inhibit endothelial
cell activation and complement activation in an ex vivo model
of pig-to-human pulmonary xenotransplantation,25 as well as
inhibit MAC formation and improve memory retention in a
model of Alzheimer’s disease.26 ATA specifically blocks the
addition of C9 to the C5b-8 complex, preventing the complete
formation of the MAC.26 Based on these and other observa-
tions, we examined the potential use of ATA in a murine model
of wet AMD.

MATERIALS AND METHODS

Cell Lines and Reagents

Murine Hepa-1c1c7 hepatoma cells (ATCC, Manassas, VA) were
maintained in alpha-MEM supplemented with 10% fetal bovine
serum (FBS; Invitrogen, Grand Island, NY). Primary human
umbilical vein endothelial cells (HUVEC) cells (Invitrogen)
were maintained in Medium 200PRF with 2% low serum

growth supplement (LSGS; Invitrogen). ATA (Sigma-Aldrich, St.
Louis, MO) stock was prepared by mixing 7.5 mg ATA with 1
mL dimethyl sulfoxide (DMSO). This stock was diluted 10-fold
with sterile H2O to a final concentration of 0.75 mg/mL ATA in
10% DMSO.

Normal Human Serum-Mediated Cell Lysis

Hepa-1c1c7 cells were plated at 80% confluency in alpha-
MEM supplemented with 2% FBS. Three days after plating,
cells were washed three times with PBS, treated with 0.25%
trypsin, and centrifuged at 1000g for 3 minutes. The pelleted
cells were resuspended in 10 mL gelatin veronal buffer with
calcium and magnesium (GVBþþ; Complement Technology,
Tyler, TX) and counted using a hemacytometer. A total of
500,000 cells were incubated in either ATA or DMSO in the
presence of normal human serum (NHS; Sigma) at a final
concentration of 1%. To ensure that lysis was complement-
mediated, cells were alternatively incubated with heat-
inactivated 1% NHS (HI-NHS). Samples were incubated for 1
hour at 378C with constant rotation. One hour postincuba-
tion, propidium iodide (PI) was added to cells at 2 mg/mL,
and uptake was analyzed with FACSCalibur (Becton Dick-
inson, Franklin Lakes, NJ). Data were analyzed using
CellQuest Pro software (Becton Dickinson).

Deposition of Human MAC on Hepa-1c1c7 Cells

A total of 3.0 3 103 Hepa-1c1c7 cells were plated on poly-D-
lysine–coated chamber slides (Becton Dickinson), in alpha-
MEM supplemented with 2% FBS. Three days after plating,
cells were washed three times with PBS and incubated with a
final concentration of 10% NHS or HI-NHS in GVBþþ
(Complement Technology) in the presence of either 50 lg/
mL of ATA in 10% DMSO or 10% DMSO alone, at 378C for 5
minutes. Cells were washed three times with PBS and fixed
with 3.7% formaldehyde (MP Biomedicals, Solon, OH) for 15
minutes. After three washes in PBS, cells were incubated for

FIGURE 1. ATA protects Hepa-1c1c7 cells from human complement-mediated lysis. (A) Representative FACS histograms of PI uptake by Hepa-1c1c7
cells following incubation in either 1% NHS or 1% HI-NHS in the presence of DMSO (vehicle) or ATA at 150 ng/mL or 1500 ng/ml. (B) Quantification
of PI uptake by Hepa-1c1c7 cells following incubation in 1% NHS indicates that ATA protects from cell lysis in a dose dependent manner. Relative to
DMSO, 750 ng/mL or 1500 ng/mL ATA confers 32.20% 6 7.44% (P < 0.002) and 78.62% 6 3.03% (P < 0.0001) protection from cell lysis. Total cell
lysis observed at 150 ng/mL ATA was not significantly different (10.34% 6 6.53%, P¼ 0.14) to that observed with DMSO. Bar graph indicates the
average of three independent studies (n ¼ 11 for control, n¼ 8 for DMSO, n ¼ 5 for each concentration of ATA).
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2.5 hours at 378C with mouse monoclonal anti-human C5b-9
(clone aE1; Abcam, Cambridge, MA) and then for 1.5 hours
with Cy3-conjugated goat anti-mouse (Jackson ImmunoRe-
search, West Grove, PA). Cells were imaged using an inverted
microscope (Olympus IX51; Olympus, Center Valley, PA), and
staining intensity quantified using ImageJ software (National
Institutes of Health, Bethesda, MD).

In Vitro Tube Formation by HUVECs

Human umbilical vein endothelial cells were plated at a
confluency of 4.5 3 104 cells on 24-well plates that had been
precoated with Geltrex Reduced Growth Factor Basement
Membrane Matrix (Invitrogen). Low serum growth supple-
ment-supplemented Medium 200PRF (Invitrogen) was sup-
plemented with various concentrations of ATA or DMSO.
Subsequently, the cells were incubated for 6 hours at 378C.

Cells were imaged using an inverted microscope (Olympus
IX51; Olympus) and data analyzed using ImageJ software
(National Institutes of Health).

Animals

All animal studies were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. This study was approved by Tufts University
Institutional Animal Care and Use Committee. We used male
wild-type C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME)
between 6 and 8 weeks of age. For intravitreal injection and
laser-induced choroidal neovascularization, mice were anes-
thetized by intraperitoneal injection of 0.1 mg/g body weight
of ketamine and 0.01 mg/g body weight xylazine. Pupils were
dilated with a drop each of 2.5% phenylephrine HCl and 1%
Tropicamide (Bausch and Lomb, Rochester, NY).

Laser-Induced Choroidal Neovascularization

Laser photocoagulation was performed using an argon laser
(532 nm) at 100 ms and 150 mW to generate four 75-lm spots
in the retina. Laser burns were induced around the optic nerve
with the aid of a slit-lamp microscope and a cover-slip held on
the cornea as a contact lens to view the posterior of the eye.

Intravitreal Injection

Eyes were injected 2 to 5 minutes after laser. A 32-G needle
(Hamilton, Reno, NV) was used in a trans-scleral transchoroidal
approach to deliver either 1.5 lg of ATA in 10% DMSO or 10%
DMSO vehicle alone, in a total volume of 2 lL.

Immunostaining of RPE/Choroid Flatmounts

Seven days post laser, mice were killed by CO2 asphyxiation
and cervical dislocation. Eyes were enucleated and the optic
nerve, cornea, lens, iris, and retina removed. The RPE/choroid
cups were fixed in 4% paraformaldehyde overnight. Eyecups
were stained with either FITC-conjugated Griffonia simplici-

folia Lectin (GSL I, Isolectin B4; Vector Labs, Burlingame, CA),
rabbit anti-human SC5b-9 (MAC) Neo (IgG) (Complement
Technology), or rat monoclonal anti-mouse F4/80 antibody
(CI:A3-1; Abcam), followed by CY3-conjugated secondary
antibodies where appropriate. The eyecups were dissected
for flatmounting and imaged using an Olympus IX51 micro-
scope with appropriate filters, a Retiga 2000R Fast camera
(Retiga; Surrey, BC, Canada) and QCapture Pro 5.0 (QImaging,
Surrey, BC, Canada) software. GSL I and F4/80 staining was
quantified using ImageJ software (National Institutes of Health)
to measure the total area of staining. MAC staining was
quantified by measuring pixel intensities within the CNV spots.

RESULTS

ATA Protects Hepa-1c1c7 Cells From Human
Complement-Mediated Lysis

Elevated levels of MAC on membranes lead to cell lysis. Loss
of RPE cells is a hallmark of geographic atrophy, an advanced
form of dry AMD.7 To examine whether ATA may protect cells
from complement-mediated cell lysis, we incubated Hepa-
1c1c7 cells in 1% NHS, HI-NHS, or 1% NHS containing DMSO
(vehicle) or 1% NHS containing ATA. Percentage of cell lysis
was determined by uptake of PI as measured by FACS (Fig.
1A). We found that 86.00% 6 2.85% or 88.58% 6 1.63% of
cells were lysed by 1% NHS or 1% NHS containing DMSO,
respectively (Fig. 1B). In contrast, only 9.96% 6 2.08% of cells

FIGURE 2. ATA inhibits the deposition of human membrane attack
complex in vitro. (A) Representative micrographs of differential
interference contrast (DIC) and fluorescence images of Hepa-1c1c7
cells immunostained with human MAC antibody following incubation
in 10% NHS containing either DMSO or 50lg/mL ATA. Nuclei are
stained with 4 0,6-diamidino-2-phenylindole. (B) Quantification of
intensity of MAC staining of Hepa-1c1c7 cells incubated with HI-NHS
or NHS containing DMSO or 50 lg/mL ATA. Bar graph represents
results of three independent studies (n¼ 3 for each condition in each
experiment). A significant reduction is observed in MAC staining
between ATA and the vehicle (DMSO)-incubated cells (86.10% 6

0.09%, P < 0.0006). There is no significant difference observed in MAC
staining between ATA and HI-NHS, suggesting a complete inhibition of
MAC formation by 50 lg/mL ATA.

ATA Inhibits Choroidal Neovascularization in AMD IOVS j October 2013 j Vol. 54 j No. 10 j 7109



were lysed by 1% NHS containing 1500 ng/mL ATA, leading to
approximately 78.62% 6 3.03% (P < 0.0001) ATA-mediated
protection from cell lysis relative to DMSO. ATA-mediated
protection from cell lysis was dose dependent, as 750 ng/mL
and 150 ng/mL ATA conferred approximately 32.20% 6

7.44% (P < 0.002) and 10.34% 6 6.53% (P¼ 0.14) protection
from cell lysis, respectively (Fig. 1B). We conclude that ATA
protects Hepa-1c1c7 from complement-mediated cell lysis in
a dose-dependent manner.

ATA Inhibits the Deposition of Human MAC In

Vitro

Individuals who are homozygous for the Y402H polymor-
phism in Factor H have approximately 70% more MAC in their
choroid and RPE relative to individuals homozygous for the
wild-type allele.16 To examine whether ATA-mediated protec-

tion from complement-mediated cell lysis was consistent with
reduced levels of MAC on the cell surface, we incubated
Hepa-1c1c7 cells in 10% NHS or 10% NHS containing DMSO
or ATA for 5 minutes. Subsequently, cells were fixed and
stained using a monoclonal antibody that binds the MAC
complex (Fig. 2A). Staining of MAC was quantified using
ImageJ. We found that whereas there was no significant
difference in MAC staining between NHS and NHS containing
DMSO (P > 0.5, data not shown), there was an 86.10% 6

0.09% (P < 0.0006) reduction in MAC staining when NHS
contained 50 lg/mL ATA (Fig. 2B). Furthermore, unlike the
perturbation in cell morphology observed in the presence of
NHS or NHSþDMSO, the morphology of cells incubated in
NHSþATA was indistinguishable from that of cells incubated
in HI-NHS (data not shown). We conclude that ATA confers
protection against the deposition of human MAC on Hepa-
1c1c7 cells.

FIGURE 3. ATA inhibits tube formation by endothelial cells in vitro. (A) Representative DIC images of tube formation by HUVECs in the presence of
DMSO or ATA at three different concentrations (0.06 lg/mL, 0.47 lg/mL, and 3.75 lg/mL). (B) Quantification of the total number of master
junctions, master segments, or meshes observed in the network of tubes formed by HUVECs in the presence of varying concentrations of ATA (0.03
lg/mL–3.75 lg/mL). An illustration of a master junction, master segment, and a mesh is indicated in the inserts. (C) Table summarizing the
reduction in number of master segments, master junctions, and meshes in tubes formed in the presence of varying concentrations of ATA relative to
DMSO. Quantification reveals a dose-dependent inhibition of master junctions, master segments, and meshes. This study was performed twice in
duplicate for each concentration of ATA and DMSO.
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ATA Inhibits Tube Formation by Endothelial Cells

In Vitro

Whereas high levels of MAC lead to cell lysis, sublytic levels of
MAC lead to mitogenesis and cytokine release.13–15 Approxi-
mately 10% of AMD patients progress to wet AMD, a condition

associated with elevated levels of cytokines, such as VEGF. Wet
AMD is a consequence in part to migration of choroidal
endothelial cells invading the subretinal space in response to
elevated VEGF. These endothelial cells eventually form
immature blood vessels that leak fluids, a characteristic of
macular edema. To examine whether ATA may inhibit
endothelial tube formation, we performed standard HUVEC
tube formation assays in the presence of different concentra-
tions of ATA. At 0.06, 0.47, and 3.75lg/mL ATA, we observed
an inhibition of tube formation by HUVECs (Fig. 3A). We
quantified the ability of HUVECs to form master junctions,
master segments, or meshes in the presence and absence of
varying concentrations (0.03–3.75 lg/mL) of ATA. We found
that ATA inhibits formation of master junctions, master
segments, and meshes in a dose-dependent manner (Fig. 3B).
Complete inhibition of all three aspects of tube formation was
observed at 3.75 lg/mL ATA, with significant attenuation being
observed at concentrations as low as 0.06 lg/mL (Fig. 3C). We
conclude that ATA inhibits tube formation by HUVECs in vitro.

ATA Inhibits Choroidal Neovascularization in a

Model of AMD

The most widely used model of CNV or wet AMD involves the
use of laser-induced damage to the Bruch’s membrane and
RPE, resulting in elevated levels of cytokines and consequent
endothelial cell migration into the subretinal space.27 This
model is highly quantifiable and useful for the testing of
inhibitors of neovascularization. For example, antibodies
targeting VEGF inhibit laser-induced CNV.28 To determine
whether ATA may influence the size of CNV spots following a
laser burn, 1.5 lg of ATA in DMSO or DMSO alone was injected
into the vitreous of C57Bl6/J mice immediately following laser-
induced injury. Seven days postinjection, mice were killed and
the RPE/choroid excised and endothelial cells stained with
FITC-conjugated GSL I (Fig. 4A). We found that the average size
of CNV observed in mice injected with DMSO was 5.81 6 0.84
3 104 lm2, whereas the average size of CNV observed in mice
injected with ATA was 1.88 6 0.31 3 104 lm2, resulting in
approximately a 67.7% 6 14.2% (P < 0.0001) reduction in
CNV attributable to ATA (Fig. 4B). We hence conclude that ATA
inhibits laser-induced CNV in a model of wet AMD.

FIGURE 4. ATA inhibits CNV in a model of AMD. (A) Fluorescence
micrographs of GSL I staining of representative laser-induced CNV
spots in murine eyecups, following intravitreal injection of either 1.5
lg ATA in DMSO or DMSO alone. (B) Quantification of the area of CNV
shows a significant reduction (67.7% 6 14.2%, P < 0.0001) in size of
CNV in those eyes injected with ATA relative to those injected with
DMSO. n ¼ 38 spots/14 eyes for ATA and n ¼ 29 spots/14 eyes for
DMSO.

FIGURE 5. ATA inhibits the deposition of murine MAC in vivo. (A) Fluorescence micrographs of representative laser-induced CNV spots in murine
eyecups costained with GSL I and an antibody against MAC reveals reduced MAC staining following intravitreal injection of ATA relative to injection
with DMSO. (B) Quantification of MAC staining indicates a significant reduction (37.7% 6 9.2%, P < 0.0001) in staining intensity in eyes injected
with ATA relative to those injected with DMSO. n¼ 38 spots/14 eyes for ATA, and n ¼ 29 spots/14 eyes DMSO.
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ATA Inhibits the Deposition of Murine Membrane
Attack Complex In Vivo

In the studies described above, we found that ATA inhibits the
deposition of human MAC in vitro. To determine whether ATA
could also inhibit murine MAC in vivo, we stained CNV
complexes generated from laser burns in the above studies
with an antibody against murine MAC (Fig. 5A). We found that
ATA-injected mice had approximately 37.7% 6 9.2% (P <
0.0001) less MAC deposition in the area of the CNV relative to
DMSO-injected eyes (Fig. 5B). Deposition of MAC was not
directly correlated to the size of the CNV, as CNV spots of
roughly similar size had significantly different levels of MAC.
We conclude that ATA inhibits deposition of murine MAC in
the laser-induced model of wet AMD.

ATA Inhibits Macrophage Infiltration in Laser-
Induced CNV

Activation of complement results in the production of C3a and
C5a anaphylatoxins that bind to their respective receptors
C3aR and C5aR on macrophages.20 Infiltration of macrophages
has been documented in the eyes of AMD patients as well as in
laser-induced CNV.21,22 Blocking of C3aR or C5aR by genetic or
chemical approaches has been previously shown to reduce the
size of laser-induced CNV29 and the generation of C5a may lead
to the activation of endothelial cells in AMD.30 To determine
whether ATA may attenuate infiltration of macrophages in
laser-induced CNV, we stained laser-induced CNV spots with
antibody against murine F4/80 (Fig. 6A). We determined that
the average area of F4/80 staining observed in the CNV of mice
injected with DMSO was 2.10 6 0.29 3 104 lm2, whereas the
average area of F4/80 staining observed in the CNV of mice
injected with ATA was 1.2 6 0.2 3 104 lm2, resulting in
approximately a 42.68% 6 18.60% (P < 0.03) reduction in F4/
80 staining attributable to ATA (Fig. 6B). We hence conclude

that ATA inhibits macrophage infiltration in the laser-induced
model of wet AMD.

DISCUSSION

In this study, we report for the first time that ATA, a small
molecule inhibitor of MAC, attenuates complement activation
and CNV in a model of exudative AMD. We also report for the
first time that ATA inhibits MAC deposition and macrophage
infiltration in laser-induced CNV. There are currently no
therapies available for the dry or nonexudative form of AMD
and each of the FDA-approved therapies for exudative AMD
target VEGF. The cause of elevated levels of VEGF in the eyes of
AMD patients is largely unknown. One hypothesis is that VEGF
upregulation is a consequence of complement activation. Such
hypothesis is consistent with the observations that individuals
who have an inability to adequately regulate complement are
predisposed to dry and/or wet AMD,8–11,16 and such individ-
uals have elevated levels of MAC in their choroid and RPE,16

suggesting that complement activation has reached comple-
tion. Low levels of MAC are known to signal cells to secrete
cytokines, such as VEGF.13–15 Individuals who are unable to
complete the final step of complement activation (i.e., form
the MAC) are partially protected from the development of
exudative AMD.17 Finally, because the ultimate goal of MAC is
to lyse cells, elevated levels of MAC are consistent with the
observation that advanced AMD patients have areas of
geographic atrophy (i.e., loss of RPE cells). Hence, the results
of the studies described herein may have relevance toward the
future development of therapies for nonexudative as well as
exudative AMD.

Although the role of complement in AMD is not yet well
understood, there is significant consensus that attenuation of
complement activation in AMD may be of therapeutic value.
Hence, multiple clinical trials targeting various parts of the
complement pathway are currently under way. Although still at
early stages, the goals of these trials are to examine the efficacy
of targeting complement C3, C5, or Factor D by using a
peptide, aptamer, or antibody, respectively.24

There are several reasons why targeting of MAC may be
preferred relative to targeting of other parts of the complement
pathway. Chief among these is that complement plays key roles
in tissue homeostasis.31 For example, in addition to its key role
in the host immune response, complement is also required for
synaptogenesis, lipid metabolism, glucose uptake, triglyceride
synthesis, and so forth. Altering cellular homeostasis through
the use of drugs that target the complement pathway may lead
to alterations in tissue homeostasis. The inability to produce
MAC seems to have no significant side effects. For example,
individuals in the Japanese population who fail to form MAC
due to a polymorphism in C9 have a mortality rate no higher
than the general population.32 Hence, targeting of MAC may be
a preferred approach for the development of therapies for
AMD.

Previously, we found that glycophosphatidylinositol-an-
chored CD59 protein, a naturally occurring inhibitor of MAC,
expressed on RPE cells by an adenovirus vector can protect
against the formation of human MAC on murine RPE ex vivo.23

Subsequently, we found that a soluble nonmembrane-associat-
ed CD59 delivered by an adeno-associated virus vector
attenuates CNV in a model of exudative AMD following
intravitreal injection. ATA has recently been shown to inhibit
complement specifically at the stage of MAC formation.26

Relative to the use of proteins, such as CD59, there are some
advantages to the use of small molecules as drugs. In general,
production of small molecules is more cost-effective relative to
protein therapeutics or gene therapy approaches. Also,

FIGURE 6. ATA inhibits macrophage infiltration in laser-induced CNV.
(A) Fluorescence micrographs of representative laser-induced CNV
spots in murine eyecups stained with an antibody against the
macrophage marker, F4/80, indicating a reduction in macrophage
staining in eyes injected with ATA relative to eyes injected with DMSO.
(B) Quantification of the area of F4/80 staining indicated a significant
reduction (42.68% 6 18.60%, P < 0.03) in the area of macrophage-
staining in laser-induced CNV spots of eyes injected with ATA relative
to those of eyes injected with DMSO. n¼ 18 spots/8 eyes for ATA, and
n¼ 25 spots/10 eyes DMSO. F4/80, macrophage marker.
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although gene therapies generally persist for substantially
longer than the half-lives of proteins, such as avastin or
lucentis, small molecules are generally easier to produce in
slow-release devices that may be placed in the vitreous
compartment.

As discussed above, there is significant evidence suggesting
that inhibition of MAC formation may be potentially therapeu-
tic for exudative as well as nonexudative forms of
AMD.19,23,33,34 The hypothesis discussed above suggests that
MAC formation occurs before the release of cytokines, such as
VEGF. Hence, it is reasonable to suggest that inhibition of MAC
may prevent the progression of nonexudative to exudative
AMD. Although many molecules are known to inhibit CNV in
the laser model of exudative AMD, only CD59 has been
previously shown to inhibit CNV through the inhibition of
MAC.19 In those studies, CD59 reduced MAC and CNV by 53%
and 62%, respectively, by using the same laser protocol as that
used in the current study. In the current study, ATA inhibited
MAC and CNV by 38% and 64%, respectively, suggesting that
ATA or its analogs are yet another potent group of molecules
worthy of further development as a therapy for AMD. ATA may
have certain advantages and disadvantages relative to CD59 as a
drug and these properties remain to be studied. Future studies
will also examine the toxicity of ATA following intravitreal
delivery. Prior studies indicate that ATA is well tolerated when
fed to animals.26 The mode of delivery, intravitreal injection, is
a current standard of care. Patients suffering from exudative
AMD receive intravitreal injections every 4 to 12 weeks. Such
injections can lead to complications such as increased
intraocular pressure, retinal detachment, and endophthalmitis,
but in the vast majority of cases they are well tolerated.

Although it has previously been shown that ATA can inhibit
endothelial cell activation,35 formation of the C3 convertase of
the alternative pathway,36 and MAC deposition,26 ATA also
inhibits apoptosis37 and protein-nucleic acid interactions.38

ATA also has been shown to stimulate tyrosine phosphoryla-
tion, including the Jak2/STAT5 pathway39 and to inhibit
calpain.40 Although it has been previously shown by us and
others that the use of an inhibitor of MAC, such as CD59, can
attenuate laser-induced CNV, it is likely that the additional
properties of ATA may also be contributing toward the effects
described in this study. For example, the antiangiogenic
activity of ATA has been shown to be reduced in the presence
of heparin and basic fibroblast growth factor (FGF)35; ATA also
has been shown to bind acidic FGF, causing destabilization and
reduction of its mitogenic activity.41 In addition, it has recently
been reported that ATA also binds complement Factor D,
preventing cleavage of the tissue-bound properdin-C3b-Factor
B complex into the active C3 convertase enzyme properdin-
C3b-Factor Bb.36 ATA may thus be inhibiting the alternative
pathway of complement at two different stages. Inhibition of
either the anaphylatoxins29 or the MAC independently34

results in a reduction of CNV. Future studies will dissect the
relative contribution of the anaphylatoxins and the MAC in
laser-induced CNV.

In summary, in this study we have found that ATA can
protect cells from complement-mediated cell lysis, attenuate
human MAC deposition in vitro, inhibit tube formation by
endothelial cells, inhibit laser-induced CNV in mice, inhibit
murine MAC deposition in vivo, and inhibit macrophage
infiltration in laser-induced CNV. Our results suggest that ATA
or its analogs warrant further investigation as a molecule for
inhibiting complement-mediated pathology of AMD.
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