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Abstract

TM601 is a synthetic polypeptide with sequence derived from the venom of the scorpion Leiurus

quinquestriatus that has anti-neoplastic activity. It has recently been demonstrated to bind annexin

A2 on cultured tumor and vascular endothelial cells and to suppress blood vessel growth on chick

chorioallantoic membrane. In this study, we investigated the effects of TM601 in models of ocular

neovascularization (NV). When administered by intraocular injection, intravenous injections, or

periocular injections, TM601 significantly suppressed the development of choroidal NV at rupture

sites in Bruch’s membrane. Treatment of established choroidal NV with TM601 caused apoptosis

of endothelial cells and regression of the NV. TM601 suppressed ischemia-induced and vascular

endothelial growth factor-induced retinal NV and reduced excess vascular permeability induced

by vascular endothelial growth factor. Immunostaining with an antibody directed against TM601

showed that after intraocular or periocular injection, TM601 selectively bound to choroidal or

retinal NV and co-localized with annexin A2, which is undetectable in normal retinal and

choroidal vessels, but is upregulated in endothelial cells participating in choroidal or retinal NV.

Intraocular injection of plasminogen or tissue plasminogen activator, which like TM601 bind to

annexin A2, also suppressed retinal NV. This study supports the hypothesis that annexin A2 is an

important target for treatment of neovascular diseases and suggests that TM601, through its

interaction with annexin A2, causes suppression and regression of ocular NV and reduces vascular

leakage and thus may provide a new treatment for blinding diseases such as neovascular age-

related macular degeneration and diabetic retinopathy.

Chlorotoxin is a 36-amino-acid, 3.95 kDa peptide isolated from the venom of the scorpion

Leiurus quinquestriatus (DeBin et al., 1993). It acts to immobilize insects and other

invertebrates that are bitten by transiently blocking chloride channels and disrupting

neuronal transmission. While studying its effects on chloride channels in cultured cells, it

was noted that chlorotoxin differentially binds to malignant cells (Soroceanu et al., 1998;
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Ullrich et al., 1998). TM601 is a synthetically produced chlorotoxin that was found to be

safe and well-tolerated when injected into animals. When labeled with 131I, TM601 directs

radiation to gliomas allowing imaging of tumor cells and providing anti-tumor effects

(Hockaday et al., 2005; Shen et al., 2005). In a phase I study, in which 17 patients with

glioblastoma multiforme and 1 with anaplastic astrocytoma had 131I-TM601 injected into

the tumor cavity, the 131I-TM601 bound to the wall of the cavity and was visualized for

several days (Mamelak et al., 2006). Seven of 16 patients for whom radiographic follow-up

was available at 90 days were felt to be stable and nine showed evidence of progression.

This small study confirmed that TM601 differentially binds to tumor tissue and could be

used to target radiation treatment to tumors.

The mechanism of the anti-neoplastic effect of TM601 is not completely understood, but a

recent study has suggested that suppression of tumor angiogenesis might contribute, because

TM601 suppresses angiogenesis surrounding tumor cells implanted on chick chorioallantoic

membranes (Jacoby et al., 2010). TM601 binds to annexin A2 on the surface of cells from

several tumor cell lines and human umbilical vein endothelial cells (Kesavan et al., 2010)

and annexin A2 has been implicated in angiogenesis. Recent studies have demonstrated that

the expression of annexin A2 is increased in several types of tumor cells (Sharma and

Sharma, 2007).

Agents that have antiangiogenic activity in one setting do not necessarily exert

antiangiogenic activity in other vascular beds (Campochiaro, 2006). Ocular

neovascularization provides an important area to test agents with potential antiangiogenic

activity, because there are well-established models for diseases that are prevalent and

clinically important. Choroidal neovascularization, which occurs in patients with age-related

macular degeneration (AMD) the most common cause of severe vision loss in elderly

Americans (Klein et al., 1992), is modeled in mice with laser-induced rupture of Bruch’s

membrane (Tobe et al., 1998b) and transgenic mice in which the rhodopsin promoter drives

expression of vascular endothelial growth factor (VEGF) in photoreceptors (rho/VEGF

mice) (Okamoto et al., 1997). It should be noted that these models do not recapitulate all of

the features of neovascular AMD, but both have shown predictive value for results seen in

clinical trials for neovascular AMD (Saishin et al., 2003; Nguyen et al., 2006a, 2009a).

Retinal neovascularization, which occurs in diabetic retinopathy, the most common cause of

severe vision loss in working-aged Americans (Klein et al., 1984), is modeled by oxygen-

induced ischemic retinopathy (Smith et al., 1994). This model is most analogous to

retinopathy of prematurity, but like proliferative diabetic retinopathy, the critical feature is

that VEGF is produced by ischemic retina and causes retinal NV. In this study, we

investigated the effects of TM601 and annexin A2 in these models of ocular

neovascularization.

Materials and Methods

Mouse model of laser-induced choroidal NV

Mice were treated in accordance with the Association for Research in Vision and

Ophthalmology guidelines for the use of animals in research. Choroidal NV was induced by

laser photocoagulation-induced rupture of Bruch’s membrane as previously described (Tobe
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et al., 1998b). Briefly, 5- to 6-week-old female C57BL/6 mice were anesthetized and pupils

were dilated with 1% tropicamide. Three burns of 532 nm diode laser photocoagulation (75

μm spot size, 0.1 sec duration, 120 mW) were delivered to each retina with the slit lamp

delivery system of an OcuLight GL diode laser (Iridex, Mountain View, CA) using a

handheld cover slip as a contact lens to view the retina. Burns were performed in the 9, 12,

and 3 o’clock positions of the posterior pole of the retina. Production of a bubble at the time

of laser, which indicates rupture of Bruch’s membrane, is an important factor in obtaining

choroidal NV, and therefore, only burns in which a bubble was produced were included in

the study.

Treatments were begun immediately after rupture of Bruch’s membrane and included (1)

intravitreous injection of 1 μl of vehicle or vehicle containing 150 μg of TM601 immediately

after laser treatment, (2) daily periocular injections of 5 μl of vehicle or vehicle containing

10, 50, 250, or 1,000 μg, or (3) intravenous injections of vehicle or 20 mg/ml of TM601

three times a week. Fourteen days after laser, the area of choroidal NV at Bruch’s membrane

rupture sites was measured.

To assess the effect of TM601 on established choroidal NV, mice had rupture of Bruch’s

membrane at three locations in each eye and after 7 days a cohort of mice had measurement

of the baseline area of NV at Bruch’s membrane rupture sites. The remaining mice were

treated with TM601 or vehicle between 7 and 14 days followed by measurement of the area

of choroidal NV at Bruch’s membrane rupture sites.

Measurement of the area of choroidal NV at Bruch’s membrane ruptures sites

Two weeks after rupture of Bruch’s membrane, mice were perfused with 1 ml of phosphate-

buffered saline (PBS) containing 50 mg/ml of fluorescein-labeled dextran (2 × 106 average

molecular weight, Sigma–Aldrich, St. Louis, MO) and choroidal flat mounts were prepared

as previously described (Mori et al., 2001). Briefly, the eyes were removed, fixed for 1 h in

10% phosphate-buffered formalin, and the cornea and lens were removed. The entire retina

was carefully dissected from the eyecup, radial cuts were made from the edge of the eyecup

to the equator in all four quadrants, and it was flat-mounted in aqueous mounting medium

(Aquamount; Polysciences, Warrington, PA). Flat-mounts were examined by fluorescence

microscopy (Axioskop; Carl Zeiss Meditec, Thornwood, NY), and images were digitized

with a three charge-coupled device color video camera (IK-TU40A; Toshiba, Tokyo, Japan)

and a frame grabber. Image-analysis software (Image-Pro Plus; Media Cybernetics, Silver

Spring, MD) was used to measure the area of each choroidal NV lesion with the investigator

masked with respect to treatment group.

Mice with oxygen-induced ischemic retinopathy

Ischemic retinopathy was produced in neonatal C57BL/6 mice as previously described

(Lima e Silva et al., 2007; Xie et al., 2008). At postnatal day 7 (P7), litters of C57BL/6 mice

were placed in an airtight incubator and exposed to an atmosphere of 75 ± 3% oxygen for 5

days. They were returned to room air at P12 and given an intraocular injection of 1 μl of

vehicle or vehicle containing 50 μg of TM601. The area of NV on the surface of the retina

was measured as previously described (Shen et al., 2007; Xie et al., 2008). Briefly, P17 mice
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were given an intraocular injection of 1 μl of rat anti-mouse platelet endothelial cell

adhesion molecule-1 (PECAM-1) antibody (Pharmingen, San Jose, CA) under a dissecting

microscope with a Harvard Pump Microinjection System and pulled glass micropipettes.

Mice were euthanized 12 h after injection and eyes were fixed in phosphate-buffered

formalin for 5 h at room temperature. Retinas were dissected, washed, and incubated with

goat-anti-rat polyclonal antibody conjugated with Alexa Fluor 488 1:500 (Invitrogen,

Carlsbad, CA) at room temperature for 45 min and then flat mounted. An observer masked

with respect to treatment group measured the area of NV per retina by image analysis.

Transgenic mice with vascular endothelial growth factor (VEGF)-induced NV

Transgenic mice in which the rhodopsin promoter drives expression of VEGF in

photoreceptors have the onset of VEGF production in photoreceptors at P7 and develop

extensive NV along the outer surface of the retina by P21 (Okamoto et al., 1997; Tobe et al.,

1998a). Mice hemizygous for the transgene were given daily periocular injections of 3 μl of

vehicle or vehicle containing 150 μg of TM601 between P7 and P21 and then euthanized

and the amount of subretinal NV was measured. Mice were anesthetized, perfused with

fluorescein-labeled dextran, and the total area of neovascularization on the outer surface of

the retina was measured on retinal flat mounts by image analysis (Tobe et al., 1998a).

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL)

Seven days after laser-induced rupture of Bruch’s membrane, adult female C57BL/6 mice

received daily periocular injections of 5 μl of vehicle or vehicle containing 50 μg of TM601

or a single intravitreous injection of 1 μl of vehicle or vehicle containing 50 μg of TM601

and after 2 days the mice were euthanized, eyes were frozen in optimal cutting temperature

compound and 10 μm serial sections were cut through areas of choroidal NV. Slides were

immersed in 1% paraformaldehyde for 10 min at room temperature and TUNEL was

performed with an ApopTag kit (ApopTag Fluorescein Red; Intergen, Purchase, NY)

according to the manufacture’s instructions. After TUNEL, some slides were incubated at

25°C for 1 h with 1:100 Griffonia simplicifolia lectin B4 fluorescein isothiocyanate (Vector

Laboratories, Burlingame, CA). Stained flat mounts and sections were examined with a

fluorescence microscope (Nikon Instruments, Inc., New York, NY) using SPOT RT 3.4

software.

Immunofluorescent staining

Seven days after laser-induced rupture of Bruch’s membrane, adult female C57BL/6 mice

received a single intraocular injection of PBS or 50 μg of TM601 or daily periocular

injections of 50 μg of TM601 or PBS. After 9 days, mice were euthanized and eyes were

removed for immunohistochemical staining. At P12, mice with ischemic retinopathy were

given an intraocular injection of 50 μg of TM601 and at P16 the mice were euthanized and

eyes were removed. Some eyes were frozen and 10 μm frozen ocular sections were stored at

−80°C. Other eyes were used for staining of whole retina or choroid. They were fixed in

10% phosphate-buffered formalin for 4 h and then retinas were removed. Retinas or eyecups

were blocked with 8% normal goat serum and then incubated with one or a mixture of rabbit

anti-TM601 (1:500, TransMolecular, Inc., King of Prussia, PA), mouse monoclonal anti-
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annexin A2 (1:100, BD Biosciences, San Jose, CA), or rat anti-mouse PECAM1 at room

temperature for 2 h. After three washes, eyecups were incubated for 45 min at room

temperature with secondary antibody, either Alexa Fluor 594-labeled goat anti-rabbit

immunoglobulin (IgG), Alexa Fluor 488-labeled goat anti-rat IgG, or Alexa Fluor 488-

labeled goat ant-mouse IgG. Retinal and choroidal flat mounts were prepared. Frozen

sections were dried and fixed with 4% paraformaldehyde, blocked with 8% normal donkey

serum, and incubated overnight in rabbit anti-TM601 (1:500) and mouse anti-annexin A2

(1:100). After three washes, eyecups were incubated for 45 min at 25°C with secondary

antibody, either Alexa Fluor 594-labeled goat anti-rabbit IgG or Alexa 488-labeled goat

anti-mouse IgG. Stained flat mounts and sections were examined by fluorescence

microscopy.

Retinal vascular permeability

Four- to five-week-old C57BL/6 mice were given an intraocular injection of 200 ng of

VEGF, a mixture of 200 ng of VEGF and 50 μg of TM601, or vehicle and euthanized after 6

h. Eyes were removed and fixed in 10% formalin for 4 h. Retinas were dissected, washed

three times, and incubated in 8% normal donkey serum for 40 min at room temperature.

Retinas were incubated overnight in rabbit anti-mouse albumin antibody in 0.1% Triton,

washed three times in PBS containing 0.1% Triton, and incubated in Cy3-conjugated

donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for

50 min at room temperature. After washing, retinal whole mounts were prepared and

examined by fluorescence microscopy using an Axioskop microscope (Carl Zeiss Meditec).

The area of albumin staining per retina was measured by image analysis with the

investigator masked with respect to treatment group.

Statistical analyses

Statistical comparisons for treatment effects in each experiment were done with linear

regression models using generalized estimating equations population-averaged models and

mixed-effects model regression. For the laser-induced choroidal NV model, the analysis

included up to three choroidal NV area measurements per eye. All measurements from

either eye of a mouse were assumed to be exchangeable when modeling correlation structure

and were assumed to be subject to nonerror variability, due only to treatment for

experiments in which different treatments were administered to each eye of the mouse. An

overall test for treatment effect was first performed in all models, and if the overall test

indicated a significant treatment effect, individual treatments were compared with the

vehicle treatment by using linear contrasts. The Bonferroni or Dunnett procedure was used

to adjust for multiple comparisons. When necessary, a log transformation of measurements

before analysis was used so that the distribution of measurements better met the normally

distributed outcome assumption of the linear mixed model. All analyses were performed on

computer (SAS software; SAS Institute, Inc., Cary, NC).
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Results

TM601 given by several different routes of administration suppresses choroidal NV

Adult C57BL/6 mice were given an intraocular injection of vehicle or vehicle containing 50

μg of TM601 at the time of rupture of Bruch’s membrane with laser photocoagulation. After

2 weeks, the mice were perfused with fluorescein-labeled dextran and choroidal flat mounts

were examined by fluorescence microscopy. The area of choroidal NV at Bruch’s membrane

rupture sites was significantly smaller in eyes that had been injected with TM601 (Fig.

1A,C) compared to those that had been injected with vehicle (Fig. 1B,C). Intravenous

injection of 20 mg/kg of TM601 three times a week also significantly reduced the

development of choroidal NV (Fig. 1D–F). A range of doses of TM601 was given by daily

periocular injection for 2 weeks after rupture of Bruch’s membrane and even the lowest dose

of 10 μg resulted in small choroidal NV lesions (Fig. 1G) and the mean area of NV was

significantly less than that in eyes of a separate control group of mice treated with daily

periocular injections of vehicle (Fig. 1J). Doses of 50 μg (Fig. 1H) or higher caused

significant suppression of choroidal NV (Fig. 1J) due primarily to local penetration of

TM601 through the sclera and not absorption into the systemic circulation, because eyes

treated with 50 μg or higher had significantly less NV than untreated fellow eyes. Eyes

injected with 10 μg did not have significantly less NV than their fellow eyes, but this is

likely to be because this dose is near the lower limit of effective doses rather than an

indication of a systemic effect.

Administration of TM601 after choroidal NV is established causes regression of the NV
due to apoptosis of endothelial cells

Bruch’s membrane was ruptured by laser photocoagulation in several mice and after 7 days

a cohort of the mice were perfused with fluorescein-labeled dextran and the baseline area of

choroidal NV was measured. The remainder of the mice received an intraocular injection of

50 μg of TM601 in one eye or vehicle in the fellow eye and after 1 week the area of

choroidal NV at Bruch’s membrane rupture sites was measured. Eyes injected with TM601

at 1 week showed significantly less choroidal NV (Fig. 2A,D) at 2 weeks than eyes injected

with vehicle (Fig. 2B,D). They also had less choroidal NV than the baseline amount that was

present at 1 week (Fig. 2C,D). This indicates that TM601 caused regression of choroidal

NV.

Mice had rupture of Bruch’s membrane and after 1 week had an intraocular injection of 50

μg of TM601 in one eye and vehicle in the fellow eye. After 2 days, ocular sections through

choroidal NV from TM601-injected eyes showed TUNEL-positive cells that also stained

with the vascular endothelial cell marker G. simplicifolia lectin (GSA) indicating apoptosis

of cells participating in the choroidal NV (Fig. 2E–G). There were also TUNEL-positive

cells in the overlying retina due to damage from the laser photocoagulation that had been

used to rupture Bruch’s membrane. At 9 days after rupture of Bruch’s membrane, sections

from eyes given periocular injections of 50 μg of TM601 on days 7 and 8 also showed

TUNEL-positive, GSA-stained endothelial cells in choroidal NV (Fig. 2H–J). In contrast,

ocular sections from eyes that had been injected with vehicle showed TUNEL-positive cells

in overlying retina, but none within the choroidal NV (Fig. 2K–M). Therefore, intraocular or
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periocular administration of TM601 caused apoptosis of endothelial cells localized to areas

of NV.

TM601 suppresses ischemia-induced retinal NV

To determine the effect of TM601 on ischemia-induced retinal NV, we used the murine

model of oxygen-induced ischemic retinopathy. At postnatal day (P) 12, mice with ischemic

retinopathy were given an intraocular injection of 1 μl of vehicle in one eye and 50 μg of

TM601 in the other eye. At P17, retinal NV was visualized on the surface of retinal flat

mounts by in vivo immunostaining with anti-PECAM-1. Fluorescence microscopy images

of entire retinas showed lesser amounts of NV on the surface of retinas from TM601-treated

eyes than retinas from vehicle-treated eyes (Fig. 3A vs. B), with better visualization of

individual tufts of NV seen at higher magnification (Fig. 3C,D). Image analysis confirmed

that the mean area of NV per retina was significantly less in TM601-treated eyes compared

to those treated with vehicle (E).

TM601 suppresses VEGF-induced retinal NV

Transgenic mice in which the rhodopsin promoter drives expression of VEGF in

photoreceptors (rho/VEGF mice) develop extensive NV on the outer surface of the retina at

P21 in the absence of ischemia (Okamoto et al., 1997; Tobe et al., 1998a). Between P7 and

P21 rho/VEGF mice were given daily periocular injections of 3 μl of vehicle or vehicle

containing 150 μg of TM601. Mice were perfused with fluorescein-labeled dextran at P21

and compared to retinal flat mounts from vehicle-treated mice (Fig. 4A–C) those from

TM601-treated mice (Fig. 4D–F) showed less NV. Image analysis confirmed that TM601

significantly suppressed VEGF-induced retinal NV (Fig. 4G).

TM601 suppresses VEGF-induced vascular permeability

Mice were given an intraocular injection of 200 ng of VEGF, a mixture of 200 ng of VEGF

and 50 μg of TM601, or vehicle and after 6 h, retinas were stained for serum albumin and

PECAM-1 and examined by fluorescence microscopy. Retinas from eyes injected with

VEGF alone showed large aggregates of albumin adjacent to retinal vessels (Fig. 5A–C).

Retinas from eyes injected with a mixture of VEGF and TM601, showed substantially fewer

clumps of albumin (Fig. 5D–F), and retinas from eyes injected with vehicle showed

essentially no staining for albumin (Fig. 5G–I). Image analysis showed that TM601

significantly reduced VEGF-induced leakage of albumin into the retina (Fig. 5J).

TM601 selectively localizes to choroidal NV

Two days after intraocular injection of 50 μg of TM601 in eyes with established choroidal

NV, staining of ocular sections for PECAM-1 showed the choroidal NV (Fig. 6A, arrows).

Staining of the same sections with an antibody directed against TM601 showed a similar

pattern of staining (Fig. 6B, arrows) and merged images showed co-localization of

PECAM-1 and TM601 suggesting that TM601 was binding to vascular endothelial cells

within the choroidal NV (Fig. 6C, arrows). When eyes with established choroidal NV were

given periocular injections of TM601, a similar result was obtained (Fig. 6D–F, arrows)

indicating that with two different routes of administration, TM601 homed to and selectively
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bound to cells within choroidal NV. Eyes with choroidal NV that had intraocular injection of

vehicle showed no staining for TM601 within PECAM-1-labeled choroidal NV (Fig. 6G–I,

arrows).

We investigated the possibility that TM601 might be binding to annexin A2 on endothelial

cells in new vessels, because TM601 complexes with annexin A2 on the surface of tumor

cells and proliferating endothelial cells (Kesavan et al., 2010). Sections from eyes with

choroidal NV that were injected with TM601 showed staining for annexin A2 in choroidal

NV (Fig. 6J, arrows) that co-localized with staining for TM601 (Fig. 6K,L, arrows).

Choroidal flat mounts from eyes with choroidal NV injected with TM601 showed staining

for annexin A2 in the choroidal NV, but not surrounding normal choroidal vessels (Fig.

6M). There was co-localization of TM601 and annexin A2 within the choroidal NV (Fig.

6N,O). In eyes with ischemic retinopathy, there was selective staining for annexin A2 in

buds of NV on the surface of the retina (Fig. 6P) and TM601 co-localized with the annexin

A2 within the retinal NV (Fig. 6Q,R).

Other agents that bind to annexin A2 suppress retinal NV

We hypothesized that the endogenous ligands for annexin A2, plasminogen and tissue

plasminogen activator (tPA) would stimulate retinal neovascularization, and that TM601

would block the stimulation. To test this hypothesis, we explored the effects of intraocular

injections of plasminogen and tPA in mice with ischemic retinopathy. Contrary to our

expectations, mice that had an intraocular injection of 0.5 μg of plasminogen (Fig. 7B) or 0.5

μg of tPA (Fig. 7C) at P12 had significantly less retinal NV than mice that were injected

with vehicle (Fig. 7A,D).

Discussion

In this study, we have found that a small synthetic version of a peptide that was originally

isolated from scorpion venom suppresses retinal and choroidal NV when injected into the

vitreous cavity or when given by intravenous or periocular injections. Periocular injections

of 10 μg of TM601 have a modest suppressive effect and a maximal effect is achieved with

50 μg which has a similar effect as injections of 250 or 1,000 μg of TM601. There was no

suppression of choroidal NV in fellow eyes indicating that at doses up to 1,000 μg the major

effect occurs from local penetration through the sclera and not absorption into the systemic

circulation.

When TM601 was administered to eyes with established NV, it caused regression of the NV

by inducing apoptosis in endothelial cells participating in the NV, but it had no effect on the

endothelial cells in mature vessels. Immunohistochemical staining of areas of choroidal NV

on choroidal flat mounts or in ocular sections of TM601-injected eyes with an antibody that

specifically recognizes TM601 demonstrated that TM601 binds to endothelial cells

participating in choroidal NV. When TM601 was injected into eyes with ischemic

retinopathy, it localized to tufts of retinal NV and not normal retinal blood vessels. This

suggests that TM601 binds to something that is not present or present in low amounts on

normal retinal endothelial cells but is induced when those endothelial cells participate in

neovascularization.
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Pull down experiments have shown that TM601 binds to annexin A2 on the surface of tumor

cells and proliferating vascular endothelial cells (Kesavan et al., 2010). There was no

detectable immunohistochemical staining for annexin A2 on normal retinal and choroidal

blood vessels, but there was prominent staining on vessels within retinal or choroidal NV.

Consistent with TM601 binding selectively to annexin A2, eyes with NV that were injected

with TM601 showed co-localization of annexin A2 and TM601. These data suggest that

TM601 binds to annexin A2 that is induced on the surface of endothelial cells participating

in retinal or choroidal NV.

Annexin A2 is a member of the annexin family of calcium-regulated phospholipid-binding

proteins that has been implicated in the pathogenesis of ischemia-induced retinal NV (Ling

et al., 2004). It is present in the cytosol of endothelial cells primarily as a monomer. Two

annexin A2 molecules bind with two molecules of S100A10, a member of the S100 family

of proteins, to form a heterotetramer, which increases the affinity of annexin A2 for

phospholipids and calcium promoting membrane binding (Powell and Glenney, 1987). After

the heterotetramer docks on the internal surface of the cell membrane, stress-induced

phosphorylation of Tyr23 of the annexin A2 subunits by pp60-c-Src induces translocation to

the cell surface (Deora et al., 2004). The increased immunostaining for annexin A2 in retinal

and choroidal endothelial cells participating in NV compared to those in mature vessels is

likely due to activation of pp60-c-Src causing enhanced translocation of the heterotetramer

to the cell surface. TM601 binds to annexin A2 in tumor cells and proliferating endothelial

cells (Kesavan et al., 2010) and thus it is reasonable to conclude that increased annexin A2/

S100A10 heterotetramer on the surface of endothelial cells in new vessels is the basis for the

ability of TM601 to home to the neovascularization regardless of its route of administration.

The function of annexin A2/S100A10 heterotetramer on the surface of endothelial cells is to

promote normal fibrinolysis by acting as a co-receptor for plasminogen and tPA thereby

greatly increasing the efficiency of plasminogen activation by tissue plasminogen activator

(Cesarman et al., 1994; Hajjar et al., 1994). New vessels have very abnormal blood flow and

may require a high level of fibrinolytic activity along their luminal surface to remain patent.

Treatment of cultured vascular endothelial cells with TM601 inhibits VEGF and FGF2

stimulation of tissue plasminogen activator activity (Kesavan et al., 2010). Thus, binding of

TM601 to annexin A2 may reduce fibrinolytic activity, promote thrombosis, and thereby

induce apoptosis of the endothelial cells and regression of the NV. We hypothesized that

increased binding of one of the endogenous ligands, plasminogen, or tPA in the setting of

ischemic retinopathy would increase fibrinolytic activity and increase retinal NV and that

TM601 would compete for annexin A2 binding and block plasminogen- or tPA-induced

stimulation or retinal NV. Contrary to our expectations, intraocular injection of plasminogen

or tPA in eyes with ischemic retinopathy reduced the amount of retinal NV. Perhaps the

balance of endogenous plasminogen and tPA bound to annexin A2 in ischemic retina is

critical and any disruption of that balance by injection of exogenous plasminogen or tPA

reduces rather than increases local fibrinolytic activity. Perhaps anything that binds to

annexin A2 will disrupt the delicate balance and suppress retinal NV. This hypothesis is

supported by the demonstration that angiostatin, a proteolytic fragment of plasminogen that

binds annexin A2, reduces fibrinolytic activity of cultured cells, and induces apoptosis of
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endothelial cells and regression of NV (O’Reilly et al., 1994; Lucas et al., 1998; Tuszynski

et al., 2002; Sharma et al., 2006). We also found that TM601 reduces VEGF-induced

excessive vascular permeability. The mechanism of this anti-permeability effect is unclear,

but there is evidence to suggest that angiostatin may also reduce excessive vascular leakage

in the retina (Sima et al., 2004; Shyong et al., 2007).

Choroidal neovascularization due to AMD is the most prevalent cause of severe vision loss

in elderly Americans. Ranibizumab, an Fab that blocks all isoforms of VEGF-A, causes

significant improvement in vision in 34–40% of patients with choroidal NV due to AMD by

reducing excessive leakage and suppressing growth of the NV (Brown et al., 2006;

Rosenfeld et al., 2006). Ranibizumab does not cause regression of choroidal NV and

continued intraocular injections are often required to maintain benefits. If TM601 causes

regression of choroidal NV in humans as it does in mice, it may increase the duration of

effect for treatments and add substantial benefit to anti-VEGF agents. Preliminary studies

suggest that ranibizumab also provides benefit in diabetic macular edema, a prevalent cause

of vision loss in working-age Americans (Nguyen et al., 2006b, 2009b). The anti-

permeability effects of TM601 suggest that it may also be useful in that disease indication.

Our data strongly support clinical trials investigating the effect of TM601 in neovascular

AMD and diabetic macular edema.
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Fig. 1.
TM601 given by intraocular, intravenous, or periocular injections suppresses choroidal neovascularization (NV). Mice had laser

photocoagulation-induced rupture of Bruch’s membrane and then received an intraocular injection of 1 μl of vehicle or vehicle

containing 50 μg of TM601. After 14 days, mice were perfused with fluorescein-labeled dextran and the area of choroidal NV at

Bruch’s membrane rupture sites was visualized by fluorescence microscopy of choroidal flat mounts and measured by image

analysis. Other groups of mice had rupture of Bruch’s membrane followed by tail vein injections of vehicle or 20 mg/kg of

TM601 three times a week. The area of choroidal NV appeared smaller in eyes injected with TM601 (A) compared to those

injected with vehicle (B). Statistical comparison using a mixed-effects model showed that the mean (±SEM) area of choroidal

NV at Bruch’s membrane rupture sites determined by image analysis with the investigator masked with respect to treatment

group was less in eyes injected with TM601 compared to those injected with vehicle (C, P = 0.013). The area of choroidal NV

was also significantly reduced in mice that received intravenous injections of TM601 compared to mice that received

intravenous injections of vehicle (D–F, P = 0.024). Several different doses of TM601 were given by daily periocular injection.

Representative images from eyes injected with 10 μg (G) or 50 μg (H) of TM601 show smaller areas of choroidal NV than a

representative image from vehicle-injected eyes (I). Compared to eyes treated with vehicle, the mean (±SEM) area of choroidal

NV at Bruch’s membrane rupture sites was significantly less in eyes treated with daily periocular injections of each of the doses

of TM601 (J, P = 0.008, 0.001, 0.001, and 0.002 for 10, 50, 250, and 1,000 μg, respectively). Eyes treated with 50 μg (P =

0.007), 250 μg (P = 0.03), or 1,000 μg (P < 0.001) ofTM601 had significantly smaller areas of choroidal NV than their

corresponding untreated fellow eyes (FE). There was no significant difference in area of choroidal NV in eyes treated with 10 μg

ofTM601 compared to corresponding fellow eyes (P = 0.147).
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Fig. 2.
Intraocular injection of TM601 causes regression of established choroidal neovascularization (NV). Seven days after rupture of

Bruch’s membrane with laser photocoagulation, the baseline area of choroidal NV was measured in 10 mice. The 12 remaining

mice were given an intraocular injection of 1 μl of vehicle in one eye and 1 μl of vehicle containing 50 μg of TM601 in the other

eye. Seven days later, the area of choroidal NV at rupture sites appeared smaller in eyes injected with TM601 (A) compared to

those in vehicle-injected eyes (B) or baseline eyes (C). Measurement of the area of choroidal NV by image analysis (D) showed

that the mean area of choroidal NV in eyes injected with TM601 was significantly less than that in vehicle-injected or those in

baseline eyes (P = 0.002 and 0.018 by a general estimating equations model). Mice had rupture of Bruch’s membrane and after

1 week had an intraocular injection of 50 μg of TM601 in one eye (E–G) and vehicle in the fellow eye (K–M) or had daily

periocular injections of 250 μg of TM601 (H–J). After 2 days, ocular sections through choroidal NV showed staining of the NV

with Griffonia simplicifolia lectin (GSA), a vascular endothelial cell marker (E,H,K, arrows). Sections from eyes treated with

TM601 showed TUNEL-positive, GSA-positive endothelial cells in the choroidal NV and also in the overlying retina from the

laser treatment that induced the choroidal NV (F,G,I,J). Sections from vehicle-treated eyes showed TUNEL-positive cells in

overlying retina, but none in the GSA-stained choroidal NV (L,M).
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Fig. 3.
TM601 suppresses ischemia-induced retinal neovascularization. At postnatal day (P) 7, mice were placed in 75% oxygen and at

P12 they were returned to room air and given an intraocular injection of 1 μl containing 50 μg of TM601 in one eye and vehicle

in the other eye. At P17, in vivo immunostaining for PECAM-1 was done and retinal whole mounts were examined by

fluorescence microscopy. Low power views of entire retinas from representative TM601-treated (A) and vehicle-treated (B)

eyes show less neovascularization on the surface of the TM601-treated retina. Higher magnification of the boxed regions from

(A) and (B) provide better resolution of individual tufts of neovascularization that are reduced in TM601-treated eyes (C)

compared to vehicle-treated eyes (D). Image analysis with the investigator masked with respect to treatment group, showed that

the mean (±SEM) area of NV on the surface of the retina was significantly less in TM601-treated eyes compared to those treated

with vehicle (E, P = 0.006 by mixed-effects model).
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Fig. 4.
TM601 suppresses VEGF-induced subretinal neovascularization (NV) in rhodopsin promoter/VEGF (rho/VEGF) transgenic

mice. Between P7 and P21 rho/VEGF mice were given daily periocular injections of 3 μl of vehicle or vehicle containing 150 μg

of TM601. Mice were perfused with fluorescein-labeled dextran at P21. Retinal flat mounts from control, vehicle-treated eyes

visualized with the photoreceptor side facing up showed extensive NV on the outer surface of the retina although it is difficult to

see at the magnification that allows visualization of the entire retina because the normal retinal vessels are in the background

(A). Higher magnification views (B,C) of the boxed region in (A) provides an arrow depth of field so that only the NV is in

focus and the numerous tufts of NV that are partially surrounded by dark retinal pigmented epithelial cells are easily seen (C,

arrows). Retinal flat mounts from TM601-injected eyes show much less NV (D); higher magnification of the boxed region in

(D) shows few tufts of NV on the outer surface of the retina (E,F, arrows). Image analysis with the investigator masked with

respect to treatment group showed that the mean (±SEM) area of NV per retina was significantly less fore yes treated with

TM601 compared to controls (G). *P = 0.017 for difference from control by mixed-effects model.
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Fig. 5.
TM601 suppresses VEGF-induced retinal vascular permeability. Six hours after intraocular injections of VEGF, a mixture of

VEGF and TM601, or vehicle, mice were euthanized and retinas were stained for serum albumin or PECAM-1. Retinas from

eyes injected with vehicle only, showed no staining for albumin (G–I), when examined by fluorescence microscopy. Retinas

from eyes injected with VEGF alone showed significantly more large aggregates of albumin adjacent to retinal vessels (A–C)

comparing to retinas from eyes injected with a mixture of VEGF and TM601 (D–F). Measurement of the leakage area of

albumin showed that TM601 significantly reduced VEGF-induced leakage of albumin into the retina (P = 0.0001 by ANOVA

with Bonferroni/Dunn test).
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Fig. 6.
TM601 homes to retinal and choroidal neovascularization (NV) where it is co-localized with upregulated annexin A2. Mice had

rupture of Bruch’s membrane and after 1 week had an intraocular injection of 50 μg of TM601 in one eye (A–C) and vehicle in

the fellow eye (G–I) or had daily periocular injections of 250 μg of TM601 (D–F). After 2 days, ocular sections through

choroidal NV showed staining for PECAM-1 in the NV (A, arrows) and underlying choroidal vessels. Staining of the same

section with an antibody that specifically recognizes TM601 showed strong immunofluorescence with a shape similar to the

anti-PECAM-1 staining (B, arrows) and some mild background fluorescence throughout the retina. Merging of the images

showed clear co-localization of TM601 and PECAM-1 (C, arrows). Eyes given periocular injections of TM601 also showed

strong staining for TM601 in PECAM-1-labeled choroidal NV (D–F, arrows). Eyes given an intraocular injection of vehicle

showed PECAM-1 staining of choroidal NV (G, arrows), but no staining for TM601 (H,I, arrows). Sections from eyes injected

with TM601 showed staining for annexin A2 in choroidal NV (CNV,J, arrows) that co-localized with staining for TM601 (K,L,

arrows). Achoroidal flat mount from an eye that had intraocular injection of TM601 7 days after rupture of Bruch’s membrane

showed intense staining of choroidal NV with anti-annexin A2 with no staining of surrounding choroidal vessels (M, arrows).

There was also strong staining for TM601 thatco-localized with the staining for annexin A2 and with this technique there was

minimal background staining (N,O). Similar experiments were done in mice with ischemic retinopathy to determine if annexin

A2 is also upregulated in retinal NV and whether TM601 binds to retinal NV. At P17, mice with ischemic retinopathy were

given and intraocular injection of 50 μg of TM601 and at P19, retinal flat mounts showed strong selective staining for annexin
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A2 on tufts of retinal NV (RNV; P, arrows). Punctate staining for TM601 also occurred within the retinal NV (Q,R) indicating

that annexin A2 is upregulated in retinal NV and TM601 binds in the areas of annexin A2 upregulation.
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Fig. 7.
Effects of tPA or plasminogen in ischemia-induced retinal neovascularization (NV). C57BL/6 mice were placed in 75 ± 3%

oxygen at P7. At P12 they were returned to room air and were given an intravitreous injection of 1 μl of vehicle or vehicle

containing 0.5 μg of plasminogen or tissue plasminogen activator (tPA) in one eye. At P17, in vivo immunostaining for

PECAM-1 was done and retinal flat mounts from eyes injected with plasminogen (B) or tPA (C) visualized with fluorescence

microscopy showed less NV on the surface of the retina than eyes injected with vehicle (A). Quantification of the area of NV by

image analysis is shown in (D). The bars show the mean (±SEM) area of NV and those for plasminogen (n =13) and tPA (n =8)

were significantly less than respective control eyes injected with vehicle (P < 0.05 by unpaired t-test) or uninjected fellow eyes

(FE).
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