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Abstract

Vascular endothelial growth factor (VEGF)–neutralizing proteins provide benefit in several retinal 

and choroidal vascular diseases, but some patients still experience suboptimal outcomes, and the 

need for frequent intraocular injections is a barrier to good outcomes. A mimetic peptide derived 

from collagen IV, AXT107, suppressed subretinal neovascularization (NV) in two mouse models 

predictive of effects in neovascular age-related macular degeneration (NVAMD) and inhibited 

retinal NV in a model predictive of effects in ischemic retinopathies. A combination of AXT107 

and the current treatment aflibercept suppressed subretinal NV better than either agent alone. 

Furthermore, AXT107 caused regression of choroidal NV. AXT107 reduced the VEGF-induced 

vascular leakage that underlies macular edema in ischemic retinopathies and NVAMD. In rabbit 

eyes, which are closer to the size of human eyes, intraocular injection of AXT107 significantly 

reduced VEGF-induced vascular leakage by 86% at 1 month and 70% at 2 months; aflibercept 

significantly reduced leakage by 69% at 1 month and did not reduce leakage at 2 months, 

demonstrating the longer effectiveness of AXT107. AXT107 reduced ligand-induced 

phosphorylation of multiple receptors: VEGFR2, c-Met, and PDGFRβ. Optimal signaling through 

these receptors requires complex formation with β3 integrin, which was reduced by AXT107 

binding to αvβ3. AXT107 also reduced total VEGFR2 levels by increasing internalization, 

ubiquitination, and degradation. This biomimetic peptide is a sustained, multitargeted therapy that 

may provide advantages over intraocular injections of specific VEGF-neutralizing proteins.

INTRODUCTION

Neovascularization (NV) is a critical component of wound repair that must be precisely 

controlled: the process must be initiated quickly to replace damaged vasculature and 

terminated just as quickly when revascularization is complete. Control is achieved by 

balancing proangiogenic proteins that stimulate the process with antiangiogenic proteins that 

slow it down. Proteolysis of extracellular matrix facilitates growth of new vessels throughout 

avascular tissue but, through an elegant adaptation, also helps to slow the process by 

cleaving various proteins into antiangiogenic fragments including angiostatin, endostatin, 

and collagen IV peptides (1–3). Because such protein fragments are physiologic 

angiogenesis inhibitors, they are appealing candidates for treatment of pathologic 

angiogenesis; however, attempts to use them as therapeutics have been unsuccessful. Despite 

formation by proteolytic cleavage, these proteins are still quite large and provide challenges 

with regard to manufacturing, maintaining appropriate folding and/or stability, and 

penetrating into tissues. One strategy to overcome these issues is to identify the sequences 

within these proteins responsible for their antiangiogenic activity and use them as a starting 

point to design mimetic peptides that are more potent and more easily delivered to target 

tissues. Using methods of systems biology, numerous peptide sequences with potential 

antiangiogenic activity have been identified and the corresponding peptides have been 

synthesized and tested in endothelial cell proliferation and migration assays (4). Peptides 

with substantial activity in vitro were tested in animal models of pathologic NV (5–10). A 

family of peptides derived from collagen IV showed substantial antiangiogenic activity (11). 

As reported in this study, we generated, through structure-activity studies and modification 
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to facilitate synthesis, a 20-mer peptide, AXT107, with structure LRRFSTAPFAFI-

DINDVINF.

Neovascular age-related macular degeneration (NVAMD), diabetic retinopathy, and retinal 

vein occlusions are prevalent causes of visual disability in which NV and excessive vascular 

leakage are critical pathologic processes and hence targets for therapeutic intervention. 

There are good animal models for these diseases, which are ideal for testing the 

antiangiogenic and antipermeability activity of drugs and biologics and for investigating 

their molecular mechanism (12). Here, we also investigated the effects of AXT107 in these 

models.

RESULTS

AXT107 suppresses and regresses choroidal NV

The outer retina is normally completely avascular and receives oxygen and nutrients from 

choroidal vessels by diffusion/transport through the retinal pigmented epithelium (RPE). In 

choroidal NV, new vessels grow from the choroid into the sub-RPE and subretinal spaces, 

disrupting the outer blood-retinal barrier and resulting in collection of fluid within the retina 

and loss of vision. The most prevalent disease process in which this occurs is NVAMD, but 

it also occurs in diseases in which Bruch’s membrane and the RPE are compromised. Mice 

in which Bruch’s membrane and the RPE are ruptured by laser photocoagulation provide a 

model of choroidal NV in which testing of anti– vascular endothelial growth factor (VEGF) 

agents has been predictive of outcomes in clinical trials (13–15). Using these mice, we 

compared the mean area of choroidal NV at Bruch’s membrane rupture sites in eyes injected 

with 1 mg of scrambled control peptide to the mean area of choroidal NV in eyes injected 

with 1 μg of AXT107 and found that the AXT107-treated eyes showed significantly less NV, 

comparable to that seen in eyes injected with 40 μg of aflibercept (Fig. 1A). Injection of 0.1 

μg of AXT107 had no significant effect. Compared to injection of 1 μg of AXT107 or 40 μg 

of aflibercept, injection of the combination was superior, causing significantly greater 

reduction of choroidal NV area (Fig. 1B). To determine the effect of AXT107 on established 

NV, we did not treat a large cohort of mice for 7 days after rupture of Bruch’s membrane, at 

which point the baseline area of NV was measured in a subgroup of mice (Fig. 1C, baseline) 

and the remainder had intraocular injection of 0.1 or 1 μg of AXT107 or 1 μg of control 

peptide. At day 14, the area of choroidal NV in eyes injected with 1 μg, but not 0.1 μg, of 

AXT107 was significantly less than the baseline area, indicating regression of the choroidal 

NV, even after establishment of pathology (Fig. 1C).

AXT107 suppresses subretinal NV in rho/VEGF mice

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

photoreceptors (rho/VEGF mice) develop buds of NV that originate from the deep capillary 

bed of the retina and grow into the subretinal space (16, 17). This type of NV occurs in 

about 30% of patients with NVAMD and is referred to as retinal angiomatous proliferation 

or type 3 choroidal NV (18). Intraocular injection of 1 μg of AXT107 at postnatal day (P) 14 

caused a significant reduction in the mean area of this type of subretinal NV at P21 when 

compared with controls (Fig. 2A).
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AXT107 suppresses ischemia-induced retinal NV

Mice with oxygen-induced ischemic retinopathy (OIR) are exposed to high levels of oxygen 

at P7, causing regression of newly formed retinal vessels and areas of nonperfusion (19). 

When returned to room air at P12, the poorly perfused retina is hypoxic, resulting in high 

expression of VEGF and other hypoxia-regulated gene products and causing retinal NV at 

P17 (20). This model is most analogous to retinopathy of prematurity but is also relevant to 

proliferative diabetic retinopathy. Intraocular injection of 1 μg, but not 0.1 μg, of AXT107 at 

P12 caused a significant reduction in the area of retina NV per retina in mice with OIR (Fig. 

2B).

AXT107 suppresses VEGF-induced leakage

Rho/VEGF mice were given an intraocular injection of vehicle or 1 μg of AXT107 at P20 

after subretinal NV had developed. At P21, leakage of serum albumin from the NV was 

significantly reduced in AXT107-injected eyes compared with controls (Fig. 3A). Tet/opsin/
VEGF double-transgenic mice express high levels of VEGF in the retina when treated with 

doxycycline, resulting in severe vascular leakage. Within 4 days, these mice develop 

exudative retinal detachment in a high percentage of eyes (21). In six mice given an 

intraocular injection of 1 μg of AXT107 at the onset of doxycycline treatment, five had no 

detachment, one developed a partial detachment, and there were no total detachments after 4 

days of doxycycline (Fig. 3, B and C). In six mice given an intraocular injection of 40 μg of 

aflibercept, one developed a total detachment, one developed a partial detachment, and four 

mice had no detachment. All six control mice treated with vehicle developed total retinal 

detachments 4 days after initiation of doxycycline, significantly more than in the AXT107 or 

aflibercept groups (Fig. 3C).

Mouse models provide useful tests of biologic activity, but the small size of the eye makes it 

difficult to predict doses and duration of activity for human eyes, which are much larger. A 

rabbit eye more closely approximates the size of a human eye, and although the distribution 

of retinal vessels differs from that of a human eye, they respond to VEGF with prominent 

leakage similar to primate and human eyes (22). AXT107 (50 μg) was injected into the 

inferior part of the vitreous in one eye of Dutch Belted rabbits. Fundus photographs taken 2 

days later showed a clear vitreous cavity with no sign of inflammation (similar to the 

uninjected, fellow control eye) and a gel-like depot presumed to be the peptide in the inferior 

vitreous at the site of injection (Fig. 4A, left panel, arrows). The gel-like depot was still 

present in the same location 30 days after injection (third panel, arrows). In preliminary 

experiments, we found that intraocular injection of 10 μg of VEGF caused profuse leakage 

of intravascularly injected sodium fluorescein into the vitreous of Dutch Belted rabbits. With 

vitreous fluorophotometry (VFP), we precisely measured the fluorescein that leaked from 

the retinal vessels into the vitreous cavity and showed that peak leakage occurred 7 days 

after intraocular injection of 10 μg of VEGF and returned to baseline over the subsequent 7 

days. Three days after injection of 50 μg of AXT107 in one eye, 10 μg of VEGF was 

injected in both eyes, and 7 days later, VFP showed that fluorescein leakage was reduced by 

60% in AXT107-injected eyes compared with control fellow eyes (Fig. 4B). In another 

group of rabbits, the effect of AXT107 was compared to that of aflibercept. Twenty-three 

days after injection of 50 μg of AXT107 or 500 μg of aflibercept (this is equivalent to the 

Silva et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2018 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



clinical dose because the rabbit vitreous is one-fifth of that in humans) in one eye, 10 μg of 

VEGF was injected into both eyes. Representative VFP scans obtained on day 30 show the 

concentration of fluorescein along the visual axis of the eye, and the mid-vitreous 

concentration of fluorescein (area under the curve between 5 and 7 mm in front of the retina) 

was lower in AXT107- and aflibercept-injected eyes than in fellow eye controls (Fig. 4C). 

The mid-vitreous fluorescein concentration provides an assessment of retinal vascular 

leakage and was reduced from that in fellow eye controls by 86% in AXT107-injected eyes 

and 69% in aflibercept-injected eyes (Fig. 4D). Thirteen days later, on day 43, the rabbits 

were rescanned without injection of fluorescein, and vitreous fluorescence was back to 

baseline. The rabbits were rechallenged by intraocular injection of 10 μg of VEGF on day 

53; representative scans obtained on day 60 show low levels of fluorescein in the mid-

vitreous of AXT107-injected eyes, but we did not observe similar inhibition in control or 

aflibercept-injected eyes (Fig. 4E). Compared with fellow eye controls, leakage was reduced 

by 70% by AXT107, but was not significantly reduced by aflibercept (Fig. 4F), 

demonstrating the superiority of AXT107 at reducing leakage over time.

AXT107 binds α5β1 and αvβ3 integrins

We have previously demonstrated that the parent peptide to AXT107 disrupts antibody-

epitope interactions between α1 and αvβ3 integrins and their respective antibodies, 

implicating the integrin heterodimers αxβ1 and αvβ3 as targets for the peptide (4). Human 

retinal endothelial cells (HRECs) show immunohistochemical staining with antibodies 

specific for the α5 integrin monomer or the αvβ3 integrin heterodimer, which is reduced by 

preincubation with 50 μM AXT107 and eliminated by preincubation with 100 or 200 μM 

AXT107 (Fig. 5A). To directly test for and quantify binding of AXT107 to α5β1 and αvβ3, 

we monitored the changes in fluorescence anisotropy of 5-carboxyfluorescein (5-FAM)–

labeled AXT107 that had been incubated with a range of concentrations of recombinant 

αvβ3 or α5β1. The binding isotherms showed high-affinity binding of AXT107 to integrin 

αvβ3 (Fig. 5B) and integrin α5β1 (Fig. 5C), with dissociation constant (Kd) values of 1.29 

and 2.21 nM, respectively.

AXT107 suppresses phosphorylation of VEGFR2, c-Met, and PDGFRβ

Integrin αvβ3 forms complexes with VEGF receptor 2 (VEGFR2) and platelet-derived 

growth factor receptor β (PDGFRβ) that enhance ligand-induced phosphorylation and 

downstream signaling (23–25). Therefore, we tested the effect of AXT107 on VEGF-

induced phosphorylation of VEGFR2 in HRECs and PDGF-BB–induced phosphorylation of 

PDGFRβ in mouse 3T3 fibroblasts. We also tested the effect of hepatocyte growth factor 

(HGF)–induced phosphorylation of c-Met. Incubation of HRECs with VEGF (25 ng/ml) for 

5 min resulted in optimal phosphorylation of VEGFR2, whereas incubation with HGF (50 

ng/ml) for 15 min resulted in optimal phosphorylation of c-Met. Incubation of 3T3 cells with 

PDGF-BB (50 ng/ml) for 5 min resulted in optimal phosphorylation of PDGFRβ. HRECs 

were preincubated with increasing concentrations of AXT107 for 90 min before addition of 

VEGF (25 ng/ml) for 5 min or HGF (50 ng/ml) for 15 min; VEGF-induced phosphorylation 

of VEGFR2 and HGF-induced phosphorylation of c-Met were reduced by 25 μM AXT107 

and further reduced by 50 or 100 μM AXT107 (Fig. 6,A and B). Concentrations of 50 or 100 

μM AXT107 also reduced total VEGFR2 and c-Met. The AXT107-induced reduction in 
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phosphorylation of VEGFR2 and c-Met began at lower doses and was greater than the 

reduction in the respective receptor proteins. In 3T3 cells, concentrations of AXT107 (≥10 

μM) reduced phosphorylation of PDGFRb (Fig. 6C).

αvβ3 integrin is important for activation of VEGFR2, as shown by its increased association 

in the presence of VEGF, which increases downstream signaling events, and because 

treatment with an anti-β3 antibody suppresses VEGF-induced phosphorylation of VEGFR2 

(23). We therefore investigated the effect of AXT107 on VEGFR2-β3 complex formation. 

HRECs were incubated with VEGF (25 ng/ml) in the presence or absence of 60 μM 

AXT107s. Cell lysates were immunoprecipitated with anti-VEGFR2 and immunoblotted 

with anti-VEGFR2 and anti-β3. Compared to the immunoprecipitate from cells stimulated 

with VEGF in the absence of AXT107, the immunoprecipitate from cells stimulated with 

VEGF in the presence of AXT107 showed slightly less VEGFR2 and a large reduction in β3 

integrin. This indicates that AXT107 disrupts VEGFR2-β3 complex formation, a critical step 

for VEGFR2 signaling (Fig. 6D).

In addition, VEGF signaling is further reduced by the AXT107-induced reduction of 

VEGFR2 protein levels. To investigate whether this is a result of ubiquitin-mediated 

degradation [as occurs with prolonged stimulation with VEGF (26)], we exposed HRECs to 

three conditions (no stimulation, stimulation with VEGF, and stimulation with VEGF in the 

presence of 60 μM AXT107) and immunoblotted cell lysates with anti–phospho-VEGFR2 

and anti-VEGFR2. AXT107 caused a 53% reduction in total VEGFR2 (Fig. 6E, left). To 

compensate for the 53% reduction in VEGFR2, we used twice as much lysate from cells 

treated with VEGF in the presence of AXT107 (than from cells stimulated with VEGF in the 

absence of AXT107) for immunoprecipitation with anti-VEGFR2. The immunoprecipitates 

were immunoblotted with the anti-ubiquitin antibody FK2, and the blot was reprobed with 

anti-VEGFR2. We detected a band for ubiquitinated VEGFR2 in immunoprecipitates from 

VEGF-stimulated HRECs incubated with 60 μM AXT107 (Fig. 6, arrowhead) but not in 

immunoprecipitates from VEGF-stimulated HRECs in the absence of peptide, although 

there were equal amounts of VEGFR2. Furthermore, inhibition of the proteasome by 

lactacystin reduced AXT107-induced degradation of VEGFR2 (Fig. 6F). On average, cells 

treated with 100 μM AXT107 exhibited 1.4 times more total VEGFR2 in the presence of 

lactacystin than in control conditions. These data support the hypothesis that AXT107 

promotes VEGFR2 degradation in the proteasome.

DISCUSSION

Pathologic angiogenesis or excessive vascular leakage (or both) occurs in several retinal/

choroidal vascular diseases. Choroidal NV occurs in AMD, the most common cause of 

moderate and severe vision loss in patients over the age of 60 years (27). Diabetic 

retinopathy is a common cause of vision loss in working age patients; vision loss can occur 

from retinal NV, leading to vitreous hemorrhage and retinal detachment, or from excess 

vascular leakage resulting in macular edema (27). Retinal NV and macular edema also cause 

vision loss in patients with retinal vein occlusion. This group of highly prevalent diseases 

shares molecular mechanisms because, in each, stabilization of hypoxia-inducible factor–1α 
(HIF-1α) plays an important role (28–32). Stabilization of HIF-1α causes increased 
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production of several hypoxia-regulated vaso-active proteins that contribute to NV and 

vascular leakage (12). VEGF plays a particularly important role, and intraocular injections 

of VEGF-neutralizing proteins provide substantial benefits in NVAMD (15, 33), diabetic 

macular edema (DME) (34, 35), macular edema due to retinal vein occlusions (36–38), and 

background diabetic retinopathy (39).

Although progress has been encouraging, there is still considerable unmet need, particularly 

in NVAMD and DME in which substantial percentages of patients have a suboptimal 

response to suppression of VEGF, probably because other hypoxia-regulated vasoactive 

proteins participate in disease in those patients. Also, many patients with NVAMD who 

respond well initially to VEGF suppression ultimately lose the benefits they attained as a 

result of the development of subretinal fibrosis and/or macular atrophy (40). Similarly, 

patients with DME or macular edema from retinal vein occlusion who show marked 

improvement in vision during a period of frequent injections of a VEGF-neutralizing protein 

often lose much of these initial gains during periods of less frequent injections; ultimately, 

they experience permanent reduction in vision (41–43). In clinical practice, the frequency of 

injections is substantially less than that in clinical trials, and visual outcomes are much 

worse (44). Thus, treatments that target other hypoxia-regulated vasoactive proteins in 

addition to VEGF and that last longer than injections of VEGF-neutralizing proteins are 

needed.

Here, we have shown that the biomimetic optimized peptide derived from collagen IV 

AXT107 suppresses and causes regression of choroidal NV (which corresponds to type 2 

choroidal NV in patients with NVAMD), inhibits growth of subretinal NV in rho/VEGF 

mice (which corresponds to type 3 choroidal NV), and reduces leakage from subretinal new 

vessels (the cause of macular fluid collection and acute, reversible loss of vision in 

NVAMD). AXT107 also inhibits ischemia-induced retinal NV, the primary pathologic 

process in proliferative diabetic retinopathy or proliferative complications of retinal vein 

occlusions, and suppresses VEGF-induced leakage from pre-existent retinal vessels, a key 

pathologic process in DME and macular edema due to vein occlusions. In rabbit eyes, which 

more closely approximate the size of human eyes, VEGF-induced vascular leakage studies 

investigating intraocular injections of AXT107 and aflibercept show superiority of AXT107 

at 60 days (30% leakage remaining with 50 μg of AXT107 versus 100% leakage with 500 

μg of aflibercept, P < 0.05). After intraocular injection, AXT107 forms a small gel-like 

depot in the inferior vitreous remote from the visual axis that slowly dissipates over months, 

which may be the basis for its prolonged antipermeability activity.

AXT107 reduces VEGF-induced phosphorylation of VEGFR2 at low doses and, at higher 

doses, enhances degradation of VEGFR2. Thus, AXT107 perturbs VEGF signaling and 

suppresses ocular NV and vascular leakage by two mechanisms. AXT107 also reduces 

ligand-induced phosphorylation of c-Met and PDGFRβ, which may also contribute. 

Combined neutralization of VEGF and PDGF-BB results in significantly greater suppression 

of murine choroidal NV and regression of choroidal NV with superior vision outcomes in 

patients with NVAMD than suppression of VEGF alone (45–47). Because AXT107 inhibits 

both VEGFR2 and PDGFRβ signaling and causes regression of choroidal NV, similar 
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superior outcomes in NVAMD as those seen with combination therapy might be expected 

with injection of a single small peptide.

HGF may also contribute to edema in patients with retinal vein occlusion or DME who have 

a suboptimal response to suppression of VEGF (48, 49). Inhibition of c-Met signaling by 

AXT107 may provide benefit in such recalcitrant patients with macular edema. VEGFR2 

and PDGFRβ require complex formation with β3 integrin for optimal ligand-induced 

phosphorylation and downstream signaling (23–25). Binding of AXT107 to αvβ3 reduces 

β3-VEGFR2 complex formation, which is one mechanism by which AXT107 reduces 

VEGFR2 signaling in HRECs. A second mechanism is that AXT107 increases 

internalization of VEGFR2, ubiquitin binding, and degradation in the proteasome. We do not 

yet know whether AXT107 binding to α5β1 plays any role in its antiangiogenic and 

antipermeability actions, but because neutralization of α5β1 suppresses retinal and choroidal 

NV (50), this is worth future investigation.

Mice deficient in PDGF-BB during retinal vascular development show poor recruitment of 

pericytes to developing retinal vessels, resulting in a phenotype similar to diabetic 

retinopathy (51, 52). In adult animals, however, drugs that block both VEGF and PDGF 

receptors do not have any deleterious effects on retinal vessels (53). A clinical trial in 

patients with DME, in which an oral tyrosine kinase inhibitor that blocks VEGF and PDGF 

receptors and some isoforms of protein kinase C was tested, showed that the drug caused 

improvement in DME with no deleterious effects on diabetic retinopathy (54). Therefore, we 

do not anticipate problems treating DME with AXT107.

In conclusion, we combined bioinformatics to identify candidates and laboratory testing to 

select and optimize synthesized peptides and identified the biomimetic peptide AXT107. 

This newly described agent has a distinct mechanism of action: It disrupts VEGF, HGF, and 

PDGF-BB signaling, each of which are important in several prevalent retinal/choroidal 

vascular diseases. AXT107 has robust efficacy in seven experimental paradigms in models 

of these retinal/choroidal vascular diseases in two species (suppression of laser-induced 

choroidal NV in mice, regression of laser-induced choroidal NV in mice, suppression of 

VEGF-induced subretinal NV in mice, suppression of ischemia-induced retinal NV in mice, 

reduction of vascular leakage from subretinal NV in rho/VEGF mice, prevention of 

exudative retinal detachment in Tet/opsin/VEGF mice that express high levels of VEGF in 

photoreceptors, and reduction of VEGF-induced leakage in rabbits). We demonstrated 

superiority of AXT107 (50 μg) over aflibercept (500 μg) in rabbits at 60 days after 

treatment, and the combination of AXT107 (1 μg) and aflibercept (40 μg) was superior to 

aflibercept alone in mice with choroidal NV. Like current anti-VEGF agents, AXT107 is 

delivered by intravitreous injection; however, it forms a reversible in situ gel depot outside 

the visual axis that likely prolongs its residence time in the vitreous, which may reduce the 

frequency of intraocular injections needed in patients. In addition, as a relatively small 

peptide, AXT107 is amenable to stable, long-term, controlled release formulations, such as 

incorporation into polymers for sustained delivery. Although detailed safety studies using 

Good Laboratory Practice (GLP) have not yet been done and are needed for further 

development, non-GLP safety studies at an independent Clinical Research Organization 

demonstrated that after intravitreous injection of AXT107 in rabbits, there was no increase 
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in intraocular pressure, no degradation of the ocular media in the visual axis, and no retinal 

toxicity. Thus, AXT107 is a promising new therapeutic agent that may have advantages over 

current treatments for NVAMD and DME.

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 on the care and use of animals in research. Laser 

photocoagulation–induced rupture of Bruch’s membrane was used to generate choroidal NV 

as previously described (13). Briefly, 4- to 5-week-old female C57BL/6 mice were 

anesthetized, pupils were dilated with 1% tropicamide (Alcon Laboratories Inc.), and 

Bruch’s membrane was ruptured at 9, 12, and 3 o’clock positions of the posterior pole with a 

532-nm diode laser photocoagulation (75-μm spot size, 0.1-s duration, 120 mW) using the 

slit lamp delivery system of an OcuLight GL Photocoagulator (Iridex) and a handheld cover 

slide as a contact lens. Mice then had intraocular injection of 0.1 or 1 μg of AXT107, 1 μg of 

scrambled control peptide, or 40 μg of aflibercept, a VEGF-neutralizing protein, which is 

standard care for patients with NVAMD (14, 15). After 7 days, mice were euthanized, and 

retinas were dissected, stained with FITC-conjugated GSA (Vector Laboratories), and flat-

mounted. Flat mounts were examined by fluorescence microscopy, and the area of each 

choroidal NV was measured by image analysis with Image-Pro Plus software (Media 

Cybernetics) by an observer masked with respect to experimental groups. To investigate the 

effect of AXT107 on established choroidal NV, intraocular injections of AXT107 or control 

peptide were done 7 days after rupture of Bruch’s membrane, and the area of choroidal NV 

was measured 7 days later.

Transgenic mice with VEGF expression in photoreceptors

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

photoreceptors (rho/VEGF mice) have increased levels of VEGF starting at P7 and develop 

multiple areas of subretinal NV by P21 (16, 17). At P14, rho/VEGF mice were given an 

intraocular injection of 0.1 or 1 μg of AXT107 or 1 μg of control peptide. At P21, mice were 

euthanized, and retinas were dissected and stained with GSA. Retinal flat mounts with 

photoreceptors facing up were examined by fluorescence microscopy, and the area of 

subretinal NV was measured by image analysis by a masked observer. The effect of 

AXT107 on leakage from subretinal NV was measured by immunofluorescence staining for 

albumin of retina from PBS-perfused rho/VEGF mice as previously described (55, 56). 

Briefly, rho/VEGF mice were given an intraocular injection of 1 μg of AXT107 or vehicle at 

P20 and, after 24 hours, were perfused through the left ventricle with PBS. Retinas were 

dissected and fixed in 10% formalin for 4 hours, washed three times in PBS, and incubated 

in 8% normal donkey serum for 40 min at 22°C. After washing, retinas were incubated 

overnight in rabbit anti-mouse albumin (Abcam) in 1% Triton at 22°C. After the retinas 

were washed three times in PBS/1% Triton, they were incubated in Cy3-conjugated donkey 

anti-rabbit antibody (Jackson ImmunoResearch Laboratories Inc.) for 50 min at 22°C. 

Retinas were counterstained with GSA to label NV, flat-mounted, and examined by 
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fluorescence microscopy. The area of albumin staining per retina was measured by image 

analysis by a masked observer.

Mice with OIR

OIR was produced by placing litters of C57BL/6 mice in 75 ± 3% oxygen at P7 and 

returning them to room air at P12 when they were given an intraocular injection of 0.1 or 1 

μg of AXT107 or 1 μg of control peptide. At P17, mice were euthanized, eyes were fixed in 

10% phosphate-buffered formalin for 4 hours at 22°C, and retinas were dissected. After 

incubation in FITC-labeled GSA for 45 min, retinas were flat-mounted and examined by 

fluorescence microscopy. Photographs were obtained at ×5 magnification and merged into a 

single image to show the entire retina using the photomerge option of Photoshop CS5.4. An 

observer masked with respect to treatment group measured the area of NV per retina by 

image analysis.

Tet/opsin/VEGF double-transgenic mice

Tet/opsin/VEGF double-transgenic mice express high levels of VEGF in photoreceptors 

when treated with doxycycline, resulting in severe vascular leakage and exudative retinal 

detachments within 4 to 5 days (21). Tet/opsin/VEGF mice were given an intraocular 

injection of 1 μg of AXT107, 40 μg of aflibercept, or vehicle in one eye, and after 3 days, 

they were given drinking water containing doxycycline (2 mg/ml). On the fourth day after 

initiation of doxycycline, mice were anesthetized, pupils were dilated, and fundus 

photographs (Micron III Retinal Imaging Microscope, Phoenix Research Laboratories Inc.) 

and spectral domain OCT (Bioptigen Envisu R2200) were done. After imaging, mice were 

euthanized and 10-μm serial sections were cut through each eye. Every 10th section was 

stained with Mayer’s hematoxylin (Sigma-Aldrich) and Eosin-Y (Richard-Allan Scientific). 

On the basis of the imaging and serial sections, it was determined whether eyes had total, 

partial, or no retinal detachment.

VEGF-induced leakage in rabbit eyes

Dutch Belted rabbits were anesthetized with an intramuscular injection of ketamine (25 

mg/kg) and xylazine (2.5 mg/kg), and pupils were dilated with 2.5% phenylephrine. The 

conjunctiva was cleaned with 5% povidone-iodine, and an intravitreous injection of 50 μg of 

AXT107 or 500 μg of aflibercept was given in one eye and vehicle was injected in the other 

eye. Fundus photographs were done 2 and 30 days after injection. Three days after injection, 

10 μg of VEGF was injected in each eye, and 7 days later, VFP was done with a Fluorotron 

Master ocular fluorophotometer fitted with an animal adapter (OcuMetrics). Sodium 

fluorescein (15 mg; AK-Fluor 10%, Akorn) was injected into an ear vein, and after 1 hour, 

fluorescence was measured along the visual axis from the retina to the cornea. The area 

under the fluorescein concentration curve between 5 and 7 mm in front of the retina was 

calculated. In another group of rabbits, 10 μg of VEGF was injected in both eyes 23 days 

after injection of 50 μg of AXT107 or 500 μg of aflibercept in one eye, and at 30 days, VFP 

was done. The rabbits were rescanned without injection of sodium fluorescein on day 43, 

and VFP was back to baseline levels. On day 53, 10 μg of VEGF was injected in each eye, 

and VFP was done on day 60.
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Assessment of effect of AXT107 on anti-αvβ3 and anti-α5 binding

HRECs (Lonza) were grown to confluence in eight-well chamber slides (Nunc Inc.). The 

cells were fixed with 4% paraformaldehyde for 20 min, followed by three PBS washes and 

incubation with 0, 50, 100, and 200 μM AXT107 for 1 hour. After this step, 2 μg of anti-

αvβ3 or anti-α5 antibodies (R&D Systems) was added for 1 hour. The binding of anti-αvβ3 

or anti-α5 antibodies to HRECs cells was visualized using Alexa Fluor 488–labeled 

secondary antibodies (Thermo Fisher Scientific).

Fluorescence anisotropy

FAM-AXT107 (10 nM) was dissolved in dimethyl sulfoxide (DMSO) and mixed with 0 to 

75 nM soluble, recombinant α5β1 and αvβ3 heterodimeric integrins (R&D Systems) in 

binding buffer [50 mM tris (pH 7.5), 1 mM CaCl2, 1 mM MgCl2, and 100 mM NaCl]. The 

final concentration of the DMSO vehicle was 0.0005% for all samples. The reactions were 

incubated on ice for at least 30 min before reading to allow binding to reach equilibrium. 

Changes in fluorescence anisotropy were measured with the Tecan Safire II microplate 

reader using vertically polarized light at 470 nm and detecting both vertically and 

horizontally polarized light at 540 nm. The data were plotted using GraphPad Prism version 

5.0 software and fit to the following equation (Eq. 1) for ligand concentration–dependent 

anisotropy accounting for receptor depletion:

(1)

where r is the calculated anisotropy, [L] is the concentration of FAM-AXT107, [R] is the 

concentration of integrin, and rf, rb, and Kd are the best-fit values for the anisotropy of free 

FAM-AXT107, anisotropy of integrin-bound FAM-AXT107, and the equilibrium Kd of the 

integrin and FAM-AXT107 interaction, respectively.

Western blotting

HRECs and 3T3 fibroblasts were cultured in six-well plates overnight at 37°C in EGM-2 or 

Dulbecco’s modified Eagle’s medium, D-glucose 4.5 g/liter) (Corning) with 10% fetal 

bovine serum, and penicillin/streptomycin (100 U/ml; 3T3 fibroblasts). After reaching 

confluence, cells were serum-starved overnight in Opti-MEM I Reduced Serum Media 

(Thermo Fisher Scientific) and treated with the indicated concentrations of AXT107 or an 

equivalent amount of DMSO vehicle for 90 min. Excess DMSO was added to bring the final 

concentration to 0.25% (the amount present in 100 μM AXT107). Cells were then stimulated 

with either VEGF (25 ng/ml; R&D Systems) for 5 min, HGF (50 ng/ml; PeproTech) for 15 

min, or PDGF-BB (50 ng/ml; Cell Signaling) for 10 min; washed twice with cold PBS 

containing calcium and magnesium; and lysed by scraping in 100 μl of cell lysis buffer 

(HRECs; Cell Signaling) or Blue Loading Buffer (3T3 fibroblasts; Cell Signaling) with 
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phosphatase inhibitors and protease inhibitors (Roche). Lysates were then sonicated and 

centrifuged at 9200g for 5 min, and the supernatants were boiled and stored at −20°C until 

used. Lysates were resolved by 10% SDS–polyacrylamide gel electrophoresis and 

transferred to polyvinylidene difluoride (PVDF) membranes for Western blot analysis. 

Membranes were probed with primary antibodies against phospho-VEGFR2 (Y1175), 

VEGFR2, phospho-Met (Y1234/Y1235), Met, phospho-PDGFRβ (Y751), PDGFRb, actin, 

and GAPDH (1:1000; Cell Signaling). Secondary antibodies were donkey anti-rabbit 

(1:10,000) and sheep anti-mouse (1:10,000).

Immunoprecipitation

After incubation in AXT107 or control medium and VEGF stimulation as described above, 

HRECs were lysed in 1× Cell Lysis buffer (#9803, Cell Signaling Technology). About 700 

mg of total protein was immunoprecipitated with anti-VEGFR2 conjugated to Sepharose 

beads (Cell Signaling) overnight. Immunoprecipitates were eluted, electrophoresed, 

transferred to PVDF membranes, and immunoblotted with antiubiquitin antibody (1:500; 

Enzo) and anti-VEGFR2 antibody (1:1000, Cell Signaling). To assess VEGFR2-γ3 complex 

formation, crosslinking was done before cell lysis and immunoprecipitation by incubation in 

0.4% paraformaldehyde for 10 min followed by ice-cold 1.25 M glycine for 3 min (57). 

Immunoprecipitates were immunoblotted with anti-γ3 antibody (1:1000, Cell Signaling).

Statistics

In experiments in which a single experimental group was compared to a single control 

group, statistical comparisons were made by unpaired Student’s t test. In experiments in 

which multiple experimental groups were compared to a control group or there were 

comparisons among multiple experimental groups, comparisons were made by ANOVA 

Bonferroni correction for multiple comparisons. For comparison of the two dichotomous 

variables with the small numbers, a Fisher’s exact test was used.
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Fig. 1. The collagen IV–derived mimetic peptide AXT107 causes suppression and regression of 
choroidal NV
(A) C57BL/6 mice had laser-induced rupture of Bruch’s membrane at three locations in one 

eye followed by an intraocular injection of 0.1 or 1 μg of AXT107, 1 μg of scrambled 

control peptide, or 40 μg of aflibercept. After 14 days, mice were euthanized, and retinas 

were dissected, stained with Griffonia simplicifolia lectin (GSA), and flat-mounted. (B) 

Eyes injected with 1 μg of AXT107 and 40 μg of aflibercept had significantly greater 

reduction in area of choroidal NV than either alone. (C) C57BL/6 mice (n = 43) had laser-

induced rupture of Bruch’s membrane at three locations in one eye, and after 7 days, 12 

mice were euthanized and the baseline mean area of choroidal NV was measured. The 

remaining mice received an injection of 0.1 or 1 μg of AXT107 or 1 μg of control peptide, 

and 7 days after injection, the mice were euthanized and the area of choroidal NV was 

measured. C, control; A, aflibercept; BL, baseline. Bars represent mean (± SEM). ***P < 

0.001 for difference from control, **P < 0.01 for difference from baseline, †P < 0.05 for 

difference from AXT107 or aflibercept by analysis of variance (ANOVA) with Bonferroni 

correction for multiple comparisons.
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Fig. 2. The collagen IV–derived peptide AXT107 suppresses VEGF-induced subretinal NV and 
ischemia-induced retinal NV
(A) At P14, rho/VEGF transgenic mice in which the rhodopsin promoter drives expression 

of VEGF in photoreceptors were given an intraocular injection of 0.1 or 1 μg of AXT107 or 

1 μg of control peptide. At P21, the area of subretinal NV on GSA-stained retinal flat 

mounts oriented with photoreceptor side up was measured. (B) At P12, C57BL/6 mice with 

OIR were given an intraocular injection of 0.1 or 1 μg of AXT107 or 1 μg of control peptide. 

At P17, retinas were incubated for 40 min with GSA, which selectively stains NV (patches 

of dark green) and hyaloid vessels (snake-like structures) and does not stain preexisting 

retinal vessels. Bars represent mean (± SEM). **P < 0.01, ***P < 0.001 for difference from 

control by ANOVA with Bonferroni correction for multiple comparisons.
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Fig. 3. AXT107 reduces leakage from subretinal NV in rho/VEGF mice and decreases exudative 
retinal detachment in Tet/opsin/VEGF mice
(A) At P20, rho/VEGF mice were injected intraocularly with 1 μg of AXT107 or vehicle 

(control) and, at P21, were perfused through the left ventricle with phosphate-buffered saline 

(PBS), and retinas were stained with GSA (green) and immunostained for albumin (red). 

Bars represent mean (± SEM). **P < 0.01 by unpaired t test. (B) Male Tet/opsin/VEGF 

double-transgenic mice with doxycycline-inducible expression of VEGF in photoreceptors 

were given an intraocular injection of 1 μg of AXT107, 40 μg of aflibercept, or vehicle in 

one eye (n = 6 in each group) and then given doxycycline (2 mg/ml) in drinking water. After 

4 days, fundus photographs (left column) and optical coherence tomography (OCT) images 

(second column) were taken, and then mice were euthanized and ocular frozen sections were 

stained with hematoxylin (right column). (C) Compared with controls, the incidence of 

detachment was significantly less in AXT107- or aflibercept-injected eyes. **P < 0.015 by 

Fisher’s exact test. C, control; A, aflibercept.
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Fig. 4. Intraocular injection of AXT107 reduces VEGF-induced leakage for at least 2 months in 
rabbit eyes
(A) Fundus photography 2 days after intraocular injection of 50 μg of AXT107 in Dutch 

Belted rabbits. The vitreous was clear with no evidence of inflammation, and a gel-like 

depot was seen in the inferior vitreous at the site of injection (left panel, arrows) and was 

still seen in the same location 30 days after injection (third panel, arrows). (B) VEGF (10 

μg) was injected in both eyes3 days after injection of 50 μg of AXT107 in one eye, and after 

7 days, VFP showed fluorescein leakage reduced by 60% in AXT107-injected eyes (**P = 

0.007 by unpaired t test). (C) In another group of rabbits, 10 μg of VEGF was injected in 

both eyes 23 days after injection of 50 μg of AXT107 or 500 μg of aflibercept in one eye, 

and at 30 days, VFP scans showed low levels of sodium fluorescein in the mid-vitreous 

between 5 and 7 mm in front of the retina in AXT107- or aflibercept-injected eyes compared 

with fellow control eyes. (D) Quantification of VFP images in (C) showed that leakage was 

reduced by 86% in AXT107-injected eyes and 69% in aflibercept-injected eyes (**P < 0.01, 

***P < 0.001 by unpaired t test from corresponding controls). (E) The rabbits from (D) were 

rescanned without injection of sodium fluorescein on day 43, and vitreous fluorescence was 

back to baseline levels. On day 53, 10 μg of VEGF was injected into each eye, and on day 

60, VFP scans showed low levels of fluorescein in the mid-vitreous of AXT107-injected 

eyes and higher levels in control and aflibercept-injected eyes. (F) Quantification of VFP 

images in (E) showed that leakage was reduced by 70% in AXT107-injected eyes compared 

to corresponding controls (*P = 0.035 by unpaired t test) but not in aflibercept-injected eyes 

(A). Bars represent mean (± SEM).
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Fig. 5. AXT107 binds integrins αvβ3 and α5β1
(A) Incubation of AXT107 with HRECs reduced binding of anti–integrin αvβ3 (top) or anti–

integrin α5 antibodies (bottom). Anti-integrin antibodies were visualized by 

immunohistochemistry with fluorescein isothiocyanate (FITC)–labeled secondary antibodies 

(green), and nuclei were stained with 4′,6-diamidino-2-phenylindole (blue). (B and C) 

Change in anisotropy of 5-FAM–labeled AXT107 (10 nM) at various concentrations of 

integrin αvβ3 (B) or α5β1 (C). Kd values were determined by fitting data to a ligand-

dependent, quadratic equation of anisotropy and shown as Kd ± SD.
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Fig. 6. AXT107 inhibits VEGF-, HGF-, and PDGF-BB–stimulated phosphorylation of VEGFR2, 
c-Met, and PDGFRb receptors
(A) HRECs were stimulated with VEGF (25 ng/ml) for 5 min in the presence of increasing 

concentrations of AXT107 at 0, 10, 25, 50, and 100 μM peptide. The lysates were then 

immunoblotted with phosphorylated VEGFR2 (Y1175) (pVEGFR2) and anti-VEGFR2 

(tVEGFR2) antibody (left). The blots were probed with anti-actin antibody as a loading 

control. Images were quantified by densitometry to determine the amount of total VEGFR2 

normalized by actin (middle) and the ratio of phospho-VEGFR to total VEGFR2 (right) at 

each peptide concentration relative to the VEGF-treated, 0 μM AXT107 sample; mean ± 

SEM, n = 3. (B) Same as in (A), except that cells were stimulated with HGF (50 ng/ml) for 

15 min and probed with anti–phosphorylated c-Met (Y1234/1235) (pMet) and anti–c-Met 

antibodies [total c-Met protein (tMet)]; mean ± SEM, n = 3. (C) 3T3 fibroblasts were 

stimulated with PDGF-BB (50 ng/ml) for 10 min after a 90-min treatment with 0, 10, 32, or 

100 μM AXT107. Lysates were probed with anti–phosphorylated PDGFRβ (Y751) 

(pPDGFRβ) and anti-PDGFRβ antibodies (tPDGFRβ) and anti–glyceraldehyde phosphate 

dehydrogenase (GAPDH) as a loading control; mean ± SEM, n = 3. (D) AXT107 at 60 μM 

dissociates β3 integrin from the VEGFR2-β3 complex. VEGFR2 was immunoprecipitated 

(IP) from VEGF-stimulated HRECs in the presence and absence of AXT107 after cross-

linking and immunoblotted with anti-β3 integrin and anti-VEGFR2 antibody. Images were 

quantified by densitometry to determine the amount of total VEGFR2 immunoprecipitated 

in the presence and absence of AXT107 in blots probed with anti-VEGFR2. The same was 

done for β3 in blots probed with anti-β3. The values for VEGFR2 and β3 in HREC samples 

stimulated with VEGF in the absence of AXT107 were considered 100%, and the values for 

VEGFR2 and β3 in HREC samples stimulated with VEGF in the presence of AXT107 were 
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expressed as a percent of those values. (E) AXT107 at 60 μM promotes ubiquitination of 

VEGFR2. HRECs were untreated, treated with VEGF, or treated with VEGF and 60 μM 

AXT107. There was a 53% reduction in VEGFR2 protein in cells treated with AXT107 and 

VEGF compared with those treated with VEGF alone (right panel). To compensate, twice as 

much lysate from cells treated with both AXT107 and VEGF than lysate from cells treated 

with VEGF alone was immunoprecipitated with anti-VEGFR2 and immunoblotted with 

anti-ubiquitin antibody FK2 and anti-VEGFR2 antibody. Ubiquitinated VEGFR2 band 

(arrowhead) is detected in immunoprecipitates from VEGF-stimulated HRECs incubated 

with 60 μM AXT107 and not in immunoprecipitates from VEGF-stimulated HRECs in the 

absence of peptide or nonstimulated cells. (F) Proteasomal inhibition restored VEGFR2 

levels. (Left) Representative image of Western blot showing changes in total VEGFR2 in 

lysates from cells treated with varying concentrations of AXT107 in the presence or absence 

of 5 μM lactacystin with actin as a loading control. % VEGFR2 values indicate 

densitometric analysis of tVEGFR2 bands normalized to actin and presented as percentages 

relative to VEGF-only samples for the corresponding lactacystin treatment. (Right) Change 

in the relative total VEGFR2 in lactacystin-treated cells compared to control cells; mean ± 

SEM, n = 3.
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