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Glossary 

AMD : Age related macular degeneration  

CNV : Choroidal neovascularization 

DR : Diabetic retinopathy 

ERG: Electroretinography  

HBMEC : Human brain microvascular endothelial cells  

LCT : Lebecetin 

NV : Neovascularization 

OIR : Oxygen induced retinopathy 

OS : Photoreceptor outer segments  

OX: Optic chiasm 

PDR : Proliferative diabetic retinopathies 

PRP : Pan-retinal photocoagulation 

RNV : Retinal neovascularization  

RPE : Retinal pigment epithelium  

SD-OCT : Spectral domain optical coherence tomography  

sMP : Subretinal mononuclear phagocytes  

VEGF : Vascular endothelial growth factor  

VMPO : Ventromedial preoptic nucleus 

VO : Vaso-obliteration 
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Abstract 

Angiogenesis is a cause of visual impairment and blindness in the wet form of Age related 

Macular Degeneration (AMD) and in ischemic retinopathies. Current therapies include the 

use of anti-VEGF agents to reduce choroidal neovascularization and edema. These treatments 

are effective in most cases, but spontaneous or acquired resistance to anti-VEGF and possible 

advert effects of long-term VEGF inhibition in the retina and choroid highlight a need for 

additional alternative therapies. Integrins αvβ3 and αvβ5 that regulate endothelial cell 

proliferation and stabilization have been implicated in ocular angiogenesis. Lebecetin (LCT) 

is a 30 kDa heterodimeric C-type lectin isolated from Macrovipera lebetina venom that 

interacts with α5β1 and αv-containing integrins. We previously showed that LCT inhibits 

human brain microvascular endothelial cells (HBMEC) cell adhesion, migration, proliferation 

and tubulogenesis. To evaluate the inhibitory effect of LCT on ocular angiogenesis, we 

cultured aortic and choroidal explants in the presence of LCT and analyzed the effect of LCT 

on choroidal neovascularization in the mouse CNV model and on retinal neovascularization in 

the oxygen induced retinopathy (OIR) model. Our data demonstrated that a single injection of 

LCT efficiently reduced choroidal and retinal neovascularization in these models.  
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Introduction 

Age related Macular degeneration (AMD) is the leading cause of blindness in people over 55 

years of age, and ischemic retinopathies such as diabetic retinopathy (DR), retinal vein 

occlusion and retinopathy of prematurity, is the leading cause of blindness in people under 55 

years of age (1–3). Proliferative forms of these pathologies (wet AMD and proliferative 

diabetic retinopathy) result in rapid and non-reversible vision loss. In AMD, new vessels 

mainly originate from the vascular choroidal bed and grow in the subretinal space or 

underneath the retinal pigment epithelium (RPE) while in the proliferative form of DR (PDR), 

neural ischemia trigger neovascularization from the retinal vessels. Vascular endothelial 

growth factor (VEGF) is a major mediator of retinal and choroidal angiogenesis (4). 

Intraocular injections of antibodies directed against VEGF or of soluble form of VEGFR1 

efficiently inhibit choroidal neovascularization in wet AMD. However 10% of the treatment-

naïve patients do not respond to anti-VEGF (5, 6) and 2 to 10% of the anti-VEGF responders 

become resistant with time (7, 8). Anti-VEGF therapies are also the first line treatment of 

diabetic macular edema. In contrast, PDR that are characterized by retinal neovascularization 

(RNV) are mostly treated by a preventive pan-retinal photocoagulation (PRP) (9). Anti-

VEGFs are now approved in the US for the treatment of PDR as an alternative to PRP. 

Ongoing studies will determine the rate of spontaneous and acquired resistance in this new 

indication. All together, these clinical data support the need for additional therapies that do 

not primarily target the VEGF pathway. 

Integrins are receptors of specific extracellular matrix proteins that have been implicated in 

angiogenesis both as positive or negative regulators of endothelial cell proliferation and 

stabilization (10). Integrins αvβ3 and αvβ5 are thought to be critical regulators of 

angiogenesis. αvβ3 is not expressed on quiescent microvessels but is dramatically increased in 

response to angiogenic growth factors (11) and αvβ5 has been shown to be necessary to 

regulate the angiogenesis mediated by VEGF (12). Both integrins are upregulated during 

pathological ocular neovascularization (13, 14). Cyclic peptides mimicking the RGD binding, 

motif of integrin αvβ3, antibodies directed against integrin subunit and molecules isolated 

from venoms have been shown to disrupt integrin/basal membrane recognition and have been 

used in animal models of cancer, fibrosis and inflammation (15). Their systemic or local 

(intravitreal) administration has been shown to inhibit choroidal neovascularization (CNV) in 

laser induced CNV model and retinal neovascularization in the mouse oxygen induced 

retinopathy (OIR) model (16–21). 
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Lebecetin (LCT) is a 30 kDa heterodimeric C-type lectin isolated from Macrovipera lebetina 

(M. lebetina) venom (22). LCT interacts with α5β1 and αv-containing integrins (23).  

In vitro, LCT inhibits human brain microvascular endothelial cells (HBMEC) cell adhesion, 

migration, proliferation and tubulogenesis (24). In vivo, LCT reduces angiogenesis in a chick 

CAM assay but interestingly, unlike lebectin, another C-type lectin, LCT was unable to 

antagonize FGF2-induced angiogenesis in a matrigel plug assay (24). 

We here examined the effect of LCT on angiogenesis in aortic and choroidal cultured explants 

and compared its activity to Aflibercept, a chimeric VEGF Receptor that inhibit VEGF, in 

vivo in the CNV and OIR mice models. Our data demonstrate that a single injection of LCT 

efficiently reduces the extent of choroidal or retinal neovascularization in these models. 
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Materials and Methods 

 

Animals  

Three and eleven weeks-old C57BL/6JRj male mice and 4-days-old Lewis rat pups were 

purchased from Janvier Labs (Le Genest- Saint-Isle, France). Eleven weeks-old CX3CR1+/GFP 

male mice were obtained from the Jackson Laboratory (Bar Harbor, USA). Animals were 

housed in the animal facility under specific pathogen-free condition, in a 12/12 h light/dark 

cycle with water and normal diet food available ad libitum.  

All procedures were performed in accordance with the guidelines from Directive 2010/63/EU 

of the European Parliament on the protection of animals used for scientific purposes and 

approved by the Institutional Animal Care and Use Committee, Comité d’éthique pour l’ 

expérimentation animale Charles Darwin (N° 02371.02). 

Vascular sprouting from aortic ring ex vivo  

After decapitation of Lewis rat pups, thoracic aortas were cut into 1-mm-thick rings and 

covered with 15 µl of growth factor-reduced phenol red free matrigel (Corning, Boulogne 

Billancourt, France) in 48 well tissue culture plates. Aortic rings were cultured for 3 days in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific, Villebon-sur-

Yvette, France) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 

0.2% fungizone  (25). Explants were exposed to LCT at different doses (30 nM, 300 nM, 1.5 

µM) from day 3 (D3) to D6 of culture. Control explants were cultured in DMEM without 

addition of LCT. Photographs of individual explants were taken from D3 to D6. The surface 

of each individual aortic ring and pre-incubation sprouts at D3 was subtracted from the 

surface at D6 to calculate the vascular sprouting that occurred in the presence or absence of 

LCT. The areas of sprouting were quantified with Fiji software (28). Data are expressed as the 

percentage of growth between D6 and D3. 

Vascular sprouting from choroid ex vivo 

Eyes were enucleated from C57BL/6JRj mice and kept in ice-cold endothelium growth 

medium (EGM-2) (Lonza, Levallois-Perret, France) before dissection. Choroid was separated 

from the other eye tissues and cut into approximately 1 mm×1 mm. Choroid fragments were 

isolated and placed in growth factor-reduced phenol red free matrigel (Corning, Boulogne 

Billancourt, France) seeded in 48 well plates.  
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Choroidal explants were then cultured for 3 days in EGM-2 medium supplemented with 5% 

fetal bovine serum, 1% penicillin/streptomycin, and 0.2% fungizone in a 37°C cell culture 

incubator (26). On D3, Choroid fragments were treated with LCT (1.5 nM, 5 µM, 15 µM) 

from D3 until D6 of culture. Photos of individual explants were taken and the areas of 

sprouting were quantified with Fiji software (28). The surface of each individual choroidal 

explant and pre-incubation sprouts at D3 was subtracted from the surface at D6 to calculate 

the vascular sprouting that occurred in the presence or absence of LCT.    

SD-OCT  

Pupils were dilated with tropicamide (Mydriaticum) Théa, Clermont-Ferrand, France) and 

phenylephrin (Neosynephrine) (Europhta, Monaco). Mice were then anesthetized by 

inhalation of isoflurane (2%) (Axience, Pantin, France) and placed in front of the spectral 

domain optical coherence tomography (SD-OCT) imaging device (Bioptigen 840 nm HHP; 

Bioptigen, North Carolina, USA). Images were acquired from optic disc at approximately 0.1 

or 1.4 mm of the superior retina. SD-OCT was calibrated (1 pixel = 1.6 μm) as previously 

described (27). Retinal layer, inner nuclear layer (INL), outer nuclear layer (ONL) and 

photoreceptor outer segments (OS) thicknesses were measured at 500 μm from the centre of 

the optic nerve at day 7 by FIJI software (28). 

Electroretinography (ERG) 

ERG was performed 7 days after injection of PBS and LCT (500 µM). C57BL/6JRj mice 

were kept overnight for dark adaptation and then anesthetized with an intraperitoneal injection 

of ketamine (100 mg/kg, Virbac, Carros, France) and xylazine (10 mg/kg, Bayer HealthCare, 

Berlin,Germany). Pupils were dilated with phenylephrin (Neosynephrine) (Europhta, 

Monaco) and tropicamide (Mydriaticum) (Théa, Clermont-Ferrand, France). The cornea was 

anesthetized with oxybuprocaine chlorhydrate (Théa, Clermont-Ferrand, France). Body 

temperature was maintained at 37°C using a heating pad. Upper and lower lids were retracted 

to keep eyes open and bulging. A gold-loop electrode was placed in contact with the surface 

of each cornea and maintained with lubrithal (Zubial, Auros, France) to record ERG (Espion, 

Diagnosys LLC, Lowell, MA, USA). Reference and ground electrodes were respectively 

placed in the forehead and in the back of animal. The light stimulus was provided by Ganzfeld 

stimulator (Espion, Diagnosys LLC, Lowell, MA, USA). Responses were amplified and 

filtered (1 Hz-low and 300 Hz-high cut off filters) with a 1 channel DC/AC-amplifier. Five 

levels of stimulus intensity (0.003 cd.s/m2; 0.03 cd.s/m2; 0.3 cd.s/m2; 3 cd.s/m2; 10 cd.s/m2) 
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were used for scotopic ERG recording. Each scotopic ERG response represents the average of 

five responses from a set of five flashes of stimulation. 

To evaluate cone responses, mice were exposed 5 minutes to the light at 20 cd/m2 to saturate 

rod photoreceptors. A 10 cd.s/m2 level of stimulus intensity was used for the light adapted 

ERGs. The light adapted ERGs were recorded on the same rod-suppressive white background 

as for the light adaptation. Each cone photopic ERG response represents the average of ten 

responses to a set of ten consecutive flashes. The flicker ERG was also used to isolate cone 

responses at flash frequencies of 10 and 20 Hz at 1 cd.s/m2 intensity.  

Laser-induced choroidal neovascularization (CNV) model  

C57BL/6JRj mice were anesthetized with an intraperitoneal injection of ketamine (100 

mg/kg, Virbac, Carros, France) and xylazine (10 mg/kg, Bayer HealthCare, Berlin,Germany). 

Pupils were dilated and 4 laser coagulations (400 mW, 50 ms, 100 µm spot size) were 

performed with a Laser Yag 532 Eyelite (Alcon, Rueil-Malmaison, France) mounted on a slit 

lamp (BQ 900, Hagg-Streitt, Chambery, France). Laser photocoagulation and rupture of 

Bruch's membrane were confirmed by immediate observation of a bubble (25, 29). Mice were 

injected with 1 µl of PBS, LCT (500 µM) or Aflibercept (25 µM) immediately or 3 days after 

laser.  

7 days after lesion, retinas of mice were examined with SD-OCT. OCT sequences were 

acquired and analyzed with Fiji (28). Lesion volume was calculated with the formula 

(4/3π*a*b2)/2, where a is the polar radius that corresponds to the measure along the vertical 

axis and b is the equator radius that corresponds to the horizontal axis (29).  

On D7, mice were euthanized by CO2 inhalation and CNV areas were quantified on 

immunostained choroidal flatmounts with MetaMorph software (Molecular Devices, Saint-

Gregoire, France).  

Oxygen-induced retinopathy (OIR) model  

C57BL/6JRj pups mice with nursing mothers were exposed to 75 % oxygen at postnatal day 

(P) 7 for 5 consecutive days as previously reported (30). On P12, mice were returned to room-

air and injected intravitreally with PBS, LCT (500 µM) or Aflibercept (25 µM). At P17 mice 

were sacrificed by CO2 inhalation and retinas were dissected. Vaso-obliteration (VO) and 

neovascularization (NV) areas were calculated on flatmounted immunostained retinas with 

MetaMorph software (Molecular Devices, Saint-Gregoire, France).  
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RT-qPCR    

Integrin subunits αv, α5, ß3 and ß5 gene expression was quantified by reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) in CNV model at days 0, 1, 3 and 7 after 

laser injury. Choroids were dissected in RNase-free conditions. Total RNA was isolated with 

Nucleospin RNAII (Macherey Nagel, Hoerdt, France). Single-stranded cDNA was 

synthesized from total RNA (pretreated with DNaseI amplification grade, Thermo Fisher 

Scientific, Villebon-sur-Yvette, France) using oligo-dT as a primer and superscript II reverse 

transcriptase (Thermo Fisher Scientific, Villebon-sur-Yvette, France). Real-time polymerase 

chain reaction was performed using cDNA and SYBR Green Gene Expression Master Mix 

(Thermo Fisher Scientific, Villebon-sur-Yvette, France) and the following primers (0.5 

pmol/μl) (Life Technologies, Saint-Aubin, France): GAPDH sense: 5'-ACG GCC GCA TCT 

TCT TGT GCA-3'; GAPDH antisense: 5'-CAG GCG CCC AAT ACG GCC AA-3'; ITGAV 

sense: 5'-CAC CCT CAG AGA GGG AGA TG-3'; ITGAV antisense: 5'-ACG TAC AGG 

ATT GCG CTC TT-3'; ITGA5 sense: 5'-AGT ACG CAC CTT GCC GCT CA-3'; ITGA5 

antisense: 5'-ACA CGG CCA GTC TTG GTG AAC-3'; ITGB3 sense: 5'-AAC CGG GGA 

ACG CTC CAT GA-3'; ITGB3 antisense: 5'-CGG CGT TTT TGC CAG TAT CCG-3'; 

ITGB5 sense: 5'-AGC CTT TGG GGA GAC GTG TGA-3'; ITGB5 antisense: 5'-TGG TGG 

TGG CAG GTC TGG TT-3'.  

PCR reactions were performed in 45 cycles of 15 s at 95°C, 45 s at 60°C. Data were 

normalized to GAPDH and expressed relative to control group values.  

Reagents and drugs 

LCT was obtained as previously described (22). Briefly, venom of M.lebetina was gel-

filtrated using Sephadex G-75 Column. Firstly, LCT was purified by FPLC on a Mono S 

(HR5/5) column and eluted with linear 0-1 M NaCl gradient. LCT was lyophilized and next 

dissolved in PBS. LCT preparation quality was tested on C8 reversed phase HPLC column 

with linear gradient of acetonitrile (22). Aflibercept (Eylea; Bayer, Lyon, France) was kindly 

provided by Dr Chiara Eandi (University of Torino) and Dr Audrey Giocanti-Aurégan 

(Hopital Avicenne Paris). For in vivo studies 1 µl of the following solution were injected in 

the vitreous: 500 µM LCT (15 µg/µl) or 25 µM Aflibercept (2,5 µg/µl). In some experiments, 

2 µl of PBS or of labeled-LCT, -Aflibercept or -BSA were injected in the right eye.  
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Labeling proteins with Alexa Fluor® 647 

Alexa Fluor® 647 microscale protein labeling Kit (Thermo Fisher Scientific, Villebon-sur-

Yvette, France) was used to label LCT (500 µM), Aflibercept (25 µM) and Bovine Serum 

Albumin (BSA, 15.4 µM). Proteins were dissolved in 1 M sodium bicarbonate and mixed 

with Alexa Fluor 647 succinimidyl ester that react with primary amines of proteins and 

incubated for 1h at 4°C. The conjugated protein was separated from unreacted dye using the 

supplied spin column at room temperature. The final concentration was estimated according 

to manufacturer’s recommendations to ¼ of the initial concentration. 

Histological analysis  

7 days after CNV and injection of PBS or 647-LCT, a 300 µL mixture of ketamine (100 

mg/kg, Virbac, Carros, France) and xylazine (10 mg/kg, Bayer HealthCare, Berlin,Germany) 

was injected intraperitoneally to deeply anesthetized animals. Mice were perfused via the 

ascending aorta with 5 mL of 0.9% NaCl solution followed by 30 mL of 4% 

paraformaldehyde solution. After fixation, brain was carefully dissected out and post-fixed 48 

h in the same fixative. Free-floating sections (40 µm) were performed using a vibratome 

(Leica Microsystems, Wetzlar, Germany). 

Immunochemistry  

Mice were euthanized by CO2 inhalation. Eyes were enucleated and fixed in 4% 

paraformaldehyde for 30 min at room temperature. After several washes in PBS, the cornea 

and lens were removed and the retina was carefully separated from RPE/choroid/sclera. 

Retinal flatmounts were stained with goat polyclonal anti-collagen IV antibody (AbD Serotec, 

Cergy Pontoise, France) and FITC-coupled Bandeirae simplicifolia (BS)-1 lectin (Sigma-

Aldrich, Saint Quentin Fallavier, France). Astrocytes and activated Muller cells were labeled 

using anti-Glial Fibrillary Acidic Protein (GFAP) antibody (Sigma-Aldrich, Saint Quentin 

Fallavier, France) and microglial cells were stained using rabbit polyclonal anti-Iba1 (Wako, 

Neuss, Germany). The RPE was stained using TRITC-coupled phalloidin (Sigma-Aldrich, 

Saint Quentin Fallavier, France) on choroidal flatmounts. Nuclei were stained with DAPI 

(Sigma-Aldrich, Saint Quentin Fallavier, France). In CNV model, neovessels were 

immunostained with CD102 (Rat anti-mouse, BD Biosciences Pharmingen, Le Pont de Claix, 

France), microglial cells were labeled using anti-Iba1and endothelial cells nuclei were stained 

with DAPI on choroidal flatmounts. Brain sections were placed in a blocking solution 

containing 3% Normal Goat Serum and 0.1% triton X-100 for 1h, then incubated with rabbit 
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anti-ATF3 (Santa Cruz Biotechnology, Heidelberg, Germany) and TRITC-coupled Bandeirae 

simplicifolia (BS)-1 lectin at 4° for 48h and stained with DAPI. In OIR model, retinal 

capillaries were labeled with FITC-BS-1 lectin. The corresponding Alexa–conjugated 

secondary antibodies (Thermo Fisher Scientific, Villebon-sur-Yvette, France) were used to 

reveal the primary antibodies.  

Retina, choroids and brain sections were viewed with a fluorescence microscope (DM5500B) 

(Leica, Saint Jorioz, France) or with a confocal microscope (FV1000) (Olympus, Rungis, 

France). The microscope was calibrated for control mice (PBS) before acquisitions in LCT-

injected mice. 

Statistical analysis 

GraphPad Prism (GraphPad Software, San Diego, USA) was used for data analysis and 

graphic representation. All values are reported as mean ± SEM. Data were analyzed by Mann-

Whitney U test, one-way ANOVA followed by Bonferroni or Dunnett’s post-tests. P<0.05 

was considered as statistically significant. 
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Results 

LCT inhibits vascular sprouting from aortic and choroidal explants 

LCT inhibits endothelial cell proliferation and tubulogenesis in vitro (24). To test if LCT 

inhibits angiogenesis ex vivo, we cultured mouse aortic rings in matrigel (25). Aortic rings 

were cultured for 3 days to allow for vessel sprouting and then treated with increasing doses 

of LCT. Three days after the addition of LCT, vessel sprouting area was quantified and 

expressed as the increase (in percentage) of sprouting area between D3 and D6 (Fig. 1A and 

B). In control conditions, vascular sprouting increased by 259% between D3 and D6. LCT 

added at a final concentration of 30 nM did not affect vascular sprouting while 300 nM of 

LCT reduced vascular sprouting between D3 and D6 to 85%. LCT at a dose of 1.5 µM totally 

inhibited sprouting and resulted in the regression of pre-existing D3 vascular sprouts (Fig. 

1B). Increasing doses of LCT did not notably affect fibroblasts that grow out of the explant 

and proliferate on the plastic dish cell surface. LCT activity was next tested in the mouse 

choroidal explant model that closely reproduces the formation of vessels from the chorio-

capillary bed (26). Choroids were cultured as explants as previously described (26). As for 

aortic rings, explants were treated at D3 with LCT and analyzed at D6 (Fig. 1C and D). We 

first used the dose that resulted in vascular regression in aortic rings. At 1.5 µM LCT 

inhibited vessel sprouting by 78% when compared to control conditions but still allowed for a 

286% increase of vessels compared to D3. At 5 µM, LCT efficiently inhibited vessel growth 

but failed at regressing pre-existing D3 vascular sprouts. Finally, at 15 µM, LCT induced D3 

sprouts regression (Fig. 1D). LCT was thus effective at reducing vascular sprouting in two 

independent ex vivo models of neovascularization. 

LCT intravitreal injection does not alter retinal integrity 

Ex vivo experiments demonstrated variability in the dose required to inhibit 

neovascularization. We thus ran a pilot study to determine the concentration required to 

reduce neovascularization in the model of laser induced choroidal neovascularization (CNV). 

One µl of LCT was used for intravitreal injection, as the vitreous volume is 5.3 µl (31), the 

initial concentration of LCT could be estimated to 1/5 of its initial concentration. Depending 

on its pharmacokinetics LCT may then reaches all ocular compartments (10 µl) and its 

concentration may decrease to 1/10 of the initial concentration. Animals were thus 

intravitrealy injected with 1µl of 150 or 500 µM of LCT to reach the estimated final 

concentration of 15 µM (the dose that regress choroidal explant sprouts) or 50 µM (the 
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highest concentration we can purify from venom). We determined that an intravitreal 

injection of 1 µl LCT at 150 µM was not sufficient to reduce CNV while a 1 µl injection of 

500 µM LCT decreases the neovascular area. To test if a single injection of 500 µM LCT 

alters retinal architecture we injected LCT in control adult mice and examined their retina 

after 7 days. Retinal architecture was analyzed by SD-OCT. OCT did not reveal significant 

changes in the overall structure of the retina (Fig. 2A). The thickness of the entire retina, of 

the inner and outer nuclear layers and outer segments was not statistically different between 

controls and LCT injected-eyes (Fig. 2B). ERG responses were recorded from control animals 

and treated animals 7 days after injection. Intravitreal injections of LCT did not alter scotopic 

ERG recorded at intensity ranging from 0.003 to 10 cds/m² (Fig. 2C; D) when compared to 

control or PBS-injected animals. Similarly photopic responses (Fig. 2E) and flicker responses 

(Fig. 2F; G) were not altered after LCT injections when compared to control animals. 

Vasculature integrity was next evaluated by immunochemistry 7 days after injection. Retinal 

flatmounts were stained with FITC-BS-1 lectin and collagen-IV that label respectively 

endothelial cells and vascular basal membranes. Ghost vessels (detected as collagen IV-

positive, lectin-negative vessels) and neovascular tufts were not detected in eyes injected with 

LCT at 500 µM (Fig. 3A). Loss of vascular integrity results in micro- and macro-glial cell 

activation. Retinal flatmounts were thus immunostained with anti-GFAP (specific for 

astrocytes and activated Muller cells) or anti-Iba1 (specific for microglial cells) antibodies. 

LCT did not modify astrocyte morphology and vessel coverage and no sign of Muller cell 

activation was found in the inner layer of the retina one week after LCT or PBS intravitreal 

injection (Fig. 3B). We next examined microglial cells morphology after LCT injection in the 

vitreous of CX3CR1+/GFP mice. LCT did not modify the morphology of CX3CR1-positive cell 

located in the superficial or deep plexus (Fig. 3C). RPE cell morphology was assayed using 

TRITC-coupled phalloidin, 7 days after LCT injection. No sign of RPE cells death or 

alteration of RPE morphology was detected (Fig. 3D). All together our results indicated that a 

LCT does not alter retinal architecture, retinal function, or vessel integrity 7 days after 

injection. 

LCT inhibits laser-induced choroidal neovascularization 

We showed that LCT inhibits HBMEC proliferation and tubulogenesis in vitro (24) and 

vascular sprouting in ex vivo models of neovascularization (Fig. 1) without affecting vascular 

integrity (Fig. 3). To test if LCT inhibits in vivo angiogenesis, LCT activity was assayed in 

the CNV mouse model. Integrin subunits αv and α5 has been shown recently to be increased 
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from D3 to D7 in the rat CNV model  (32). We quantified the expression of integrin subunits 

αv and α5 and ß3 and ß5 in mouse choroids after laser-induced choroidal lesions at different 

time-points. Choroidal lesions were induced on D0 with an ophthalmic laser and choroids 

were collected at D1, D3 and D7. The expression of these subunits was analyzed by RT-

qPCR and compared to non-lesioned choroids (D0). The expression of all subunits was found 

to be increased within 24h after lesion and peaked at D3. At D7, αv returned to basal level 

while α5, ß3 and ß5 remained elevated (Fig. 4A). To determine the specificity of LCT binding 

after intravitreal injections, we next injected labeled molecules in the vitreous of laser-

lesioned eyes. Bovine serum albumin (BSA), LCT and Aflibercept were covalently 

conjugated to an Alexa Fluor 647 dye using a microscale protein labeling kit, and then 

purified and injected three days (D4) before sacrifice (D7) in the right eye. Left eye received a 

PBS injection. Alexa Fluor 647-conjugated BSA (647-BSA) did not labeled CD102-postive 

CNV lesions. In contrast both 647-LCT and 647-Aflibercept labeling was found in CD102-

positive CNV lesions on choroidal flatmount (Fig. 4D; E). Retinal flatmounts were then 

labeled with Collagen-IV to detect vascular basal membranes and deposits. An intense 647-

LCT labeling was found in the outer part of the retina facing the CNV lesion and a faint 

labeling was observed on large arteries in the LCT-injected eye. No labeling was found in the 

contralateral PBS–injected eye (suppl. Fig. 1). We next analyzed 647-LCT labeling in the 

optic nerve, the trigeminal nerve and in different areas of the brain of 647-LCT injected 

animals and compared it to PBS-only injected animals. LCT was not detected in the the optic 

and trigeminal nerve (data not shown) nor in hippocampus, piriform cortex, cingulate cortex, 

hypothalamus, ventromedial preoptic nucleus (VMPO) and the caudate putamen (striatum). 

Furthermore we did not detect ATF3 labeling indicative of neuronal injury (suppl. Fig. 2) (33, 

34). 

To determine the in vivo anti-angiogenic properties of LCT, we quantified lesion volumes 7 

days after laser impact as previously described (29) after a single injection of LCT on D0 and 

compared it to PBS treated animals. LCT injection decreased the lesion volume by 31.9% 

when compared to controls (Fig. 5A). We next quantified the area covered by neovessels on 

choroidal flatmounts stained with CD102 at D7. CNV areas were significantly reduced by 

26.7% 7 days after LCT injection (Fig. 5B; C). Anti-VEGF are routinely used to treat 

choroidal neovascularization in AMD patients  (35). We next compared LCT to anti-VEGF. 

Bevacizumab and Ranibizumab commercial antibodies only recognize human VEGF, we thus 

used Aflibercept that binds both human and mouse VEGF (36). A single injection of 
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Aflibercept reduced choroidal neovascularization by 31.5% (Fig. 5B; C). LCT and 

Aflibercept-treated lesions were not statistically different in size (Fig. 5A). Subretinal 

mononuclear phagocytes (sMP) participate in choroidal neovascularization (37). To evaluate 

the effect of LCT on sMP accumulation around lesion, choroidal flatmounts were stained with 

the anti-Iba1 antibody that labels sMP. No difference in the number of sMP around lesion was 

found between LCT and PBS treated eyes. Similarly no difference in the number of sMP was 

found between LCT- and Aflibercept-treated lesions (Fig. 5B; D).  

Integrins αvβ3 and αvβ5 are critical regulators of angiogenesis, we thus determined if LCT 

injection regulates their expression. As αvβ3 and αvβ5 are expressed by proliferating 

endothelium, we investigate the expression of αv, α5, β3 and β5 shortly after LCT injection 

(24h) to discriminate a possible transcriptional regulation from the long term anti-angionic 

effect of LCT. αv, α5, β3 and β5 expression is maximum at D3, we thus analyze their 

expression on D3 after a single injection of LCT or PBS on D2. qPCR analysis did not reveal 

significant differences in their level of expression between LCT and PBS in RPE/choroids 

extracts (Fig. 5E). 

We showed that high doses of LCT regresses existing vessels (Fig.1), we thus next injected 

LCT in the vitreous three days after laser impacts and quantified the neovascularization size. 

When injected after the initial vessel growth, LCT injection allowed vascular regression by 

19% (Fig. 6A; B). All together our results showed that a single injection of LCT allowed 

prevention and regression of choroidal neovascularization without impairing sMP 

recruitment.  

LCT inhibits retinal neovascularization in the oxygen induced retinopathy model 

We next tested the effect of LCT on retinal neovascularization, a hallmark of severe ischemic 

retinopathies, in the OIR model. This model has been widely used to understand retinal 

vascular loss, vascular regrowth, neovascularization and neovascular regression (30). Retinal 

neovascularization is induced by subjecting newborn rodents to hyperoxia between P7 and 

P12 to inhibit physiological vascular development. When animals are returned to room air, the 

relative retinal hypoxia leads to severe retinal neovascularization between P12 and P17 (38). 

To determine the binding specificity of LCT, we first injected Alexa Fluor 647-conjugated 

LCT (647-LCT) in the vitreous of OIR-subjected animals three days before their sacrifice on 

P17. 647-LCT intensively labeled BS-1 lectin positive neovessel tufts while retinal 

vasculature was not labeled (Fig. 7A). To evaluate the anti-angiogenic properties of LCT in 
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the OIR model, P7 mice were subjected to OIR and injected with 1 µl of PBS or 500 µM LCT 

on day 12 and were returned to room-air. Mice were sacrificed at P17 and vaso-obliteration 

(VO) and neovascularization area (NV) were determined on retinal flatmount stained with 

BS-1 lectin as previously described  (39). LCT did not change the ratio of VO when compared 

to PBS injection (Fig 7B; D). In contrast, a single injection of LCT at P12 reduced the area 

covered by retinal neovascularization at P17 by 48.1% (Fig 7B; E). To compare LCT 

treatment to the anti-VEGF therapy, 25 µM of Aflibercept was injected at P12, a dose that has 

been shown to reduce NV without affecting retinal development (39) and NV and VO were 

compared to LCT animals. No differences were found in VO and NV between LCT and 

Aflibercept treatments (Fig. 7B-E).  
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Discussion 

AMD and ischemic retinopathies are characterized by devastating angiogenesis. Lowering the 

biodisponibility of VEGF in the vitreous reduces choroidal and retinal neovascularization and 

edema formation. In the past decade, anti-VEGF have appeared as an effective tool to lower 

VEGF in the vitreous of AMD and DR patients. However, while effective in a majority of 

patients, cases of spontaneous resistance or acquired resistance leave some patients without 

treatment (7, 8). Integrins are receptors for specific extracellular matrix proteins and have 

been implicated in angiogenesis both as positive or negative regulators of endothelial cell 

proliferation and stabilization (10) and have thus appeared as an attractive target to reduce 

neovascularization. Pharmacologic inhibition of integrins was attempted in animal models of 

cancer, fibrosis and inflammation (15). Three classes of integrin inhibitors are in trials: 

monoclonal antibodies that target the extracellular domain of the integrin heterodimer, 

synthetic RGD motif-containing peptides, and peptidomimetics that mimic the RGD sequence  

(41). RGD-mimetic integrin inhibitors have agonistic properties at low concentrations  (42, 

43) that may limit their use as a therapeutic tool. We have recently isolated Lebecetin (LCT) a 

30 kDa heterodimeric C-type lectin from M. lebetina venom (22). LCT interacts with α5β1 

and αv-containing integrins in an RGD-independent manner with IC50 ranging from 400 to 

1300 nM (23). In vitro, LCT inhibits HBMEC cell adhesion, migration, proliferation and 

tubulogenesis (24).  

To evaluate the inhibitory effect of LCT on angiogenesis we cultured choroidal explants, a 

representative model of microvascular ocular angiogenesis (26). We showed an inhibition of 

78% of choroidal vessel sprouting with a concentration of 1.5 µM of LCT suggesting that 

doses within the range of the IC50 are sufficient ex vivo to inhibit choroidal 

neovascularization. At 15 µM (approx. 10x IC50) the inhibition of integrins resulted in the 

regression of preexisting choroidal vascular sprouts (Fig.1). As inhibition of α5β1 has been 

shown to induce endothelial cell apoptosis (44), it is likely that high doses of LCT promote 

α5β1-dependent apoptosis in endothelial cells, and that it contributes to the anti-angiogenic 

activity of LCT. In vivo injection of 1µl of 150 µM LCT, which is predicted to dilute by a 

factor of 10 within the eye volume to a concentration of 15 μM did not have a significant 

effect on CNV. CNV prevention and regression was only obtained with a single injection of 1 

µl of 500 µM, which represents an estimated intra-ocular concentration of 50x IC50.  

The differences between LCT and Aflibercept concentrations (500 vs 25 µM) needed to reach 

neovascularization inhibition might reflect that (1) LCT has a much higher IC50 for its targets 

than Aflibercept for mouse VEGF (400-1300 nM vs 10 pM) (23, 36) and (2) that LCT binds 
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to multiple highly expressed membrane anchored and extracellular matrix targets while 

Aflibercept only binds to low expressed extracellular cytokines.  

We have shown that LCT binds and inhibits α5β1 and αv-integrins (αvβ3, αvβ5 and αvβ6) . 

These complexes have been shown to be expressed specifically in newly formed vessels  (45, 

46), suggesting that they could be targeted be safely in vivo to inhibit neovascularization. 

However, to unambiguously determine LCT binding sites in healthy and diseased retina, we 

cross-linked LCT to an Alexa Fluor 647 fluorescent dye and injected it into control, CNV or 

OIR-eyes. Our data demonstrate that 647-LCT strongly labels CNV lesions and OIR-

neovascular tufts. We did not find LCT fluorescence in the optic or trigeminal nerves nor in 

the contralateral eye indicating that LCT did not exit the injected eye. In line with that, 647-

LCT was not detected in the structure observed in the brain (hippocampus, piriform cortex, 

cingulate cortex, hypothalamus, VMPO and caudate putamen (striatum)). ATF3 labeling did 

not reveal any neuronal injury in these brain structures analyzed (suppl. Fig. 2).  

Binding to non-neovascular structures (as seen with large arteries (suppl. Fig.1)) might result 

in unexpected off-target effects. We thus explored non-injured retinal structure and function 

after LCT injection. LCT did not affect retinal architecture as observed by OCT (Fig. 2A; B), 

ERG (Fig. 2C-G) nor trigger quiescent retinal blood vessel loss (Fig. 3A). Loss of blood 

vessel integrity and neuronal injury result in glial activation that can be visualized by a change 

in the phenotype of astrocytes, microglia and Muller cells  (47–49). We did not detect any 

changes in glial activation after a single injection of LCT (Fig. 3B; C). RPE cells form part of 

the outer blood-retina barrier and acts as a physical barrier to protect the retina against 

neovascularization (50). LCT did not modify RPE cell morphology (Fig. 3D). Our data 

demonstrate that a single injection of LCT preserved retinal functions, blood vessel integrity, 

the morphology of RPE, and did not activate astrocytes, microglia and Muller cells. All 

together, it indicates that LCT has no off-target effect. 

Wet AMD is characterized by choroidal neovascularization that causes vision loss. 

Friedlander et al (14) reported the selective expression of αvβ3 in choroidal neovascular 

membranes from AMD patients while anti-αvβ5 antibodies revealed only a weak 

immunofluorescent signal. In the rat CNV model, Nakajima et al  (32) showed that 1 day after 

laser, the expression of fibronectin and vitronectin (ligands of α5β1 and αvβ3) increased, 

followed by an accumulation of integrin α5- and αv-positive cells around the injury area. 

Similarly, we demonstrated that the expression of integrin α5 and αv increased at D1 and 

peaked at D3 in experimental mouse. LCT was thus injected intravitrealy on D0 immediately 

after laser injury and before the onset of integrin α5- and αv-expression. A single injection of 
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500 µM of LCT was able to reduce significantly lesion volume and CNV area similarly by 

31.9 and 26.7 % respectively. LCT reaches levels of vessel growth inhibition comparable to 

those obtained with anti-VEGF therapies (Fig. 5 and  (51)). Similar inhibition of choroidal 

vessel growth were previously obtained with antagonist α5β1 (16, 21) and αvβ3 (19, 20) 

antagonists. Surprisingly, higher inhibition of neovascular tufts was reached with 

EMD478761 a compound that inhibits both αvβ3 and αvβ5 integrins. However, this 

compound was effective only when sustained amounts were injected into the vitreous cavity 

by an intravitreal delivery device (17). LCT injected 3 days after the laser lesion was also 

efficient to regress neovascularization (Fig. 6) supporting the idea that a sustained delivery of 

LCT might help at reducing CNV.  

In contrast to CNV, both αvβ3 and αvβ5 are present on vascular cells from patients with 

diabetic retinopathy (12). Consistently, Takagi et al  (52) demonstrated that αvβ3 and αvβ5 are 

expressed on neovascular tufts in the OIR mouse model. They reported that αv subunit was 

gradually upregulated along with the development of neovascular vessels and peaked when 

the neovascularization was most prominent between P17-P19. LCT injection resulted in a 

reduction of pathological neovascular tufts by 48.1% whereas the revascularization of the 

central ischemic region was unaffected. The inhibition of pathological neovascularization was 

similar to the reduction observed after Aflibercept treatment (42.9 %) (Fig.7). To date, few 

studies have examined the effects of combined αvβ3, αvβ5 antagonism on retinal 

angiogenesis. Chavakis et al. (53) showed that the cyclic RGDfV peptide (antagonist of αvβ3 

and αvβ5) remarkably prevented retinal neovascularization in the OIR mouse model by 57%. 

Small molecules mimicking RGD binding motif that antagonize αvβ3 and αvβ5 integrins 

(JNJ-26076713 or SB-267268) reduced retinal neovascularization by 67% and 50% 

respectively  (54, 55). However, all these molecules were only effective when administered 

twice daily during the 5 days of the proliferative phase of the OIR mice.  

Our results, together with those reported previously, provide conclusive evidences that 

targeting combined αvβ3, αvβ5 and α5β1 may enhance the therapeutic effect against 

choroidal and retinal neovascularization.   

LCT is the first C-type lectin (interacting with α5β1 and αv-containing integrins) that showed 

efficacy in laser-induced CNV and OIR models with a single injection while other tested 

molecules required repeated injections. Furthermore, LCT was active with local 

administrations that minimize the risk of systemic effect. In conclusion, LCT appears to be 

highly specific of actively proliferating vascular endothelial cells with no significant effect on 
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mature blood vessels, predicting a good safety profile. LCT is a strong candidate for the 

treatment of AMD and ischemic retinopathies. 
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Figure legends 

Figure 1: LCT inhibits vascular sprouting from aortic and choroidal explants.  

(A, C) Representative microphotographs of aortic and choroidal endothelial sprouts. (B) 

Measurement of vascular sprouting from aortic rings from P4 Lewis rat pups in control and 

LCT (30 nM, 300 nM, 1.5 µM) groups, (n = 4 per group, *p 0.05; one-way ANOVA followed 

by Dunnett’s post-test; CTL as control, representative of 3 independent experiments). (D) 

Measurement of vascular sprouting from choroidal explants from 3-weeks-old C57BL/6JRj 

male mice in control and LCT (1.5 µM, 5 µM, 15 µM) groups, (n ≥ 5 per group, *p <0.05; 

one-way ANOVA followed by Dunnett’s post-test; CTL as control, representative of 3 

independent experiments). Scale bars in A and C = 200 µm. 

Figure 2: LCT intravitreal injection does not alter visual function 

 (A) Representative SD-OCT image of retina at D7 post-intravitreal injection of 1 μl of PBS 

or LCT (500 µM). (B) Quantification of the thickness of the entire retina, ONL, INL and OS 

at 500 μm of the optic nerve, n=4 eyes per group. (C) Representative electroretinogram traces 

from scotopic ERG recording of CTL, PBS and LCT groups at 0.3 cds/m2. (D) Scotopic 

recorded a- and b-waves amplitudes at different stimulus intensities (0.003 cd.s/ m2; 0.03 cd.s/ 

m2; 0.3 cd.s/m2; 3 cd.s/ m2; 10 cd.s/ m2). (E) Photopic response amplitudes at flash intensity 

of 10 cd.s/m2 of light adapted animals. (F) Representative electroretinogram traces from ERG 

flickers recorded at flash frequencies of 10 Hz at 1 cd.s/m2 intensity. (G) Flicker response 

amplitudes recorded at flash frequencies of 10 and 20 Hz, n=10 eyes per group for each ERG 

recording. IPL: Inner plexiform layer, INL: Inner nuclear layer, ONL: Outer nuclear layer, 

OLM: Outer limiting membrane. Scale bar in A = 100 µm. 

Figure 3: LCT intravitreal injection does not alter vascular integrity  

(A) Microphotographs of retinal flatmounts from C57BL/6JRj mice immunostained with 

FITC-coupled BS-1 lectin (green), collagen-IV (red), and (B) GFAP (green) 7 days after 

intravitreal injections of PBS (1 μl) or LCT (1 μl, 500 µM). (C) Microphotographs of retinal 

flatmounts from CX3CR1+/GFP mice immunostained with collagen-IV (red) and Iba1 (green) 

antibodies in the inner and outer plexus 7 days after intravitreal injections of PBS (1 μl) or 

LCT (1 μl, 500 µM). (D) Choroidal flatmounts from C57BL/6JRj mice co-immunostained 

with TRITC-coupled phalloidin (red) and DAPI (blue) at D7 after intravitreal injections of 
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PBS (1μl) or LCT (1 μl, 500 µM). Scale bars in A, B and C = 50 µm; in D = 100 µm. 

Figure 4: LCT binds to CNV lesions 

(A) Quantitative RT–PCR of integrin subunit mRNA (αv, α5, β3, β5) normalized 

with GADPH mRNA of C57BL/6JRj choroids collected at days 0, 1, 3, and 7, after laser-

induced choroidal lesions, n= 8 eyes per group (B) Microphotographs of laser-induced CNV 

lesions at D7 on choroidal flatmounts after intravitreal injections on D4 of bovine serum 

albumin (647-BSA), LCT (647-LCT) or Aflibercept (647-Aflibercept) covalently conjugated 

to an Alexa Fluor 647 dye . All choroids were co-stained with CD102 antibody (green). Scale 

bars in B-E = 50 µm. 

 

Figure 5: LCT inhibits laser-induced choroidal neovascularization  

(A) Representative SD-OCT images of choroidal lesion and quantification of lesion volume 7 

days after laser and intravitreal injections of PBS (1 μl), LCT (1 μl, 500 µM) and Aflibercept 

(1 μl, 25 µM). (n=26, 35 and 16 respectively laser impacts per group. *p<0.05; one-way 

ANOVA followed by Bonferroni post-test; representative of 2 independent experiments) 

Lesion volume is extrapolated using following formula (4/3π*a*b2)/2, a is the polar radius 

(vertical axis) and b is the equator radius (horizontal axis). (B) Microphotographs of CNV 

lesion on choroidal flatmounts of PBS (1 μl), LCT (1 μl, 500 µM) and Aflibercept (1 μl, 25 

µM) stained with CD102 (green), Iba1 (red) and DAPI (blue). (C) Quantification of CNV 

(CD102-positive area) 7 days after laser and intravitreal injections of PBS (1 μl), LCT (1 μl, 

500 µM) and Aflibercept (1 μl, 25 µM) (n=29, 32 and 30 respectively laser impacts per group. 

*p<0.05; one-way ANOVA followed by Bonferroni post-test; representative of 2 independent 

experiments). (D) Quantification of Iba1 positive cells per impact 7 days after laser and 

intravitreal injections of PBS (1μl), LCT (1 μl, 500 µM) and Aflibercept (1μl, 25 µM) (n=29, 

32 and 30 respectively laser impacts per group. *p<0.05; one-way ANOVA followed by 

Bonferroni post-test; representative of 2 independent experiments). (E) Quantitative RT–PCR 

of integrin subunit mRNA (αv, α5, β3, β5) normalized with GADPH mRNA of C57BL/6JRj 

choroids at D3. Mice were treated with a single intravitreal injection of PBS (1μl) or LCT (1 

μl, 500 µM) at D2, n= 5 eyes per group. INL: inner nuclear layer, ONL: outer nuclear layer, 

Scale bars in A= 50 µm; in B=100 µm. 
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Figure 6: LCT intravitreal injection at D3 inhibits choroidal neovascularization  

(A) Microphotographs of CNV lesions stained with CD102 (green), and DAPI (blue) 7 days 

after laser (D0) and intravitreal injections (D3) of PBS (1μl), LCT (1 μl, 500 µM). (B) 

Quantification of CNV (CD102-positive area) on PBS and LCT choroidal flatmounts at D7 

(n=27 and 28 laser impacts per group. *p<0.05; Mann-Whitney U test; representative of 2 

independent experiments), Scale bar in A=100µm. 

Figure 7: LCT inhibits retinal neovascularization in the Oxygen Induced Retinopathy (OIR) 

model. 

 

(A) Microphotographs of FITC-coupled BS-1 lectin-stained retina (green) of P17-OIR 

C57BL/6JRj mice that received an intravitreal injection at P14 of LCT (647-LCT) covalently 

conjugated to an Alexa Fluor 647 dye (red). (B) Microphotographs of FITC-coupled BS-1 

lectin-stained retina, of P17-OIR C57BL/6JRj mice, after intravitreal injection at P12 of PBS 

(1μl), LCT (1μl, 500 µM) or Aflibercept (1μl, 25 µM). Neovascularization (NV) and vaso-

obliteration (VO) areas were highlighted in white and red respectively. (C) Representative 

confocal microscopy photographs of neovascularization in BS-1 lectin-stained control and 

treated retinas. (D) Quantification of vaso-obliteration and (E) neovascularization (BS-1 lectin 

positive-area) in P17 control and treated retinal flatmounts, (n=35, 32 and 16 OIR-retina 

respectively. *p< 0.05; one-way ANOVA followed by Bonferroni post-test; representative of 

2 independent experiments). Scale bars in A= 30 µM; in B= 80 mm; and in C = 100 µm. 

 

















 

 

 

Supplementary Figure 1: LCT is not detected in the contralateral PBS –injected eye 

Microphotographs of laser-induced CNV lesions at D7 on retinal flatmounts after intravitreal 

injections on D4 of LCT covalently conjugated to an Alexa Fluor-647 dye (647-LCT) in the 

right eye (A) and PBS in the contralateral left eye (B). All retinas were co-stained with 

collagen-IV antibody (green). Scale bars in B-E = 100 µm. 

	



	

 

Supplementary figure 2: LCT is not detected in the mouse brain and does not trigger 
central neuronal injury after intravitreal injection. 

Microphotographs of free floating sections of various brain structures 3 days after an 

intravitreal injection of LCT covalently conjugated to an Alexa Fluor-647 dye (647-LCT) in 

the right eye and PBS in the contralateral left eye (LCT) or PBS in both eye (PBS). Mice were 

subjected to laser induced CNV on D0. Free floating sections were stained with DAPI (blue), 

TRITC-BS1 lectin (red) and immunostained with ATF3 (green). VMPO: ventromedial 

preoptic nucleus, Ox: optic chiasm; 3V: third ventricle. Scale bar: 100 µm.  
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