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Abstract 

Background: In contrast to CD34, vascular endothelial-cadherin (VE-cadherin) is 

exclusively expressed on the ‘late’ endothelial progenitor cells (EPC) whereas not 

on the ‘early’ or myeloid EPC. Thus, VE-cadherin could be an ideal target surface 

molecule to capture circulating late EPC. In the present study, we evaluated 

whether anti-VE-cadherin antibody-coated stents (VE-cad stents) might accelerate 

endothelial recovery and reduce neointimal formation through the ability of 

capturing EPC. 

Methods and Results: The stainless steel stents were coated with rabbit polyclonal 

anti-human VE-cadherin antibodies and exposed to EPC for 30 minutes in vitro. 

The number of EPC which adhered to the surface of VE-cad stents was 

significantly higher than bare metal stents (BMS) in vitro, which was obliterated by 

pretreatment of VE-cad stent with soluble VE-cadherin proteins. We deployed VE-

cad stents and BMS in the rabbit right and left iliac arteries, respectively. At 48 

hours after stent deployment in vivo, CD-31-positive endothelial cells adhered to 

VE-cad stent significantly more than to BMS. At 3 days, scanning electron 

microscopy showed that over 90% surface of VE-cad stents was covered with 

endothelial cells, which was significantly different from BMS. At 42 days, 

neointimal area that was filled with smooth muscle cells positive for actin or 

calponin, was significantly smaller in VE-cad stents than in BMS by histological 

analysis (0.95 ± 0.22 vs 1.34 ± 0.43, mm2, respectively, p=0.02). Immuno-

histochemical analysis revealed that infiltration of inflammatory cells was not 
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significantly different between two stents. 

Conclusion: VE-cad stents captured EPC successfully in vitro, accelerated 

endothelial recovery on stent, and eventually reduced neointimal formation in vivo. 

 

Key words: VE-cadherin, stent, endothelial progenitor cell, restenosis, re-

endothelialization 
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Introduction 
 

Drug-eluting stents (DES) have shown dramatic efficacy in reducing neointimal 

hyperplasia through inhibition of smooth muscle cell (SMC) proliferation, leading 

to the remarkable increase of DES usage even for off-label indications.1-3 However, 

stenting with DES interferes with the natural vascular healing process by 

preventing or delaying the formation of a functional endothelial monolayer over 

the stent.4 The lack of a functional endothelial layer after vascular injury is a 

crucial factor for stent thrombosis as well as neointimal proliferation.5, 6 To 

minimize the potential risk of stent thrombosis, newer DES with biocompatible or 

biodegradable polymers are developed and under clinical investigations. 

Nonetheless, the rapid restoration of a functional endothelium might be a more 

natural and plausible way to reduce stent thrombosis and restenosis after stent 

implantation. 

Endothelial progenitor cells (EPC) can differentiate into mature endothelial cells, 

enhance re-endothelialization, and restore endothelial function after vascular injury, 

thus contribute to prevention of stent thrombosis and neointimal hyperplasia.5-7 

Therefore, therapies designed to mobilize EPC to the site of stent implantation and 

enhance vascular repair would be fascinating. Recently, EPC capture stent coated 

with monoclonal anti-human CD34 antibodies (GenousTM stent; OrbusNeich, Fort 

Lauderdale, Florida) was developed and considered to be a potential solution to the 

complications of DES. However, CD34 is not a specific or exclusive marker of 

EPC. CD34-positive cells are able to differentiate into various kinds of cells 

including inflammatory cells and vascular smooth muscle cells (VSMC). Actually, 
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only small portion of the CD34-positive cells are EPC.8-10 This problem, the lack of 

specificity to capture EPC, may be one of the explanations of disappointing clinical 

results with EPC capture stents.11, 12 

EPC are heterogeneous cell populations and could be classified into at least two 

different types; ‘early’ myeloid EPC versus ‘late’ EPC or late outgrowth 

endothelial cells (LOEC).13 They have quite different characteristics especially in 

their morphology, proliferation rate, and survival. ‘Early’ EPC are spindle-shaped, 

have a short lifespan, and enhance neovasculogenesis mainly by secreting 

angiogenic cytokines. On the other hand, ‘late’ EPC with cobblestone appearance 

in culture show a long lifespan and contribute to neovasculogenesis by providing 

endothelial cells based on their high proliferation and differentiation potency. 

VE-cadherin is a surface marker which is exclusively expressed in the ‘late’ EPC 

and endothelial cells, but not on the ‘early’ EPC and other leukocytes.13 Moreover, 

VE-cadherin is specifically expressed in adherent junctions of endothelial cells and 

exerts important functions such as intracellular signaling as well as cell-cell 

adhesion.14 Therefore, we hypothesized that VE-cadherin is an ideal target surface 

marker for capturing EPC. In the present study, we investigated whether anti-VE-

cadherin antibody coated stent (VE-cad stent) would capture EPC specifically, 

accelerate re-endothelialization of the stent surface and reduce neointimal 

formation.  



3 

 

Materials and Methods 
 

Production of rabbit polyclonal anti-human VE-cadherin antibody 

Since large amounts of antibodies were required to make antibody coated stents, 

we requested an antibody specialty company (AbFrontier, Seoul, Korea) to produce 

antibody. We chose an extracellular domain of human VE-cadherin protein as the 

antigen for antibody production instead of VE-cadherin whole protein. 

Deoxyribonucleic acid (DNA) sequence of the antigen (Figure 1.) was cloned in a 

form of circular DNA (cDNA), which was transfected to Escherichia coli (E. coli). 

VE-cadherin proteins synthesized by E. coli were then purified and injected into 

rabbits (host) for immunization. After 10 weeks, rabbits were harvested and 

polyclonal anti-human VE-cadherin antibodies were prepared from the rabbit 

serum by using affinity purification. 

 

Human EPC 

All experiments dealing with humans or human products were conducted with 

informed consent and approved by the institutional review board (IRB) of Seoul 

National University Hospital. 

Peripheral blood (50mL) was obtained from healthy donors with informed 

consent. The mononuclear cell fraction was collected and cultured as previously 

described. Isolated mononuclear cells were resuspended in EGM-2 BulletKit 

system (EGM-2 MV, Clonetics, San Diego, California) consisting of endothelial 

basal medium, hEGF, VEGF, hFGF-B, IGF-1, ascorbic acid, heparin, and 5% fetal 

bovine serum. Mononuclear cells were seeded at a density of 1x107 per well on 2% 
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gelatin-coated (Sigma-Aldrich, St. Louis, Missouri) six-well plates and incubated 

in a humidified 5% CO2 incubator at 37 ºC. First media was changed ~6 days after 

plating and thereafter every 3 days. Late EPC appeared at least 2 weeks after 

plating as colonies that consisted of cells with different morphology from early, 

myeloid EPC. In this experiment, we used late EPC grown to confluence showing a 

cobblestone-like monolayer. 

 

Flow cytometry 

Antigen analysis was performed for human late EPC. Single cell suspensions of 

late EPC were incubated with custom made (AbFrontier, Seoul, Korea, see above) 

or commercially available rabbit polyclonal anti-human VE-cadherin (1:300, 

Santacruz biotechnology) and mouse monoclonal anti-human CD34 (1:300, BD 

bioscience) followed by incubation with appropriate secondary antibody 

conjugated with PE or FITC. Isotype-matched IgG was used as a control. Sample 

were washed with PBS and analyzed with fluorescence-activated cell sorting 

(FACS, CantoII flow cytometer, Becton Dickinson, Franklin Lakes, New Jersey). 

 

Cell viability assay of VE-cadherin antibody treated EPC 

To assess the viability of EPC, 1 × 104 human EPC were seeded to each well of 

96-well plates, grown to near confluence level, and treated with anti-VE-cadherin 

antibodies. With 200 μL of serum-free EBM-2 5% fetal bovine serum, VE-cadherin 

antibodies were treated at various doses (0μg/ml to 100μg/ml) with rabbit IgG to 

control the total amount of antibody between groups. Antibody treated cells were 

incubated for 48 hours and morphologic changes were observed with microscopy. 
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Cell viability was assessed by cell proliferation reagent WST-1 assay, as instructed 

by the manufacturer. Briefly, 20 μL of cell proliferation assay reagent WST-1 

(Roche Applied Science) was added to each well and incubated for 1hour. 

Absorbance of 440 nm was measured by an enzyme-linked immunosorbent assay 

reader. 

 

Stent design and antibody coating 

A new antibody coating technique was developed and subsequently applied to 

the bare metal stents (BMS; stainless steel stent, 3-mm diameter, 15-mm length, 

Humed, Korea). Schematic design of the anti-VE-cadherin antibody coated stent 

(VE-cad stent) is illustrated in Figure 2. The surface modification of BMS was 

achieved by electropolishing, silanization and the covalent attachment of polymers 

as described previously. In order to change the surface hydrophilicity by polymer 

grafting, hydrophilic polyethyleneglycol (PEG) was used. After amine groups at 

the free end of the PEG polymers were activated with high energy, anti-VE-

cadherin antibodies could be attached straightforwardly to the PEG polymers under 

basic conditions. 

 

Analysis of antibody-coated surface 

VE-cad stents were mounted onto a delivery catheter, passed through a guiding 

catheter, and subsequently expanded in phosphate-buffered saline. Scanning 

electron microscopy was performed to evaluate the surface integrity of stents. To 

confirm the status of antibody coating on stent surface, we performed 
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immunofluorescent staining of anti-VE-cadherin antibodies with anti-rabbit IgG 

antibodies (1:500, Alexa Fluor 555 Conjugate, Cell Signaling Technology, UK) 

 

Capability of capturing late EPC 

Late EPC grown to confluence were harvested and labeled with 

carboxyfluorescein succinimidyl ester (CFSE, 1:500, Sigma-Aldrich, St. Louis, 

Missouri) as instructed by the manufacturer. Suspensions of late EPC were 

prepared at the concentration of 105 cells/mL in the EGM-2MV. Stents were 

submerged into the separate tubes, filled with 2mL of CFSE-labeled late EPC 

suspensions. The EPC capturing capacity was assessed by counting the number of 

EPC firmly attached to the stent struts using a digital image-analysis system 

(Image-Pro Plus version 4.5, MediaCybernetics, Silver Spring, Maryland). We 

compared the EPC capturing capacity of BMS, polymer-coated stents, VE-cad 

stents, and VE-cad stents pretreated with soluble VE-cadherin proteins. To saturate 

the antigen-binding sites of anti-VE-cadherin antibodies, VE-cad stents were 

pretreated with soluble VE-cadherin proteins (AbFrontier, Seoul, Korea) of 

100μg/mL overnight at 4ºC before incubation with EPC in the gentle shaker. 

 

Animal care and stent implantation 

All animal experiments were performed after receiving approval from the 

Insititutional Animal Care and Use Committee (IACUC) of the Clinical Research 

Institute in Seoul National University Hospital and complied with the National 

Research Council’s Guidelines for the Care and Use of Laboratory Animals. 
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Male New Zealand White rabbits (3.0 to 3.5 kg; Yonam Laboratory Animals, 

Cheonan, Korea) were fed with an 1% cholesterol diet (Oriental East Co) from at 

least 2 weeks before stent implantation and the rabbits also received aspirin of 

2mg/kg from the day of stenting. Stent deployment was performed on bilateral iliac 

arteries via right common carotid artery with the technique as previously described. 

 

Scanning electron microscopic examination and histomorphometric and 

immunohistochemical analysis 

To evaluate re-endothelialization and neointimal hyperplasia after stenting, we 

implanted 12 BMS and 12 VE-cad stents in the right and left iliac arteries, 

respectively, in 12 rabbits (n=12, each stent). All stents were of the same size; 3mm 

in diameter and 15mm in length. Three days after stenting, two rabbits were 

harvested and their stents were dissected longitudinally to evaluate the luminal 

surface as en-face, fixed in 2.5% glutaraldehyde, and processed for scanning 

electron microscopy (SEM) for evaluation of re-endothelialization. We previously 

validated that SEM and traditional immunohistochemical staining with endothelial 

cell marker CD31/PECAM-1 is well correlated with the status of endothelial 

recovery. 

At day 42, ten rabbits were harvested and stented iliac arteries were removed 

and fixed in 10% buffered formalin with perfusion fixation. Great care needed to 

be taken when manipulating the stented vessels. They were embedded in resin and 

cut with tungsten blade. The degree of neointimal growth was analyzed in the 

sections stained with hematoxylin and eosin. Morphometric analysis was 

performed with a computerized digital image-analysis system (Image-Pro Plus 
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version 4.5, MediaCybernetics, Silver Spring, Maryland). Cross-sectional images 

of stented rabbit iliac arteries were loaded onto Image-Pro Plus○R and neointimal 

areas are measured by the observer who was blinded to treatment. Outer struts 

margin and inner luminal surface were traced manually, and two areas are 

calculated automatically. Neointimal area was determined by subtraction of area 2 

from area 1. (Figure 3). With the same samples, immunohistochemical staining was 

used to assess the infiltration of vascular smooth muscle or inflammatory cells to 

neointimal. We used antibodies against alpha-smooth muscle actin (SMA) (Sigma) 

for smooth muscle cells and mouse monoclonal anti-rabbit macrophage 

antibodies (RAM11, Dako) for macrophages. We also used calponin (Abcam) as 

a smooth muscle or mural cell marker and proliferating cell nuclear antigen (PCNA) 

(Santa Cruz) as a proliferation marker. 

To assess the effect of the polymer-coated stents on tissue reactions, such as 

inflammation, and restenosis, we also performed in vivo tests using rabbit iliac 

arteries. We inserted 2 polymer-coated stent and 2 VE-cad stents in the right and 

left iliac arteries, respectively in 2 rabbits, and 2 polymer-coated stents and 2 BMS 

in the iliac arteries of another two rabbits. After six weeks, stented iliac arteries 

were explanted, and neointimal growth and macrophage infiltration were assessed 

with immunohistochemistry as described above. 

 

Confocal microscopic analysis 

Confocal microscopy (Zeiss Pascal confocal microscope system) was used to 

evaluate the cells attached on the stent surface. We harvested two additional rabbits 

to get the stented iliac arteries at 48 hours after stent implantation and explanted 
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vessels were stained with CD31/PECAM-1 (BD Bioscience) to access endothelial 

lineage cells and DAPI for nuclear counterstain. 

 

Statistical analysis 

All data are presents as mean ± SD. Continuous variables were compared by 

using the Student t test by SPSS 17.0 (SPSS Inc., Chicago, Illinois). A p value of 

<0.05 was considered statistically significant. 

  



10 

 

Results 
 

Expression of VE-cadherin on the surface of late EPC. 

First, we checked surface expression of VE-cadherin molecules on the late EPC. 

The late EPC monolayer grown to confluence showed a cobblestone-like 

appearance as we described previously.15 Immunofluorescent staining of VE-

cadherin revealed that the VE-cadherin molecules are strongly expressed on the 

cell surface, especially at cell-cell contact junction (Figure 4A). FACS analysis 

showed that almost all the late EPC (99.1%) express VE-cadherin on their surface, 

however CD34 is detected on only 58.6% of late EPC (Figure 4B). These data 

suggest that VE-cadherin is a good target surface marker for capturing EPC. 

 

Normal growth of late EPC under the treatment of anti-VE-cadherin 

antibodies. 

Some antibodies such as anti-VEGFR2 were reported to reduce EPC viability 

after binding.16 Thus, we exposed late EPC to a high concentration of anti-VE-

cadherin antibodies and performed morphologic analysis and WST-1 assay to 

investigate the effect of anti-VE-cadherin antibodies on viability and proliferation 

of late EPC. 

After treatment with various concentrations of anti-VE-cadherin antibodies for 

48 hours, EPC were grown to confluence level and no definite morphologic 

changes were observed (Figure 5A). Adherent cells were harvested and 

proliferative activities were assessed by WST-1 assay. After one hour of reaction, 

no significant differences were found between the antibody-treated groups and the 
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control group (Figure 5B). Treatment of anti-VE-cadherin antibodies with high 

concentrations up to 100μg/mL did not affect the gross morphology or proliferation 

of EPC, alleviating the potential concerns about cell viability after antibody 

binding. 

 

Surface of antibody-coated stent and capability to capture late EPC 

Scanning electron microscopic examination of the VE-cad stents demonstrated 

smooth and complete surface integrity without any tear of polymers after full 

expansion of the stents (Figure 6A). Antibody coating status of the stent surfaces 

was confirmed by immunofluorescent staining with anti-rabbit IgG antibodies. As a 

result, VE-cad stents showed uniformly and densely coated surfaces, but BMS and 

polymer-coated stents did not emit any fluorescence as expected (Figure 6B). To 

determine the effect of VE-cad stent on EPC capture, suspended human late EPC 

were perfused from side to side in a cell-stock tube. The controls include BMS, 

polymer-coated stents, and VE-cad stents with antibodies occupied with soluble 

VE-cadherin proteins. After 30 minutes, the number of cells that were attached to 

the surface of BMS or polymer-coated stents were 15 ± 3, or 9 ± 2 per strut. In 

contrast, VE-cad stents captured 96 ± 7 cells per strut on their surface, which was 

reversed by pretreatment with soluble VE-cadherin proteins (10 ± 5 per strut) 

(Figure 6C). In conclusion, in vitro, VE-cad stents captured late EPC significantly 

more than BMS or polymer-coated stents did (p<0.001). 

 

In vivo effects of VE-cad stent on re-endothelialization and neointimal 

hyperplasia after stenting 
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Next, we investigated in vivo efficacy and relevance of VE-cad stents. Schematic 

diagram of study design and end points are illustrated in Figure 7A. At day 3 after 

stenting of VE-cad stents or BMS on the right and left iliac arteries in the same 

animal, we evaluated the re-endothelialization by scanning electron microscopy. 

Morphologic analysis showed that over 90% of the surface of the VE-cad stent was 

covered with endothelium, while less than 10% of BMS surface was covered 

(Figure 7B and 7C). 

After 3 days of stent implantation, the surfaces of the VE-cad stent were almost 

completely re-endothelialized as demonstrated above. Thus, to analyze the initial 

cells attaching on the VE-cad stent, we also harvested the stented rabbit iliac 

arteries at 48 hours after stent deployment, when the stent surface is not fully re-

endothelialized. Confocal microscopic examination showed that many cells 

attached on the VE-cad stent and that most of them were stained with 

CD31/PECAM-1, which indicates that the initial captured cells are endothelial 

lineage. In contrast, on the BMS, a few cells were found and there was no 

CD31/PECAM-1 expression (Figure 8). 

To evaluate the degree of neointimal hyperplasia, we harvested iliac arteries 6 

weeks after stenting (Figure 9A and 9B). In morphometric analysis, VE-cad stents 

showed a significantly reduced neointimal area than BMS did (neointimal area: 

0.95 ± 0.22 mm2 vs. 1.34 ± 0.43 mm2, respectively, p=0.02, n=10, Figure 9C). 

Taken together, in vivo, VE-cad stents capture endothelial lineage cells, accelerate 

re-endothelialization and reduce neointimal formation. 

 

Immunohistochemical analysis of the neointimal area 
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To address the potential concerns about non-specific inflammation due to 

antibody coating, we performed immunohistochemical staining on neointimal area 

of the iliac arteries obtained at 6 weeks after stent implantation. The neointimal 

area of the iliac arteries stented with either VE-cad stent or BMS was composed 

predominantly of smooth muscle cells positive for smooth muscle actin (Figure 9D 

and 5E) or calponin (Figure 10A). Macrophage infiltration into the stented arteries, 

which was assessed by staining with RAM11, was limited and similar between the 

two stent groups (Figure 9F and 9G). These data indicate that anti-VE-cadherin 

antibodies as well as polymers coated on the stent struts do not cause any non-

specific inflammation at least at the time point of 6 weeks after stent deployment. 

Immunohistologic staining with PCNA (Figure 10B) revealed that a considerable 

number of proliferating cells were found in the neointimal area of the both stent 

groups. The proportion of proliferating cells was much higher in the BMS group 

compared with the VE-cad stent group (Figure 10C and 10D). This result showed 

that the proliferative activity of the neointimal area at 6 weeks after stent 

deployment was still higher in BMS stented segment than VE-cad stented one. 

Taken together, the inhibition of infiltration or migration of SMC to intima due to 

rapid re-endothelialization in VE-cad stented segment resulted in the lower 

proliferative activity and smaller neointima than in BMS stented one. 

To evaluate the effect of the polymer-coated stents on restenosis as well as 

inflammation, the iliac arteries stented with polymer-coated stents were compared 

with those stented with either VE-cad stents or BMS. The neointimal area stained 

with either smooth muscle actin or calponin was much larger in the polymer-coated 

stent group than in the VE-cad stent group, and no differences were found between 
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the polymer-coated stent group and the BMS group (Supplemental Figure 11A). 

Proliferative activity, represented by PCNA positive cells, was also much higher in 

the polymer-coated stent group than in the VE-cad stent group, and was similar 

between the polymer-coated stent group and the BMS group, as expected 

(Supplemental Figure 11C and 11D). In addition, macrophage infiltration stained 

with RAM11, which stands for inflammatory response to the stent strut, was 

minimal and similar among the three stent groups (Supplemental Figure 11B). 

These results showed that inhibition of neointimal proliferation by rapid re-

endothelialization was caused not by polymers but by VE-cadherin antibodies, and 

that polymer itself did not cause any further nonspecific inflammation. 
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Discussion 
 

In the present study, we developed a new antibody-coated stent using rabbit 

polyclonal anti-human VE-cadherin antibody and unique coating technique.17 We 

demonstrate that; (1) In vitro, anti-VE-cadherin antibody did not affect the viability 

or proliferation of late EPC, and VE-cadherin antibody-coated stents (VE-cad 

stents) captured late EPC significantly more than BMS or polymer-coated stents 

did. (2) In vivo, VE-cad stents accelerated re-endothelialization and showed almost 

complete coverage of the luminal surfaces of the stent within 72 hours after stent 

deployment in the rabbit iliac artery, and that (3) VE-cad stents reduced neointimal 

hyperplasia compared with BMS at 42 days after stent implantation in the same 

rabbit model. 

 

Endothelial progenitor cells and vascular injury 

Endothelial denudation is considered to be a primary event after balloon 

angioplasty and stent deployment. The lack of functional endothelium and 

subsequent inflammatory cell infiltration into the injured artery cause smooth 

muscle cell migration and proliferation, which results in neointimal hyperplasia.18 

In particular, coronary atherosclerotic lesions are rich in cytokines and growth 

factors, thus more prone to restenosis after stent insertion. Drug-eluting stents have 

shown excellent efficacy in preventing restenosis and have mostly replaced BMS in 

real-world practice. However, the delayed re-endothelialization owing to anti-

proliferative drugs and hypersensitivity reaction to stent polymers increased the 

risk of late and very late stent thrombosis in patients implanted with DES.19, 20 To 
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overcome this detrimental side effect, a number of attempts have been made to 

develop new coronary stents with improved technologies. 

It is well known that bone marrow-derived EPC contribute to the repair of the 

endothelium after vascular injury.21 For instance, the number of circulating EPC is 

significantly increased after myocardial infarction.22 Infusion of EPC accelerates 

re-endothelialization and effectively prevents smooth muscle cell proliferation and 

neointima formation after vascular injury.5, 6 Once an endothelial layer forms, the 

chance of blood clot formation may also decrease. Therefore, promotion of 

vascular healing by rapid re-endothelialization, e.g. by EPC capture stents, would 

be a more natural and safer approach. 

 

CD34, not optimal target surface molecule for capturing EPC 

Several groups have developed EPC capture stents or grafts using antibodies, 

peptides or even aptamers.23-25 Representative EPC capture stent is GenousTM stent 

(OrbusNeich, Fort Lauderdale, Florida), which uses murine monoclonal antibodies 

against human epitopes of CD34. This stent is evaluated through several single-arm 

clinical studies and shown to be safe and feasible for the treatment of coronary 

artery disease.26-28 However, the disappointing results were published recently in 

the randomized controlled trials. In the TRIAS-HR study where they enrolled 

patients with lesions carrying a high risk of restenosis, the Genous stent showed a 

trend of higher rates of target vessel failure compared with the paclitaxel-eluting 

stent, mainly due to more target vessel revascularization.12 In the GENIUS-STEMI 

trial in patients with ST-elevation myocardial infarction, the rate of stent 

thrombosis at 6 months was 6% in the Genous stent group while 0% in BMS group, 
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which raises doubts about the promise of the Genous stent in terms of safety.11 

The most concerning point is that CD34-positive progenitor cells can 

differentiate into various cell types, including VSMC and monocytes and 

macrophages .10 Moreover, only part of the CD34-positive cells is EPC whereas 

CD34-negative mesenchymal cells can also differentiate into endothelial cells.8, 9, 29, 

30 Such limitations in CD34 may be reasonable mechanisms for the limited efficacy 

of the Genous stent in the clinical trials. 

 

VE-cadherin as a target surface molecule for capturing EPC 

As we described before, late EPC have longer lifespan and higher proliferation 

potency compared with early myeloid EPC. And late EPC are actual building 

blocks for re-endothelialization whereas myeloid EPC send growth signals to late 

one.13 Since late EPC and endothelial cells express VE-cadherin abundantly on 

their surfaces, we chose VE-cadherin as a target surface molecule to attach 

circulating endothelial cells and EPC (exclusively late EPC). Though CD34 

molecule is one of the representative markers of EPC, it is relatively nonspecific to 

select true EPC. Our results of FACS analysis showed that CD34 molecule was 

detected in only about 60% of late EPC because its expression weakens as 

monocytes are fully committed to late EPC.21 However, VE-cadherin was 

expressed on almost all the late EPC. 

VE-cadherin regulates diverse cellular processes such as cell proliferation and 

apoptosis, and modulates the functions of VEGF receptor, in addition to its 

adhesive functions.31 Thus, anti-VE-cadherin antibodies may affect the viability or 

proliferation of late EPC. In order to exclude such unexpected side effects of 
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antibody, we performed in vitro experiments and found that treatment of anti-VE-

cadherin antibodies with high concentration up to 100 μg/mL did not affect the 

gross morphology or proliferation of EPC. 

 

Rapid re-endothelialization and reduced neointimal growth 

We developed a new EPC capture stent and tested its efficacy through in vitro 

and in vivo animal test. VSMC migration and mobilization of smooth muscle 

progenitor cells to the site of vascular injury starts within the first 24 hours after the 

arterial denudation.32 Therefore, complete re-endothelialization within few days is 

of importance not only for the prevention of stent thrombosis but also for the 

inhibition of neointimal growth. In this study, over 90% of VE-cadherin stent struts 

was covered with endothelial cell-like cells at 72 hours after stent deployment at 

rabbit iliac artery. Rapid re-endothelialization of VE-cad stent was translated into 

the reduced neointimal hyperplasia at 6 weeks after stent implantation. 

 

Antibody coating technique 

There are number of advantages in our antibody coating technique applied to our 

stent when comparing with other types of antibody coated stents or drug eluting 

stents. First, surfaces of stainless steel are modified by electropolishing and 

silanization to attach polymers. Silanization process itself is a kind of coating a thin 

silicone film over the stent and allows a very firm and stable polymer coating, 

which is fundamentally different from the polymer coating of DES. Moreover, 

biocompatibility and hydrophilicity are both achieved by using polyethylene glycol 

as polymers.33 Taken together, those characteristics might lead to less thrombotic 
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stent surfaces and less inflammation. Finally, antibodies are covalently bonded to 

the polymers and are not diluted by blood flow, leading to strong ability to capture 

VE-cadherin-positive cells. 

 

Study limitations 

There are several limitations to this study. First, to confirm the EPC capturing 

capacity, VE-cad stents should be compared not only with BMS, polymer coated 

stents, and VE-cad stents treated with soluble VE-cadherin protein, but also with 

stents coated with nonspecific immunoglobulin in vitro. Second, we compared VE-

cad stent only with BMS in vivo. To better evaluate the clinical implications of VE-

cad stents, it is necessary to conduct a head-to-head comparison between VE-cad 

stents and anti-CD34 antibody-coated stents. Third, this study is limited to 

observations in experimental animal models, thus its clinical relevance to human 

being is uncertain. Finally, technical improvements such as sterilization procedure 

and the use of monoclonal antibodies instead of polyclonal ones should precede the 

clinical application of VE-cad stent. 
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Conclusion 
 

We have tried to develop a novel EPC capture stent with improved selectivity 

and efficacy by targeting VE-cadherin. Anti-VE-cadherin antibody-coated stent 

could capture circulating late EPC and endothelial cells more effectively and 

specifically in vitro. Its capability of rapid re-endothelialization and restenosis 

prevention was proved in animal experiments. 
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Figure Legends 
 

Figure 1. Nucleotide sequence of extracellular domain of VE-cadherin 

 

Figure 2. Schematic design of anti-VE-cadherin antibody-coated stent 

 

Figure 3. A screen-capture image of measuring neointimal area by digital 

image-analysis system 

Cross-sectional images of stented iliac arteries harvested at 42 days after stent 

implantation were loaded onto an Image- Pro Plus○R and neointimal areas are 

measured. Outer struts margin and inner luminal surface were traced manually, and 

two areas are calculated automatically. Neointimal area was determined by 

subtraction of area 2 from area 1. 

 

Figure 4. Selective expression of VE-cadherin on the late endothelial 

progenitor cells (EPC) 

Late EPC express VE-cadherin on their surfaces (A) and VE-cadherin is uniformly 

expressed on the surface of late EPC, whereas CD34 is expressed on part of them 

(B). Arrows indicate VE-cadherin and an arrow head indicates nucleus. 

 

Figure 5. Absence of adverse effects of anti-VE-cadherin antibody on EPC 

EPC were plated on dishes and cultured until near-confluence in the presence (100 

μg /mL or 10 μg /mL, respectively) or absence of VE-cadherin antibodies. 

Treatment with VE-cadherin antibodies for 48 hours resulted in no significant 
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differences in the growth of EPC (A). WST-1 analysis of viable EPC after antibody 

treatment also showed the same results (B). 

 

Figure 6. Physical and biological properties of VE-cad stent 

(A) Scanning electron microscopic examination of the VE-cad stent revealed 

smooth and complete surface integrity without any tear after full expansion. The 

surface was not different from that of BMS. (B through D) Comparison of the 

capability to capture late EPC among 4 different conditions including pretreatment 

of VE-cad stents with soluble VE-cadherin proteins to confirm the specificity of 

VE-cadherin to capture EPC. (B) Secondary antibodies against rabbit IgG (Alexa 

Fluor 555) were used for immunofluorescence. Red area indicated antibody-coated 

surface of the stent. Only VE-cad stents showed red fluorescence strongly, while 

bare metal stents (BMS) and polymer-coated stents did not emit any fluorescence. 

(C) Human EPC were stained green (CFSE tagged). Suspended EPC were perfused 

with gentle shaking for 30 minutes and capacity of each stent to capture EPC was 

tested. VE-cad stents captured EPC significantly more than BMS or polymer-

coated stents, which was obliterated by the pretreatment of VE-cad stents with 

soluble VE-cadherin proteins. (D) Merged images of panel B and C. 

 

Figure 7. In vivo confirmation of the efficacy of VE-cad stent after 

implantation to rabbit iliac artery 

(A) Schematic diagram of animal experiment. (B and C) Rapid re-

endothelialization on VE-cadherin stents compared with BMS. Scanning electron 

microscopy (SEM) at 3 days showed that over 90% of stent surfaces were covered 
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after VE-cad stents deployment (shown in B), while less than 10% of stent surfaces 

were covered with endothelial cells after BMS deployment (shown in C). 

 

Figure 8. Representative confocal microscopic images of the luminal surface of 

the arterial segment deployed with stents at 48 hours. 

Confocal microscopy was performed to analyze the cells attaching on the stents in 

the earliest period and showed that a greater number of cells positive for 

CD31/PECAM-1 expression (red channel) were observed on the surface of VE-cad 

stent compared with BMS. 

 

Figure 9. Differences in neointimal area between the two stents 

(A through C) Inhibition of neointimal hyperplasia with VE-cadherin stents 

compared with BMS. Histology of the iliac arteries at 42 days after stent 

deployment demonstrated the reduction of neointimal formation on VE-cad stent 

(A) compared with BMS (B). By digital image-analysis system, neointimal area of 

VE-cad stents was significantly smaller than that of BMS (C). (D through G) 

Absence of inflammation at 42 days after VE-cadherin stent implantation. 

Neointimal area was mainly filled with smooth muscle cells positive for alpha-

SMA in the iliac artery implanted with either VE-cad stents (D) or BMS (E). In 

contrast, macrophage infiltration which was assessed by staining with RAM11, was 

limited and similar between the two stent groups (F and G). 

 

Figure 10. Composition and proliferative activity in neointimal area 

(A) Neointimal area of iliac arteries stented with either BMS or VE-cad stent were 
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well stained with calponin, implying that neointimal area is mostly composed of 

vascular smooth muscle cells or pericytes. (B through D) Comparison of 

proliferative activity in neointimal area between the two stent group. (B) A 

considerable number of proliferating cells were found in the neointimal area of the 

both stent groups. To compare the proliferative activity of the neointimal area 

between the two stent groups, the number of PCNA positive cells was counted 

under the high power field (x400) (C). The proportion of proliferating cells was 

much higher in the BMS group compared with the VE-cad stent group (D). 

 

Figure 11. The effect of polymer-coated stents on neointimal hyperplasia and 

Inflammation 

(A) Immunohistochemical staining of the neointimal area with alpha-SMA. 

Neointimal area of iliac arteries stented with either polymer-coated stents or BMS 

was larger than that with VE-cad stents. (B) Macrophage infiltration stained with 

RAM11 was minimal and similar among the three stent groups. (C) Proliferative 

activity of the neointimal area was analyzed by counting the number of PCNA 

positive cells. (D) The proportion of proliferating cells was similar between the 

polymer-coated stent group and BMS group. However, the proliferating cells per 

area were much lower in the VE-cad stent group compared with the polymer-

coated stent group. 
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Figures 
 

Figure 1. 

 

 

  

NCBI accession No. NM_001795 
ExPaSy No. P33151 
 
NucIeotide Sequence of VE-cadherin (1656b) 

        1 ATGCAGAGGC TCATGATGCT CCTCGCCACA TCGGGCGCCT GCCTGGGCCT GCTGGCAGTG 
       61 GCAGCAGTGG CAGCAGCAGG TGCTAACCCT GCCCAACGGG ACACCCACAG CCTGCTGCCC 
      121 ACCCACCGGC GCCAAAAGAG AGATTGGATT TGGAACCAGA TGCACATTGA TGAAGAGAAA 
      181 AACACCTCAC TTCCCCATCA TGTAGGCAAG ATCAAGTCAA GCGTGAGTCG CAAGAATGCC 
      241 AAGTACCTGC TCAAAGGAGA ATATGTGGGC AAGGTCTTCC GGGTCGATGC AGAGACAGGA 
      301 GACGTGTTCG CCATTGAGAG GCTGGACCGG GAGAATATCT CAGAGTACCA CCTCACTGCT 
      361 GTCATTGTGG ACAAGGACAC TGGCGAAAAC CTGGAGACTC CTTCCAGCTT CACCATCAAA 
      421 GTTCATGACG TGAACGACAA CTGGCCTGTG TTCACGCATC GGTTGTTCAA TGCGTCCGTG 
      481 CCTGAGTCGT CGGCTGTGGG GACCTCAGTC ATCTCTGTGA CAGCAGTGGA TGCAGACGAC 
      541 CCCACTGTGG GAGACCACGC CTCTGTCATG TACCAAATCC TGAAGGGGAA AGAGTATTTT 
      601 GCCATCGATA ATTCTGGACG TATTATCACA ATAACGAAAA GCTTGGACCG AGAGAAGCAG 
      661 GCCAGGTATG AGATCGTGGT GGAAGCGCGA GATGCCCAGG GCCTCCGGGG GGACTCGGGC 
      721 ACGGCCACCG TGCTGGTCAC TCTGCAAGAC ATCAATGACA ACTTCCCCTT CTTCACCCAG 
      781 ACCAAGTACA CATTTGTCGT GCCTGAAGAC ACCCGTGTGG GCACCTCTGT GGGCTCTCTG 
      841 TTTGTTGAGG ACCCAGATGA GCCCCAGAAC CGGATGACCA AGTACAGCAT CTTGCGGGGC 
      901 GACTACCAGG ACGCTTTCAC CATTGAGACA AACCCCGCCC ACAACGAGGG CATCATCAAG 
      961 CCCATGAAGC CTCTGGATTA TGAATACATC CAGCAATACA GCTTCATCGT CGAGGCCACA 
     1021 GACCCCACCA TCGACCTCCG ATACATGAGC CCTCCCGCGG GAAACAGAGC CCAGGTCATT 
     1081 ATCAACATCA CAGATGTGGA CGAGCCCCCC ATTTTCCAGC AGCCTTTCTA CCACTTCCAG 
     1141 CTGAAGGAAA ACCAGAAGAA GCCTCTGATT GGCACAGTGC TGGCCATGGA CCCTGATGCG 
     1201 GCTAGGCATA GCATTGGATA CTCCATCCGC AGGACCAGTG ACAAGGGCCA GTTCTTCCGA 
     1261 GTCACAAAAA AGGGGGACAT TTACAATGAG AAAGAACTGG ACAGAGAAGT CTACCCCTGG 
     1321 TATAACCTGA CTGTGGAGGC CAAAGAACTG GATTCCACTG GAACCCCCAC AGGAAAAGAA 
     1381 TCCATTGTGC AAGTCCACAT TGAAGTTTTG GATGAGAATG ACAATGCCCC GGAGTTTGCC 
     1441 AAGCCCTACC AGCCCAAAGT GTGTGAGAAC GCTGTCCATG GCCAGCTGGT CCTGCAGATC 
     1501 TCCGCAATAG ACAAGGACAT AACACCACGA AACGTGAAGT TCAAATTCAT CTTGAATACT 
     1561 GAGAACAACT TTACCCTCAC GGATAATCAC GATAACACGG CCAACATCAC AGTCAAGTAT 
     1621 GGGCAGTTTG ACCGGGAGCA TACCAAGGTC CACTTCCTAC CCGTGGTCAT CTCAGACAAT 
     1681 GGGATGCCAA GTCGCACGGG CACCAGCACG CTGACCGTGG CCGTGTGCAA GTGCAACGAG 
     1741 CAGGGCGAGT TCACCTTCTG CGAGGATATG GCCGCCCAGG TGGGCGTGAG CATCCAGGCA 
     1801 GTGGTAGCCA TCTTACTCTG CATCCTCACC ATCACAGTGA TCACCCTGCT CATCTTCCTG 
     1861 CGGCGGCGGC TCCGGAAGCA GGCCCGCGCG CACGGCAAGA GCGTGCCGGA GATCCACGAG 
     1921 CAGCTGGTCA CCTACGACGA GGAGGGCGGC GGCGAGATGG ACACCACCAG CTACGATGTG 
     1981 TCGGTGCTCA ACTCGGTGCG CCGCGGCGGG GCCAAGCCCC CGCGGCCCGC GCTGGACGCC 
     2041 CGGCCTTCCC TCTATGCGCA GGTGCAGAAG CCACCGAGGC ACGCGCCTGG GGCACACGGA 
     2101 GGGCCCGGGG AGATGGCAGC CATGATCGAG GTGAAGAAGG ACGAGGCGGA CCACGACGGC 
     2161 GACGGCCCCC CCTACGACAC GCTGCACATC TACGGCTACG AGGGCTCCGA GTCCATAGCC 
     2221 GAGTCCCTCA GCTCCCTGGG CACCGACTCA TCCGACTCTG ACGTGGATTA CGACTTCCTT 
     2281 AACGACTGGG GACCCAGGTT TAAGATGCTG GCTGAGCTGT ACGGCTCGGA CCCCCGGGAG 
     2341 GAGCTGCTGT ATTAG 

Extracellular domain of VE-cadherin (48~599 a.a) was presented in red 
characters 
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Figure 2. 

 

Figure 3. 

 

Neointimal area = Area 1 (PG1) – Area 2 (PG2) 
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Figure 4. 

(A) 

 

(B) 
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Figure 5. 

(A) 
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Figure 5 (continued).  

(B) 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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Figure 10. 
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Figure 11. 
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Abstract in Korean 
 

배경: VE-카드헤린은 CD34 와는 달리 ‘전기’ 내피전구세포가 아닌 ‘후기’ 

내피전구세포의 표면에만 전적으로 발현한다. 따라서 VE-카드헤린은 

혈관 내 순환중인 후기 내피전구세포를 포획할 수 있는 이상적인 목표 

중 하나이다. 본 연구에서는 VE-카드헤린 항체가 코팅된 스텐트 (VE-cad 

스텐트)가 내피전구세포를 포획함으로써 재내피화를 촉진하고 

신생내막을 줄일 수 있는지를 확인하고자 하였다. 

방법 및 결과: in vitro 에서 금속 스텐트(BMS) 표면에 VE-카드헤린 

항체를 코팅한 VE-cad 스텐트를 만든 뒤 내피전구세포에 30 분간 

노출시켰다. 그 결과, VE-cad 스텐트 표면에 BMS 에 비하여 유의하게 

많은 수의 내피전구세포가 붙었고, 이러한 결과는 VE-cad 스텐트 표면에 

VE-카드헤린 단백질을 처리함으로써 없어졌다. VE-cad 스텐트와 BMS 를 

각각 토끼의 오른쪽과 왼쪽 장골 동맥에 삽입하였다. In vivo 에서 

48 시간이 지난 시점에, CD-31 양성 내피세포가 BMS 에 비하여 VE-

cad 스텐트 표면에 유의하게 많이 붙어 있었다. 3 일 째, 

스캔전자현미경으로 관찰한 결과, VE-cad 스텐트 표면은 90% 이상 

재내피화가 진행한 반면, BMS 표면은 재내피화가 거의 이루어지지 

않았다. 42 일 째, 액틴 또는 칼포닌 양성인 평활근세포로 채워져 있는 

신생내막의 면적은 VE-cad 스텐트가 삽입된 혈관에서 BMS 에 비하여 

유의하게 작음을 확인하였다 (0.95 ± 0.22 vs 1.34 ± 0.43, mm2, 각각, p=0.02). 

면역조직화학염색 결과, 양 스텐트가 들어간 혈관의 염증세포침윤은 

유의한 차이가 없었다. 



43 

 

결론: in vitro 에서 VE-cad 스텐트는 내피전구세포를 성공적으로 

포획하였고, in vivo 에서 스텐트 표면의 재내피화를 촉진하였으며, 

신생내막형성도 억제하였다. 

 

주요어: VE-카드헤린, 스텐트, 내피전구세포, 재협착, 재내피화 
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