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Abstract

Background—Vein bypass is an essential therapy for patients with advanced peripheral and 

coronary artery disease despite development of neointimal hyperplasia. We have shown that 

stimulation of the receptor tyrosine kinase Eph-B4 with its ligand Ephrin-B2 prevents neointimal 

hyperplasia in murine vein grafts. This study determines whether Eph-B4 in human veins is 

capable of phosphorylation, activation of downstream signaling pathways, and functional to 

release nitric oxide and prevent neointimal hyperplasia in vitro.

Methods—Discarded human saphenous veins were taken from the operating room and placed in 

organ culture without or with Ephrin-B2/Fc (2 μg/ml; 14 days) and the neointima:media ratio was 

measured in matched veins. Primary human umbilical vein endothelial cells (HUVEC) were 

treated with Ephrin-B2/Fc (2 μg/ml) and examined with qPCR, Western blot, immunoassays and 

for release of nitric oxide. Ephrin-B2/Fc (2 μg/ml) was placed in pluronic gel on the adventitia of 

saphenous veins treated with arterial shear stress for 24 hours in a bioreactor and activated Eph-B4 

examined with immunofluorescence.

Results—The baseline intima:media ratio in saphenous vein rings was 0.456 ± 0.097 which 

increased to 0.726 ± 0.142 in untreated veins after 14 days in organ culture, but only to 0.630 ± 

0.132 in veins treated with Ephrin-B2/Fc (p=.017; n=19). Ephrin-B2/Fc stimulated Akt, eNOS and 

caveolin-1 phosphorylation and NO release (p=0.007) from HUVEC (n=6). Ephrin-B2/Fc 

delivered to the adventitia stimulated endothelial Eph-B4 phosphorylation after 24 hours of 

arterial stress in a bioreactor (n=3).

Discussion—Eph-B4 is present and functional in adult human saphenous veins, with intact 

downstream signaling pathways capable of nitric oxide release and prevention of neointimal 

hyperplasia in vitro. Adventitial delivery of Ephrin-B2/Fc activates endothelial Eph-B4 in 
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saphenous veins treated with arterial shear stress in vitro. These results suggest that stimulation of 

Eph-B4 function may be a candidate strategy for translation to human clinical trials designed to 

inhibit venous neointimal hyperplasia.
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Despite the recent rise in percutaneous interventions, vein bypass surgery remains an 

important therapy for patients with advanced peripheral and coronary artery disease, with 

approximately 400,000 coronary bypasses and 80,000 lower extremity bypasses performed 

yearly.1,2 Autologous saphenous vein remains the most commonly used and durable conduit 

for peripheral arterial reconstruction despite a significant portion of saphenous vein grafts 

eventually failing due to excessive remodeling, particularly neointimal hyperplasia.3,4 

Although much research has suggested that smooth muscle cell proliferation and migration 

are critical steps in the development of neointimal hyperplasia, inhibition of these processes 

with the E2F transcription factor decoy edifoligide did not improve vein graft patency.4,5 

These disappointing failures of large scale, multicenter randomized trials to improve vein 

graft patency suggest that our knowledge of venous biology, and particularly how veins 

adapt to and remodel in the arterial environment, remains incomplete.

In recent years a critical role has emerged for the erythropoietin producing hepatocellular 

carcinoma (Eph) family of tyrosine kinases and their Ephrin ligands in the embryonic 

determination of venous and arterial identity.6-9 Activation of the Eph-B4 receptor by its 

specific ligand Ephrin-B2 results in phosphorylation of Eph-B4 as well as downstream 

targets including caveolin-1, Akt, and eNOS, stimulating nitric oxide (NO) production with 

effects on cell proliferation and migration in mouse and human cell lines.10-14 Eph-B4 and 

Ephrin-B2 expression persists in the adult vasculature, although the functional significance 

of these markers of venous and arterial identity, respectively, is not known.11,15 In 

particular, roles for Eph B receptors in adult physiological angiogenesis are thought to be 

limited, with most research showing a role for Eph B receptors in adult pathological 

angiogenesis including diabetic retinopathy and tumor angiogenesis.16

We have previously demonstrated that Eph-B4 expression is lost, but Ephrin-B2 expression 

is not gained, during human and adult rat vein graft adaptation, e.g. venous identity is lost 

but arterial identity is not gained in vein grafts.17 We subsequently showed that Eph-B4 

signaling can be stimulated via its ligand Ephrin-B2 to reduce intimal thickening in a murine 

vein graft model.13 Since these findings suggest that Eph-B4 is functional in adult murine 

veins, we hypothesized that Eph-B4 receptors are also functional in human veins. If this 

hypothesis proves to be true, then stimulation of Eph-B4 receptors might be an alternative 

new strategy to improve the outcome of venous bypass grafts.
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Methods

Saphenous Vein Organ Culture

Saphenous veins that were harvested but not needed for clinical use were obtained as 

previously described; no patient-specific information was collected and no informed consent 

was obtained, in accordance with the Yale Human Investigation Committee approval.17 

Veins were immediately cut into 5-10 mm cross sectional rings and placed into culture as 

previously described.18,19 Baseline samples were fixed in formalin. Additional samples from 

adjacent sections of the vein were placed in 12 well tissue culture dishes with Roswell Park 

Memorial Institute medium (RPMI 1640; Gibco) supplemented with 30% fetal bovine 

serum, 1% L-glutamine, 1% penicillin/streptomycin for 2 weeks at 37°C. Vein rings were 

supplemented with recombinant human ephrin-B2/Fc chimera (0 or 2 μg/ml; R&D Systems, 

Minneapolis, MN); all control and treated veins were matched from the same specimen, and 

coded to treat in blinded fashion. The media was changed every 2-3 days.

After 14 days samples were fixed in formalin or frozen in optimal cutting temperature 

compound (Tissue-Tek Sakura Finetek, Torrance, CA) for further analysis. Samples were 

embedded, sectioned, and stained with the Verhoeff-Van Gieson (VVG) elastin stain, and 

digital pictures were taken. The intima and media areas were measured by computer 

morphometry in blinded fashion, in sections stained for elastin, using ImageJ software (NIH, 

Bethesda, MD); the vessel was divided into 4 quadrants, and the areas of each quadrant was 

measured, and a mean of the 4 measurements was calculated for each vein segment. 

Neointima was defined as the area on the luminal side of the internal elastic lamina, when 

present, and included the area of disordered smooth muscle cell proliferation luminal to the 

ordered, linear smooth muscle cell layer. The neointima area was divided by the area of the 

media to calculate the neointima:media ratio.

Proliferation within the intima and media of saphenous vein rings was measured by counting 

the proportion of cells staining positively for Ki-67, in vein rings after 3 days in organ 

culture. Apoptosis within whole saphenous vein rings was assessed by Western blot analysis 

of cleaved caspase-3 expression in vein ring lysates after 3 days in organ culture; 

densitometry was normalized to GAPDH expression. All samples were examined in paired 

fashion, e.g. both untreated and treated vein rings were derived from the same specimen.

Human umbilical vein endothelial cell (HUVEC) culture

Primary HUVEC cells were obtained from the VBT core facility at Yale University (New 

Haven, CT) and were cultured in Endothelial Basal Medium supplemented with Bulletkit 

growth factors (Lonza, Basel, Switzerland), 15% fetal bovine serum, and 1% penicillin/

streptomycin. Cells were grown on either glass coverslips or 6 well plates coated with 0.1% 

gelatin. Cells were assayed between passages 2-5. Prior to stimulation with Ephrin-B2/Fc, 

growth medium was removed and cells were placed in serum free starvation media for at 

least 3 hours. To measure proliferation, equal numbers of cells were placed in 6-well plates, 

allowed to adhere for 24 hours, and placed in media with 0.05% fetal bovine serum without 

or with Ephrin-B2/Fc (2 ug/ml) for 48 hours; media with 4% fetal bovine serum was used as 
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a positive control. After 48 hours, cells were trypsinized and counted using a 

hemocytometer.

Western blot and immunoprecipitation

Ephrin-B2/Fc was pre-clustered with human IgG/Fc (Sigma Aldrich, St. Louis, MO) at a 5:1 

molar ratio for 20 minutes at 37°C prior to use. Following stimulation, cells were washed 

with ice cold PBS and then lysed using a RIPA buffer supplemented with protease inhibitor 

cocktail (Sigma-Aldrich, St Louis, MO) and phosphatase inhibitors (Millipore, Billerica, 

MA). Protein concentrations were assessed using a colorimetric assay (Bio-rad, Hercules, 

CA) and equal amounts of protein were run on a SDS-PAGE gel and then transferred to a 

PVDF membrane. Following blocking with 2% bovine serum albumin, membranes were 

probed overnight with primary antibodies, listed below. Membranes were developed using 

Supersignal West Pico kit (Thermo Scientific, Waltham, MA). Immunoprecipitation was 

performed by incubating at least 200 μg of protein with a phospho-tyrosine antibody-bound 

sepharose bead overnight and then Western blot conducted as above.

Immunofluorescence microscopy

HUVEC cells were plated on glass coverslips, serum starved, and treated. They were fixed 

in 10% neutral buffered formalin for 15 minutes, washed, and then treated with Triton-X100 

and blocked with goat serum prior to exposure to primary antibody overnight, and 

afterwards treated with alexa-flouro 488, 568, and 647 secondary antibodies and mounted 

with a SlowFade Gold anti-fade reagent with DAPI mounting media (Life Technologies, 

Carlsbad, CA). Samples were photographed using an AxioImager A1 (Carl Zeiss Inc, 

Oberkochen, Germany). Vein samples undergoing immunofluorescence were fixed with 

formalin and then embedded in paraffin and cut into 5 μm sections and placed on slides. 

Antigen retrieval was conducted by boiling with 10mM citric acid with 0.05 Tween (pH 6) 

for 20 minutes. Blocking was performed with goat serum and primary antibody was applied 

overnight. Secondary antibodies were applied as above. Autofluoresence Eliminator Reagent 

(Millipore, Billerica, MA) was used and then sections were mounted in DAPI containing 

mounting media and imaged as above.

Antibodies

Primary antibodies to the following antigens, and their working dilutions, were obtained as 

follows: Eph-B4 #64820 (1:500 WB; 1:50 IF), caveolin-1 #17052 (1:500 WB; 1:50 IF), 

Ki-67 #15580 were obtained from Abcam (Cambridge, England). Antibodies to 

phosphorylated AKT ser 473 #9271 (1:1500), phosphorylated eNOS ser 1177 #9571 

(1:500), GAPDH #2118 (1:1000), phosphorylated-tyrosine conjugated to sepharose beads 

#9419 (1:100) and cleaved caspase-3 #9661 (1:500) were obtained from Cell Signaling 

Technologies (Danvers, Ma). Antibody to phospho-tyrosine #05-1050 (1:100) was obtained 

from Millipore (Billerica, MA). Antibody to total eNOS #BD610296 (1:1000) and 

phosphorylated caveolin-1 (tyr14) #BD611338 (1:500) were obtained from BD Biosciences 

(Franklin Lakes, NJ).
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Nitric oxide release

HUVEC cells were serum starved and cells incubated with starvation media supplemented 

with sepiapterin (10 uM). After 30 minutes, 100 ul of media was withdrawn to determine 

basal secretion rates and 100ul of starvation media were added containing pre-clustered 

ephrin-B2/Fc. After 30 minutes 100 ul of media was again withdrawn. NO2
− in the media 

was converted to NO with sodium iodide/glacial acetic acid and then concentrations were 

measured via chemiluminescence after reaction with ozone as previously described.13,20

Pluronic gel application and bioreactor

Ephrin-B2/Fc was dissolved in a 30% pluronic gel (Sigma-Aldrich, St Louis, MO). 

Saphenous vein was placed in a custom bioreactor fabricated at the Yale Scientific Glass 

Shop (New Haven, CT) with the vein section attached to a glass connector as previously 

described.21 Pluronic gel was allowed to harden on the adventitia of the vein for 20 minutes 

prior to initiation of flow and submersion in extraluminal fluid. A digital programmable 

roller-pump (Cole Parmer, Vernon Hills, IL) was used to push media through the system (20 

dyne/cm2) which was placed in a 37°C incubator. Intraluminal fluid consisted of Endothelial 

Growth Medium (EGM-2 Lonza, Basel, Switzerland) thickened with Xanthum Gum 

(Sigma-Aldrich, St Louis, MO) to a viscosity of 3.8 cP; extraluminal fluid consisted of 

DMEM supplemented with 30% fetal bovine serum. Specimens were harvested avoiding the 

approximately 1 cm from each attachment site to avoid areas of turbulent flow at this 

transition point.

Quantitative reverse transcriptase polymerase chain reaction

RNA was isolated from vein rings by taking OCT embedded samples and collecting 

approximately 50 10 μm thick sections cut on a microtome. These sections were washed 

twice with cold, RNAse, DNAse free water to dissolve OCT. The veins were then 

homogenized by repeatedly aspirating the lysate through a 22-gauge needle in beta-

mercaptoethanol containing lysis buffer (RNeasy Mini Kit; Qiagen, Hilden, Germany). The 

remainder of the isolation and purification steps were carried as specified in the 

manufacturer’s instructions. RNA isolation from cell culture was also carried out according 

to manufacturer’s instructions using the RNeasy Mini Kit. Reverse transcription was 

performed using the SuperScript III First-Strand Synthesis Supermix (Invitrogen, Carlsbad, 

CA). Real-time quantitative PCR was performed using SYBR Green Supermix and the iQ5 

Real-Time PCR Detection system (Bio-Rad Laboratories, Hercules, CA). Primers for 

specific genes are presented in Table 1. Primers were designed using Primer3 software.22 

Oligonucleotides were synthesized by the Keck Oligo Synthesis Facility (New Haven, CT). 

Correct target size amplification and exclusion of nonspecific amplification was confirmed 

by performing electrophoresis on amplification products on 2% agarose gel as well as 

performing melt curve analysis. Reactions were normalized to GAPDH as a housekeeping 

gene.

Statistics

Statistical analyses were performed using GraphPad version 6.0a for MAC OS X, GraphPad 

Software (La Jolla, CA). Means are reported as arithmetic means with standard errors of the 
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means following. Student’s t-test and paired t-tests were used to compare mean values 

between groups. A p-value of less than 0.05 was considered significant.

Results

Ephrin-B2/Fc-stimulated human saphenous veins have reduced neointimal thickness

Ephrin-B2/Fc treatment of mouse vein grafts prevents neointimal thickening in vivo.13 To 

determine if Ephrin-B2/Fc treatment may be functional in human vein grafts, human 

saphenous veins were obtained freshly from the operating room and segmental rings were 

immediately examined or placed in organ culture with Ephrin-B2/Fc (2 μg/ml) for 14 days; 

each treatment group was compared to control vein segments from the same donor. 

Histological examination showed reduced neointimal thickness in human veins treated with 

Ephrin-B2/Fc for 14 days compared to control veins after 14 days (Figures 1A-C). At 

baseline, the mean intima:media ratio of saphenous veins was 0.456 ± 0.097 (n=19); during 

the 14 days in organ culture, the neointima:media ratio increased in control veins to 0.726 ± 

0.142 (78% increase; n=19) but only to 0.630 ± 0.132 (53% increase; n=19) in veins treated 

with Ephrin-B2/Fc (p=.017; Figure 1D). As expected, examination of individual veins 

showed variability in the response to treatment, with 13 of 19 (68%) veins responding to 

Ephrin-B2/Fc treatment (e.g. >0% response) and 6 veins not responding compared to control 

samples (Figure 1E); the mean response in the 13 veins was 47% reduction, with the 6 non-

responders having a 29% increase (p=0.002, t-test). Interestingly, veins that were thickened 

at baseline with an I:M ratio >0.4 all responded to Ephrin-B2/Fc (6/6, 100% response; mean 

I:M ratio = 0.19 ± 0.05), whereas veins with an I:M ratio <0.4 at baseline had marginal 

response (7/13, 54% response; mean I:M ratio = 0.24 ± 0.04; p=0.47, t-test). The reduction 

in neointimal thickness in saphenous veins treated with Ephrin-B2/Fc was neither due to 

diminished proliferation (Figure 1F) nor to increased apoptosis (Figure 1G) in treated veins.

Since vein graft adaptation is associated with reduced Eph-B4 and Ephrin-B2 expression in 

mice, as well as increased osteopontin expression,13 we determined whether similar 

expression patterns were present in human saphenous vein rings in organ culture. Both Eph-

B4 and Ephrin-B2 mRNA expression was reduced (Figures 2A, 2B), and osteopontin 

expression was increased (Figure 2C) after 14 days in vitro. However, there was no change 

in expression in vein rings treated with Ephrin-B2/Fc (Figures 2A-C). We have previously 

shown that expression of both collagen, a key structural component of the extracellular 

matrix, as well as MMP2, a key regulator of matrix metabolism, are increased during venous 

adaptation to the arterial environment.23 There was no difference between Col1A1 and 

MMP2 expression in vein rings without or with Ephrin-B2/Fc (Figures 2D, 2E).

Ephrin-B2/Fc stimulates Eph-B4 phosphorylation and downstream signaling in human 
endothelial cells

Since Ephrin-B2/Fc stimulates Eph-B4 phosphorylation in mouse endothelial cells,13 we 

determined whether Ephrin-B2/Fc stimulates Eph-B4 phosphorylation in human endothelial 

cells. Ephrin-B2/Fc stimulated Eph-B4 phosphorylation rapidly in HUVEC (Figure 3A). 

Ephrin-B2/Fc also stimulated phosphorylation of proteins downstream of Eph-B4, Akt 

(Figure 3B), eNOS (Figure 3C), and caveolin-1 (Figure 3D). Ephrin-B2/Fc also induced co-
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localization of Eph-B4 and caveolin-1 in HUVEC (Figure 3E), similar to its function in 

mouse endothelial cells.13 As expected, there was no increase in Eph-B4 expression in 

response to Ephrin-B2/Fc treatment (Figure 3F).

Since Ephrin-B2/Fc stimulates eNOS phosphorylation, we determined whether this 

phosphorylation induced a functional change, e.g. release of NO. During 30 minutes of 

culture, control HUVEC released 0.047 ± 0.005 pM of NO per ug of protein (n=3), whereas 

Ephrin-B2/Fc treated HUVEC released 0.071 ± 0.014 pM of NO per ug of protein (n=6; 

p=0.007; Figure 4A). Despite stimulation of Eph-B4, Akt, eNOS, and Cav-1 

phosphorylation, Ephrin-B2/Fc did not stimulate HUVEC proliferation (Figure 4B).

Adventitial delivery of Ephrin-B2/Fc stimulates endothelial Eph-B4 phosphorylation

Since our data shows that Ephrin-B2/Fc stimulates Eph-B4 phosphorylation in human 

endothelial cells, in order to determine the translational relevance of using Ephrin-B2/Fc to 

stimulate Eph-B4 in human veins, we examined whether adventitial delivery of Ephrin-

B2/Fc would induce phosphorylation of Eph-B4 in endothelial cells of saphenous veins. We 

have previously characterized a bioreactor that controls delivery of shear stress and pressure 

to veins, including arterial magnitudes of shear stress.21 Segments of human saphenous vein 

were placed in the bioreactor and exposed to arterial shear stress. Prior to initiation of flow, 

pluronic gel without or with Ephrin-B2/Fc, was placed on the adventitial surface of the vein. 

After 24 hours of exposure to arterial stress, veins treated with adventitial Ephrin-B2/Fc 

showed co-localization of Eph-B4 and phospho-tyrosine in the endothelium that was not 

present either at time 0 or in the untreated vein (Figure 5). These results suggest that 

treatment of human saphenous veins with Ephrin-B2/Fc stimulates Eph-B4 phosphorylation, 

even if delivered via the venous adventitia and not directly to the endothelium, and thus of 

translational interest for human patients.

Discussion

We show that stimulation of Eph-B4 receptors with the ligand Ephrin-B2/Fc is associated 

with less neointima in human saphenous vein rings (Figure 1). Human saphenous vein rings 

show reduced Eph-B4 expression and increased osteopontin expression (Figure 2), similar to 

the changes that occur during vein graft adaptation in vivo, at least in animal models.13,24

Stimulation of Eph-B4 in human endothelial cells induces phosphorylation of Eph-B4 and 

caveolin-1 as well as induces Eph-B4-caveolin-1 colocalization (Figure 3), similar to 

previous results in animal and human cells.12,13,25 Eph-B4 activation also induces release of 

NO (Figure 4), another functional effect. Finally we show that adventitial delivery of a 

single dose of Ephrin-B2/Fc followed by 24 hours of arterial shear stress shows increased 

endothelial Eph-B4 phosphorylation (Figure 5). These results show that Eph-B4-mediated 

reduction of vein graft thickness previously shown in mice may be translatable to human 

veins.

We use the saphenous vein ring assay to show that stimulation of Eph-B4 with Ephrin-

B2/Fc prevents wall thickening (Figures 1A-D). A strength of our study is the use of 

saphenous veins from patients having cardiac bypass procedures, and thus these veins would 
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be similar to those being used in patients having cardiac or peripheral vein bypasses. Animal 

models show the utility of Ephrin-B2/Fc treatment in preventing vein graft thickening,13 and 

our study shows that the animal data translates to relevant human tissue. Although the effect 

of Ephrin-B2/Fc treatment in the saphenous vein ring in vitro assay is modest, with 

approximately 32% reduction of neointima, this is not much less than the effects of other 

inhibitors using this model;19 nevertheless, stimulation of Eph-B4 in the vein graft in vivo 

model shows approximately 60% reduced wall thickness, an effect size of importance.13 

Although the saphenous vein organ culture model does not include the effects of arterial 

shear stress, host invading cells, and the geometry of an anastomosis,26-29 this model is in 

common use as it is one of the very few options to assay intact human vessels.30,31 The 

reduction in neointima with Ephrin-B2/Fc treatment was not universal, with some variability 

of effect (Figure 1E), as is often typical with human samples. Some of this variability may 

be explained by the genetic differences between humans as well as differences in degree of 

trauma from surgical harvest, ischemic time, and vein quality that may alter venous 

relaxation, reactive oxygen species generation, and histologic appearance.18,32-34 

Nonetheless, the majority of samples showed some effect of Ephrin-B2/Fc on neointimal 

thickness (Figure 1D). Interestingly, all saphenous veins that were thick at baseline, with an 

I:M ratio > 0.4 responded to Ephrin-B2/Fc treatment, suggesting that patients in need of vein 

graft placement but who have diseased veins may still be candidates for therapy based on 

stimulation of the Eph-B4 receptor, e.g. this pathway is still active in diseased human 

saphenous veins.

Another advantage of using the human saphenous vein is the ability to test it in a bioreactor 

that delivers arterial shear stress, e.g. mimics the vein graft after implantation into the 

arterial environment.21 Using the bioreactor we show that a single dose of Ephrin-B2/Fc 

applied to the adventitia stimulates endothelial Eph-B4 phosphorylation that persists 24 

hours (Figure 5). Adventitial drug delivery is a common strategy, and may be useful in the 

operating room.35-37 A strategy of vein immersion in drug-containing solution, such as used 

in the PREVENT trials, could increase the delivery above that delivered by a purely 

adventitial-based strategy, and thus may be even more effective. This data also confirms our 

previous finding in mouse vein grafts that stimulation of the Eph-B4 pathway prevents 

down-regulation of Eph-B4 expression, suggesting a novel feed-forward mechanism of Eph-

B4 expression in human veins grafts as well.13

The mechanisms by which Eph-B4 prevents neointimal hyperplasia are still not well 

understood; since Eph-B4 is ordinarily down-regulated during vein graft adaptation, therapy 

directed towards downstream effectors may be more effective clinically. Eph-B4 activation 

leads to Akt phosphorylation and NO release that may be one pathway regulating wall 

thickness (Figure 6).12,38 Eph-B4 activation also stimulates caveolin-1 phosphorylation and 

co-localization of with Eph-B4 (Figure 6).12,13 Caveolae are small vesicles near the cell 

membrane that play important roles in signal transduction.39 Loss of caveolin-1 eliminates 

the Ephrin-B2/Fc-induced reduction in wall thickness in mouse vein grafts, showing the 

critical importance of caveolin-1 in Eph-B4 downstream signal transduction.13 Interestingly 

endothelial cells derived from caveolin-1-knockout mice have increased nitric oxide 

production,40 suggesting that Eph-B4 may reduce intimal hyperplasia via both Akt and 

caveolin-1 regulation of nitric oxide. As additional information regarding the signaling 
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pathways downstream from Eph-B4 becomes available, it is likely that more specific targets 

for therapy will be identified.

Conclusion

We show that Eph-B4 receptors are functional in the human saphenous vein, and that they 

can be stimulated with Ephrin-B2/Fc applied to the adventitial surface. It is possible that this 

strategy will be translatable to reduce vein graft failure, and may be generally applicable to 

venous adaptation. We believe that stimulation of Eph-B4 signaling will be a viable strategy 

to alter human venous remodeling.
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Clinical Relevance

Neointimal hyperplasia remains the Achilles’ heel of vein grafts, with the disappointing 

failure of the PREVENT trials showing our incomplete knowledge of endothelial cell 

biology. Promising results in mice suggest that stimulation of Eph-B4, the embryonic 

determinant of veins in undifferentiated cells, may prevent neointimal hyperplasia in 

adult vein grafts. This study shows that human veins also have functional Eph-B4 

receptors and that stimulation of these Eph-B4 receptors maintains activation even under 

arterial flow conditions. These results suggest that stimulation of Eph-B4 function may 

be a worthwhile treatment to test in human vein grafts.
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Figure 1. 
Ephrin-B2/Fc reduces neointimal thickness in human saphenous vein organ culture. A-C) 
Representative photomicrographs of (A) saphenous vein at day 0, or the same vein after 14 

days in organ culture and either (B) control or (C) treated with Ephrin-B2/Fc (2 μg/ml); 

elastin von Gieson stain. Scale bar, 100 μm. D) Bar graph shows mean neointima:media 

ratio for vein rings, day 0 or 14, matched samples treated without or with Ephrin-B2/Fc. 

n=19. *, p=0.001; **, p=0.048 vs. day 0; **, p=0.017 vs. day 14 untreated; paired t-test. E) 
Graph shows the neointima:media ratio in matched vein segments after 14 days. F) Bar 

graph shows proportion of Ki-67 positive nuclei in vein rings after 3 days in organ culture. 

p=0.396, day 3 untreated vs. day 0; p=0.798, day 3 treated vs. day 0; p=0.384, day 3 

untreated vs. treated; paired t-test. n=3. G) Bar graph shows densitometry of Western blot 

analysis of cleaved caspase-3 expression, normalized to GAPDH, in vein rings, day 0 or 3. 
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p=0.079, day 3 untreated vs. day 0; p=0.055, day 3 treated vs. day 0; p=0.827, day 3 

untreated vs. treated; paired t-test. n=3. AU, arbitrary units.
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Figure 2. 
mRNA expression in human saphenous vein organ culture. A) Bar graph shows relative 

number of Eph-B4 mRNA transcripts at day 0 or 14, without or with Ephrin-B2/Fc, in 

matched samples. n=7. *, p=0.005; **, p=0.015 vs. day 0; **, p=0.599 vs. day 14 untreated. 

B) Bar graph shows relative number of Ephrin-B2 mRNA transcripts at day 0 or 14, without 

or with Ephrin-B2/Fc in matched samples. n=7. *, p<0.001; **, p=0.001 vs. day 0. p=0.740 

vs. day 14 untreated. C) Bar graph shows relative number of osteopontin mRNA transcripts 

at day 0 or 14, without or with Ephrin-B2/Fc in matched samples. n=7. *, p=0.044. p=0.078 

vs. day 0; p=0.746 vs. day 14 untreated. D) Bar graph shows relative number of MMP-2 

mRNA transcripts at day 0 or 14, without or with Ephrin-B2/Fc in matched samples. n=7. 

p=0.763, day 0 vs. day 14 untreated; p=0.547, day 0 vs. day 14 treated; p=0.391, day 14 
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untreated vs. treated. E) Bar graph shows relative number of Col1A1 mRNA transcripts at 

day 0 or 14, without or with Ephrin-B2/Fc in matched samples. n=7. p=0.895, day 0 vs. day 

14 untreated; p=0.833, day 0 vs. day 14 treated; p=0.906, day 14 untreated vs. treated. 

Paired t-tests were used for all comparisons. All expression is in arbitrary units relative to 

the control.
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Figure 3. 
Ephrin-B2/Fc stimulates Eph-B4 phosphorylation and downstream signaling in HUVEC. A) 
Immunoprecipitation analysis of tyrosine-phosphorylated Eph-B4 (110 kDa) in HUVEC 

treated without or with Ephrin-B2/Fc. *, IgG heavy chain; **, IgG light chain. IP, 

immunoprecipitation; IB, immunoblot. B) Phosphorylated (ser473) and total Akt expression 

in HUVEC treated with Ephrin-B2/Fc (0, 5, 15 minutes), representative Western blot 

analysis and bar graph showing relative densitometry (n=6; p=0.16, 0 vs. 15 min; unpaired t-

test). C) Phosphorylated (ser1177) and total eNOS expression in HUVEC treated with 
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Ephrin-B2/Fc (0, 5, 15 minutes), representative Western blot analysis and bar graph showing 

relative densitometry (n=6; p=0.15, 0 vs. 15 min; unpaired t-test). D) Phosphorylated (tyr14) 

and total caveolin-1 expression in HUVEC treated with Ephrin-B2/Fc (0, 15, 30 minutes), 

representative Western blot analysis and bar graph showing relative densitometry (n=6; *, 

p=0.04, 0 vs. 30 min; unpaired t-test). E) Representative immunofluorescence images of 

HUVEC without (left panel) and with (right panel) Ephrin-B2/Fc (2 μg/ml), 5 min, n=3. 

Red, caveolin-1; Green, Eph-B4; Blue, DAPI. White arrow shows co-localization of Eph-B4 

and Cav-1. Scale bar, 25 μm F) Bar graph shows relative Eph-B4 mRNA transcript 

numbers, normalized to GAPDH, in HUVEC treated without or with Ephrin-B2/Fc (2 

μg/ml) for 12hrs (n=3). P=0.745, unpaired t-test.
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Figure 4. 
Ephrin-B2/Fc stimulates NO release but not proliferation in HUVEC. A) Bar graph showing 

NO release in HUVEC treated without or with Ephrin-B2/Fc (2 μg/ml, 30 min), normalized 

to total protein (n=6; *, p=0.007 vs. 30 min untreated, unpaired t-test). Two bars for time 0 

are shown, matched to each of the two time 30 runs. B) Bar graph shows relative cell 

numbers in HUVEC stimulated with serum or Ephrin-B2/Fc (72 hr). n=3. * p<.05, unpaired 

t-test.
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Figure 5. 
Adventitial delivery of Ephrin-B2/Fc stimulates endothelial Eph-B4 phosphorylation. 

Immunofluorescence of human saphenous vein treated on its adventitial surface with 

pluronic gel without or with Ephrin-B2/Fc (2 μg/ml) and placed in a bioreactor; analysis of 

matched samples. (A) Saphenous vein prior to initiation of arterial flow. (B) Saphenous vein 

treated with pluronic gel alone (24 hr). (C) Saphenous vein treated with Ephrin-B2/Fc (24 

hr). Red, phosphotyrosine; Green, Eph-B4; Blue, DAPI. White arrows show co-localization 

of Eph-B4 and phosphotyrosine in the endothelium. White asterisks, vessel lumen. N=3. 

Scale bar, 50 μm.
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Figure 6. 
Schematic of Eph-B4 signal transduction. Ephrin-B2 ligand (Ephrin-B2/Fc in the 

experiments) binds to the Eph-B4 receptor, activating it by dimerization and 

phosphorylation. Activated Eph-B4 stimulates additional downstream signaling pathways, 

including caveolin-1, Akt, and eNOS signaling among others, leading to additional functions 

in the blood vessel.
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Table 1

Primers used in qPCR analysis.

Gene Sequence

GAPDH 5′->3′ GAGAAGGCTGGGGCTCATTT

3′->5′ AGTGATGGCATGGACTGTGG

Eph-B4 5′->3′ ATGCCCGTCATGATTCTCAC

3′->5′ GGAAAGGCCAAAGTCAGACA

Ephrin-B2 5′->3′ AACTGTGCCAAACCAGACCA

3′->5′ GCAGAACTTGCATCTTGTCCA

Osteopontin (OPN) 5′->3′ CTGCCAGCAACCGAAGTTTT

3′->5′ TCCTCGCTTTCCATGTGTGA

Collagen 1 (Col1A1) 5′->3′ ACCTGGTCCACAAGGTTTC

3′->5′ ACCATCCAAACCACTGAAGC

Matrix metalloproteinase 2 (MMP2) 5′->3′ CAGGGCACCTCCTACAACAG

3′->5′ ACTTGTTGCCCAGGAAAGTG
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