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Abstract

Background: Prosthetic vascular grafts in humans characteristically lack confluent 
endothelialization regardless of the duration of implantation. Use of high-porosity grafts 

has been proposed as a way to induce endothelialization through transgraft capillarization, 

although early experiments failed to show increased healing in man.

Objectives: We hypothesized that transduction of tissues around the prosthetic conduit 

with vectors encoding VEGF receptor-2 (VEGFR2) ligands would augment transinterstitial 

capillarization and induce luminal endothelialization of high-porosity ePTFE grafts.

Methods: Fifty-two NZW rabbits received 87 ePTFE uni- or bilateral end-to-end interposition 

grafts in carotid arteries. Rabbits were randomized to local therapy with adenoviruses 

encoding AdVEGF-A165, AdVEGF-A109 or control AdLacZ and analyzed at 6 and 28 days 
after surgery by contrast-enhanced ultrasound and histology.

Results: AdVEGF-A165 and AdVEGF-A109 dramatically increased perfusion in perigraft 

tissues at 6 days (14.2 ± 3.6 or 16.7 ± 2.6-fold increases, P < 0.05 and P < 0.01). At 28 days, 
the effect was no longer significantly higher than baseline. At 6 days, no luminal 
endothelialization was observed in any of the groups. At 28 days, AdVEGF-A109- and 
AdVEGF-A165-treated animals showed enhanced ingrowth of transinterstitial capillaries 

(66.0 ± 13.7% and 77.4 ± 15.7% of graft thickness vs 44.7 ± 24.4% in controls, P < 0.05) 
and improved luminal endothelialization (11.2 ± 26.3% and 11.4 ± 22.2%, AdVEGF-A109 
and AdVEGF-A165 vs 0% in controls, P < 0.05). No increased stenosis was observed in the 
treatment groups as compared to LacZ controls.

Conclusions: This study suggests that transient local overexpression of VEGFR2 ligands in 

the peri-implant tissues at the time of graft implantation is a novel strategy to increase 

endothelialization of high-porosity ePTFE vascular grafts and improve the patency of small-

diameter vascular prostheses.
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Introduction

Patients who lack autologous venous or arterial bypass 

conduits cannot be currently offered durable prosthetic 

alternatives due to poor patency rates of small-diameter 

(≤6 mm) synthetic vascular grafts (1). In CABG prosthetic 

conduits are the last option and only seldom used, and 

in peripheral arterial interventions the problem of poor 

biocompatibility is commonly exaggerated by suboptimal 

distal run-off as well as the need for considerable 

anatomical length of the synthetic vascular substitutes. 

Moreover, high failure rates of current hemodialysis access 

grafts continue to be a major problem in the management 

of end-stage renal disease and better treatments are 

therefore highly warranted.

Functional vascularization is a fundamental challenge 

in tissue engineering and most notable successes so far 

have been in thin or avascular structures such as skin, 

bladder and cartilage (2). Successful surgical implantation 

of avascular scaffolds has been reported by implantation 

alongside a rich external blood supply (2, 3). Similarly, 

endothelialization by transmural capillarization using 

increased porosity synthetic grafts has been suggested 

as an alternative way to increase biocompatibility and 

ultimately improve the patency of prosthetic arterial 

replacements, such as ePTFE grafts (4, 5), which are in 

broad clinical use and have an outstanding time-proven 

record against structural degeneration (6). However, early 

clinical results were discouraging and the findings were 

proposed to be caused by an insufficient local angiogenic 

response (7).

Understanding of the key molecular mechanisms of 

therapeutic neovascularization has improved significantly 

during the last few years and more mature approaches 

toward therapeutic applications have emerged. We have 

consistently shown in normal and ischemic skeletal muscles 

as well as in myocardium that transient overexpression of 

VEGF receptor-2 ligands promotes capillary arterialization 

and sprouting angiogenesis, induces increased blood 

flow as well as increases the survival and functionality of 

transferred lymph nodes (8, 9, 10, 11, 12). We hypothesized 

that transient overexpression of VEGF receptor-2 ligands 

using robust adenovirus vector system, which is locally 

applied at the time of surgery would stimulate transgraft 

angiogenesis and luminal endothelialization of small-

diameter high-porosity ePTFE vascular grafts. In addition 

to substantial preclinical literature over the past two 

decades using prosthetic graft matrixes impregnated 

with angiogenic peptides or proteins (5, 13, 14, 15, 16) 

encouraging findings have also been reported with plasmid 

DNA, although the results were somewhat conflicting 

between the used species, graft materials as well as gene 

doses and combinations (17). In contrast to the results 

obtained with adenovirus or adeno-associated virus 

vectors, there is often a lack of dose response effect with 

plasmid DNA and larger randomized controlled clinical 

trials have not supported the use angiogenic proteins or 

plasmid DNA in cardiovascular applications in general 

(18, 19). We used a rabbit carotid artery interposition graft 

model, which is the recommended small animal system 

for testing the performance of small-diameter vascular 

grafts and in which the endothelial response to prosthetic 

conduits approximates that seen in humans (20, 21): at 

follow-up, a confluent endothelial layer is limited to the 

perianastomotic areas of the ePTFE grafts and spontaneous 

luminal endothelialization through transinterstitial 

capillarization is characteristically lacking when increased 

porosity conduits are used in this anatomic region  

(22, 23). Moreover, we hypothesized that ECM-binding 

motif might influence bioavailability and tissue 

distribution of ligands using transinterstitial capillarization 

and luminal endothelialization as read-outs in a graft 

model of vessel wall assembly (24) and therefore included 

VEGF core domain (VEGF-A109) which is necessary 

and sufficient for receptor binding and activation as an 

additional control. It was shown that local application 

of adenoviruses encoding either ECM-binding motif 

containing VEGF-A165 or VEGF-A109 core domain to 

the peri-conduit tissues at the time of surgery both led to 

transient increases in perigraft capillarization and perigraft 

hyperemia, augmented transinterstitial capillarization and 

induced luminal endothelial cell-mediated healing of the 

high-porosity small-diameter ePTFE vascular grafts.

Methods

Graft implantation

All animal experiments were approved by the 

Experimental Animal Committee at the University of 

Eastern Finland. Adult 3.0–4.0 kg New Zealand white 

rabbits (n = 52) were anesthetized with medetomidine 

(Domitor, 0.3 mg/kg, Orion, Espoo, Finland) and ketamine 

(Ketalar, 20 mg/kg, Pfizer). ePTFE (n = 87) grafts (2 mm 

internal diameter, 0.35 mm thick, 30 mm length, 60 µm 

internodal distance) were implanted into rabbit carotid 

arteries with continuous 8-0 PTFE sutures in an end-

to-end anastomosis through a mid-line incision of the 

neck. The first 17 animals received unilateral prosthesis,  
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and when all animals reach the 6  days showing no 

problems with patency by duplex ultrasonography, the 

remaining 35 animals received bilateral conduits. Animals 

received daily enoxaparin (1 mg/kg) for 6 or 28 days and 

daily acetylsalicylic acid (10 mg/kg in drinking water) 

and clopidogrel (30 mg loading dose followed by 15 mg 

daily, Plavix, Sanofi) through the follow-up period of 6 or 

28 days. Patencies in all cohorts were 100%. All animals 

received 125 mg prophylactic single-dose perioperative 

cefuroxime (Zinacef, GlaxoSmithKline).

Gene transfer

1 × 1011 viral particles (vp) diluted in 2 mL of physiological 

saline of replication-deficient E1–E3-deleted clinical GMP-

grade adenoviruses (Ad) encoding VEGF-A109, VEGF-A165 

or nuclear-targeted β-galactosidase (LacZ) marker gene 

were applied directly into the tissue bed surrounding the 

prosthesis within a few minutes after reestablishment of 

arterial blood flow across the carotid artery prosthesis 

immediately after oozing (if any) of blood through pores 

of ePTFE graft was ceased. The tissues surrounding the 

prosthesis were bathed in the solution, and after 15 min, 

the wound was closed in layers.

Contrast-enhanced ultrasound perfusion imaging

Perfusion in the perigraft tissues surrounding the grafts and 

intact carotid arteries was measured with 15L8 transducer 

(Siemens) using a Cadence Contrast Pulse sequence 

(CPS) application and SonoVue (Bracco) contrast agent 

and perfusion ratios between peak intensities comparing 

perigraft tissue and control carotid were calculated as 

previously reported (24).

Immunohistochemistry

Antibodies against endothelial cells (CD31, Dako, 1:50), 

SMCs (HHF-35, Enzo Biochem, 1:50) and β-galactosidase 

(Promega, 1:250) were used along with hematoxylin and 

eosin (H&E) stain on 7 µm paraffin sections. Images were 

acquired with an Olympus AX70 microscope (Olympus 

Optical) and measurements made with analySIS software 

(Soft Imaging Systems, Munster, Germany).

Capillary measurements and endothelialization

Capillary measurements from the perigraft tissue were 

performed from randomly chosen ten images acquired at 

200× magnification and analyzed in a blinded manner 

with analySIS software. Transgraft capillarization was 

analyzed from 200× magnification images covering the 

entire graft wall (4 µm thick serial sections, 1 mm apart 

covering the 15 mm mid-graft region) and the mean value 

for each individual animal was reported as percentage 

of graft wall thickness traversed by the capillaries from 

the abluminal surface. Luminal endothelialization was 

determined from the same serial sections as percentage of 

the luminal circumference covered by CD31-positive cell 

lining. Transanastomotic endothelialization was analyzed 

from longitudinally cut 15 mm long serial paraffin 

sections of the anastomoses stained for endothelial cells.

Neointima formation

Neointimal hyperplasia and graft stenosis was analyzed 

from HHF-35 stains at mid-graft and expressed as percentage 

area stenosis (1 − (luminal area/graft luminal area) × 100). 

Perianastomotic neointima thickness was determined from 

longitudinal serial sections of the anastomotic regions.

Statistical analyses

All parameters were analyzed with one-way ANOVA 

followed by Dunnett’s multiple comparison test 

comparing AdVEGF-A109 and AdVEGF-A165 treatments 

to AdLacZ. P values of <0.05 were considered significant. 

All results are reported as mean ± S.D.

Results

Transgene expression

Nuclear-targeted β-galactosidase expression was detected 

in perigraft tissues following AdLacZ treatment 6  days 

after surgery and gene transfer (Fig. 1). No positive cells 

were seen 4 weeks after gene transfer.

CPS ultrasound

AdVEGF-A109 and AdVEGF-A165 increased perfusion in 

perigraft tissue at 6  days (16.7 ± 12.3 or 14.6 ± 11.2-fold 

increase vs baseline, P < 0.01 and P < 0.05, respectively) 

(Fig.  2A, B, C, D, E, F, M and P). At 28  days, the effect 

was attenuated and no longer significantly higher than 

at baseline (3.6 ± 4.0 or 2.9 ± 3.0-fold increase, P = NS). The 

change in perfusion compared to 0 day baseline was not 

significant in the control AdLacZ-treated group at either 

time point (1.9 ± 2.3 and 1.5 ± 1.7-fold increase, day 6 and 

day 28, respectively, P = NS).
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Perigraft tissue capillary size and density

Six days after treatment (Fig. 2G, H, I, J, K, L, N, O, Q and 

R) AdVEGF-A treatments increased the size and density of 

capillaries in the perigraft tissue with strong angiogenesis 

especially in connective tissue surrounding the grafts. 

Capillary sizes of 42.4 ± 32.6, 39.6 ± 8.5 and 19.3 ± 6.3 µm 

(AdVEGF-A109, AdVEGF-A165 and LacZ, respectively, 

P < 0.05 for AdVEGF-A109 and AdVEGF-A165) were 

observed. At day 28, the size of the periprosthetic 

capillaries had reduced, and there were no significant 

differences between the groups (22.1 ± 9.0, 18.9 ± 4.9 and 

22.7 ± 8.3 for Ad-VEGF-A109, AdVEGF-A165 and AdLacZ, 

respectively).

Capillary densities at day 6 were (capillaries per 

mm2) 917.1 ± 456.9, 691.5 ± 210.3 and 375.5 ± 181.4 

(AdVEGF-A109, AdVEGF-A165 and LacZ, respectively, 

P < 0.001 for AdVEGF-A109 and P < 0.05 for AdVEGF-A165). 

No significant differences were seen at the later time point 

of day 28 (655.3 ± 252.4, 757.8 ± 128.4 and 735.3 ± 213.4 for 

Ad-VEGF-A109, AdVEGF-A165 and AdLacZ, respectively).

Transanastomotic endothelial growth

Perianastomotic endothelial cell growth from adjacent 

arterial segments was determined from longitudinal cross 

sections of both anastomotic regions 28  days after the 

gene transfer (Fig. 3). There were no significant differences 

between the groups in the length of confluent endothelial 

layer that had extended from the adjacent normal carotid 

arterial segment to the graft lumen. The distance of 

endothelial layer from anastomosis was 1.73 ± 1.23 mm 

in AdVEGF-A109-treated animals, 2.14 ± 1.29 mm in 

AdVEGF-A165 group and 2.48 ± 1.64 mm in controls, P = NS.

Mid-graft luminal endothelialization

At mid-graft, no endothelial cells were observed on the 

luminal surface of the grafts in any of the groups at day 6 

(Fig. 4), and by 28 days, no mid-graft luminal endothelium 

was still present in the control-treated animals. Both 

AdVEGF-A109 and AdVEGF-A165 groups displayed 

mid-graft endothelialization at 28  days (11.2 ± 26.3% 

and 11.4 ± 22.2% luminal endothelialization, P < 0.05, 

AdVEGF-A109 and AdVEGF-A165, respectively).

Transmural capillary ingrowth

At day 6, both VEGF-A treatment groups displayed more 

extensive abluminal penetration of capillaries from 

the surrounding tissues into the ePTFE graft matrix. 

28.2 ± 15.8% and 29.4 ± 27.5% (AdVEGF-A109 and 

AdVEGF-A165, P < 0.05, respectively) of the wall thickness 

vs 8.9 ± 12.3% in control AdLacZ (Fig.  4). Similar effect 

was observed in the longer follow-up of day 28 with 

average capillary ingrowth of 66.0 ± 13.7, 77.4 ± 15.7 

and 44.7 ± 24.4% of the graft diameter (AdVEGF-A109, 

AdVEGF-A165 and LacZ, respectively, P < 0.05 

AdVEGF-A109 and P < 0.001 AdVEGF-A165).

Restenosis and pannus growth

Restenosis remained moderate in all groups at day 28 with 

rates of restenosis of 7.7 ± 7.5, 10.6 ± 8.6 and 8.9 ± 8.7% of 

luminal diameter (AdVEGF-A109, AdVEGF-A165 and LacZ, 

respectively, P = NS) (Fig. 5). Neointima/pannus formation 

at the anastomotic region at day 28 was equally limited 

with neointima/pannus thickness (in µm) of 45.4 ± 45.5, 

45.0 ± 34.4 and 47.6 ± 64.4 (AdVEGF-A109, AdVEGF-A165 

and LacZ, respectively, P = NS).

Discussion

Insufficient angiogenesis and proliferation or migration 

of endothelial cells has been suggested as a cause for the 

lack of transmural endothelialization of high-porosity 

small caliber synthetic vascular conduits in man (5, 7). 

Figure 1
Marker gene expression. B-galactosidase stain 

with 40× (A) and 100× (B) magnification with (B) 
showing a higher magnification from the area 
boxed in (A). The graft wall is marked for clarity in 

(A). Transduced cells were seen 6 days after 
surgery and AdLacZ gene transfer (dark brown 

nuclei indicated with arrows in (B)). Scale bars 

200 µm.
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We demonstrate in a rabbit carotid artery interposition 

graft model an increase in angiogenesis in the peri-

conduit tissues, accelerated transinterstitial capillarization 

and improved luminal endothelial cell-mediated healing 

following local AdVEGF-A109 and AdVEGF-A165 gene 

transfers performed at the time of graft implantation. The 

robust boost in angiogenesis is shown both with real-time 

contrast-enhanced power Doppler ultrasound imaging as 

increased perigraft blood perfusion and in histology as 

an increase in the size and number of capillaries in the 

immediate vicinity of the prosthesis at 6-day time point.

More importantly, the local overexpression of 

VEGF-As around the ePTFE grafts resulted in an accelerated 

abluminal entry of capillaries into the graft interstitium. 

This effect was observed at both time points suggesting 

that the VEGF-A-induced sprouting angiogenesis and 

endothelial growth into the graft matrix continued 

beyond the temporally relatively limited expression period 

Figure 2
Perfusion ultrasound and perigraft capillaries. 

Perfusion ultrasound (A, B, C, D, E and F) and 

immunohistological staining for endothelial cells 

(G, H, I, J, K and L). CPS ultrasound performed 

6 days after gene transfer shows greatly 
increased perfusion surrounding the graft after 

treatment with AdVEGF-As (A and B) with contrast 

agent visible mainly inside the graft lumen in 

controls (C). At day 28, the perfusion increase has 

attenuated and a strong signal is only acquired 

from patent graft lumens (D, E and F). CD31 

immunohistology shows an increase in the 

number and size of adventitial capillaries 

surrounding the grafts with both AdVEGF-A 

treatments (G, H, J and K). At day 6, both VEGF-A 

treatments increased perfusion (M) as well as the 

size (N) and number (O) of adventitial capillaries. 

These effects were transient and had dissipated 
by day 28 (P, Q and R). Graft lumen outlined with 

dotted white line in A, B, C, D, E, F. Box in G, H, I 

indicates area for higher magnification in J, K, L. 
Asterisks in M, N, O, P, Q, R indicate significant P 

values with *P < 0.05, **P < 0.005, ***P < 0.001. 
Scale bar 500 µm in G, H, I, J, K, L.
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of AdVEGF-A vector system. Conversely, at 28 days, the 

capillary size and perfusion did regress in perigraft tissues 

in both AdVEGF-A groups vs 6 days but perigraft capillary 

density remained stable in all groups.

At day 28, an increased luminal endothelialization 

at mid-graft was observed with both AdVEGF-A-

treated groups compared with 0% in the controls. In all 

animals, the endothelium-covered areas in the mid-graft 

segments were not confluent with the perianastomotic 

endothelial growth from adjacent normal artery (data 

not shown). No differences were observed between 

the groups in perianastomotic endothelial growth or 

perianastomotic pannus formation supporting the notion 

that the increased capillarization was driven by local 

overexpression of VEGF-As and not by increased systemic 

VEGF-A levels or by circulating EPCs-driven vascular 

repair. Only occasional capillaries reached the luminal 

graft surface and all were found in the AdVEGF-A-treated 

animals. These penetrating capillaries were found to be 

confluent with the luminal endothelial cell layer present 

at mid-graft further supporting the hypothesis that 

transmural capillaries were the major source of luminal 

endothelium outside the perianastomotic segments.

Failure of all capillaries in VEGF-A-treated animals to 

reach full transgraft penetration at 28 days and thereby 

contribute to luminal endothelialization is likely due to 

Figure 3
ePTFE grafts in situ and transanastomotic endothelialization. Photograph with bilateral ePTFE grafts in place (A). Endothelialization over the anastomotic 

site was limited and reached only marginally into the graft. (B and C) CD31 immunohistology for endothelial cells shows the luminal endothelium 

reaching from the adjacent carotid artery at day 28 (C). There are no significant differences in transanastomotic endothelialization between the groups 
(D). Arrow marks the edge of the endothelial lining on graft surface in C. Boxes in A and B (40× magnification) shown with higher magnification in  
C (200×). Scale bar 500 µm in B, C.

Figure 4
Lumen and transgraft endothelialization. At day 

28 after gene therapy both AdVEGF-A109 (A) and 

AdVEGF-A165 (B) showed partial 

endothelialization on the luminal surface of the 

graft, whereas control AdLacZ (C) remained 

without endothelium. All grafts showed capillaries 

growing into the interstitial spaces of the graft 

wall (D, E and F). After the AdVEGF-A treatments, 

endothelial cells were found close to the luminal 

side of the grafts (left side of image D and E) while 

positive staining was restricted more adventitially 

with control AdLacz (F). The total degree of 

luminal endothelialization (G) as well as 

transmural capillary growth (H, I) were 

significantly improved in both AdVEGF-A 
treatment groups. Scale bar 500 µm in A, B, C, D, 
E, F. Asterisks in G, H, I indicate significant  
P values with *P < 0.05, **P < 0.005, ***P < 0.001.
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locally heterogenic oxygen diffusion from the carotid 

lumen and insufficient hypoxic gradients driving the 

direction of capillary growth. In sprouting angiogenesis, 

capillary endothelial cells generally migrate toward a 

higher VEGF concentration, and angiogenesis is a heavily 

hypoxia-driven process. In normal and atherosclerotic 

rabbit carotid arteries, the hypoxic area is deep in the 

medial layer (25) and in the center of the atherosclerotic 

plaque (26, 27), respectively. Similarly, in the prosthetic 

conduit, the hypoxic center is likely to move toward the 

lumen, but finally reach the diffusion of oxygen and 

nutrients from the carotid lumen. Indeed, the growth 

of capillaries seemed to have reached a plateau in most 

treated grafts just before the luminal surface with only 

occasional capillaries penetrating the entire transmural 

length of the graft. A detailed molecular characterization 

of this capillary population is a valid target for ongoing 

and future research to find novel therapeutic targets in 

tissue engineering and therapeutic angiogenesis research 

in general. Moreover, virus application needs to be 

better characterized and standardized before clinical 

development. The tissue composition surrounding 

implants is heterogenous between different anatomical 

locations and individual patients and is likely to 

influence not only the local spatial distribution of the 

therapeutic protein expression (11) but also the degree of 

capillary invasion of the ePTFE matrix (28), although no  

correlation was found in our study between luminal 

endothelialization or transmural capillary ingrowth and 

the degree of coverage of different tissues in contact 

with the prosthesis at explantation (data not shown). 

Furthermore, simple ‘bathing’ of surrounding tissues 

results in wider local transgene expression and vascular 

growth (>1 cm from the implant; Fig.  2) that is likely 

to be necessary to stimulate capillary formation in the 

immediate vicinity of the graft. Now, tissue edema from 

VEGF-A-induced vascular permeability is transiently 

formed at the site of virus application (11, 29), which 

is highly deleterious in typical clinical situation further 

impairing tissue oxygenation in an already ischemic tissue. 

Definition of the minimal target tissue volume around 

the prosthetic vascular graft as well as appropriate virus 

formulation for this application needs to be developed to 

improve efficacy and limit side effects.

Adventitial VEGF-A has been shown to be an 

accelerator of neointimal hyperplasia (30). The present 

study found, however, no increased neointimal formation 

or accelerated pannus formation in the AdVEGF-A-treated 

groups compared to the control. In atherosclerotic lesions, 

vasa vasorum vessels appear to feed the growing plaque. 

In the current setting of ePTFE graft functionalization, the 

increased capillary network showed only beneficial effects 

in the form of partial luminal endothelialization and 

increased transmural growth. The local milieu surrounding 

Figure 5
Neointima and pannus formation. At day 28, grafts 

in all groups had developed a thin layer of mostly 

smooth muscle cell neointima as shown by 

HHF-35 stain (A, B and C). Anastomotic areas show 

an unobstructive pannus formation (D, E and F). 

Neither mid-graft restenosis by neointimal growth 

nor the formation of an anastomotic pannus was 

statistically different between the groups (G and 
H). Scale bar 500 µm in A, B, C, D, E, F.
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the engineered graft differs therefore significantly from 

native artery. Moreover, it is also important to understand 

that ePTFE itself presents a very harsh microenvironment 

for proper endothelial cell-mediated healing and better 

materials and material coatings are highly warranted 

to support capillary ingrowth and ultimately luminal 

endothelialization (5).

In conclusion, our results suggest that angiogenic 

gene therapy applied directly on the surgical wound at the 

time of graft placement may be beneficial in improving 

the currently very poor patency rates of the small-

diameter vascular conduits. Together with novel graft 

material research with improved biocompatibility profiles 

that support neocapillaries, this approach has therapeutic 

potential to improve the significant clinical problem of 

poor endothelialization and currently dismal patency of 

small-diameter vascular grafts.
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