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Readily Available Tissue-Engineered Vascular Grafts

 
Editor's Summary

 
Grow Your Own Blood Vessels

 
 
 
blood vessels for a healthier life is as real as the home-grown asparagus in your garden.
solution means that these can be made ahead of time and then are ready to go whenever they are needed. Growing
transplant. The added advantage of being able to store these off-the-shelf vascular grafts long-term in a simple saline 
derived from allogeneic donors and rendered nonimmunogenic by removal of donor cells are suitable for surgical
that they functioned effectively for at least 1 month. Together, these results demonstrate that durable vascular grafts 
grafts, the investigators then conducted either peripheral or coronary artery bypass in the dog recipients and showed
due to be recipients) because an endothelial cell lining helps to prevent blood clot formation. Using the engineered 
vascular grafts with small diameters (3 to 4 mm). They then seeded these grafts with endothelial cells (from the dogs
smaller-diameter vascular grafts. Using dog smooth muscle cells cultured on PGA scaffolds, they created canine 
To do this, they turned to a dog model of peripheral and coronary artery bypass, surgeries that require
engineered vascular grafts with smaller diameters, which are often plagued by thrombi (blood clots) after transplant. 
show evidence of fibrosis, calcification, or thickening of the vessel wall intima. But the authors wanted to test
patency and strength for up to 6 months. When the grafts were removed and examined histologically, they did not 
disease to undergo dialysis). The authors showed that the grafts in baboons restored blood flow and retained their
the graft formed a direct conduit between an artery and a vein (an approach that enables human patients with kidney 

whichsaline solution for a year. The human vascular grafts were tested in a baboon model of arteriovenous bypass in 
phosphate-bufferedmm or greater in diameter and retained their strength, elasticity, and patency even after storage in 

to make sure the grafts would not elicit an immune response when transplanted. These human vascular grafts were 6
fully formed vascular grafts were left behind. The investigators then stripped the cells from the grafts, using detergent 
muscle cells produced collagen and other molecules that formed an extracellular matrix. When the scaffold degraded,
allogeneic cells) on tubular scaffolds made from a biodegradable polymer called polyglycolic acid (PGA). The smooth 

The authors grew their human vascular grafts by culturing smooth muscle cells from human cadavers (that is,
animal models.
strength and patency during long-term storage and function successfully after vascular surgery in baboon and dog 
Dahl and her team with a new approach that provides readily available, off-the-shelf vascular grafts that retain their
scaffolds, but this process takes 9 months or more, and often the patients cannot wait that long for surgery. Enter 
Engineered autologous blood vessels can be grown from endothelial cells taken from the patient and cultured on
it sounds. Although a patient�s own blood vessels can sometimes be used for the graft, often this is not possible. 
vessels for surgical transplant into patients requiring, for example, a cardiac bypass or dialysis is not as far-fetched as
for surgical transplantation is a more unusual pastime. But the idea of growing a readily available supply of blood 

Growing your own vegetables may be a well-established approach for a healthier life, but growing blood vessels
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R E S EARCH ART I C L E
idly degradable polyglycolic acid (PGA) tubular scaffolds (Fig. 1A)
in a bioreactor that delivers cyclic radial strain (15). During the culture
period, SMCs secrete extracellular matrix proteins, predominantly col-
lagen, to form biosynthetic vascular tissue (Fig. 1B) (15), and the PGA
degrades. At the end of the culture period, the resultant tissue is de-
cellularized with detergents, leaving only the secreted collagenous
matrix (Fig. 1C) (16). The decellularization process removes antigenic,
allogeneic cells from the graft, thereby allowing the use of banked al-
logeneic cells to produce TEVGs that are nonimmunogenic and can
be used in any recipient. These TEVGs (Fig. 1C) can be stored in a
standard phosphate-buffered saline (PBS) at 4°C and are immediately
available for placement as an arteriovenous graft (that is, a 6-mm-
www.Sc
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diameter graft that connects an artery to a vein; Fig. 1D). In addition,
they can be seeded with autologous ECs to reduce the risk of throm-
bosis associated with small-diameter (3 to 4 mm) vascular grafting in
peripheral or coronary arteries (Fig. 1E) (13, 17, 18).

Strength and stability of decellularized human TEVGs
To assess the mechanical consistency of grafts produced from different
donors, we produced 37 decellularized TEVGs (6 mm in diameter,
23 cm in length), using cells from 19 human donors (Table 1). We
measured graft suture strength, using 6-0 Prolene 2 mm from the edge
of every graft. Burst pressure was tested intermittently on randomly
selected tubular grafts by inflating the grafts (2 cm in length) with sa-
line until they ruptured. Suture strengths (Table 1) did not change
significantly with donor age (P = 0.26; ages 17 to 49), with male versus
female donor origin (P = 0.52), or with the use of single donor versus
pooled donor populations (two to six donors per pool) for graft
culture (P = 0.42). A group of TEVGs was randomly selected and
stored for 12 months. TEVGs retained their strength, without sig-
nificant changes in suture strength, burst pressure, or compliance
(P = 0.97, P = 0.18, and P = 0.48, respectively) after 12 months of
storage at 4°C in PBS, and were within the ranges reported for native
human vasculature (Table 2). TEVGs contained residual PGA frag-
ments (1.1 ± 0.1% of cross-sectional area of TEVG histological
sections before storage), which did not degrade further during storage
at 4°C (1.0 ± 0.1% after 9 months of storage, P = 0.54).

Decellularized human TEVGs in an arteriovenous model
To assess the function of 6-mm TEVGs, we implanted nine TEVGs
grown from human cells (6 mm in diameter, 12.5 ± 1.1 cm in length)
into baboons as arteriovenous conduits (Fig. 2A) and observed these
grafts for 1 to 6 months (Table 3). One animal was excluded after
pulling open the surgical incision site, exposing the graft and creating
a wound infection. No infection was observed in the eight remaining
animals. Duplex ultrasound measurements of TEVGs at weeks 0, 2, 4,
12, and 24 (Table 4) showed no change in diameter (P = 0.28), no
change in wall thickness (P = 0.93), and an increase in flow rate be-
tween weeks 0 and 2 (P < 0.01). The connection of the high-pressure
arterial system to the low-pressure venous system decreases proximal
arterial resistance, thereby allowing blood to flow rapidly through the
TEVGs. We speculate that the increase in flow observed between
weeks 0 and 2 results from remodeling (for example, dilatation) of
the native vasculature in response to decreased resistance after arteri-
ovenous shunt placement. Flow through TEVGs (Table 4) was suffi-
cient for hemodialysis [>300 ml/min (19)]. TEVGs were accessed
initially at 4 weeks (Fig. 2B), which is a clinically relevant time for first
access to allow for integration and remodeling of hemodialysis grafts,
and then at 3 and 6 months. Of the eight arteriovenous TEVGs, two of
two were patent at 1 month, two of three were patent at 3-month ex-
plant, and three of three were patent at 6-month explant (Fig. 2C).
Only one graft showed thrombosis at 3 months, likely due to technical
difficulties with access, which required prolonged manual pressure that
led to graft clotting. Hence, the patency of the arteriovenous 6-mm
TEVGs in the baboon was 88% (seven of eight). No aneurysmal dila-
tation and no calcification were observed in any graft. Furthermore,
grafts did not exhibit substantial intimal hyperplasia. Anastomotic
neointimal hyperplasia at 6 months (luminal hyperplasia thickness of
0.11 ± 0.05 mm) was less than that reported at 1 month for PTFE ar-
terial bypass grafts in a baboon model (0.25 ± 0.09 mm) (20).
Fig. 1. Strategy for producing readily available TEVGs. Each graft is gener-
ated in the laboratory by (A) culturing human cells on a polymer scaffold

that degrades as the cells produce extracellular matrix proteins to form (B)
a tissue. Cellular material is then removed, leaving (C) an extracellular
matrix tube (the TEVG), which may be refrigerated until the time of patient
need. Cell-derived TEVGs may be implanted without endothelial cells
(ECs) (D, diameters ≥6 mm), or (E) may be seeded with ECs from the
recipient for small-diameter (3 to 4 mm) applications.
ienceTranslationalMedicine.org 2 February 2011 Vol 3 Issue 68 68ra9 2
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TEVGs in small-diameter peripheral and coronary arterial
bypass models
The function of small-diameter (3 to 4 mm) TEVGs was evaluated
in canine models of peripheral and coronary artery bypass. Canine
www.Sc
TEVGs were produced from allogeneic canine cells, decellularized,
and luminally seeded with autologous ECs from the intended recipient
(similar to Fig. 1, but using canine cells). Attached ECs were elongated
and aligned within the lumens of TEVGs, but complete EC coverage
Table 1. Donor data and suture strengths for 6-mm-diameter decellularized human TEVGs. All data are presented as mean ± SEM (number of
distinct grafts tested).
Human donor
 Donor age
 Donor sex
 Diabetic
 Smoker
ienceTran
Hypertension
slationalMedicine
Other diseases
.org 2 February 2011 Vol 3 Is
Suture strength
of human
TEVG (g)
1
 17
 F
 No
 No
 No
 Mitral valve
prolapse; asthma
250 (1)
2
 19
 M
 No
 No
 No
 None
 233 ± 20 (4)
3
 25
 F
 No
 No
 No
 None
 130 ± 20 (2)
11
4
 33
 F
 No
 No
 No
 None
 80 (1)
, 2
0

5
 34
 F
 No
 Yes
 No
 None
 223 ± 27 (4)
11
6
 45
 F
 No
 Yes
 Yes
 Asthma
 120 ± 10 (2)
pr
il 
7
 46
 M
 No
 Yes
 Yes
 None
 110 (1)
 A
8
 46
 M
 Yes
 Yes
 No
 None
 115 ± 5 (2)
 o
n

9
 46
 M
 Yes
 Yes
 Yes
 Kidney failure
 135 ± 35 (2)
or
g

10
 47
 M
 No
 No
 No
g.
Gastroesophageal reflux
disease
275 ± 42 (4)
m
a

11
 47
 M
 No
 Yes
 No
 None
 120 ± 30 (2)
nc
e

Pool of donors 9 and 12
 46
 M
 Yes
 Yes
 Yes
 Kidney failure
 155 ± 35 (2)
ie
c
43
 M
 No
 Yes
 Yes
 None
.s
Pool of donors 1, 4, 5, 7, 8, and 10
 17
 F
 No
 No
 No
 Mitral valve prolapse; asthma
 140 (1)
st
m

 
33
 F
 No
 No
 No
 None
m
o
34
 F
 No
 Yes
 No
 None
 fr
46
 M
 No
 Yes
 Yes
 None
de
d

46
 M
 Yes
 Yes
 No
 None
lo
a

47
 M
 No
 No
 No
n

Gastroesophageal
reflux disease
ow
Pool of donors 13, 14, and 15
 18
 M
 No
 No
 No
 None
 146 ± 5 (7)
 D
27
 F
 No
 No
 No
 None
43
 M
 No
 No
 Yes
 Herpes
Pool of donors 16, 17, 18, and 19
 17
 F
 No
 No
 No
 None
 265 ± 25 (2)
27
 M
 No
 Yes
 No
 None
47
 M
 No
 Yes
 Yes
 Arthritis
49
 F
 No
 Yes
 No
 None
Table 2. Mechanical properties of TEVGs (Fig. 1C) before and after 12 months of storage, and comparison with native vasculature.
Suture strength (g)
 Burst pressure (mmHg)
 % Compliance per 100 mmHg
sue 68
Reference
Human TEVGs (6-mm diameter)
 178 ± 11 (35)
 3337 ± 343 (10)
 3.3 ± 0.8 (10)
 This paper
Human TEVGs stored 12 months (6-mm diameter)
 170 ± 22 (9)
 2651 ± 329 (5)
 2.5 ± 0.8 (5)
 This paper
Human saphenous vein
 196 ± 29 (7)
 1599 ± 877 (7)
 0.7–1.5
 (48, 49)
Human internal mammary artery
 138 ± 50 (6)
 3196 ± 1264 (16)
 11.5 ± 3.9 (7)
 (48)
68ra9 3
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was never achieved. Rather, EC coverage varied widely between grafts,
with a coverage range of 0 to 60% (14 ± 8%) on sections sampled from
grafts before implant. In general, canine grafts were less strong than
human grafts, although still suitable for implantation (burst pressures
were 1618 ± 67 mmHg for 3-mm canine grafts; n = 39).

Five endothelialized canine TEVGs (3 to 5 cm in length) were
implanted as carotid artery bypass grafts, with follow-up times of
1 week to 12 months (Fig. 2D). One animal was excluded after dy-
ing acutely with a patent graft. One graft occluded at 1 week. All other
grafts remained patent, including two grafts that were followed for
1 year (Table 3). A representative angiogram at 1 year (Fig. 2E) dem-
onstrated excellent long-term patency. No stenosis or dilatation was ob-
served in implanted grafts, and no intimal hyperplasia was observed at
anastomoses.

Three endothelialized canine TEVGs (7 to 10 cm in length) were
also implanted into the left anterior descending coronary artery of
www.Sc
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dogs (Fig. 2F) and followed for up to 1 month (Table 3). One animal
died the day after implantation with a patent graft and was excluded
from the study. All coronary artery bypass grafts were patent at the
time of explant (1 week or 1 month; Fig. 2G). For all small-diameter
canine TEVGs (a total of six in the carotid and coronary circulations),
primary patency was 83% (five of six).

Remodeling of TEVGs in vivo
Before implant, TEVGs were smooth and uniform (Fig. 3A). Histolog-
ical evaluation (Fig. 3B), as well as DNA quantification (0.74 ± 0.10 mg
of DNA per milligram of dry tissue weight), demonstrated that the
extent of decellularization of TEVGs was similar to that of other de-
cellularized scaffolds used clinically (21). The extracellular matrix of
TEVGs contained collagen types I and III, which are the most prev-
alent types in native vasculature, as well as fibronectin and vitronectin,
all with primarily circumferential alignment (Fig. 3, C to F).

After implantation into baboons and canines, TEVGs showed con-
siderable remodeling. For all grafts, gross analysis at explant revealed a
smooth inner graft tissue surface with formation of a loose fibrous
outer “adventitial” tissue layer (Fig. 4A). TEVGs demonstrated a no-
table lack of constrictive fibrotic tissue surrounding grafts at explant
(Fig. 4A). Grafts integrated well with the native vasculature at anasto-
motic sites (Fig. 4B).

TEVGs were remodeled to become compositionally more similar
to native artery after implantation. Within 3 months after implant,
elastin formed in anastomotic sections of grafts explanted from ba-
boons (Fig. 4C) in regions containing the highest density of infiltrated
host cells (Fig. 4D). No elastin was observed midgraft in any explanted
TEVGs. Cells expressing a-smooth muscle actin, which could be either
SMCs or myofibroblasts, densely populated the full thickness of TEVGs
near anastomotic sites (Fig. 4E), suggesting migration from adjacent
native vasculature. Actin-positive cells appeared to infiltrate transmu-
rally from the adventitial-like tissue layer into TEVGs in midgraft re-
gions, starting at 6 months in the baboon model (Fig. 4F). In the canine
model, a-smooth muscle actin–positive cells began to infiltrate midgraft
sections transmurally by 1 month (Fig. 4G) and were observed through-
out the midgraft wall by 1 year (Fig. 4H). Host cell infiltration into mid-
graft TEVG walls was more rapid in the canine model, possibly because
shorter grafts were placed in the canines or because of differences in
species. In both models, there were fewer cells within the TEVG walls
in midgraft sections (Fig. 4, F to H) than sections near the anastomoses
(Fig. 4, D and E). Von Willebrand factor (an EC marker)–positive cells
were observed on luminal surfaces of TEVGs both near anastomotic sites
and midgraft in both canine grafts (which were endothelialized before
implantation) and baboon grafts (which were not) (Fig. 4I). ECs may
have migrated from anastomosed vascular tissue, migrated transmu-
rally from surrounding tissue (22), or originated from circulating pro-
genitor cells (23).

In the baboon study, midgraft TEVG segments were saved for
mechanical testing and collagen analysis at explant. Explanted TEVGs
displayed increased suture strength (276 ± 28 g, n = 8, P = 0.01), but
no significant changes in burst pressure (3646 ± 582 mmHg, n = 4,
P = 0.67) or compliance (3.4 ± 2.3% per 100 mmHg, n = 4, P = 0.70)
compared to the preimplant values reported in Table 2. Thus, TEVGs
were mechanically robust without complete infiltration of cells into
midgraft sections (Fig. 4F) or elastin in midgraft sections. No signifi-
cant changes in collagen density were observed between TEVGs
before implant (57 ± 5%, n = 8), TEVGs at explant (46 ± 5%, n = 7),
Fig. 2. Implant sites and observations. (A) Human cell–derived 6-mm
TEVGs (g) were implanted between the axillary artery (a) and the brachial

vein (v) in a baboon model. (B) Arteriovenous grafts (g) were first accessed
with 16-gauge needles at 4 weeks after implant. (C) A representative angi-
ogram of the explanted graft demonstrates that the graft was patent (open
to flow) (g). The arterial anastomosis (aa), venous anastomosis (va), and
brachial vein (v) are shown. (D and E) Canine cell–derived 3-mm TEVG
(g) as a carotid bypass, with clips occluding the intervening carotid artery
(ca), (D) at implant, and (E) a representative angiogram showing patency
with no luminal narrowing at 1 year. (F) Canine cell–derived 3-mm-diameter
TEVGs (g) were implanted on the heart. (G) CT scan shows a patent graft (g)
with no dilatation at 1 month.
ienceTranslationalMedicine.org 2 February 2011 Vol 3 Issue 68 68ra9 4




