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Tissue engineering of blood vessels with endothelial cells differentiated
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ABSTRACT

Endothelial cells (TEC3 cells) derived from mouse embryonic stem (ES) cells were used as seed cells to construct
blood vessels. Tissue engineered blood vessels were made by seeding 8 106 smooth muscle cells (SMCs) obtained
from rabbit arteries onto a sheet of nonwoven polyglycolic acid (PGA) fibers, which was used as a biodegradable
polymer scaffold. After being cultured in DMEM medium for 7 days in vitro, SMCs grew well on the PGA fibers,
and the cell-PGA sheet was then wrapped around a silicon tube, and implanted subcutaneously into nude mice. After
6~8 weeks, the silicon tube was replaced with another silicon tube in smaller diameter, and then the TEC3 cells
(endothelial cells differentiated from mouse ES cells) were injected inside the engineered vessel tube as the test
group. In the control group only culture medium was injected. Five days later, the engineered vessels were harvested
for gross observation, histological and immunohistochemical analysis. The preliminary results demonstrated that the
SMC-PGA construct could form a tubular structure in 6~8 weeks and PGA fibers were completely degraded.
Histological and immunohistochemical analysis of the newly formed tissue revealed a typical blood vessel structure,
including a lining of endothelial cells (ECs) on the lumimal surface and the presence of SMC and collagen in the wall.
No EC lining was found in the tubes of control group. Therefore, the ECs differentiated from mouse ES cells can
serve as seed cells for endothelium lining in tissue engineered blood vessels.
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INTRODUCTION

In clinic, vascular pathological changes and damage
are common diseases. These diseases are usually life-
threaten if they are not treated timely. The patients with
vascular diseases often need transplantation of vascular
grafts. Sometimes, autologous grafts may cause morbid-
ity at the donor site. In addition, donated tissues are limited.
Also, synthetic conduits made by high molecular com-
pounds and allogeneic graft replacements have certain
disadvantages that greatly limit their application to the
long-term treatment. These conduits are foreign materi-
als that lack the ability to grow, repair or remodel. More
importantly, they are potentially thrombogenic. Therefore,

tissue engineering might be a good approach to construct
a blood vessel. However, tissue construction by tissue
engineering approach needs a large amount of seed cells,
such as endothelial cells. Thus, the finding of a source of
large amount of human vascular endothelial cells is im-
portant to develop engineered vessels for the treatment
of vascular diseases[1].

Weinberg and Bell first reported an approach for
generating tissue engineered blood vessel in 1986[2].Since
then many improved methods have been developed[3-
5]. The effort to construct living blood vessels has re-
cently been performed in our laboratory[6], using smooth
muscle cells (SMCs) and endothelial cells (ECs) har-
vested from animal arteries and veins as seed cells. These
cells were co-cultured with the PGA sheet in vitro for 1
week, then the PGA sheet were wrapped around a sili-
con tube to form a tubular structure and implanted sub-
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cutaneously in nude mice. After implantation for 6 weeks,
the cell-PGA construct could form a tubular structure
with an endothelial lining. But in this process, the autolo-
gous vessels must be harvested to isolate endothelial cells,
but they were difficult to proliferate in culture. Besides,
it also caused tissue damage for donors. Human embry-
onic stem (ES) cells have the potential to differentiate
into various cell types[7] and thus, may provide a source
of seed cells for tissue engineering. Differentiation of
ES cells into endothelial cells and the formation of vessel
structure have been studied extensively in murine ES cells
including maturation steps, molecular events, and growth
factor involvement[8-10]. Recently, Levenberg et al.
described that human embryonic stem (hES) cells were
able to differentiate into endothelial cells and form tube-
like structures when cultured on matrigels. When trans-
planted into SCID mice, these cells appeared to form
micro-vessels that contained mouse blood cells.
Therefore, they concluded that these induced cells could
provide a source of human endothelial cells for potential
applications[11].

It is well known that endothelialization is important
to maintain the long-term potency of small-caliber pros-
thetic blood vessels. Endothelial cells not only prevent
thrombus formation but also secret some bio-factors into
the blood[12-13], so endothelial cells play an important
role in blood vessel. In previous studies, we have suc-
cessfully induced mouse ES cells to differentiate into ECs,
which were further immortalized by the transfection of
human telomerase reverse transcriptase (hTERT) cDNA
[14]. These immortalized differentiated cells were able
to maintain the phenotype of ECs, including the expres-
sion of mRNA and proteins of fetal liver kinase-1 (flk-
1), von Willebrand factor (vWF) and CD34. These cells
could form tubular structures in culture medium supple-
mented with vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF) and erythropoietin
(EPO). In the present study, the induced ECs immortal-
ized by hTERT cDNA were used as seed cells to engi-
neer blood vessels. Using these induced ECs, we have
successfully constructed several engineered blood ves-
sels in the subcutaneous tissues in nude mice, and the
engineered vessels contains an endothelial lining. Our
preliminary results showed that it is possible to
endothelialize engineered vessel with immortalized ECs
differentiated from mouse ES cells.

MATERIALS AND METHODS

TEC3 endothelial cells and the cell culture

TEC3 cells were generated in our laboratory. Briefly, the embryonic
bodies (EBs) formed in vitro from mouse ES7 (ES cell line also
established in our laboratory used as parental cells ) cells were in-
duced with retinoic acid (RA) at a concentration of 1 0-9 mol/L in
Dulbecco  Modified Eagle Medium (DMEM, Gibco) containing 450
mg/L glucose, 20% FCS, 0.1 mol/L b-mercaptoethanol, 1000 units/ml
leukemia inhibition factor (LIF) and 1% nonessential amino acid
(designated as Embryonic stem cells medium, ESM) for 5 days, then
these EBs were attached to 6-cm culture dishes coated with 0.1%
gelatin, and cultured in DMEM medium containing 15% FCS and 3
ng/ml transforming growth factor-b1 (TGF-b1). Following 2-5 days
culture, some epithelial cells and a lot of round cells appeared around
each of EBs. After 5-10 days culture, these ound cells were able
to arrange into vascular tube-like structures. The results obtained by
scanning electron microscopy and immunocytochemistry staining dem-
onstrated that these tube-like structures were constituted by a large
number of round cells, which were positive to vWF and CD34 anti-
bodies (see also[]). Then these round cells were collected and trans-
fected with the cDNA of human telomerase reverse transcriptase
(hTERT) by Lipofectamine 2000 in order to immortalize these cells.
After the selection with G418, a cell clone named TEC3 was obtained.
RT-PCR, Western blot and immunocytochemical evaluation indicated
that TEC3 cells differentiated from mouse ES cells still maintained the
phenotype of vascular endothelial cells(Fig 1), and could proliferate
continuously and be passaged for long-term in vitro[14].

Generally, TEC3 cells were cultured in DMEM medium containing
15% FCS. At the interval of 3 passages, TEC3 cells were recaptured in
DMEM containing 100 ng/ml LIF, 50 ng/ml VEGF and 10 ng/ml
bFGF to maintain endothelial cell phenotype.

Flow cytometry assay for DNA euploidy of TEC3 cells

TEC3 cells (the 17th passage used as experimential material) and ES7
cells (the 9th passage used as control) were collected respectively, fixed
with 70% ethanol and stained routinely, then analyzed by FACS
Caliber Flow cytometry for cell DNA euploid.

Flow cytometry assay for vWF expression in TEC3 cell

TEC3 cells and ES7 cells were also used for the analysis of vWF
expression. TEC3 cells and ES7 cells were collected respectively and
stained with a rabbit anti-vWF antibody (1:50, Dako) for immunof-
luorescence by fluorescence activated cell sorter (FACS). The sec-
ondary antibody was goat anit-rabbit IgG-FITC (1:50). After the
reaction was finished, TEC3 cells and ES7 cells were analyzed by
FACS Caliber for the percentage of positive cells. Mouse bone mar-
row-derived endothelial cells (BMECs)[14] were used as positive
control cells.

Isolation and culture of smooth muscle cells (SMCs)

Carotid arteries were harvested from New Zealand white rabbits,
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washed with phosphate buffered saline (PBS) for several times, then
minced by scissors after adventitia was deprived. The tissue frag-
ments were plated on the culture dishes (Falcon, 10 cm in diameter),
with a distance around 1~2 mm among tissues pieces. Small amount
of DMEM medium supplemented with 10% fetal bovine serum (FBS,
Hyclone) and 100 units/ml penicillin and streptomycin (Gibco) was
added, and the dishes were put in an incubator. After 4 h incubation at
37  and 5% CO2, the tissue fragments adhered to the dish well and
then 10ml per culture dish of DMEM/FBS was added. After culture
for another 6-7 days, some fibroblast-like cells grew out from the
artery tissue pieces, and then culture medium was changed every 2-3
days.

Three weeks later, these fibroblast-like cells were grown near to
confluence. Cells were then trypsined and passaged. Meanwhile, these
cells were proved to be smooth muscle cells by immunocytochemical
staining with an anti-smooth muscle actin antibody (Dako).

Construction of tissue engineered tubular structure

Polyglycolic acid (PGA) nonwoven fibers were purchased from
Albany International Research Company, Inc (Albany, NY, USA).
The PGA fibers were arranged into a sheet of 3 0.5 cm in size(Fig 2)
and sterilized by immersing in 75% alcohol for half an h.

SMCs proliferated continuously in vitro. These cells were

trypsinized when the number of cells reached 8 106, and then seeded
onto a sterilized PGA sheet and left in an incubator at 37 , DMEM
medium containing 10 % FBS was added 4 hours later, culture me-
dium was changed every day. After 1 week in vitro culture, the cell-
PGA construct was wrapped around a silicon tube (3 mm in diameter)
(Fig 3), and then implanted subcutaneously into nude mice  (Fig 4).

Endothelialization of tubular structure

After the tubular structure was implanted into nude mice for 6~8
weeks, the constructed tube was exposed by a small incision (Fig 5),
the silicon tube was pulled out and replaced by another silicon tube
with smaller diameter(2mm in diameter), and then 2 x106 TEC3 cells
suspended in 500 ml culture medium were injected into the interspace
between the silicon tube and engineered vessel, and the incision was
sutured. Only culture medium (500 l) was injected in control group.
Engineered vessels were harvested in 5 days after TEC3 cells were
injected. The harvested tubes were analyzed for gross observation
(Figs 6,7,8). The harvested tissues were also embedded in paraffin,
sectioned at 5 mm and then proceeded for histology and immunohis-
tochemical analysis such as vWF and smooth muscle actin (SM-
actin) staining. Rabbit carotid artery was used as positive control for
the staining of vWF.

Fig 1. TEC3 cells (17th generations) Phase contrast. 200
Fig 2. The PGA fibers were fabricated into a sheet of 1.5 3 cm in size.
Fig 3. SMCs-PGA was wrapped around a silicon tube (3 mm in diameter).
Fig 4. Tube wrapped with SMCs-PGA was implanted subcutaneously in nude mouse.
Fig 5. After the tubule implanted subcutaneous in nude mouse for 6 weeks, the tubular structure was exposed by a small incision
and TEC3 cells were injected into the interspaces between the second silicone tube (2 mm in diameter) and engineered vessel.
(Arrow shown)
Fig 6. 5 days later, the engineered vessel was exposed in situ.
Fig 7. Tissue-engineered blood vessels with endothelial cells differentiated from ES cells showed yellowish pink in color.
Fig 8. Pulled out the tubule. Tissue-engineered blood vessel with lumen.
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RESULTS

Characterization of TEC3 cells

In vitro, TEC3 cells grew very well and maintained
normal morphology of endothelial cells (data not shown)
when examined at the 17th passages. When compared
with normal mouse ES7 cells by flow cytometry assay,
TEC3 cells showed mainly euploidy in nature (Fig 9).

For endothelial cell marker vWF, FACS analysis
showed that its expression (percentage of positive cells)
in TEC3 cells, ES7 cells (as negative control), and BMEC
cells (as positive control) were 85.27%, 5%, and 31%
respectively (Fig 10). These results indicated that TEC3

cells (at the 17th passage) still maintained the phenotype
of endothelial cells.

Fig 9. Flow cytometry assay for DNA euploidy of TEC3

cells (a) and ES7 cells (b).

Blood vessel engineering

After 1 week culture of several cubes of rabbit
carotid arteries, fibroblast-like cells grew out around ar-
tery cubes (data not shown), and could reach confluen-
ce by 3 weeks (Fig 11). These cells were positive for
SM a-actin by immunocytochemical staining (Fig 12a),
but control group (dermal fibroblast cell) was negative
(Fig 12b). Therefore, the cells derived from the artery
cubes were smooth muscle cells (SMCs).

After SMCs were seeded onto PGA and cultured for

Fig 10. Flow cytometry assay for anti-vWF by fluorescent staining
in TEC3 cells (a) ES7 cells (b) and BMEC (c). Percent positive cells
are shown.

1 week, the cells grew very well, and secreted a lot of
matrix proteins (Fig 13) and the cell-PGA construct
formed a complex interwoven structure(Fig 14) . Scan-
ning electron microscope demonstrated that cells adhered
to PGA fibers by 3 days (Fig 15) , and the cells together
with their matrix proteins became intermingled with PGA
fibers by 7 days to form a continuous complex structure
(Fig 16) .

The SMC tubes were harvested from nude mice after
5 day injection of the TEC3 cells. The tissue-engineered
blood vessels were yellowish pink in color (Fig 7) with a
flat lumen according to the gross observation (Fig 8). A

Tissue engineering of blood vessels with ES cells
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Fig 11.   Cells from artery fragments cultured in vitro can be confluent by 3 weeks. Phase contrast 100
Fig 12a. SMCs were positive for smooth muscle actin in immunocytochemical neaction. 200
Fig 12b. Dermal Fibroblast cells were negative for smooth muscle actin in immunocytochemistry. 200
Fig 13.   After SMCs were seeded onto PGA and cultured for 1 week, cells could grow very well, and secreted a lot of matrix proteins. Phase

contrast 100
Fig 14.  SMCs-PGA formed a complex interwoven structure.
Fig 15.  Scanning electron microscope observation, cells were adhered to PGA fibers very well to form a sheet like structure by 3 days 780
Fig 16.   SMCs and matrices became intermingled with PGA by 7 days so that spaces as seen in Fig 15 were no longer present. Scanning electron

microscope 500
Fig 17.  a, H.E staining of tubular structure. 100 ; b, Magnified part of H.E staining of tubular structure, a single layer of endothelial cells

on the lumen surface. 200
Fig 18.  a.b. A section of tubular structure showing immunofluorescent positive staining of endothelium to anti-vWF. 100
Fig 19.  Endothelium layer of rabbit carotid artery showed immunofluorescent positive staining for anti-vWF. 100
Fig 20. The control group not injected with TEC3 cells gave negative reaction to vWF antibodies. 100
Fig 21. Wall of constructed blood vascular were composed with SMCs and arrayed in bundle. 100
Fig 22. Wall of constructed blood vascular showing positive immunohistochemical staining for SM-actin of smooth-muscle cells. 100

Gan  SHEN  et  al



340

http://www.cell-research.com

single cell layer lining at the luminal surface was observed
by HE staining (Fig 17a,b). In control group no such cell
layer was observed (data not shown). The tissue section
showed that this cell layer was positive for vWF by im-
munofluorescent staining, indicating that the intimate layer
of blood vessel was composed of TEC3 cells (Fig 18a,b).
As a positive control, endothelial layer of rabbit carotid
artery also gave a positive staining  (Fig 19) similar to
that of the experimental group. In negative control tube,
no positive staining for vWF was found  (Fig 20). SMCs
of tissue engineered blood vessel arrayed in bundle.  (Fig
21), and showed positive staining for SM a-actin  (Fig
22). All these results indicated that PGA fibers were de-
graded after the SMC-PGA construct was implanted sub-
cutaneously into nude mice for 6-8 weeks. In addition,
tubular structures were composed with SMCs, which
secreted a lot of matrices. The engineered vessels also
contained an endothelium layer constructed by TEC3

cells.

DISCUSSIONS

The concept of tissue engineering was first proposed
in the mid-1980s to solve the problem of donor shortage
in tissue or organ transplantation[15]. It is a new area
that involves cell biology, material and engineering
sciences. The basic approach is to seed different kinds
of living cells onto biodegradable polymer that can sup-
ply a three-dimensional scaffold. And when the polymer
degrades in vivo, the proliferated seeded cells and their
secreted extracellular matrix,together with other neces-
sary infiltrated cells, eventually form a regenerated tis-
sue that can replace the defected tissue. The seed cells
play a very important role in tissue engineering. However,
due to the aging of seed cells during in vitro expansion
and the morbidity of donor site when harvesting tissue, a
reliable source of seed cells remains a major concern in
tissue engineering. The similar concern also exists in blood
vessel engineering. Firstly, animals may face a life-
threaten when large vessels are harvested to isolate en-
dothelial cells; secondly, the endothelial cells should be
isolated by means of enzyme digestion, which may af-
fect cell viability; and thirdly, the cells became aged when
they are expanded in vitro.

Since mouse and human pluripotent embryonic stem
(ES) cell lines have been successfully established from
blastocysts in 1981 and 1998 respectively[16,17,7].  It
has been reported that ES cells can differentiate into many
kinds of committed cells by the induction with growth

factors, cytokines or conditioned culture medium, and by
gene manipulation[8,18,19],  etc. Therefore, ES cells are
expected to become a new source of seed cells for tis-
sue engineering.

In our previous studies[8,14], ES cells have been
induced to differentiate into endothelial cells by RA and
transforming growth factor 1 (TGF- 1), but these
differentiated endothelial cells were not able to prolifer-
ate for a long time in vitro. Normal human cells undergo
a finite number of cell divisions and ultimately enter into
a non-dividing state called replicate senescence. It has
been proposed that telomere shortening is the molecular
clock that triggers senescence. Previous studies showed
that when retinal pigment epithelial cells and foreskin fi-
broblasts were transfected respectively with the vector
encoding the human telomerase catalytic subunit (hTCS),
more cells doubling (at least 20 doubling) could be
achieved in these transfected cells than non-transfected
cells[20,21].Also, the established two cell lines had nor-
mal karyotype. In this study, hTERT cDNA was trans-
ferred into ES7 cells to give TEC3 cells and these cells
were able to maintain the characteristics of endothelial
cells and to proliferate infinitely[14]. Flow cytometry
analysis demonstrated that there were 85.27% TEC3 cells
(Fig 10)  that still expressed vWF after expansion to pas-
sage 17, so these cells could provide a source as seed
cells for constructing the endothelium of tissue engineered
blood vessel. Also, the results from flow cytometry as-
say for DNA euploidy (Fig 9) and karyotype analysis
(data not shown) indicated that the TEC3 cells belong
essentially to normal cells as compared with parent ES7
cells.

After implantation of the tubular structure in nude
mice for 6-8 weeks, we exposed the tubular structure
with a small incision, replaced the silicon tube with an-
other one in smaller diameter and injected 2 106 TEC3

cells into the interspace between silicon tube and engi-
neered vessel. Five days later, the luminal surface of
harvested vessel was shown to be positive for vWF
staining. As we know, the normal artery wall consists
mainly of endothelial cells (internal layer), smooth muscle
(medial layer), and other types cells (adventitia layer).
Our goal is to engineer a blood vessel with a structure
similar to that of normal blood vessel.

The early model of engineering blood vessel
consisted of a multi-layered structure including animal
collagen and cultured bovine endothelial cells, smooth
muscle cells and fibroblasts[2]. However, these blood

Tissue engineering of blood vessels with ES cells
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vessel is too weak to withstand pressure. So, many
methods have been tried to improve the mechanical
strength of tissue engineered blood vessel[3,4].In 1998,
Shinoka[4] seeded SMCs and ECs onto PGA to produce
a living pulmonary artery conduit. The results
showed that these kinds of tissue engineered grafts were
potent after 11 weeks. In our lab, the method is similar to
Shinoka s; Liu et al. [6] found that none of polymer
scaffold was remained after the tubular structure of cell-
PGA construct had been implanted into nude mice sub-
cutaneously for 6 weeks. So, in the present work, we
harvested the engineered vessel wall at 6-8 weeks and
seeded TEC3 cells into the lumen for another 5 days.
From a total of constructed 5 tissue engineered blood
vessels, we found that one of them was consisted of
multi-layer TEC3 cells, which even blocked a few parts
of tubule lumen. This phenomenon was probably corre-
lated with the unequal distribution of TEC3 cells, due to
the slope of tube and gravity, in the interspace between
the smaller silicon tube and engineered vessel.

In summary, we have successfully constructed the
tissue engineered blood vessels with endothelial cells dif-
ferentiated from mouse ES cells, and our results demon-
strated for the first time the possibility, that ES cells can
be used as the seed cells for blood vessel engineering.
But there is a long way to go to use this kind of seed
cells for clinical application and further more detailed
research needs to be performed.
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