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However, due to age, disease, or prior usage, many pa-
tients may not have suitable autologous arteries or veins. 
Since Weinberg and Bell [1986] first sparked the idea of 
growing a living blood vessel in vitro by seeding collagen 
gel tubes, the field of tissue engineering of blood vessels 
has expanded tremendously. Researchers have expanded 
on this original idea of seeding arterial cells onto natural 
or synthetic materials by employing different kinds of 
bioreactors to make tubular constructs and subjecting 
them to soluble factors and/or mechanical conditioning 

 Key Words 
 Stem cells  �  Tissue engineering  �  Blood vessel engineering  �  

Smooth muscle cells  �  Induced pluripotent stem cells 

 Abstract 
 Despite substantial progress in the field of vascular tissue 

engineering over the past decades, transition to human 

models has been rather challenging. The limited replicative 

life spans of human adult vascular cells, and their slow rate 

of collagenous matrix production in vitro, have posed im-

portant hurdles in the development of mechanically robust 

and biologically functional engineered grafts. With the more 

recent advances in the field of stem cells, investigators now 

have access to a plethora of new cell source alternatives for 

vascular engineering. In this paper, we review various alter-

native cell sources made available more recently for blood 

vessel engineering and also present some recent data on the 

derivation of smooth muscle cells from human induced plu-

ripotent stem cells. 

 

Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 More than 500,000 bypass procedures are performed 
each year in the USA alone [Roger et al., 2011]. Both ve-
nous and arterial grafts such as the saphenous vein or the 
internal mammary or radial artery are widely employed. 
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Abbreviations used in this paper

ASCs adipose-derived stem cells
EBs embryoid bodies
ECs endothelial cells
ESCs embryonic stem cells
hESCs human embryonic stem cells
hiPSCs human induced pluripotent stem cells
iPS induced pluripotent stem
MSCs mesenchymal stem cells
PDs population doublings
PGA polyglycolic acid
SCID severe combined immune deficiency
SMA smooth muscle actin
SMCs smooth muscle cells
TEBVs tissue-engineered blood vessels
TEVGs tissue-engineered vascular grafts
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to improve the properties of the living blood vessel graft. 
There are several excellent reviews that discuss these top-
ics in great detail [Gong and Niklason, 2006; Isenberg et 
al., 2006; L’Heureux et al., 2007a]. This review mainly fo-
cuses on the variety of alternative cell sources made avail-
able more recently for the engineering of vessel substi-
tutes, evaluating their respective advantages and limita-
tions. Additionally, while we have included some useful 
information on endothelial cells (ECs), this article main-
ly focuses on cell sources for smooth muscle cells (SMCs).

  General Considerations for Arterial Engineering 

 The approaches for generating tissue-engineered 
blood vessels (TEBVs) in vitro generally require culture 
times of 8–24 weeks or longer so that cells can generate 
adequate extracellular matrix to produce mechanical 
properties requisite for arterial grafts. During extended 
cell culture in the presence of growth factors, vascular 
cells are stimulated to replicate extensively. For example, 
to produce mechanically robust vessel substitutes, SMCs 
must proliferate for at least 45–60 population doublings 
(PDs) [L’Heureux et al., 1998; Niklason et al., 1999; Poh 
et al., 2005]. While fetal and neonatal cells of various spe-
cies (bovine, porcine, human) can divide extensively in 
culture, nonneonatal adult human SMCs typically prolif-
erate for 10–30 PDs before undergoing senescence [Bur-
ton et al., 2009]. Cellular age also influences the mechan-
ical strength of engineered vessels. It is known that the 
mechanical strength of the vessel is largely derived from 
the extracellular matrix components such as collagen and 
elastin. With its high tensile strength, collagen maintains 
the structural integrity of a vessel. Elastin acts as a recoil 
protein and contributes to the compliance of the vessel. 
In general, older cells deposit less extracellular matrix 
than younger cells due to downregulation of matrix pro-
duction and elastogenesis [McMahon et al., 1985; John-
son et al., 1995]. This leads to generation of vessel grafts 
with poor mechanical properties such as burst pressure 
and suture retention. Hence, it has been particularly dif-
ficult to generate vessel grafts with adequate mechanical 
properties using older cells – matrix deposition occurs 
but at a much slower rate than with younger cells. Such 
observations may underlie observations by L’Heureux 
and colleagues [Konig et al., 2009], who have been suc-
cessful in utilizing older human fibroblasts to produce 
vessel grafts but at a cost of culture times exceeding 6 
months. 

  The limited replicative capacity of adult vascular cells 
is due in part to the progressive shortening of the telo-
meres with donor age. Ectopic expression of telomerase 
in somatic cells has been shown to reverse the telomere 
shortening and to extend the replicative life span of a va-
riety of cell types, including SMCs and ECs [Yang et al., 
2001; Kobune et al., 2003; Poh et al., 2005]. Poh et al. 
[2005] introduced telomerase into SMCs derived from sa-
phenous vein cells from patients who were undergoing 
coronary artery bypass grafting. The resulting cells pro-
liferated far beyond their normal life span, and the vessels 
generated using the telomerase-infected SMCs were me-
chanically more robust than those generated from con-
trol SMCs. However, extracellular matrix accumulation 
in engineered arteries was inversely proportional to do-
nor age despite life span extension using telomerase. In 
addition, retroviral gene therapy with telomerase raises 
some safety concerns since random incorporation of ret-
roviral vectors may activate oncogenes [European Society 
of Gene Therapy, 2003; Klinger et al., 2006]. Hence, both 
cellular life span and collagenous extracellular matrix 
production are important for in vitro vascular tissue en-
gineering. 

  Cell Sources for Engineering Blood Vessel Grafts: 
Successful Approaches 

 Approaches utilizing differentiated animal ECs, SMCs 
[Niklason et al., 1999], and fibroblasts [Konig et al., 2009; 
Syedain et al., 2011] to create vessel substitutes have had 
varying degrees of success, depending on the species 
[Niklason et al., 2001] and the age of the cell donors [So-
lan and Niklason, 2005; Han et al., 2010]. 

  L’Heureux and colleagues utilized autologous fibro-
blasts from human adults to produce sheets of tissue that 
were then fused around a stainless steel mandrel to gen-
erate mechanically robust vessels with burst strengths 
greater than 3,000 mg [Konig et al., 2009]. As noted above, 
this process takes 6–9 months for the creation of the tis-
sue-engineered vascular grafts (TEVGs). More recently, 
an impressive milestone was achieved in the transition to 
clinical human application of such TEVGs [L’Heureux
et al., 2007b; McAllister et al., 2009]. Studies were per-
formed by Cytograft (Novato, California) in a challeng-
ing patient population, specifically those with end-stage 
renal disease that had already had at least one previous 
hemodialysis access failure. TEVGs were implanted as
arteriovenous shunts in 10 adult patients ranging in age 
from 29 to 89 years. In a more recent report, the 6-month 
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effectiveness of the whole cohort of 10 patients was pre-
sented [McAllister et al., 2009]. Overall, graft patency was 
achieved for 68 patient-months. While the long culture 
time of over 9 months required to produce these grafts 
might be a deterrent for clinical applications where pa-
tients are in need of a graft more urgently, nevertheless, 
these results are extremely encouraging and represent a 
significant step forward in the clinical application of hu-
man TEBV grafts.

  In a more recent report, Syedain et al. [2011] demon-
strated the ability to generate tissue-engineered arteries 
similar to native arteries by entrapment of human neona-
tal dermal fibroblasts in a fibrin gel. A bioreactor was de-
veloped to impart both cyclic distension and transmural 
flow to all grafts via a common manifold [Syedain et al., 
2008]. After 7–9 weeks of culture, grafts containing cir-
cumferentially aligned collagen and other extracellular 
matrix were created with burst pressures in the range of 
1,400–1,600 mm Hg and compliance comparable to that 
of native arteries. Both 2- and 4-mm grafts with suture 
retention strengths sufficient for implantation in small 
animal models were created. The relatively short time pe-
riod required and the notable mechanical properties of 
the grafts generated using this method are extremely en-
couraging. 

  Dahl et al. [2011] demonstrated the successful appli-
cation of differentiated cells to generate ‘off-the-shelf ’ 
TEVGs. The researchers created TEVGs with mechanical 
properties equivalent to those of native vessels by seeding 
allogeneic SMCs from adult human donor tissues (age 
17–49 years) on biodegradable polyglycolic acid (PGA) 
scaffolds in a bioreactor that delivers a cyclic radial strain 
for 8–10 weeks. At the end of the culture period, the tu-
bular vascular tissue mainly comprising secreted matrix 
proteins was decellularized to remove the antigenic cel-
lular material, thereby allowing the use of banked alloge-
neic cells to produce TEVGs that are nonimmunogenic 
and can therefore be utilized in an off-the-shelf man-
ner in any recipient. The decellularized large-diameter
(6 mm) TEVGs generated demonstrated a high burst 
pressure (approximately 3,000 mm Hg) equivalent to that 
of native vessels and retained mechanical properties even 
after 12 months of storage at 4   °   C. The TEVGs were then 
tested in a baboon arteriovenous model for 1–6 months. 
The overall patency was 88%. Further successful applica-
tion in human patients as well as testing of small-diame-
ter human TEVGs using this same concept remains to be 
seen. 

  To date, the most successful approaches tested with 
human cells and in patients still require long culture 

times and pose particular challenges when donors are el-
derly. Given the long culture times, and the poor matrix 
production of older cells, the search continues for a better 
cell source that could produce more collagenous matrix 
more quickly and be more readily available. 

  Adult Cells – Progenitor Cells 

 Mesenchymal Stem Cells  
 Mesenchymal stem cells (MSCs) are generally isolated 

from the heterogeneous mononuclear cell fraction of the 
bone marrow but can also be found in nonmarrow sourc-
es. These cells do not have a distinct phenotype marker 
but are defined by the presence of a set of markers such 
as CD29, CD44, CD71, CD90, CD106a, CD120a, SH2, 
SH3, and SH4 and the absence of markers such as CD14, 
CD34, CD45, CD31, and HLA-DR. They have the ability 
to differentiate into a variety of cell lineages [Pittenger et 
al., 1999; Jiang et al., 2002] such as osteoblasts, adipo-
cytes, chondrocytes, and myoblasts. 

  Differentiation of MSCs into SMCs has been studied 
extensively. As early as 1993, Galmiche et al. [1993] docu-
mented that stromal cells from human long-term mar-
row cultures are mesenchymal cells that differentiate 
along a vascular smooth muscle differentiation pathway. 
Various factors such as soluble growth factors, cell-cell 
contact, mechanical stimulation, and extracellular ma-
trix substrate proteins are known to have an effect on the 
differentiation of MSCs. TGF � 1 plays a significant role in 
the extent of differentiation of MSCs to calponin-positive 
SMCs [Gong et al., 2008]. Apart from growth factors and 
cellular microenvironments, mechanical conditioning 
such as application of cyclic strain [Kurpinski et al., 2006] 
has been shown to enhance extracellular matrix remodel-
ing and synthesis as well as cellular proliferation of dif-
ferentiated SMCs. The capacity of MSCs to differentiate 
into ECs remains an unresolved issue, though it is likely 
that purified MSC populations probably do not have ex-
tensive ability to differentiate into endothelium. While a 
few studies have demonstrated the ability to differentiate 
MSCs into ECs expressing markers such as Flk-1, Tie-1, 
Tie-2, and vWF [Oswald et al., 2004; Gang et al., 2006], 
others have reported the inability to differentiate MSCs 
into ECs in vitro [Au et al., 2008].

  Researchers have also attempted to utilize MSCs 
for engineering blood vessel grafts. Andreadis and col-
leagues successfully derived ovine bone marrow smooth 
muscle progenitor cells using a tissue-specific promoter 
and further utilized these cells to make vascular grafts by 
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embedding the cells in fibrin hydrogels around 4-mm 
mandrels [Liu et al., 2007]. The grafts were tested as in-
terpositional grafts in jugular veins of lambs. Five weeks 
postimplanation, the explanted grafts showed a conflu-
ent endothelial monolayer and circumferentially aligned 
SMCs close to the lumen, as well as high levels collagen 
and fibrillar elastin similar to native veins. 

  The application of MSCs in human vascular tissue en-
gineering is just emerging. Human bone marrow-derived 
MSCs can be used to engineer blood vessel grafts [Gong 
and Niklason, 2008], though to date the matrix expres-
sion from these cells has been insufficient to produce me-
chanics necessary for arterial implantation. The cellular 
microenvironment most conducive to the differentiation 
of MSCs into calponin-expressing SMCs involved the 
growth factors TGF � 1, PDGF-BB, and bFGF, as well as 
cyclic mechanical strain and extracellular matrix pro-
teins such as fibronectin. Vessel grafts obtained after
8 weeks of culture stained positive for smooth muscle 
markers smooth muscle actin (SMA) and calponin, which 
confirms the SMC differentiation. Vessels contained 22% 
collagen by dry weight, which is about half that of native 
vessels, and had burst pressures of over 200 mm Hg. 

  Several groups have also attempted to directly implant 
MSCs in vivo to aid vascular regeneration. For example, 
Au et al. [2008] were able to form a network of long-last-
ing blood vessels by coimplantation of HUVECs and hu-
man MSCs in a 3-D fibronectin-type I collagen gel into 
immunocompromised mice. To permit continuous ob-
servation of the networks, the constructs were implanted 
into mice bearing transparent ‘windows’ and the EGFP 
gene was introduced to track the implanted cells. Engi-
neered blood vessels derived from HUVECs and MSCs 
in severe combined immune deficiency (SCID) mice re-
mained stable for 130 days in vivo. Hashi et al. [2007] 
demonstrated that MSCs seeded on nanofibrous aligned 
conduits allow efficient infiltration of vascular cells and 
matrix remodeling. In vivo implantation of MSC-seeded 
conduits in rat carotid arteries showed well-formed lay-
ers of endothelial and smooth muscle layers. These bio-
degradable nanofibrous scaffolds were prepared with 
aligned nanofibers that mimicked native collagen fibrils 
to guide cell organization in the grafts. The long-term 
patency of cellular grafts was attributed to the antithrom-
bogenic property of MSCs. 

  To avoid time-consuming cell cultures for expansion 
of MSCs, several groups [Hibino et al., 2005] have started 
testing the utilization of a whole mononuclear fraction of 
bone marrow with reasonable success. In a significant 
step forward, Shin’oka et al. [2005] utilized autologous 

mononuclear bone marrow cell-seeded tissue-engineered 
vessel grafts in pediatric patients [Hibino et al., 2010] The 
tubular grafts were patent for at least 32 months and 
showed no aneurysm formation or calcification. These 
studies exhibit promising results for TEVGs in low-pres-
sure applications, such as venous or pulmonary arterial 
replacement, particularly in younger patients. 

  Adipose-Derived Stem Cells and Other Sources  

 Since being originally characterized in 2002 [Zuk et 
al., 2002], adipose-derived stem cells (ASCs) have gained 
great attention as an easily accessible source of autologous 
cells. ASCs are phenotypically similar to bone marrow-
derived MSCs but lack expression of CD106, among oth-
er markers, suggesting that they are a distinct population 
of cells of mesenchymal origin. Clonal expansions de-
rived from ASCs demonstrate multipotency as well as a 
self-renewing capacity similar to that of MSCs [Rodri-
guez et al., 2006]. ASCs have the capacity to differentiate 
into myogenic, adipogenic, osteogenic, chondrogenic, 
and neurogenic lineages. Researchers have demonstrated 
the ability of processed human lipoaspirates to differenti-
ate into functional contractile SMCs [Rodriguez et al., 
2006] as well as into ECs [Planat-Benard et al., 2004]. The 
frequency of ASCs in an aspirate of adipose tissue is ap-
proximately 3%, while the frequency of similar cells in 
bone marrow aspirates is almost 3 orders of magnitude 
lower.

  ASCs are being pursued as an attractive cell source for 
vascular regeneration. Wang et al. [2010] have success-
fully engineered small-diameter vessels utilizing human 
ASCs. Human ASCs obtained from the stromal fraction 
of lipoaspirates of healthy patients (average age 30 years) 
were differentiated into functional SMCs using TGF � 1 
and BMP4. These differentiated cells were then seeded on 
PGA polymer mesh and grown for 8 weeks in a pulsatile 
bioreactor system. Under dynamic conditions, the vessels 
demonstrated good biomechanical properties and colla-
gen deposition of about 50  � g/g of wet weight, which is 
still a fraction of the value for native arteries. Studies by 
DiMuzio and Tulenko [2007] suggest that the isolation 
efficiency of ASCs from patients from fat derived via li-
posuction is not affected by patient age, obesity, renal fail-
ure, or vascular disease, except that in diabetic patients 
smaller numbers of cells were isolated. Based on a cell 
growth 1 week postharvest, the authors speculate that an 
average of only 50–100 g of adipose tissue would be re-
quired to seed the luminal surface of a 40 cm  !  6 mm 
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bypass graft. Overall, these studies suggest that ASCs 
could be a practical source of autologous adult stem cells 
to be employed for vascular regeneration and vessel engi-
neering. 

  More recently, hair follicles have been shown to con-
tain multipotent stem cells having the ability to regener-
ate the epidermis as well as mesenchymal and hemato-
poietic lineages [Lako et al., 2002; Amoh et al., 2010]. An-
dreadis and colleagues have exploited hair follicles as a 
novel cell source to derive contractile SMCs from both 
ovine [Liu et al., 2008] and human sources [Liu et al., 
2010]. The same group further utilized ovine hair follicle-
derived SMCs on decellularized small intestine submu-
cosa to regenerate a mechanically robust vascular media 
[Peng et al., 2011]. 

  Embryonic Stem Cells 

 Embryonic stem cells (ESCs) are cells that are derived 
from preimplantation embryos at the blastocyst stage 
[Thomson et al., 1998]. To date, researchers have success-
fully derived ECs and SMCs from human ESC (hESC) 
lines. Several different strategies have been explored to 
derive SMCs from hESCs. Progenitor cells such as CD34+ 
cells have been isolated either from spontaneously dif-
ferentiated embryoid bodies (EBs) [Ferreira et al., 2007; 
Vazão et al., 2011] or from cocultures [Hill et al., 2010] 
and then further induced with factors such as TGF � 1, 
PDGF-BB, retinoic acid, or a combination thereof to aid 
the differentiation into SMC-like cells. Others have uti-
lized a combination of inductive cell culture medium 
along with extracellular matrix such as collagen IV [Vo 
et al., 2010] or Matrigel [Xie et al., 2007] to favor SMC dif-
ferentiation. ECs have also been derived from hESCs by 
using PECAM antibodies to select for these cells [Leven-
berg et al., 2002] or by isolating a CD34+ progenitor pop-
ulation from 10- to 15-day EBs that is then differentiated 
into mature ECs and SMCs [Ferreira et al., 2007]. Several 
groups have derived ECs from hESCs using 2-D and 3-D 
cultures [Levenberg et al., 2003] and demonstrated the 
ability of these cells to form implantable blood vessels as 
well as vascularized skeletal tissue [Levenberg et al., 
2005]. Studies have demonstrated the functionality of 
ESC-derived cells in animal models. ESC-derived ECs 
are able to form tubelike structures on Matrigel and 
formed microvessels when they were transplanted into 
SCID mice. Using a scalable 2-D differentiation system, 
Wang et al. [2007] derived ECs from ESCs which, when 
transplanted into SCID mice, formed blood conduits that 

were functional for 150 days. However, the functionality 
of such ESC-derived cells in engineering human vascular 
grafts still remains to be tested.

  Induced Pluripotent Stem Cells 

 The creation of induced pluripotent stem (iPS) cells is 
one of the most important biomedical discoveries of our 
time. In 2006, researchers showed for the first time that 
the developmental state of mature cells could be repro-
grammed into that of pluripotent embryonic cells by
introducing a cocktail of defined transcription factors 
[Takahashi and Yamanaka, 2006]. These cells were orig-
inally created by retroviral delivery of Oct4, Sox2 com-
bined with Klf4, c-myc or lin28 and Nanog. To address 
the potential genomic alterations caused due to perma-
nent integration of transgenes, research has been under-
way utilizing nonintegrating vectors for delivery of re-
programming factors. Methods studied so far include 
transient transfection of plasmids, nonintegrating ade-
novirus [Stadtfeld et al., 2008], and a piggyBAC transpo-
son system [Woltjen et al., 2009] as well as Cre/loxP for 
removal of transgenes once reprogramming is complete 
[Sommer et al., 2010]. Efforts have also been made to 
completely replace the reprogramming factors with a 
cocktail of defined small molecules that can either induce 
or enhance reprogramming [Lin et al., 2009]. In an excit-
ing milestone, Rossi and colleagues demonstrated the 
ability to reprogram cells from human skin using syn-
thetic modified RNA, thus completely eliminating the 
use of DNA [Warren et al., 2010]. Since the original cre-
ation of iPS cells from reprogrammed adult fibroblasts, 
investigators have more recently been able to create iPS 
cells from several other kinds of human somatic cells 
such as keratinocytes [Aasen et al., 2008], blood [Loh et 
al., 2009], neural cells as well as several others, including 
vascular aortic SMCs [Lee et al., 2010] and ECs [Medici 
et al., 2010]. 

  Similar to hESCs, iPS cells have been shown to differ-
entiate into a variety of cell types. To date, ECs and endo-
thelial progenitor cells as well as mesenchymal cells have 
been successfully derived from human iPS cells (hiPSCs). 
The proliferative capacity as well as the functionality of 
vascular cells derived from iPS cells seems to depend on 
the differentiation protocol as well as the origin of the iPS 
cells. Using an EB method and sorting for CD31+ cells, Li 
et al. [2011] derived functional ECs from hiPSCs and 
hESCs [Li et al., 2011]. Gene expression profiling compar-
ing hiPS-ECs and hESC-ECs showed broad similarities 
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while also pointing out some differences. hiPS-ECs had a 
lower G2/M population as compared to hESC-ECs but 
did not exhibit early senescence or apoptosis. Feng et al. 
[2010] observed a limited proliferative capacity and early 
senescence in ECs that were derived from hiPSCs. How-
ever, others such as Lian et al. [2010] have been successful 
in generating mesenchymal cells with high proliferative 
capacity from hiPSCs [Lian et al., 2010]. These iPS-MSCs 
generated by sorting for CD24–/CD105+ cells had an ex-
cellent proliferative capacity with PDs greater than 120 
and were able to differentiate into adipocyte, chondro-
cyte, and osteocyte lineages. These iPS-MSCs (passage 
36) had an almost 10-fold higher activity of telomerase 
compared to bone-marrow MSCs (passage 6). When test-
ed in a mouse model, iPS-MSCs displayed better func-
tionality in attenuating hind-limb ischemia compared to 
bone marrow-derived MSCs. While SMCs have been 
generated from mouse iPS cells [Xie et al., 2009], efforts 
to derive functional SMCs from hiPSCs are still in early 
stages. So far, in a proof-of-concept study, Suh and co-

workers [Lee et al., 2010] demonstrated the ability to de-
rive iPS cells from human vascular cells and differenti-
ated these iPS cells back into SMCs. The derived SMCs 
were found to have functional characteristics very similar 
to those of the original parental SMC cells from which the 
iPS cells were created. 

  iPS Cell Differentiation into SMCs 

 In our laboratory, we have been culturing hiPSCs 
(IMR-90, clone 1), and hESCs (H1), to assess differen-
tiation potential into human SMCs. We maintain cells
in feeder-free, serum-free conditions on Matrigel-coated 
plates and routinely passage them every 5–7 days. Cells 
are monitored regularly by morphology and expression 
of pluripotency markers ( fig. 1 ).

  To initiate differentiation, ES cells and iPS cell colo-
nies are suspended in selected serum, sometimes with 
retinoic acid. The suspended colonies form EBs ( fig. 2 b) 

a b c
100 μm 100 μm 200 μm

cba 100 μm 100 μm 200 μm

  Fig. 1.  hiPSCs express pluripotency markers such as Oct4 ( a ), Tra 1–81 ( b ), and alkaline phosphatase ( c ). 

  Fig. 2.  hiPSC colonies ( a ) differentiate spontaneously to form EBs ( b ) and multicellular outgrowths ( c ). 
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which when plated on gelatin-coated plates form multi-
cellular outgrowths ( fig. 2 c). Typically, smooth muscle-
like cells begin to appear in culture around day 14. Im-
munostaining shows SMA- (early) and calponin- (mid) 
positive cells in the differentiating outgrowths on day 30 
( fig. 3 ). When analyzed by flow cytometry ( fig. 4 ), around 
50% of mixed cell populations expressed intracellular 
SMA, an early marker of SMCs, on day 14. Thus, we have 
demonstrated the ability to differentiate hiPSCs and 
hESCs into SMA+ and calponin+ cells. 

  A pilot study was performed to gauge the potential of 
hiPS-derived cells for vessel engineering. Mixed cell pop-
ulations containing greater than 50% SMA-positive cells 
were seeded onto PGA scaffolds and subjected to cyclic 
radial stretch as previously described [Niklason et al., 
1999; Gong and Niklason, 2008] ( fig. 5 a). Analysis after 5 
weeks of culture ( fig. 5 b, c) revealed tubular tissue with 

extensive cellular proliferation and some collagen deposi-
tion (16–17% of dry weight, as compared to 40–50% by dry 
weight for native arteries). RT-PCR analysis of vessel ly-
sates confirmed that transcripts of smooth muscle mark-
ers such as SM22 �  and SMA were present in iPS-derived 
engineered vessels, while pluripotency markers such as 
Oct4 were not detected ( fig. 6 ). Further, immunostaining 
of histology sections indicate the presence of SMA- and 
calponin-positive cells in the engineered vessels ( fig. 7 ). 

  Overall, these results are extremely encouraging and 
provide evidence for the derivation of functional SMCs 
from hiPSCs. Efforts to improve the efficiency of differ-
entiation as well as further characterization of these de-
rived cells are currently underway. In the future, we will 
attempt to obtain pure SMCs from the differentiating cell 
populations. Possible strategies for purification of SMCs 
include antibiotic selection in the presence of an SMC-

a b
100 μm 100 μm

  Fig. 3.  Immunostaining. Cellular out-
growths derived from hESCs cultured in 
differentiation conditions for 30 days stain 
positive for smooth muscle markers such 
as  � -SMA ( a ) and calponin ( b ).   

Differentiation

day 0

Differentiation

day 8

Differentiation

day 14

0.064 0.035 51.5

F
IT

C
-S

M
A

 f
lu

o
re

sc
e

n
ce

8006004002000 1,000 8006004002000 1,000 8006004002000 1,000

Forward scatter

  Fig. 4.  FACS analysis. Differentiating iPS cells stained for early SMC marker,  � -SMA, labeled with FITC dye. The x-axis denotes for-
ward scatter units, while the y-axis denotes raw fluorescence units.        
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a b c
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  Fig. 5.  Pilot study of iPS cell-derived SMCs for generation of TEVGs.    a  Gross picture of a TEVG generated using iPS cell-derived SMCs. 
 b  H&E staining.  c  Masson’s trichrome staining for collagen. 
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  Fig. 7.  Immunostaining of TEVGs.    a   � -SMA.  b  Calponin. Arrows indicate the thickness of the vessel section.   
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specific promoter such as  � -SMA or SM22 � , or flow cy-
tometry-based sorting of SMC progenitor cells. Finally, 
the ability to derive large numbers of SMCs from iPS cells 
will enable progress towards their application for genera-
tion of TEVGs. 

  Advantages and Limitations of ESCs and iPS Cells 

 hESC-derived cells as a therapy for spinal cord injury 
are being studied in an FDA-approved trial in the USA 
[Geron Corporation, 2010]. The potential of hiPSCs for 
use in regenerative medicine is considered to be similar 
to that of hESCs, and they are free of the ethical dilemmas 
and potential immune responses associated with the use 
of hESCs. However, for clinical utilization, iPS cells need 
to be free of genetic aberrations and capable of differen-
tiating into fully committed cells that maintain their phe-
notype. It will therefore be essential to assess the state of 
the reprogrammed and differentiated cells in cellular 
products. Some recent reports reveal more heterogeneity 
in gene expression at the single-cell level in hiPSCs than 
in hESCs [Narsinh et al., 2011] and also warn against mu-
tations in the genome. However, rapid improvements and 
safer techniques for generation of iPS cells as well as more 
in-depth analysis of hiPSCs and hESCs hold promise to 
resolve these issues.

  Conclusion 

 Development of a tissue-engineered arterial substitute 
that is mechanically robust and biologically and func-
tionally similar to native vessels is extremely challenging 
and requires fulfillment of several demanding criteria. 
From a clinical perspective, one needs to consider the 
time and cost requirements for the creation of implant-
able TEVGs for an age- and risk-appropriate patient pop-
ulation. To date, the most successful approaches have uti-
lized differentiated vascular cells and still require long 
times for generation of TEVGs. Due to their proliferative 
and differentiative capacity, stem cells open up new alter-
natives for obtaining autologous cells that may, in the 
long run, enable production of TEVGs in a more time-
efficient manner.
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