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Pluripotency of human embryonic and induced pluripotent stem cells 
for cardiac and vascular regeneration 
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Summary 
Cardiac and vascular abnormalities and disease syndromes are major 
causes of death both during human development and with aging. To 
identify the cause of congenital defects and to combat this epidemic in 
the aging population, new models must be created for scientific inves-
tigation and new therapies must be developed. Recent advances in 
pluripotent stem cell biology offer renewed hope for tackling these 
problems. Of particular importance has been the creation of induced 
pluripotent (iPS) cells from adult tissues and organs through the forced 
expression of two to four transcription factors. Moreover, iPS cells, 
which are phenotypically indistinguishable from embryonic stem (ES) 
cells, can be generated from any patient. This unique capacity when 
coupled with samples from patients who have congenital and genetic 
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defects of unknown aetiology should permit the creation of new model 
systems that foment scientific investigation. Moreover, creation of pa-
tient-specific cells should overcome many of the immunological limi-
tations that currently impede therapeutic applications associated with 
other pluripotent stem cells and their derivatives. The aims of this paper 
will be to discuss cardiac and vascular diseases and show how iPS cells 
may be employed to overcome some of the most significant scientific 
and clinical hurdles facing this field.  
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Introduction  

The vertebrate cardiovascular (CV) system, composed of heart, 
blood, and blood vessels, is the first organ system to develop and 
function during embryogenesis. Functional and developmental 
defects in this system often lead to embryonic lethality, and post-
natally, approximately 10 out of 1,000 live infants are born with a 
CV abnormality (1). In fact, congenital heart defects (CHD) in-
cluding vascular disorders are the most common cause of pre-
mature death, but can result in a variety of outcomes ranging from 
perinatal lethality to late manifestation defects that are not de-
tected until much later in life (1). Some examples of CHD include 
syndromes associated with cardiac arrhythmias, hypoplastic left or 
right heart, cardiomyopathies and numerous vascular problems 
like aortic arch hypoplasia, aortic valve insufficiency, interrupted 
aortic arch, persistent truncus arteriosus, double outflow right 
ventricle, Tetralogy of Fallot (TOF), DiGeorge syndrome, Ehlers-
Danlos type IV syndrome, and Marfan syndrome. Although sev-
eral of these diseases and syndromes have been attributed to spe-
cific genes (e.g. hypertrophic cardiomyopathies – contractile pro-
teins like myosin heavy chain; vascular Ehlers-Danlos syndrome – 

collagen type 3A; Marfan syndrome – fibrillin 1; TOF – NKX2.5 or 
Jagged 1), many human CHDs and vascular disorders are of un-
known aetiology.  

In adults, cardiac and vascular diseases are the leading cause of 
death and reach epidemic proportions with aging (2–5). Although 
a few of these syndromes are by-products of undiagnosed or unre-
cognised congenital/genetic defects, the underlying basis for car-
diac disorders like ischaemia is vascular in origin. Aging-associated 
vascular changes are often secondary to pro-inflammatory events 
and altered endothelial function (6, 7). Normal endothelium, for 
example, regulates vascular smooth muscle function (relaxation 
and contraction) by releasing nitric oxide (NO) and endothelium-
derived contracting factors (EDCF) in response to a variety of 
physiological signals. Release of NO and EDCF is, however, altered 
with aging, diabetes and hypertension. Importantly, senescent ar-
teries may be covered with regenerated endothelium, which lack a 
pertussis-toxin sensitive pathway for NO-release. This in turn 
leads to enhanced cellular growth, vasospasms, thrombosis, and an 
inflammatory reaction. Conversely EDCF-mediated responses are 
augmented with aging. These two changes thus affect the ability of 
vascular smooth muscle to respond appropriately to altered hae-
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modynamic conditions and stress (6, 7). The resulting coronary 
and vascular disorders adversely affect cardiac function and ulti-
mately host survival.  

To define the molecular basis of CHDs and to develop novel 
therapeutic strategies to treat cardiac and vascular disorders, two 
major hurdles must be overcome. The first requires the generation 
of suitable model systems that can be employed to define mechan-
isms underlying CHD of unknown aetiology. The second hurdle 
requires isolation and expansion of immunologically compatible 
cells suitable for replacement therapies in senescent adults. Recent 
progress with pluripotent stem cells and particularly the use of in-
duced pluripotent stem (iPS) cells may represent the scientific leap 
required to overcome these hurdles.  

Pluripotent ES and iPS cells 

Simplistically, pluripotent stem cells represent a unique cell type 
that functions as a unit of embryonic development (8, 9). These 
cells can be grown indefinitely in culture, can be differentiated into 
almost any cell type, including cardiac and vascular lineages, and 
maintain a normal and stable karyotype in vitro (8–11). Moreover, 
these cells are amenable to genetic manipulation, which can be 
useful for model generation or to correct genetic defects (8, 12). Al-
though multiple types of pluripotent cells have been described, 
only two are readily capable of generating an embryo when in-
jected into a blastocyst. These include embryonic stem (ES) cells 
derived from the inner cell mass (ICM) of pre-implantation em-
bryos or epiblast, and induced pluripotent stem (iPS) cells (9, 11, 
13).  

Three unique properties distinguish pluripotent stem cells 
from other types of cells. These include i) a unique transcriptional 
hierarchy that sustains pluripotentiality during the process of self-
renewal; ii) a poised epigenetic state that maintains chromatin in a 
form ready for rapid cell fate decisions; and iii) a cell cycle char-
acterised by an extremely short gap 1 (G1) phase and the near ab-
sence of normal somatic cell checkpoint controls (14). Mainten-
ance of these traits permits the cells to remain pluripotent. During 
differentiation and as fate decisions are made, these properties are 
dramatically altered. Moreover, these cells when differentiated can 
generate almost any cell type, including all cardiac and vascular 
lineages; consequently, pluripotent cells represent a possible and 
unlimited source for cardiovascular regeneration in humans (see 
[8, 9, 15] for references). Although pluripotent human ES cell lines 
remain mired in ethical controversies, generation of iPS cells have 
obviated these ethical arguments. IPS cells thus have an unencum-
bered potential for use as a biological research tool into human car-
diovascular development and for clinical applications (16). 

So what exactly are iPS cells and how do these cells offer thera-
peutic advantages over other pluripotent stem cells? In brief, iPS 
cells are experimentally-derived cells that are generated in vitro 
through transcription factor-mediated reprogramming of adult 
cells using constructs that express OCT4 and SOX2 in conjunction 
with KLF4 and c-MYC in mouse (10, 11, 17) or histone deactylase 

inhibitors like valproic acid (18) or with NANOG and LIN28 (19) 
in human (�Fig. 1). Most reprogramming events have been 
achieved through the use of integrating lentiviral vectors contain-
ing these transcription factors, but more recently non-integrating 
vector systems have been used successfully (20, 21). The repro-
gramming process from adult mouse cells to iPS cells takes up to 
two weeks, during which time there is a sequential and time-de-
pendent activation of specific markers like alkaline phosphatase 
and stage-specific antigens (22, 23). Completion of the reprogram-
ming process is marked by expression of the endogenous genes en-
coding nanog and pou5f1, and full activation of the pluripotent cell 
transcriptional hierarchy. Moreover, the epigenetic state of these 
cells is largely indistinguishable from ES cells (24, 25), and their 
growth rates are consistent with a robust cell cycle that may lack so-
matic cell checkpoint controls. IPS and ES cells are, however, dis-
tinguished by gene expression signatures (26).  

The major therapeutic advantage of iPS cells over ES cells is re-
lated to its source of origin. IPS cells can be derived from almost 
any somatic tissue, including embryonic and adult tail-tip fibrob-
lasts (11, 27), hepatocytes and gastric epithelial cells (28), pancre-
atic cells (29), neural stem cells (30, 31) and B lymphocytes (32) in 
mouse, and skin fibroblasts (17, 19), keratinocytes (33) and pe-
ripheral blood cells (16) in human. The ease of generating iPS cells 
from multiple cell sources has led to the development of patient-
derived cells, which unlike most human ES-derived progeny are 
immunologically compatible with the recipient. These cell lines 
may therefore prove invaluable for therapeutic interventions and 
treatment of cardiac and vascular diseases either through cell re-
placement or through secretion of critical factors (see Therapeutic 
applications below).  

A number of limitations, however, must be overcome before iPS 
cells will be therapeutically viable. These include i) side effects as-
sociated with random DNA integration events, ii) inappropriate 
lentiviral silencing of the reprogramming transcription fac-
tors, and iii) identification of correctly reprogrammed cells. The 
latter has been overcome in vitro by looking for activation of endo-
gous oct4 or nanog gene activity and activation of a reporter gene 
targeted to one of these gene loci (11, 34, 35). In the future, non-
manipulative techniques (e.g. presence or absence of cell surface 
markers) in conjunction with morphology will be required to 
identify these cells before the cells will be suitable for clinical appli-
cations (36). Viral-dependent limitations, which were first de-
scribed in mouse but are also apt for human iPS cells, include in-
complete viral silencing and continued expression of the repro-
gramming transcription factors, which tend to lead to tumour 
formation. This has been attributed largely to inappropriate c-myc 
transgene reactivation or silencing (11, 25); however, when iPS 
cells are produced without the c-myc transgene, the efficiency of 
iPS generation is markedly reduced, and mouse chimeras and 
progeny show substantially less tumor formation (27). The gener-
ation of iPS cells without integrating vector delivery systems has 
overcome most of these limitations (20, 21); however, the problem 
of tumor formation still exists. Transplantation of pluripotent and 
differentiating ES cells can lead to neoplasm formation (37, 38), 
and by extension pluripotent iPS cells are likely to do the same. Re-
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grettably, the elimination of undifferentiated cells via lineage selec-
tion protocols may prove insufficient to eliminate this neoplastic 
risk. Additional strategies for the elimination of differentiated iPS 
cells with tumourigenic potential may need to be developed and 
tested.  

Potential of pluripotent cells to form haema-
topoietic, cardiac and vascular lineages 

To maximise the research and therapeutic potential of iPS cells for 
cardiovascular regenerative medicine and reduce neoplastic poten-
tial, the processes that signal differentiation and mark fate decisions 
must be better defined. This is important, because the activation of 
appropriate spatial and developmental cues, and correct cell-cell 
interactions in vivo permit pluripotent cells to generate normal cells 
and viable embryos; whereas, inappropriate activation or locali-
sation may cause tumour formation in recipients. It is therefore im-
perative not to rush iPS cell-derivatives to clinic before more is 
known about their properties and fate decisions. Encouragingly, 
many of the developmental markers that have been observed dur-
ing embryogenesis are also found in differentiating ES and iPS cells, 
suggesting that these traits will be worked out quickly. 

For illustrative purposes, the gene brachyury, an early primitive 
streak marker, is expressed in all nascent mesoderm and is down-
regulated during patterning and specification in mouse. In normal 
development, haematopoietic, vascular, and cardiac cell lineages 
develop from subpopulations of Brachyury-positive mesoderm 
that are induced in a defined temporal pattern. The use of markers 
restricted to haematopoietic, endothelial and cardiac lineages has 
facilitated the identification of these progenitors. In vitro studies of 
pluripotent cells have demonstrated that Brachyury can be em-
ployed with these markers to identify early committed mesoderm 
and its sublineages (39–42). These analyses led to the isolation of 
two sub-populations of mesoderm that differ in their expression of 
the fetal liver kinase-1 (Flk-1) receptor (VEGFR-2 in human), a de-
velopmental marker of haematopoietic and endothelial lineages 
(43). The developmental potential of these two populations indi-
cate that pre-mesoderm (Brachyury-Flk1-), prehaemangioblast 
mesoderm (Brachyury+Flk1-), and haemangioblast mesoderm 
(Brachyury+Flk1+), the precursor cells of primitive and definitive 
haematopoiesis and endothelium (40), form sequentially during 
embryoid body-mediated differentiation of ES cells. Kouskoff et al. 
showed that the cardiac potential of these two mesodermal popu-
lations resides almost exclusively in the Brachyury+Flk1- cells (44), 
demonstrating that both sets of mesodermal precursors (haema-
topoietic and cardiac) are sequentially and independently gener-
ated from epiblast-like cells formed in the ES cell-derived em-
bryoid body. Importantly, the developmental pattern of marker 
expression that is recapitulated during differentiation of mouse 
pluripotent ES cells is highly conserved in humans (45). VEGFR-2 
positive progenitors from human ES retain the capacity to generate 
blast colonies that display haematopoietic, cardiac and vascular 
potential, and there have been reports (unpublished) that human 

iPS cells can do the same. A non-comprehensive example of how 
these markers can be employed to identify cardiac, vascular, en-
dothelial and blood cell lineages in ES cells is shown in �Figure 2. 

Pluripotent cell derivatives for therapeutic 
applications 

Multiple studies have already established that ES cells and their 
progeny can be used for repair of heart and growth of vasculature. 
As representative examples, Kofidis et al. showed that ES cells can 
prevent myocardial wall thinning and improve contractility after 
implantation into injured myocardium (46). Swijnenburg et al. 
subsequently found that the immunogenicity of ES cells increases 
upon differentiation after transplantation into ischaemic myocar-
dium, suggesting that immunosuppressive therapies may be 
required for ES cell-based therapies (47). Kolossov et al., however, 
demonstrated that engraftment of purified ES cell-derived cardio-
myocytes could restore contractile function in ischaemic hearts 
(48). Other groups have confirmed the potential of human ES cell-
derived cardiomyocytes to improve heart function following an in-
farct (49). For the vasculature, Li et al. demonstrated that ES cell-
derived endothelial cells could lead to functional improvements in 
ischaemic hearts and that these cells could promote the formation 
of small capillaries and venules (50). Moreover, Wang et al. showed 
that human ES-derived endothelial cells are functional and that 
blood vessels isolated from hES cells could integrate into the host 
circulatory system of SCID mice and serve as blood conduits (51). 
These results demonstrate the potential of pluripotent cells for 
therapeutic purposes. 

© Schattauer 2010 Thrombosis and Haemostasis 104.1/2010
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Figure 1: Schematic illustration of how mouse (and human) somatic 
cells can be reprogrammed to pluripotent iPS cells. Reprogramming 
takes place through a series of time-dependent steps. The first is the introduc-
tion of pluripotency transcription factors into somatic cells, which lead to the 
down-regulation of lineage-specific genes. Markers like endogenous alkaline 
phosphatase activity subsequently increase followed by SSEA1 up-regu-
lation. At the completion of the reprogramming process, endogenous oct4 
and nanog are expressed, which, when targeted to activate antibiotic (e.g. 
NeoR) selection, can be employed to isolate fully reprogrammed cells. MEFs, 
mouse embryonic fibroblasts; NeoR, neomycin gene cassette that confers re-
sistance to G418. 
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Until recently, it was unclear whether iPS cells were also thera-
peutically viable. As a proof-of-principle, Hanna et al. demon-
strated that transgenic mice suffering from human sickle cell anae-
mia could be treated with haematopoietic cell precursors produced 
from autologous iPS cells (32, 52). Basically, mouse iPS cells were 
generated from affected mice and the genetic defect was repaired in 
vitro through gene targeting of the affected gene locus. The cor-
rected iPS cells were then differentiated and haematopoietic pro-
genitor cells isolated, using lineage-restricted selection techniques. 
When transplanted back into the diseased host mice, the cells cor-
rected the disease phenotype and all haematological symptoms as-
sociated with sickle cell anaemia were absent. This same group 
subsequently reported that iPS cells differentiated into neuronal 
and glial cell types in vitro could be employed to treat a model of 
Parkinsonism in rats (53). IPS generated dopaminergic neurons 
that were transplanted into adult brain could restore function and 
improve many of the behavioral symptoms associated with Park-
inson's disease. Since these initial studies, numerous groups have 
published reports demonstrating how iPS cells could be employed 

to generate therapeutically relevant cell derivatives, including iPS 
cells differentiating into multiple cardiovascular lineages (54), 
functional cardiomyocytes (55, 56), insulin-secreting cells (57), 
and mouse endothelial cells, which were employed to treat a mu-
rine model of haemophilia A (58). Importantly, iPS cells have been 
generated directly from patients with diabetes mellitus, Parkin-
sonism, amyotrophic lateral sclerosis, Duchennes and Beckers 
muscular dystrophy and Downs syndrome (59, 60), and major ef-
forts are underway to generate iPS cells from patients with cardio-
vascular diseases and congenital heart and vascular defects.  

Given these proof-of-principle experiments, immunologically 
compatible patient-derived iPS cells have the potential to treat 
damaged vascular endothelium associated with aging and other 
cardiovascular diseases (see Introduction). Moreover, when these 
cells are generated from individuals with CHD, the resulting lines 
have the potential to revolutionise our understanding of the mo-
lecular mechanisms responsible for CHDs of unknown aetiology 
(see �Fig. 3). To date, no therapies have yet been attempted to ad-
dress aging-associated vascular diseases, but numerous groups are 

Thrombosis and Haemostasis 104.1/2010 © Schattauer 2010
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Figure 2: Developmental markers in the selection of subsets of meso-
dermally-derived cells. This schema illustrates the use of developmental 
markers in the identification of subsets of mesodermally derived cells 
(smooth muscle cells, cardiac muscle cells, haematopoietic cells, endothelial 

cells) that can be isolated from differentiating pluripotent cells. Selected de-
velopmental markers are indicated and additional lineage specificity is as fol-
lows: haematopoietic (Flt1, Scl/Tal1 positive), endothelial (Flk-1-, Flt-1-, Tie-
2-positive) and cardiac lineages (Nkx2.5 and Isl1-positive).  
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actively preparing iPS cells from patients with diseases of unknown 
aetiology. As these new lines become available, it is likely that the 
mechanisms underlying these disease processes will be uncovered, 
which should lead directly to the development of new stem cell-
based therapies based on previously established criteria (61). 

Mechanisms of action  

Assuming that iPS cells isolated directly from patients with cardiac 
or vascular syndromes are in fact therapeutically viable, the ques-
tion thus arises as to how these cells might function following re-
introduction into a host. For haematopoietic disorders, in theory, 
complete replacement of defective haematopoietic stem cells with 
functional iPS derivatives should cure any blood-based disease; 
however, for organ- or tissue-based syndromes, it is unclear how 
the introduction of large numbers of individual cells (mature or 

immature) will act to functionally improve a pre-existing human 
cardiac or vascular condition. In some cases, the rescue of a con-
genital defect may be non-cell autonomous; whereas in others, 
large-scale replacement of defective cells may be required.  

The most illuminating experiments into how these cells may 
function in vivo have come through mutant mouse blastocysts that 
have incorporated normal ES cells. An example of a non-cell au-
tonomous rescue was shown using the Id1/Id3 double knockout 
embryos to look at heart development (62). Loss of both of these 
transcription factor inhibitors normally led to embryonic lethality 
and the presence of a ″thin myocardial syndrome″. When wild-
type ES cells were introduced into mouse blastocysts lacking both 
Id1 and Id3, some chimeric embryos survived to birth and a subset 
of these animals survived to adulthood. Remarkably, only ∼20% or 
more of the heart had to be composed of wild-type ES cell-derived 
cardiomyocytes to rescue this phenotype. Two plausible expla-
nations can explain these findings. The first was that only wild-
type cells are functional and are present in sufficient numbers to 

© Schattauer 2010 Thrombosis and Haemostasis 104.1/2010
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Figure 3: Schematic illustration of the generation of iPS cells and 
how these cells can theoretically be employed to study 1) molecular 
mechanisms in vitro or 2) used for therapeutic interventions in hu-
mans. In the case of myocardial infarctions (or vascular defects), iPS cells 
could be generated from a patient, differentiated to cardiomyocytes (or en-
dothelial cells) and reintroduced into the damaged tissue to elicit repair. 

Where iPS cells are produced from patients with CHDs of unknown aetiology, 
the aim would be to determine the cause of the disease in vitro, and not to 
produce iPS cells for repair, unless the genetic defect could be repaired in 
vitro prior to introduction of corrected cells back into the host (see Thera-
peutic applications for details). CHD, congenital heart defect; Txn factors, 
transcription factors (Oct4, Sox2, Nanog, Lin28).
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improve the innate phenotype. The second was that wild-type cells 
produced factors (paracrine or through direct cell-to-cell interac-
tions) that could promote ″normal″ function in Id1/Id3-deficient 
cells. Based on results showing that the wild-type cells released 
IGF-1 and that its injection into the pregnant mother could par-
tially correct this defect, it appears that the latter possibility was 
correct. Moreover, the authors went on to find that Wnt5a is also 
involved and is necessary for normal cardiac function. Thus, for 
some congenital defects or aging-associated syndromes, successful 
therapeutic interventions may be possible either after enough cells 
have been incorporated into an organ system or alternatively 
through the identification of secreted factors that may correct a 
syndrome. Based on what we currently know about the endothelial 
cell contribution to atheroschlerosis, this is a very intriguing possi-
bility and one worthy of future investigation. 

Therapeutic treatments of cell autonomous defects may, how-
ever, be more challenging, as large numbers of cells with a high de-
gree of tissue incorporation may be required. In those instances 
where scar tissue or inflammatory cells are present, it is unclear 
how well the cells will take up residence or even survive. Treatment 
of infarcted and scarred hearts therefore may be particularly chall-
enging due to the very low turnover rate of endogenous cells. For 
vascular disorders, however, use of iPS derivatives to replace defec-
tive cells may be easier. This is because much of the vasculature (i.e. 
the endothelial lining) will be in direct contact with cells injected 
into the blood stream. Theoretically, iPS cell-derived endothelial 
progenitor cells (EPCs) would take up residence in the appropriate 
vascular niche through attachment and migration, and given 
enough time, these cells should be capable of slowly replacing de-
fective ones. While speculative at this time, this type of experiment 
is easily tested in large animal models. The results could lead to a 
novel therapeutic paradigm for treatment of aging vasculature, 
which may ultimately reduce the incidence of cardiac infarctions – 
a major goal of cardiovascular aging research. 

Conclusions 

In conclusion, iPS cells, when produced directly from patients with 
cardiovascular diseases of unknown aetiologies, will lead to the de-
velopment of new model systems that can be employed to investi-
gate cardiac and vascular developmental defects. These cells are 
also likely to lead to novel replacement therapies designed to im-
prove cardiac and vascular function in compromised individuals. 
Such cell-based therapies may eventually lead to decreased patient 
morbidity and mortality with aging. Perhaps most significantly, 
iPS cells, because of immunologic compatibility and the lack of 
ethical controversies, may have already rendered the therapeutic 
potential of ES cells obsolete. Both types of pluripotent cells are 
likely, however, to be very important for continued analysis of 
pathways critical to normal human development. 

Finally, major challenges remain for researchers and clinicians, 
before novel treatment paradigm can be envisaged. Numerous 
mechanistic questions regarding the molecular process of tran-

scription factor-induced reprogramming remain unanswered, as 
do questions concerning mechanisms governing the epigenetic re-
modelling and cell cycle de-control that occurs during reprogram-
ming. Moreover, efforts must be made to identify fully repro-
grammed iPS cells, as opposed to partially reprogrammed cells, 
with cell surface markers alone. Routes of cell introduction into 
humans must also be better elucidated, as this seems to be a major 
technical limitation for many organ systems. Irrespective of these 
perceived problems, these cells are likely to reveal new principles 
underlying normal development and disease. More importantly, 
iPS cells represent a novel and promising system that offers thera-
peutic hope for numerous diseases (Parkinsonism, diabetes, spinal 
injuries, heart failure, CHDs), which have thus far been unrespon-
sive to classical therapeutic approaches.  
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