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I am very pleased to present this volume on engineering stem cells in Advances in 
Biochemical Engineering and Biotechnology. This volume stays abreast of recent 
developments in stem cell biology and the high expectations concerning the devel-
opment of stem cell based regenerative therapies.

Regenerative medicine is the focus of current biomedical research, with unique 
challenges related to scientific, technical and ethical issues of stem cell research, 
and the potential added value of connecting biomedicine with enabling technolo-
gies such as materials sciences, mechanical- and nano-engineering. Research 
activities in regenerative medicine include strategies in endogenous regeneration of 
injured or degenerated tissues by means of gene therapy or cell transplantation, as 
well as complex approaches to replace or reconstruct lost or malformed tissue 
structures, by applying tissue engineering approaches. In most cases, the special-
ized functional cell types of interest cannot be isolated from the diseased organ or 
expanded to a sufficient degree, and various stem and progenitor cell types repre-
sent the only applicable cell source.

In almost all cases, stem cells have to be engineered, sometimes for functional 
improvement, in many cases to produce large numbers of cells, and frequently to 
achieve efficient and specific differentiation in the cell type(s) of interest. 
Engineering stem cells can take place on different technological levels including 
genetic manipulation, treatment with growth factors and small molecules and 
seeding on functionalized nanostructured surfaces or culture in 3-dimensional 
matrices, as well as static or continuous mass culture in various types of bioreac-
tors. The mode of engineering depends critically not only on the functional cell 
type that needs to be generated, but also on the necessary cell number and the stem 
cell type that is used. Prior to clinical application, GXP-conform protocols have to 
be developed and potential risks such as tumour formation have to be assessed and 
minimized.

To prepare this volume, contributions from leading researchers and experts in 
specific fields of basic and applied stem cell research were assembled. In particular, 
the technological aspects of stem cell research, including critical discussion of 
technical limitations, are the focus of most contributions. They address important 
aspects, including isolation of adult and embryonic stem cells, generation of 
pluripotent cell sources by means of reprogramming, differentiation of stem cells, 
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xii	 Preface

purification of stem cells and their derivatives, and the development of large scale 
culture protocols. Recent developments in stem cell-based tissue engineering round 
off the volume.

I hope that this volume will be useful not only to stem cell researchers but also 
to investigators in related fields, including physicians, chemists and engineers, who 
intend to enter the field of stem cell research. In addition, I anticipate that it will 
provide basic reading material for students starting their research in the field of 
stem cell biology and regenerative medicine.

I thank all the authors for their excellent contributions and Springer for imple-
mentation of this project. I would especially like to thank Prof. Thomas Scheper 
and Ulrike Kreusel for their patience and excellent work as production editors.

Hannover, Summer 2009	 Ulrich Martin
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Abstract  The discovery of adult stem cells in most adult tissues is the basis of a 
number of clinical studies that are carried out, with therapeutic use of hematopoietic 
stem cells as a prime example. Intense scientific debate is still ongoing as to whether 
adult stem cells may have a greater plasticity than previously thought. Although cells 
with some features of embryonic stem cells that, among others, express Oct4, Nanog 
and SSEA1 are isolated from fresh tissue, it is not clear if the greater differentiation 
potential is acquired during cell culture. Moreover, adult more pluripotent cells do 
not have all pluripotent characteristics typical for embryonic stem cells. Recently, 
some elegant studies were published in which adult cells could be completely repro-
grammed to embryonic stem cell-like cells by overexpression of some key transcription 
factors for pluripotency (Oct4, Sox2, Klf4 and c-Myc). It will be interesting for 
the future to investigate the exact mechanisms underlying this reprogramming and 
whether similar transcription factor pathways are present and/or can be activated in 
adult more pluripotent stem cells.

Keywords  Adult stem cell, Plasticity, Pluripotency 
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Abbreviations

BM	 Bone marrow
BMSC	 Bone marrow stem cell
EB	 Embryoid body
ESC	 Embryonic stem cell
HSC	 Hematopoeietic stem cell
iPS	 Induced pluripotent stem cell
MAPC	 Multipotent adult progenitor cell
MEF	 Mouse embryonic fibroblast
MSC	 Mesenchymal stem cell

1  Stem Cells: General Concepts

Over the last decade, stem cell research has made significant strides due to impor-
tant new discoveries both in the embryonic and the adult stem cell field. Stem cells are 
the most primitive, unspecialized cells in embryonic, fetal or adult tissues. Due to lack 
of definitive markers, they are generally defined based on three functional properties. 
First, unlike most specialized tissue-specific cells, stem cells that do not express tissue-
specific transcripts, proteins or functions, have the capacity to replicate themselves 
clonally for many times through symmetrical cell divisions and both daughter stem 
cells continue to be identical to the unspecialized parent stem cell. Alternatively, in 
asymmetric stem cell divisions, one of the two daughter cells is identical to the parent 
stem cell. This proliferating capacity is called long-term self-renewal.

Second, unspecialized stem cells can give rise to specialized cells in general via 
asymmetric divisions, where one of the two daughter cells undergoes lineage 
commitment and differentiation under influence of signals inside and outside the 
cell (cell-intrinsic and -extrinsic factors). The potency of a stem cell is defined 
based on the number of different specialized cells that can be generated. The zygote 
and early blastomeres are totipotent stem cells that make up a full organism including 
extraembryonic lineages. A pluripotent stem cell can generate all cells of the three 
germ layers (endodermal, mesodermal and ectodermal layer) as well as the germline, 
but not the extraembryonic trophoblast. Pluripotent stem cells are present in the 
inner cell mass of the blastocyst, and can be isolated and cultured in vitro, cells 
referred to as embryonic stem cells [1, 2]. The more restricted multipotent stem 
cells only give rise to cells of a specific tissue and are often named after the tissue 
from which they are derived. For example, neural stem cells are self-renewing cells 
that can differentiate into the two major cell types of the nervous system; neurons 
and glia. Most of the stem cells from adult tissues are multipotent [3]. Spermatogonial 
stem cells are an example for unipotent adult stem cells, as they can only generate 
sperm cells [4]. It is well-known that BM, intestine and lung have stem cell popula-
tions. Other organs that were thought to be “post-mitotic” and unable to regenerate 
now have also been shown to contain stem cell populations, including the brain [3], 
the heart [5] and the kidney [6]. Adult stem cells are essential for continuously 
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renewing tissues such as the BM, blood and intestine, and play an important role in 
recovery from injury in tissues.

Third, stem cells and their progeny are able to reconstitute functionally a given 
tissue upon transplantation in vivo. The best characterized adult stem cell for 
transplantation with proven therapeutic efficacy is without doubt the hematopoietic 
stem cell [7]. Transplantation of undifferentiated embryonic stem cells mostly 
results in the formation of teratomas, tumors composed of cells of the three germ 
layers [2]. This proves their true pluripotency, but suggests that ESC-based therapies 
will only be possible with purified, differentiated cell populations.

2  Functional Characteristics of Adult BM-Derived Stem Cells

The BM was for many years regarded as the main source of hematopoietic stem 
cells. Non-hematopoietic stem cells, such as mesenchymal stem cells and endothelial 
progenitor cells, can also be isolated from the BM compartment. This reflects the 
complexity of this organ, in which several cell populations cohabit. Intriguingly, 
during the last 7 years, new, more pluripotent cell populations have been isolated 
from the BM by several investigators using different experimental strategies. 
However, it is important to know that there are various ways to prove the true 
pluripotency of cells. In vitro induced differentiation and analysis of cell-type 
specific markers is the easiest and most accessible method of analyzing tri-lineage 
differentiation capacity of cells. However, expression of some more or less tissue 
specific transcripts or proteins does not prove that the presumed differentiated cells 
have acquired the same properties of their in vivo counterparts. In general, expression 
of lineage specific transcripts and proteins can only be seen as a first step to 
demonstrate lineage specification/differentiation, but demonstrating that the 
differentiated cells acquired functional characteristics in vitro and more importantly 
in vivo is required.

As described above, ESC are considered pluripotent. This designation can be 
demonstrated using different assays. For instance, ESC have the capacity to form 
embryoid bodies, three-dimensional aggregates that closely resemble the core 
structure of a post-implantation embryo where spontaneous differentiation into 
cells of the three germ layers is seen. This is generally regarded as a typical 
characteristic of pluripotent cells. However, this does not demonstrate that the 
differentiated cells are functionally equivalent to cells found in tissues of the three 
germlayers. Likewise, teratomas generated from subcutaneously transplanted ESC 
do not prove that ESC can promote normal development. The ultimate proof that 
ESC are pluripotent, i.e., can generate cells of all organs and tissues, can only be 
obtained by injection of ESC in blastocyst and generation of germ-line competent 
chimeric mice. The most stringent test for pluripotency is tetraploid complementa-
tion: test cells are injected into 4n blastocysts and somatic lineages are only com-
posed of the injected cells, since 4n host cells only form extraembryonic cell types 
as placental trophoblast [8].
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Similar levels of proof for the presence of a classical multipotent stem cell, 
namely the hematopoietic stem cells (HSC), exist. HSC are characterized by the 
presence of certain cell surface proteins and transcripts, which is insufficient to 
demonstrate that the cells in question are indeed functional HSC. HSC can be 
induced to differentiate in vitro in most, if not all, of the cells in the hematopoietic 
system. However, no in vitro assay has been developed that can definitively prove 
that HSC were present. The only method that conclusively demonstrates that cells 
have HSC characteristics is transplantation and subsequent reconstitution of the 
hematopoietic system in a lethally irradiated recipient in which no endogenous 
hematopoietic cells remain.

In this review, we will give an overview of the BM-derived cell populations 
(Table 1) keeping the remarks listed above for demonstration of cell differentiation 
and potency of stem cells in mind.

2.1  Hematopoietic Stem Cells

Hematopoietic stem cells (HSC) were first defined in the early 1960s as a population 
of clonogenic BM cells with the ability to generate myeloerythroid colonies in the 
spleens of lethally irradiated hosts [9, 10] and reconstitution of all blood cell 
lineages after injection into secondary hosts [11]. HSC are by far the most extensively 
studied stem cells, and knowledge gained from these studies has allowed their use 
in clinical applications for the treatment of hematological disorders and malignancies. 
HSC can be harvested from BM, peripheral blood or umbilical cord blood. HSC are 
capable of long-term self-renewal in vivo, and sit atop a hierarchy of progenitors 
that become progressively restricted to initially multiple and subsequent single 
blood lineages. Differentiation into fully specialized blood cells of the lymphoid 
(T,B and natural killer cells) and myeloid lineages (granulocytes (neutrophils, 
eosinophils and basophils), monocytes-macrophages, erythrocytes, megakaryocytes 
and mast cells) goes via stepwise differentiation through intermediate, proliferating 
cell populations that become progressively more restricted in their differentiation 
potential, which is accompanied by decreased proliferative potential.

More than 40 years of research has yielded great insight into the identity of HSC, 
but it should be kept in mind that, despite the many studies, many aspects of HSC 
biology remain to be identified and that, for instance, the HSC from human origin 
still cannot be isolated to homogeneity. Enrichment for HSC occurs by combining 
selection based on specific cell surface markers that are expressed on HSC and 
elimination of cells expressing cell surface markers present on differentiated cells. 
In the mouse, HSC are enriched as “LSK” cells (lineage negative cells that are 
Sca1+ and c-Kit+) or by using antibodies against the SLAM family (CD150+, 
CD244− and CD48−) [12, 13]. The expression pattern of surface antigens on HSC 
differs between species and some markers change depending on the activation state 
of the cells: mouse HSC are CD34low/−, Sca-1+, Thy1+/low, CD38+, c-Kit+, Flt3−, 
lin− and human HSC are CD34+, CD59+, Thy1+, CD38low/−, c-Kit−/low, lin− (Table 1). 
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Flow cytometry sorting using a combination of the KLS or SLAM phenotype 
with additional cell surface markers, can enrich HSC to near homogeneity in the 
mouse [12, 14]. It has been estimated that HSC represent only about 1 out of every 
100,000 cells in mouse BM. However, in large part due to the absence of good in 
vivo reconstitution assays from human HSC, the phenotype of human HSC is yet 
to be fully determined.

During embryologic development, HSC are derived from the ventral mesoderm 
[15]. A first wave of blood production in mammals occurs in the yolk sac. During 
this primitive hematopoiesis, mainly red blood cells are generated that help in 
oxygenating all the growing tissues of the developing embryo. A second wave of 
hematopoiesis occurs in an area surrounding the dorsal aorta termed the 
aorta-gonad mesonephros (AGM) region. It is believed that the cells originating in 
the AGM region subsequently populate the fetal liver, later the fetal thymus, spleen 
and finally the BM.

The HSC niche, defined as a specialized microenvironment in different tissues 
capable of housing and maintaining hematopoiesis, is starting to be characterized 
[12]. In postnatal animals, where HSC are chiefly present in the BM, individual 
HSC occupy facultative niches scattered over BM sinusoids (specialized blood 
vessels that allow cells to pass in and out the circulation) and near the vast endosteal 
surface (interface of bone and marrow) of the trabecular bone [16]. It is not clear, 
however, whether these two sites represent separate niches or if perivascular, 
endothelial cells and endosteal osteoblasts/osteoclasts collaborate in a common 
niche. HSC constantly circulate from one BM compartment to another (for instance 
from femur to tibia). It has been hypothesized that recirculation of HSC between 
one facultative niche may be required for the maintenance of the HSC phenotype. 
Alternatively, this apparent recirculation between possible different niches may 
simply reflect the passage of HSC through some of these locations during their 
migration. The spleen and liver, where HSC are present during fetal live, contain 
only a few HSC under normal conditions. However, in certain hematopoietic 
malignancies or other stresses, hematopoiesis can be re-established in these organs, 
demonstrating that facultative niches that support the long-term maintenance of 
HSC and hematopoiesis can be re-activated in these organs.

CXCL12, previously termed SDF1, and angiopoietin-1 are some of the factors 
that regulate HSC maintenance and that are produced by multiple cell types within 
the HSC niche, including osteoblasts, perivascular and endosteal cells in different 
regions of the BM [17]. The BM microenvironment is a complex system wherein 
several factors work together in inducing differentiation or maintenance of HSC 
self-renewal. Despite the many years of investigation, no single cytokine responsible 
for HSC self-renewal has been identified. As a result, HSC can only be maintained 
in vitro with a supportive cellular microenvironment of mixed or cloned stromal 
cells [18]. Several groups have evaluated the expressed gene profile of different 
stromal feeders that support HSC in vitro. However, this has not yet yielded 
sufficient information to allow one to develop a culture system wherein HSC can 
be maintained or expanded in the absence of feeders but solely supplemented with 
defined proteins generated by such feeders. In fact, the study of hematopoietic 
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niches in vivo has demonstrated that cell−cell based signals, such as for instance 
the Notch pathway, play a significant role in maintaining HSC undifferentiated. 
Morphogens such as bone morphogenetic proteins, hedgehogs and Wnts, com-
monly thought of as factors that govern defined steps in development, are a second 
class of factors that play a major role in HSC self-renewal [19]. Finally, cell intrin-
sic factors like the activation of specific transcription factors, such as the home-
obox genes Hox-A4 and Hox-A3, are also known to govern self-renewal of HSC 
[20].

Because the hematopoietic system is so well-studied, it can serve as a model 
system to be applied to define the phenotype and function of other adult stem cells. 
Prospective isolation of (subsets of) cells and subsequent analysis in well-defined 
cell culture systems or after transplantation as has been done for HSC is crucial for 
the characterization of all stem cells. Only this approach will provide insight in the 
phenotype and developmental potential of other stem cells.

2.2  Mesenchymal Stem Cells

Next to HSC, the BM harbors a second stem cell population that was discovered by 
the groundbreaking work of Friedenstein in the early 1970s [21–23]. He placed the 
whole BM into tissue culture flasks, removed the non-adherent cells and characterized 
the spindle-like adherent colony-forming fibroblast-like cells as rapidly growing 
cells that can be differentiated by various factors to osteocytes, chondrocytes and 
adipocytes. Subsequent studies confirmed these findings and demonstrated that 
these colony forming fibroblasts (CFU-F), as Friedenstein termed them, can, at the 
clonal level, differentiate to multiple connective tissue types. These cells were 
then renamed mesenchymal stem cells or marrow stromal cells (MSC). There is 
no consensus yet concerning their phenotypic and functional characteristics, as 
preparations of cells generated through adherence and culture differ among species 
and laboratories.

No single marker or combination of markers is known that can unequivocally 
identify MSC neither in vitro nor in vivo and there are no quantitative assays to 
assess the presence of MSC in a given cell population. Currently, MSC are defined 
by a combination of morphologic, phenotypic and functional properties [24]. 
Human and rodent MSC are enriched by their preferential ability to adhere to culture 
plastic. It is hence unavoidable that hematopoietic cells such as macrophages, and 
endothelial cells or smooth muscle cells, which also adhere to plastic, “contaminate” 
the cultures. Further enrichment of MSC is obtained by repeated passaging of the 
mixed cell population, by plating cells at low densities, by exposure to potassium 
thiocyanate that selectively kills macrophages and other hematopoietic cell types, 
or by negative selection to exclude hematopoietic cells (CD45, Glycophorin-A) 
with commercially available columns, flow cytometry sorting or immunomagnetic 
selection [25–27]. Because culture methods that differ between different investigators, 
likely select or expand different cell types or sub-populations, the phenotypic 
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expression of culture expanded MSC varies. Thus, several cell surface antigens 
have been described that would identify cultured MSC, including CD10, CD13, 
CD29, CD44, CD49a–f, CD63, CD90, CD105, CD106, CD140b and SB-10 (antibody 
against CD166) [28, 29]. Cultured MSC do not express antigens found on endothelial 
(progenitor) cells (CD31), although CD105 is found on EPC, and hematopoietic 
cells (CD45, CD3, CD14, CD11b, CD19, CD38 and CD66b). Number, differentiation 
potential and maximal life span of MSC declines with age [30]. The frequency of 
colony forming fibroblasts from the BM is low but can be enriched 100-fold by 
positive selection with the Stro-1 antibody, as described by Simmons et al. [31]. 
After this initial paper, various other surface markers have been used for positive 
selection of MSC, such as Sca-1, SH3/SH4 (antibodies against CD73), SH2 
(antibody against CD105), SSEA1/4, MCAM/CD146, GD2, STRO-1 (binds to tissue 
nonspecific alkaline phosphatase) and CD271 (low-affinity nerve growth factor 
receptor) (Table 1) [17, 32–36].

To demonstrate multipotency of MSC, one needs to demonstrate that clonally 
isolated and expanded MSC differentiate to alizarin red positive osteoblasts, oil-red 
O-positive adipocytes, and alcian blue positive chondrocytes. However, many studies 
have used non-clonal isolations, which cannot prove multilineage differentiation at 
the single cell level. It should also be noted that these in vitro assays correlate 
poorly with in vivo differentiation assays [37]. In contrast to in vivo studies with 
HSC, no in vivo assays to assess self-renewal and differentiation properties of 
freshly isolated or culture-expanded MSC at the clonal level have been developed. 
In vivo analysis of MSC multipotency is mostly carried out by heterotopic 
transplantation and only approximately 10% of clonal MSC are able to form bone, 
stroma, and marrow adipocytes. Although some in vitro studies have suggested that 
MSC can also differentiate into other mesodermal cell types, such as skeletal and 
cardiac muscle or endothelial cells, this has not been proven at the clonal level after 
heterotopic transplantation [38]. Assaying self-renewal of MSCs in vitro is based 
on sustained growth in culture and on the retention of differentiation properties 
after multiple population doublings. However, after 20–40 population doublings, 
depending on the isolate, MSC senesce due to progressive telomere shortening 
[39]. Long-term expansion of human and mouse MSC induces cell transformations 
and, after transplantation of these cells in immuno-compromised mice, sarcomas 
are formed [40, 41]. Demonstration of self-renewal of MSC in vitro and in situ 
relies on persistent expression of cell surface markers thought to identify primitive 
MSC. In addition, as little is known about the normal physiological role, the exact 
tissue location and the development of MSC in vivo, identification of primitive 
MSC markers is crucial.

Recently, Sacchetti et al. [17] identified MCAM/CD146 as an in situ MSC 
marker in human BM. MCAM marks self-renewing adventitial reticular cells, a 
stromal cell type in the subendothelial layer of BM sinusoids. MCAM is also 
expressed on circulating endothelial progenitors [42] and pericytes [43], an elusive 
cell type originally defined by its morphology and close contact to endothelial cells 
in the microvasculature of every connective tissue. In this regard, BM adventitial 
reticular cells might function as pericytes in the BM sinusoids. Moreover, pericytes 
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can differentiate into osteoblasts, chondrocytes, adipocytes, smooth muscle cells, a 
property shared with MSC. As MSC are not only found in the BM but are present 
in nearly every organ [44], it has been hypothesized that pericytes and MSCs are 
one and the same cell, which was highlighted in a study by Covas et al. [43]. 
Further studies will be needed to define fully the differences and similarities in 
phenotype and differentiation ability between MSC and pericytes derived from 
different tissues. Lineage tracing studies have suggested that the first wave of MSC 
may be derived from Sox-1 + neuroepithelium and not from mesoderm, but that 
during subsequent steps in organogenesis such neuroepitelium-derived MSC are 
replaced by MSC from multiple developmental origins [45]. These lineage tracing 
studies have also suggested that some CFU-Fs in BM are derived from neuroepi-
thelium and neural crest precursors. Many groups have described unexpected 
differentiation of MSC into neural cells [46], cardiomyocytes [47] and pneumocytes 
[48]. Although some of these studies may have used not foolproof methods to prove 
such unexpected differentiation [49], the varied developmental origin of MSC may 
in part account for these results.

In bone marrow, stromal cells serve two functions: providing a supportive 
microenvironment for HSC and development/maintenance of the sinusoidal 
network. These properties together with the ability to form mesenchymal struc-
tures like bone and cartilage, resulted currently in a large number of clinical trials 
with BM-derived cells for organ repair and for tissue engineering applications to 
treat congenital diseases as Osteogenesis Imperfecta, methachromatic leukodys-
trophy. It has been shown that MSC aid in engraftment of hematopoietic stem 
cells, they have an immunosuppressive effect in graft vs host disease and could be 
beneficial in osteoarthritis and cardiac ischemia [50]. These easily generated, 
maintained and expanded MSC can in addition be used as vehicles for growth factors 
or drug delivery.

2.3  Adult Stem Cells with a Greater Potency

Since the late 1990s, several reports described surprising properties of adult stem 
cells that questioned long-held dogmas that, during development, pluripotent cells 
were specified to ectoderm, endoderm and mesoderm, and that all adult multipotent 
stem cells hence belonged to a single germlayer and even more a specific tissue, 
giving rise only to cells of the tissue they reside in. However, a number of reports 
described that freshly isolated blood or BM derived cells transplanted in recipient 
animals were able to differentiate into – aside from the expected hematopoietic 
lineage, and also into various cell types from endodermal (endocrine pancreas, 
liver, bile ducts) [51–54], ectodermal (epidermis and neural cells) [55, 56] and 
mesodermal (endothelium, skeletal and cardiac muscle) origin [57–59]. In most 
of these experiments whole BM populations were utilized. However, a number of 
studies also evaluated purified HSC and found that their progeny apparently dif-
ferentiated into liver, lung, gastrointestinal, and skin epithelium [60, 61]. A number of 
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subsequent papers confirmed these initial unexpected observations, whereas other 
studies suggested that the degree of lineage switch that occurs in vivo is minimal 
or non-existent [62, 63]. It should be noted that most studies claiming a possible 
lineage switch, based this conclusion chiefly on the acquisition of phenotypic charac-
teristics of the new cell type, not acquisition of functional characteristics, nor evi-
dence for real repopulation of an organ different than the hematopoietic system in 
vivo. One notable exception was the study by Lagasse et al. [61], demonstrating 
that grafting of as few as 50 wild-type KLS cells in mice with a fatal liver disorder 
due to a genetic mutation in the FAH gene could correct the liver disease. 
Subsequent studies have, however, shown that this rescue was not a cell autonomous 
effect of the HSC, but was due to the fusion between macrophages derived from the 
HSC and hepatocytes with introduction of a normal copy of the FAH gene in host 
hepatocytes [64]. Interestingly, the fusion resulted in the partial effacement of the 
hematopoietic gene program, which is consistent with a cellular reprogramming 
event. Aside from fusion resulting in an apparent lineage switch of adult cells, 
transplantation of heterogeneous cell populations comprising two different stem 
cells, each of which gives rise to the expected tissue, but not to another tissue, may 
explain at least some of the apparent stem cell plasticity [65–67]. Obviously technical 
difficulties in proving lineage switch, including false positive immuno-histological 
assessments, as well as technical difficulties with the use of sex chromosomes to 
identify donor and host cells, among others, may explain part of the discrepancies 
between different studies evaluating this phenomenon. However, another possibility 
is that trans- or de- and re-differentiation can occur. A final possibility is that more 
pluripotent, less lineage restricted stem cells persist postnatally and are part of the 
cells that are injected.

A second series of studies also suggests greater potency of adult cells. In these 
studies, BM cells [68], spermatogonial stem cells [69] or neurospheres [70] are 
cultured in vitro, and are subsequently shown to have greater differentiation 
potency. Clarke et al. [71] isolated neurospheres from Rosa mice, cultured the 
spheres in vitro, and subsequently injected the spheres in the blastocyst. Of the 
offspring at E11, 12% were partial chimeras in which neurospheres contributed to 
the CNS, heart, liver, intestine. However no life chimeric offspring was generated 
and this study could not be replicated by others [72].

In 2002, our group published the isolation via culture of cells we termed 
multipotent adult progenitor cells or MAPC from mouse and rat BM. We demonstrated 
that these cells could be expanded without telomere shortening, and could at the 
clonal level differentiate into mesodermal (endothelium, smooth muscle cells, 
skeletal muscle and osteoblasts), neuroectodermal and endodermal (hepatocytes) 
cells [68, 73–77]. Aside from the presence of transcripts and proteins consistent 
with the specific cell types, functional attribution of the differentiated mesodermal, 
hepatic and neuroectodermal cells was demonstrated in vitro. Cells were first isolated 
from human [78] and rodent BM [68], as well as from newborn rodent brain and 
muscle tissue [79]. The major difference in culture conditions is the need for LIF 
to isolate and maintain the rodent cells, but not the human cells. Subsequently, 
MAPC were also isolated from swine [80], and like the human cells, these do not 
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require addition of LIF to the culture. Since the initial description of the isolation 
methods, improvements have been made to the culture system, where isolations and 
cell maintenance are now done at 5% O

2
. Mouse, rat and human MAPC do not 

express CD45 and other more mature hematopoietic cell surface antigens, are MHC 
Class II negative and express low levels of MHC-class I. Mouse MAPC described 
in 2002 express low levels of SSEA1, whereas those isolated under hypoxic 
conditions are SSEA1 negative. Recent mouse MAPC isolates are also c-Kit, 
EpCam, VLA-6 and CD9 positive, but CD34 negative, whereas rat clones are CD31 
positive and human clones are CD44low. The MAPC population described in 2002 
contributed to many somatic tissues after mouse blastocyst injection, although the 
degree of contribution was low in most chimeric mice and no germ-line transmission 
was detected [68]. More recent isolates contribute less than 1–5% to E12 mouse 
embryos, and no significant contribution to life offspring has been detected. Upon 
transplantation into sub-lethally irradiated NOD-SCID mice, murine MAPC engraft 
and differentiate to hematopoietic cells, that upon secondary transfer can rescue the 
hematopoietic system; and in a limited fashion to epithelium of liver, lung and gut 
[68, 81]. Moreover, undifferentiated human and mouse MAPC contribute to 
endothelium, smooth muscle and skeletal muscle when grafted in an ischemic limb 
model, where they also improve limb function via the secretion of trophic factors 
[74]. A similar trophic effect has also been noted for mouse and swine MAPC 
grafted in an acute myocardial infarct model [82, 83].

Comparative transcriptome analysis of MAPC, MSC and ESC showed that 
MAPC cluster closer to ESC and are significantly different from MSC and MSC-like 
cells (cells isolated under MAPC conditions that do not express detectable levels of 
Oct4) [84]. The rodent MAPC gene signature was remarkable for the finding that a 
number of early endodermal transcription factors are expressed, whereas MSC only 
express mesoderm specific transcripts. Rat and mouse MAPC express Oct-4, a gene 
known to maintain pluripotency in ESC, at levels between 5% and 20% of murine 
ESC. Aside from Oct4 and Rex-1, MAPC also express a number of ESC associated 
genes (Ecats) but they do not express Nanog and Sox2, two other genes known to 
play a significant role in the maintenance of the pluripotency transcriptional 
network in ES cells [85, 86]. Of note, when Nanog is suppressed in ESC using 
shRNA mediated knock-down, a similar expression of endoderm specific 
transcripts as is seen in MAPC can be detected. Moreover, there is mounting 
evidence that Nanog expression fluctuates in ESC [87] and lower levels of Nanog 
may tip the balance towards differentiation rather than staying pluripotent [88]. 
Although these results suggest that the presence of ESC specific transcripts may be 
responsible for the greater potency of MAPC than MSC, studies wherein Oct4 is 
knocked-down will be needed to prove this notion. Gene expression profiling also 
identified cell surface markers that could be used for prospective isolation of 
MAPC such as c-Kit and PDGF-Ra.

Since the isolation of MAPC, multiple groups have reported isolation of more 
pluripotent stem cells not only from rodent and human BM [33, 89–91], but also 
from heart, liver [92], umbilical cord blood [93–95], dermis [96], hair follicles [97], 
amniotic fluid [98] and skeletal muscle [99, 100]. Methods used for isolation of 
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these cells were in general relatively similar, even though the O
2
 tension in the 

incubator chamber varied between 3 and 20% O
2
, the serum concentration used 

ranged from 2 to 20%, and in many instances no other growth factors were added 
apart from serum; cell densities used differed as well. The potential of cells was 
evaluated by demonstrating acquisition of transcripts and/or proteins of cells from the 
three germ layers; functional attributes of the differentiated cells in vitro was only 
assessed in a limited number of studies and in vivo repopulation was seldom tested.

D’Ippolito et al. [89] isolated a population of “pluripotent” cells from BM of 
people aged 3–72 years, termed marrow-isolated adult multilineage inducible 
(MIAMI) cells, that differentiate into cells expressing transcripts and proteins 
found in mesenchymal lineages as well as neural and pancreatic lineages. When 
maintained at 3% O

2
, MIAMI cells could be expanded for more than 50 population 

doublings. MIAMI cells are SSEA4+, CD45−, CD34−, express telomerase and the 
transcription factors Oct-4 and Rex-1 (Table 1). Yoon et al. [91] reported the isolation 
of human BM-derived multipotent stem cells (hBMSC) with the capacity to 
differentiate into cells expressing transcripts and proteins found in cells of the three 
germ layers (endothelium, hepatocytes and neuroectoderm) in vitro. hBMSCs may 
also be able to differentiate into cardiomyocytes in vivo. Single cell clones (CD45−, 
MHC I/II−, c-Kitlow,CD90low, CD105low) could be expanded for more than 140 popu-
lation doublings without loss of telomere length but did not express the transcrip-
tion factor Oct-4. Kogler et al. [93] isolated similar cells by culturing umbilical cord 
blood, naming the cells unrestricted somatic stem cells (USSC). USSC are CD45−, 
c-Kit−, HLA-DR−, CD10low and Flk1low, can be expanded for more than 40 popula-
tion doublings and were shown to differ from MSC based on their immunopheno-
type, telomere length, mRNA expression and differentiation capacity. USSCs give 
rise in vitro to mesenchymal cells (osteoblasts, chondroblasts, adipocytes) and cells 
with protein expression pattern and some functional attributes of neuroectodermal 
and hepatic cells. USSCs grafted in utero in pre-immune sheep differentiated into 
chondrocytes, neuron-like cells, and contributed to a low extent to cardiomyocytes 
and hematopoietic cells. Similar cells were also isolated by de Coppi et al. [98] by 
culture of human amniotic fluid cells (AFS cells). C-Kit positive cells were selected 
from human amniocentesis specimens and can be maintained in culture for more 
than 250 population doublings without karyotypic instabilities and telomere short-
ening. Clonal lines express Oct4 and are further MHC-I+, MHC-IIlow, CD45−, 
CD34−, CD133−, CD29+, CD44+, CD73+, CD90+, CD105+ and SSEA4+. In vitro, 
AFS cells were shown to differentiate into mesenchymal, endothelial, neuronal and 
hepatic lineages. Finally, Beltrami et al. [92] published that multipotent adult stem 
cells (MASC) could be isolated by culture of human BM, cardiac and liver derived 
cells. MASC express Oct4, Nanog and Sox2, expand without telomere shortening 
for 40 population doublings and at the clonal level differentiate into cells with phe-
notypic and functional attributes of several mesodermal cell types, hepatic cells and 
neuroectodermal cells.

Another example wherein lineage restricted stem cells gained greater potency 
are spermatogonial stem cells, cultured in vitro. In 2004, Kanatsu-Shinohara et al. 
[69] demonstrated for the first time that when neonatal spermatogonial stem cells 
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were cultured for 4–7 weeks in vitro in the presence of bFGF, EGF, LIF and GDNF, 
approximately 3% of the cells generated ESC-like colonies that could be maintained 
in ESC conditions (on MEF in medium with 15% FCS and LIF). These multipotent 
germ stem cells (mGS) express Oct4, Nanog and Rex1 and could form teratomas 
and germ-line chimeric mice. Subsequently Guan et al. [101] showed that culture 
of highly purified spermatogonial stem cells (Stra8+) from adult mouse testis with 
GDNF and subsequently on MEF with LIF yielded cells that had all attributes of 
ESC: EB formation, teratoma formation, and germ-line competent contribution to 
chimeric mice. These cells were termed maGSC, multipotent adult germline stem 
cells. In 2007, the group of Rafii [102] found that spermatoginal stem cells selected 
based on the expression of GPR125, cultured on mouse testicular stromal cells with 
GDNF, generate after 2–3 months GPR125+ multipotent adult spermatogonial 
derived stem cells (GPR-125-MASC), ESC-like cells that can be maintained and 
expanded in ESC conditions on MEF. GPR-125-MASC express Oct4, Nanog and 
Sox2 but not other ESC transcripts as Gdf3 and Rex1. GPR-125-MASC form EBs, 
teratomas and contribute in part to chimeric mice. Hence, these spermatogonial 
derived multipotent stem cells are the only postnatal derived stem cells with all 
pluripotency features of ESC.

A third set of studies suggest that cells expressing gene transcripts responsible 
for the pluripotency of ESC, such as Oct4, Nanog and Sox2, and cell surface antigens 
found on ESC, such as SSEA1 and SSEA4, may be isolated from fresh BM or 
umbilical cord blood. Very Small Embryonic-like (VSEL) cells [94] were sorted 
from human cord blood as well as mouse BM as CXCR4+, AC133+, CD34+, Lin−, 
CD45− cells. Murine BM-derived VSEL, express Oct-4, Sox2, Nanog. Cells isolated 
from human express SSEA-4 and from mouse, SSEA1. Whether human VSEL can 
be expanded is unknown, although mouse VSEL can be expanded as spheres that 
maintain Oct4, Nanog and SSEA1 expression in co-cultures over C2C12 cells 
[103]. For mouse VSEL, differentiation to cells with transcripts consistently 
found in neuroectoderm, pancreas and cardiomyocytes was shown following 
co-culture with the respective tissues [90]. VSEL only represent 0.02% of the BM 
mononuclear cells.

Anjos-Afonso et al. [33] demonstrated that SSEA1+ primitive cells can be sorted 
from murine BM. SSEA1+ cells could be detected not only in fresh Lineage 
negative BM but also in BM cells cultured in MesenCult medium for 1–2 passages. 
SSEA1+ cells sorted from both fresh and cultured BM expressed Oct4, Nanog and 
Rex-1 transcripts and protein, albeit with levels significantly lower than in ESC. 
SSEA1+ cells represented the majority of quiescent (G

O
) Lineage negative cells and 

represent only 0.45–0.97% of the total cells. When SSEA1 + cells were plated in 
Mesencult medium, expression of Oct4, Nanog and Rex1 was lost. By contrast, 
when cells were maintained in medium also used by Jiang et al. [68] to maintain 
MAPC, cells retained Oct4, Nanog and Sox2 expression; in fact, the transcript 
levels of these three transcription factors increased 100-fold. In no instance was 
Oct4, Nanog or Sox2 expression found when the cultures were initiated with 
SSEA1 negative cells. One of the clonal cell populations generated under 
these conditions differentiated in vitro to mesenchymal cell types as well as 
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astrocyte-, endothelial- and hepatocyte-like cells. When grafted intra-femoral, 
differentiation to osteocytes, adipocytes, cartilage, endothelium as well as hemat-
opoietic cells was noted. As described for MAPC, expression of for instance 
Sox17+, PDGF-Rα+, and c-Kit+ was found, but in contrast to MAPC a number of 
mesodermal transcription factors, such as Brachyury+, VE-Cad+, and GATA2+, 
were also expressed.

The relationship between the different adult “more multipotent” stem cells 
derived from non-germline tissues is not clear. Despite differences in cell surface 
phenotype, they are likely all related cell populations. Collaborative studies wherein 
the relationship between these cells can be assessed using transcriptome and 
perhaps proteome analysis, as well as by using standardized differentiation studies 
in vitro and in vivo, will be needed to define the relationship.

3 � General Conclusions: Multipotent or Pluripotent  
Adult Stem Cells?

It is well-known that Oct4, together with Sox2 and Nanog, is the major transcription 
factor that allows maintenance of pluripotency of ESC and loss of Oct4 results in 
loss of pluripotency [104]. In freshly isolated adult somatic cells, high levels of 
Oct4 can be detected in germline cells and downregulation of Oct4 leads to apoptosis 
[105]. A pluripotent state can also be induced in adult somatic cells by forced 
expression of Oct4 together with Sox2, Klf4 and c-Myc in mouse and human cells 
[106–108] or in combination with Sox2, LIN28 or Nanog in human cells [109]. 
These induced pluripotent stem cells (iPS) are almost indistinguishable from ESC. 
Of the genes that need to be introduced to generate iPS cells, Oct4 and Sox2 are the 
two key transcription factors that allow de-differentiation of differentiated cells to 
an iPS state [110, 111].

The finding that Oct4 is also detected in some adult somatic cells and in cancer 
cells, raises the question whether Oct4 can be used as a marker for pluripotency in 
adult cells [112]. Although some studies have used immunohistochemistry on 
histological sections to demonstrate that Oct4 positive cells exist in vivo, this notion 
should be viewed with care as recent studies have shown that false positive staining 
is possible. In addition, care should be taken when evaluating Oct4 transcripts in 
isolated cell populations from human origin because many Oct4 and Nanog 
pseudogenes exist which are expressed in normal somatic cells and poorly designed 
primers cannot distinguish between pseudogenes and the specific gene [113]. A recent 
study evaluated whether Oct4 has a physiological role in postnatal life, employing 
a conditional Oct4 knockout mouse. This study demonstrated that Oct4 is dispensable 
for both self-renewal and maintenance of somatic cells from several tissues including 
intestinal epithelium, BM, skin, brain and liver [114]. In addition, this group also 
used a second genetically modified mouse, wherein IRES-eGFP was knocked-in 
behind the fifth exon of Oct4. ESC from these animals are eGFP positive; however, 
analysis of different somatic tissues did not identify eGFP positive cells. This may 
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at first sight be inconsistent with the studies from Kucia et al. [90] and Anjos-
Afonso et al. [33], who isolated SSEA1/4 positive cells that express Oct4 transcripts 
and proteins. However, Oct4 levels found in BM derived SSEA1  +  cells in the 
Anjos-Afonso et al. studies were >100-fold lower than in ESC, and the sensitivity 
of Oct4-IRES-GFP may be too low to yield GFP positive cells in different tissues. 
Whether low level expression of Oct4 has physiologically relevance is obviously 
not known. As we hinted earlier in the chapter, Oct4 expression in somatic cells has 
in general been reported in cultured cells. As most studies demonstrating greater 
potency of spermatogonial stem cells, that already express Oct4 in vivo, or adult 
somatic stem cells, coinciding with presence of Oct4, have demonstrated this 
potential only in cells cultured ex vivo, the possibility exists that the acquisition 
of potency and/or Oct4 expression may be a culture-induced phenomenon. 
Alternatively, the possibility exists that during development primitive cells, perhaps 
pre-gastrulation stage cells, are left in different tissues, which can be enriched by 
ex vivo culture.

Of note, in the first publication describing iPS cells, the iPS cell lines were not 
completely reprogrammed to ESC, as shown by gene expression profiling and 
methylation studies. This first generation of iPS cells formed embryoid bodies 
and teratomas but could not give rise to postnatal chimeric mice [106]. When repro-
gramming was allowed to proceed for a longer period of time, iPS cells were highly 
similar to ESC, again documented by gene expression and DNA methylation [115, 
116]. The latter cells form chimeric mice with germ-line transmission [111, 115, 
117]. As has also been shown for epiblast cells, that may be slightly more differentiated 
compared with ESC, the identification of iPS cells that are reprogrammed to an 
almost ESC state and iPS cells that are reprogrammed to a state indistinguishable 
from ESC suggests that there are several stages in pluripotency. It is hence possible 
that the populations of cells isolated from somatic cell cultures may have different 
degrees of pluripotency, either inherent to the cells that are selected by the culture, 
or induced by the culture method. Detailed gene expression, epigenetic and genetic 
studies will be necessary to determine whether transcription factor pathways essential 
in pluripotent cells like ES and iPS are also present or can be further induced in 
adult somatic cells with more pluripotent characteristics like MAPC, USSC, 
MIAMI cells. Regardless of their origin, adult more pluripotent cells may be very 
valuable as a model for de-,re- and transdifferentiation and form a source of stem 
cells for cell therapies and drug screening.
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engineering. Both general types of stem cells, those with pluripotent differentiation 
potential as well as those with multipotent differentiation potential, are of equal 
interest. They are important tools to further understanding of general cellular 
processes, to refine industrial applications for drug target discovery and predictive 
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This chapter provides an overview of existing sorting technologies and protocols, 
outlines the phenotypic characteristics of a number of different stem cells, and sum-
marizes their potential clinical applications. 
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1  Introduction

Stem cells have the potential to revolutionize tissue regeneration and engineering. 
The hematopoietic stem cells were the first stem cells to be prospectively identified. 
Since then, an ever increasing number of new types of stem cells, including embry-
onic stem cell cells, tissue resident stem cells and cancer stem cells, have been 
identified and characterized. Currently, the derivation of induced pluripotent stem 
cells (iPS cells) from differentiated, post-mitotic cells that behave similar to ESC is 
further extending this exciting field. iPS cells may eventually combine the advan-
tages of ESCs and autologous cell transplantation, allowing for a generation of 
patient specific derived stem cells for unrestricted tissue regeneration and without 
ethical issues.

Both general types of stem cells, those possessing pluripotent differentiation 
potential like ESC or iPS cells, as well as those with multipotent differentiation poten-
tial like tissue stem cells, are of equal interest. They can be useful in understanding 
general cellular processes in, e.g., embryogenesis, organogenesis, cancer or ageing, 
but also as a vehicle for the generation of transgenic mice for functional gene analysis 
and disease models. Further applications are in industrial research as cell based 
screenings for drug target discovery, drug discovery or predictive toxicology, and in 
clinical research as a potential source for tissue regeneration.

The reproducibility of culturing cells at a defined stage, as well as differentiating 
them to a certain endpoint, is a prerequisite for each of the listed applications. 
Therefore, a number of different protocols have been published for the isolation and 
enrichment of stem cells including selective culturing, immunopanning, flow cyto-
metric sorting, or magnetic sorting.

In this chapter we give an overview of existing sorting technologies and proto-
cols, outline the phenotypic characteristics of a number of different stem cells and 
summarize their potential for clinical applications.
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2  Methods and Technologies

2.1  Stem Cell Enrichment Using Flow Cytometry

2.1.1  Flow Sorting

Flow cytometric cell sorting utilizes optical differences between target cells and 
nontarget cells. Light scattering and fluorescent properties are the optical parameters 
and are either intrinsic to the cell population (size and granularity for forward and 
sideward scatter) or generated by differential binding or incorporation of fluores-
cent dyes into cell populations.

Single cell suspensions in a flowing stream are embedded in a second fluid 
stream (sheath fluid) and are subject to a hydrodynamic focussing process that 
allows for passing an illumination and sensing unit within a defined distance. Cells 
in the center of the sample stream are illuminated, for example, by a laser beam, 
interact with the light and respond with light emission at different angles, intensi-
ties, and wavelengths. The optical signal of individual cells sequentially passing the 
sensor are compared with previously defined criteria for target and nontarget cells, 
and the fluid stream containing the cell suspension is split to direct different por-
tions of the stream into different collection containers [1].

Different technologies are used to split the stream. Droplet sorters are the most 
widely used flow sorting technology. The fluid stream is broken into droplets – for 
example, by a vibrating nozzle. Some droplets contain cells, and droplets containing 
the desired target cells or unwanted nontarget cells can be identified through prior 
optical analysis and directed into collection containers.

Droplet frequencies of 2,000–100,000 per second can be achieved, limiting the 
sorting frequency to 50,000 (presort) cells per second.

Enclosed sorters are significantly slower (<1000 s−1) than droplet sorters at sig-
nificant lower costs and can be realized by different technology: catcher tube sorters 
move a collection tube into the liquid in air stream when a target cells has been 
detected; fluidic-switching sorters actuate valves in a branched fluid path, switching 
between different paths the cells can pass; and destructive sorters destroy nontarget 
cells, for example, by an intense laser beam.

The unique property of flow sorting is that a combination of multiple optical 
parameters can be used to identify the cell subset of choice.

2.1.2  Surface Staining

Stem cells differ from other cell populations by specific proteins expressed at the cell 
surface (cell surface markers). Monoclonal antibodies can selectively bind to cell 
surface proteins, and fluorescent dyes conjugated to the antibody thus tag the cell of 
interest. CD34 and CD133 cell surface molecules are frequently used to identify and 
sort human hematopoietic stem cells. The presence or absence of additional markers 
can be used to further define the target cell population (e.g., CD38-negative; see 
Sect. 4 for details).
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2.1.3  Side Population Sorting

Stem cells are frequently described as being a “side population”, which is by defini-
tion a rare cell population distinguished from most other cells by specific charac-
teristics. Stem cells differ from nonstem cells in their ability to transport Hoechst 
stains (Hoechst 33342) out of the cell. Hoechst 33342 is a DNA-binding fluorescent 
dye, excitable by ultraviolet light at 350 nm and emitting at 461 nm. A multidrug-
like transporter in stem cells causes an increased efflux of Hoechst 33342 by an 
active biological process. Figure 1 shows a typical flow cytometric characterization 
of side population cells.

2.1.4  Aldefluor®

Stem and progenitor cells possess a different aldehyde dehydrogenase (ALDH) 
activity compared to nonstem cells. This enzyme converts a nonfluorescent sub-
strate (an aminoacetaldehyde) into a fluorescent product (an aminoacetate) that is 
retained within living cells with an intact membrane. Cells with different ALDH 
enzyme activity can thus be differentially stained with the fluorescent product, and 
stem cells can be isolated based on their enzyme activity [2, 3]

Fig. 1  Side population cells (encircled) are characterized by a low staining intensity for Hoechst 
dyes, and represent a low proportion of measured cells
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2.2  Magnetic Cell Sorting

2.2.1  Introduction

Magnetic cell sorting has become a standard method for cell separation in many 
different fields. Numerous publications have demonstrated its use, from lab bench to 
the clinic; small to large scale; from abundant cells to rare cells with complex phe-
notypes; from human and mouse cells to many other species. Isolation of almost any 
cell type is possible from complex cell mixtures, such as peripheral blood, hemat-
opoietic tissue (spleen, lymph nodes, thymus, bone marrow), nonhematopoietic tissue 
(e.g., solid tumors, epidermis, dermis, liver, thyroid gland, muscle, connective tissue) 
or cultured cells [4–11]. There are various magnetic cell separation systems currently 
available. They differ principally in two features: the composition and size of the 
magnetic particles used for cell labeling [5, 12] and the mode (i.e., “positive isolation”/
enrichment or “negative isolation”/depletion) of magnetic separation.

2.2.2  Technology

The MACS® System is characterized by the use of nano-sized superparamagnetic 
particles (approx. 50 nm in diameter), unique separation columns, and MACS 
Separators providing the required strong magnetic field [5, 8, 10].

Magnetic cell separation using MACS Technology is performed in three steps as 
outlined in Fig. 2. The entire procedure can be performed in less than 30 min, and 
both cell fractions, magnetically labeled and untouched cells, are immediately 
ready for further use, such as flow cytometry, molecular analysis, cell culture, trans-
fer into animals, or clinical cell therapy applications.

Dynabeads® represent an example of larger, e.g., cell-sized, magnetic beads, to be 
used in a tube-based system. They are super-paramagnetic and are made from a syn-
thetic polymer [13, 14]. The starting sample is incubated with the beads, and the test 
tube is then placed in the field of a strong permanent magnet. Complexes of cells and 
beads are attracted to the wall of the tube, and the supernatant can thus be removed.

Both cell fractions can be used – bead-captured cells and untouched cells. Should 
captured cells be subjected to functional studies, the beads need be removed [15], e.g., 
by enzymatic cleavage or binding competition with affinity molecules (peptides, 
antibodies, biotin) disrupting the binding of antibodies to the target molecules.

2.2.3  Magnetic Separation Strategies

Magnetic cell separation is a very simple but flexible technique, with two basic 
strategies (“modes”): positive selection or negative selection (“depletion”). The 
optimal separation strategy depends on the abundance of target cells in the cell 
sample, their phenotype compared with other cells in the sample, the availability of 
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reagents, and a full consideration of how the target cells are to be used, including 
any restrictions with respect to purity, yield, and activation status.

Positive selection means that the desired target cells are magnetically labeled and 
isolated directly, representing the positive cell fraction (see Fig. 2). It is the most 
direct and specific way to isolate the target cells from a heterogenous cell suspension 
and requires a cell surface marker specific for the target cells. Positive selection is 
particularly well suited for the isolation of rare cells, such as hematopoietic stem 
cells, from complex cell mixtures, such as blood cells (for an example see Fig. 3).

Both fractions – labeled and unlabeled – can be recovered and used. Due to their 
composition of iron oxide and polysaccharide, MicroBeads are biodegradable and 
typically degrade and disappear rapidly when the cells are cultured. MicroBeads 
attached to receptors that are internalized and recycled to the cell surface may even 
be degraded much faster.

Depending on the cell type, on the target surface molecules used for magnetic 
labeling, and on the labeling moiety of the MicroBeads (mAb or ligand), the func-
tional status of the cells can be influenced. This is inherent to labeling with Ab or 
ligands that recognize and crosslink cell surface receptors and thus may induce or 
suppress signal transduction. Labeling with antibody-conjugated MicroBeads has 
no additive effect compared to labeling with an unconjugated crosslinking Ab.

Fig. 2  Principle of high-gradient magnetic cell sorting. The procedure comprises three steps. 
Magnetic labeling (left): The cell preparation and labeling methods are similar to those used in 
flow cytometry. Individual cells of a cell suspension are immunomagnetically labeled using 
MACS MicroBeads, which typically are covalently conjugated to a monoclonal antibody (mAb) 
or to a ligand specific for a certain cell type. Magnetic separation (middle): The cell suspension is 
passed through the separation column that contains a ferromagnetic matrix and is placed in a 
MACS Separator. The separator contains a strong permanent magnet creating a high-gradient 
magnetic field in the magnetizable column matrix. Labeled target cells are retained in the column 
via magnetic force, whereas unlabeled cells flow through. By simply rinsing the column with 
buffer, the entire untouched cell fraction can be eluted. Elution of the labeled cell fraction (right): 
After removing the column from the magnetic field of the MACS Separator, the retained labeled 
cells can easily be eluted with buffer
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In summary, positive selection should be considered for (1) excellent purity, espe-
cially for enrichment of rare cells, (2) excellent recovery, and (3) fast procedures.

Depletion or negative isolation, on the other hand, means that the unwanted 
cells are magnetically labeled to eliminate them from the cell mixture, whereas the 
nonmagnetic, untouched fraction contains the cells of interest (Fig. 4). Potential 
effects on the functional status of cells can thus be minimized. A single depletion 
procedure can remove up to 99.99% of the magnetically labeled cells, leaving a highly 
pure fraction of unlabeled cells.

Fig. 3  FACS diagrams showing isolation of stem cells by positive selection with CD34 and CD133 
directly conjugated antibodies and the CliniMACS Plus Instrument. CD34 cells were enriched from 
mobilized leukapheresis product (upper row), CD133 cells from bone marrow aspirate (lower row). 
Diagrams show the cellular composition before (left column) and after (right column) enrichment. 
Mononuclear cells from peripheral blood (PBMC), cord blood, bone marrow, fetal liver or leuka-
pheresis harvest are obtained by density gradient centrifugation using Ficoll Paque®. For CliniMACS 
separation, hematopoietic stem and progenitor cells are directly magnetically labeled using MACS 
MicroBeads specific for CD34 and CD133, respectively. After enrichment, 99.2 or 96.7% pure stem 
cell fractions are obtained starting from frequencies of 0.92 and 3.1%
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In particular, this strategy may be advantageous if functional studies have to be 
performed with the target cells, such as T cell activation studies or gene expression 
profiling. If the desired target cells are heterogeneous or do not have a well-defined 
phenotype, removing well-characterized cells by depletion is an efficient way to 
isolate the target cell population. Commonly used examples of depletion approaches 
include the depletion of cancer cells from autologous stem cell grafts and the deple-
tion of T cells and B cells from allogeneic stem cell grafts.

In summary, a depletion strategy should be considered (1) for the removal of 
unwanted cells, (2) if no specific antibody is available for target cells, (3) if binding 
of antibody to target cells is not desired, and (4) for the subsequent isolation of a 
cell subset by means of positive selection (see below).

Multiparameter magnetic cell sorting is the strategy for isolating target cells that 
cannot be defined by a single cell surface marker, but by multiple cell surface anti-
gens. Using only magnetic separation, sequential isolation of even complex targets 
cells can be achieved, combining both depletion and positive selection steps. There 
are several different routes for multiparameter magnetic sorting.

Commonly, a first step is “debulking” of the start population by using a panel of 
reagents directed against multiple cell surface antigens to deplete for several markers 
simultaneously.

Second, depletion may be followed by positive selection. The nonretained cells 
from the first separation are again magnetically labeled and enriched on a second 
column. In order to obtain highest purity, different stringencies may be used for the 
two separations. The depletion step can be performed on a steel-wool column with 
the highest retention rates for labeled cells and the enrichment step is performed on 
an iron-sphere matrix column with the lowest unspecific retention rates for unla-
beled cells. This reduces the probability that labeled cells will be carried over from 
the first separation step into the second.

Fig. 4  Depletion strategy. The unwanted cells are labeled with immunomagnetic MicroBeads or 
a cocktail thereof and applied to the column. Labeled cells are eliminated on the column, and the 
untouched fraction with the cells of interest is collected in the flow-through
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A third option is sequential positive selection. This can be accomplished by 
using colloidal superparamagnetic particles, which can be rapidly released from the 
cell (MultiSort MicroBeads) using an enzyme. Since the specificity of the enzyme 
is unique to the magnetic particles, cell surface molecules are not modified. 
MultiSort MicroBeads are typically used for a first positive selection. After this first 
step, release of the MultiSort MicroBeads takes less than 10 min. The cells are then 
ready for further labeling and another separation cycle.

The concept of positive selection followed by depletion is very attractive for the 
depletion of contaminating tumor cells or alloreactive T cells from purified CD34+ 
hematopoietic progenitor cells for therapeutic autologous or allogeneic stem cell 
grafting. This concept requires either the combination of MultiSort MicroBeads 
and MicroBeads or the use of MicroBeads followed by larger magnetic beads.

2.2.4  Magnetic Labeling Strategies and Reagents

Direct labeling is the fastest way of magnetic labeling. Only one labeling step is 
required if a monoclonal antibody specific for a certain cell surface antigen can be 
directly coupled to the MicroBeads (Fig. 5, left).

Direct labeling minimizes the number of washing steps and thereby prevents cell 
loss. For many human, mouse, rat, and nonhuman primate cell surface markers, 
antibody-conjugated MicroBeads are available as one-step reagents.

Indirect labeling (Fig. 5, right) is performed if no direct MicroBeads are avail-
able, if a panel of antibodies directed against multiple cell surface antigens is 
used, or if two-step magnetic labeling is significantly more efficient compared to 
one-step labeling, for example, with weakly expressed antigens or antibodies of 
low affinity.

Cells are labeled with a primary antibody that is unconjugated, biotinylated, or 
fluorochrome-conjugated. In a second step, three different indirect magnetic labeling 
methods can be used:

Fig. 5  Principles of magnetic labeling with superparamagnetic MACS MicroBeads. Direct labeling 
(left): One-step magnetic labeling, where a cell surface-antigen specific mAb is directly conju-
gated to the MicroBeads. Indirect labeling (anti Ig) (right): Two-step magnetic labeling with a 
primary cell surface-antigen specific Ab and anti immunoglobulin Ab-conjugated MicroBeads. 
Like any staining reagent, each magnetic bead reagent must be titrated for optimal cell separation, 
using different concentrations of MicroBeads for one otherwise standardized separation and 
determining the concentration with the best performance with respect to purity and yield of the 
cells of interest
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1.	 MicroBeads conjugated with antiimmunoglobulin antibody to detect unlabeled 
primary antibody

2.	 MicroBeads conjugated with streptavidin or antibiotin antibody to detect 
biotinylated primary antibody

3.	 MicroBeads conjugated with antifluorochrome antibody (e.g., antiFITC) to 
detect fluorochrome-labeled primary antibody

A cocktail of antibodies can also be used for isolating or depleting a number of 
cell types concurrently. This amplifies the magnetic labeling and thus, indirect 
labeling may be the method of choice if dimly expressed markers are targeted for 
magnetic separation.

2.2.5  Superparamagnetic MicroBeads

MACS MicroBeads are superparamagnetic particles made of an iron oxide core and 
a dextran coating. They are nano-sized, ranging between 20 and 150 nm in diameter 
(see Fig. 6), and form colloidal solutions, i.e., they remain dispersed [5, 8]. 
Superparamagnetism means that in a magnetic field the iron oxide cores magnetize 
strongly like ferromagnetic material, but when removed from the magnetic field the 
particles do not retain any residual magnetism. The dextran coating of the 
MicroBeads permits chemical conjugation of biomolecules. Numerous highly spe-
cific mAb, fluorochromes, oligonucleotides and various other moieties have all 
been covalently linked to MicroBeads, thereby transferring additional biochemical 
and physical properties to them [5, 6].

The nano-sized iron-dextran particles confer several unique features on MACS 
Technology. MACS MicroBeads are biodegradable and do not alter cell function. 
Effects on the functional status of cells by magnetic labeling with MicroBeads are 
primarily dependent on the target cell surface antigen and on the degree of cross-
linking by mAb or ligands conjugated to the MicroBeads, but not on the MicroBeads 
themselves. Cells labeled with MicroBeads have been used for numerous functional 
in vitro assays, experimental transfers into animals, and therapeutic transplanta-
tions in humans.

2.2.6  Column Technology and Separators

MACS MicroBeads are extremely small, and the amount of magnetizable material 
bound to cells is very low. Specific devices are required to generate a high-gradient 
magnetic field powerful enough to retain the labeled cells. MACS Technology uses 
high gradient magnetic cell separation units consisting of a strong permanent mag-
net of 0.4–1 Tesla and a separation column with a matrix of iron spheres.

When the columns are placed between the poles of the magnet of a MACS 
Separator, high magnetic gradients up to some 104 T/m are generated in the vicinity 
of the ferromagnetic matrix. The magnetic force is then sufficient to retain the target 
cells labeled with a very small number of MicroBeads. Once the column is removed 
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from the magnet, the column matrix rapidly demagnetizes, and retained cells can be 
easily and completely eluted simply by rinsing the column with buffer.

MACS Columns for research use are available in various sizes (Fig. 7) for fast 
(5–30 min) processing of different amounts of cells. Up to 2×1010 cells, containing 
up to 109 target cells can be routinely handled. This is in striking contrast to fluo-
rescence-activated cell sorting (FACS, see Sect. 2.1.1), where cells are sorted one 
after the other, limiting the sorting speed to about 50,000 cells per second, that is, 
108 cells in 33 min, or a leukapheresis pack with 1010 cells in 56 h.

With the autoMACS and autoMACS Pro Separators, column-based magnetic cell 
separation can also be automated in order to standardize frequent cell separations.

2.2.7  Clinical-scale Cell Separation

Magnetic cell separation technologies have provided novel tools to use specified 
cell populations for treatment of patients. Desired effects such as reconstitution of 

Fig. 6  Scanning (left) and transmission (right) electron micrograph of a CD8+ T cell. The cell was 
isolated with MACS Technology using CD8 Ab-conjugated superparamagnetic MicroBeads (EM 
courtesy of Prof. Groscurth, Zürich, Switzerland). Some superparamagnetic MicroBeads attached 
to the membrane are visible on the micrograph image. They are about 50 nm in diameter, form 
colloidal solutions, and are biodegradable. Their small size enables high kinetics of the 
MicroBead-cell reaction and minimizes unspecific binding. Thus, cell enrichment of more than a 
10,000-fold is possible from frequencies below 10−8
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the immune system can be utilized while sparing unwanted effects of nontarget 
cells such as immune reactions vs patient tissue [16]. Two devices for isolation of 
stem cells by magnetic cell separation technologies are available. They differ in the 
size of magnetic particles used (see Sect. 2.2.2).

CliniMACS® Plus Instrument

The CliniMACS Plus Instrument is an automated cell separation device based on 
MACS Technology. It enables the operator to perform large-scale magnetic cell 
separation in a closed and sterile system (Fig. 8).

The use of clinical-grade isolation or depletion of cells has grown dramatically 
over the past few years, and is now a standard technique established in many cel-
lular therapy centers. The CliniMACS Plus Instrument is a flexible system for sepa-
rating cells labeled with clinical-grade MicroBeads. Cells are processed and labeled 
in a closed bag system using standard clean-room techniques. The processed cells 
are then attached to a tubing set and processed using the preset programs of the 
CliniMACS Plus Instrument. Target cells are recovered in a transfer pack or cell 
culture bag ready for downstream processing, again using a closed system.

Stem cells isolated with the CliniMACS Plus Instrument are used for stem cell 
grafts (“graft engineering”) to reconstitute the immune system in the context of 
tumor therapies (chemotherapy, whole body irradiation) and for regeneration of 
patient tissues (regenerative medicine, tissue engineering; see Chap. 5 for details). 
Graft engineering procedures can be performed by both positive isolation (CD34 or 
CD133 enrichment) and negative isolation (CD3/CD19 depletion); see Sect. 2.2.3.

Fig. 7  Hardware and instruments. A variety of different MACS Separators and Columns is avail-
able, each individually designed for specific applications. The OctoMACS Separator (left), for 
example, is a device for separations of up to 108 labeled cells and up to 2×109 total cells in com-
bination with LS columns. The autoMACS Pro Separator (right) is an automated benchtop mag-
netic cell sorter for high cell numbers or multiple samples. It is capable of sorting up to 10 million 
cells per second from samples of up to 4×109 cells
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Isolex® 300i

Baxter Healthcare Corporation has adapted Dynabead-based stem cell isolation to 
an automated process in a clinical scale. The Isolex 300i Magnetic Cell Selection 
System allows for separation of CD34-positive cells. Magnetic beads are removed 
from the isolated stem cells using a competing peptide [15, 17, 18].

Fig. 8  CliniMACS® Plus Instrument. The CliniMACS System is an automated cell separation 
system for clinical-scale magnetic enrichment of target cells or depletion of unwanted cells in a 
closed and sterile system. For separation, a single-use tubing set, including a separation column, 
is attached to the CliniMACS Plus Instrument. Then the cell preparation bag containing the 
labeled cells is connected to the tubing set. After starting the separation program, the system 
automatically applies the cell sample to the separation column, performs a series of washing steps, 
and finally elutes the purified target cells. The CliniMACS® System components (Reagents, 
Tubing Sets, Instruments and PBS/EDTA Buffer) are manufactured and controlled under an ISO 
13485 certified quality system. In Europe, the CliniMACS System components are available as 
CE-marked medical devices. In the USA, the CliniMACS System components including the 
CliniMACS Reagents are available for use only under an approved Investigational New Drug 
(IND) application or Investigational Device Exemption (IDE). CliniMACS® MicroBeads are for 
research use only and not for use in humans
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2.2.8  Evaluation of Separation Performance

Different technologies for isolation and enrichment of stem cells are available, and 
thus, cell separation performance parameters are useful to compare those methods.

The most evident performance parameter for isolation of stem cells is the purity 
of target cells, i.e., the frequency of stem cells within a given processed target cell 
population:

=
# stem cells

purity 100%.
# all cells

Nevertheless, purity of stem cells alone is not a sufficient performance parameter, 
as one always needs a specific number of stem cells for either basic research or clinical 
applications. Thus recovery of almost all of the stem cells contained in the initial cell 
product is desirable:

# stem cells _ in _ processed _ sample
yield 100%.

# stem cells _ in _ unprocessed _ sample
=

It is obvious that 100% purity of target cells with 100% yield during processing would 
be optimal, at best combined with a low processing time. In practice, and for a given 
technology, optimizing one parameter can only be done at the expense of another, 
moving a coordinate within the area of a triangle (see Fig. 9).

Purity and yield characterize the processed cell product. Both may significantly 
depend on the input product, e.g., abundance of target cells before processing. 
Additional parameters have been defined that characterize a relative separation 
performance:

Fig. 9  The separation triangle. Each point within the triangle represents a possible parameter set 
in three dimensions (purity, yield, throughput). For a given process performance, parameters can 
only be optimized by compromises in other parameters, i.e., 100% purity and 100% yield of target 
cells cannot be combined with maximum throughput
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In these equations, %pos means the frequency of cells “positive” for a specific marker, 
e.g., CD34, and %neg means the frequency of cells “negative” for the same marker 
(100%–%pos).

Stem and progenitor cells are usually very rare in cell samples being used for isolation. 
Thus, high enrichment rates are required to obtain optimal purity. For a given technology 
the final purity will depend on the input frequency of target cells (see Fig. 10).  
Using MACS Technology, enrichment rates of up to 5,000 can be achieved.

Typical depletion rates are 5–200, and for a positive isolation strategy they 
assess how many labeled target cells are lost into the flow-through fraction. For a 
negative isolation strategy the depletion rates measure how effective labeled non-
target cells are removed from the sample.

Both enrichment rate and depletion rate use frequencies of cell populations for 
calculation and do not take into account possible bulk cell loss during processing. 
Graft engineering procedures thus typically use different parameters for evaluation of 
separation performance, based on absolute cell numbers. The probability P defines 
the fraction of nontarget cells (e.g., CD34-negative cells) that are still contained in the 
final cell product:

Fig. 10  Dependence of purity on enrichment rate and starting frequency. The final purity of a cell 
separation procedure depends on the frequency of target in the unprocessed sample and on the 
enrichment rate of the respective separation technology used. With MACS Technology, enrich-
ment rates of up to 5,000 can be achieved. In conclusion, high purity is only achievable with a 
high enrichment rate and moderate starting cell frequency
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where “#neg” is the number of negative (i.e., nontarget) cells. A typical probability 
of a CliniMACS separation procedure using CD34 as a target molecule to carry 
over nontarget cells to the final cell product is below 0.4×10–4, i.e., > 99.96% of 
CD34-negative cells are removed.

P is usually very small for high performance cell separation systems. Therefore, 
the logarithmic scale is used:

pos

ori

# neg
log log10 .

# neg
P- = -

CliniMACS CD34 procedures typically achieve a >3.5 log depletion of CD34-
negative cells.

When stem cell isolation is used clinically for graft engineering of hematopoi-
etic stem cell grafts for allogeneic transplantation, the removal of T cells is of 
utmost importance for patient safety. T cells in the graft may cause life-threatening 
immune reactions versus patient tissue (graft vs host disease, GVHD). Therefore, 
graft engineering performance is frequently characterized by the efficiency of T cell 
depletion rather depletion of all CD34-negative nontarget cells.

When a stem cell isolation system, such as the CliniMACS Plus Instrument, is 
characterized with regard to nontarget cell carry-over (e.g., –log P of 3.5), the stem cell 
purity of the final product mainly depends on the starting frequency, and Fig. 11 may 
be used to predict stem cell purity for samples with different stem cell content.

Fig. 11  Dependence of purity on depletion efficiency of nontarget cells and preprocessing stem 
cell content. The final purity of a cell separation procedure depends on the frequency of target 
cells in the pre-processing stem cell sample and on the depletion efficiency of nontarget cells of 
the respective separation technology used. With MACS Technology, depletion efficiencies of up 
to 4.5 orders of magnitude can be achieved
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3  Isolation and Enrichment of Embryonic Stem Cells

3.1  Introduction

Embryonic stem cells (ESC) are not continuously present in an organism but can 
be derived during a very limited period of time from the inner cell mass of blasto-
cysts. The indefinite in vitro self renewal of mouse ESCs (mESC) and moreover 
their pluripotency, that is, the capacity to differentiate into every cell type in the 
body, was described for the first time more than 25 years ago [19, 20]. Later on, 
ESCs were derived from a number of different species and finally also from human 
preimplantation embryos [21]. Due to their unique properties, ESCs have been used 
in a variety of different fields: (1) in basic research to understand general cellular 
processes in, for example, embryogenesis, organogenesis, cancer, or ageing, and as 
a vehicle for the generation of transgenic mice for functional gene analysis and 
disease models; (2) in industrial research as cell-based screenings for drug target 
discovery, drug discovery, or predictive toxicology; (3) in clinical research as a 
potential source for tissue regeneration. The recently described derivation of 
induced pluripotent stem cells (iPS cells) from differentiated, postmitotic cells that 
behave similar to ESCs have sparkled the whole field even more [22]. With iPS 
cells combining the advantages of ESCs and autologous cell transplantation, the 
generation of patient specific derived stem cells for unrestricted tissue regeneration 
and without ethical issues can be envisaged.

The broad application of ESCs, but also the fact that they are kept in culture for a 
prolonged time, has led to a number of different protocols for their derivation, isolation, 
and enrichment at a pluripotent stage or after differentiation into a certain cell type.

The techniques involved for the isolation and enrichment are generally the same 
as described above, including selective culturing, immunopanning, flow cytometric 
sorting, or magnetic sorting.

3.2  Selective Culturing of Embryonic Stem Cells

For historical reasons, the most eminent protocol for enrichment of pluripotent mouse 
and human ESCs is based on selective culturing. A detailed description for the deriva-
tion of ESCs can also be found elsewhere in this book (see Itskovitz-Eldor). In brief, 
mouse ESCs are derived from embryonic day 3.5 blastocysts by letting them attach 
and expand on mitotically inactivated murine embryonic fibroblast layer in a medium 
containing leukemia inhibitory factor (LIF) [23]. Expanded blastocysts are repeatedly 
trypsinized and single clones derived. As the original protocol was quite inefficient, 
with a success rate of up to 30% and strong dependency on the mouse strain, many 
improvements have been introduced. Such improvements include use of specifically 
conditioned medium [24], genetically modified blastocysts [25], microdissection of 
the blastocyst [26], treatment with pharmacological drugs [27], and use of serum 
replacement (SR) [28].
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Human ESCs have been derived using similar protocols as originally described 
for mouse ESCs. However, at least the first hESC lines had a higher tendency for 
spontaneous differentiation and a lower proliferation rate which made the handling 
much more difficult – up to the point that individual colonies need to be selected 
by a micropipette according to their undifferentiated morphology and then mechan-
ically dissociated into clumps in order to proliferate them at an undifferentiated 
stage [21].

Despite almost 10 years of research, currently available hESCs show heteroge-
neous phenotypes, and the consistency of culture is still a challenge for many labs. 
No generally applicable culture protocol has evolved [29]. Different laboratories 
culture hESCs either feeder-free (“matrix culture”) [30], with mouse embryonic 
fibroblasts (MEF) [21] or with different kinds of human fibroblasts (HEF) as feeder 
cells [30]. Also, the propagation of hESCs is either done by mechanical (“cut and 
paste”) or enzymatical dissociation of cell colonies using serum-containing or 
serum-free/xeno-free media. The main difficulties still arise from the observation 
that singularized hESCs tend to differentiate spontaneously if culturing conditions 
are not tightly controlled.

To address these problems, a study (ISCI II) has been started which is coordi-
nated by the International Stem Cell Forum (http://www.stemcellforum.org/) and 
follow the ISCI I ring study which originally aimed to characterize 59 human 
embryonic stem cell lines [31]. The ISCI II study is carried out in four reference 
laboratories and seeks to clarify if certain media are able to support pluripotent 
growth of hESC for 40 passages (1 year) while maintaining a stable karyotype.

3.3  Isolation and Enrichment of ESCs Based on Surface Markers

As one way to standardize culturing of ESCs and to synchronize undifferentiated 
but also differentiated ESCs, populations can be envisaged by using cell sorting 
techniques which are based on the expression of stage-specific surface markers.

With regard to sorting of pluripotent embryonic stem cells, different monoclonal 
antibodies reacting with surface markers of undifferentiated (pluripotent) ESCs 
have been described. These markers differ partly between mouse and human ESCs. 
For mouse ESCs, these are mainly E-cadherin (CD324) and SSEA-1 (CD15).

For human ESCs, CD90, GCTM2, GCTM343, SSEA-3, SSEA4, CD9, TRA-1-60, 
TRA-1-81 and HLA A/B/C have been suggested [31]. The enrichment of pluripotent 
ESCs has been used for different purposes. For example, a synchronization of 
mESC cultures by sorting with SSEA-1 (CD15) MicroBeads has been described by 
Cui et al. [32].

In another report, immunomagnetic sorting has been used to separate pluripotent 
mESC from mouse embryonic feeder cells with a primary SSEA-1 antibody. In a 
slightly different approach, Annexin V MicroBeads have been used to remove 
apoptotic cells from mESC during normal cultivation or differentiation [33].

Similarly, SSEA-3 has been used for flow separation of undifferentiated human 
ESC [34]. Based on SSEA-3 expression, the authors propose a cellular differentiation 
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hierarchy for maintenance cultures of hESC. While SSEA-3+ cells represent 
pluripotent stem cells, normal SSEA-3– cells have exited this compartment, but 
retained multilineage differentiation potential. However, adapted SSEA-3+ and 
SSEA-3− cells cosegregate within the stem cell territory, implying that adaptation 
reflects an alteration in the balance between self-renewal and differentiation.

SSEA-3 and SSEA4 have not been classified as ultimate markers of pluripo-
tency, due to their slow kinetics upon differentiation. Search for those markers is 
still ongoing and several groups claim to have identified such fast downregulated 
markers [35].

Besides the selection of pluripotent stem cells to ease and standardize the propa-
gation of undifferentiated ESC, the capability of undifferentiated hESCs to form 
teratomas is a risk factor worth considering when applying hESC-derivatives to 
cellular therapy. Again, cell sorting techniques might help to enrich target cell types 
and to deplete unwanted cell types or undifferentiated hESCs. Lastly, the removal 
of residual pluripotent mESC from differentiated cells can also be used to purify 
ESC-derived cell populations. Hedlund et al., for example, have reported the selec-
tion of murine dopaminergic neurons by sorting of TH-EGFP positive and SSEA-1 
negative cells before transplantation [36].

3.4  Sorting of Cell Types Derived from Embryonic Stem Cells

A number of protocols have been reported for the targeted differentiation of ESCs 
to progenitor or postmitotic cell types. By exposure of pluripotent ESCs to growth 
factors, such as basic fibroblast growth factor (bFGF), transforming growth factor 
beta1 (TGF-beta1), activin-A, bone morphogenic protein 4 (BMP-4), hepatocyte 
growth factor (HGF), epidermal growth factor (EGF), beta nerve growth factor 
(betaNGF), or retinoic acid, almost every somatic mouse and human cell type has 
been generated [37]. This includes neurons, glia, skin, muscle, bone, and many 
others [37, 38].

However, the characterization of the derived cell types is often limited to surface 
marker description which is obviously not an unambiguous proof for a given cell 
type. Also, most protocols do not direct the differentiation exclusively to one cell 
type, but to multiple routes of differentiation and a mixture of different stages of 
differentiation. This again makes it desirable to enrich specific cell types of interest 
or to deplete unwanted cell types. A great number of surface differentiation markers 
– essentially all those which are also used for the characterization or isolation of 
somatic cells – have been described for mouse or human ESC-derived progenitors 
or differentiated cell types, amongst others: A2B5, PSA-NCAM, CD56 (NCAM), 
O1, O4, CD309 (VEGFR-2/KDR/Flk-1), Sca-1, CD117 (c-kit), CD34, CD133 
(Prominin), CXCR4, CD324 (E-cadherin). Enrichment of mESC-derived hemat-
opoietic/endothelial (hemangio) precursor cells has been achieved by indirect 
immunomagnetic sorting [39] and in another report, direct labeling with Sca-1 
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MicroBead-conjugated antibodies has been used for mESC-derived vascular pro-
genitors [40]. Recently, it was also shown that CD56-positive neural cells derived 
from hESCs can be sorted magnetically with good survival rates [41].

Notably, epitopes like CD324 (E-cadherin) might also be used as markers for 
particular differentiation stages. Considering this, a general feature of surface 
marker-based cell sorting becomes apparent. It does not essentially have to be a 
marker exclusively expressed on a certain cell type at a certain differentiation stage. 
A unique expression in relation to the other cell types present in a given organ or 
cell culture can be sufficient for cell sorting.

The success of efficient enrichment of undifferentiated cells depends – besides 
other factors – on the turnover rate of these markers, especially when differentiation 
of ESCs starts, on the number of marker protein per cell, and on the specificity and 
avidity of the monoclonal antibodies.

As already mentioned above, by using a negative sorting strategy, early markers 
of differentiation can also be used to enrich untouched undifferentiated cells by 
depletion protocols [36].

3.5 � Sorting Based on Genetically Modified  
Embryonic Stem Cells

Despite the obvious advantages of marker-based cell sorting, so far, magnetic cell 
separation has just started to be used for the enrichment or depletion of pluripotent 
ESCs and ESC-derivatives. Cell separation by flow cytometry is already used more 
routinely, especially with the help of genetically modified mESCs which express 
EGFP under control of a given cell-type specific promoter [42, 43]. Interestingly, 
the approach of using genetically modified ESCs to enrich differentiated derivatives 
can also be used for magnetic cell sorting (Fig. 12). For example, David et al. [44] 
reported the labeling of stably transfected ES cells expressing a human CD4 mol-
ecule lacking its intracellular domain (DeltaCD4) under control of the phos-
phoglycerate kinase promoter for magnetic cell sorting. The membrane-bound 
protein allowed for immunomagnetic sorting with purities greater than 97%. The 
viability of selected cells was demonstrated by reaggregation and de novo forma-
tion of embryoid bodies developing all three germ layers.

It was concluded that expression of DeltaCD4 in differentiated ES cells can be 
used for a rapid high-yield purification of a desired cell type for tissue engineering 
and transplantation studies.

Combined selections of GFP-expressing and surface marker-positive cells have 
recently been described for the enrichment of mESC-derived cardiomyocyte pre-
cursors. Here, GFP-expression was controlled by promoters of mesodermal- or 
cardiomyocyte-specific transcription factors and coselection performed with anti-
bodies against the surface markers CD309 (VEGFR-2/KDR/Flk-1) or CD117 
(c-kit) [45–47].
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3.6  Concluding Remarks

In the past, isolation and enrichment of ESCs and their derivatives was mainly 
achieved by selective culturing. With the advent of genetically tagged ESCs, and 
supported by an increasing availability of antibodies reacting with cell surface markers 
expressed only on specific cell types or at certain differentiation stages, flow and 
magnetic cell sorting has become more popular. The surface marker-based sorting of 
cells offers great potential to optimize further the routine culturing but also the 
differentiation protocols of ESCs. Both the starting population as well as intermediate 
and postmitotically differentiated ESCs can be enriched to high purity. Especially 
magnetic cell sorting with its advantage of swift processing of high cell numbers, 
also in a closed setting, will help translate ESC research to clinical applications. The 
recently generated induced pluripotent stem cells (iPS cells), which essentially 
behave like ESCs and are thought to pave the way for autologous tissue regeneration 
approaches, will greatly profit from the knowhow currently generated with ESCs.

4  Adult Stem Cells

4.1 � Stem Cells from the Hematopoietic System  
with Hematopoietic Differentiation Potential

For many applications that are under development for future clinical applications, 
mice are used as model organisms, facilitating the translation from basic in vitro 
research to the in vivo environment. Cell populations include cells with hematopoi-
etic and nonhematopoietic differentiation potential, as well as pluripotent stem cells 
and differentiated progenitors.

Blood contains a complex mixture of cells, such as erythrocytes, the oxygen-
transporting cells, the white blood cells comprising the cells of immune response, 

Fig. 12  Immunomagnetic enrichment of ESCs or derivatives thereof using genetically modified 
embryonic stem cells. ES cells are stably transfected with a vector carrying a certain cell type–
specific promoter, which drives the expression of a vector-coded surface resident protein. This 
surface marker can then be used for immunomagnetic labeling and separation by MACS 
Technology
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such as lymphocytes (T cells, B cells, dendritic cells, etc.) and macrophages, as well 
as the platelets that trigger blood clotting in case of tissue damage. Hematopoietic 
stem cells (HSCs) generate all these cells and can thus be considered as being 
multipotent and capable of regenerating the complex hematopoietic system. HSCs 
give rise to more specialized progenitor cells with more limited differentiation 
potential, which are the progenitors of red blood cells, platelets, and the two main 
categories of white blood cells, the lymphoid and the myeloid progenitors.

4.1.1  Phenotype and Isolation of Mouse Hematopoietic Stem Cells

Several marker combinations have been identified that describe murine HSCs, 
including negative or low expression of lineage commitment markers such as CD5, 
CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7–4, and Ter-119, and high expression of 
markers such as stem cell factor receptor CD117 (c-kit/SCFR) and Sca-1 [48, 49]. 
This cell population is then called KSL. Additional markers have been defined to be 
not or only weakly expressed on the KSL population, such as CD90.1 and CD34.

Another strategy for defining hematopoietic stem and progenitor cells is the use of 
SLAM markers. A specific set of these markers, the “slam code,” is supposed to char-
acterize hematopoietic stem cells and more committed progenitors for their potential 
[50]. SLAM cell surface markers delineate differentiation steps in early hematopoiesis. 
Originating with multipotent hematopoietic stem cells (HSCs), differentiation steps 
include multipotent progenitor cells (MPPs) and lineage-restricted progenitor cells 
(LRPs). Each is characterized by a different complement of SLAM markers: HSCs are 
CD150+ CD48− CD244−; MPPs are CD150− CD48− CD244+; LRPs are CD150− CD48+ 
CD244+. It should be noted that CD48 is a ligand for CD244, and thus CD150+ CD48− 
is sufficient to distinguish HSCs from MPPs and LRPs.

Other ways to define these cells apart from by surface marker expression is the 
use of fluorescent mitochondrial and DNA-binding dyes, such as rhodamine-123 
and Hoechst 33342. Primitive hematopoietic cells are able to transport the dye 
outward, resulting in a Hoechstlow phenotype.

Because of its characteristic flow cytometric profile, the Hoechstlow stem cell 
population has been designated as the “side population” (SP) phenotype [2]. SP 
cells are lineage-negative, which means that negative preselection approaches can 
be used to deplete mature cells from the sample, thus reducing the flow cytometric 
sorting time required to isolate SP cells. The SP phenotype has been attributed to 
high expression of membrane transporters. Although several multidrug transporter 
molecules are expressed in primitive cells, one transporter molecule, ABCG2 (or 
BCRP1), has been shown to be necessary and sufficient to mediate the Hoechst dye 
efflux ability of SP cells. Since ABCG2 expression is highest in primitive cells and 
gets downregulated during differentiation, this molecule might also be a potentially 
useful marker to identify and isolate primitive HSCs.

Other approaches have been made to define and isolate better the population of 
long-term repopulating HSCs (LTR–HSCs) – the most primitive HSCs in mouse 
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bone marrow. Chen and colleagues isolated a population of LTR–HSCs based on the 
expression of Sca-1 and CD105 in combination with Rhodamine 123 staining [51–53].

In addition to the hematopoietic potential described for stem cell populations 
KSL and SP, these populations also show a certain nonhematopoietic differentiation 
potential, although this issue is still controversial. Highly purified HSCs from 
mouse bone marrow have been reported to contribute to hematopoietic regeneration 
and also to hepatic regeneration with functional differentiation producing serum 
transaminases and bilirubin, as well as certain amino acids, such as phenylalanine 
[54]. Furthermore, these cells have been used to regenerate cardiac [55] and muscle 
[56] tissue and have been shown to contribute to neovascularization [57] as well as 
regeneration of the neural system [58]. However, the mechanism of their contribu-
tion has not yet been fully elucidated.

4.1.2  Phenotype and Isolation of Human Hematopoietic Stem Cells

Human CD34 was the first differentiation marker recognized on hematopoietic 
stem and progenitor cells from hematopoietic sources, such as fetal liver, cord 
blood, peripheral blood, and bone marrow. It is therefore the classical marker used 
to obtain enriched populations of human hematopoietic stem and progenitor cells 
(HSCs/HPCs) for research and clinical use. CD34 is expressed on approximately 
1–3% of the nucleated cells in normal human bone marrow (BM) and on 0.1–0.5% 
of the nucleated cells in human peripheral blood. The majority of human cells 
capable of producing multilineage hematopoietic engraftment in myeloablated 
recipients express CD34. The engraftment potential of enriched populations of 
human CD34+ cells has also been demonstrated clinically in numerous autologous 
and allogeneic transplantation trials (see Chap. 5). The CD34+ subset also includes 
hematopoietic stem cells and more committed progenitor cells, such as lymphocyte 
progenitor cells, but is not expressed on the majority of terminally differentiated 
cells. Cytokine treatment and/or cytotoxic therapy increase the level of CD34+ cells 
in the blood to more than 1%. CD34+ cell mobilization regimens have become well-
established methods to collect by leukapheresis sufficient amounts of HSCs for 
clinical transplantation (see Chap. 5 and references therein). Human CD34+ cells 
can be isolated by FACS or by immunomagnetic methods using monoclonal anti-
bodies against CD34 coupled to superparamagnetic MicroBeads.

For the immunomagnetic depletion of mature cells from stem cell-enriched frac-
tions, cells expressing lineage commitment markers can be depleted in a single 
negative selection step by using combinations of lineage-specific antibodies, such 
as CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and CD235a 
(Glycophorin A). Furthermore, CD34-enriched but CD38-depleted populations 
have been used to enrich for early hematopoietic progenitor cells [59, 60].

The usefulness of CD34 as a hematopoietic stem and progenitor cell marker for 
human cells is well established. There is evidence, however, of the existence of a 
very primitive population of CD34+ cells with HSC and lymphopoietic potential in 
human cord blood and adult hematopoietic sources. Thus far, the phenotype of 
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primitive CD34+ HSCs has been characterized by the concurrent absence of CD38, 
and the positive expression of CD133 [61]. CD133 has been described as a marker of 
more primitive hematopoietic stem and progenitor cells. It was originally found on 
HSCs and HPCs deriving from human fetal liver, bone marrow, and peripheral blood 
[62]. Phenotypical analysis of CD133-expressing cells (CD133+ cells) revealed a high 
expression on primitive hematopoietic and myeloid progenitor cells [63].

Functional studies showed that CD133 is lightly or not at all expressed on late 
progenitors, such as pre-B cells, CFU-E (colony forming units-erythrocytes), CFU-G 
(colony forming unit-granulocytes). Long-term culture–initiating cells (LTC–ICs), 
the most primitive human hematopoietic cells that can be assayed in vitro, are highly 
enriched among CD133+ cells [64, 65]. Thus, CD133+ cells in the hematopoietic 
system appear to be ancestral to CD34+ cells, especially as the latter can be generated 
in vitro from CD133+ CD34− cells [66]. Furthermore, CD133+ cells from cord blood 
display a higher proliferative activity [66, 67] and a more primitive gene expression 
profile [68] than CD34+ cells.

Thus far, the phenotype of CD34-negative HSCs has been characterized by the 
concurrent absence of CD38, lack of lineage-specific cell surface antigens, as well 
as by expression of CD133 [69]. In contrast, CD133– CD34+ cells were shown to 
mostly consist of B cell progenitors, late erythroid progenitors [61], and other more 
committed hematopoietic progenitors [64]. CD34, although well established, might 
therefore not be the best choice as a marker for the isolation of primitive human 
hematopoietic stem cells, due to its variable expression on late hematopoietic pro-
genitors (see Fig. 13).

Enumeration of hematopoietic stem cells by phenotyping, although useful, does 
not always predict the abundance, viability, and hematopoietic potential of the cells 
that support hematopoiesis after transplantation, in particular after cryopreserva-
tion, expansion in culture or other ex vivo manipulations. Analysis of the functional 
properties of HSCs can be done by diverse in vivo and in vitro assays, e.g., repopu-
lation assays in mouse, by which the transplanted cell (population) is tested for its 
ability to regenerate the complete hematopoietic system. In vitro assays are com-
monly used to investigate the differentiation potential of HSCs and their progeni-
tors in the myeloid lineage, e.g., by the HSC–CFU assay.

In addition to the hematopoietic potential of stem cells isolated from hematopoietic 
sources, such as bone marrow, cord or peripheral blood, a nonhematopoietic differen-
tiation potential has been described for this population. Therefore, these cells are also 
of great interest for tissue engineering and regenerative research applications.

4.2 � Stem Cells from the Hematopoietic System with 
Nonhematopoietic Differentiation Potential

Ongoing investigations have led to the proposal that HSCs, as well as other stem 
cells from the hematopoietic system (bone marrow, peripheral blood, cord blood), 
have the capacity to differentiate into a wide range of nonhematopoietic tissues. 
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One example is the hemangioblast, the common progenitor of HSCs and endothe-
lial progenitor cells (EPCs), which can differentiate not only into blood cells but 
also into endothelial cells [70, 71].

4.3  Vascular Tissue

Vascularization of tissues is a major challenge of tissue engineering. In the last 
decade, a number of experimental data and clinical observations have suggested 
that bone marrow represents a reservoir of immature cells that permanently recon-
stitute the hematopoietic system and also participate in regeneration and repair of 
many peripheral tissues. These stem or progenitor cells are activated and mobilized 
to the blood stream by environmental stimuli for physiological and pathological 
tissue regeneration. Asahara first described the isolation of human progenitor cells 
from peripheral blood, their ability to differentiate to endothelial cells in vitro and 
to form new blood vessels and thus contribute to vascular repair. This cell popula-
tion was termed endothelial progenitor cells (EPCs) [72] and has been defined by 
the expression of the markers CD34 and CD309 (VEGFR-2/KDR/Flk-1), as well 

CFU-GEMM (CD133+/CD34+)

BFU-E (CD133+/CD34+)C CFU-GM (CD133+/CD34+)

CFU-E 
(CD34+)

CFU-Meg 
(CD133+/CD34+)

Lymphoid stem cell (CD133+/CD34+)

Pro-B-cell (CD133+/CD34+)

CFU-Eo
(CD34+)

CFU-Bas
(CD34+)

Pre-B-cell
(CD34+)

Pluripotent stem cell (CD133+/CD34–)

Hematopoietic stem cell
(CD133+/CD34+)

Fig. 13  In contrast to CD34, no expression of surface marker CD133 can be found on late pro-
genitors, such as pre-B cells, colony forming unit erythrocytes (CFU-E), and colony forming unit 
granulocytes (CFU-G). CD133 and CD34 are coexpressed on early hematopoietic progenitors with 
multipotent differentiation potential, such as colonies consisting of granulocytes, erythrocytes, 
macrophages and megacaryocytes (CFU-GEMM), granulocytes and macrophages (CFU-GM), as 
well as the early burst forming unit erythrocytes (BFU-E)
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as in combination with CD133 to distinguish between early and (matured) EPCs in 
human [73]. In mouse, the phenotype for EPCs is described as Lin− Sca-1+ c-kit+ 
CD309 (VEGFR-2/KDR/Flk-1)+ [74].

Considering the importance of blood vessel development for organogenesis, 
vasculogenesis by EPCs may be an essential cascade for tissue and organ regenera-
tion following pathological damage in various critical diseases [75].

Regeneration of vascular tissue is also an important topic in therapeutic research, 
especially for the potential treatment of atherosclerosis and the revascularization of 
ischemic tissues, for example, in the heart or peripheral vascular disease. Due to the 
role EPCs play in postnatal neoangiogenesis and neovascularization, they have come 
into focus for tissue engineering applications and for the potential treatment of 
ischemic or injured tissue [74, 76], as well as after myocardial infarction [77, 78].

In mice, it has been shown in serial studies that EPCs can be mobilized from 
bone marrow in response to endogeneous and exogeneous stimuli and can therefore 
be isolated from populations of Sca-1+ cells from mouse blood and can “home” and 
incorporate into foci of neovascularization [57]. Bone marrow-derived Sca-1+ 
CD309 (VEGFR-2/KDR/Flk-1)+ progenitor cells isolated from mouse peripheral 
blood showed the potential to differentiate into endothelial and epithelial cells in 
vivo after induced lung injury [79]. EPCs from mouse bone marrow have been 
enriched by their expression of CD117 (c-kit, SCFR) and play a key role in thera-
peutic angiogenesis. After transplantation of CD117+ cells into the ischemic hind-
limbs of mice, the cells survived and were incorporated in microvessels within 14 
days in contrast to the CD117− cells [80].

In humans, CD133+ cells isolated from bone marrow [81], cord blood [76, 82], 
mobilized [71, 83] and unmobilized peripheral blood [84] are capable of giving rise 
to endothelial cells in vitro.

Vascular progenitor cells isolated from embroid bodies by CD34 expression 
showed in vitro differentiation potential to endothelial cells and smooth muscle 
cells. Implantation studies in nude mice showed that both cell types contribute to 
the formation of human microvasculature in vivo [85]. Isolated from cord blood, 
CD133+ cells incorporated into capillary networks, augmented neovascularization, 
and improved ischemic limb salvage after transplantation into nude mice suffering 
from ischemic hind limb [76].

CD133+ cells have been used in studies that show significantly improved vascular 
network restoration in an ischemic hind limb rat model [86]. Biodegradable scaf-
folds are also being employed for the three-dimensional tissue engineering of 
microvessels, also using CD133+ cells [84].

Tissue engineering may offer patients new options if replacement or repair of an 
organ is needed. However, most tissues will require a microvascular network to 
supply oxygen and nutrients. One strategy for creating a microvascular network 
would be promotion of vasculogenesis in situ by seeding vascular progenitor cells 
within a three-dimensional biodegradable construct. Isolated CD34+ CD133+ 
endothelial progenitor cells (EPC) from human umbilical cord blood were expanded 
ex vivo as EPC-derived endothelial cells (EC). EPC-derived EC formed capillary-
like structures and microvessels when seeded on scaffolds in combination with 
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human smooth muscle cells, indicating that EPCs may be well suited for creating 
microvascular networks within tissue-engineered constructs [82].

The work of Suuronen and colleagues demonstrates a novel approach for the 
expansion and delivery of blood CD133+ cells resulting in improved implantation and 
vasculogenic capacity. Adult human CD133+ progenitor cells from peripheral blood 
were expanded and delivered within an injectable collagen-based matrix into the 
ischemic hindlimb of athymic rats. Controls received injections of phosphate-buffered 
saline, matrix, or CD133-negative cells alone. Immunohistochemistry of hindlimb 
muscle 2 weeks after treatment revealed that the number of CD133-positive cells 
retained within the target site was more than twice as great when delivered by matrix 
than when delivered alone (P < 0.01). The transplanted CD133+ cells incorporated into 
vascular structures, and the matrix itself was also vascularized. Rats that received matrix 
and CD133-positive cells demonstrated greater intramuscular arteriole and capillary 
density than other treatment groups (P < 0.05 and P < 0.01, respectively). Compared 
with other experimental approaches, treatment of ischemic muscle tissue with gener-
ated CD133-positive progenitor cells delivered in an injectable collagen-based matrix 
significantly improved the restoration of a vascular network [84].

CD133-positive vascular progenitor cells (hVPCs) from the human fetal aorta 
were able to differentiate into mixed populations of mature endothelial cells, 
smooth muscle cells, and pericytes after stimulation of progenitor cells. When 
embedded in a three-dimensional collagen gel, hVPCs reorganized into cohesive 
cellular cords that resembled mature vascular structures. Transplantation of such 
cells into the ischemic limb muscle of immunodeficient mice indicated the thera-
peutic efficacy of a small number of transplanted hVPCs that markedly improved 
neovascularisation and inhibited the loss of endogenous endothelial cells and myo-
cytes, thus ameliorating the clinical outcome from ischemia [87].

4.4  Multipotent Mesenchymal Stem Cells (MSCs)

A brief review of the history of MSC research is given in the article by Geraerts and 
Verfaillie (see p. #). For tissue engineering applications, it is crucial to start with a 
defined cell population to develop standardizes protocols and obtain reliable 
results. Therefore, a broad range of approaches for the isolation of defined stem cell 
populations from different tissues have been developed (Table 1).

Several cell surface antigens have been used for the isolation of MSCs, such as 
antifibroblast antigen [88], CD117 [89], CD105 [90, 91], Stro-1 and CD146 [92], 
CD133 [93], CD271 [61] and MSCA-1 (W8B2) [61]. Clone W8B2 recognizes the 
mesenchymal stem cell antigen 1 (MSCA-1), a so far unknown antigen. MSCA-1 
was shown to be restricted to mesenchymal stem cells (MSCs) in the CD271bright 
population in bone marrow. These CD271brightCD45dim MSCs have a much higher 
clonogenic capacity compared with the CD271+ CD45+ fraction in bone marrow [61]. 
MSCA-1 is therefore suited to identify MSCs with a high proliferative potential. 
Remarkably, CD105+ cells, isolated from bone marrow, also showed the capacity to 
form bone in vivo without prior cultivation or differentiation [91].
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Table 1  Strategy of isolation for human and mouse MSCs

Strategy for the isolation of fresh MSCs Cell source Reference

Human primary cells
Positive selection of CD271 (LNGFR/p75NTR) Bone marrow [61, 99]
Positive selection of CD117+ cells Bone marrow [89]

Amniotic fluid/amniocen-
tesis cultures

[97]

Positive selection of CD133+ cells Peripheral blood, bone 
marrow, cord blood

[93, 100]

Depletion of CD45+ CD31+ cells Lipoaspirate/stromal  
vascular cells (SVF)

[101, 102]

Positive selection of CD34+ cells Lipoaspirate, stromal  
vascular fraction

[103]

Isolation of CD34+ CD31– cells Lipoaspirate/stromal  
vascular fraction

[104]

Positive selection of Stro-1+ cells Bone marrow [92, 105–110]
Positive selection of Stro-1+ cells Bone marrow, fetal liver, 

fetal brain
[109]

STRO-1
Positive selection of Stro-1 + CD146 + cells Bone marrow and dental 

pulp
[92]

Stro-1/CD106 (VCAM)+ Bone marrow [110]
Positive selection of CD63 (HOP-26) + cells Bone marrow [108, 111]
Positive selection of CD49a (a1-integrin  

subunit) + cells
Bone marrow [100, 108, 112]

Positive selection of CD166 (SB-10) + cells [108]
SSEA-4 Bone marrow [113]
Positive selection of GD2 (neural ganglioside) 

+ cells
Bone marrow [114]

Depletion of GlyA + CD45 + cells Bone marrow [99, 116]
Depletion of GlyA + CD45 + cells Maternal blood [117]

Mouse primary cells
Lineage depletion Bone marrow [56, 118]
Depletion of CD45 + cells Bone marrow [119]

Cultured MSCs Cell source
Positive selection of CD117 + cells Amniotic fluid/amniocen-

tesis cultures
[97]

Positive selection of Sca-1 + cells Bone marrow [100]
Positive selection of CD49a (a1-integrin  

subunit) + cells
Bone marrow [100]

Positive selection of CD271 (LNGFR/p75NTR) Adipose tissue [120]
Depletion of CD11b + cells Bone marrow–derived 

MSCs after culture
[95]

Depletion of CD45 + CD34 + cells Bone marrow–derived 
MSCs

[94]

Mouse MSCs are often heterogeneous populations that are contaminated by 
lymphohematopoietic (CD34+, CD45+) cells [94], hematopoietic stem cells and 
macrophages [95], until late passages. Contaminating cells have been depleted 
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from MSC cultures by their expression of CD11b [95] or by their expression of 
CD34 and CD45 [94] as well as by depletion using a combination of Anti-Ter119 
and CD45 MicroBeads [96]. Multipotent plastic-adherent fetal stem cells have been 
positively selected from amniocentesis cultures by their expression of CD117 [97] 
and showed broad differentiation potential. MSCs expanded from mouse bone mar-
row culture are also described to be positive for Sca-1, CD117 (c-kit), and CD105 
– among other markers [98].

4.5  Multipotent Adult Progenitor Cells (MAPCs)

Unique cells in human and rodent postnatal marrow are the extremely rare (1 in 107 
to 1 in 108 marrow cells) multipotent adult progenitor cells (MAPCs). MAPCs were 
selected by depletion from adult bone marrow of hematopoietic cells expressing 
CD45 (human and mouse) and glycophorin-A (human) or Ter-119 (mouse), followed 
by long-term culture on fibronectin with EGF, PDGF and low-serum condition. 
The emerging cell population did not undergo proliferative senescence, due to telom-
erase expression and maintenance of long telomeres that showed no shortening over 
80 doublings. For more details on MAPCs see the article by Geraerts and Verfaillie 
in this book (see p. ###).

4.6  Tissue Resident Stem Cells and Cancer Stem Cells

Several varieties of tissue resident stem cells and progenitor cells have been identi-
fied and also partly isolated in vivo and in vitro. All are characterized by their dual 
ability to both self-renew and to reconstitute and differentiate into a given number 
of different somatic or postmitotic cell lineages, depending on their potency. 
Included are stem cells for oocyte, intestine, breast, kidney, skin, pancreas, hair, 
lung, ovary, teeth, or stomach formation. In the following, only the most prominent 
tissue stem cells – neural, cardiac, spermatogonia, and liver (hepatic) stem cells – are 
described in more detail.

In general, when considering the isolation of tissue resident (stem) cells, an 
appropriate processing of the tissue prior to cell sorting is crucial. The dissociation 
might influence the relative composition of cell types or even lead to complete loss 
of certain cell types, e.g., of large or fragile cells by shear stress or vulnerable cells 
by high concentrations of proteases. Further, rare cell types might be lost because 
of incomplete dissociation, making a careful perfusion of the respective organ man-
datory. Strong aggregation and adhesion of certain cell types to each other might 
lead to false interpretation of markers as well. Finally, dead cells and cell debris can 
influence the purity and recovery of sorted cell types. But not only cells can be 
harmed by tissue dissociation. Already the protease sensitivity of certain epitopes 
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will influence the sorting outcome when approaches based on surface markers are used. 
Loss of antigen epitopes can either decrease the yield of target cells, or the outcome 
might change when using a separation strategy combining several markers. It is 
therefore important to choose the appropriate protease for each experiment 
according to the antigen epitope used for isolation. We have carefully analyzed the 
influence of different concentrations of papain and trypsin on cell viability, recov-
ery and epitope integrity. Papain is often viewed as a mild protease, while trypsin 
treatment is regarded as harsh and causing detrimental effects on epitopes. We 
could show that this perception does not apply to a number of antigen epitopes and 
that even the opposite can be the case [121].

To address the problems concerned with enzymatic dissociation of brain tissue, 
for example, an enzyme mix has been developed for whole mouse brain tissue or 
of specific regions, such as the subventricular zone (NTDK, Miltenyi Biotec). In 
addition, to facilitate and standardize mechanical tissue dissociation, the process 
can be performed with semiautomated mechanical dissociation systems, such as the 
gentleMACS? Dissociator (Miltenyi Biotec). Thereby, fluctuations in the yield of 
viable cells caused by different mincing of the tissue can be avoided.

4.6.1  Neural Stem Cells

The existence of neural stem cells in the rodent brain is widely accepted, as it has 
been shown that there are restricted regions in the postnatal and adult brain where 
developmental processes such as neuronal generation and migration continue [122, 
123]. Prominent neuronal migration is evident in the cerebellum, hippocampus and 
rostral migratory stream (RMS) [124]. For humans, a comparable migratory system 
was not found until 2007 when Curtis et al. presented data demonstrating the pres-
ence of a human RMS, which is organized around a lateral ventricular extension 
reaching the olfactory bulb, and illustrating the respective neuroblasts [125].

CD133, which has emerged as an important surface marker for many stem cell 
types, was originally described as “Prominin” in murine embryonic neural stem 
cells (later termed Prominin-1) [126, 127] and as an antigen on human fetal and 
adult hematopoietic stem and progenitor cells [128]. CD133 antibodies were used 
to isolate human neural stem cells from fetal brain but not from later developmental 
stages [129–131]. Likewise, Prominin antibody stained murine neural stem cells in 
very early (E11.5 and E12) embryos [126, 132]. Lee et al. [133] reported the isolation 
of a CD133-positive cell population with neural stem cell properties from postnatal 
murine cerebellum. Whether or not it persists in the adult cerebellum remains 
elusive. Finally, Pfenninger et al. showed that CD133 is present on neural stem cells 
in the embryonic brain, on an intermediate radial glial/ependymal cell type in the 
early postnatal stage, and on ependymal cells in the adult brain [134].

Markers for neural and glial (astrocytes and oligodendrocytes) precursor cells 
like PSA-NCAM and A2B5 have also been identified and used in many studies 
[135, 136].



54	 A. Bosio et al.

4.6.2  Cardiac Stem Cells

With respect to mouse cardiac stem cells, the report by Hierlihy and colleagues in 
2002 [137] was the first identifying a stem cell-like population in adult hearts. Their 
findings were based on the specific ability of stem cells to efflux Hoechst dye, as 
shown for many different types of stem cells, also known as side population (SP) [2]. 
In 2003, Beltrami et al. thoroughly described a population of rat cardiac stem cells 
(CD117 (c-kit)+ cells) found in clusters and residing among cardiomyocytes in adult 
hearts [138]. In vitro, cardiac c-kit+ cells were able to undergo self-renewal and dif-
ferentiation into cardiac cell lineages, i.e., cardiomyocytes, endothelial, and smooth 
muscle cells. These c-kit+ cells, when implanted in mouse hearts following myocard 
infarct, retained the capacity for differentiation into cardiomyocytes in vivo. Oh 
et al. employed a different stem cell marker, Sca-1, to identify yet another population 
of resident cardiac progenitor cells in adult hearts [139, 140]. Similarly, these Sca1+ 
cells were found to be capable of differentiation into cardiomyocytes in vitro and in 
vivo. Then, Pfister et al. demonstrated that, among mouse cardiac SP cells, cardio-
myogeneic differentiation is restricted to cells negative for CD31 expression and 
positive for Sca-1 expression (CD31−/Sca-1+ SP cells) [141]. Besides the described 
stem cell types, a fourth population of cardiac stem cells is characterized by its 
expression of the transcription factor Isl1 in rat, mouse, and human myocardium 
[142]. Isl1-expressing cells are also present in the adult mammalian heart, but they 
are limited to the right atrium, are found in smaller numbers than in embryonic 
hearts, and have an unknown physiological role [143]. The most important part of 
the heart with respect to obstructive heart failure, however, is the left ventricle.

In addition to the Isl1-expressing human cardiac stem cells, Bearzi et al. described 
their isolation and expansion from human myocardial samples obtained by a mini-
mally invasive biopsy procedure. Following their findings, human cardiac stem cells 
are positive for the stem cell antigen c-kit, but negative for the hematopoietic and 
endothelial antigens CD45, CD34, CD31, and KDR. CD45 and KDR are typically 
expressed in a subset of bone marrow c-kit+ cells that have the ability to migrate to the 
heart after injury; CD31 (PECAM-1) on mature endothelial cells, platelets, and on 
some white blood cells, such as monocytes, NK cells, granulocytes, B cells, and T cell 
subsets [144]. Smith et al. use a simple explant outgrowth and cardiosphere expansion 
method [145]. While the description of mouse cardiac stem cells is quite accepted, 
these first findings on human cardiac stem cells have to be fully confirmed.

4.6.3  Spermatogonial Stem Cells

Germ cells are defined by their innate potential to transmit genetic information to 
the next generation through fertilization. Males produce numerous sperm for long 
periods to maximize chances of fertilization. Key to the continuous production of 
large numbers of sperm are germline stem cells and their immediate daughter cells, 
functioning as transit amplifying cells [146]. Several possible options for preservation 
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and reestablishment of the reproductive potential have been described. Apart from 
fertility preservation, SSC studies are useful for other applications as well, such as 
gene targeting [22, 147], transgenerational gene therapy, and cell-based organ 
regeneration therapy [148, 149]. A marker for mouse spermatogonial stem cells has 
recently been described by Seandel et al. [150]. The authors show that highly pro-
liferative adult spermatogonial progenitor cells (SPCs) can be efficiently obtained 
by cultivation on mitotically inactivated testicular feeders containing CD34+ stro-
mal cells. SPCs exhibit testicular repopulating activity in vivo and maintain the 
ability in long-term culture to give rise to multipotent adult spermatogonia-derived 
stem cells (MASCs). Furthermore, both SPCs and MASCs express GPR125, an 
orphan adhesion-type G-protein-coupled receptor.

4.6.4  Hepatic Stem Cells (HpSC)

Widespread use of liver transplantation in the treatment of hepatic diseases is 
restricted by the limited availability of donated organs [151]. Stem cells are a prom-
ising source for liver repopulation after cell transplantation. However, it is still not 
clear whether or not the adult mammalian liver contains hepatic stem cells [152].

According to Schmelzer et al., human hepatic stem cells (hHpSCs), which are 
pluripotent precursors of hepatoblasts and thence of hepatocytic and biliary epithe-
lia, are located in ductal plates in fetal livers and in Canals of Hering in adult livers 
[153, 154] and can be isolated by positive immunoselection for the epithelial cell 
adhesion molecule CD326 (EpCAM+). The hHpSCs are approximately 9 mm in 
diameter, and express cytokeratins 8, 18, and 19, CD133/1, telomerase, CD44H, 
claudin 3, and albumin (weakly). They are negative for a-fetoprotein (AFP), inter-
cellular adhesion molecule 1(ICAM-1), and for markers of adult liver cells (cyto-
chrome P450s), hematopoietic (progenitor) cells (CD45, CD34, CD14, CD38, CD90 
(Thy1), CD235a (Glycophorin A), and mesenchymal cells (vascular endothelial 
growth factor receptor and desmin) [153, 154].

As for rodent HpSCs, Yovchev et al. studied progenitor/oval cell surface markers 
in the liver of rats subjected to 2-acetylaminofluorene treatment, followed by partial 
hepatectomy (2-AAF/PH). Further, they compared hepatic cells isolated by two 
surface markers, epithelial cell adhesion molecule (EpCAM) and thymus cell anti-
gen 1 (Thy-1). They found that CD326 (EpCAM)+ and CD90 (Thy-1)+ cells repre-
sent two different populations of cells in the oval cell niche. EpCAM+ cells express 
the classical oval cell markers (alpha-fetoprotein, cytokeratin-19, OV-1 antigen, a6 
integrin, and connexin 43), as well as cell surface markers identified previously by 
the same researchers (CD44, CD24, CD326 (EpCAM), aquaporin 5, claudin-4, 
secretin receptor, claudin-7, v-ros sarcoma virus oncogene homolog 1, cadherin 22, 
mucin-1, and CD133). Oval cells do not express previously reported hematopoietic 
stem cell markers Thy-1, c-kit, CD34, or CD56, the neuroepithelial marker neural 
cell adhesion molecule 1 (NCAM-1). It was shown that Thy-1+ cells are mesenchymal 
cells with characteristics of myofibroblasts/activated stellate cells. Transplantation 
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experiments reveal that EpCAM+ cells are true progenitors capable of repopulating 
injured rat liver [155, 156].

4.6.5  Cancer Stem Cells (CSCs)

Although the concept that cancers arise from “stem cells” or “germ cells” was first 
proposed about 150 years ago, it is only recently that advances in stem cell biology 
have given new impetus to the cancer stem cell hypothesis. What has become clear 
in the past 10 years is that tumor cells are functionally heterogeneous. They are 
organized in a hierarchy of heterogeneous cell populations with different biological 
properties. Specifically, only a minority of tumor cells has the capacity to regenerate 
the tumor and sustain its growth when injected into an immune-compromised mouse 
model [157].

In the last 5 years, investigation of solid-tumor stem cells has gained momen-
tum. Using similar approaches and principles as for ALM of serial dilution and 
serial transplantation, solid-tumor stem cells have been prospectively identified in 
several tissues, such as blood, brain, colon, liver, lung, pancreas, prostate, skin, and 
breast cancers. The experimental strategy most often combines sorting of tumor cell 
subpopulations, identified on the basis of the different expression of surface markers, 
with functional transplantation into appropriate animal models.

Blood or Hematopoietic CSCs

John Dick and colleagues isolated and identified CD34+ CD38− leukemic stem cells 
(LSCs) from human AML by FACS and demonstrated that these cells initiated 
leukemia in NOD-SCID mice compared with the CD34+ CD38+ and CD34− frac-
tions [158]. An engrafted leukemia could be serially transplanted into secondary 
recipients, providing functional evidence for self-renewal. Xenotransplantation, 
followed by serial transplantation, is now regarded as an essential criterion in defin-
ing cancer stem cells. The ability to recapture tumor pathophysiology is an impor-
tant defining functional criterion of cancer stem cells prospectively isolated [157].

Breast CSCs

A minor, phenotypically distinct tumor cell population has been isolated that is able to 
form mammary tumors in NOD–SCID mice, whereas cells with alternative phenotypes 
are nontumorigenic even when implanted at significantly higher cell numbers, thereby 
demonstrating enrichment of tumor-initiating cells in selected fractions. The tumori-
genic cells can be serially passaged, demonstrating self-renewal capacity, and are able 
to generate tumor heterogeneity, producing differentiated, nontumorigenic progeny. 
Thus, like AML, breast cancer growth appears to be driven by a rare population of 
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tumor-initiating cells [157]. Breast cancer stem cells have been reported to be ESA+ 
CD44+ CD24−/lowLineage– [159–161]. ESA stands for “epithelial specific antigen,” also 
known as EpCAM (epithelial cell adhesion molecule) or CD326. Usage of those markers 
allows for a more than 50-fold enrichment to form tumors (0.6% of cancer cells).

Brain CSCs

Singh et al. [161, 162] reported the identification and purification of cancer stem 
cells from human brain tumors of different phenotypes that possess a marked 
capacity for proliferation, self-renewal, and differentiation. The increased self-
renewal capacity of the brain tumor stem cell (BTSC) was highest among the most 
aggressive clinical samples of medulloblastoma compared with low-grade gliomas. 
The BTSC was exclusively isolated with the cell fraction expressing the neural 
stem cell surface marker CD133. The CD133+ fraction among highly aggressive 
glioblastomas (GBMs) ranged from 19 to 29%, and among medulloblastomas 
ranged from 6 to 21%, and correlated closely with an in vitro primary sphere forma-
tion assay (which was used to quantify stem cell frequency).

Lung CSCs

Lung cancer stem cells were first identified by Kim et al. [163] who describe a 
niche in the bronchioalveolar duct junction of adult mouse lung that harbors stem 
cells from which adenocarcinomas are likely to arise. More importantly, these 
double-positive cells appear enriched in FACS-sorted Sca-1+/CD34+ cell populations 
and show enhanced capacity for both self-renewal and differentiation. Subsequently 
it was shown that the human lung cancer-derived A549 cell line also harbors CSCs 
with a side population (SP) phenotype revealing several stem cell properties [164]. 
Very recently, Eramo et al. [165] found that the tumorigenic cells in small-cell and 
nonsmall-cell lung cancer are a rare population of undifferentiated cells expressing 
CD133.

Liver CSCs

Although liver CSCs have been identified in hepatocellular carcinoma (HCC) cell 
lines, no data have shown the presence of these cells in human settings until very 
recently. Now, Yang et al. [166] have delineated CSCs serially from HCC cell lines, 
human liver cancer specimens, and blood samples, using CD90 as a potential 
marker. The number of CD90+ cells increased with the tumorigenicity of HCC cell 
lines. CD45− CD90+ cells were detected in all the tumor specimens, but not in the 
normal, cirrhotic, and parallel nontumorous livers. In addition, CD45− CD90+ cells 
were detectable in 90% of blood samples from liver cancer patients, but none in 
normal subjects or patients with cirrhosis.
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Prostate CSCs

According to Richardson et al. [167], prostatic stem cells are alpha2beta1+/CD133+. 
Collins et al. [168] have shown that cancer stem cells in prostate have been identi-
fied with a CD44+/integrin alpha2beta1high/CD133+ phenotype. Approximately 
0.1% of cells in any tumor expressed this phenotype, and there was no correlation 
between the number of CD44+/a2b1high/CD133+ cells and tumor grade. In addition, 
Miki et al. have shown that expression of CXCR4 was also detected in CD133+ 
cancer cells.

Colon CSCs

O’Brien et al. [169] and Ricci-Vitiani et al. [170] showed that the tumorigenic 
population in colon cancer is restricted to CD133+ cells, which are able to repro-
duce the original tumor in permissive recipients. Ricci-Vitiani et al. state that the 
vast majority of the samples analyzed showed the presence of rare cells (2.5±1.4%) 
clearly positive for CD133 while CD133 expression in normal colon tissues was 
extremely rare (barely detectable upon extensive analysis of histological sections 
using CD133/1 and CD133/2 antibodies. O’Brien et al. state that purification 
experiments established that all colon cancer–initiating cells (CC–ICs) were 
CD133-positive; the CD133-negative cells comprising the majority of the tumor 
were unable to initiate tumor growth.

Melanoma CSCs

According to Fang et al. [171] and Kamstrup et al. [172], a small subpopulation of 
CD20+ melanoma cells harbors multipotent stem cells. Most interestingly, CD20 has 
been identified by gene expression profiling as one of the top 22 genes that define 
aggressive melanomas. In metastatic melanomas, they have identified individual CD20+ 
tumor cells. Monoclonal antibodies against CD20 have become a standard treatment for 
nonHodgkin’s lymphoma. CD20 seems to be a potential target for melanoma as well, 
although a correlation between differentiation ability and tumorigenicity is still under 
investigation by comparing CD20+ with CD20− fractions.

Pancreas CSCs

Li et al. [173] identified a highly tumorigenic subpopulation of pancreatic cancer 
cells expressing the cell surface markers CD44, CD24, and epithelial- specific 
antigen (ESA; EpCAM; CD326). Pancreatic cancer cells with the CD44+ CD24+ 
ESA+ phenotype (0.2–0.8% of pancreatic cancer cells) had a 100-fold increased 
tumorigenic potential compared with nontumorigenic cancer cells, with 50% of 
animals injected with as few as 100 CD44+ CD24+ ESA+ cells forming tumors that 
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were histologically indistinguishable from the human tumors from which they 
originated.

As a conclusion, the field of tissue stem cells (apart from hematopoietic stem 
cells) is still at the very beginning. This is partly due to the fact that potential markers 
for these tissue stem cells have not or have only recently been defined and are still 
intensively debated. Also, standardized processes for appropriate dissociation of tis-
sues are currently hardly available, resulting in poor comparability of sorting results. 
It can be estimated that sorting of tissue resident (stem) cells will play a dramatically 
increasing role in the future, because this will offer the option for a detailed analysis 
and understanding of malignant and disease-causing cells, as well as of cell types 
urgently needed for tissue regeneration and engineering approaches.

5  Clinical Applications of Stem Cells

5.1  Allogeneic Hematopoietic Stem Cell Transplantation

To date, the major application of enriched and purified stem cells is the transplanta-
tion of hematopoietic stem cells derived from bone marrow or peripheral blood. For 
a number of patients suffering from malignant and nonmalignant diseases, alloge-
neic stem cell transplantation, i.e., when the stem cells originate from a healthy 
individual, is the only curative treatment option [174].

For many years, the clinical outcome of an allogeneic transplantation has been 
determined to a major degree by the matching between donor and recipient of the 
genes encoding histocompatibility antigens – the human leukocyte antigen (HLA) 
system in human beings. However, the “ideal” donor, an HLA-matched sibling, can 
only be found for about 30% of the patients. With the help of worldwide registries 
of unrelated donors, the probability of identifying a matched unrelated donor 
(MUD) depends on the diversity of HLA antigens within a population and on the 
race, and ranges from about 75% for Caucasians to less than 50% for ethnic minori-
ties [174]. A MUD donor search is time-consuming, and may take more than 3 
months in most cases or even longer, so that not every patient might benefit from a 
potentially life-saving allogeneic transplantation. For those patients who do not 
have a matched related or unrelated donor or who are at high risk for disease pro-
gression during the donor search, an alternative approach is the use of mismatched 
related family donors (MMFD). Most of these donors share only one HLA haplo-
type with the patient and are referred to as haploidentical donors. In fact, virtually 
every patient has a potentially suited haploidentical donor among parents or children. 
However, in the past haploidentical transplantations have been hampered by clinical 
complications linked to the high degree of donor–recipient HLA disparity, such as 
graft failure, prolonged and profound immunodeficiency, and severe acute or 
chronic graft vs host disease (GVHD). Acute GVHD is a major cause of death after 
allogeneic transplantation (Fig. 14). Additionally, chronic graft vs host disease is 
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the major predictor of long-term outcome and overall survival after allogeneic stem 
cell transplantation [175]. Since the severity of GVHD, among other factors, 
depends on the degree of histocompatibility between donor and recipient and mediated 
by alloreactive donor T cells, a thorough T cell depletion is mandatory in haploi-
dentical transplantation, where only one HLA haplotype is shared between patient 
and mismatched family donor.

Fig. 14  a,b Causes of death after allogeneic stem cell transplantation (2001–2006). Graft vs host 
disease (GVHD) is a major complication after allogeneic stem cell transplantation. A total of 14% 
and 13% of patients die of GVHD after unrelated and HLA-identical sibling donor transplantation, 
respectively. a Unrelated donor transplantation. b HLA-identical sibling donor transplantation(Source: 
CIBMTR Newsletter, Dec 2007)
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In recent years both experimental concepts and technical developments have 
eventually paved the way for the clinical application of haploidentical stem cell 
transplantation.

In 2001, Martelli and Reisner [176] published their pioneering work about the 
“megadose” concept, demonstrating that transplantation of high doses of purified 
stem cells can overcome the HLA barrier between donor and recipient and can lead 
to tolerance.

At the same time, the finding that growth factors can release high amounts of stem 
cells from bone marrow into the peripheral blood, and the development of effective 
in vitro T cell depletion systems have made haploidentical transplantation technically 
feasible. In vitro CD34+ selection is one of the most potent technologies for an effec-
tive T cell depletion, resulting in a ten- to hundred-thousand-fold depletion of T cells 
from the graft [177]. The use of mobilized peripheral stem cells in addition to bone 
marrow, or as a sole source of stem cells in combination with effective CD34+ selec-
tion strategies, allowed for the transplantation of megadoses of highly purified stem 
cells. This resulted in high engraftment rates and complete prevention of GVHD 
without the need for a post-transplant immunosuppressive treatment [174].

The CliniMACS Plus Instrument is an automated cell selection system based on 
MACS® Technology (see Chap. Methods and Technologies). It enables the operator 
to perform clinical-scale magnetic cell selection of target cells or the depletion of 
unwanted cells in a functionally closed and sterile system. A number of publications 
and reports substantiate the reliable and excellent performance (Table 2) of CD34+ 
cell separation with the CliniMACS Plus Instrument, which provides a high recovery 
and purity of target cells as well as efficient T cell depletion rates.

The Laboratory of Hematology at the University of Perugia is one of the most 
experienced transplant centers for haploidentical transplantation. Recently, Aversa 
and coworkers gave an update of the clinical outcome after haploidentical trans-
plantation for adult patients suffering from acute leukemia [181]. The event-free 
survival (EFS) after haploidentical transplantation is closely related to disease and 
disease status at transplant. In the Perugia experience, 62 patients with acute lym-
phoid leukemia (ALL) transplanted in clinical remission (CR) have about 25% 
probability of surviving event-free. Results are better for the 83 patients with acute 

Table 2  CliniMACS CD34 separation results from PBSCs of allogeneic donors 
[177–180]

n > 500 n = 293 n = 136 n = 30 n= 335 n = 73

Purity CD34 (%) 95–99 97.5 90 96 93 92
Recovery  

CD34 (%)
70 77 81 64 81 71

CD3 log  
depletion

>5   4.6   4.6   5   4.8   5.1

CD19 log 
depletion

nd nd   3.2   3.2   3.3   3.7

nd = not determined
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myeloid leukemia (AML) transplanted in CR: the 3-year EFS ranges between 40%, 
for those who were transplanted in second or later CR, to 50% for patients trans-
planted in first CR. With no chronic GVHD, all these long-term survivors enjoy an 
excellent quality of life. It has been shown by the Perugia group [182, 183] that 
natural killer (NK) cell alloreactivity can exert an antileukemic effect in the absence 
of killer inhibitory receptors (KIR). Donor vs recipient NK-cell alloreactivity 
impacts favorably upon survival in AML patients: Thirty patients in any CR who 
received a transplant from an NK cell alloreactive donor enjoy 67% EFS vs 18% in 
31 patients transplanted from nonNK alloreactive donors [181].

5.2 � Autologous Hematopoietic Stem Cell Transplantation  
in Autoimmune Diseases

Recently, the transplantation of highly enriched stem cells has emerged as a novel 
treatment option for some therapy-refractive autoimmune diseases. In a recently 
published article [184], Vonk et al. report on promising data of the outcome after 
high dose immunosuppressive therapy and autologous CD34+-selected cell trans-
plantation in severe systemic sclerosis (SSc), also referred to as scleroderma. This 
disease is a generalized autoimmune disease causing morbidity and reduced life 
expectancy, particularly in patients with rapidly progressive diffuse cutaneous SSc. 
Since no proven treatment exists, autologous hematopoietic stem cell transplanta-
tion (the stem cells are derived from the patient) is considered as a new therapeutic 
strategy in patients with poor prognosis. CD34+ cell enrichment is performed in 
order to remove any autoreactive T and B cells. Vonk and colleagues [184] report 
that after a median follow-up of 5.3 (1–7.5) years, 21 out of 26 patients (81%) 
demonstrated a clinically beneficial response. Event-free survival, defined as survival 
without mortality, relapse or progression of disease, was 64.3% at 5 years and 
57.1% at 7 years. Alexander and coworkers [185] report on the long-term outcome 
(median follow-up period: 60 months) of seven patients suffering from refractory 
systemic lupus erythematosus (SLE) who had been treated by transplantation of 
CD34+-enriched stem cells after a profound immunoablation. The presented data 
show that the long-term therapy-free clinical remissions observed in SLE patients 
after complete immunoablation and ASCT are accompanied by a loss of immuno-
logical memory and a fundamental reset of the immune system.

5.3  Stem Cells for Tissue Regeneration in Cardiac Diseases

Current pharmacological, interventional, or surgical approaches fail to regenerate 
nonviable myocardium. As a consequence, restoration of functional myocardium 
following cardiac infarction remains an ambitious challenge for clinicians. The heart 
has the ability to elicit a regenerative response designed to restore cardiac function 
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through replacement of damaged cells. There is rising evidence that this is accom-
plished by the activation of resident cardiac stem cells [144, 186] or through 
the recruitment of a stem cell population from other tissues such as bone marrow 
[187, 188].

Hence, stem cell therapy is a promising new strategy for myocardial repair. 
Since the availability of autologous cardiac stem cells in large numbers is poor and 
requires ex vivo expansion, highly proliferative, totipotent embryonic stem cells 
(ESCs) seemed to be a promising alternative. However, there are persisting ethical 
and legal issues as well as concerns about the tumorigenic and infectious potential 
of allogeneic ESCs. Furthermore, the early deaths of ESCs as a result of ischemia 
currently impede their use in clinical studies [189].

The discovery of adult tissue-specific stem cells (ASCs), which have the ability 
to transdifferentiate into other tissues, led to extensive use of these cells for hema-
tological, cancer and myocardial infarct-related administration [190].

In skeletal muscle the so-called satellite cells function as progenitor cells and are 
responsible for normal muscle growth and regeneration [191]. Transplantation of 
skeletal muscle into mouse myocardium alone [192, 193] and in combination with 
CABG into human heart [194–197] proved to be feasible, safe, and efficient in 
restoring functional myocardium. However, although improved symptoms and 
LVEF were achieved [198, 199], the lack of gap junction formation of the graft may 
lead to failure in electromechanical coupling and, thus, to a higher arrhythmic risk. 
There are several strategies aiming at an enhancement of electromechanical cou-
pling, e.g., by modifying the expression of connexin-43 [200]. Further investigation 
may provide long-term improvement.

Bone marrow (BM), among several other organs, possesses multipotent adult 
stem cells with high plasticity, as demonstrated convincingly in the mouse model 
of infarcted myocardium [201]. Only recently it has been demonstrated in a meta-
analysis including 18 randomized controlled trials and cohort studies that BMC 
transplantation seems safe and is associated with modest improvements in physio-
logical and anatomical parameters in patients with both acute myocardial infarction 
and chronic ischemic heart disease, above and beyond conventional therapy [202].

Mesenchymal stem cells (MSCs) are bone marrow–populating cells (stromal 
cells), which possess an extensive proliferative potential and the ability to differen-
tiate into various cell types, including osteocytes, adipocytes, chondrocytes, myo-
cytes, cardiomyocytes and neurons [203] (see above). Apart from bone marrow, 
MSCs are located in other tissues, such as adipose tissue, peripheral blood, cord 
blood, liver, and fetal tissues. Their multilineage potential and their ability to elude 
detection by the host’s immune system, as well as their relative ease of expansion 
in culture, make MSCs a promising source of stem cells for transplantation [204]. 
However, it was recently shown in mice that the developmental fate of bone marrow-
derived MSCs is not restricted by the surrounding tissue after myocardial infarction, 
but by induced calcification and/or ossification [205].

Probably the simplest approach to use stem cells for myocardial cell therapy is 
to harvest mononuclear cells either from bone marrow or mobilized peripheral 
blood [206–210]. However, the functionality of the different cells has not yet been 
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clearly identified. When delivered intracoronarily, improvement in cardiac function 
was sparse [211–213]. Furthermore, concerns exist regarding limited efficiency due 
to the small numbers of progenitor cells in nonenriched peripheral blood and bone 
marrow that are delivered intramyocardially. The risk of foreign tissue differentia-
tion following local stroma cell injections was also found with mononuclear cells 
[205]. Thus, neither the preferred source and type of stem cell nor the optimal 
method of delivery of stem cells to the target area have been defined so far. 
Positively selected human CD34+/CD133+ cells from mobilized peripheral blood 
for intravenous injection in nude rats resulted not only in a substantial increase in 
left ventricular ejection fraction but also in a fivefold increase in the number of 
capillaries compared with the control [214].

Hematopoietic stem cells (HSCs) expressing CD133, a marker for more ‘primi-
tive’ multipotent stem cells, are considered to be particularly important in the con-
text of myocardial repair [186, 201, 215–217]. The cell surface antigen CD133 is 
expressed on primitive HSCs and endothelial progenitor cells (EPCs), which col-
laborate to promote vascularization of ischemic tissues [218]. CD133+ cells can 
integrate into sites of neovascularization and differentiate into mature endothelial 
cells. For enriched CD34+ cells, homing into the border zone of infarcted myocar-
dium has been demonstrated [219].

With respect to functionality, a direct side-by-side comparison of human CD133+ 
bone marrow cells and human skeletal myoblasts in a myocardial ischemia model 
in immuno-incompetent rats demonstrated similar functional improvement in both 
groups, although only the myoblasts reached robust engraftment [220].

Since intracoronary administration of mononuclear cells did not yield the 
expected functional benefit [213], and the heart is easily accessible during CABG 
procedures, several groups started to inject mononuclear [221], purified selected 
cord blood-derived [222, 223], bone marrow-derived, or blood-derived CD133+ 
stem cells [78, 224–226] intramyocardially during chirurgical intervention.

In 2003, Stamm et al. published first clinical results of a phase I study on 
patients suffering from chronic ischemic heart disease, treated with CD133+ stem 
cells in conjunction with Coronary Artery Bypass Grafting (CABG) confirming 
safety and feasibility [77]. Functional benefit could also been demonstrated in a 
subsequent controlled randomized trial [227]. The therapeutic potential of CD133+ 
cells was further confirmed by the positive response of 10 patients with end-stage 
chronic ischemic cardiomyopathy, only treated with cell injection [228].

In summary, results from current trials support conducting large randomized 
trials to evaluate the impact of cell therapy on patient-related outcomes.

References

	 1. 	Hoffman R, Houck D (1998) In: Recktenwald D, Radbruch A (eds) Cell separation methods 
and applications. Marcel Dekker, New York, p 237

	 2. 	Jones R, Barber J, Vala M (1995) Blood 85:2742
	 3. 	Storms R, Trujillo A, Springer J (1999) Proc Natl Acad Sci U S A 96:9118



Isolation and Enrichment of Stem Cells	 65

	 4. 	Molday R, MacKenzie D (1982) J Immunol Methods 52:353
	 5. 	Miltenyi S, Muller W, Weichel W, Radbruch A (1990) Cytometry 11:231
	 6. 	Kato K, Radbruch A (1993) Cytometry 14:384
	 7. Radbruch A, Mechtold B, Thiel A, Miltenyi S, Pfluger E (1994) Methods Cell Biol 42 Pt 

B:387
	 8. 	Kantor A, Gibbons I, Miltenyi S, Schmitz J (1997) In: Recktenwald D, Radbruch A (eds) Cell 

separation methods and applications. Marcel Dekker, New York
	 9. 	McNiece I, Briddell R, Stoney G, Kern B, Zilm K, Recktenwald D, Miltenyi S (1997) 

J Hematother 6:5
	10. 	Miltenyi S, Schmitz J (1999) In: Radbruch A (ed) Flow cytometry and cell sorting. Springer, 

Berlin Heidelberg New York, p 218
	11. 	Apel M, Heinlein U, Miltenyi S, Schmitz J, Campbell J (2007) In: Andrä W, Nowak H (eds) 

Magnetism in medicine – a handbook. Wiley, Weinheim, p 571
	12. 	Ugelstad J, Prestvik W, Stenstad P, Kilaas L, Kvalheim G (1998) In: Andrä W, Nowak H (eds) 

Magnetism in medicine – a handbook. Wiley, Weinheim, p 473
	13. 	Ugelstad J, Mørk P, Herder Kaggerud K, Ellingsen T, Berge A (1980) Adv Colloid Interface 

Sci 13:101
	14. 	Funderud S, Nustad K, Lea T, Vartdal F, Gaudernack G, Stenstad P, Ugelstad J (1987) In: 

Klaus G (ed) Lymphocytes: a practical approach. IRL, Oxford, p 55
	15. 	Neurauter A, Bonyhadi M, Lien E, Nokleby L, Ruud E, Camacho S, Aarvak T (2007) Adv 

Biochem Eng Biotechnol 106:41
	16. 	Dreger P, Ritgen M, Ho A (2006) In: Ho A, Hoffman R, Zanjani E (eds) Stem cell transplanta-

tion – biology, processes, therapy. Wiley, New Jersey, p 247
	17. 	Dreger P, Viehmann K, von Neuhoff N, Glaubitz T, Petzoldt O, Glass B, Uharek L, Rautenberg P, 

Suttorp M, Mills B, Mitsky P, Schmitz N (1999) Bone Marrow Transplant 24:153
	18. 	Rowley SD, Loken M, Radich J, Kunkle LA, Mills BJ, Gooley T, Holmberg L, McSweeney P, 

Beach K, MacLeod B, Appelbaum F, Bensinger WI (1998) Bone Marrow Transplant 21:1253
	19. 	Bradley A, Evans M, Kaufman MH, Robertson E (1984) Nature 309:255
	20. 	Evans MJ, Kaufman MH (1981) Nature 292:154
	21. 	Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones 

JM (1998) Science 282:1145
	22. 	Takahashi K, Yamanaka S (2006) Cell 126:663
	23. 	Hogan BL (1994) Manipulating the mouse embryo: a laboratory manual. Cold Spring Harbor 

Laboratory, Plainview, NY
	24. 	Schoonjans L, Kreemers V, Danloy S, Moreadith RW, Laroche Y, Collen D (2003) Stem Cells 

21:90
	25. 	McWhir J, Schnieke AE, Ansell R, Wallace H, Colman A, Scott AR, Kind AJ (1996) Nat 

Genet 14:223
	26. 	Brook FA, Gardner RL (1997) Proc Natl Acad Sci U S A 94:5709
	27. 	Buehr M, Smith A (2003) Philos Trans R Soc Lond B Biol Sci 358:1397
	28. 	Cheng J, Dutra A, Takesono A, Garrett-Beal L, Schwartzberg PL (2004) Genesis 39:100
	29. 	Hoffman LM, Carpenter MK (2005) Stem Cell Rev 1:139
	30. 	Amit M, Itskovitz-Eldor J (2006) Methods Enzymol 420:37
	31. 	Adewumi O, Aflatoonian B, Ahrlund-Richter L, Amit M, Andrews PW, Beighton G, Bello PA, 

Benvenisty N, Berry LS, Bevan S, Blum B, Brooking J, Chen KG, Choo AB, Churchill GA, 
Corbel M, Damjanov I, Draper JS, Dvorak P, Emanuelsson K, Fleck RA, Ford A, Gertow K, 
Gertsenstein M, Gokhale PJ, Hamilton RS, Hampl A, Healy LE, Hovatta O, Hyllner J, Imreh MP, 
Itskovitz-Eldor J, Jackson J, Johnson JL, Jones M, Kee K, King BL, Knowles BB, Lako M, 
Lebrin F, Mallon BS, Manning D, Mayshar Y, McKay RD, Michalska AE, Mikkola M, 
Mileikovsky M, Minger SL, Moore HD, Mummery CL, Nagy A, Nakatsuji N, O’Brien CM, 
Oh SK, Olsson C, Otonkoski T, Park KY, Passier R, Patel H, Patel M, Pedersen R, Pera MF, 
Piekarczyk MS, Pera RA, Reubinoff BE, Robins AJ, Rossant J, Rugg-Gunn P, Schulz TC, Semb H, 
Sherrer ES, Siemen H, Stacey GN, Stojkovic M, Suemori H, Szatkiewicz J, Turetsky T, Tuuri T, 
van den Brink S, Vintersten K, Vuoristo S, Ward D, Weaver TA, Young LA, Zhang W (2007) Nat 
Biotechnol 25:803



66	 A. Bosio et al.

	32. 	Cui L, Johkura K, Yue F, Ogiwara N, Okouchi Y, Asanuma K, Sasaki K (2004) J Histochem 
Cytochem 52:1447

	33. 	Bashamboo A, Taylor AH, Samuel K, Panthier JJ, Whetton AD, Forrester LM (2006) J Cell 
Sci 119:3039

	34. 	Enver T, Soneji S, Joshi C, Brown J, Iborra F, Orntoft T, Thykjaer T, Maltby E, Smith K, 
Dawud RA, Jones M, Matin M, Gokhale P, Draper J, Andrews PW (2005) Hum Mol Genet 
14:3129

	35. Choo AB, Tan HL, Ang SN, Fong WJ, Chin A, Lo J, Zheng L, Hentze H, Philp RJ, Oh SK, 
Yap M (2008) Stem Cells 26:1454

	36. 	Hedlund E, Pruszak J, Ferree A, Vinuela A, Hong S, Isacson O, Kim KS (2007) Stem Cells 
25:1126

	37. 	Schuldiner M, Yanuka O, Itskovitz-Eldor J, Melton DA, Benvenisty N (2000) Proc Natl Acad 
Sci U S A 97:11307

	38. 	Carpenter MK, Inokuma MS, Denham J, Mujtaba T, Chiu CP, Rao MS (2001) Exp Neurol 
172:383

	39. 	Rolny C, Nilsson I, Magnusson P, Armulik A, Jakobsson L, Wentzel P, Lindblom P, Norlin J, 
Betsholtz C, Heuchel R, Welsh M, Claesson-Welsh L (2006) Blood 108:1877

	40. 	Xiao Q, Zeng L, Zhang Z, Margariti A, Ali ZA, Channon KM, Xu Q, Hu Y (2006) Arterioscler 
Thromb Vasc Biol 26:2244

	41. 	Pruszak J, Sonntag KC, Aung MH, Sanchez-Pernaute R, Isacson O (2007) Stem Cells 
25:2257

	42. 	Perez-Campo FM, Spencer HL, Elder RH, Stern PL, Ward CM (2007) Exp Cell Res 
313:3604

	43. 	Tomishima MJ, Hadjantonakis AK, Gong S, Studer L (2007) Stem Cells 25:39
	44. 	David R, Groebner M, Franz WM (2005) Stem Cells 23:477
	45. 	Kattman SJ, Huber TL, Keller GM (2006) Dev Cell 11:723
	46. 	Moretti A, Caron L, Nakano A, Lam JT, Bernshausen A, Chen Y, Qyang Y, Bu L, Sasaki M, 

Martin-Puig S, Sun Y, Evans SM, Laugwitz KL, Chien KR (2006) Cell 127:1151
	47. 	Wu SM, Fujiwara Y, Cibulsky SM, Clapham DE, Lien CL, Schultheiss TM, Orkin SH (2006) 

Cell 127:1137
	48. 	Hubin F, Humblet C, Belaid Z, Lambert C, Boniver J, Thiry A, Defresne MP (2005) Stem 

Cells 23:1626
	49. 	Schiedlmeier B, Santos AC, Ribeiro A, Moncaut N, Lesinski D, Auer H, Kornacker K, 

Ostertag W, Baum C, Mallo M, Klump H (2007) Proc Natl Acad Sci U S A 104:16952
	50. 	Kiel MJ, Yilmaz OH, Iwashita T, Terhorst C, Morrison SJ (2005) Cell 121:1109
	51. 	Chen CZ, Li M, de Graaf D, Monti S, Gottgens B, Sanchez MJ, Lander ES, Golub TR, Green 

AR, Lodish HF (2002) Proc Natl Acad Sci U S A 99:15468
	52. 	Chen CZ, Li L, Li M, Lodish HF (2003) Immunity 19:525
	53. 	Zhang CC, Lodish HF (2005) Blood 105:4314
	54. 	Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X, Finegold M, 

Weissman IL, Grompe M (2000) Nat Med 6:1229
	55. 	Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I, Quaini F, Nadal-Ginard B, Bodine DM, 

Leri A, Anversa P (2001) Proc Natl Acad Sci U S A 98:10344
	56. 	Wong SH, Lowes KN, Bertoncello I, Quigley AF, Simmons PJ, Cook MJ, Kornberg AJ, 

Kapsa RM (2007) Stem Cells 25:1364
	57. 	Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney M, Magner M, Isner JM, 

Asahara T (1999) Nat Med 5:434
	58. 	Sanchez-Ramos J, Song S, Cardozo-Pelaez F, Hazzi C, Stedeford T, Willing A, Freeman TB, 

Saporta S, Janssen W, Patel N, Cooper DR, Sanberg PR (2000) Exp Neurol 164:247
	59. 	Giebel B, Zhang T, Beckmann J, Spanholtz J, Wernet P, Ho AD, Punzel M (2006) Blood 

107:2146
	60. 	Copland M, Hamilton A, Elrick LJ, Baird JW, Allan EK, Jordanides N, Barow M, Mountford JC, 

Holyoake TL (2006) Blood 107:4532
	61. 	Buhring HJ, Seiffert M, Bock TA, Scheding S, Thiel A, Scheffold A, Kanz L, Brugger W 

(1999) Ann N Y Acad Sci 872:25



Isolation and Enrichment of Stem Cells	 67

	62. 	Yin AH, Miraglia S, Zanjani ED, Almeida-Porada G, Ogawa M, Leary AG, Olweus J, 
Kearney J, Buck DW (1997) Blood 90:5002

	63. 	Freund D, Oswald J, Feldmann S, Ehninger G, Corbeil D, Bornhauser M (2006) Cell Prolif 
39:325

	64. 	de Wynter E, Buck D, Hart C, Heywood R, Coutinho L, Clayton A, Rafferty J, Burt D, 
Gueneche G, Bueren J, Gagen D, Fairbairn L, Lord B, Testa N (1998) Stem Cells 16:387

	65. 	Matsumoto K, Yasui K, Yamashita N, Horie Y, Yamada T, Tani Y, Shibata H, Nakano T 
(2000) Stem Cells 18:196

	66. 	Summers Y, Heyworth C, de Wynter E, Hart C, Chang J, Testa N (2004) Stem Cells 22:704
	67. 	Goussetis E, Theodosaki M, Paterakis G, Peristeri J, Petropoulos D, Kitra V, Papassarandis C, 

Graphakos S (2000) J Hematother Stem Cell Res 9:827
	68. 	Hemmoranta H, Hautaniemi S, Niemi J, Nicorici D, Laine J, Yli-Harja O, Partanen J, Jaatinen T 

(2006) Stem Cells Dev 15:839
	69. 	Gallacher L, Murdoch B, Wu DM, Karanu FN, Keeney M, Bhatia M (2000) Blood 95:2813
	70. 	Cogle CR, Wainman DA, Jorgensen ML, Guthrie SM, Mames RN, Scott EW (2004) Blood 

103:133
	71. 	Loges S, Fehse B, Brockmann MA, Lamszus K, Butzal M, Guckenbiehl M, Schuch G, Ergun S, 

Fischer U, Zander AR, Hossfeld DK, Fiedler W, Gehling UM (2004) Stem Cells Dev 13:229
	72. 	Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M, Kearne M, Magner M, Isner JM 

(1999) Circ Res 85:221
	73. 	Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, Oz MC, Hicklin DJ, Witte L, 

Moore MA, Rafii S (2000) Blood 95:952
	74. 	Rafii S, Lyden D (2003) Nat Med 9:702
	75. 	Asahara T, Kawamoto A (2004) Am J Physiol Cell Physiol 287:C572
	76. 	Yang C, Zhang ZH, Li ZJ, Yang RC, Qian GQ, Han ZC (2004) Thromb Haemost 91:1202
	77. 	Stamm C, Westphal B, Kleine HD, Petzsch M, Kittner C, Klinge H, Schumichen C, Nienaber CA, 

Freund M, Steinhoff G (2003) Lancet 361:45
	78. 	Stamm C, Kleine HD, Westphal B, Petzsch M, Kittner C, Nienaber CA, Freund M, Steinhoff G 

(2004) Thorac Cardiovasc Surg 52:152
	79. 	Yamada M, Kubo H, Kobayashi S, Ishizawa K, Numasaki M, Ueda S, Suzuki T, Sasaki H 

(2004) J Immunol 172:1266
	80. 	Li TS, Hamano K, Nishida M, Hayashi M, Ito H, Mikamo A, Matsuzaki M (2003) Am J 

Physiol Heart Circ Physiol 285:H931
	81. 	Quirici N, Soligo D, Caneva L, Servida F, Bossolasco P, Deliliers GL (2001) Br J Haematol 

115:186
	82. 	Wu X, Rabkin-Aikawa E, Guleserian KJ, Perry TE, Masuda Y, Sutherland FW, Schoen FJ, 

Mayer JE Jr, Bischoff J (2004) Am J Physiol Heart Circ Physiol 287:H480
	83. 	Adams V, Lenk K, Linke A, Lenz D, Erbs S, Sandri M, Tarnok A, Gielen S, Emmrich F, 

Schuler G, Hambrecht R (2004) Arterioscler Thromb Vasc Biol 24:684
	84. 	Suuronen EJ, Veinot JP, Wong S, Kapila V, Price J, Griffith M, Mesana TG, Ruel M (2006) 

Circulation 114:I138
	85. 	Ferreira LS, Gerecht S, Shieh HF, Watson N, Rupnick MA, Dallabrida SM, Vunjak-Novakovic G, 

Langer R (2007) Circ Res 101:286
	86. 	Tamaki S, Eckert K, He D, Sutton R, Doshe M, Jain G, Tushinski R, Reitsma M, Harris B, 

Tsukamoto A, Gage F, Weissman I, Uchida N (2002) J Neurosci Res 69:976
	87. 	Invernici G, Emanueli C, Madeddu P, Cristini S, Gadau S, Benetti A, Ciusani E, Stassi G, 

Siragusa M, Nicosia R, Peschle C, Fascio U, Colombo A, Rizzuti T, Parati E, Alessandri G 
(2007) Am J Pathol 170:1879

	88. 	Jones EA, Kinsey SE, English A, Jones RA, Straszynski L, Meredith DM, Markham AF, Jack A, 
Emery P, McGonagle D (2002) Arthritis Rheum 46:3349

	89. 	Huss R, Moosmann S (2002) Br J Haematol 118:305
90. 	Majumdar MK, Keane-Moore M, Buyaner D, Hardy WB, Moorman MA, McIntosh KR, 

Mosca JD (2003) J Biomed Sci 10:228
91. 	Aslan H, Zilberman Y, Kandel L, Liebergall M, Oskouian RJ, Gazit D, Gazit Z (2006) Stem 

Cells 24:1728



68	 A. Bosio et al.

	 92. 	Shi S, Gronthos S (2003) J Bone Miner Res 18:696
	 93. 	Tondreau T, Meuleman N, Delforge A, Dejeneffe M, Leroy R, Massy M, Mortier C, Bron D, 

Lagneaux L (2005) Stem Cells 23:1105
	 94. 	Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein SE (2004) Circ Res 

94:678
	 95. 	Schrepfer S, Deuse T, Lange C, Katzenberg R, Reichenspurner H, Robbins RC, Pelletier MP 

(2007) Stem Cells Dev 16:105
	 96. 	Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-Gonzalez XR, Reyes M, 

Lenvik T, Lund T, Blackstad M, Du J, Aldrich S, Lisberg A, Low WC, Largaespada DA, 
Verfaillie CM (2002) Nature 418:41

	 97. 	De Coppi P, Bartsch G Jr, Siddiqui MM, Xu T, Santos CC, Perin L, Mostoslavsky G, Serre AC, 
Snyder EY, Yoo JJ, Furth ME, Soker S, Atala A (2007) Nat Biotechnol 25:100

	 98. 	Sun S, Guo Z, Xiao X, Liu B, Liu X, Tang PH, Mao N (2003) Stem Cells 21:527
	 99. 	Quirici N, Soligo D, Bossolasco P, Servida F, Lumini C, Deliliers GL (2002) Exp Hematol 

30:783
	100. 	Gindraux F, Selmani Z, Obert L, Davani S, Tiberghien P, Herve P, Deschaseaux F (2007) Cell 

Tissue Res 327:471
	101. 	Boquest AC, Shahdadfar A, Fronsdal K, Sigurjonsson O, Tunheim SH, Collas P, Brinchmann JE 

(2005) Mol Biol Cell 16:1131
	102. 	Noer A, Sorensen AL, Boquest AC, Collas P (2006) Mol Biol Cell 17:3543
	103. 	Astori G, Vignati F, Bardelli S, Tubio M, Gola M, Albertini V, Bambi F, Scali G, Castelli D, 

Rasini V, Soldati G, Moccetti T (2007) J Transl Med 5:55
	104. 	Miranville A, Heeschen C, Sengenes C, Curat CA, Busse R, Bouloumie A (2004) Circulation 

110:349
	105. 	Simmons PJ, Torok-Storb B (1991) Blood 78:55
	106. 	Gronthos S, Graves SE, Ohta S, Simmons PJ (1994) Blood 84:4164
	107. 	Gronthos S, Simmons PJ (1995) Blood 85:929
	108. 	Stewart K, Monk P, Walsh S, Jefferiss CM, Letchford J, Beresford JN (2003) Cell Tissue Res 

313:281
	109. 	Airey JA, Almeida-Porada G, Colletti EJ, Porada CD, Chamberlain J, Movsesian M, Sutko JL, 

Zanjani ED (2004) Circulation 109:1401
	110. 	Gronthos S, Zannettino AC, Hay SJ, Shi S, Graves SE, Kortesidis A, Simmons PJ (2003) 

J Cell Sci 116:1827
	111. 	Zannettino AC, Harrison K, Joyner CJ, Triffitt JT, Simmons PJ (2003) J Cell Biochem 

89:56
	112. 	Deschaseaux F, Gindraux F, Saadi R, Obert L, Chalmers D, Herve P (2003) Br J Haematol 

122:506
	113. 	Gang EJ, Bosnakovski D, Figueiredo CA, Visser JW, Perlingeiro RC (2007) Blood 

109:1743
	114. 	Martinez C, Hofmann TJ, Marino R, Dominici M, Horwitz EM (2007) Blood 109:4245
	115. 	Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM (2001) Blood 98:2615
	116. 	Niemeyer P, Kasten P, Simank HG, Fellenberg J, Seckinger A, Kreuz PC, Mehlhorn A, 

Sudkamp NP, Krause U (2006) Cytotherapy 8:354
	117. 	O’Donoghue K, Choolani M, Chan J, de la Fuente J, Kumar S, Campagnoli C, Bennett PR, 

Roberts IA, Fisk NM (2003) Mol Hum Reprod 9:497
	118. 	Wu Y, Chen L, Scott PG, Tredget EE (2007) Stem Cells 25:2648
	119. 	Rombouts WJ, Ploemacher RE (2003) Leukemia 17:160
	120. 	Yamamoto N, Akamatsu H, Hasegawa S, Yamada T, Nakata S, Ohkuma M, Miyachi E, 

Marunouchi T, Matsunaga K (2007) J Dermatol Sci 48:43
	121. Reiß S, Herzig I, Schmitz J, Bosio A, Pennartz S (2008) Society for Neuroscience Meeting 

2007: Abstract 235.7
	122. 	Lois C, Alvarez-Buylla A (1993) Proc Natl Acad Sci U S A 90:2074
	123. 	Luskin MB (1993) Neuron 11:173
	124. 	Ghashghaei HT, Lai C, Anton ES (2007) Nat Rev Neurosci 8:141



Isolation and Enrichment of Stem Cells	 69

	125. 	Curtis MA, Kam M, Nannmark U, Anderson MF, Axell MZ, Wikkelso C, Holtas S, van 
Roon-Mom WM, Bjork-Eriksson T, Nordborg C, Frisen J, Dragunow M, Faull RL, Eriksson 
PS (2007) Science 315:1243

	126. 	Weigmann A, Corbeil D, Hellwig A, Huttner WB (1997) Proc Natl Acad Sci U S A 
94:12425

	127. 	Fargeas CA, Corbeil D, Huttner WB (2003) Stem Cells 21:506
	128. 	Miraglia S, Godfrey W, Yin AH, Atkins K, Warnke R, Holden JT, Bray RA, Waller EK, 

Buck DW (1997) Blood 90:5013
	129. 	Hall PE, Lathia JD, Miller NG, Caldwell MA, ffrench-Constant C (2006) Stem Cells 24:2078
	130. 	Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV, Tsukamoto AS, Gage FH, 

Weissman IL (2000) Proc Natl Acad Sci U S A 97:14720
	131. 	Yu S, Zhang JZ, Zhao CL, Zhang HY, Xu Q (2004) Biotechnol Lett 26:1131
	132. 	Sawamoto K, Nakao N, Kakishita K, Ogawa Y, Toyama Y, Yamamoto A, Yamaguchi M, 

Mori K, Goldman SA, Itakura T, Okano H (2001) J Neurosci 21:3895
	133. 	Lee A, Kessler JD, Read TA, Kaiser C, Corbeil D, Huttner WB, Johnson JE, Wechsler-Reya RJ 

(2005) Nat Neurosci 8:723
	134. 	Pfenninger CV, Roschupkina T, Hertwig F, Kottwitz D, Englund E, Bengzon J, Jacobsen SE, 

Nuber UA (2007) Cancer Res 67:5727
	135. 	Pennartz S, Belvindrah R, Tomiuk S, Zimmer C, Hofmann K, Conradt M, Bosio A, Cremer H 

(2004) Mol Cell Neurosci 25:692
	136. 	Seidenfaden R, Desoeuvre A, Bosio A, Virard I, Cremer H (2006) Mol Cell Neurosci 32:187
	137. 	Hierlihy AM, Seale P, Lobe CG, Rudnicki MA, Megeney LA (2002) FEBS Lett 530:239
	138. 	Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, 

Musso E, Urbanek K, Leri A, Kajstura J, Nadal-Ginard B, Anversa P (2003) Cell 114:763
	139. 	Oh H, Bradfute SB, Gallardo TD, Nakamura T, Gaussin V, Mishina Y, Pocius J, Michael LH, 

Behringer RR, Garry DJ, Entman ML, Schneider MD (2003) Proc Natl Acad Sci U S A 
100:12313

	140. 	Oh H, Chi X, Bradfute SB, Mishina Y, Pocius J, Michael LH, Behringer RR, Schwartz RJ, 
Entman ML, Schneider MD (2004) Ann N Y Acad Sci 1015:182

	141. 	Pfister O, Mouquet F, Jain M, Summer R, Helmes M, Fine A, Colucci WS, Liao R (2005) 
Circ Res 97:52

	142. 	Laugwitz KL, Moretti A, Lam J, Gruber P, Chen Y, Woodard S, Lin LZ, Cai CL, Lu MM, 
Reth M, Platoshyn O, Yuan JX, Evans S, Chien KR (2005) Nature 433:647

	143. 	Liao R, Pfister O, Jain M, Mouquet F (2007) Prog Cardiovasc Dis 50:18
	144. 	Bearzi C, Rota M, Hosoda T, Tillmanns J, Nascimbene A, De Angelis A, Yasuzawa-Amano S, 

Trofimova I, Siggins RW, Lecapitaine N, Cascapera S, Beltrami AP, D’Alessandro DA, Zias E, 
Quaini F, Urbanek K, Michler RE, Bolli R, Kajstura J, Leri A, Anversa P (2007) Proc Natl 
Acad Sci U S A 104:14068

	145. 	Smith RR, Barile L, Cho HC, Leppo MK, Hare JM, Messina E, Giacomello A, Abraham MR, 
Marban E (2007) Circulation 115:896

	146. 	Ogawa T (2008) Int J Urol 15:121
	147. 	Takehashi M, Kanatsu-Shinohara M, Miki H, Lee J, Kazuki Y, Inoue K, Ogonuki N, 

Toyokuni S, Oshimura M, Ogura A, Shinohara T (2007) Dev Biol 312:344
	148. 	Ellen G, Herman T (2007) Curr Stem Cell Res Ther 2:189
	149. 	Yamanaka S (2007) Cell Stem Cell 1:39
	150. 	Seandel M, James D, Shmelkov SV, Falciatori I, Kim J, Chavala S, Scherr DS, Zhang F, 

Torres R, Gale NW, Yancopoulos GD, Murphy A, Valenzuela DM, Hobbs RM, Pandolfi PP, 
Rafii S (2007) Nature 449:346

	151. 	Sahin MB, Schwartz RE, Buckley SM, Heremans Y, Chase L, Hu WS, Verfaillie CM (2008) 
Liver Transplant 14:333

	152. 	Oertel M, Shafritz DA (2008) Biochim Biophys Acta 1782:61
	153. 	Schmelzer E, Zhang L, Bruce A, Wauthier E, Ludlow J, Yao HL, Moss N, Melhem A, 

McClelland R, Turner W, Kulik M, Sherwood S, Tallheden T, Cheng N, Furth ME, Reid LM 
(2007) J Exp Med 204:1973



70	 A. Bosio et al.

	154. 	Schmelzer E, Reid LM (2008) Front Biosci 13:3096
	155. 	Yovchev MI, Grozdanov PN, Joseph B, Gupta S, Dabeva MD (2007) Hepatology 45:139
	156. 	Yovchev MI, Grozdanov PN, Zhou H, Racherla H, Guha C, Dabeva MD (2008) Hepatology 

47:636
	157. 	Tang C, Ang BT, Pervaiz S (2007) FASEB J 21:3777
	158. 	Bonnet D, Dick JE (1997) Nat Med 3:730
	159. 	Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003) Proc Natl Acad 

Sci U S A 100:3983
	160. 	Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini D, Pilotti S, Pierotti MA, 

Daidone MG (2005) Cancer Res 65:5506
	161. 	Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J, Dirks PB (2003) Cancer 

Res 63:5821
	162. 	Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM, Cusimano MD, 

Dirks PB (2004) Nature 432:396
	163. 	Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I, Vogel S, Crowley D, Bronson RT, 

Jacks T (2005) Cell 121:823
	164. 	Seo DC, Sung JM, Cho HJ, Yi H, Seo KH, Choi IS, Kim DK, Kim JS, El-Aty AA, Shin HC 

(2007) Mol Cancer 6:75
	165. 	Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio A, Conticello C, Ruco L, Peschle C, 

De Maria R (2008) Cell Death Differ 15:504
	166. 	Yang ZF, Ngai P, Ho DW, Yu WC, Ng MN, Lau CK, Li ML, Tam KH, Lam CT, Poon RT, 

Fan ST (2008) Hepatology 47:919
	167. 	Richardson GD, Robson CN, Lang SH, Neal DE, Maitland NJ, Collins AT (2004) J Cell Sci 

117:3539
	168. 	Collins AT, Berry PA, Hyde C, Stower MJ, Maitland NJ (2005) Cancer Res 65:10946
	169. 	O’Brien CA, Pollett A, Gallinger S, Dick JE (2007) Nature 445:106
	170. 	Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, Peschle C, De Maria R 

(2007) Nature 445:111
	171. 	Fang D, Nguyen TK, Leishear K, Finko R, Kulp AN, Hotz S, Van Belle PA, Xu X, Elder DE, 

Herlyn M (2005) Cancer Res 65:9328
	172. Kamstrup M, Gniadecki R, Skovgard G (2007) Exp Dermatol 16: 1030
	173. 	Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, Wicha M, Clarke MF, Simeone DM 

(2007) Cancer Res 67:1030
	174. 	Handgretinger R, Chen X, Pfeiffer M, Mueller I, Feuchtinger T, Hale GA, Lang P (2007) 

Ann N Y Acad Sci 1106:279
	175. 	Lee SJ, Kim HT, Ho VT, Cutler C, Alyea EP, Soiffer RJ, Antin JH (2006) Bone Marrow 

Transplant 38:305
	176. 	Reisner Y, Martelli MF (2000) Curr Opin Immunol 12:536
	177. 	Handgretinger R, Klingebiel T, Lang P, Gordon P, Niethammer D (2003) Pediatr Transplant 

7(Suppl 3):51
	178. 	Lang P, Bader P, Schumm M, Feuchtinger T, Einsele H, Fuhrer M, Weinstock C, 

Handgretinger R, Kuci S, Martin D, Niethammer D, Greil J (2004) Br J Haematol 124:72
	179. 	Elmaagacli AH, Peceny R, Steckel N, Trenschel R, Ottinger H, Grosse-Wilde H, Schaefer UW, 

Beelen DW (2003) Blood 101:446
	180. 	Falzetti F (2002) Bone Marrow Transplant 29(Suppl 2):199
	181. 	Aversa F, Reisner Y, Martelli MF (2008) Blood Cells Mol Dis 40:8
	182. 	Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, Posati S, Rogaia D, 

Frassoni F, Aversa F, Martelli MF, Velardi A (2002) Science 295:2097
	183. 	Ruggeri L, Mancusi A, Burchielli E, Aversa F, Martelli MF, Velardi A (2006) Cytotherapy 8:554
	184. 	Vonk MC, Marjanovic Z, van den Hoogen FH, Zohar S, Schattenberg AV, Fibbe WE, 

Larghero J, Gluckman E, Preijers FW, van Dijk AP, Bax JJ, Roblot P, van Riel PL, van Laar JM, 
Farge D (2008) Ann Rheum Dis 67:98

	185. Alexander T, Thiel A, Massenkeil G, Sattler A, Kohler S, Mei H, Radtke H, Burmester G, 
Radbruch A, Arnold R, Hiepe F (2008) 34th Annual Meeting of the European Group for 
Blood and Marrow Transplantation Abstract, p O103



Isolation and Enrichment of Stem Cells	 71

	186. 	Beltrami A, Urbanek K, Kajstura J, Yan S, Finato N, Bussani R, Nadal-Ginard B, Silvestri F, 
Leri A, Beltrami C, Anversa P (2001) N Engl J Med 344:1750

	187. 	Gill M, Dias S, Hattori K, Rivera M, Hicklin D, Witte L, Girardi L, Yurt R, Himel H, Rafii S 
(2001) Circ Res 88:167

	188. 	Shintani S, Murohara T, Ikeda H, Ueno T, Honma T, Katoh A, Sasaki K, Shimada T, Oike Y, 
Imaizumi T (2001) Circulation 103:2776

	189. 	Gepstein L (2002) Circ Res 91:866
	190. 	Kuehnle I, Goodell M (2002) Br Med J 325:372
	191. 	Schultz E, McCormick K (1994) Rev Physiol Biochem Pharmacol 123:213
	192. 	Rubart M, Soonpaa M, Nakajima H, Field L (2004) J Clin Invest 114:775
	193. 	Murtuza B, Suzuki K, Bou-Gharios G, Beauchamp J, Smolenski R, Partridge T, Yacoub M 

(2004) Proc Natl Acad Sci U S A 101:4216
	194. 	Menasché P, Hagège A, Scorsin M, Pouzet B, Desnos M, Duboc D, Schwartz K, Vilquin J, 

Marolleau J (2001) Lancet 357:279
	195. 	Herreros J, Prósper F, Perez A, Gavira J, Garcia-Velloso M, Barba J, Sánchez P, Cañizo C, 

Rábago G, Martí-Climent J, Hernández M, López-Holgado N, González-Santos J, Martín-
Luengo C, Alegria E (2003) Eur Heart J 24:2012

	196. 	Dib N, McCarthy P, Campbell A, Yeager M, Pagani F, Wright S, MacLellan W, Fonarow G, 
Eisen H, Michler R, Binkley P, Buchele D, Korn R, Ghazoul M, Dinsmore J, Opie S, 
Diethrich E (2005) Cell Transplant 14:11

	197. 	Gavira J, Herreros J, Perez A, Garcia-Velloso M, Barba J, Martin-Herrero F, Cañizo C, 
Martin-Arnau A, Martí-Climent J, Hernández M, López-Holgado N, González-Santos J, 
Martín-Luengo C, Alegria E, Prósper F (2006) J Thorac Cardiovasc Surg 31:799

	198. 	Menasché P, Hagège A, Vilquin J, Desnos M, Abergel E, Pouzet B, Bel A, Sarateanu S, 
Scorsin M, Schwartz K, Bruneval P, Benbunan M, Marolleau J, Duboc D (2003) J Am Coll 
Cardiol 114:108

	199. 	Hagège A, Marolleau J, Vilquin J, Alhéritière A, Peyrard S, Duboc D, Abergel E, Messas E, 
Mousseaux E, Schwartz K, Desnos M, Menasché P (2006) Circulation 114:108

	200. 	Tolmachov O, Ma Y, Themis M, Patel P, Spohr H, Macleod K, Ullrich N, Kienast Y, Coutelle C, 
Peters N (2006) BMC Cardiovasc Disord 6:25

	201. 	Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel J, McKay R, Nadal-
Ginard B, Bodine DM, Leri A, Anversa P (2001) Nature 410:701

	202. 	Abdel-Latif A, Bolli R, Tleyjeh I, Montori V, Perin E, Hornung C, Zuba-Surma E, Al-Mallah M, 
Dawn B (2007) Arch Intern Med 167:989

	203. 	Pittenger M, Mackay A, Beck S, Jaiswal R, Douglas R, Mosca J, Moorman M, Simonetti D, 
Craig S, Marshak D (1999) Science 284:143

	204. 	Silva GV, Litovsky S, Assad JA, Sousa AL, Martin BJ, Vela D, Coulter SC, Lin J, Ober J, 
Vaughn WK, Branco RV, Oliveira EM, He R, Geng YJ, Willerson JT, Perin EC (2005) 
Circulation 111:150

	205. 	Breitbach M, Bostani T, Roell W, Xia Y, Dewald O, Nygren JM, Fries JW, Tiemann K, 
Bohlen H, Hescheler J, Welz A, Bloch W, Jacobsen SE, Fleischmann BK (2007) Blood 
110:1362

	206. 	Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV, Kogler G, Wernet P 
(2002) Circulation 106:1913

	207. 	Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Mesquita CT, Rossi MI, 
Carvalho AC, Dutra HS, Dohmann HJ, Silva GV, Belem L, Vivacqua R, Rangel FO, 
Esporcatte R, Geng YJ, Vaughn WK, Assad JA, Mesquita ET, Willerson JT (2003) 
Circulation 107:2294

	208. 	Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Breidenbach C, Fichtner S, 
Korte T, Hornig B, Messinger D, Arseniev L, Hertenstein B, Ganser A, Drexler H (2004) 
Lancet 364:141

	209. 	Fernandez-Aviles F, San Roman JA, Garcia-Frade J, Fernandez ME, Penarrubia MJ, de la 
Fuente L, Gomez-Bueno M, Cantalapiedra A, Fernandez J, Gutierrez O, Sanchez PL, 
Hernandez C, Sanz R, Garcia-Sancho J, Sanchez A (2004) Circ Res 95:742

	210. 	Galinanes M, Loubani M, Davies J, Chin D, Pasi J, Bell PR (2004) Cell Transplant 13:7



72	 A. Bosio et al.

	211. 	Assmus B, Schachinger V, Teupe C, Britten M, Lehmann R, Dobert N, Grunwald F, Aicher A, 
Urbich C, Martin H, Hoelzer D, Dimmeler S, Zeiher AM (2002) Circulation 106:3009

	212. 	Schachinger V, Assmus B, Britten MB, Honold J, Lehmann R, Teupe C, Abolmaali ND, 
Vogl TJ, Hofmann WK, Martin H, Dimmeler S, Zeiher AM (2004) J Am Coll Cardiol 
44:1690

	213. 	Lunde K, Solheim S, Aakhus S, Arnesen H, Abdelnoor M, Egeland T, Endresen K, Ilebekk A, 
Mangschau A, Fjeld JG, Smith HJ, Taraldsrud E, Grogaard HK, Bjornerheim R, Brekke M, 
Muller C, Hopp E, Ragnarsson A, Brinchmann JE, Forfang K (2006) N Engl J Med 
355:1199

	214. 	Kocher AA, Schuster MD, Szabolcs MJ, Takuma S, Burkhoff D, Wang J, Homma S, 
Edwards NM, Itescu S (2001) Nat Med 7:430

	215. 	Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri A, Anversa P (2001) Ann N Y Acad Sci 
938:221

	216. 	Quaini F, Urbanek K, Beltrami AP, Finato N, Beltrami CA, Nadal-Ginard B, Kajstura J, 
Leri A, Anversa P (2002) N Engl J Med 346:5

	217. 	Goodell MA (2003) Curr Opin Hematol 10:208
	218. 	Camargo FD, Chambers SM, Goodell MA (2004) Cell Prolif 37:55
	219. 	Hofmann M, Wollert KC, Meyer GP, Menke A, Arseniev L, Hertenstein B, Ganser A, 

Knapp WH, Drexler H (2005) Circulation 111:2198
	220. 	Agbulut O, Vandervelde S, Al Attar N, Larghero J, Ghostine S, Leobon B, Robidel E, 

Borsani P, Le Lorc’h M, Bissery A, Chomienne C, Bruneval P, Marolleau JP, Vilquin JT, 
Hagege A, Samuel JL, Menasche P (2004) J Am Coll Cardiol 44:458

	221. 	Hamano K, Nishida M, Hirata K, Mikamo A, Li TS, Harada M, Miura T, Matsuzaki M, 
Esato K (2001) Jpn Circ J 65:845

	222. 	Leor J, Guetta E, Feinberg MS, Galski H, Bar I, Holbova R, Miller L, Zarin P, Castel D, 
Barbash IM, Nagler A (2006) Stem Cells 24:772

	223. 	Ma N, Ladilov Y, Moebius JM, Ong L, Piechaczek C, David A, Kaminski A, Choi YH, 
Li W, Egger D, Stamm C, Steinhoff G (2006) Cardiovasc Res 71:158

	224. 	Klein HM, Ghodsizad A, Borowski A, Saleh A, Draganov J, Poll L, Stoldt V, Feifel N, 
Piecharczek C, Burchardt ER, Stockschlader M, Gams E (2004) Heart Surg Forum 7:E416

	225. 	Ghodsizad A, Klein HM, Borowski A, Stoldt V, Feifel N, Voelkel T, Piechaczek C, Burchardt E, 
Stockschlader M, Gams E (2004) Cytotherapy 6:523

	226. 	Pompilio G, Cannata A, Peccatori F, Bertolini F, Nascimbene A, Capogrossi MC, Biglioli P 
(2004) Ann Thorac Surg 78:1808

	227. 	Stamm C, Kleine HD, Choi YH, Dunkelmann S, Lauffs JA, Lorenzen B, David A, Liebold A, 
Nienaber C, Zurakowski D, Freund M, Steinhoff G (2007) J Thorac Cardiovasc Surg 
133:717

	228. 	Klein HM, Ghodsizad A, Marktanner R, Poll L, Voelkel T, Mohammad Hasani MR, 
Piechaczek C, Feifel N, Stockschlaeder M, Burchardt ER, Kar BJ, Gregoric I, Gams E 
(2007) Heart Surg Forum 10:E66



Transdifferentiation of Stem Cells:  
A Critical View
Ina Gruh and Ulrich Martin

Abstract  Recently a large amount of new data on the plasticity of stem cells 
of various lineages have emerged, providing new perspectives especially for the 
therapeutic application of adult stem cells. Previously unknown possibilities of 
cell differentiation beyond the known commitment of a given stem cell have been 
described using keywords such as “blood to liver,” or “bone to brain.” Controversies 
on the likelihood, as well as the biological significance, of these conversions almost 
immediately arose within this young field of stem cell biology. This chapter will 
concentrate on these controversies and focus on selected examples demonstrating 
the technical aspects of stem cell transdifferentiation and the evaluation of the tools 
used to analyze these events.
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Abbreviations

BM	 Bone marrow
BMC	 Bone marrow cells
CAC	 Circulating angiogenic cells
eGFP	 Enhanced green fluorescent protein
EPC	 Endothelial progenitor cells
FISH	 Fluorescence in situ hybridization
GFP	 Green fluorescent protein
HNF	 Hepatocyte nuclear factor
HSC	 Hematopoietic stem cells
HUVEC	 Human umbilical cord vein cells
MAPC	 Multipotent adult progenitor cells
MHC	 Myosin heavy chain
MNC	 Mononuclear cells
MSC	 Mesenchymal stem cells
NOD-SCID	 Nonobese diabetic severe combined immunodeficient
NRCM	 Neonatal rat cardiomyocytes
USSC	 Unrestricted somatic stem cells

1  Introduction

During the past decade, stem cell research has become a rapidly evolving field 
providing new insights into developmental biology, as well as new hope for thera-
peutic applications. The most versatile stem cells to date are pluripotent embryonic 
stem cells (ESC) with the capability of differentiating into the whole panel of 
somatic cell types derived from all three germ layers, i.e., endoderm, mesoderm and 
ectoderm. Some cell types which can be generated from adult tissue have now been 
described to have similar characteristics; these cells include the so called “induced 
pluripotent” stem (iPS) cells [1, 2] or germ-line derived stem cells [3]. Notably, it 
is not clear at present whether the adult testis contains rare pluripotent stem cells 
in vivo. It is considered more likely that isolated unipotent spermatogonial stem 
cells can be reprogrammed into pluripotent stem cells under certain culture conditions. 
In contrast to ESC, the natural potential of stem and progenitor cells found in various 
organs of the adult body appears to be limited and was initially considered restricted 
to cells related to the respective organs, or at least derived from the same germ 
layer. This concept was challenged by reports on the plasticity of stem cells of 
various lineages going beyond these boundaries, an event which is often referred to 
as “transdifferentiation.”
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However, a critical view on the “transdifferentiation of stem cells” should 
start with a critical view on the term itself. The observation that one cell type can 
change its phenotype and become another cell type in vivo was described in 
1922 by Maccarty et al. to occur in ovarian tumors [4]. This phenomenon was 
termed “metaplasia” and believed to be mainly a response to physiological or 
pathological stress.

A classical example of metaplasia is the epithelial–mesenchymal transition 
(EMT), a highly conserved and fundamental process, mediated by transforming 
growth factor b (TGF-b) signaling, that governs morphogenesis in embryonic 
development and may also contribute to cancer metastasis [5]. The most promi-
nent feature of EMT is the complete loss of epithelial traits, such as E-cadherin 
expression, by the former epithelial cells and the acquisition of mesenchymal 
characteristics, such as vimentin and fibronectin expression, gaining invasive 
motility and others [6, 7].

In the adult organism, examples of metaplasia can be found in the eye, with 
reports dating back as early as 1934 [8]. More recent reports include the conver-
sion of limbal basal epithelial cells into corneal epithelial cells [9], retinal 
pigmental epithelial (RPE) cells into neural epithelium [10], conjunctival epithe-
lial cells into corneal epithelium [11] and neural retina into lens epithelium [12]. 
Another form of metaplasia in the eye, the conversion of lens epithelial cells into 
myofibroblasts [13], reflects a common mechanism of the body in response to 
injury, i.e., the replacement of functional tissue specific cells by myofibroblasts, 
e.g., in scar formation. This process is mediated by increased levels of tumor 
necrosis factor a (TNF-a) and/or TGF-b, and has been described for a large vari-
ety of cell types including, but not limited to, fat storing cells in the liver [14], 
tubular epithelial cells in the kidney [15], keratocytes in the skin [16], fibroblasts 
in the lung [17], the heart [18], and the prostate [19], as well as Schwann cells in 
the brain [20].

“Transdifferentiation is a subclass of metaplasia and by definition an irreversible 
switch of one already differentiated cell to another, resulting in the loss of one 
phenotype and the gain of another” [21].

Like other sources, this statement by Eberhard and Tosh explicitly defines 
“transdifferentiation” as a “nonstem cell” transformation. Therefore, under a criti-
cal view, the expression “transdifferentiation of adult stem cells” seems to be con-
tradictory in itself. However, in recent years this classical definition has been 
broadened when it became evident that adult stem cells with a presumed commit-
ment not only underwent differentiation into anticipated progenies, but differentia-
tion also resulted in phenotypes beyond the expected lineage of the respective stem 
cells. This “plasticity,” which has been defined as the ability to undergo transdif-
ferentiation, can be seen, for example, in the differentiation of hematopoietic stem 
cells into nonblood cells. Subsequently, we will use this broadened definition to 
investigate the alleged transdifferentiation of stem cells into, or from various tissues, 
reviewing conflicting reports in this relatively new field of stem cell research with 
a focus on technical aspects of the given data, the methods used, and their power to 
prove differentiation events unequivocally.
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Early reports on this previously unobserved form of differentiation were fairly 
surprising: “… But just because we scientists were surprised, it does not mean that 
the cells themselves were surprised by their broad potential! …” Eisenberg and 
Eisenberg [24].

3  Examples of Adult Stem Cell Transdifferentiation

3.1  Transdifferentiation into Hepatocytes

3.1.1  Hematopoietic Stem Cells

In vivo, liver progenitor/oval cells differentiate into hepatocytes and biliary epithe-
lial cells, repopulating the liver when the regenerative capacity of hepatocytes is 
impaired. Bone marrow (BM) derived hematopoietic stem cells (HSC), which, 
apart from their putative main function in the body, i.e., replenishing blood cells, 

2  Mechanism of Stem Cell Transdifferentiation

Stem cells were thought to differentiate usually into one or more typical cell types 
of the very tissue from which the respective stem cell originated. In addition to this 
lineage-restricted multipotentiality, stem cells, under certain circumstances seem to 
be able to cross lineage boundaries and differentiate into atypical cell types, or, as 
Rota et al. expressed it, to “break the law of tissue fidelity” [22]. Theoretically, this 
transdifferentiation can occur directly, or via the generation of an intermediate cell 
type. In this case, a de-differentiation of the stem cell would be followed by a sub-
sequent differentiation into another cell type [23] (Fig. 1).

Fig. 1  Mechanism of stem cell transdifferentiation. Modified after Koestenbauer et al. [23]
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have also been associated with organ repair. Transdifferentiation has been proposed 
as one underlying mechanism. After Petersen et al. identified BM as source of 
hepatic cells in 1999 [25], Lagasse et al. confirmed a therapeutic effect of HSC 
transplantation in mice with an inherited liver disease [26] and Theise et al. dem-
onstrated similar effects in humans [27]. This idea was then challenged by contra-
dictory reports by Wagers et al. [28], Dahlke et al. [29] and others [30, 31], 
introducing cell fusion as an alternative mechanism to transdifferentiation. Closer 
investigation of the methods used to analyze stem cell transdifferentiation in these 
respective studies provides insight into some of the contradicting results.

Petersen et al. recognized the bone marrow as a potential source of hepatic oval 
cells using cross-sex or cross-strain BM and whole liver transplantation in rats to 
trace the origin of the repopulating liver cells [25]. Following liver injury a propor-
tion of the regenerated hepatic cells were shown to be donor-derived as identified by 
markers for Y-chromosome, dipeptidyl peptidase IV (DPP IV) enzyme, and L21-6 
antigen. Immunohistochemical staining of hepatocyte-specific cytokeratins and flu-
orescence in situ hybridization (FISH) for X- and Y-chromosomes identified hepa-
tocyte engraftment. This was observed both in human females receiving male BM 
transplants and in male recipients of orthotopic female liver transplants [27]. In this 
study, peak values were observed in one of the liver transplant recipients with recur-
rent hepatitis C. Therefore, this setting resembled an injury approach in an animal 
model like that of Lagasse et al. who demonstrated that mice with an inherited liver 
disease (corresponding to human tyrosinaemia type 1) could be cured by HSC trans-
plantation leading to the reconstitution of functioning mature hepatocytes [26].

In follow-up studies, more sophisticated methods have been used to investigate 
the controversial fate of hematopoietic stem cells in the liver. Using chimeric ani-
mals, as well as green fluorescent protein (GFP)-positive:GFP-negative parabiotic 
mice, Wagers et al. showed that single HSC robustly reconstituted the BM, as well 
as peripheral blood leukocytes in these animals, but did not contribute appreciably 
to nonhematopoietic tissues, including brain, kidney, gut, liver, and muscle. It was 
concluded that transdifferentiation of circulating HSC and/or their progeny is an 
extremely rare event, if it occurs at all [28]. Wang et al. performed serial transplan-
tation of BM-derived hepatocytes [31]. Southern blot analysis and cytogenetic 
analysis of hepatocytes transplanted from female donor mice into male recipients 
provided evidence of fusion between donor and host cells rather than liver-specific 
(trans-) differentiation of hematopoietic stem cells. Reviewing the role of various 
stem cell populations, including hematopoietic stem cells in liver regeneration, 
Dahlke et al. claimed that closer scrutiny of the data published by Lagasse et al. 
[26] also reveals that cell fusion rather than transdifferentiation appears to be 
responsible for liver regeneration in their model [29].

Further studies investigating whether BM-derived liver progenitor/oval cells can 
repopulate the liver were unable to confirm the early data by Theise et al. and 
Lagasse et al. One possible explanation for this discrepancy might be the time point 
of analysis. Menthena et al. transplanted lethally irradiated female DPP IV-negative 
mutant F344 rats with wild-type male F344 BM cells [30]. Initially, donor-derived 
cells were detected in all liver sections of recipient rats after the application of 
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different liver injury protocols. However, most of the donor-derived clusters disap-
peared over time and very few oval cells (less than 1%) and none of the small 
hepatocytic clusters showed double labeling for the donor-derived DPP IV and 
hepatocyte markers. Consequently, the authors conclude that the sources of oval 
cells and small hepatocytes in the injured liver are endogenous liver progenitors 
which do not arise through transdifferentiation from BM cells.

In a comprehensive review of the available data, Thorgeirsson et al. suggested 
that one or more types of hematopoietic cells may rarely acquire the hepatocyte 
phenotype in the liver (frequency ~10−4). However, the nature of the hematopoietic 
cells involved and the mechanisms responsible for acquisition of a hepatocyte phe-
notype are still controversial. HSC do not appear to be direct precursors of hepato-
cytes; instead hepatocytes that carry a BM tag can be generated by fusion of 
hepatocytes with cells of the macrophage–monocyte lineage [32], which have been 
reported to be highly fusogenic [33]. Thorgeirsson et al. concluded that hematopoi-
etic cells contribute little to hepatocyte formation under either physiological or 
pathological conditions, but may provide cytokines and growth factors that promote 
hepatocyte functions by paracrine mechanisms.

Thus, an important question was raised by Thorgeirsson et al., that is which 
specific type of hematopoietic stem cell may be able to support liver regeneration. 
Meanwhile, different subsets of HSC were analyzed with respect to their hepatic 
differentiation capacity [34–36], again yielding contradictory findings. The discus-
sion around stem cell identity and definition of a pure population involves another 
issue, namely the request for the use of single cells as the ultimate test for multipo-
tentiality of a given stem cell. In 2001 Krause et al. demonstrated multiorgan, mul-
tilineage engraftment by a single BM-derived stem cell using an elegant model of 
serial stem cell transplantation in mice [37]. Injection of single, selected BM stem 
cells generated a variable proportion of epithelial cells in various organs such as the 
lung, gastrointestinal tract, skin, and liver. Notably in the liver, only BM-derived 
cholangiocytes were detected, and no bone marrow derived hepatocytes [37].

According to Krause et al., the different engraftment frequencies in different 
organs observed in their study may be due to (1) the degree of tissue damage induced 
by the transplant, (2) the residual tissue-specific stem cell capacity within the organ, 
and/or (3) the normal rate of cell turnover in each organ [37]. These factors, how-
ever, might also explain some of the differences in the outcome of other studies, i.e., 
the formation of BM-derived liver cells in the presence of tissue injury [25, 26] while 
no or low numbers of such cells were detected in the absence of injury [27].

Recently, another interesting explanation of apparent transdifferentiation events 
in the liver was proposed. In a comparative study, Brulport et al. transplanted four 
different types of human extrahepatic precursor cells (cord blood derived, mono-
cytes, BM, and pancreatic) into the livers of NOD/SCID mice. Initial results argued 
in favor of hepatic differentiation of the transplanted cells as they stained positive 
for human albumin and glycogen, given that the cells were negative for both markers 
before transplantation. However, cells with human nuclei (detected by in situ 
hybridization with human DNA-specific alu probes) did not show a hepatocyte-like 
morphology. In addition, they did not express cytochrome P450 3A4, a key marker 
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of functional hepatocytes, suggesting that the engrafted human cells represented a 
mixed cell type potentially resulting from partial transdifferentiation. Surprisingly, 
a human albumin-positive cell type with hepatocyte-like morphology was found to 
contain a mouse, but not a human nucleus, therefore challenging the existence of 
human cell transdifferentiation. Although unproven, Brulport et al. suggest hori-
zontal gene transfer as a likely mechanism, especially because small fragments of 
human nuclei were observed in mouse cells that originated from deteriorating trans-
planted cells. In conclusion, Brulport et al. provided evidence not favoring transdif-
ferentiation, but rather suggesting a complex situation including partial differentiation 
of cord blood-derived donor cells and possibly horizontal gene transfer.

3.1.2  Mesenchymal Stem Cells

In addition to hematopoietic stem cells, the BM contains mesenchymal stem cells 
(MSC), another type of stem cell extensively studied for organ regeneration. MSC 
are typically enriched via isolation of the plastic adherent, fibroblast-like cell 
fraction. Despite their functional heterogeneity, MSC populations obtained from 
various tissues commonly express a number of surface receptors including CD29, 
CD44, CD49a–f, CD51, CD73, CD105, CD106, CD166, and Stro1 and lack 
expression of definitive hematopoietic lineage markers including CD11b, CD14, 
and CD45 [38]. Mesenchymal stem cells were also detected in the peripheral blood, 
most likely mobilized from the BM [39].

While their differentiation into adipocytes, chondrocytes and osteocytes as 
described by Prockop et al. [40] has become the gold standard for proving MSC 
differentiation capacity, reports on MSC (trans-)differentiation into other lineages 
such as hepatocytes are highly controversial. Contribution of MSC to the liver has 
been described in baboons by Devine et al. who infused MSC retrovirally tagged 
with enhanced GFP (eGFP) in adult animals following lethal total body irradiation 
[41]. The resulting data, 9–21 months later, suggested that MSC could contribute 
to the liver and possess the capacity to proliferate in a hepatic environment. In vitro 
differentiation into hepatocyte-like phenotypes has also been described for MSC 
derived from several species including mice [42], rats [43] and humans [44].

One problem concerning reports on the potential contribution of BM-derived 
cells to liver regeneration, is the lack of a comparable definition of the cell type 
used. Most of the early studies investigated whole BM preparations, while others 
defined certain subpopulations, such as recycling stem (RS-) cells [45, 46] or 
“human bone-marrow derived multipotent stem cells” (hBMSC) [47]. For example, 
Verfaillie’s laboratory was able to demonstrate that postnatal BM-derived multipo-
tent adult progenitor cells (MAPC) can differentiate into hepatocyte-like cells in 
vitro [48]. While MAPC copurify from the BM with MSC, they are considered a 
distinct population with a different phenotype. Human and rodent MAPC represent 
a CD44-negative, CD45-negative, HLA class I- and II-negative, as well as a cKit-
negative subset of cells. When cultured on Matrigel with FGF-4 and HGF, they 
differentiated into epithelioid cells that expressed hepatocyte nuclear factor 3b 
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(HNF-3b), GATA4, cytokeratin 19 (CK19), transthyretin, and a-fetoprotein by day 
7, and expressed CK18, HNF-4, and HNF-1a on days 14–28 [48]. Another in vitro 
study by Khurana et al. characterized the potential subpopulation of BM cells 
(BMC) involved in the repair of injured liver tissue to be a distinct subset of lineage 
(Lin)-negative BMC coexpressing CXCR4 and oncostatin M receptor b (OSMRb), 
with/without stem cell antigen-1 (sca-1) [49].

Another problem became evident by the identification of cell fusion as the 
underlying mechanism for some of the earlier observations on MSC transdifferen-
tiation, very similar to what has been outlined above for hematopoietic stem cells. 
Alvarez-Diego et al. described the cell fusion between MSC and resident liver cells 
detected by means of sophisticated genetic labeling [50]. For this study, mice 
expressing Cre recombinase ubiquitously under the control of a hybrid cytomega-
lovirus (CMV) enhancer b-actin promoter were used, and the conditional Cre 
reporter mouse line R26R. In this line, the LacZ reporter is exclusively expressed 
after the excision of a loxP-flanked (floxed) stop cassette by Cre mediated recom-
bination, resulting in expression of the LacZ in fused cells.

Nevertheless, cell fusion not only accounts for misleading data on stem cell 
transdifferentiation, but can also have a therapeutic effect. Vassilopoulos et al. 
reported that transplanted BM regenerates liver by cell fusion in a model of tyrosi-
naemia type I [51]. Transplanted mice regained normal liver function and formed 
regenerating liver nodules with normal histology. Their hepatocytes expressed both 
donor and host genes, consistent with polyploid genome formation by fusion of 
host and donor cells.

Partial transdifferentiation was also observed, resulting in a chimeric phenotype 
with the expression of several lineage markers, but missing other markers funda-
mental to a bona fide functional cell type of a particular tissue. Lysy et al. demon-
strated the persistence of a chimerical phenotype after hepatocyte differentiation of 
human BM-derived MSC, with the MSC partially preserving their mesenchymal 
phenotype [52]. Only after transplantation of MSC-derived hepatocyte-like cells 
into the liver of SCID mice did these cells lose their chimeric phenotype, but they 
conserved their hepatocyte-lineage markers, indicating that a hepatic environment 
in vivo is necessary for full maturation into functional hepatocytes.

To date, there is still not a common understanding of the processes occurring 
after transplantation of mesenchymal stem cells into the hepatic environment; thus 
further research will be needed to clarify the mechanism, in addition to the biologi-
cal significance of MSC contribution to the liver.

3.2  Transdifferentiation into Myocytes

In contrast to studies on the hepatic differentiation of HSC, mostly investigating 
liver repopulation by circulating cells in vivo, studies on the conversion of HSC into 
different muscle cell types largely focused on stem cell transplantation via transmu-
ral injection directly into skeletal or heart muscle tissue in vivo.
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In 1998, Ferrari et al. reported that BM cells can contribute to myogenesis in 
response to physiological stimuli [53]. However, according to Ferrari et al., the 
origin of the BM-derived myogenic cells, as well as their physiological role in 
the homeostasis of muscle tissue, could not be defined. Further studies concen-
trated on the identification of the myogenic cell type within the BM. In 2003, using 
a lineage tracing strategy, Corbel et al. showed that the progeny of a single HSC 
can both reconstitute the hematopoietic system and contribute to muscle regenera-
tion [54]. Other reports identified immature myeloid cells as the predominant 
source of myogenic differentiation in vivo. Doyonnas et al. used fluorescence-
activated cell sorter (FACS)-based protocols to test distinct hematopoietic fractions 
and showed that only fractions containing c-kit-positive immature myelomonocytic 
precursors were capable of contributing to muscle fibers after intramuscular injection 
[55]. In a similar approach, Abedi et al. transplanted animals with different popula-
tions of BMC from GFP transgenic mice, and the presence of GFP-positive muscle 
fibers were evaluated in cardiotoxin-injured tibialis anterior muscles [56]. GFP-
positive muscle fibers were found mostly in animals that received either CD45-
negative, Lin-negative, c-Kit-positive, Sca-1-positive or Flk-2-positive populations 
of BMC, suggesting that HSC rather than mesenchymal cells or more differentiated 
hematopoietic cells are responsible for the formation of GFP-positive muscle 
fibers. According to Adebi et al. and in contrast to Doyonnas et al., a CD11b-positive 
population of BMC was also associated with the emergence of GFP-positive skeletal 
muscle fibers.

While the contribution of HSC to skeletal muscle regeneration was confirmed 
by several groups, the exact phenotype and developmental stage of contributing 
cells, as well as the exact mechanism remains to be elucidated. Particularly, the 
question as to what extent cell fusion might play a role in this setting has not been 
answered. In contrast, the probability of adult stem cell contribution to cardiac 
muscle is still the subject of an ongoing debate.

3.2.1  Whole Bone Marrow and Hematopoietic Stem Cells

Initial reports on the possibility of BM-derived stem cells to regenerate cardiac 
myocytes after myocardial infarction in vivo were published by the group of Piero 
Anversa [57, 58] and others [59–61] while Eisenberg et al. proposed cardiac dif-
ferentiation in vitro [62].

In 2001, Orlic et al. investigated whether ischemia damaged myocardium could 
be restored by transplanting BMC into infarcted mice [58]. Shortly after coronary 
ligation, Lin-negative/c-kit-positive cells were injected in the heart muscle wall 
bordering the infarct. This study claimed that donor cell-derived, newly formed 
myocardium occupied 68% of the infarcted portion of the ventricle 9 days after 
transplantation. In a similar study from the same group, a sex-mismatched mouse 
model with male eGFP-positive donor animals demonstrated that the engrafted 
cells were positive for eGFP, Y chromosome, and several myocyte-specific proteins 
including cardiac myosin and the transcription factors GATA-4, MEF2, and 
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Csx/Nkx2.5 [57]. The authors concluded that locally delivered BMC can generate 
de novo myocardium, ameliorating the outcome of coronary artery disease by 
improving several hemodynamic parameters [57, 58].

Coculture experiments with adult mouse BM cells and embryonic heart tissue 
seemed to confirm that hematopoietic progenitor cells are able both to integrate into 
cardiac tissue and to differentiate into cardiomyocytes [62]. Remarkably, Eisenberg 
et al. reported that macrophages cocultured with cardiac explants were also able to 
integrate into contractile heart tissue and undergo cardiac differentiation. Another 
cell population from the BM, the so-called Side Population (SP) cells, or highly 
purified CD34-negative/c-kit-positive/sca-1-positive cells, have also been reported 
to differentiate into cardiac lineages and improve cardiac function after transplanta-
tion into infarcted myocardium [60, 61]. According to Agbulut et al. BM-derived 
cells that can contribute to cardiac differentiation are present in total unpurified 
BM, but not in the sca-1-positive hematopoietic progenitor cell population [59]. 
However, the very small number of transdifferentiated cells (5.6 ± 2.3 cells per 3 × 
10−2 mm3 of mouse heart tissue at 7 days after transplantation of 6 × 106 cells) raised 
concern regarding their functional efficiency.

These early reports on transdifferentiation were challenged by contradictory 
data. Nygren et al. reported that BM-derived hematopoietic cells generate cardio-
myocytes at a low frequency through cell fusion, but not transdifferentiation [63]. 
While they were able to confirm earlier reports on efficient engrafting of unfrac-
tionated BMC and a purified population of hematopoietic stem and progenitor cells 
to the injured myocardium, they also found this engraftment to be transient. In 
addition, all engrafted cells expressed the pan-hematopoietic marker CD45, coex-
pressed myeloid blood lineage markers (Gr-1/Mac-1) failed to express cardiac-
specific markers. In contrast, BM-derived cardiomyocytes were observed outside 
the infarcted myocardium at a low frequency and were derived exclusively through 
cell fusion.

These results are in line with the observations of Murry et al., who used both 
cardiomyocyte-restricted and ubiquitously expressed reporter transgenes to track 
the fate of HSC transplants into normal and injured adult mouse hearts [64]. Their 
results indicated that HSC do not readily acquire a cardiac phenotype raising a 
cautionary note for clinical studies of infarct repair. The notion that hematopoietic 
cells may engraft to the myocardium without transdifferentiation into cardiomyo-
cytes was further corroborated by Balsam et al. by showing that HSC adopt mature 
hematopoietic fates in ischemic myocardium [65]. Cells were isolated from trans-
genic mice constitutively expressing GFP driven by the chicken b-actin promoter 
and injected directly into ischemic myocardium of wild-type mice. Abundant GFP-
positive cells were detected in the myocardium after 10 days, but by 30 days few 
cells were detectable. These GFP-positive cells did not express cardiac tissue-
specific markers; rather, most of the donor cells expressed the hematopoietic 
marker CD45 and myeloid marker Gr-1, suggesting that even in the microenviron-
ment of the injured heart, HSC adopt only hematopoietic fates. In contrast to widely 
publicized reports of HSC plasticity, Weissman et al. failed to reproduce transdif-
ferentiation of HSC to lineages comprising skeletal muscle, heart, brain or gut. 



Transdifferentiation of Stem Cells: A Critical View	 83

They concluded that rare cell fusion events and incomplete purifications of HSC 
contaminated with tissue-committed stem cells were likely explanations for the 
other published results [66].

In contrast to the negative findings concerning the transdifferentiation capacity 
of HSC into cardiomyocytes, the Anversa group published further data in favor of 
this phenomenon. In 2005, Kajstura et al. reported that BMC differentiated into 
cardiac cell lineages after infarction, independent of cell fusion [67]. In this publi-
cation, using the same mouse model as described in the reports of Orlic et al., 
transdifferentiation into cardiac myocytes was demonstrated by immunohistology 
followed by morphological measurements of infarcted and regenerated areas in 
addition to Y-chromosome FISH analysis. Finding no evidence of angiogenesis or 
myocyte proliferation in remote parts of the heart, the authors excluded a paracrine 
effect of injected BMC in myocardial recovery. Kajstura et al. attribute the obvious 
discrepancy between their findings and others to (1) technical differences in experi-
mental protocols, (2) identity of the applied donor cell(s), and (3) details in tissue 
preparation and immunocytochemical analysis of the myocardium. However, 
Kajstura et al. did not provide data on long-term engraftment beyond 10 days. In 
addition, the fact that Kajstura et al. did not observe angiogenesis or proliferation 
after cell transplantation, does not unequivocally exclude paracrine effects, e.g., on 
cardiomyocyte survival.

How animated the controversy on the subject has become by now can be esti-
mated from the following statement of Kajstura et al.: “The assumption made by 
Balsam et al. [65] and Murry et al. [64] that the technical approach that they have 
used in the identification and measurement of myocardial structures is superior to 
that used in our laboratory does not reflect any scientific reality but the emotional 
disbelief that bone marrow cells can adopt myocardial cell lineages and repair the 
injured heart.”[67]

Nevertheless, it should be noted that some of the criticism concerning methods 
and conclusions described by the Anversa group might be justified. For example, 
Kajstura et al. report the difficulty of cell transplantation into the infarcted myocar-
dium with a 50% probability of correct injection. To control for this, rhodamine 
particles were added to the cell suspension used for transplantation. It was stated 
that “the unsuccessfully injected mice (no rhodamine particles) were considered the 
most appropriate control animals for the successfully treated mice” [67]. This prac-
tice obviously neglects general (nonspecific) effects of cell transplantation into the 
myocardium, in particular local inflammatory processes that can be expected after 
the usually injection-related death of transplanted cells. In addition, the improve-
ment in heart function after stem cell transplantation reported by Orlic et al. [57] 
leaves room for discussion as acquisition of functional data in small animals is 
extremely difficult and should be interpreted with caution.

The accuracy of Y-chromosome FISH analysis may be another issue. Kajstura et 
al. reported that this method underestimated the frequency of positive cells by 
nearly 50%. Other studies reported visualization of 62% of nuclei in a male mouse 
due to partial nuclear sampling as the plane of each section does not always cut 
through the Y-chromosome [37]. Thus, FISH data can show significant variations. 
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On the other hand, it has been argued that at least in the human system, data is 
available which demonstrate the existence of male cells in a female’s heart, totally 
unrelated to any cell transplantation, which in turn might lead to false-positive 
results. This phenomenon is attributable to the persistence of fetal cell microchi-
merism following the birth of male children, a fact that should be considered when 
using sex-mismatched transplantation models [68, 69].

Thus, the phenomenon of cardiac transdifferentiation of HSC is still controver-
sially discussed and should be addressed diligently and with an open mind in the 
future.

3.2.2  Mesenchymal Stem Cells

Most of the early reports on cardiac differentiation of MSC focused on the effect of 
5¢-azacytidine on MSC marker expression in vitro [70–72] and on the outcome of 
subsequent MSC transplantation into the infarcted myocardium [73–75] with con-
tradictory results. Although some studies claimed improvement of heart function 
after stem cell transplantation [75, 76], different explanations have been proposed 
including transdifferentiation [75], scar formation [77], improved revascularization 
[78] and/or cell fusion [50]. In contrast, and even though their influence on cardiac 
function has not been evaluated yet, calcification and/or ossification after MSC 
transplantation into the infarcted myocardium as demonstrated by Breitbach et al. 
show that these cells can also adapt fates with potentially deleterious effects in the 
engrafted tissue [79].

Wakitani et al. were among the first to describe a myogenic differentiation of 
BM-derived mesenchymal stem cells after treatment with the DNA demethylating 
compound 5¢-azacytidine [72]. Rat BM-derived MSC were exposed to 5¢-azacytidine 
for 24 h resulting in long, multinucleated myotubes with spontaneous contractions. 
Later studies using immortalized murine MSC, demonstrated not only the forma-
tion of myogenic structures, but the resulting cells displayed spontaneous beating, 
as well as the expression of several cardiac marker proteins, specific characteristics 
of cardiac myocytes [71]. Likewise, cardiac differentiation of murine MSC was 
described after cocultivation with rat cardiomyocytes [80]. However, it should be 
noted that the expression of certain cardiac marker genes alone, does not provide 
evidence for cardiac transdifferentiation. Other evidence, including the absence of 
markers from other lineages should be demonstrated, in addition to functionality of 
the resulting cell type.

Importantly, the DNA demethylating agent 5¢-azacytidine does not induce spe-
cific genes, but effects global gene expression, suggesting that partial “reprogram-
ming” rather than transdifferentiation of the MSC may occur. Recently, 5¢-azacytidine 
has been used to enhance the reprogramming efficiency of mouse and human 
somatic stem cells by ectopic expression of transcription factors, thus generating 
induced pluripotent stem (iPS) cells, by approximately tenfold [81].

Further studies aiming at the differentiation of MSC isolated from rat bone 
marrow yielded contradictory results. In contrast to Wakitani et al., other studies 
were not able to generate spontaneously contracting cells after 5¢-azacytidin or 5¢-
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aza-2-deoxycytidin treatment of MSC. Furthermore, the resulting cells did not 
express cardiac marker proteins such as cardiac myosin heavy chain, connexin 43 
or troponin [70]. Experiments in rats [74] and pigs [75] using marrow stromal cells 
showed an improved heart function after transplantation of 5¢-azacytidine-treated 
cells in an infarct model, as well as induced angiogenesis in the scar. However, 
improvement of cardiac function was also observed after transplantation of 
untreated BM stromal cells [73], as well as the formation of fibrotic scar tissue [77]. 
In the following years similar findings have been described after transplantation of 
human BM-derived cells [47, 76, 82].

Moreover, the mechanism of tissue engraftment and improvement of cardiac func-
tion is controversial. On one hand, cellular effects could play a decisive role if the 
applied cells led to an improvement by differentiation into functional cardiomyo-
cytes. On the other hand, there are also reports on the fusion of transplanted stem cells 
with cardiomyocytes [50, 83], which may account for false-positive data on transdif-
ferentiation. Nevertheless, fusion may also have a therapeutic effect as described for 
liver damage above [51]. Importantly, injected stem cells may exert paracrine effects 
potentially influencing the survival and/or proliferation of endogenous myocardial 
cells thereby reducing scar formation. Additionally, paracrine effects could result in 
stabilization of the infarcted area leading to an improvement of cardiac function. As 
the expression and secretion of cytokines, i.e., FGF, VEGF and angiopoetin, are 
upregulated in MSC under hypoxic conditions [84], enhanced vascularization by 
these cytokines is also plausible. In fact, the differentiation of MSC into endothelial 
phenotypes [78], as well as induction of cardiac nerve sprouting after MSC injection 
in a pig model of myocardial infarction [85] have been described.

Therefore, neither improvement of cardiac function nor homing of the trans-
planted cells to the myocardium as such, can provide clear evidence for the transdif-
ferentiation of MSC into cardiomyocytes. For that reason, there is a clear need to 
investigate the cellular events following transplantation in order to analyze further 
cell fate, i.e., engraftment and transdifferentiation. Müller-Ehmsen et al. showed 
effective engraftment, but poor mid-term persistence of mononuclear (MNC) and 
mesenchymal BMC in acute and chronic rat myocardial infarction in a sex-mis-
match setting [86]. The percentage of intramyocardially transplanted MNC or 
BMC in the heart decreased rapidly, independent from the donor cell type, donor 
cell number, and the application time (0–7 days post myocardial infarction). 
Besides the heart, transplanted cells were found predominantly in the lung and 
more rarely in liver and kidney. In other organs, donor cells were either absent or 
detected few in number.

Although Rota et al. worked with a similar animal model using transgenic mice 
for transplantation of BMC to the myocardium in a sex-mismatch setting, they 
obtained completely different results. According to their comprehensive study using 
sophisticated methods for donor cell detection and phenotype analysis, it was found 
that BMC adopt a cardiomyogenic fate in vivo [22]. Rota et al. reported that BMC 
engraft, both survive and grow within the spared myocardium following infarction 
by forming junctional complexes with resident myocytes. BMC and endogenous 
cardiomyocytes expressed connexin 43 and N-cadherin at their interface, as deter-
mined by immunofluorescence staining using primary antibodies directly labeled by 
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quantum dots to enable discrimination from autofluorescence. BMC subsequently 
transdifferentiated into cardiomyogenic and vascular phenotypes. This process 
seemed to occur independently of cell fusion (only diploid DNA and a maximum of 
two sex chromosomes were detected within the cells) and ameliorated structurally 
and functionally the outcome of the heart after infarction [22].

Most of the data presented in this study relate to rather early time-points after 
transplantation (up to 48 h) and some of the data on long-term engraftment have 
been challenged by other studies. Rota et al. using two-photon laser scanning fluo-
rescence microscopy (TPLSM) demonstrated that some donor-derived cells 
develop electrical stimulation-evoked rhod-2 transients in synchrony with host 
cardiomyocytes 30 days following transplantation [22]. However, Scherschel et al. 
claim that control experiments demonstrating sufficient in situ z-axis spatial resolu-
tion to discriminate between signals originating in donor and host cells under the 
experimental conditions employed were lacking [87]. Based on previous reports 
[88, 89], they conclude that it is highly possible that the rhod-2 transients observed 
in donor-derived cells in the study arose as a consequence of fluorescence contami-
nation from juxtaposed host cardiomyocytes, and do not represent intrinsic cardio-
myogenic activity in the donor cell.

Ghodsizad et al. detected neither transdifferentiation nor fusion of cord blood 
derived mesenchymal cells after transplantation into the acutely ischemic lateral 
wall of the left ventricle [90]. They applied an alternative somatic cell type, human 
cord-blood derived unrestricted somatic stem cells (USSC), in a porcine model of 
acute myocardial infarction. Although a remarkable improvement of cardiac func-
tion was demonstrated using transesophageal echocardiography, sex- and species-
specific FISH/immunostaining failed to detect engrafted donor cells 8 weeks 
postinfarction. Since differentiation, apoptosis, and macrophage mobilization at the 
infarct site were excluded as underlying mechanisms, paracrine effects are most 
likely to account for the observed functional effects of the USSC treatment. One 
possible reason for the failure of long-term engraftment might originate from the 
fact that a xenogeneic model was used for this study. As immunodeficient pigs are 
unavailable to date, to mimic the setting of small animal experiments in SCID mice, 
an immunosuppressive regimen has to be used in this setting. However, it is impor-
tant to note that an effective immunosuppression in the human-to-pig xenotrans-
plantation setting is difficult to achieve and a rapid rejection of the xenograft might 
have occurred despite the medication.

In summary, the outcome following stem cell transplantation into the infarcted 
heart seems to depend strongly on the donor cell type(s) and particularly on the 
animal model used in the respective study.

3.2.3  Endothelial Progenitor Cells

The blood is also a source for another progenitor cell type that has been tested for 
heart repair. Circulating endothelial progenitor cells (EPC) and endothelial cells 
have been proposed for transdifferentiation into cardiomyocytes [91, 92]. However, 
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these reports have been challenged by others that attributed these findings either to 
cell fusion [93], inappropriate viral labeling of transplanted donor cells [94], or 
concerns regarding donor cell detection and stringency of data analysis [95]. In addi-
tion, serious doubts on the cell type identity of EPC have been raised [96–98].

The identification of human EPC disproved the assumption that a postnatal vas-
cularization depended exclusively on the proliferation and migration of terminally 
differentiated endothelial cells. EPC were identified based on their expression of 
CD34 and flk-1, as well as their adherence to tissue culture plastic surfaces. In 
contrast to leukocytes, they are CD45-negative and express further endothelial 
marker proteins, e.g., Tie-2 and CD117 [99].

After transplantation of labeled EPC into ischemic tissue of mice and rabbits, the 
cells were incorporated into neovascularized areas of capillaries and smaller arter-
ies [99]. Thus, in the adult organism EPC may ameliorate reduced perfusion as in 
myocardial infarction and lead to improved cardiac function [100].

First reports on a cardiac transdifferentiation of endothelial cells were published 
by Condorelli et al. in 2001. Endothelial cells of various origins were labeled first 
using adenoviral or lentiviral vectors and subsequently cocultivated with neonatal 
rat cardiomyocytes or transplanted into ischemic areas of an infarcted mouse heart. 
In up to 10% of the labeled cells, the expression of cardiac marker proteins was 
detected by immunofluorescence staining. Such double staining as an indicator of 
transdifferentiation of endothelial cells was observed only after direct cell–cell 
contact of endothelial cells and cardiomyocytes [92]. However, these results might 
potentially be due to the transfer of viral vectors from one cell type to another as 
was proposed by Blomer et al. [94] and others [101, 102].

In contrast to Condorelli et al., Welikson et al. reported in 2006 that human 
umbilical vein endothelial cells (HUVEC) fuse with cardiomyocytes, but do not 
activate cardiac gene expression [93]. Analysis with a Cre/lox recombination assay 
indicated that virtually all HUVEC containing cardiac markers had indeed fused 
with cardiomyocytes.

A similar controversy exists on the cardiac differentiation potential of endothe-
lial progenitor cells. In 2003, cardiac differentiation of circulating human endothe-
lial progenitor cells after cocultivation with neonatal rat cardiomyocytes was 
described by Badorff et al. [91]. Within these cultures, an increase in cell size was 
demonstrated for the 1,1¢-dioctadecyl-3,3,3¢,3¢-tetramethylindocarbocyanine (DiI)–
labeled EPC and immunofluorescence staining determined that approximately 10% 
of these labeled cells expressed cardiac marker proteins. Notably, double staining 
was observed only after direct cell–cell contact. Dye transfer between EPC and 
cardiomyocytes demonstrated the formation of gap junctions between the two cell 
types. Control experiments were carried out using fixed cardiomyocytes to exclude 
the possibility of cell fusion as an underlying reason for the double labeling.

To date, cardiac differentiation of EPC as described by Badorff et al. has not 
been confirmed by other groups and the phenotype of the cells used in the study is 
controversial. Different studies defined EPC as VEGFR2-positive/CD133-positive/
CD34-positive subpopulations of MNC [103], or as CD34-positive/VEGFR2-
positive [104] or CD133-positive/VEGFR2-positive cells originating from the BM 
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and mobilizing as the need arises [105]. However, CD34-negative cell populations 
have also been identified which have differentiated into EPC and endothelial cells 
[106]. While the cells described by Badorff et al. were assumed to have an endothe-
lial phenotype due to the uptake of acetylated low density lipoprotein (LDL) and 
binding of the lectin Ulex europaeus agglutinin-1 (UEA-1), more recent data sug-
gest that these cells represent almost exclusively monocytes/macrophages [95, 98]. 
Only a small percentage of the cells express endothelial markers; therefore, they 
have been termed “circulating angiogenic cells“ (CAC) [96]. The CD14-positive/
CD34-negative cell population within the expanded EPC might exert a proang-
iogenic effect by releasing paracrine factors [107]. In addition, CD14-positive cells 
release cytokines that may be important signals for wound healing [108, 109]. 
Recently, it has been confirmed that blood-derived monocytes [98], as well as other 
immune cells [97] can mimic EPC due to LDL uptake and lectin binding abilities 
in addition to colony forming capacities.

In contrast to Badorff et al., a study by our group performing coculture experi-
ments with DiI-labeled huEPC and neonatal rat cardiomyocytes (NRCM) did not 
support transdifferentiation of huEPC into functionally active cardiomyocytes. 
Gruh et al. analyzed the cocultivated cells by means of flow cytometry, 3D confocal 
laser microscopy, species-specific RT-PCR for the expression of human cardiac 
marker genes, and electron microscopy [95]. Although FACS analysis and conven-
tional wide-field fluorescence microscopy suggested the existence of DiI-positive 
human cardiomyocytes in cocultures, we obtained no convincing evidence of car-
diac differentiation of huEPC. Rather, DiI-positive cardiomyocytes were identified 
as necrotic NRCM or NRCM-derived vesicles with high levels of autofluorescence, 
or alternatively, as NRCM lying on top of or below labeled huEPC or huEPC frag-
ments. Accordingly, no expression of human Nkx2.5, GATA-4, or cardiac troponin 
I was detected. Although it cannot be excluded that slightly different culture condi-
tions may have prevented transdifferentiation in our own experiments, our data 
highlight technical limitations of FACS analysis and conventional 2D immunofluo-
rescence, as well as confocal microscopy for the analysis of stem cell differentiation 
in coculture settings.

3.3  Transdifferentiation into Neuronal Cells

3.3.1  Hematopoietic Stem Cells

First reports on the contribution of HSC to the brain described the differentiation 
into microglia and macroglia in adult mice [110], and were later confirmed in sev-
eral studies [111, 112]. In contrast, the contribution of HSC to other cell types in 
the brain is controversial and initial reports on neuronal differentiation of HSC 
[113–115] could not be confirmed by others [116, 117]. These discrepancies have 
led to a discussion on the validity of different approaches used for cell tracing in 
transplantation experiments [118].
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To test the ability of adult HSC to contribute to the central nervous system, 
Eglitis et al. transplanted adult female mice with donor BMC genetically marked 
with either a retroviral tag or by using male donor cells [110]. Using in situ hybridi-
zation histochemistry, a continuing influx of BM-derived hematopoietic cells into 
the brain was detected. These cells were widely distributed throughout regions in 
the brain, including the cortex, hippocampus, thalamus, brain stem, and cerebel-
lum. When in situ hybridization histochemistry was combined with immunohisto-
chemical staining using lineage-specific markers, some BM-derived cells were 
positive for the microglial marker F4/80. Other BM-derived cells expressed the 
astroglial marker glial fibrillary acidic protein (GFAP). From these results, Eglitis 
et al. concluded that some microglia and astroglia arise from a precursor that is a 
normal constituent of adult BM. This idea became widely accepted [111, 112]; 
however it was followed by controversial discussions regarding the contribution of 
HSC to other cell types in the brain.

In 2000, Brazelton et al. reported the expression of neuronal phenotypes from 
BM-derived cells, following intravascular delivery of genetically marked adult 
mouse BM into lethally irradiated adult mice. These cells persisted in the brain for 
at least 6 months after transplantation, as assessed by flow cytometry and showed 
typical neuronal gene expression profiles (NeuN, 200-kilodalton neurofilament, 
and class III beta-tubulin) demonstrated by confocal microscopy [113].

In the same year, Mezey et al. showed that transplanted adult BMC migrated into 
the brain and differentiated into cells that expressed neuron-specific antigens [114]. 
Later, the same group also investigated whether HSC contribute to neuronal cells 
in humans. To this effect, they examined postmortem brain samples from females 
who had received BM transplants from male donors [115]. Using a combination of 
neuron-specific antibodies for immunocytochemistry and FISH histochemistry, 
cells containing Y-chromosomes were detected in several brain regions. Most of 
these cells were identified as nonneuronal (e.g., endothelial cells); however, 
neurons in the hippocampus and cerebral cortex were detected. The distribution of 
the labeled cells was not homogeneous with clusters of Y-chromosome-positive 
cells, suggesting that single progenitor cells underwent clonal expansion and dif-
ferentiation. Mezey et al. concluded that adult human BMC can enter the brain and 
generate neurons in a manner similar to rodent cells.

In contrast to these data, Castro et al. report the failure of BMC to transdifferen-
tiate into neural cells in vivo, both after transplantation of BM-derived side population 
cells, as well as unfractionated BM [116]. None of the recipients had donor-derived 
neural-like cells in the brain and cervical spinal cords, regardless of injury. 
Comments on this report by Mezey et al. point out that this discrepancy might be 
due to the different methodologies used for cell tracing [118]. While Mezey et al. 
used immunocytochemistry in combination with FISH histochemistry for 
Y-chromosome-positive cells in a sex-mismatch model, Castro et al. used geneti-
cally labeled donor cells from a Rosa-LacZ mouse strain expressing the LacZ 
reporter gene under transcriptional control of the Rosa26 promoter. The latter 
approach, however, depends on uniform ubiquitous transgene expression in the 
tissues analyzed, as well as on error-prone detection methods [119]. Therefore, it is 
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not unlikely that the study by Castro et al. underestimated the actual number of 
donor-derived cells in their model.

Interestingly, another study using a reporter gene approach for labeling of HSC 
was also not able to detect transdifferentiation of BM-derived cells into neuronal 
lineages. In 2006, Roybon et al. investigated whether highly purified mouse adult 
HSC, characterized by lineage marker depletion and expression of the cell surface 
markers Sca1 and c-Kit (Lin-negativ/Sca1-positive/c-Kit-positive), can be stimu-
lated to adopt a neuronal fate [117]. In this study, transgenic mice expressing GFP 
under control of the chicken b-actin promoter were used. First, Roybon et al. tried 
to induce neural differentiation in vitro with protocols that have been successfully 
used to differentiate either neuronal or embryonic stem cells or multipotent adult 
progenitor cells from BM into neuronal cells. As a result, up to 50% of the cells 
expressed the neural progenitor marker nestin. However, electrophysiological 
recordings on neuron-like cells showed that these cells were incapable of generating 
action potentials. Therefore, at least in vitro, HSC did not seem to be able to 
differentiate into functional neuronal cell types. According to Roybon et al., neither 
cocultivation with neural precursors nor transplantation into the striatum or cerebel-
lum of wild-type mice, resulted in HSC-derived cells with a true neuronal phe-
notype. Rather, the applied HSC differentiated into macrophage/microglia or died.

One major point of criticism concerning the findings of Castro et al. raised by 
Mezey et al. was that blue LacZ-positive microglia, which like other monocyte/
macrophage cells originate from HSC, were absent from the brains of the trans-
planted animals. In contrast, Roybon et al. did find GFP-positive microglia after 
HSC transplantation. Thus, their method seems valid for the detection of transdif-
ferentiated neuronal cells in principle, in return raising doubts on the data presented 
by Brazelton et al. and Mezey et al. In conclusion, further studies using sophisti-
cated methods are mandatory to unambiguously prove or disprove the contribution 
of BM-derived HSC to functional neuronal cell types in vivo.

3.3.2  Mesenchymal Stem Cells

It was reported by several groups that stem cells isolated from the BM were capable 
of differentiation towards neural like cells (reviewed in [120]). Most studies based 
their conclusions on an evaluation of changes in cell morphology, i.e., the forma-
tion of neurite-like structures, and on the detection of neuronal-cell specific marker 
gene expression, mostly detected by immunohistology. However, other studies 
demonstrated that neuronal marker expression was already present in undifferenti-
ated MSC [121] and is induced in response to stress [122, 123]. In addition, these 
studies questioned the validity of morphological analyses of neuronal transdiffer-
entiation in vitro. While some studies attributed the beneficial effects of MSC 
transplantation to the brain as a result of transdifferentiation [124], immunological 
effects have also been considered [125].

Early reports on neuronal transdifferentiation of MSC were contradicted, for 
example by in vitro experiments based on protocols by Woodbury et al. [126], that 
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used exposure to certain chemicals as a neural differentiation stimulus for MSC. 
Investigation with time-lapse video recording showed that the formation of neurites 
is not the result of an outgrowth of dendrite- and axon-like structures, but merely a 
result of cell shrinkage and retraction of the cell edge in response to stress [122, 
123, 127]. In addition, some neural marker proteins have been found to be 
expressed in undifferentiated MSC [121]. Furthermore, exposure of MSC to stress 
causes an increase in expression levels of the neural markers neuronal nuclei 
(NeuN), neuron-specific enolase (NSE) [123], neurofilament 200 (NF200) and tau 
[122].

In addition, for MAPC from the BM, Raedt et al. reported a baseline expression 
of neural markers beta III tubulin and NF200. Furthermore, the application of several 
protocols for neural differentiation did not result in an increase in expression levels 
as determined using real-time PCR and immunohistochemistry [128].

Nevertheless, in vivo experiments using MSC for transplantation into the brain 
yielded positive results. In 2006, Arnhold et al. investigated the therapeutic poten-
tial of MSC by stereotactic engraftment into the lateral ventricle of adult rats [124]. 
They reported that human BM stromal cells display certain neural characteristics 
and integrate into the subventricular compartment after injection into the liquor 
system and took up a close host graft interaction without any degenerative influence 
on the host cells. Arnhold et al. reported morphological, as well as immunohisto-
chemical evidence for a transdifferentiation of MSC within the host tissue.

In contrast, Gerdoni et al. obtained different results investigating the therapeutic 
effect of MSC transplantation to the brain in experimental autoimmune encephalo-
myelitis [125]. MSC-treated mice showed a significantly milder disease and fewer 
relapses compared to control mice. This was also accompanied with a decreased 
number of inflammatory infiltrates, reduced demyelination, and axonal loss. 
However, no evidence of GFP-labeled neural cells was detected inside the brain 
parenchyma, thus not supporting the hypothesis of MSC transdifferentiation. In 
contrast, the analysis of in vivo T- and B-cell responses and antibody titers suggested 
that the beneficial effect of MSC in experimental autoimmune encephalomyelitis is 
mainly the result of an interference with the pathogenic autoimmune response.

In fact, it is conceivable that any stem cell transplantation may lead to a reaction 
that could be characterized as a “proregenerative inflammation.” In this setting, the 
induced lesion, as well as the transplanted cells can trigger the attraction of immune 
cells to the site of transplantation and result in a proregenerative cytokine release.

4  Critical Aspects of Differentiation Experiments

4.1  Cell Type Identity

Identifying the stem cell type used in experiments investigating transdifferentia-
tion is critical. For a comparative analysis of stem cell plasticity, especially when 
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being performed by different groups, an unambiguous definition of the cell’s 
phenotype is crucial. However, besides inconsistencies in the protocols for isola-
tion and cultivation of the described cells, the rapidly expanding knowledge on 
stem cell populations and subpopulations complicates an objective comparison of 
the existing data. While early reports investigated the fate of “adult BMC” [114] 
or “BM stromal cells” [73], others used different subpopulations. These were clas-
sified either by the expression of single marker proteins like “CD34-positive 
BMC”[35], “purified BM Sca-1-positive cells” [59], or differentiation potential as 
for “multipotent adult progenitor cells (MAPC)” [106] or “human BM-derived 
multipotent stem cells” (hBMSC) [47]. To address inconsistencies, Horwitz et al. 
suggested a clarification of the nomenclature for MSC in an International Society 
for Cellular Therapy position statement [129]. Herein, the authors propose that the 
plastic-adherent cells currently described as mesenchymal stem cells be termed 
multipotent mesenchymal stromal cells, while the term mesenchymal stem cells 
should be reserved for a subset of these (or other) cells that demonstrate stem cell 
activity by clearly stated criteria. These include demonstrations of long-term 
survival with self-renewal capacity and tissue-repopulation with multilineage 
differentiation. For both cell populations, the acronym MSC may be used, however, 
investigators should unequivocally define the acronym in their work.

The analysis of transdifferentiation processes is especially complicated in the 
case of mixed populations or when investigating in vivo migration and homing to 
sites of injury. Besides engraftment of a single cell type potentially leading to the 
regeneration of damaged tissue, synergistic effects might play a key role. This 
might be conceivable following transplantation of BMC with different cell subtypes 
exerting proangiogenic, antiapoptotic and/or antiinflammatory effects. For exam-
ple, the expression and secretion of cytokines like FGF, VEGF and angiopoetin in 
MSC [84], could potentially modulate the transdifferentiation capacity of other cell 
types. The complications resulting from the use of mixed cell populations can be 
circumvented by the clonal transplantation of single cells as performed, for exam-
ple, by Krause et al. [37]. However, this approach has certain limitations and may 
be difficult to perform for many cell types, as in vivo cell survival and proliferation 
capacity following a single cell transplantation are usually low.

One of the most prominent examples of a controversial cell type identification 
is the ongoing debate regarding “endothelial progenitor cells” (EPC) or “circulating 
angiogenic progenitor cells” (CAC). In recent years, difficulties in discriminating 
between EPC and cells of monocytic/macrophage origin became more and more 
evident [91, 96, 99, 103]. It was demonstrated that blood derived monocytes [98], 
as well as immune cells [97] can mimic EPC; thus questioning the validity of ear-
lier reports.

Obviously, not only the potential cell source for transdifferentiation can be 
controversial, but surely also the cell type resulting from this event. The question 
being: which criteria need to be met by the resulting cell to be considered a hepa-
tocyte, cardiomyocyte or neuronal cell? When Lysy et al. investigated the hepatic 
differentiation of MSC, the resulting cells displayed expression of several hepato-
cyte markers such as albumin, alpha-fetoprotein, cytokeratin 18, representing at 
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least “hepatocyte-like” cells [52]. However, it was also demonstrated that these 
cells partially retained mesenchymal markers, suggesting that the cells were not 
“fully” differentiated. Consequently, it seems to be crucial to define the conditions 
that have to be fulfilled by cells to be considered a fully differentiated and most of 
all functional cell type.

4.2  Cell Labeling

As studies on transdifferentiation frequently involve more than one cell type, e.g., 
in cocultivation approaches or transplantation settings, an optimal cell labeling 
method has to be applied for an interpretable read-out of the experiment.

The first possibility for cell labeling is with fluorescent dyes that bind to cellular 
components covalently or noncovalently. For example, in a study investigating the 
cardiac differentiation potential of endothelial progenitor cells, cells were labeled 
through the uptake of DiI-LDL prior to cocultivation with neonatal rat cardiomyo-
cytes [91]. This approach has several drawbacks: (1) dyes are diluted upon further 
cell division, (2) once labeled, dead cells will retain the label and (3) fluorescent 
cell debris can be taken up by other cells, e.g., macrophages, or stick to other cells 
leading to false positive results.

Some of these problems can be overcome using genetic labeling, most com-
monly with reporter genes such as LacZ and GFP. These reporter genes have been 
used in combination with ubiquitous promoters, for example to investigate the 
capacity of BMC to transdifferentiate into neural cells after transplantation to the 
brain. As described above, Castro et al. used genetically labeled donor cells from a 
Rosa-LacZ mouse strain expressing the LacZ reporter gene under transcriptional 
control of the Rosa26 promoter [116], while Roybon et al. used cells expressing 
GFP under control of the chicken b-actin promoter [117]. Both studies did not 
provide evidence for transdifferentiation events, in contrast to Mezey et al., who 
used immunocytochemistry in combination with FISH histochemistry for 
Y-chromosome-positive cells in a sex-mismatch model [115]. It is known, that a 
reporter gene assay depends on uniform ubiquitous transgene expression in the 
analyzed cells; therefore, it is crucial that the transcriptional activity of a given 
promoter is on a similar level in both undifferentiated and differentiated (stem) 
cells. As was demonstrated for murine embryonic stem cells, promoter activity may 
vary significantly throughout the process of differentiation [130]. This issue should 
be considered a possible explanation for discrepancies in the outcome of adult stem 
cell differentiation experiments using genetic labeling.

In addition to the mere labeling of cells by ubiquitous reporter gene expression, 
conditional genetic labeling techniques have added greatly to the knowledge on 
stem cell transdifferentiation. Tissue specific promoters can be used to switch on 
reporter gene expression only in case of differentiation towards a certain cell 
type.
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Rota et al. used the reporters eGFP and a c-myc-tagged nuclear-targeted-Akt 
transgene, both driven by the cardiac-specific a-myosin-heavy-chain (a-MHC) 
promoter, to investigate the cardiomyogenic fate of BMC [22]. However, for this 
approach, the cell specificity of the promoter has to be carefully analyzed, as leaky 
or unspecific expression in other cell types may occur, especially in case of higher 
copy numbers of the transgenes within the cells [131]. Recently, sophisticated 
genetic labeling has been used for the detection of cell fusion. As described above, 
Alvarez-Dolado et al. used a conditional Cre/lox recombination, enabling detection 
of fused cells by X-gal staining for LacZ expression [50].

Another important issue is how the transgene is transferred to the cells. When 
transgenic cell lines or animals are not available, the gene transfer has to be 
performed directly before the experiment, by using either standard transfection 
methods or viral vectors. Both with plasmid transfection and nonintegrating viral 
vectors, e.g., adenoviruses, the problem of signal dilution can occur in dividing 
cells. In contrast, integrating viruses like lentiviral vectors, have turned out to be an 
efficient method for stable gene transfer for both in vitro and in vivo studies. 
However, we have identified an important weakness of this method in cases where 
cells need immediate transplantation after preparation, e.g., to prevent cell death, 
differentiation or dedifferentiation [94]. Although these cells are usually washed 
several times following viral transduction, there may be the risk of viral vector shut-
tle via transplanted cells resulting in undesired in vivo transduction of recipient 
cells. We explored a potential viral shuttle via ex vivo lentivirally transduced car-
diomyocytes in vitro, following transplantation into the brain and peripheral mus-
cle. By this, we demonstrated that even after extensive washing, infectious viral 
vector particles can be detected in cell suspensions. As a result, the lentiviral vector 
particles stably transduced resident cells of the recipient central nervous system and 
muscle in vivo.

This phenomenon can also be seen using other cell types, as was confirmed by 
further studies demonstrating that retroviral particles adhere nonspecifically, or 
“hitchhike,” to the surface of T-cells [132]. After transplantation, secondary trans-
duction has been observed due to the adherence of vector particles to hematopoietic 
target cells [102] or endothelial cells [101]. In some cases, for example in a study 
by Condorelli et al., these findings might be one of the possible reasons for the 
discrepancies among studies investigating stem cell differentiation in transplanta-
tion models and cocultivation systems [92].

4.3  Imaging Techniques

Transplantation models and cocultivation systems suffer from another diffi-
culty, as the identification of transdifferentiated cells can be complex. Methods 
based on immunohistology have to be carefully evaluated with respect to the 
specificity of the obtained signals, inclusion of all necessary controls and 
exclusion of staining artifacts. As described above, the detection of the LacZ 
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transgene relies on error-prone detection methods, including the risk of unspe-
cific staining after prolonged incubation [119]. Detection of GFP or using 
immunofluorescence approaches can also be impaired by high levels of tissue 
or cell-specific background fluorescence [133]. Importantly, high levels of 
autofluorescence can frequently be observed in necrotic or apoptotic cells lead-
ing to false interpretations, in particular in transplantation or coculture-based 
transdifferentiation experiments. Laflamme et al. reported that apart from the 
normal autofluorescence in striated heart muscle, this fluorescence increases 
after myocardial injury due to accumulated lipofuscin, blood-derived pigments 
and other intrinsic fluorochromes such as flavins and reduced nicotinamide 
adenine dinucleotide (NADH) [134]. While early reports using GFP-labeled 
cells for transplantation might have overlooked this fact, recent publications 
used GFP-specific antibodies and/or validation of the emission spectrum to 
unequivocally identify GFP-expressing cells [135]. Increasing levels of 
autofluorescence in the course of a coculture experiment, as has been demon-
strated by our group using flow cytometry analyses as shown in Fig. 2 [95], can 
potentially lead to misinterpretation of the obtained data as might be the case in 

Fig. 2  Conventional flow cytometry analysis is not suitable to identify DiI-positive human 
cardiomyocytes within cocultures of human endothelial cell progenitors (huEPC) and neonatal 
rat cardiomyocytes (NRCM). Analyses of cocultures (e,f), as well as of monocultures of huEPC 
(a,b) and NRCM (c,d) at day 2 (a,c,e) and day 6 (b,d,f) demonstrate a significant increase in 
sarcomeric a-actinin-positive cardiomyocytes displaying red DiI-like fluorescence. Modified 
after Gruh et al. [95]



96	 I. Gruh and U. Martin

reports on the alleged cardiac differentiation potential of endothelial progenitor 
cells [91].

When using conventional two-dimensional image analysis for the evaluation 
of double or multiple immunostaining, sometimes a genuine colocalization within 
the same cell is hard to discern from an overlay of signals from two neighboring 
cells and three-dimensional confocal imaging should be preferred instead [95]. 
However, even in the case of three-dimensional analysis, data interpretation can 
be difficult.

In some cases, another dimension has to be included: the monitoring of the cell’s 
fate over time. As described above, time-lapse video recording was able to reveal 
that morphological changes associated with a presumed neuronal differentiation of 
mesenchymal stem cells were actually not a result of outgrowing neurites, but of 
cell shrinkage in response to stress signals [122, 123, 127].

Immunohistology and immunofluorescence can also be error-prone and com-
mon problems include a weak signal from otherwise specific antibodies and/or 
nonuniform staining. For example, in our xenogeneic pig model studies, we have 
observed this problem when using an antibody detecting a human mitochondrial 
antigen. We found that this antibody led to nonuniform staining when used to detect 
different human cell types. On one hand, it conferred strong labeling of cardiomyo-
cytes while on the other, human fibroblasts showed insufficient staining. While this 
finding is in line with expected differences in metabolic activity and numbers of 
mitochondria per cell in the two cell types, it prevented the use of this antibody in 
our study. Alternatively, another antibody directed against human nuclear antigen 
(HuNu) was used [90].

The high background of unspecific staining can also be a problem and unfortu-
nately, published data often lack critical controls such as images of the appropriate 
isotype staining control. As long as images show the detection of structural proteins 
resulting in distinct staining patterns, e.g., cardiomyocyte specific staining of con-
tractile proteins that shows clearly visible cross-striations, this might not be prob-
lematic. Otherwise, it is difficult to discern diffuse staining of cytoplasmic proteins 
from background levels. It is therefore advised to include these controls either in 
the original publication or as online supporting material. Moving forward, both 
editors and reviewers should be made aware that these controls would add to the 
reliability, and thus quality of the published data.

Unfortunately, appropriate isotype controls are not always available. This is true 
when using rabbit serum for staining. The correct control would be preimmunized 
serum obtained from the same animal. Thus, experiments using unpurified serum 
should at least include negative control staining with other, nontarget cells; and the 
specificity of immunostaining strategies with unpurified antibodies should be inter-
preted with caution.
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4.4  Data Interpretation

The interpretation of transdifferentiation experiments can be difficult when too 
many conclusions are drawn from too little data. Early reports on the presumed 
neural differentiation of mesenchymal stem cells provide an important example. In 
this case, initial reports concentrated on the apparent morphology of the cells, as 
well as the detection of a limited number of markers [120]. Only later did data 
disprove the initial reports by demonstrating that some neural marker proteins are 
already expressed in undifferentiated MSC [121] and that stress causes an increase 
in the expression level of several neural markers [122, 123].

Similarly, later studies investigating differentiation of transplanted stem cells set 
out to analyze not only colocalization of donor-derived and tissue-specific markers, 
but also considered cell fusion as an alternative mechanism. In 2003, Wang et al. 
demonstrated that cell fusion was the principal source of BM-derived hepatocytes 
by investigating the ploidy of the presumably transdifferentiated donor cells [31]. 
Subsequent studies using the same assays, for example a study published by Sato 
et al., tried to elucidate the cellular components of human BM that potently dif-
ferentiated into hepatocytes. Sato et al. stated that cell fusion was not likely 
involved, as both human and rat chromosomes were independently identified by 
FISH [136]. However, fusion as an underlying mechanism for the detection of dou-
ble labeled, presumably transdifferentiated cells, cannot be excluded from earlier 
reports, as this possibility was not explicitly investigated.

Early in vivo data on the transdifferentiation of adult stem cells concentrated on 
the therapeutic effects following stem cell transplantation. Improved heart function 
and increased angiogenesis in the scar were observed after transplantation of 
5-azacytidine-treated marrow stromal cells in an infarct model [74, 75]. Although 
some labeled bone marrow-derived cells within the infarct region stained positively 
for a cardiac marker protein, it remains unclear to what extent transdifferentiation 
into cardiomyocytes is the reason for the improvement or whether this may be due 
to other cardio-protective effects as described above [77, 78, 84, 85]. Therefore, 
functional improvement alone, does not provide evidence of transdifferentiation 
and leaves room for different interpretations with respect to the impact of individual 
effects triggered by stem cell transplantation.

4.5  Biological Significance

Most of the experiments investigating stem cell transdifferentiation represent a 
highly artificial setting with limited biological significance in vivo. This holds true 
especially for transplantation experiments, whereby stem cells are transferred from 
one part of the body to another, and sometimes to a rather remote compartment. 
These settings may not resemble naturally occurring stem cell mobilization and/or 
recruitment processes; and therefore, might not be ideal to mimic and investigate 
in vivo regeneration. However, the importance of stem cell transplantation, as a 
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future method with great clinical significance, should not be overshadowed by the 
complications of replicating the exact events occurring in nature.

Indeed, the detection of a therapeutic effect does not prove stem cell transdif-
ferentiation per se, even unequivocally confirmed stem cell transdifferentiation into 
another somatic cell type does not guarantee a therapeutic effect. When Wu et al. 
investigated whether human BMC could contribute to liver regeneration in vivo, 
they detected cells from extrahepatic sources that had homed to the tissue, ultimately 
transdifferentiating into hepatocytes. However, these cells did not increase in 
number, thus a robust repopulation of the tissue was not observed [137].

It should be noted that, apart from the role of transdifferentiation of stem cells in 
tissue regeneration following injury, and/or in homeostasis, this process might also 
have an impact on pathogenesis. For example, it has been proposed recently that 
BM-derived circulating precursor cells participate in the development of human lung 
fibrosis and lesion formation, especially in bronchiolitis obliterans [138].

In reality, the biological significance of transdifferentiation, with respect to its 
meaning, is still poorly understood. The question remains to be determined 
whether transdifferentiation reflects a natural process, i.e., an inherent ability of a 
given cell to switch its fate under certain conditions, or an artificial change in its 
expression profile, as might be the case for differentiation processes induced by 
treatment with 5-azacytidine. As this agent confers the demethylation of DNA 
leading to a random induction of gene expression, subsequent changes could be 
interpreted as an artificially-induced reprogramming, a rather hard reset of the cel-
lular differentiation program.

Lastly, the incidence of transdifferentiation and/or cell fusion might also play a 
role in determining biological significance. To date, only rare events have been 
described, and although interesting, the findings might be irrelevant for therapeutic 
purposes in vivo, due to the low frequency of occurrence.

5  Conclusions

New data on the plasticity of stem cells of various lineages have emerged. These 
data, in addition to the developing new field of adult stem cell differentiation, are 
not without controversy. Today, most of the reported discrepancies cannot be 
explained satisfactorily due to several reasons. For example, many studies lack a 
common starting point, i.e., it remains unclear whether the exact same cell popula-
tion was analyzed. In addition, the methodology for precise analyses of differentia-
tion events is still rapidly evolving. As a reaction to criticism concerning early and 
sometimes too enthusiastic reports on the transdifferentiation of stem cells and its 
envisaged therapeutic potential, sophisticated methods have been developed or 
adapted, e.g., in the area of cell labeling, imaging and tracing. However, to prove 
unequivocally stem cell transdifferentiation, there is a clear need to prove the func-
tionality of the resulting cell type. It is not sufficient to show that a given cell looks 
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like a transdifferentiated cell solely due to the expression of specific marker pro-
teins, but to answer the question as to whether it acts accordingly.

As the field of stem cell biology progresses, it will be crucial to analyze further 
not only if a certain stem cell type differentiates into a certain phenotype, whether or 
not expected, but also to investigate in detail how this process works. This will 
include the identification of key factors inducing cell fate switches, and the molecular 
mechanisms and chronological sequence of the conversion itself. This includes the 
question of how we, as investigators, force a given cell to transdifferentiate into a 
desired cell type, for example by the over-expression of cell-type specific transcrip-
tion factors, regardless of the in vivo and/or in vitro significance of the particular 
conversion.

By focusing on these mechanisms, insight into the original question will be 
addressed: Do stem cells undergo direct differentiation towards a more specialized 
somatic cell, or, must they be reprogrammed or “de”-differentiated, thereby first 
changing into a more common ancestor to then be “trans”-differentiated into spe-
cialized cells ultimately involving the same pathways as in organ development.
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Abstract  Congestive heart failure, which often occurs progressively following  
a myocardial infarction, is characterized by impaired myocardial perfusion, ven-
tricular dilatation, and cardiac dysfunction. Novel treatments are required to reverse 
these effects – especially in older patients whose endogenous regenerative responses 
to currently available therapies are limited by age. This review explores the current 
state of research for two related approaches to cardiac regeneration: cell therapy 
and tissue engineering. First, to evaluate cell therapy, we review the effectiveness 
of various cell types for their ability to limit ventricular dilatation and promote 
functional recovery following implantation into a damaged heart. Next, to assess 
tissue engineering, we discuss the characteristics of several biomaterials for their 
potential to physically support the infarcted myocardium and promote implanted 
cell survival following cardiac injury. Finally, looking ahead, we present recent 
findings suggesting that hybrid constructs combining a biomaterial with stem and 
supporting cells may be the most effective approaches to cardiac regeneration.
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Abbreviations

BMC	 Bone marrow cell
CHF	 Congestive heart failure
CSC	 Cardiac stem cell
ES cell	 Embryonic stem cell
HSC	 Hematopoietic stem cell
MI	 Myocardial infarction
MSC	 Mesenchymal stem cell
PEG-PVL	 Poly(d-valerolactone)-block-poly(ethylene glycol)-block-poly 
	 (d-valerolactone)

1  Congestive Heart Failure

Congestive heart failure (CHF), most often following a myocardial infarction (MI) 
[1], is the result of a structural or functional disorder that impairs the ability of the 
heart to pump sufficient blood to meet the metabolic demands of the body. Despite 
optimal medical care, many survivors of an acute MI with an ejection fraction less 
than 40% will experience progressive ventricular dysfunction [2, 3]. Heart trans-
plantation has been a therapeutic option for many decades. However, because a 
shortage of donor organs limits the feasibility of this procedure, transplantation is 
unlikely to provide a viable option for the large number of patients who face a 35% 
2 year mortality rate. In those who do receive organs, the return to “normal activity” 
is often limited by infection or rejection despite immunosuppressive treatments.

Recent studies found that the human heart has some capacity for self-repair after 
an injury [4–6]. This repair process, termed “cardiac regeneration”, appears to 
involve the participation of stem cells (both bone marrow- and heart-derived) [7–9], 
and is partially responsible for restoring heart function after an MI. However, the 
potential for endogenous regeneration is diminished with age so that cardiac regen-
eration and functional restoration are limited following an MI in aged patients. 
In this population, irreversible cardiomyocyte loss and fibrosis within the myocar-
dial scar lead to progressive ventricular remodeling, and eventually to ventricular 
dilatation and CHF. Novel therapies are urgently required to treat and prevent CHF, 
particularly in older, debilitated individuals.
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2  Stem Cell Therapy to Promote Cardiac Regeneration

Cell therapy is a novel treatment to prevent ventricular dilatation and cardiac dysfunc-
tion in patients who have suffered an MI. The concept of repopulating and regenerating 
the injured myocardium by implanting muscle or stem cells into the damaged tissue 
originated in the early 1990s [10–13], during which time a variety of somatic and stem 
cells were tested in infarcted animal hearts. The experimental data clearly demonstrated that 
implanted cells survived after implantation, restored cardiac function, increased regional 
perfusion and prevented progressive ventricular dilation. Animals that received implanted 
cells had better cardiac function than media-injected controls.

Although the mechanisms responsible for the restoration of cardiac function by 
the implanted cells remain unclear, the original concept was that the implanted cells 
improved ventricular function by increasing the number of functioning muscle cells 
through repopulation or transdifferentiation. For example, implantation of fetal cardio-
myocytes could repopulate the myocardial scar with beating muscle cells, limiting 
scar expansion and preventing cardiac dysfunction [11]. Skeletal muscle cells injected 
into the damaged myocardial tissue also survived and restored cardiac function [14]. 
Bone marrow cells (BMCs), which either homed to or were injected directly into the 
injured myocardium, appeared to form new muscle cells – albeit in very small 
numbers – and induced the formation of new capillaries and arterioles [8, 12]. 
However, subsequent studies [15, 16] suggested that improved cardiac function was 
probably the result of paracrine effects induced by the implanted cells, including 
accelerated angiogenesis, decreased deleterious matrix remodeling, and increased 
recruitment of circulating stem cells to the damaged tissue. An alternate explanation 
was that the few “new” cardiomyocytes observed after BMC implantation might have 
arisen from the fusion of implanted cells with persisting cardiomyocytes [17, 18].

Because few, if any, BMCs underwent myogenic “transdifferentiation” following 
cell implantation [18–20], it was difficult to understand how so few engrafted cells 
could restore function to the damaged heart. Multiple biological factors released or 
induced by the implanted cells have since been identified within the infarct area. 
Angiogenic factors increase the blood vessel density in the ischemic area [10]. 
The release of cytokines after cell implantation could also prevent host cardiomyocyte 
apoptosis and direct stem cell homing to the damaged area [21]. Protease inhibitors 
released by the implanted cells within the infarct and the remote (normal) myocar-
dium inhibit matrix degradation and ventricular dilatation [22]. Although the exact 
mechanisms remain ambiguous, most pre-clinical cell transplantation studies 
reported improvements in ventricular function [23], suggesting that cell therapy 
offers a unique opportunity to modify the remodeling process and enhance the 
endogenous mechanisms that promote cardiac regeneration.

Over the last 6 years, the encouraging pre-clinical findings led to the initiation of 
numerous clinical cell therapy trials [24] designed to test the efficacy of skeletal myob-
lasts or bone marrow precursor cells injected into infarcted myocardium or arteries 
[25, 26]. However, the dramatic benefits observed in the pre-clinical animal experi-
ments have not been replicated clinically. While the direct injection of muscle cells 
into the infarcted myocardium was shown to be clinically safe and some of the 
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implanted cells survived, data from clinical trials did not demonstrate a fundamental 
improvement in cardiac function. For example, in a phase II study, myoblast implanta-
tion did not prevent ventricular dysfunction [27]. The implantation of BMCs into an 
infarcted artery resulted in only transient improvements in ventricular function in the 
BOOST trial [28]. The Repair AMI trial – a randomized clinical trial involving the 
implantation of autologous stem cells from the bone marrow into the infarct-related 
coronary artery – achieved a statistically significant, but modest, improvement in car-
diac function (2.9% increase in ejection fraction compared to controls). The medical 
benefits of such a small increase compared to the potential interventional risks of cell 
injection are questionable. Combining results from all clinical trials demonstrated only 
minimal benefits when BMCs were implanted in a randomized, double-blind manner. 
In addition, the rationale for these clinical trials has been questioned because the 
implanted bone marrow-derived cells may not have the ability to become cardiomyo-
cytes. Numerous subsequent studies have questioned the “plasticity” (potential for 
transdifferentiation) of hematopoietic stem cells (HSCs – a fraction of BMCs most 
commonly used for clinical trials) [18–20].

The discrepancy between the results of the pre-clinical studies and the clinical 
trials could be due to the effects of co-morbidities such as diabetes, smoking, 
hypertension and diffuse vascular disease. Further, the age of the patients at the 
time of MI could be particularly relevant, because the majority of patients treated 
for MI are older adults, while pre-clinical studies were carried out in young ani-
mals. In particular, the regenerative capacity of endogenous stem cells becomes 
limited in aged individuals [29, 30]. In other words, the number and potency of 
endogenous stem cells available to contribute to homing, inflammatory responses, 
and the cellular micro-environment for implanted cell survival is reduced in older 
compared to younger individuals. Achieving cardiac functional improvement in 
aged individuals will require that we augment not only the capacity for engraft-
ment/survival and regeneration of the donor cells, but also the recipients’ own 
intrinsic capacity for regeneration. Ongoing research should focus on understand-
ing how the benefits of cell transplantation are impaired by aging so that the next 
generation of bio-interventions may be designed to correct these defects. For 
instance, if diminished function of older donor cells is the primary defect, then the 
donor cells might be treated, or “rejuvenated”, prior to implantation. Alternatively, 
strategies could be directed to induce tolerance in allogenic cells from young 
donors. If, however, the defect is related to an abnormal response of the recipient 
to cell implantation, then treatments could be aimed at restoring the host’s regen-
erative capacity. For example, an attenuated bone marrow response to ischemia 
(including a suppressed inflammatory response) could be corrected using strategies 
to restore the bone marrow response to approximate that of a young individual.

3  Optimal Cells for Cardiac Repair by Cell Therapy

Since the concept of cell therapy to restore cardiac function was introduced a decade ago, 
much research has focused on identifying the optimal cells for implantation. Donor 
cells must be effective, easy to obtain, abundant, and unaffected by immunorejection. 
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Autologous cells, such as cardiomyocytes [11], BMCs [10], skeletal muscle 
cells [14] and smooth muscle cells [23], have been widely used in pre-clinical 
studies. Although these cells can prevent ventricular dysfunction when implanted 
after an MI, clinical cell therapy trials have been unable to replicate the new tissue 
formation and neovascularization reported in the pre-clinical studies. Therefore, 
we must re-examine the characteristics of the various candidate cell types:

3.1  Autologous Somatic Cells

The original hypothesis for cell therapy was that donor cells would restore function 
to the damaged heart by repopulating the muscle cells within the infarct area and 
increasing the number of functioning muscle units. Pre-clinical studies demon-
strated that cardiomyocytes derived from fetal and neonatal hearts survived within 
the damaged myocardium and did form new cardiac muscle, which effectively 
prevented ventricular dilation and improved heart function [11]. The research data 
showed similar results following the implantation of adult skeletal myoblasts and 
smooth muscle cells derived from biopsies [23]. Although all three muscle cell 
types are excellent candidates for cell therapy, adult human donor cardiomyocytes 
are not available clinically, and ethical issues obstruct the use of fetal and neonatal 
cardiomyocytes. Since skeletal myoblasts (satellite cells) can be easily isolated 
from skeletal muscle, Menasche and colleagues implanted autologous skeletal 
myoblasts into patients with congestive heart failure. Their phase I clinical trial 
demonstrated the safety and potential efficacy of the cells [31]. However, the myob-
lasts produced only a limited clinical benefit in a multicenter phase II trial [27]. The 
repopulation of muscle cells within the damaged myocardial tissue results from a 
combination of factors. Among them, patient age might be particularly important, 
as we have demonstrated that growth rates differ significantly in cells isolated from 
young and aged rats [32]. The regenerative capacity of adult muscle cells may 
become diminished with age (or other co-morbidities) in patients with CHF. 
Because aging limits the effectiveness of somatic cell therapy, future studies will 
need to evaluate new methods to restore the regenerative capacity of cells isolated 
from aged patients.

3.2  Autologous Stem Cells

The new biomedical field of regenerative medicine has emerged from recent advances 
in stem cell biology. Stem cells are generally considered to be capable of both self-
renewal and differentiation [33]. By definition, a self-renewing cell should be capable 
of generating sufficient cells for cell therapy. Perhaps the most attractive characteristic 
of the stem cells is their multipotency. The microenvironment is reported to induce 
stem cell differentiation. The rationale for using autologous stem cells is that a 
patient’s own stem cells can be implanted into their myocardial tissue, where the cells 
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will rebuild the dysfunctional heart by differentiating into muscle cells, blood vessel 
cells and matrix cells. Autologous stem cells have been actively evaluated due to the 
identified limitations of autologous somatic muscle cells for cell therapy.

3.2.1  Hematopoietic Stem Cells (HSCs)

HSCs produce blood cells and are responsible for the regeneration of blood forming 
tissue [34]. They are characterized by the expression of c-kit, thy-1, sca-1 (mouse) 
and CD34 (human), are lineage negative (Lin−) [35, 36], and can be isolated from 
the bone marrow and peripheral blood. A number of in vivo studies demonstrated 
that HSCs (Lin−/c-kit+) can transdifferentiate into myogenic cells, producing new 
cardiomyocytes, smooth muscle cells and vascular endothelial cells after implanta-
tion into the infarcted myocardium [8]; tissue regeneration was associated with 
improvements in regional perfusion and cardiac function. As reviewed in Sect. 2, 
HSCs have been employed in several clinical trials over the last 6–7 years because 
they are easily obtained from blood and bone marrow, and are effective for cardiac 
functional restoration in vivo. Unfortunately, the randomized trials reported only 
limited beneficial effects, or failure. Effective cell therapy has only been demon-
strated in animal models in which young recipients received cells from young, 
healthy donors, while clinical results were obtained when aged cells were implanted 
into aged patients. Dimmeler and colleagues have attributed this discrepancy to 
diminished “stemness” in the stem cells of aged patients. Similarly, several recent 
studies have questioned the “plasticity” of HSCs [37]. As a consequence, novel and 
creative techniques will be required to develop cell therapies that employ HSCs.

3.2.2  Mesenchymal Stem Cells (MSCs)

MSCs are multipotent stem cells in bone marrow and adipose tissue [38–40]. These 
cells are attractive candidates for cell therapy because they are easy to access and 
lack the cell surface expression of MHC [41], the receptor responsible for initiating 
immune rejection. In addition, MSCs can be expanded in culture and may differen-
tiate into myogenic cells [42–45]. For example, Makino and colleagues [46] 
showed that MSCs became beating cardiomyocytes when cultured in the presence 
of 5-azacytidine, a chromosomal demethylating agent that removes epigenetic 
restrictions on cell differentiation pathways. The resulting beating cells resembled 
adult cardiomyocytes in terms of transcription factors, protein expression, electron 
microscopic structure, and electromechanical activity. A number of in vivo studies 
have demonstrated that MSCs implanted into the infarcted myocardium can survive 
within the implanted area, increase regional blood vessel density and prevent scar 
expansion [13]. Improvements in cardiac function have subsequently been con-
firmed using a clinically relevant porcine model [47], and are also supported by 
several pre-clinical studies that used other models [48, 49]. Adipose-derived MSCs 
have also been successfully used to repair infarcted regions in the rat heart [50]. 
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The positive findings have sparked several clinical applications in which MSCs are 
implanted into damaged myocardial tissue to restore cardiac function. However, as 
with autologous somatic cells and HSCs, the clinical application of MSCs produced 
only limited improvement in left ventricular ejection fraction [51].

3.2.3  Cardiac Stem Cells (CSCs)

The traditional view of the adult heart as a terminally differentiated organ without 
the potential for self-renewal has changed dramatically. The heart has recently been 
found to contain CSCs positive for various stem cell markers, including lineage 
negative c-kit [52–55], Sca-1 [56, 57], isl1 [58] and cardiosphere-forming cells [59, 
60]. The c-kit positive CSCs, identified using anti-c-kit antibodies, are small and 
round, self-renewing, clonogenic, and multipotent, giving rise to cardiomyocytes, 
smooth muscle cells and endothelial cells. CSC injection into the infarct border 
zone of an ischemic rat heart resulted in new myocardium containing cardiomyo-
cytes, capillaries and arterioles [61]. Intracoronary delivery after 4 hours of reper-
fusion following 90 min of coronary occlusion in rats limited infarct size, attenuated 
LV remodeling and ameliorated myocardial dysfunction at 5 weeks after MI 
[62]. A second CSC isolation technique utilizes an antibody against stem cell anti-
gen 1 (Sca-1). Sca-1 positive cells lack markers for blood lineage cells or c-kit, and 
do not differentiate spontaneously in vitro; however, when exposed to 5’-azacyti-
dine, a small fraction of these cells demonstrated biochemical evidence of cardio-
myocyte differentiation [63]. Further, when injected intravenously after ischemia/
reperfusion in mice, Sca-1 positive cells homed to the injured myocardium and dif-
ferentiated into cardiomyocytes, with or without fusion with host cardiomyocytes 
[56]. In Sca-1 positive CSCs recently isolated from human heart tissue, the effi-
ciency of cardiomyocyte formation and maturation in vitro was greatly enhanced 
by the addition of the growth factor TGFb1 during differentiation [64]. Chien and 
colleagues [58, 65] identified a third group of cardiac progenitor cells, called islet-1 
(isl1) positive cells, in the heart tissue of newborn rats, mice, and humans. These 
cells are defined by the presence of an isl1 protein without concomitant expression 
of c-kit or Sca-1. Unlike c-kit and Sca-1, isl1 is a transcription factor, and isl1-
expressing cells isolated from neonatal mice have the capacity to mature into beat-
ing cardiomyocytes [58]. Recently traced in the mouse heart, isl1 positive cells 
produced not only cardiomyocytes, but also smooth muscle and endothelial cells 
[65]. However, the scarcity of isl1 positive cells, and the fact that their presence is 
restricted to very young animals and humans, may limit their application. Finally, 
CSCs can be isolated from the myocardial tissue using cardiosphere-forming tech-
nology. Sphere-forming cells have recently been derived from subcultures of 
human atrial or ventricular biopsy specimens, and from murine hearts. These cells 
are clonogenic, express stem and endothelial progenitor cell antigens/markers, and 
appear to have the properties of adult CSCs. They are capable of long-term self-
renewal and can differentiate in vitro and after transplantation in vivo to yield the 
major specialized cell types of the heart: myocytes and vascular cells [59]. CSCs are 



114	 J. Wu et al.

a new and challenging stem cell source, and much research will be required to 
determine their potential for human cell therapy.

3.3  Allogenic Stem Cells

The accumulated evidence has demonstrated that both autologous stem and somatic 
cells have limited capacities to repair damaged myocardial tissue and restore car-
diac function after an MI in patients. For aged individuals with congestive heart 
failure, the major obstacle is likely the diminished regenerative capacity – of their 
cells due to age or other co-morbidities. Since optimal cardiac regeneration likely 
requires the introduction of young, healthy muscle cells or bone marrow-derived 
stem cells, allogenic cells have been proposed as candidates for cell therapy. 
Another point in favour of allogenic cells is that they can be pre-prepared for trans-
plantation, and then “shelved” as products until they are required. The feasibility of 
allogenic MSCs for cardiac repair has been closely examined because MSCs may 
be immunoprivileged [41], and some studies suggest that they are not rejected after 
implantation [42–45]. For example, infarcted pig hearts functioned better after the 
implantation of allogenic MSCs than without cell therapy [66]. In a short- and long-
term study, Dai and colleagues found that allogenic MSCs survived for 6 months 
after implantation into damaged hearts. However, although the surviving MSCs 
differentiated into muscle cells that improved cardiac function at 4 weeks [67], the 
benefits of the surviving cells did not persist to 6 months. Therefore, the extent to 
which MSCs are useful for long-term cell therapy will require further evaluation.

3.4  Embryonic Stem (ES) Cells

ES cells, derived from the inner cell mass of blastocyst-stage embryos, were first 
isolated from in vitro cultures of mouse blastocysts [68], and were isolated in 
humans in the late 1990s [69]. They are pluripotent, and can differentiate into all 
derivatives of the three primary germ layers (ectoderm, endoderm, mesoderm) [70]. 
Protocols for ES cell isolation and propagation have been well-established, while 
techniques to induce cardiogenic differentiation in ES cells are still being developed. 
With their extensive capacity for self-renewal and potential for myogenic differen-
tiation, ES cells may be a promising candidate cell source for cell therapy.

For cardiac regeneration, an undisputed advantage of ES cells is their ability to 
differentiate into all cardiac cell types [69, 71, 72]. Scientifically, ES cells are perhaps 
the most promising cell source to generate genuine cardiomyocytes. Klug and 
colleagues [73] reported on the potential use of ES-derived myocytes for cardiac 
repair in dystrophic mice. In that study, they described the presence of ES-derived 
cardiomyocyte grafts for as long as 7 weeks after implantation. Implanted ES-derived 
cardiomyocytes survived in the injured rat myocardium [74] and improved global 
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cardiac function and myocardial contractility. Human ES cells, which have cardiac 
structures that include intercalated discs, sarcomeric organization, and electrome-
chanical integration, are currently receiving much attention for their potential to 
generate human cardiomyocytes [75–77]. The consistent formation of myocardial 
grafts in the infarcted rat heart has already been demonstrated following the 
implantation of human ES cells. The engrafted human myocardium attenuated 
ventricular dilatation and preserved regional and global contractile function relative 
to non-cardiac human ES cell-derivatives or vehicle (controls) at 4 weeks after 
coronary artery ligation [78]. However, in a comparable study, the improvement in 
cardiac function observed at 4 weeks after transplantation of human ES cell-derived 
cardiomyocytes into mice that had undergone an MI was not sustained at 12 weeks 
compared with mice receiving human ES cell-derived non-cardiomyocytes [79]. 
Although the disagreement between these observations may be related to species 
incompatibilities, shorter-term studies must be interpreted with caution, and longer-term 
follow-up is necessary before the efficacy of myocardial cell transplantation can be 
clearly determined.

Despite their obvious advantages for use in regenerative medicine, ES cells 
present a number of clinical challenges. First is the continuing ethical debate about 
the harvesting of human embryos to create the cells. A second major obstruction 
is the need for new techniques to isolate, expand and purify cardiac committed 
progenitor cells from the ES population in sufficient numbers for clinical use. A 
recent report [80] demonstrated that undifferentiated human ES cells did not pro-
duce cardiomyocytes after transplantation into normal or infarcted hearts. More 
recently however, Keller and colleagues [81] defined the sequence required to 
induce reproducibly beating cardiomyocytes from ES cells by carefully isolating 
the stages of development of the cardiovascular lineages in human ES cell differ-
entiation cultures. By induction with combinations of activin A, bone morphoge-
netic protein 4 (BMP4), basic fibroblast growth factor (bFGF, also known as 
FGF2), vascular endothelial growth factor (VEGF, also known as VEGFA) and 
dickkopf homolog 1 (DKK1) in serum-free media, they produced human ES cell-
derived embryoid bodies that generated a KDRlow/c-kitneg (CD117)neg population 
with cardiac, endothelial and vascular smooth muscle potential in vitro and, after 
transplantation, in vivo. Third, the effectiveness of ES cell transplantation may be 
limited by rejection. Although one study [82] reported no significant immune 
response, subsequent studies [83] reported a significant T-lymphocyte and den-
dritic cell population around transplanted allogenic ES cells, suggesting an 
immune response associated with ES cell differentiation in vivo. Finally, because 
ES cells are pluripotent, their implantation into the heart could result in teratoma 
formation. While pre-commitment of undifferentiated ES cells has been shown to 
limit teratoma formation [84], the inclusion within an ES cell graft of a single 
undifferentiated cell might produce a teratoma. Taken together, these studies raise 
exciting prospects for the use of ES cells in regenerative and tissue engineering 
therapies aimed at repairing and “rebuilding” the hearts of patients with congenital 
or acquired myocardial disease.
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4  Optimal Biomaterials for Cardiac Tissue Engineering

Ventricular dilatation is a major contributor to congestive heart failure. Cell therapy 
provides a novel opportunity to repopulate muscle cells within the infarct region, 
strengthen the damaged myocardial tissue and prevent ventricular dilatation and 
cardiac dysfunction. However, multiple studies have demonstrated that the number 
of implanted cells is very low within the infarct or ischemic region of the dysfunc-
tional heart at the experimental endpoints. This is possibly due to detrimental 
effects of the ischemic environment on the implanted cells. Since the number of 
implanted cells within the infarcted heart is positively correlated with the degree of 
cardiac functional restoration achieved [85], numerous studies have attempted to 
determine the optimal means to improve the microenvironment and promote the 
survival of implanted cells. For example, angiogenic factors, such as VEGF [86] 
and bFGF [87], were injected into the ischemic myocardial tissue to improve 
regional perfusion prior to cell implantation, and gene modification or pre-condi-
tioning to increase heat-shock proteins were used to increase the resistance of the 
implanted cells to an ischemic environment [88, 89]. These techniques have signifi-
cantly increased the number of implanted cells at the implanted area and the associ-
ated improvements in cardiac function. However, the proportion of implanted cells 
retained in the implanted area of the heart is still extremely low.

Recently, molecular imaging techniques have been employed for the non-invasive 
tracking of metabolically active cells in living animals [66, 90–92] (Fig. 1) and humans 
[93, 94]; these approaches offer effective tools to elucidate the spatial and temporal 
distributions of implanted cells in living subjects. Several groups have used these tech-
niques to demonstrate that cell leakage from the implanted area results in a significant 
loss of donor cells immediately after implantation. In fact, few implanted cells actually 
remain within the damaged tissue. Post-implantation cell retention is a major determi-
nant of the effectiveness of cell therapy. Fortunately, advances in the development of 
biomaterials for myocardial tissue engineering suggest that combining cell transplan-
tation with biomaterial technologies could significantly improve the potential of these 
interventions to achieve cardiac regeneration.

Two types of biomaterials have been used to repair the heart after injury: inject-
able biomaterials and surgically implanted biomaterial grafts.

4.1  Injectable Biomaterials

In situ polymer biodegradable biomaterials include injectable fibrin glue, matrigel, 
collagen, alginate gels and self-assembling peptides (summarized in Table 1). These 
materials are injected in liquid form, and assume a gel structure in the heart [95, 96]. 
The greatest advantage of an injectable biomaterial is the opportunity to combine it 
with a mixture of cells and biologically active molecules prior to implantation [97]. 
The resulting extracellular matrixes can not only reduce physical infarct expansion, 
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Table 1  Selected injectable biomaterials (gels) used to create scaffolds for myocardial tissue 
engineering

Gel type Gel composition Gelling process MTE applications References

Protein-based

Fibrin glue Fibrin + thrombin Scar limitation,  
cell retention

102–105

Matrigel Temperature-sensitive  
(liquid at 4°C; gels at  
37°C)

Cell retention 106–108

Natural  
polymer-
based

Protein  
nono-fibers

Polymer  
self-aggregation

Cell retention and  
cytokine carrier

109–111

Alginate Alginate + calcium  
chloride

Cell retention and  
cytokine carrier

112

Synthetic  
polymer-
based

PEG-PVL Temperature-sensitive  
(liquid at (at room temp;  
gels at 37°C, pH 7–8) 

Cell retention unpublished

PIPAAm Temperature-sensitive  
(gels at 37°C)

Cell sheets 58,114

Fig. 1  a–d Molecular imaging of cardiac cell transplantation in living animals. a Optical imaging 
in a representative rat (Transplant) transplanted with embryonic cardiomyoblasts expressing the 
Fluc reporter gene (emits significant cardiac bioluminescence activity) at days 1, 2, 4, 8, 12, and 
16 (P <0.05 vs control). Background signal only (day 2) is shown in Control rat. b MicroPET 
imaging in a representative rat (Transplant) transplanted with cardiomyoblasts expressing the 
HSV1-sr39tk reporter gene, whereby the location(s), magnitude, and survival duration were 
monitored by longitudinal imaging of [18F]-FHBG reporter activity (gray scale). c Detailed 
tomographic views of cardiac microPET images shown in short, vertical, and horizontal axes for 
Control and Transplant animals. At day 2, a representative transplant rat exhibited significant 
activity at the lateral wall, as indicated by the magnitude of [18F]-FHBG reporter activity 
(color scale) overlaid on the [13N]-NH3 perfusion image (gray scale). In contrast, the control 
rat exhibited homogeneous [13N]-NH3 perfusion, but background [18F]-FHBG reporter activity. 
d Autoradiography from the same transplant rat confirmed trapping of [18F] radioactivity by 
transplanted cells at the lateral wall at a finer spatial resolution (50 mm)
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but also closely mimic the myocardial microenvironment by facilitating the sus-
tained, local release of growth factors and cytokines that enhance implanted cell 
survival and induce neovessel formation within the ischemic myocardium [98]. 
Most important, gelation of the biomaterial after injection into the myocardial tissue 
can significantly reduce the leakage of implanted cells and biological materials.

4.1.1  Protein-Based Hydrogel

A gel is defined as a three-dimensional network swollen by a solvent, a major com-
ponent of the gel system. Gels can be classified into 2 categories based on the 
formation of their molecular network: physical gels (formed by secondary forces), 
and chemical gels (formed by covalent bonds) [99]. Some physical gels are heat 
reversible, also called “thermoreversible” [100], and others will gel in response to 
pH changes, ionic cross-linking, solvent exchange or crystallization. The most 
commonly used protein-based gels used for cardiovascular applications include 
fibrin glue, matrigel, collagen, and amphiphilic peptides.

Fibrin glue is composed of 2 separate solutions: fibrinogen and thrombin. 
When mixed together, these agents mimic the last stages of the clotting cascade to 
form a fibrin clot, or a protein gel into which cells can be incorporated. When 
injected into the ischemic myocardium of adult rats, the compound dramatically 
increased regional blood vessel density [96]. Fibrin glue, in combination with sev-
eral cell types – including skeletal muscle cells [97, 101, 102], bone marrow derived 
mononuclear cells [103], and endothelial cells [104] – has been injected into the 
damaged myocardium after an MI. Compared to the delivery of cells alone, this 
combined treatment increased the number of implanted cells at the implanted  
area [101] – likely because the mixture of fibrin glue and cells increased cell retention 
and induced greater neovascularization within the ischemic myocardium. In turn, 
these effects reduced infarct expansion beyond the limitation observed following the 
injection of biomaterial alone.

Matrigel is a protein mixture secreted by mouse tumor cells that resembles the 
complex extracellular environment found in many tissues. It exists as a liquid when 
chilled to 4 °C, but its proteins self-assemble into a gel at 37 °C (body temperature). 
Kofidis and colleagues demonstrated that injecting a mixture of matrigel and mouse 
ES cells into infarcted myocardium improved both implanted cell survival and heart 
function relative to the injection of matrigel or cells alone [105, 106]. A similar 
study demonstrated that ventricular geometry and cardiac function were improved 
relative to controls when cardiomyocytes were mixed with matrigel before they 
were delivered into infarcted myocardial tissue [107].

Amphiphilic peptides form nanofibers (7–100 nm in diameter) through molecular 
self-assembly (protein folding) via hydrogen bonding, van der Waals interaction, 
ionic bonds or hydrophobic interactions in solution at low pH or low osmolarity [108]. 
Exposed to physiological ionic strength and pH conditions, the peptides interact 
and self-assemble into stable nanofibers that interweave rapidly to form a hydrated 
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network [108]. A hydrogel scaffold created using the properties of self-assembling 
peptide nanofibers was used to mimic the intramyocardial microenvironment [95, 109]. 
After the peptides were injected into the infarcted myocardium, progenitor cells 
expressing endothelial markers and vascular smooth-muscle cells were recruited 
into the nanofiber microenvironments. Local delivery of stromal cell derived factor-1 
(SDF-1) with the nanofibers further promoted stem cell recruitment and improved 
cardiac function [110]. Enhancing the chemotaxis of stem cells by local chemokine 
delivery with an injectable biomaterial is a promising new strategy for tissue 
regeneration.

4.1.2  Natural Polymer-Based Hydrogel

Biodegradable alginates are gelatinous substances obtained from seaweed or other 
natural sources whose gel-forming properties are determined by their component 
proportions of galuronic and mannuronic acids. Sodium alginate is a naturally 
occurring polysaccharide that is easily polymerized into a matrix. Alginate with 
calcium chloride solution co-injected into the infarcted myocardium formed gel, 
stimulated angiogenesis and efficiently attenuated infarct expansion, heart dilatation, 
and cardiac dysfunction [110, 111]. Alginates offer an acellular option to facilitate 
neovascularization and self-repair within the infarcted myocardium. The combination 
of these natural polymers with appropriated cells may in future provide a new strategy 
for cardiac regeneration.

4.1.3  Synthetic Polymer-Based Hydrogel

While the temperature-controlled gel-forming properties of matrigel are desirable for 
use in combination with cell therapy for cardiac regeneration, proteins in the matrigel 
can stimulate severe inflammatory reactions that induce significant side effects 
within the host after implantation. To overcome these biological disadvantages of 
matrigel, we recently synthesized a temperature-sensitive aliphatic polyester hydrogel, 
poly(d-valerolactone)-block-poly(ethylene glycol)-block-poly(d-valerolactone) 
(PEG-PVL). This biomaterial is a liquid at room temperature, but forms a gel at 
37 °C in aqueous solution. Our preliminary data indicate that the polymer solution 
forms a hydrogel after injection into the subcutaneous tissue of adult rats (at 37 °C). 
Progressive angiogenesis observed in hydro-gel (PEG-PVL) implants harvested at 
1, 2, 3 and 4 weeks after implantation suggests that this novel, synthetic, biodegrad-
able and biocompatible polymer could be useful for the treatment of cardiovascular 
diseases.

Poly(N-isopropylacrylamide) (PIPAAm) is another temperature-responsive and 
non-biodegradable polymer. By increasing the temperature to 37 °C, PIPAAm will 
aggregate to form PIPAAm gel. Although it has not been used for cell injection, this 
biomaterial was used in the creation of cardiac tissue for cardiac repair [112, 113].
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4.2  Cardiac Grafts

Biodegradable biomaterials can be used to create sheets for cell growth, matrices 
upon which cells can form a tissue structure, or a spongy material used to generate 
a three-dimensional structure that supports cell growth on its surface.

Okano and colleagues [50, 113] created monolayered, MSC cell sheets by growing 
the cells on top of a culture dish coated with poly(N-isopropylacrylamide), which 
forms a gel at 37 °C. The sheets were then detached from the dish surface by lowering 
the temperature to below 32 °C, at which point the dish surface became (reversibly) 
hydrophilic and ceased to support adhesion. Following their implantation onto the 
epicardial surface of the infarcted myocardium [50], the grafted cell sheets showed 
evidence of in situ growth characterized by increased thickness, vascularization, and 
some cardiomyocyte differentiation. More importantly, the grafts improved left 
ventricular geometry and function within 4 weeks of implantation [102]. In that study, 
the self-propagating, multipotential and angiogenic characteristics of MSCs led to a 
thickening of the scar area and a neovascularization of the surrounding tissue, which 
reduced ventricular wall stress and facilitated cardiac functional improvement.

Since cell sheets may not be strong enough to prevent expansion of a large myo-
cardial infarct, mixed structures comprised of cells and biomaterials have been 
engineered and studied. Dr. Leor and colleagues reported that fetal rat cardiomyo-
cytes seeded into porous scaffolds composed of alginate biomaterials retained their 
viability within the scaffolds and formed multicellular beating cell clusters after 
24 hours [114]. Following implantation of these constructs into the infarcted myo-
cardium, some of the cells appeared to differentiate into mature myocardial fibers. 
The implanted grafts were supplied by intensive neovascularization, which evidently 
contributed to the survival of the seeded cells. The biografts attenuated left ven-
tricular dilatation and prevented functional deterioration. Similarly, heart tissue 
engineered by culturing a mixture of neonatal rat cardiomyocytes and liquid col-
lagen plus matrigel [115] became heavily vascularized by 14 days after implanta-
tion, and retained a well-organized myocardial structure. The contractile function 
of the graft tissue was also preserved in vivo.

In the late 1990s, our research group created a three-dimensional muscle tissue 
in vitro by growing fetal cardiomyocytes and/or smooth muscle cells on the surface 
of a gelatin sponge [116, 117]. The sponge contracted regularly and spontaneously 
both in culture and in vivo, and histological studies demonstrated that the seeded 
cardiomyocytes grew and formed junctions characteristic of cardiac tissue [116] 
(Fig. 2). When we used the cell-seeded grafts for surgical repair in adult rats [117], 
we found that they were suitable for reconstructing both a right ventricular outflow 
tract defect and a left ventricular transmural defect [118]. The grafts reduced cham-
ber volumes and improved post-MI left ventricular function. Bioengineered muscle 
grafts may therefore be superior to synthetic materials for the surgical repair of 
ventricular scar tissue.

Cardiac tissue has been engineered from numerous somatic cell types, such as 
cardiomyocytes, smooth muscle cells and skeletal muscle cells. For example, a 
research team led by Drs. Zimmermann and Eschenhagen made significant 
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contributions to the field of myocardial tissue engineering by developing a novel 
cardiac muscle construct called engineered heart tissue (EHT) [119–122] using a 
combination of neonatal cardiomyocytes and an artificial extracellular matrix made 
from collagen type I and matrigel. These all-natural EHTs demonstrated contractil-
ity in vitro and contributed to improved cardiac geometry and function after 
implantation in a rat MI model; however, EHTs may not be applicable for clinical 
use due to their limited availability, and ethical concerns related to the use of fetal 
cardiomyocytes and the biomaterial’s high immunogenicity [122]. Further, because 
tissue formation requires large numbers and multiple types of cells, a major weak-
ness of these techniques is the limited number of somatic cells that can be isolated 
for cardiac constructs.

Fig. 2 a-b Tissue-engineered cardiac graft. Photomicrographs demonstrating hematoxylin and 
eosin staining (a: magnification = 40×; b: magnification = 100×) of a tissue-engineered graft (G; 
composed of cell-seeded gelatin sponge) at 5 weeks after suturing to the surface of a left ventricu-
lar scar (s). Seeded cells (arrow in b) filled the interstices of the gelatin mesh and formed tissue 
resembling myocardium. The graft (G) was adherent to the surface of the scar
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5  Stem Cell-Based Cardiac Tissue Engineering

Because they are more potent and proliferative than somatic cells, stem cells are a 
promising alternative cell source for cardiac tissue engineering. For example, bone 
marrow stem cells have been used in the construction of in vivo tissue-engineered 
vascular autografts [123], and to seed a biodegradable scaffold used to repair car-
diac defects. The main advantage of these stem cells is their multipotency. Of the 
seeded cells, some will differentiate into endothelial cells that adhere to the scaffold 
to prevent thrombosis, while others will proliferate and differentiate into smooth 
muscle cells, and still others will produce VEGF and angiopoietin-1 within the 
graft to stimulate angiogenesis.

Tissue-engineered vascular autographs engineered using bone marrow stem 
cells are particularly useful for cardiovascular surgical applications in humans, 
especially in children, who require biocompatible materials with growth potential. 
In 2005, Shin’oka and colleagues reported the first clinical series of tissue-engi-
neered vascular autografts for repair of congenital heart defects [124]. Forty-two 
patients received an autologous BMC-derived biodegradable patch or conduit com-
posed of an l-lactide and e-caprolactone co-polymer reinforced with a woven PGA 
fabric. Mid-term follow-up (mean of 490 days, maximum of 31 months) confirmed 
the procedure was both feasible and safe, producing only a single mortality unre-
lated to graft function, and no morbidity or prosthesis-related complications. 
Follow-up angiography and computed tomography revealed two patch stenoses but 
no dilation or rupture of the implanted autografts. All conduits were patent without 
signs of calcification and demonstrated increases in graft diameter, suggesting 
growth as the children matured.

Autologous bone marrow stem cells were used in combination with a hybrid 
biodegradable polymer scaffold to tissue-engineer a venous vascular patch in the 
dog [125]. Eight weeks after implantation, the patches remained patent with no 
signs of thrombosis, stenoses, or dilatation. Histological, immunohistochemical, 
and scanning electron microscopic analyses of the excised vascular patches 
revealed regeneration of the endothelium and smooth muscle cells, and the pres-
ence of collagen. Immunofluorescent double staining confirmed that the 
implanted cells not only survived after implantation, but also contributed to tis-
sue regeneration observed within the implanted patches. A similar autologous 
conduit was constructed from bone marrow-derived vascular cells in an ovine 
model [126].

ES cells can also be used to create cardiac grafts. In mice, ES cell-seeded bio-
absorbable patches grafted onto the post-MI myocardium repaired the infarcted 
tissue and improved cardiac function [127]. In another innovative study, a vascular-
ized, three-dimensional tissue-engineered human cardiac muscle was created in 
vitro using cardiomyocytes and endothelial cells plus fibroblasts derived from 
human ES cells [128]. The cells were seeded into porous biodegradable sponges 
composed of poly-(L-lactic acid) and poly(lactic acid-co-glycolic acid) (50%:50%). 
The authors confirmed cardiac-specific molecular, ultrastructural, and functional 
properties within the generated myocardial constructs, with synchronous activity 
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mediated by action potential propagation through gap junctions. Such cell-based 
cardiac grafts offer great possibilities for the next generation of engineered heart 
tissues [129]. However, functional integration, connection to the vascular system 
and electrophysiological coupling of donor grafts to the recipient heart tissue will 
present challenges and will require investigation.

6  Future Research

Cell therapy and tissue engineering (or the combination) offer unique advantages 
as the starting points of new therapies that may someday be used to treat CHF 
patients. We have seen many advances in the field, but these successes have raised 
further questions. To date, no single repair technique has been shown to generate 
tissue with all the desirable characteristics of engineered myocardial tissue, including 
consistent and meaningful contractility, stable electrophysiological properties, 
vascularization, and an autologous cell source.

Before we can engineer the “ideal” cardiac tissue for clinical use, we need to identify 
the optimal cells, biomaterials and techniques that will compose the tissue. Cardiac 
grafts seeded with skeletal myoblasts, cardiomyocytes, or smooth muscle cells can 
effectively repair damaged myocardial tissue and improve cardiac function; however, 
the relatively small number of cells that can be obtained from aged patients prevents the 
generation of sufficiently large grafts for clinical use. Highly- proliferative and multipo-
tent bone marrow stem cells can generate a cardiac graft with multiple cell types, but 
the tissue generated from BMC-engineered grafts is non-beating. To this end, ES cells 
have been used to engineer contractile cardiomyocytes and contractile cardiac grafts 
that have been used in cardiac repair with encouraging results. However, a main concern 
with the use of ES cells for cardiac repair is the continuing ethical debate regarding the 
harvesting of human embryos. Another major limitation is the potential for immunore-
jection, since the cardiac grafts must be generated using allogenic ES cells. Alternatively, 
ES cell lines (currently collected at stem cell banks world wide) that match the MHC-
pattern of a large number of recipients in the population might be used in combination 
with a mild immunosuppressive treatment. Another approach is to use nuclear transfer 
to produce individualized ES cells [130, 131].

A recent advance in stem cell biology offers the opportunity to produce fully 
differentiated cardiomyocytes from adult cells [132–136]. Induced pluripotent stem 
cells (iPS cells) are similar to ES cells but are derived from adult cells. IPS cells can be 
generated from fully-differentiated somatic cells (such as skin fibroblasts) by exposure 
to defined factors such as Oct3/4, Sox2, c-Myc and Klf4 [134]. Mouse and human 
fibroblasts can also be reprogrammed into ES-like cells by introducing transcription 
factors such as OCT4, SOX2, NANOG and LIN28 [136]. The human iPS cells have 
normal karyotypes and telomerase activity, express cell surface markers and genes that 
characterize human ES cells, and maintain the developmental potential to differentiate 
into advanced derivatives of all 3 primary germ layers. The cardiomyocytes generated 
from these induced cells have the potential to regenerate the injured myocardium [132]. 
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This new cell source may eliminate concerns over immunorejection by facilitating the 
induction of multipotential ES cells from individuals with heart disease. New advances 
in stem cell biology are bringing cell therapy closer to clinical application.
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Abstract  The clinical impact of tissue engineering depends upon our ability to 
direct cells to form tissues with characteristic structural and mechanical proper-
ties from the molecular level up to organized tissue. Induction and creation of 
functional vascular networks has been one of the main goals of tissue engineering 
either in vitro, for the transplantation of prevascularized constructs, or in vivo, for 
cellular organization within the implantation site. In most cases, tissue engineering 
attempts to recapitulate certain aspects of normal development in order to stimulate 
cell differentiation and functional tissue assembly. The induction of tissue growth 
generally involves the use of biodegradable and bioactive materials designed, ide-
ally, to provide a mechanical, physical, and biochemical template for tissue regen-
eration. Human embryonic stem cells (hESCs), derived from the inner cell mass of 
a developing blastocyst, are capable of differentiating into all cell types of the body. 
Specifically, hESCs have the capability to differentiate and form blood vessels de 
novo in a process called vasculogenesis. Human ESC-derived endothelial progeni-
tor cells (EPCs) and endothelial cells have substantial potential for microvessel for-
mation, in vitro and in vivo. Human adult EPCs are being isolated to understand the 
fundamental biology of how these cells are regulated as a population and to explore 
whether these cells can be differentiated and reimplanted as a cellular therapy 
in order to arrest or even reverse damaged vasculature. This chapter focuses on 
advances made toward the generation and engineering of functional vascular tissue, 
focusing on both the scaffolds – the synthetic and biopolymer materials – and the 
cell sources – hESCs and hEPCs.
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PGA	 polyglycolic acid;
PLA	 polylactic acid;
PLLA	 poly-l-lactic acid;
SMC	 smooth muscle cell;
SSEA	 stage-specific embryonic antigen;
VEGF	 vascular endothelial growth factor;
VEGFR2	 vascular endothelial growth factor receptor 2;
vWF	 von Willebrand factor

1  Introduction

In the embryo, vasculogenesis is the process in which blood vessel formation 
occurs by the differentiation of vascular endothelial cells (ECs) from angioblastic 
precursors, which in turn give rise to a primitive vascular plexus [1–3]. The derivation 
of hESCs and their vascular differentiation potential have positioned these cells as 
an appealing source for advancing research into human vascular development [4] 
and for cellular therapies of the vasculature, including vascular tissue engineering. 
In recent decades, postnatal vasculogenesis has been purported to be an important 
mechanism for angiogenesis, via marrow-derived circulating human endothelial 
progenitor cells (hEPCs). On the basis of this paradigm, hEPCs have been exten-
sively studied as biomarkers of cardiovascular disease and for their use in cell-based 
therapies for the repair of damaged blood vessels [5].

Angiogenesis can be defined as the sprouting of capillaries from existing vessels 
leading to the formation of new microvessels in previously avascular tissues. The 
molecular basis for angiogenesis is easily characterized by viewing the process as a 
stepwise progression [2, 6]. The initial vasodilation of existing vessels is accompa-
nied by increases in permeability and degradation of the surrounding matrix, which 
allows activated and proliferating ECs to migrate and form lumens [2, 6, 7].

This chapter will explore advances in the derivation of EPCs and ECs from hESCs 
and will consider the various sources and regenerative potential of adult hEPCs. 
Specifically, it will do so in the context of hESC derivatives and hEPCs and their 
ability to generate networks within biomaterials in vitro that result in enhanced net-
work formation in vivo [8]. Recent efforts and developments in synthetic and biopolymer 
materials for vascular tissue engineering will also be discussed at length.

2  Vascular Development and Disease

2.1  The Hemangioblast

Following differentiation of the endothelium from the mesoderm during embryo-
genesis, the vascular system is the first functional organ to appear in the embryo 
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[1, 9, 10]. Development of the vascular system begins with an aggregate of cells 
resulting in the formation of a blood island in the yolk sac [1, 9, 11]. These blood 
islands consist of an outer layer of angioblasts and a center containing hematopoi-
etic precursors. The angioblasts will give rise to endothelial precursor cells, 
whereas the hematopoietic precursors will give rise to blood cells. Because the 
blood island gives rise to both endothelial and hematopoietic precursors, a common 
precursor was theorized, the hemangioblast [12–15].

Attempts to identify the hemangioblast in the developing embryo faced obstacles 
involving the speed of development and the difficulty in isolating sufficient numbers 
of cells [16]. The use of ESCs provides an alternative method of studying vascular 
development. Doetschman [17] showed that blastocyst-derived ESCs formed yolk 
sacs and blood islands similar to in vivo embryos. The use of ESCs as a model for 
early vascular development was further justified by research showing ESCs giving 
rise to hematopoietic cells in a developmental sequence similar to normal mouse 
development [18]. Upon aggregation, ESCs formed three-dimensional embryoid 
bodies (EBs) that contain representatives of the three germ layers [17, 19, 20]. Using 
EBs developed from ESCs and differentiated for three to three and a half days, 
researchers identified a blast colony-forming cell that developed into numerous 
hematopoietic lineages [21]. Further experiments showed that blast colony-forming 
cells could give rise to both hematopoietic and endothelial lineages, confirming the 
existence of a common precursor to endothelial and hematopoietic precursors [22].

2.2  Formation of Blood Vessels

Blood vessel formation in the developing embryo and postnatal (adult) is achieved 
through two distinct pathways: vasculogenesis and angiogenesis. Vasculogenesis 
occurs in the embryo during the de novo formation of the primitive vascular network 
from the mesoderm. During this sequence of events, hemangioblast cells form in 
the yolk sac, eventually giving rise to endothelial and hematopoietic precursors and 
finally forming a primary plexus [1].

Vascular development continues with angiogenesis, where new blood vessels 
form from preexisting vessels through sprouting, migration, and proliferation of 
existing ECs [1, 23]. Angiogenesis proceeds through two phases – vessel growth 
and subsequent vessel stabilization [23]. This process is initialized by the breakdown 
of the basement membrane and extracellular matrix (ECM) by proteinases, which 
provides a pathway for EC migration. Proliferating ECs then assemble to form a 
lumen [6]. Once proliferation is arrested, stabilization of the newly formed vessel 
proceeds with reconstruction of the basement membrane. Additionally, pericytes 
and smooth muscle cells (SMCs) are recruited around the immature capillary to 
provide further stabilization and to prevent ECs from undergoing apoptosis [24, 25].

Whereas vasculogenesis is the primary mechanism for forming the vascula-
ture in the embryo, in adults, angiogenesis leading to development of new blood 
vessels occurs during the remodeling of the vascular system in response to such 
changes in physical homeostasis as wounds, pregnancy, or disease states, includ-
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ing tumor growth [1, 26, 27]. Previously, it was thought that angiogenesis in 
adults involved proliferation of preexisting ECs. Recent studies, however, have 
shown that a circulating bone-marrow-derived endothelial progenitor cell is 
capable of differentiating into ECs and integrating into the vasculature [28]. 
Furthermore, Asahara and colleagues showed that, in models of ischemia, circu-
lating EPCs contributed to neovascularization of the ischemic tissue. This led to 
the idea of a potential mechanism for postnatal vasculogenesis in tissue regeneration 
in the adult [29].

2.3  Diseases Affecting the Vascular System

Cardiovascular disease is currently the leading cause of morbidity and mortality 
in the human population, with atherosclerosis, an inflammation of the arterial 
walls, being one of the major causes of cardiovascular disease [30]. The basic 
structure of a blood vessel is composed of ECs surrounded by a basement mem-
brane and supporting pericyte cells. Capillaries consist of a single layer of ECs. 
Arteries, on the other hand, are composed of an inner layer of ECs and basement 
membrane, the intima; a middle layer of SMCs, the media, and an outer layer of 
collagen, the externa.

When damaged, the endothelium has the ability to repair itself through a reen-
dothelialization process [31]. If a small section of the endothelium is removed, a 
healthy endothelium, sensing the lack of contact inhibition, triggers ECs at the 
edges to proliferate and repair the damage. This repair mechanism recruits not only 
local ECs but also circulating EPCs [28].

The importance of circulating EPCs has been shown in recent studies which 
have observed that increased EPC mobilization in the peripheral blood contrib-
utes to faster reendothelialization [32]. However, endothelia that are subject to 
risk factors, such as cholesterol or hypertension, have a reduced ability to self-
renew, and the reendothelialization process may result in a plaque, contributing 
to the progression of atherosclerosis [33]. Over time, complications of the 
plaque will develop, including thrombosis and stenosis, leading to ischemia and 
myocardial infarction [34].

Additionally, the level of circulating EPCs tends to correlate with vascular 
health, with a decrease implicating endothelial dysfunction, while an increase 
implicates enhanced function. Aging, for example, has been shown to negatively 
affect such EPC characteristics as proliferation, migration, and survival [35]. In 
human clinical settings, a decrease in the level of circulating EPCs among the gen-
eral population correlates with early atherosclerosis and can serve as a marker for 
cardiovascular risk [36]. Other disorders and diseases have been associated with 
endothelial dysfunction: diabetes [37], high blood pressure [38], chronic obstruc-
tive pulmonary disease [39], and high cholesterol levels [40]. In contrast, physical 
training helps maintain vascular homeostasis and induces mobilization of EPCs to 
increase circulating EPCs in both healthy subjects and subjects with coronary artery 
disease [41, 42].



134	 E. Luong, S. Gerecht

3  Endothelial Cells and Progenitors

3.1  Isolation of Primary ECs

More than 20 years ago, attempts were made to identify, and then isolate and cul-
ture, ECs. Jaffe et al. isolated ECs, which they identified via morphologic and 
immunohistologic procedures, from human umbilical cord veins and was able to 
maintain them in long-term in vitro culture [43]. These cells, termed HUVECs 
(human umbilical cord vein endothelial cells) have played a major role in the devel-
opment of the vascular biology field by providing a critical in vitro model for 
insights into cellular and molecular events, including atherogenesis [44, 45], the 
effects of inflammatory cytokines on ECs [46], mechanisms of atherosclerosis [47], 
angiogenesis in response to ischemia, and stress-mediated endothelial signaling 
[48]. Cultures of HUVECs have been shown to maintain nearly all features of 
native ECs, EC-specific markers, and VEGF signaling pathways, making them a 
good tool for the study of ECs. Additionally, culturing HUVECs on Matrigel in a 
hypoxic environment results in the formation of tube-like structures that resemble 
tube formation in vivo, providing evidence for blood vessel recruitment to tissues 
under ischemic stress [49].

The need for new EC lines arose from observations by numerous groups that 
ECs from microvessels differ significantly from macrovessel ECs, such as those 
derived from the umbilical cord vein [50–52]. Research within the past 20 years has 
shown that microvascular ECs differentiate into capillary-like structures more 
rapidly, possess a different secretory profile, and differ in their expressed cell adhesion 
molecules when compared to those from large vessels.

Collectively, all primary EC lines fail to retain EC characteristics after prolonged 
passage in culture and undergo senescence and, therefore, have limited lifespans.

3.2 � Discovery of a Circulating Endothelial Progenitor Cell 
(EPC)

It was previously known that angiogenesis occurred through the proliferation 
and migration of preexisting ECs in blood vessel walls in order to carry out the 
repair process [1, 26]. ECs, however, are terminally differentiated cells that lack 
the high proliferative potential of stem cells and thus are limited in their ability 
to repair the endothelium. Brown et al. discovered that patients with neutrope-
nia, a disorder characterized by abnormally low levels of white blood cells, 
recovered after transfusion of peripheral blood progenitor cells [53]. Studies 
involving the use of Dacron grafts identified ECs present in locations on the 
graft that could not be reached by preexisting ECs through the process of angio-
genesis [54, 55]. Additionally, several studies have demonstrated the existence 
of circulating ECs contributing to endothelium growth on similar vascular pros-
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theses [56–59]. It appears, then, that there may be another cell type with high 
proliferative characteristics of a stem cell that contributes to endothelial repair 
by differentiating into ECs [60].

In 1997, Isner and colleagues announced the isolation of a circulating EPC from 
human peripheral blood capable of differentiating into mature ECs [28]. The study 
focused on two antigens expressed on angioblasts and hematopoietic stem cells: 
CD34, a marker expressed by all hematopoietic stem cells, to isolate CD34-positive 
mononuclear blood cells (MBCD34+) and Flk-1, a vascular endothelial growth factor 
receptor 2 (VEGFR2; KDR in humans), to isolate Flk-1-positive mononuclear blood 
cells (MBFlk1+). MBCD34+ cells were initially plated on tissue culture plastic and 
collagen, whereby a subset became attached and displayed spindle-shaped morphology. 
Upon replating these attached cells on fibronectin, a small fraction that quickly 
attached were spindle shaped and were denoted as ATCD34+ (i.e., attached CD34+ cells). 
When MBCD34+ DiI-labeled cells were cocultured with MBCD34− cells, a tenfold 
increase in the proliferation rates of MBCD34+, compared to MBCD34+ plated alone, was 
observed. Furthermore, the coculture cells quickly formed basic cellular networks 
and tube-like structures, and, after 12 h, cell clusters composed mainly of MBCD34+ 
cells formed, resembling the blood islands observed by Flamme and Risau in their 
quail epiblast cultures [61]. MBFlk1+ cells displayed similar behavior, suggesting that 
MBCD34+ and MBFlk1+ cells from peripheral blood are of a progenitor nature and 
contribute to postnatal angiogenesis.

Next, Isner and colleagues evaluated the differentiation capabilities of MBCD34+ 
cells. The expression of leukocyte and EC-lineage markers – including CD34, 
CD31, Flk-1, Tie-2, and E-selectin – was compared among MBCD34+, ATCD34+, and 
HUVECs; HUVECs and ATCD34+ cells had similar expression profiles. Additionally, 
after 7 days of culture the expression of EC markers on MBCD34+ cells was similar 
to that on ATCD34+ and HUVECs. To further confirm the EC-like phenotype, a func-
tional assay was performed. ATCD34+ cells produced nitric oxide in response to the 
EC-dependent agonist acetylcholine (Ach) and responded to VEGF. Additionally, 
ATCD34+ cells possessed the ability, characteristic of functional ECs, to take up 
acetylated low-density lipoprotein (acLDL).

Next, models of hindlimb ischemia were used to examine whether these cells 
contributed to angiogenesis in vivo. The femoral artery was excised from one mouse 
hindlimb, followed by injection into the bloodstream of DiI-labeled human MBCD34+ 
or MBCD34− cells. Histological examination revealed proliferative DiI-labeled cells 
integrating with capillary walls in the ischemic hindlimb, with consistent colabeling 
of DiI and CD31 cells. DiI-labeled cells in MBCD34− mice, on the contrary, localized 
near capillaries but did not integrate with the vessel wall. Furthermore, the regenera-
tion potential of autologous EPCs was examined by isolating MBCD34+ cells from 
New Zealand white rabbit blood, labeling the cells with DiI dye, and reinjecting 
them into the same rabbit after induction of ischemia. Examination revealed that 
DiI-labeled cells localized to neovascular zones of the ischemic region. Isner and 
colleagues concluded that MBCD34+ or MBFlk1+ cells have the ability to differentiate 
into ECs. Additionally, these cells can home to areas of angiogenesis, incorporating 
into the microvasculature and contributing to vasculogenesis.
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3.3  Bone Marrow Origin of EPCs

The discovery of circulating EPCs by Isner and colleagues prompted the question 
of the origin of EPCs that contributed to postnatal vasculogenesis, which remained 
unclear at the time. Initial speculations determined the sources of these cells to be 
(1) mature ECs that detached from upstream proximal vascular walls, (2) a naturally 
circulating pool of EPCs, and (3) bone-marrow (BM)-derived EPCs [62]. Shi et al. 
isolated CD34+ mononuclear cells from bone marrow and evaluated whether ECs 
could be derived. Rapidly proliferating cells were observed after culture on 
fibronectin and were determined to be of endothelial lineage with the ability to 
incorporate acLDL and staining for von Willebrand factor (vWF).

To evaluate whether the BM-derived cells participated in endothelialization of vascular 
prostheses, beagle dogs were implanted with Dacron grafts at the descending thoracic 
aorta and injected with marrow cells. The graft was made impermeable to prevent host 
migration of ECs. Cells isolated from the graft surface stained positive vWF, confirming 
their EC phenotype. Genotyping further revealed that the isolated cells were of donor 
origin, strongly suggesting that the ECs derived from host BM cells.

Isner and colleagues conducted further studies with murine BM transplant models 
to confirm the BM origin of EPCs and the existence of a physiologically relevant 
postnatal vasculogenesis process [63]. BM cell propagation and localization were 
tracked by use of a constitutively expressed beta-galactosidase lacZ transcriptionally 
regulated by an EC-specific promoter, Flk-1 or Tie-2, yielding mice with BM geno-
types Flk-1/lacZ/BMT and Tie-2/lacZ/BMT. Flk-1 has been shown to be involved with 
embryonic angioblast differentiation [64] and postnatal neovascularization [65, 66]. 
Tie-2 is expressed in endothelial lineage cells participating in angiogenesis [67].

Isner and colleagues’ study detected physiological localization of EPCs to normal 
organs (peripheral blood, spleen, lung, ovary, uterus), indicating a possible role of 
EPCs in physiological organ maintenance. Vasculogenesis in the physiological 
neovascularization of the ovaries was examined by inducing an ovarian cycle, and 
it was shown that EPCs integrated into the uterus and corpus luteum of the ovary, 
suggesting EPC involvement with postnatal regenerative processes. A wound-
healing model was explored, and, within 1 week, a large number of BM-derived 
EPCs were incorporated into the foci of neovascularization, with downregulation of 
lacZ expression after 4 weeks. Lastly, a hindlimb ischemia model was studied, and 
EPC colonies were observed in tissue stroma at sites of ischemia and were incor-
porated into capillaries [63].

3.4  Alternative Sources of EPCs

The discussion thus far has shown us two primary sources of EPCs. First, from the 
periphery blood, circulating EPCs have a high proliferative potential and the capacity 
to home to sites of neovascularization. Second, BM transplants showed that EPCs 
can derive from a precursor cell lying dormant in BM.
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Following these studies, efforts were made to isolate EPCs from various sources: 
umbilical cord blood, the liver, and tissue or vascular wall.

Peichev et al. showed that human-derived EPCs can be isolated via anti-
CD34+/anti-VEGFR2+ using cells isolated from fetal livers, mobilized peripheral 
blood, and cord blood. Such cells were shown to express endothelial-specific 
markers, to migrate in response to VEGF, and to home to sites of neovasculariza-
tion and to differentiate into mature ECs in vivo [68]. Igreja et al. used human 
cord blood to isolate CD133+/KDR+ (kinase insert domain-containing receptor; 
also known as VEGFR2) and CD34+/KDR+ EPCs; they observed these EPCs 
differentiate into ECs expressing mature endothelial markers [69]. Additionally, 
cord blood EPCs cultured on type I collagen dishes formed a stable network of 
microvessels distributed uniformly throughout the collagen gel with an intact 
basement membrane [70]. Blood vessels formed from cord blood EPCs last 
longer, and the number of EPCs present in cord blood is much greater than in 
adult blood [68]. The fetal liver has recently been discovered to contain a popula-
tion of EPCs that are CD31+/Sca1+ and can be isolated at high yield with high 
angiogenic capacity. Culturing on Matrigel led to the formation of capillary-like 
structures, and in vivo studies determined their capacity to effectively integrate 
with the host vasculature [71].

Recently, a novel class of cells termed tissue-resident endothelial precursors 
was isolated from small blood vessels in dermal, adipose, and skeletal muscle 
tissues. Evaluation of tissue-resident endothelial precursors determined that 
these cells were of mesodermal origin, displayed angiogenic precursors, and 
were capable of differentiating into ECs to form vascular networks upon trans-
plantation [72]. Another report indicated the presence of cells within skeletal 
muscle that coexpressed myogenic and EC markers. When cultured in endothe-
lial growth medium, adherent cells continued to coexpress these markers [73]. A 
different report has proposed that the vascular wall may be another source of 
EPCs and may contribute to postnatal vasculogenesis. CD34 cells isolated from 
a distinct zone of the vascular wall of large and middle-sized adult blood vessels 
were shown to have the ability to differentiate into mature ECs and form 
capillary-like structures in vitro [74].

3.5  Acceleration of Research Through Use of EPCs

While vasculogenesis was previously believed to be restricted to blood vessel develop-
ment in the embryo, Isner and colleagues established the existence of BM-derived EPCs 
and their participation in neovascularization after injury. Their study introduced the 
prospect of a novel approach to cellular therapy. Researchers have since investigated the 
potential use of circulating EPCs from other sources for therapeutic revascularization of 
injured and ischemic tissues. A reliable model for vascular development and repair has 
allowed an in-depth study of EC biology and the role of EPCs and ECs in regenerative 
processes and the development of vascular diseases.
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3.5.1  Additional EPC Markers

CD34 and VEGFR2, are well established as crucial markers of EPCs from BM and 
circulation [28, 62, 63, 75].

AC133 is a hematopoietic stem cell marker that typically coexpressed with 
VEGFR2 but is rapidly lost as ECs mature. Peichev et al. demonstrated that AC133 
can be used to isolate EPCs from fetal livers, mobilized peripheral blood, and cord 
blood [68]. CD34+/VEGFR2+/AC133+ cells expressed the endothelial-specific 
markers VE-cadherin and E-selectin, possessed the chemokine receptor CXCR-4, 
and migrated in response to VEGF. Nonadherent CD34+/VEGFR2+ cells cultured 
in medium containing VEGF, FGF2 and collagen, proliferated and differentiated to 
mature adherent ECs (AC133−/VEGFR2+). Taken together, these results show that 
CD34+/VEGFR2+/AC133+ cells are a potential source for new ECs.

Isolated and cultured CD34+ EPC cells that undergo differentiation are deter-
mined to be mature ECs by the expression of CD31 and the absence of CD45, 
which is a typical marker on hematopoietic cells. The gradual decrease of AC133 
also indicates maturation towards endothelial lineage and can serve as an early 
marker for EPCs. Alternatively, EPCs have been isolated by screening for cells 
expressing CD34+/AC133+/CD45low. EPCs derived via this method formed primi-
tive cord-like networks, and upon injection into an ischemic hindlimb model, EPCs 
were shown to integrate with the host vasculature [76].

Attempts to expand EPCs ex vivo have led to the conclusion that at least two 
types of EPCs exist in culture from peripheral blood: an early-outgrowth population 
and a late-outgrowth population named outgrowth endothelial cells. Gulati et al. 
derived EPCs and OECs from one pool of peripheral blood mononuclear cells. The 
study utilized the surface endotoxin receptor CD14 to demonstrate that most EPCs 
with typical EPC characteristics (acLDL incorporation, CD31, VEGFR2, Tie-2) 
derived from a CD14+ subpopulation of peripheral blood mononuclear cells, 
whereas outgrowth endothelial cells originate from CD14−. Comparison of tube-
forming capabilities revealed that outgrowth endothelial cells have greater angiogenic 
capacity and a more pronounced endothelial phenotype. Overall, the study shows 
two distinct populations of EPCs derived from peripheral blood [77].

CD14 is also a marker commonly expressed in populations of monocytes and 
macrophages. The discovery by Gulati and others that in certain populations of 
cultured EPCs, a high proportion of cells express CD14+, raised the question 
whether CD14+ cells represent EPCs or are simply monocytes and macrophages. 
Previous studies have shown CD14+-derived monocytes display EC-like charac-
teristics, such as expression of vWF and formation of vascular-like structures 
under angiogenic culture conditions [78, 79]. Similar to Gulati et al., Rehman et 
al. cultured mononuclear cells to isolate a population of adherent cells that 
were acLDL+/ulex-lectin+, typical of the EPC phenotype. Analysis of surface 
markers revealed low expression of AC133, CD31, and CD117 (c-kit), and high 
expression of CD14 and CD45. Additionally, two monocyte lineage-specific 
markers, the monocyte activation marker CD11c and the hemoglobin scavenger 
receptor CD163, were significantly upregulated in comparison to CD14+ isolated 
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monocytes. These EPCs also secreted various angiogenic growth factors (VEGF, 
hepatocyte growth factor, granulocyte colony-stimulating factor, granulocyte-
macrophage colony-stimulating factor) and exhibited low proliferative rates. 
The lack of EPC-specific markers, such as AC133, led the authors to conclude 
that this population of acLDL+/lectin+ cells should be considered circulating 
angiogenic cells instead, contributing to angiogenesis as supporting cells along 
another route [80].

Recent studies have examined more closely the monocyte versus EPC relation-
ship, questioning the typical EPC acLDL+/lectin+ phenotype. Rohde et al. isolated 
a highly purified CD14+ population and examined surface markers and growth 
characteristics in angiogenic culture in comparison to genuine EPCs. Cultured 
monocytes expressed EPC phenotype: acLDL+/lectin+, CD31, CD45, CD14. When 
cultured in angiogenic conditions, however, many of these endothelial-specific 
markers are downregulated, and these cells lack proliferative potential and do not 
form vascular networks. The authors concluded the complement of markers once 
thought to be EPC-specific are actually expressed on normal monocytes, allowing 
these cells to mimic EPCs but not actually have true EPC function [81].

3.5.2  Neovascularization

Augmenting vasculogenesis and angiogenesis has been shown to be a therapeutic 
strategy to treat ischemia and vascular insufficiency [82]. Numerous studies using 
infusions of EPCs in various animal ischemia models and clinical trials have shown 
improvement in capillary density and neovascularization. When mice with hind 
limb ischemia received transplants of ex vivo-expanded EPCs, they showed 
improved neovascularization and blood flow with a reduced rate of limb loss [83]. 
Studies found a marked improvement in blood flow when patients with ischemic 
limbs (because of peripheral arterial disease) received infusions of BM mononu-
clear cells containing CD34, whereas patients infused with peripheral blood 
mononuclear cells showed much smaller improvements [84]. While CD34+ cells 
contributed to neovascularization, injection of mature ECs is not sufficient to 
induce neoangiogenesis [85].

Despite a vast number of studies clearly showing the contribution of EPCs to 
neovascularization, the mechanisms and processes of neovascularization are still 
the focus of many studies. Studies show that the basal incorporation rate of EPCs 
is very low in stable adult tissue [86] compared to ischemic conditions, where the 
incorporation rate is higher but varies widely [87]. Even with detectable numbers 
of EPCs integrated into the vasculature, the actual number of cells is still small. 
Urbich hypothesized that while EPCs do incorporate into vessel walls, the angio-
genesis rate may also be influenced by paracrine signals and growth factors secreted 
by EPCs, such as VEGF and hepatocyte growth factor, which may signal mature 
ECs to proliferate and migrate [88].

EPCs have also been used to investigate tumor angiogenesis in animal models. 
Studies demonstrated that ECs are recruited from preexisting capillaries during 



140	 E. Luong, S. Gerecht

tumor angiogenesis [89]. Transplantation of VEGF-responsive BM-derived EPCs 
into radiated mice reconstituted tumor angiogenesis. On the other hand, inhibition 
of VEGFR1 and VEGFR2 was shown to block tumor angiogenesis [90].

3.5.3  Endothelial Regeneration

As previously discussed, the repair of injured endothelia is crucial to maintaining a 
healthy vasculature. A previous theory of endothelium regeneration posited that 
neighboring ECs proliferated and migrated. Studies have shown statins, however, 
to increase mobilization of circulating EPCs and to accelerate reendothelialization, 
similar to the actions of VEGF. In addition to increasing EPCs, statins enhance EPC 
adhesion by upregulating integrin receptor subunits and thus promote homing of 
EPCs to foci of ischemia or vascular injury [91].

Repairing the endothelium as quickly as possible is advantageous for preventing 
the recurrence of stenosis, the narrowing of vessels. Infusion of EPCs into mice 
with an endothelial injury of the carotid artery caused enhanced reendothelialization 
with reduced neointima formation [92]. While research has primarily shown that 
EPCs exhibiting the standard endothelial marker CD34 contribute to reendotheliali-
zation, infusion with CD34−/CD14+ – which display EC-specific markers and gain 
new EC-specific markers when exposed to vascular GFs – was also shown to 
contribute to endothelial regeneration and functionality [93].

While some studies have shown extensive integration of transplanted EPCs 
within newly formed capillaries during the repair process, other studies have indi-
cated very low levels of integration despite significant improvements in blood flow 
[94, 95], implying that other mechanisms and processes besides cell incorporation 
contribute to reendothelialization and vascularization. Several studies have reported 
that EPCs secrete angiogenic cytokines [96, 97]. Rehman et al. showed that cells, 
which displayed many characteristics of EPCs but were actually of monocyte 
lineage, secreted proangiogenic cytokines that may contribute to endothelial repair 
[80]. Another study, demonstrated that exposure of mature ECs to conditioned 
medium from EPC cultures resulted in increased EC migration. Analysis of the 
conditioned medium revealed increased levels of proangiogenic factors including: 
VEGF, hepatocyte GF, insulin-like GF-1, and stromal cell-derived factor-1. This led 
the authors to hypothesize that EPCs which homed to sites of injury could poten-
tially secrete GFs that provide survival signals to existing ECs, thereby helping to 
accelerate revascularization and new vessel formation [98].

A recent study investigated the sources of paracrine signaling upon transplantation 
of EPCs into a mouse model of ischemic myocardium. The researchers discovered 
two phases of cytokine release in the host. First, upregulation of cytokine release 
was observed from the transplanted EPCs. Upon determining that transplanted 
EPCs did not remain in the site of transplantation after 1 week, continued upregula-
tion of angiogenic cytokines was concluded to be from the host cells [99]. Another 
study investigated the effects of transplantation of autologous EPCs, showing that 
these EPCs secreted a large array of angiogenic cytokines, and transplantation into 
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a rabbit model of carotid artery denudation resulted in improved endothelialization 
and endothelial function. Closer inspection of the injured vascular wall revealed an 
uneven distribution of EPC colonies, leading the authors to suggest that only a 
small fraction of regenerated tissue is derived directly from transplanted EPCs, 
while the dominant pathway of regeneration is through paracrine effects of EPCs 
on the existent endothelium [100].

3.6  Redefining the EPCs

The first isolation of an EPC led to a flurry to research focused on its origin and its 
involvement with vasculogenesis and reendothelialization. Despite numerous 
studies using animal models that showed EPC incorporation into vessel walls, 
BM-derived EPC infusion into patients with cardiovascular disease provided 
limited improvements with no evidence of long-term incorporation [101]. It was 
assumed that EPCs would function like stem cells, and no studies have verified that 
they truly behave in ways characteristic of stem cells. The discovery that the level 
of circulating EPCs correlates to vascular health and serves as an indicator of 
cardiovascular disease was quantified by identification of EC colony-forming units 
(CFU-ECs) [5]. Until now, EPCs have typically been identified by EC-specific cell 
markers using flow cytometry (CD34, CD133, VEGFR-2) or by their ability to 
uptake acLDL [28, 68].

Because EPCs express markers similar to hematopoietic stem cells, isolation via 
these markers will result in an impure pool of cells. In contrast, Ingram et al. took 
a novel approach of using single-cell clonogenic assays to construct a hierarchy of 
EPCs based on their proliferative potential [102]. Using these assays, Ingram’s 
group isolated cells that expressed EC-surface antigens, but neither expressed 
hematopoietic cell-specific surface antigens nor displayed hematopoietic activity. 
This established the endothelial colony-forming cell (ECFC) as an important assay 
to evaluate the proliferative state of EPCs.

The results by Ingram et al. and the identification of ECFCs led to controversy 
about what truly defined an EPC. Recent research by Yoder et al. demonstrated that 
CFU-ECs and ECFCs, both of which were once thought to fall under the umbrella 
term EPCs, are clonally distinct with differing functions [103]. Using mononuclear 
cells isolated from human subjects, and following two common methods to gen-
erate EPCs, Yoder et al. obtained two separate colony types, CFU-ECs and ECFCs, 
from nonadherent and adherent cells. Analysis of cell surface antigen expression 
showed significant differences between the two sets of colonies. CFU-ECs were 
discovered to be progeny of hematopoietic-derived monocytes and macrophages, 
which was determined by observing the ability to ingest bacteria and by their 
displaying macrophage molecules, despite their incorporation of acLDL, which is 
characteristic of ECs. Single-cell clonogenic assays showed that ECFCs replated 
and formed secondary colonies, but CFU-ECs never did so. Finally, infusions of 
CFU-ECs and EPCs into mouse models were performed to observe establishment 
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of new blood vessels. Whereas CFU-ECs failed to form chimeric blood vessels, 
ECFCs formed vessels that integrated with the mouse vasculature, as evidenced by 
perfusion of mouse red blood cells.

Although an exact definition of what constitutes an EPC remains unclear, Yoder 
and colleagues have provided the field with the ECFC, which has the properties of 
a circulating EPC and which has clearly been shown to contribute to angiogenesis 
and vasculogenesis [104]. On the basis of these findings, some researchers believe 
that most of the current work using EPCs as a therapeutic strategy has used 
monocyte-derived cells that do not directly contribute to the blood vessel but 
instead recruit cells that help facilitate this process. Further research is ongoing to 
determine the true nature of EPCs and their regeneration potential.

4  Vascular Derivatives of Embryonic Stem Cells

4.1  Human Embryonic Stem Cells

Despite the proliferative potential of adult EPCs and other progenitor cells, several 
reports have indicated that a decline in the proliferation and differentiation abilities 
of these cells is associated with aging and chronic diseases [105]. For example, 
transplantation of young BM-derived EPCs in aging mice restored neovascularization, 
whereas aging BM did not [106]. Furthermore, studies using EPCs from human 
patients with coronary artery disease reported impaired migratory capacities [107], 
while diabetic patients were found to have smaller amounts of circulating EPCs 
than healthy patients, with lower proliferation rates and impaired functionality 
[108]. ESCs, in contrast, have been regarded as immortal and are capable of multiple 
passages while maintaining normal karyotype and function, making them an alter-
native source of cells for vascular regeneration and tissue engineering.

Pluripotent ESCs are characterized by their ability to proliferate in an unlimited 
manner while maintaining an undifferentiated state with normal karyotype. 
Derivation of ESCs typically occurs by extraction of totipotent cells from the 
blastocyst [109, 110]. Previous methods of establishing pluripotent cell lines 
involved forming a teratocarcinoma and culturing from this disorganized popula-
tion of undifferentiated embryonic cells [111, 112]. An inherent problem with using 
teratoma cells for studies, however, is their abnormal karyotype. Evans and 
Kaufman overcame this obstacle by establishing pluripotent cells from mouse 
embryos with normal karyotype. Their technique involved extracting inner cell 
mass cells from the mouse embryonic blastocyst. In 1995, Thomson and colleagues 
successfully isolated a primate ESC line using similar methods [113]. While pri-
mate ESCs can be useful for in vitro developmental studies, as primates and 
humans are closely related, the ideal model for studying differentiation of human 
tissues would be human ESCs (hESCs). The establishment of an ESC line derived 
from human blastocysts was first achieved in 1998 by Thomson et al. In order to 
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be considered pluripotent, human ESCs derived from the ICM need to satisfy the 
three-germ-layer differentiation requirement and be capable of unlimited self-
renewal in culture while maintaining a normal phenotype and karyotype [110].

ICM cells isolated from blastocysts were cultured on mouse embryonic fibrob-
last (MEF) feeder layers and selected for colonies of uniform, undifferentiated 
morphology. Examination of cell surface markers found expression of stage-specific 
embryonic antigen (SSEA)-3, SSEA-4, TRA-1–60, TRA-1–81, and alkaline 
phosphatase – markers consistent with primate ESCs and human embryonal carci-
noma cells.

Currently, several methods exist for the derivation of hESCs, such as extraction 
of the inner cell mass by immunosurgery [110], mechanical isolation [114, 115], 
and placing the whole blastocyst on an inactivated MEF feeder layer [116]. Recent 
efforts have also investigated the potential of dedifferentiating somatic cells into 
pluripotent ESCs [117, 118].

Recently, several papers have reported on the generation of induced pluripotent stem 
cell lines derived from human somatic cells, bypassing the need to obtain viable stem 
cells from embryonic lines. It was discovered that transduction of somatic cells with 
OCT4, SOX2, NANOG, and LIN28 [119] or OCT4, SOX2, Klf4, and c-Myc [120] 
sufficed to produce induced pluripotent stem cells with normal ESC morphology, karyo-
type, surface markers, and the potential to differentiate into the three germ layers.

Because hESCs are cultured on a mouse feeder layer, a need arose to develop an 
animal-free culture system to prevent exposure of human cells to xenogenic pathogens. 
A recent study, for example, reports that hESCs cultured in animal serum replacements 
on MEFs incorporate nonhuman sialic acid [121]. Successful animal-free culture sys-
tems, however, have been developed that remove the need for nonhuman feeder layers 
and serum environments. In these studies, hESCs, cultured on a number of different 
human feeder layers, including human embryonic fibroblasts, adult fallopian tube epi-
thelial cells, and human foreskins, have shown the ability to maintain hESC- pluripo-
tency, immortality, and proliferative capabilities [122–124]. An alternative is to forego 
feeder layers and use a serum-free environment, attained by using serum replacement 
in combination with a variety of cytokines. Human ESCs have been successfully 
derived and cultured on Matrigel with defined media, and they expressed normal hESC 
markers and maintained a normal karyotype [125]. Alternatively, a culture of hESCs in 
a defined matrix will allow strict control over what components are incorporated. For 
example, hESCs encapsulated in hyaluronic acid (HA)-based hydrogels could be main-
tained in their undifferentiated state when cultured in MEF-conditioned media [126]. 
HA was further found to be involved in the undifferentiated state of hESCs and, later, 
in the initiation of cardiovascular differentiation [126, 127].

4.2  Human ESC Differentiation

Differentiation of hESCs can be induced via three popular methods. The first 
involves growing the cells in suspension to form aggregates, leading to EBs. EBs 
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induce spontaneous differentiation into the various cell types of the three germ 
layers in an organizational manner that parallels embryonic development [128]. 
Various methods exist for EB formation: suspension culture, hanging drop culture, 
and spinner flasks [128–130]. Alternatively, hESCs can spontaneously differentiate 
when cultured in small aggregate colonies on inactivated feeder layers [131]. 
Desired cell lineages can then be isolated and cultured in fresh medium. This 
method, however, is conducted in a two-dimensional (2D) culture that does not 
mimic the natural microenvironment. A third method involves 2D culturing the 
cells on ECM proteins, such as collagen, which can induce directed differentiation 
towards a specific lineage [132].

4.3  Directing hESCs Towards Endothelial Fate

While the murine system of vascular development during embryogenesis has been 
extensively studied, the same could not be said of the human system before 
Thomson et al. established hESC lines. Numerous studies have shown the vasculo-
genic potential of hESCs. Mouse ESCs can give rise to both endothelial and smooth 
muscle cells, reproducing the vascular developmental process [133]. These cells 
can be coaxed to form tube-like structures, and infusion into chick embryos can 
contribute to the developing vasculature. Deriving vascular progenitor cells from 
hESCs promises to offer potential clinical applications, tissue engineering of the 
vasculature, and insights into early human development.

ECs were first derived from differentiated human EBs by Levenberg et al. [134]. 
Human ESCs were cultured in conditions tuned for the formation of EBs. EBs were 
examined for endothelial-specific markers to confirm the existence of ECs, and obser-
vation of EBs over several days showed spontaneous differentiation and formation 
of blood vessel-like structures. Using CD31 (PECAM1), a marker for embryonic 
ECs, the group isolated pure ECs from EBs at day 13. Examination of these cells 
showed coexpression of endothelial markers (VE-cadherin, CD34, and Flk1, along 
with expression of vWF), while maturation of these cells after 2 weeks of differen-
tiation led to continued expression of typical EC markers with similar morphology. 
Additionally, these cells were capable of organizing into functional blood vessel-like 
and capillary structures both in vitro (2D cultured on Matrigel) and in vivo (seeded 
in 3D polymeric scaffolds [134].

Since then, several studies have demonstrated success in differentiating EBs in 
order to isolate ECs using different cell lines, growth factors, and stages of isolation. 
The two main methods of purifying ECs from hESCs are (1) culturing in endothelial 
maturation conditions by supplementing either the feeder layer or the media, and (2) 
selecting cells derived from EBs displaying endothelial-specific markers.

A study by Wang et al. isolated a population that express PECAM-1, Flk-1, and 
VE-cadherin, but not CD45. Despite expression of these markers and functional Dil-
AcLDL uptake, these cells lacked expression of more mature endothelial properties, 
such as vWF and eNOS. Thus, these cells were termed “primitive endothelial-like 
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cells” [135]. Culture of these cells in either endothelial maturation medium or Hem-
culture medium led to the generation of mature ECs expressing vWF and eNOS, and 
hematopoietic progenitors expressing CD34+. More recently, Ferreira et al. derived 
endothelial-like and smooth muscle-like cells from human EBs, isolating CD34+ cells 
and differentiating them into endothelial-like and smooth muscle-like cells by sup-
plementation of the medium with VEGF or platelet-derived growth factor (PDGF), 
respectively. Endothelial-like cells displayed a high proliferation rate, expressed typi-
cal EC-markers – VE-cad, PECAM1, CD34, vWF, and Tie2 – and maturation was 
indicated by the loss of SSEA4. Culturing endothelial-like cells on Matrigel resulted 
in the formation of tube-like structures with a similar morphology to ECs. 
Transplantation studies with endothelial-like cells encapsulated within Matrigel 
revealed the formation of microvessels, with a small fraction (about 5%) containing 
host blood cells. Additionally, culturing in PDGF medium caused cells to differentiate 
towards a smooth muscle lineage, with expression of alpha-smooth muscle actin, 
smooth muscle-myosin heavy chain, calponin, and angiopoietin-1 [136].

Whereas previous studies used an EB-based 3D system to differentiate hESCs, 
we have developed an alternative 2D differentiation model, based on type-IV 
collagen that was optimized to facilitate a better-controlled differentiation proce-
dure for the formation of vascular lineage cells. Isolated progenitor cells displayed 
specific endothelial progenitor markers (CD31, CD34, AC133, and Tie2), and these 
cells were subsequently exposed to VEGF to induce differentiation. These condi-
tions produced cells displaying the uptake of Dil-AcLDL and vWF, although only 
20% of cells displayed the endothelial marker CD31 (Fig. 1a). Additionally, forma-
tion of capillary-like structures expressing endothelial markers, including sprouting 
and branching networks, were observed within type-I collagen and Matrigel hydro-
gels (Fig. 1b) [132]. Another study used a similar 2D culture system to differentiate 
hESCs on MEF towards an endothelial lineage to bypass EB formation. Differentiated 
cells were isolated by CD34+ and cultured in VEGF-supplemented medium to 
generate adherent cells that have the ability to uptake Dil-AcLDL and to express 
the endothelial markers CD31, VE-cad, vWF, KDR, and Tie2. When cultured 
on Matrigel, formation of vascular network-like structures occurred. Transplantation 
of ECs with 10T1/2 mouse mesenchymal precursor cells within a fibronectin/collagen 
gel in mice resulted in the formation of a functional microvascular network that 
anastomosed with the host vasculature [137].

Several investigators have recently reported developing refined methods of iso-
lating ECs derived from hESCs and generating viable vascular networks within 
hydrogels. Human ESCs were induced to differentiate into ECs by coculture with 
OP9 stromal cells [138]. On day seven of hESC/OP9 coculture, ECs were isolated 
and defined by CD31+/CD43− phenotype [138]. Era et al. described a method for 
deriving ECs from hESCs by culturing in a defined culture medium containing 
bone morphogenetic protein 4 or activin. VEGFR2+ cells were generated and, when 
cultured on OP9 feeder cells, gave rise to EC colonies [139].

EPCs isolated from umbilical cord blood, bone marrow, or circulating peripheral 
blood have the capacity to proliferate and home to sites of injury or ischemia and 
contribute to the neovascularization process. While this offers a potential therapeutic 
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strategy through cell transplantation and tissue engineering, a limitation is imposed 
upon the number of available cells, which are typically very low in adult peripheral 
blood. In contrast, hESCs have an unlimited proliferative potential, and their EC 
derivative possesses great therapeutic potential. ECs are generated from hESCs in 
a microenvironment similar to embryonic development. Tissue engineering offers 
the opportunity to study vascular development, organogenesis and, ultimately, 
regeneration in defined in vitro microenvironments.

5  Vascular Tissue Engineering

5.1  Introduction

While readily available protocols for differentiating hESCs to ECs will allow 
researchers to study the vascular developmental processes of embryos and the 

Fig. 1  Two-dimensional vascular differentiation of hESCs. (a) Examination of 2D differentiated 
hESCs supplemented with VEGF revealed Dil-AcLDL uptake (red) as demonstrated in (i) and 
(iii), and, perinuclear von Willebrand factor (green) as demonstrated in (ii) and (iii), in the major-
ity of cells while only ~20% of the cells expressed CD31 (iv). (b) 2D differentiated cells were 
allowed to aggregate for 24 h in medium supplemented with human VEGF, after which they were 
seeded into type-I collagen or Matrigel in the same medium. Tube-like formation after 7 days in 
type-I collagen gel (i) and aggregate sprouting in Matrigel (ii) (both with low and high magnification). 
Adapted from [132]
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molecular cell-signaling pathways of ECs in greater depth, a more pressing concern 
lies within the realm of tissue engineering. Two areas of vascular tissue engineering 
research are (1) developing methods to vascularize thick tissues and (2) developing 
methods to engineer whole blood vessels, such as arteries. While large vessels 
containing SMCs provide resistance and help regulate the flow of blood, microvessels, 
such as capillaries, are the functional component of a tissue. Thus, for this review, 
we will focus on common techniques for vascularizing thick tissues.

The goal of tissue engineering is to develop biological substitutes that restore, 
maintain or improve tissue function. One major obstacle preventing tissue engi-
neering from progressing rapidly is the inability to sustain a large mass of cells 
once transferred from in vitro to in vivo (i.e., to enable engineering of vascularized 
tissues and to help repair ischemic tissues in vivo). In any large living organism, 
the vascular system is essential for supplying oxygen and nutrients, allowing autocrine 
signaling, and removing wastes. Additionally, because of oxygen diffusion limita-
tions, most cells are limited in that they cannot survive further than approximately 
150 μm from the nearest capillary [140, 141]. This explains why current tissue-
engineering products have been most successful with tissues that are either thin 
(e.g., bladder) or have very low oxygen requirements (e.g., cartilage).

While numerous studies have developed methods for vascularizing thick tissues 
[23, 141], successful integration, which depends on rapid oxygen and nutrient 
supply to the transplant, remains problematic due to the time it takes for blood vessels 
to develop from the surrounding tissue [142]. Even with the onset of vascular 
penetration, only peripheral cells are nourished, while the center cells continue to 
experience hypoxic conditions. Thus, the establishment and maintenance of the 
vascular system is required for continued growth of almost all normal tissues.

An ideal bioengineered vascular network is achieved once it can fully function as a 
natural vascular network in vivo. Important characteristics include a capillary-like 
branching network having a lumen, responsiveness to biochemical and biophysical 
signals, and the ability to form anastomosis with the host vasculature. Currently, the 
formation of an integrated microvascular system has been achieved with human 
dermal microvascular ECs to perfuse a network of adipocyte cells in the chorioallantoic 
membrane model [143]. However, vascularization in an animal model has yet to be 
examined. Other studies have developed techniques to achieve formation of organized 
capillaries in vitro, but efforts are still focusing on a universal method of vascularizing 
thick tissues that can be quickly integrated into the host system.

5.2  Cell Sources

Utilization of cells isolated from a patient’s own body drastically minimizes the 
risk of immunorejection of an engineered tissue. Several types of cells are 
potential sources for vascular tissue engineering, including mature ECs, such as 
vessel-wall-derived ECs, HUVECs, and human dermal microvascular ECs. 
While numerous studies with mature ECs have demonstrated their ability to 
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form capillary-like structures, their rapid in vitro senescence limits their utility 
for cell-based therapies. To address this, attempts have been made to immortalize 
EC lines by genetic manipulation resulting in an unlimited proliferation [144]. 
However, the insertion of foreign genes to modify the genome would not provide 
a reliable source of cells, due to the unforeseen risk of tumor development if 
proliferation could not be restrained. Adult EPCs from various sources (cord 
blood, peripheral blood, and BM) – which, in some cases, can be isolated from 
a specific patient and then expanded and matured in vitro – are another important 
source for vascular tissue engineering. Extensive efforts currently focus on 
investigating the proliferative limitations, functionality, and ultimate regenerative 
potential of these cells [145–150]. Various protocols for the derivation of EPCs 
and ECs from hESCs offer another justifiable source for cellular therapies and 
regeneration of the vasculature. Furthermore, recent publications demonstrating 
the ability to reprogram somatic cells into pluripotent hESCs offer the prospect 
of overcoming immunorejection following transplantation. Here as well, many 
studies focus on investigating the purity, maturation, and functionality of the 
hESC-vascular derivatives, with the goal of enabling their usage for cellular 
and tissue engineering-based therapies.

5.3  Scaffolds as 3D Templates

In most cases, tissue engineering attempts to recapitulate certain aspects of normal 
development in order to stimulate cell differentiation and functional tissue assembly. 
Numerous studies have shown that cells cultured on a 2D surface behave differently 
from those cultured in a 3D matrix. Cells typically form a monolayer on a flask, 
growing at the liquid/substratum interface, and they cease proliferation once 
confluency is reached due to contact inhibition. At this point, cells may undergo 
changes in morphology and function. In a developing embryo or in any tissue 
structure, cells migrate, proliferate, and exist in a 3D microenvironment containing 
a diverse array of biochemical and biophysical signals. Thus, the development of a 
3D scaffold compatible with vascular and tissue-specific cells is essential to achieving 
the goal of tissue bioengineering. Therefore, in vitro tissue engineering generally 
involves the use of scaffolds that are designed to provide 3D structural and logistic 
templates for tissue development, to control the cellular microenvironment and to 
provide the necessary molecular and physical regulatory signals.

Currently, several strategies exist for vascularization of tissue engineered on 
biological or synthetic scaffolds. One approach is to integrate growth factors into 
the polymer scaffold itself. Since the scaffolds are biodegradable, degradation will 
slowly release growth factors that diffuse into the local environment, inducing 
vessels from surrounding tissue to grow into and vascularize the scaffold [151]. An 
alternative approach is to seed the scaffold with ECs so that these cells may form a 
capillary network that can integrate with ingrowing vessels from the host tissue. 
A problem that remains in both cases, however, is that cells in the center of the 
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scaffold still experience a limited oxygen supply prior to blood vessels’ ingrowth 
followed by anastomosis with the host for a viable blood supply. A third approach 
involves prevascularizing the tissue in vivo [152, 153]. An arteriovenous loop 
(AVL) is formed within an animal model, and this AVL is encapsulated by a poly-
carbonate chamber. A natural scaffold consisting of fibrin will initially form, and 
then angiogenesis will proceed with sprouting, leading to the formation of a micro-
circulatory network. A transient stage exists where stem or progenitor cells can be 
seeded to develop into a specific tissue in the presence of an active vascularization. 
Subsequent vascular remodeling produces a viable tissue construct with great 
potential. Because the use of an AVL requires a live animal subject to provide pro-
genitor cells and cytokines, it may not be the most effective method of bioengineering 
tissues on a large scale. Thus, an alternative approach is to utilize stem cells and 
incorporate bioactive molecules within the scaffold, which can direct preferential 
differentiation towards a vascular lineage [154].

5.4  Scaffold Design Specifications

Some design criteria for a capable and vascularizable scaffold include (1) a biocompat-
ible material with a surface chemistry permitting cell adhesion, promoting cell growth, 
and allowing cells to maintain a differentiated state; (2) a controllable rate of degrada-
tion and resorption to match tissue growth, with nontoxic byproducts that can be elimi-
nated from the body via metabolic processes or kidney filtration; (3) permeability to 
the flow transport of chemicals, nutrients, and metabolic wastes; (4) ability to support 
the presence of several different cell types of the vasculature (ECs, SMCs, fibroblasts) 
and other cell types (organ-specific, such as hepatocytes, cardiomyocytes, etc.); (5) a 
continuous porous mesh structure and orientation, with a high surface-area-to-volume 
ratio that allows cells to migrate and physically interact with each other; (6) mechanical 
strength to support supercellular organization; and (7) the ability to conform to various 
shapes [155–157]. Biocompatible materials that have been shown to satisfy one or more 
of these criteria can be classified into synthetic, biodegradable polymers (e.g., poly-
urethanes) or natural, enzymatically degradable biopolymers (e.g., hyaluronic acid) 
depending on the desired application and in vivo environment [158].

5.5  Synthetic Polymer Scaffolds

Synthetic polymer scaffolds, both biodegradable and degradable, are often used in 
biomedical devices and as scaffolds in bioengineered tissues. One advantage to 
using synthetic polymers is the ability to tailor a scaffold’s ultrastructure and 
mechanical properties and its degradation kinetics through chemistry and processing 
[159]. This review will focus on common materials on which cells have been grown 
successfully and that have the potential to be used for engineering a vascular network. 
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Important scaffold parameters that should be controlled during the design process 
for vasculature tissue engineering include pore size, shape, distribution and 
interconnectivity, and elastic modulus [23]. These parameters will affect the effec-
tiveness of cell seeding, cell migration and blood vessel infiltration, ECM deposition, 
and nutrient and waste transport.

5.5.1  PGA

Polyglycolic acid (PGA) is an inelastic polyester that is degraded by water through 
hydrolysis, producing glycolic acid. The controlled rate of degradation allows time 
for ECM deposition to occur and for cells to establish themselves within a micro-
environment [160, 161]. PGA scaffolds are typically used as nonwoven sheets. 
Cells are cultured directly on the surface, where they attach and grow to form a 
tissue-like structure [162]. Thus, in this instance, the scaffold serves as a develop-
mental guide for cell growth to establish a tissue structure once the scaffold 
degrades. While ECs have been grown successfully on PGA, the cells are still 
growing on a 2D surface and do not form organized capillary-like structures [162, 
163]. The inability to encapsulate cells, due to a harsh polymerization process, 
limits the usefulness of PGA as a scaffold material.

5.5.2  PLA

Another polymer similar to PGA in mechanical strength is polylactic acid (PLA). 
Unlike PGA, however, PLA is more hydrophobic and thus more resistant to hydrolysis. 
Additionally, growth factors (GFs), such as VEGF, can be incorporated into a PLA 
scaffold by the process of freeze drying followed by gas foaming, where the PLA/
VEGF mixture is placed under high pressure and then released to form a porous 
structure [164]. HUVECs seeded onto such a scaffold quickly adhered (within 24 h) 
and were maintained in culture for 28 days, retaining their proliferative capacities, 
though no blood vessels were formed. Implantation into a chorioallantoic membrane 
showed increased blood vessels in proximity, demonstrating that the encapsulated GF 
can stimulate angiogenesis nearby [164]. A recent study has reported the successful 
incorporation of more than one GF into PLA [165]. Additionally, although cells 
seeded onto a PLA scaffold can migrate, the unequal distribution of cells on the outer 
surface compared to the inner surface remains a problem.

Because PLA is intrinsically unreactive towards cellular components, many 
studies have investigated the surface modification of poly-l-lactic acid (PLLA) 
scaffolds to enhance cell–polymer interactions and cytocompatibility. Surface 
modifications involve the immobilization of natural materials within the PLLA 
polymer, including gelatin, collagen, alginate, and biotin [166–169]. Modified 
surfaces have been shown to improve cell attachment, growth, and proliferation 
across a diverse range of cell types.
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A study that investigated the effects of various matrix modifications to PLLA, 
such as amide groups, covalently attached biomacromolecules (collagen), and car-
boxylic groups on cell interaction [170] showed that all modified PLLA variants 
improved HUVEC growth and cytocompatibility, with PLLA–collagen scaffolds 
having the highest viability and attachment rates. A similar study by the same group 
introduced free amino groups onto the PLLA surface, along with immobilized gela-
tin and collagen, to improve the endothelium regeneration rate [170]. HUVECs 
cultured on this scaffold had improved attachment rates and cell morphology com-
pared to the control PLLA polymer.

5.5.3  PLGA

Since the properties of PGA and PLA are complementary, many studies have pro-
duced scaffolds consisting of varying proportions of each polymer to produce a 
hybrid material, poly(lactide-co-glycolide) (PLGA). The advantage is the ability to 
control for factors such as degradation rates (which can range from weeks to years). 
GFs and cytokines can be easily incorporated into the scaffold and delivered in a 
sustained manner, either through encapsulation within PLGA microspheres or as 
part of the fabrication process [151, 171]. Studies with rat SMCs and rat aortic ECs 
on PLGA scaffolds showed increased cell density in response to changes in the 
nanotopography of the scaffold surface [172]. Additionally, differentiating hESCs 
have been successfully used with laminin-coated PLGA scaffolds. Upon implanta-
tion, the hESCs formed liver-specific tissues, and extensive vascularization of the 
scaffold was observed from host vasculature incursion and from differentiation of 
hESCs to EPCs [173].

PLGA/PLLA hybrid scaffolds have been developed to harness the advantages of 
biodegradability for cellular ingrowth and mechanical strength for 3D structure. A 
hybrid PLLA/PLGA scaffold, biodegradable and highly porous, was constructed 
and implanted into mice to study the therapeutic properties of ECs derived from 
hESCs [134]. Subcutaneous transplantation of PLLA/PLGA seeded with 
hESC-derived ECs revealed after 7 days that, amidst fibrous connective tissue, 
functional blood-carrying microvessels had formed and anastomosed with the host 
vasculature. Further research has investigated the possibility of constructing a 
microvascular network in vitro in conjunction with other tissue types (please see 
Sect. 5.7). Differentiating hESCs, derived from EBs seeded onto the PLGA/PLLA 
hybrid scaffold, were shown to adhere, proliferate, and maintain viability [174]. 
After an in vitro incubation period, primitive tissue structures and development of 
ECM were evident. Additionally, capillary-like networks, marked by the presence 
of endothelial markers, indicated their differentiation into EC lineage and the 
organization of vessel structures. The results showed the ability of cells grown 
on a PLGA/PLLA scaffold to differentiate and organize in parallel among a 
variety of lineages.
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5.5.4  PEG

Homogeneous distribution of cells with PLA, PGA, and hybrid scaffolds is difficult 
to achieve, because of the low bioactivity of the material, which therefore limits the 
use of thick scaffolds. An alternative utilizes polyethylene glycol (PEG), a hydrophilic 
polymer that is intrinsically nonadhesive to cells. PEG has the advantage that its 
polymer backbone can be functionalized with adhesion factors, growth factors, and 
biochemical groups to improve bioactivity. Reactive groups on the PEG polymer can 
then be cross-linked by chemical or light-induced reactions to form a hydrogel that 
mimics the ECM, either in vitro or directly in vivo [175, 176]. Additionally, alterna-
tive forms can be synthesized from PEG molecules, such as branching arms and 
acrylation [177, 178]. Because some of these peptide groups are involved in the 
cross-linking process, migrating cells that naturally secrete proteases can break down 
the PEG scaffold and mediate remodeling processes [179]. Experiments with matrix-
conjugated VEGF found that local VEGF release is critical for EC survival and 
migration throughout the scaffold [180, 181]. In vivo studies with VEGF-conjugated 
PEG hydrogels revealed significant cellular ingrowth and formation of blood vessels, 
with the hydrogel slowly being remodeled and resorbed into host tissue.

An advantage of PEG is the ability to prepare the scaffold within a cell suspension. 
For example, cell encapsulation can be achieved via photoinitiated polymerization 
with a light source such as long-wavelength ultraviolet (UV) light. This method was 
shown to enable a homogeneous cellular distribution of viable cells [182]. The hydrogel 
can also be subjected to physical deformations to study the effects of physical stresses 
on cells adhering within the hydrogel [183]. Success with this encapsulation tech-
nique has been achieved with osteoblasts [182], chondrocytes [184], and ECs and 
SMCs [185]. Experiments have also been performed with the encapsulation of human 
mesenchymal stem cells (hMSCs) to study their differentiation towards an osteoblastic 
lineage in osteogenic differentiation media [186]. Human MSCs were cultured up to 
6 weeks while maintaining their undifferentiated state. These results suggest that 
further modification of PEG-derived scaffolds with appropriate macromolecules may 
provide an environment for vasculature differentiation.

Indeed, a recent study developed a dextran-based hydrogel with a synthesized 
combination of dextran-acrylate, acryloyl-PEG, and the Arg-Gly-Asp (RGD) attach-
ment motif found in fibronectin [154]. Human ESC colonies were suspended within 
the scaffold solution along with VEGF-loaded microparticles and were photopoly-
merized. Encapsulated hESCs aggregated while forming EBs and preferentially 
differentiated towards a vascular lineage compared to suspension-borne EBs [154]. 
Further modifications of PEG-derived scaffolds with appropriate macromolecules 
may provide an environment for vasculature differentiation.

5.5.5  PGS and PGSA

Tough, biodegradable elastomers that exhibit mechanical properties similar to those of 
soft tissue [187–189] could prove useful in multiple medical applications, for example, 
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in the area of small vascular grafts [190]. Wang and colleagues [191] synthesized a 
tough biodegradable elastomer, poly(glycerol sebacate), which degrades via surface 
erosion, exhibits in vitro and in vivo biocompatibility, consists of inexpensive FDA-
approved building blocks (within certain products), and features functionalizable 
groups throughout the polymer matrix [191, 192]. A recent modification to poly(glycerol 
sebacate) incorporated acrylate groups into the polymer backbone, allowing for 
photopolymerization while preserving the elastic and biocompatible properties of PGS 
[193]. However, the modified elastomer, poly(glycerol-co-sebacate)-acrylate, polymerizes 
to form a uniform scaffold in which the density and hydrophobicity of the material, 
which lacks pores, does not allow for rapid diffusion of media and therefore may not be 
well suited for cell encapsulation. In order to form porous, photocurable poly(glycerol-
co-sebacate)-acrylate scaffolds, we have added nontoxic and nonreactive glycerol during 
polymerization, resulting in the formation of a 3D photocurable elastomeric porous 
matrix (Fig. 2a; [194]). Human ESCs encapsulated in porous PGSA were found to 
adhere to the scaffold wall and to form protrusions and apparent interconnections 
between each other within 24 h. After 7 days, undifferentiated hESCs proliferated and 
differentiated in the poly(glycerol-co-sebacate)-acrylate scaffold, forming 3D tissue-
like structures (Fig. 2b; [194]). Subcutaneous transplantations showed that porous scaf-
folds have biocompatibility profiles similar to nonporous PGSA, in which minimal 
inflammatory zones surrounding the scaffolds decrease along the 7-week experiment, 
but porous poly(glycerol-co-sebacate)-acrylate promotes tissue ingrowth and integration 
with host vasculature, unlike nonporous PGSA (Fig. 2c; [194]).

5.6  Natural Biopolymer Scaffolds

In contrast to synthetic scaffolds, biopolymer scaffolds are composed of components 
found in the living tissue, which makes them appealing for cell-based therapies as a 
3D scaffold for tissue-engineering applications. Furthermore, natural biopolymer 
scaffolds are enzymatically degradable, while some are also recognizable by cells, 
resulting in beneficial cell–scaffold interactions; therefore, such scaffolds have the 
potential to serve as instructive 3D environments.

5.6.1  Matrigel

Matrigel, the commercial name for ECM secreted from Engelbreth-Holm-Swarm 
mouse sarcoma cells, is commonly used to study angiogenesis. Its main components 
are collagen type IV, laminin, heparin sulfate (HS) proteoglycan, and entactin. Under 
incubation conditions (37°C), Matrigel self-assembles into a thin film or a thick gel, 
depending on the application. It has been useful for studying the mechanisms of 
neovascularization and angiogenesis [195–198]. Typically, Matrigel is used to coat 
culture dishes, where ECs cultured on Matrigel will organize themselves into 
capillary-like structures. Additionally, encapsulation of cells within Matrigel offers 
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an alternative for 3D studies of the vasculature. For example, a recent study demon-
strated that ECs that were cultured on beads and encapsulated within a suspension 
of Matrigel displayed cellular outgrowths with a tubular branching morphology [199]. 
Vascular derivatives of hESCs were mixed within cold-liquid Matrigel, followed 
by subcutaneous injection and polymerization. Examination of explants revealed that 
vascular derivatives of hESCs were functional and were capable of integrating with 
the host’s circulatory system [136].

Though Matrigel is widely utilized as a scaffold material for in vitro studies of 
vasculature network formation and functionality, its sarcoma cell origin and unde-
fined composition make it not feasible for clinical use.

5.6.2  Hyaluronic Acid

HA (also known as hyaluronan or hyaluronate), a linear glycosaminoglycan, is 
biocompatible and has been used as a biomaterial for tissue-engineering applica-
tions, partly for its unique viscoelastic properties and its ability to retain water 
[200]. It exists in the ECM of almost all tissues and is broken down by the specific 
protein hyaluronidase. HA has a crucial role in regulating the angiogenic process 
and vascular EC function. Notably, the high-molecular weight HA polymer (~107 
kDa) is antiangiogenic and inhibits EC proliferation and migration, as well as 
capillary formation in collagen gels. In contrast, low-molecular weight degradation 
products (three to ten disaccharide units) stimulate EC proliferation, migration, and 
sprouting [201–203] and induce angiogenesis in the infarcted myocardium [204] 
and in the chick chorioallantoic membrane [205]. Generation of this “angiogenic” 
HA from naturally occurring HA is mediated by the endoglycosidase hyaluronidase 
(via polysaccharide degradation), by processes associated with tissue damage, 
inflammatory disease, and certain types of tumors [206].

Properties that make the linear polymer HA a desirable biomaterial include (1) the 
ability to control molecular weight through degradation; (2) the ability to remodel it 
by proteases secreted from specific cell types; (3) its capacity to be functionalized 
with desirable GFs and other biomacromolecules; (4) its ability to undergo cross-
linking to form hydrogels; and (5) the modifiability of its adhesion properties through 
functional groups or hybrid materials [207].

An early study of HA attempted to develop an HA-based hydrogel with the 
following criteria: (1) have a mild cross-linking technique, (2) promote cell adhesion, 
and (3) be selectively degradable. Cell adhesion was introduced by adding RGD 
functional groups, and the biodegradable hydrogel was formed by photopolymeriza-
tion [207]. A culture of human dermal fibroblasts on the scaffold surface displayed 
high proliferation rates.

Growth factors can also be preloaded into a HA hydrogel [208]. Upon implanta-
tion of a VEGF-HA hydrogel into mice to study its in vivo effects, an increased 
microvessel density and growth was observed, demonstrating that ECs are able to 
migrate through the hydrogel and that the VEGF contributed a strong angiogenic 
effect. Because the breakdown of HA contributes to angiogenesis, controlled break-
down can be used to advantage to promote tissue growth.
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Additionally, because of the liquid nature of HA before polymerization, there 
exists the possibility of encapsulating cells to allow for a homogeneous distribution. 
Mouse ESCs and fibroblast cells encapsulated within HA hydrogels proved viable 
and were evenly distributed throughout the hydrogel [209]. Varying the concentra-
tions and molecular weights of HA macromers led to the development of hydrogels 
with controllable degradation rates that were able to sustain mouse fibroblasts and 
chondrocytes [176]. To further validate the use of HA hydrogels for stem cell and 
vascularization studies, we recently developed a HA-based hydrogel that can 
successfully culture and differentiate hESCs [126]. Observations revealed that 
hESCs encapsulated within the hydrogel scaffold were uniformly distributed and 
maintained their undifferentiated state while continually remodeling the scaffold 
structure (Fig. 3a). Cells within the scaffold can be further released by degrading 
the scaffold with hyaluronidase (Fig. 3b). Controlled differentiation of hESCs 
could also have been achieved within the HA hydrogels by supplementing the 
media with VEGF. Replacement with angiogenic differentiation medium resulted 
in cell sprouting and elongation, which were associated with specific vascular 
markers, providing a good foundation to study vascular differentiation within a 3D 
environment (Fig. 3c).

Development and improvement of HA-based hydrogels for vascular tissue 
engineering could include incorporation of different ECM molecules and the 
generation of HA gradient matrices.

5.6.3  Collagen

Collagen, being the most abundant and ubiquitous protein in the body, is another 
integral component of the ECM matrix and is part of the structure of blood vessels 
[210, 211]. While many different types of collagen exist, of particular interest for 
vascular regeneration are types I and IV. Type I collagen is the most dominant form 
of this protein, and its structure is nearly identical across different animal species 
[212]. In vivo, collagen typically forms fibrils, aggregates of collagen molecules 
that are further organized into parallel arrangements. In vitro, collagen hydrogels 
and matrices can be formed using a variety of techniques (e.g., cross-linking or 
freeze-drying) [213]. Collagen cross-linking is temperature dependent, and there-
fore a rapid polymerization can be carried out at room temperature or higher.

Because collagen matrices typically have poor loading capacities for biomacro-
molecules, in order to incorporate these functional compounds into collagen scaf-
folds, collagen can be modified by covalently linking HS or glycosaminoglycan 
chains, whereby GFs can attach and affect local tissue response, such as promoting 
vascular ingrowth into the matrices [214, 215]. Incorporation of VEGF and fibroblast 
growth factor 2 (FGF2) into implanted collagen scaffolds has enhanced angiogenesis 
and promoted blood vessel growth [216].

Similar to HA hydrogels, encapsulation of cells within collagen scaffolds can be 
carried out by adding cells to a solution of collagen and then cross-linking to form 
a homogeneous hydrogel. Feraud et al. examined whether an ESC model system 
could recapitulate angiogenesis [217]. Eleven-day-old mouse EBs were subcul-
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Fig. 3  HA hydrogels. (a) Human ESC encapsulation. (i) Light microscopy revealed uniform distri-
bution of encapsulated hESC colonies and (ii) XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) revealed orange dye in metabolically active 
hESCs encapsulated in HA hydrogels. (b) Cell release. (i) Human ESCs, released from the hydrogel 
using hyaluronidase and cultured on MEFs, were found to form small colonies of undifferentiated 
cells after 24 h and (ii) were propagated on MEFs for three passages. (c) Vasculogenesis. 
Encapsulated hESCs were cultured in MEF-conditioned media for 1 week followed by replacement 
by medium containing VEGF. Cell sprouting and elongation were observed after 48 h in the gels 
where such cells were mainly positive for (i) α-smooth muscle actin, while some were positive for 
(ii) early stage endothelial marker CD34 (in situ 3D staining of gels). Scale bars = A–B – 100 μm; 
C – 25 μm. Adapted from [126]
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tured into a type I collagen matrix. In the presence of VEGF, EBs rapidly developed 
endothelial sprouting, suggesting that ESC differentiation could recapitulate, in 
addition to vasculogenesis, the early stages of angiogenesis. On the basis of this 
study, we have demonstrated that vascular cells derived from hESCs, once encap-
sulated in collagen gels, sprout and form networks [132].

Although collagen-based, tissue-engineered blood vessels have many interesting 
properties and have been utilized to study aspects of vascular biology, these 
constructs are too weak to be implanted as bypass grafts for in vivo investigations. 
Attempts to improve collagen scaffolds have included the addition of PEG or 
poly(ethylene glycol) diacrylate (PEGDA) as a cross-linker [218] and the incorpo-
ration of elastin to form hybrid constructs that better mimic arterial physiology and 
exhibit improved mechanical properties [219].

5.6.4  Fibrin

Fibrin is a major component of blood clots, which form in response to vessel injury, 
and acts as a temporary scaffold for regeneration and new cell ingrowth [180, 181]. 
Upon injury, the precursor molecule fibrinogen is proteolytically cleaved to form 
fibrin, which then proceeds to form a dense network through physical polymeriza-
tion and enzymatic cross-linking. Subsequently, invading cells naturally secrete 
proteases that gradually degrade the fibrin network. All of these make fibrin an 
attractive candidate as a scaffold for vascular regeneration. Fibrin, injected subcu-
taneously, was found to contribute to significant neovascularization and develop-
ment of ECM [220]. It was also shown that fibrin can serve as an efficient vehicle 
for delivery of GFs, leading to its potential use as a scaffold with incorporated 
biomacromolecules. VEGF was incorporated into fibrin by mixing with fibrinogen 
and then initiating the clotting mechanism with thrombin. HUVECs cultured on 
such a surface coated with VEGF-releasing fibrin were observed to display 
increased proliferation, indicating that VEGF retained its active form and that fibrin 
contains binding sites for VEGF [221]. Additionally, the incorporation of FGF2 via 
equilibrium binding within a fibrin scaffold was shown to promote EC growth. 
HUVECs grown on fibrin-FGF2 scaffold surfaces maintained their proliferative 
state without any soluble growth factors for up to 96 h [222]. Because diffusion was 
the mode of release of GFs in the previous two studies, burst release was a common 
problem with GF incorporation. Therefore, two alternative methods were examined 
for controlled release: covalent linkage between the GF and fibrin [223], and covalent 
linkage of heparin to fibrin, which provides binding sites for heparin-binding GFs 
[224, 225]. Using these methods, the release of GFs will depend on cleavage from 
the matrix by proteases secreted by cells that are infiltrating and remodeling the 
matrix. HUVECs grown on these VEGF-incorporating hydrogels displayed 
enhanced proliferation, with GF release dependent upon the rate of matrix degradation, 
in contrast to soluble VEGF [223].

Numerous studies have investigated the use of fibrin hydrogels as a scaffold for 
ECs to migrate and form vascular structures. For example, ECs encapsulated within 
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VEGF-fibrin migrated and formed tubes up to 100 μm in diameter [180, 181]. In 
another 3D angiogenesis system, HUVECs were cultured as a monolayer, where-
upon a fibrin solution was placed on top of the cells and polymerized with 
thrombin and the entire construct was immersed in media [226]. Observations 
revealed the formation of tube-like structures that penetrated the fibrin hydrogel, 
with tube formation occurring at increasing heights above the monolayer as time 
progressed, up to 21 days. In a more recent study, HUVECs were either encapsu-
lated within fibrin hydrogel or seeded on beads and encapsulated within fibrin. In 
both cases, a fibroblast layer was cultured on the surface. HUVECs on beads sprouted 
from microbeads into fibrin and formed interconnected, elongated lumen-like struc-
tures. HUVECs encapsulated within fibrin also formed interconnected cord-like 
structures, but to a lesser extent [227].

Another study developed a new VEGF construct, binding VEGF to fibrin via a 
plasmin-sensitive sequence that displayed characteristics of being efficiently 
retained in the fibrin matrix and having a release profile dependent upon plasmin. 
EPCs from umbilical cords were cultured on the VEGF-fibrin hydrogel and matura-
tion and differentiation towards EC was observed, as indicated by the loss of 
CD133 and the gain of CD31 and VE-cad [228].

These results, taken together, show the potential of fibrin-GF-bound hydrogels 
to serve as controllable environments for 3D vascular differentiation, organization, 
and delivery.

5.6.5  Elastin

While collagen-based scaffolds have been shown to be effective for cell encapsulation 
and delivery, the constructs are usually mechanically weak. Whereas collagen 
provides tensile support, elastin fibers contribute to vessel recovery from pulsatile 
deformations. Therefore, a large number of studies have attempted to engineer 
elastin-incorporated blood vessels. The inherent insolubility of unmodified elastin 
fibers, due to intermolecular cross-links, presents a problem, and researchers have 
searched for a way to incorporate elastin into matrices [219]. An extensive review 
on the use of elastin in tissue engineering has been written [229], so this review will 
focus on studies oriented towards vascular engineering.

Recently, a simple technique for synthesizing elastin-based materials was devel-
oped [230]. The final product retained many properties of natural elastin, such as 
effective SMC adhesion, formation into fibrils, and the ability to regulate vascular 
SMC migration and proliferation. Studies have also worked at developing purifica-
tion methods to isolate pure elastin, which is useful for its ability to be molded into 
any shape and integrated into collagen scaffolds [231]. Whereas unmodified elastin 
fibers are insoluble, chemical techniques and degradation of specific peptide bonds 
by proteolytic enzymes can produce a solubilized form of elastin called hydrolyzed 
elastin [232]. It has been observed that elastin peptides, the degradation products 
of elastin, can modulate the physiology of many cell types, including ECs and 
SMCs, through the existence of an elastin receptor [233]. Thus, biomaterials incor-
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porating elastin peptides may influence cellular function and mimic a more natural 
microenvironment. A recent study developed a scaffold comprising insoluble 
collagen and soluble elastin that, upon implantation, proved capable of inducing 
angiogenesis, providing motivation for using hybrid scaffolds to study vascular 
development [229].

Besides using elastin in its native fibril form or its peptide form, researchers have 
also utilized protein engineering to develop elastin-like molecules to incorporate 
specific sequences, such as the RGD sequence. One such study developed an 
elastin-mimetic copolymer capable of temperature-dependent self-assembly into 
hydrogels [234]. Another bioengineered elastin protein is tropoelastin, a biosyn-
thetic precursor to elastin that does not contain any cross-links [235]. Tropoelastin, 
however, can self-assemble into sheets, sponges, or tubes and then can be cross-
linked through chemical methods [236].

Future studies investigating the use of elastin-based scaffolds will determine its 
potential for stem-cell-based vascular tissue engineering.

5.6.6  Alginate

Alginate, a natural hydrophilic anionic polysaccharide derived from algae and 
composed of beta-D-mannuronic acid and alpha-L-glucuronic acid, can be cross-
linked in a gel by complexing with calcium ions. The solubility of alginate gels 
depends upon their calcium level and is independent of temperature. Fabrication of 
alginate can produce scaffolds that are characterized by high porosity and pore 
interconnectivity. The porosity and pore shape can be controlled through different 
methods of scaffold formation, contributing to nanotopographic and morphogenic 
effects on embedded cells [237]. Thus, it is possible to reliably generate isotropic 
spherical pores. Because of its hydrophilic nature, alginate scaffolds allow efficient 
cell loading, and they maintain viability during culture within the scaffold.

Encapsulating proteins within alginate is advantageous, because the process 
occurs under very mild conditions [238]. However, initial work with alginate gels 
incorporating VEGF faced the problem of burst release within 4 days [239]. 
Because VEGF is a potent signal transduction molecule that must be released in a 
controlled manner, quick release is not ideal. A recent study discovered that, by 
manipulating the amount of calcium chloride, a sustained release of VEGF could 
be achieved [238]. An alternative solution to this problem involved encapsulating 
the growth factor within PLGA microspheres capable of controlling release and 
embedding these within an alginate gel [240]. Implantation into a mouse model 
revealed significant host tissue ingrowth into the alginate scaffold, with a high 
density of capillaries within and around the scaffold. A similar study, using a simi-
lar VEGF-releasing alginate scaffold consisting of biodegradable VEGF micro-
spheres to provide for a sustained VEGF release, was implanted on liver lobes. 
Within 3 days, a thin layer of capillaries surrounded the scaffold, and within 2 
weeks, nearly half the scaffold had host tissue and blood capillary ingrowth. The 
VEGF-alginate scaffold also accelerated and promoted the formation of  
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more-mature blood vessels, indicated by larger capillary sizes (greater than 16 μm) 
and the presence of smooth muscle actin-positive cells that help to stabilize new 
capillaries [241].

Alginate scaffolds have also been used to grow cells with a homogeneous distri-
bution within the scaffold [242]. After forming the hydrogel, cells were seeded 
upon the scaffold. Because of the hydrophilic nature of alginate, media and cells 
were pulled into the scaffold via capillary action, and moderate centrifugation 
distributed cells throughout the scaffold. A benefit of having a dense cell culture is 
the maximization of cell contact interactions. Using the same method, hESCs were 
homogeneously distributed within a 3D porous alginate scaffold [243]. Formation 
of EBs was consistently and evenly distributed across the scaffold. After 1 month 
of culture, EBs proliferated and differentiated to different tissue types of the 
three germ layers. Specifically, enhanced vasculature formation was observed 
in the alginate-borne EBs compared to suspension-formed EBs. This was achieved 
via the 3D culture and differentiation of hESCs within the scaffolds without the use 
of any chemical modifications of the alginate scaffold.

5.6.7  Dextran

Dextran is a bacteria-derived polysaccharide that has been proposed as a potential bio-
material for tissue engineering for its biocompatibility and hydrogel properties. Because 
dextran is naturally resistant to cell adhesion and protein adsorption, modification of its 
polymer backbone allows the development of a hydrogel with specific characteristics. 
Cytodex, one commercial product based on dextran, is often used to culture cells within 
hydrogels. Dextran is degraded by the enzyme dextranase, which has been discovered 
to exist in the human colon. Additionally, the controlled degradation rate of dextran 
offers potential for controlled protein release and drug delivery [244, 245].

Similar to PEG, dextran is naturally resistant to cell adhesion and thus has often 
been used as a biomaterial surface coating to limit cell adhesion. Although natural 
dextran has no protein-binding sites, the dextran polymer chain has multiple reactive 
bioactive binding sites which can be modified with functional groups, which contrasts 
with PEG, which has only one reactive site. Dextran modified with the RGD 
peptide was shown to promote EC adhesion and spreading compared to unmodified 
dextran [246]. While this study only focused on surface coatings, it showed dex-
tran’s potential for incorporating a variety of biomolecules to provide a range of 
surface signals for cells.

Dextran hydrogels can be formed by either physical or chemical cross-linking. 
Physical cross-linking involves the coupling of lactic acid to dextran, where, once 
dissolved in water, it will form physical cross-links resulting in a hydrogel [247]. 
Chemical cross-linking can be carried out in a variety of ways by covalently attaching 
polymerizable groups. Early research on dextran focused on drug delivery, as pore 
sizes were too small for cell migration, which requires pore sizes of between 50 and 
300 μm [248]. An acrylated dextran hydrogel was developed and proved able to 
support cell encapsulation and growth [249]. Levasque and colleagues further 
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developed dextran hydrogels from methacrylated dextran and PEG, which resulted 
in the formation of macropores ranging from 10 to 120 μm [248], as well as a dextran 
hydrogel modified with p-maleimidophenyl isocyanate and a peptide cross-linker 
that is susceptible to matrix metalloprotease 2 degradation [250]. These modifica-
tions showed promise in cell culture and adhesion [250, 251].

A recent study developed a dextran-based hydrogel incorporating either RGD 
molecules or soluble VEGF embedded within PLGA microparticles to preferen-
tially differentiate hESCs towards a vascular lineage. Human ESC colonies were 
encapsulated within the hydrogel and allowed to differentiate. After 10 days in 
culture, upregulation of vascular markers and well-organized vasculature networks 
were observed in hESCs encapsulated in the dextran hydrogels. Furthermore, when 
these cells were released from the dextran hydrogels and cultured on a Petri dish in 
EC medium, the number of vascular cells increased, suggesting preferable prolif-
eration along a vascular lineage [154].

Having a successful method for generating larger pore sizes and the ability to 
direct vascular differentiation within the hydrogel make dextran a potentially suit-
able material for vascular stem cell engineering. Future work will need to determine 
the ability of vascular cells to form organized networks and whether implantation 
of dextran hydrogels can result in a functional vascular network.

5.7  Coculture

Although cells cultured in flasks are typically grown as a pure cell monolayer, this 
is not the case in natural development. In tissues or in a developing embryo, cells 
are constantly exposed to a wide variety of biochemical signals, and they engage in 
complex interactions with other cell types that provide signals for stability and 
survival. In designing scaffolds, functional groups need to be available for cells to 
adhere and proliferate. While numerous studies have shown this to be effective, and 
sometimes required, for cell adhesion, growth, and proliferation, the amount of GF 
decreases over time and does not provide the large number of signals that neighboring 
cells provide. Thus, contact with other cell types through coculture would be necessary 
to engineer complex tissues.

One cell type involved with vascular development in vivo is the pericyte. When 
developing blood vessels establish a primitive vascular network through angiogen-
esis, becoming a functional network requires the recruitment of periendothelial 
cells, such as pericytes, that contribute to remodeling and maturation. The 
EC–pericyte relationship is complex and involves regulation of mitotic rates 
and responses to hypoxia. Pericytes serve multiple functions for ECs, such as 
releasing soluble factors that inhibit EC proliferation, acting as a SMC substitute and 
promoting microvessel constriction, and producing the mitogen VEGF [252]. 
Surrounding capillaries are pericytes that help to stabilize vessels by secreting ECM 
components and providing mechanical strength [253]. Lack of supporting 
signals for capillaries will eventually lead to regression [254]. The evidence supporting 
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the importance of pericytes indicates the need for coculture within scaffolds to 
better mimic the proper microenvironment for vascular development.

An early study showed that porcine microvascular endothelial cells support the 
sustained expansion of primitive hematopoietic progenitor cells when in direct 
contact [255]. Being able to discern the interactions that are occurring between 
different cell types is a complex and daunting challenge, but many recent studies 
have begun to investigate the coculture of cells within scaffolds. Recently, a study 
investigated the coculture of bovine aortic ECs and bovine fibroblasts encapsulated 
within Matrigel. Results indicated that the presence of nonendothelial cells 
improved the long-term survival of ECs [256]. Similarly, utilizing the chorioallantoic 
membrane model to coculture preadipocytes with human dermal microvascular 
ECs within a fibrin hydrogel resulted in the formation of a capillary network that 
anastomosed with the host vasculature without needing any exogenous angiogenic 
GFs [143].

A study investigated the coculture of neural progenitor cells and brain ECs 
within a PEG-based hydrogel implanted in a mouse model. The group observed that 
neural progenitor cells helped to augment formation and stabilization of microvas-
cular networks, as indicated by reduced regression of capillary-like structures. 
A functional vascular network was established within 2 weeks, and it had a significantly 
higher density of capillary-like structures relative to the control [257].

Several recent studies have concentrated on developing long-lasting vascular net-
works from hECs, hEPCs, and hESCs through coculture of different cell types. An 
early study cocultured HUVECs with mesenchymal precursor cells encapsulated 
within fibronectin-collagen hydrogels that were subsequently implanted in mice. 
Observations indicated increased capillary density and the formation of a stabilized 
vascular network that anastomosed to the host within 2 weeks. The vascular network was 
monitored and remained functional for up to 1 year [258]. A continuous study com-
pared formation and functions of tissue-engineered blood vessels generated by 
peripheral-blood- and umbilical-cord-blood-derived EPCs in a model of in vivo vascu-
logenesis. The study found that adult peripheral blood EPCs formed blood vessels that 
were unstable and regressed within 3 weeks. In contrast, umbilical cord blood EPCs 
formed normal functioning blood vessels that lasted for more than 4 weeks [70].

Another group engineered vascularized muscle by coculturing the mouse myob-
last with human embryonic ECs and embryonic fibroblasts seeded within a PLGA/
PLLA scaffold. Embryonic fibroblasts are known to promote vascularization 
through secretion of VEGF, and this was confirmed by an increase in the number 
of endothelial structures. Within 2 weeks, a functional microvascular network 
formed and anastomosed to the host [259]. Additionally, coimplantation of hESC-
derived ECs with mouse mesenchymal precursor cells into a mouse model resulted 
in the formation of a functional microvascular network that anastomosed with the 
host within 2 weeks [137]. More recently, a tri-culture system was developed using 
hESC-cardiomyocytes, human embryonic ECs, and embryonic fibroblasts within 
PLGA/PLLA scaffolds. Embryonic fibroblasts were found to be essential because 
they augmented vascularization, promoted vessel organization, promoted EC 
proliferation, and stabilized microvessels by differentiating into SMCs [260].
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These results indicate the necessity of developing effective coculture systems 
capable of quickly vascularizing and integrating with the host vasculature. Engineered 
skeletal muscle and cardiac muscle have been successfully created by prevascular-
izing the tissue. Thus, it is likely that in order to engineer viable tissues for clinical 
applications, future research will need to focus on developing an effective biodegradable 
scaffold capable of supporting the appropriate engineered tissue along with an 
integrated vasculature.

6  Conclusion

In recent years, tremendous advances have been made in the field of stem cells, 
specifically in vascular differentiation of hESCs, and in the sources and maturation 
of adult hEPCs. Development of biomaterials capable of presenting specific envi-
ronmental cues of choice offers a unique opportunity to generate instructive 3D 
environments for vascular assembly. Therefore, vascular stem cell engineering is 
in an advantageous position to develop new methods for designing and controlling  
in vitro vascular stem cell microenvironments, which will enable fundamental 
insight into the individual and interactive effects of factors that guide differentiation 
and cellular organization. Furthermore, prospective research may result in a construct 
engineered in vitro that has significant therapeutic implications.
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Abstract  Embryonic stem cells are pluripotent cells isolated from the mammalian 
blastocyst. Traditionally, these cells have been derived and cultured with mouse 
embryonic fibroblast (MEF) supportive layers, which allow their continuous growth 
in an undifferentiated state. However, for any future industrial or clinical application 
hESCs should be cultured in reproducible, defined, and xeno-free culture system, 
where exposure to animal pathogens is prevented. From their derivation in 1998 
the methods for culturing hESCs were significantly improved. This chapter wills 
discuss hESC characterization and the basic methods for their derivation and 
maintenance.

Keywords  Blastocyst, Embryoid body, Embryonic stem cell, Immunosurgery, 
Teratoma 
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1  Introduction

Embryonic stem cells (ESCs) constitute a unique type of stem cells derived from 
the inner cell mass (ICM) of the mammalian blastocyst. ESCs differ from their 
adult counterpart by their distinctive potential to differentiate into every cell type of 
the adult body. Several items of evidence were presented for ESCs pluripotency: (1) 
when transferred into suspension culture in vitro, ESCs form cell aggregates known 
as embryoid bodies (EBs), with regions differentiate into embryonically-distinct 
cell types [17, 30]; (2) injection of ESCs into the hind limb of severe combined 
immunodeficient (SCID) mice induces the formation of teratomas which may 
include tissues representative for all three germ layers [70, 66]; (3) mouse ESCs 
were shown to contribute to chimeras and particularly to the germ cell line [7]; and 
finally, (4) several murine ESC lines were demonstrated to form entire viable 
fetuses [46]. Since the first derivation of ESCs in 1981 from mouse blastocysts [21, 
40], mouse ESCs were induced to differentiate in vitro into haematopoietic stem cell-
like cells [47, 31], neural precursors [8, 9], cardiomyocytes [33], endothelial cells 
[26, 71] and insulin-secreting cells [55, 38]. Thus the ability of these cells to dif-
ferentiate into representative cell types of the three embryonic germ layers was 
proven.

Since their initial derivation from mice [21, 40], ESC lines or ESC-like lines 
have been derived from other rodents [18, 22, 23], domestic animal species [49, 53, 
43], and from three non-human primates [64, 65, 56, 42]. However, only mouse 
ESCs demonstrate the entire set of features typical of ESCs, rendering them the 
most potent research model amongst other existing ESC lines.

The first step toward isolating human ESCs (hESCs) was achieved by Bongso 
and colleagues who described for the first time the ability to isolate ICM cells from 
human blastocysts and to culture them with inactivated mouse embryonic fibrob-
lasts (MEFs) for two passages while expressing alkaline phosphate activity and 
demonstrating ESC-like morphology [10]. In 1998, the first hESC lines were 
derived by Thomson and colleagues [66]. Accumulating knowledge shows that 
hESCs meet most of the criteria described for mouse ESCs.

The exceptional differentiation potential of ESCs underlines them as one of the 
best models to study early human development, lineage commitment and differen-
tiation processes; hopefully, in future they could also be used for cell-based therapy. 
Recently, a new source for pluripotent cells was proposed by Yamanaka et al., who 
succeeded in reprogramming mouse somatic cells and, later on, human somatic 
cells, to ESC-like cells [62, 63]. As their report states, an overexpression of four 
transcription factors, c-Myc, Oct4, Flf4 and Sox2, caused by retroviral infection, 
was sufficient to reprogram somatic cells [62, 41, 75]. These induced pluripotent 
stem (iPS) cells expressed typical ESC markers, formed the same colony morphol-
ogy and were able to differentiate into representative tissues of the three embryonic 
germ layers both in vitro and in vivo. Later on it was shown that reprogramming 
of somatic cells could be obtained, albeit with lower efficiency, when oncogene 
C-Myc was replaced and Oct4, Sox2, Nanog and Lin28 were used [76, 45].  



Embryonic Stem Cells	 175

iPS cells were already derived from embryonic fibroblasts [62, 41], hESC-derived 
fibroblasts [59], fetal fibroblasts [59, 76], foreskin fibroblasts [59, 76], adult skin 
[25,37] and adult liver and stomach cells [4]. Future studies will reveal which 
culture and differentiation protocols developed for hESCs will suit these cells 
as well.

2  Methods for Isolating Escs

2.1  Source for Embryos

For the derivation of hESC lines, human embryos from in vitro fertilization (IVF) 
programs and embryos produced for research purposes [34] were used. These 
include surplus, apparently normal, embryos [2, 14, 57, 66], or low-grade or abnor-
mally fertilized oocytes that were disqualified for clinical uses [35, 61, 77]. Some 
of the embryos are genetically-abnormal embryos after pre-implantation genetic diag-
nosis (PGD) that would otherwise have been discarded [68, 39]. In these studies, 
hESC lines harboring specific genetic diseases were derived, demonstrating all 
hESC characteristics.

Alongside the traditional sources of embryos for the isolation of ESC lines, other 
optional sources were also suggested; parthenogenetic embryos resulting from 
activated oocytes, or single blastomers isolated from developing embryos using 
similar methods to those used for PGD (allowing using the donor embryo for repro-
ductive purposes). Vrana and colleagues demonstrated that an activated oocyte of a 
non-human primate can be used successfully for the derivation of ESC lines that 
exhibit all ESC features [67], though the extent of their differentiability is unknown. 
Mouse ESC lines were successfully derived from a single blastomer [13], using a 
technique in which a single blastomer is mixed with an already-established cell 
line, expansion of the newly derived line takes place and isolation is carried out by 
a selective tag. Both techniques have not yet been applied to human embryos.

Due to the progress in assisted reproductive medicine techniques, more embryos 
are currently available for hESC line derivation. It is estimated that over 500 hESC 
lines are obtainable for research worldwide [60]. This number indicates that the 
derivation of these lines is a reproducible procedure. The use of embryos for 
research, however, raised ethical concerns that were addressed by the publication 
of specific guidelines for the use of embryos for hESC studies [15].

2.2  Extraction of ICM

hESC lines are derived using the techniques developed in the 1970s for embryonal 
carcinoma (EC) cell lines and in the 1980s for mouse ESC line derivation. 
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Two principle methods can be used to isolate ICM cells from the blastocyst, 
namely immunosurgical and mechanical isolation.

Immunosurgical isolation is a simple method developed by Solter and Knowles 
[54], which aims to remove selectively the trophoectoderm layer of the blastocyst, 
leaving an isolated and intact ICM. A potential drawback of this method is the 
exposure of the embryo to anti-human whole serum antibodies, which normally 
attach to any human cell.However, penetration of the antibodies into the blastocyst 
is prevented due to cell–cell connections within the outer layer of the trophoblast, 
thus leaving the ICM cells unharmed. This is followed by incubation with guinea 
pig complement-containing medium which lysises all antibody-marked cells. The 
intact ICM is further rinsed and cultured with mitotically inactivated MEFs or an 
alternative feeder-layer that is known to support hESCs culture.

Alternatively, ICM cells can be isolated by selective and mechanical removal of 
the trophoectoderm layer under a stereoscope. After the embryo is released from 
the zona pellucida, the trophoblast layer is gently removed using 27 G needles or 
pulled Pasteur pipettes. Similarly to using the immunosurgery method, the isolated 
ICM cells should be further expanded using a suitable supportive layer.

2.3  Plating Intact Embryos Whole

ESCs lines can be derived simply by plating a whole zona-free embryo with mitoti-
cally inactivated MEFs or another suitable feeder-layer. The exposed embryo attaches 
to the feeder layer which, in return, permits the continuous growth of the ICM with 
the surrounding trophoblasts as monolayer. When the ICM reaches sufficient size it 
is selectively removed using mechanical methods and further propagated. Although 
simple, this method bears the risk of ICM differentiation, and the success rates tend 
to be lower as compares to the initial selective removal of the ICM.

2.4  Esc Characterization

Because of their uniqueness, much effort was invested in characterizing ESC cells. 
The first to be derived, i.e., mouse ESCs, are the most characterized ESCs, and 
therefore their list of features is used as a golden standard for other types of ESCs. 
The complete list of features is listed in Table 1.

When cultured in suitable conditions, ESCs are capable of prolonged undifferenti-
ated proliferation. During culture, the cells create uniform colonies exhibiting high 
nucleus-to-cytoplasm ratio, two or more nucleoli, and typical spaces between the cells.

ESCs exhibit and maintain normal diploid karyotype even after prolonged culture 
[1]. Incidences of karyotypic instability are uncommon [1, 20, 19, 14], suggesting 
that those observed represent random changes which often occur in cell culture.
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ESCs had been shown to be pluripotent, both in vitro and in vivo by EB formation 
[17, 30] and teratoma formation [70, 66], respectively.

ESCs express surface markers specific to the undifferentiation stage. While 
mouse ESCs strongly express surface marker stage-specific embryonic antigen-1 
(SSEA-1), and do not express SSEA3, SSEA4, tumor recognition antigen-60 
(TRA-1-60) and TRA-1-81, non-human primate ESCs and hESCs strongly express 
SSEA-4, TRA-1-60, and TRA-1-81, weakly express SSEA-3 and do not express 
SSEA1 at all [66, 57]. ESCs also express some specific genes, the most recognized 
is Oct 4, a transcription factor known to be involved in the process of ESC self 
maintenance [48]. Another transcription factor, Nanog, was recognized as having a 
role in the cells’ renewal and is often used to define undifferentiated ESCs [11, 44]. 
Additional genes were found to be strongly expressed in hESCs and mESCs and 
were collected into a set of markers that identify undifferentiated ESCs [6].

Mouse ESCs remain in the S phase of the cell cycle for the majority of their 
lifespan; HESCs, like mouse ESCs, do not exhibit X inactivation. While maintained 
at the undifferentiated stage, both X chromosomes are active and, upon differentia-
tion, one chromosome undergoes inactivation [16]. Recently, additional support to 
this finding was reported; however, it was also found that some hESC lines vary in 
their X-inactivation status [27, 24, 51, 52]. This may be indicative of a different and 
later source for some of the lines rather than the ICM, such as the epiblast stage.

As with other cell lines, single human ES cells possess all other features of the 
tested line, and their clonallity was demonstrated [1].

3  Methods for Hesc Culture

3.1  Defined Culture System

Any future exploitation of hESCs for clinical and industrial purposes will require a 
reproducible, well-defined, and animal-free culture system for their routine culture. 

Table 1  List of ESC characteristics

Derived from the ICM of pre-implantation embryo, at the blastocyst stage
Capable of prolonged undifferentiated proliferation in culture
Exhibit and maintain normal diploid karyotype
Pluripotent
Able to integrate into all fetal tissues during embryonic development following injection into 

the blastocyst, including the germ layer (For obvious ethical reasons, the ability to examine 
how hESCs integrate into fetal tissues during embryonic development is restricted)

Clonogenic, i.e., each single ESC possesses all other features
Express high levels of OCT 4 and Nanog, transcription factors known to be involved in the 

process of ESCs self maintenance
Can be induced to differentiate after continuous culture in an undifferentiated state
Remain in the S phase of the cell cycle for the majority of their lifespan
Do not show X chromosome inactivation
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The traditional culture and isolation methods for hESCs, however, include inacti-
vated MEFs as feeder layers and medium supplemented with high percentage of 
fetal bovine serum (FBS) [66]. The feeder layer plays a dual role of supporting ESC 
proliferation and preventing their spontaneous differentiation. In order to prevent 
any exposure of the cells to animal photogenes, hESCs must be cultured with 
medium supplemented with serum replacement, with no animal product, and the 
MEFs should be replaced by human feeder or with a cellular matrix, such as 
fibronectin, or laminin. A few steps toward meeting these requirements have 
already been achieved.

The simplest alternative to the culture method based on the use of MEF and FBS 
is the use of human supportive layer and medium supplemented with either human 
serum or serum replacement.Several cell types were found suitable to support 
undifferentiated hESCs, including human fetal-derived fibroblasts [58], foreskin 
fibroblasts [3, 28], and adult marrow cells [12]. Human fetal-derived fibroblasts and 
foreskin fibroblasts were also found to support the isolation of new hESC lines in 
animal-free or serum-free conditions [58, 28, 29].

Although these culture systems move us closer to the desired goal of animal-free 
conditions, they cannot be regarded as well-defined. The need to culture the feeder 
lines themselves, which will limit the large-scale culture of hESCs, the differences 
between batches of feeder-layer cells and the use of human serum rule this system 
out as defined. The ideal culture method would therefore be a combination of an 
animal-free matrix and both serum and animal-free medium. In 2001, Xu and col-
leagues made a significant advance in this respect: their newly culture method relied 
on Matrigel, laminin or fibronectin as matrix and 100% MEF-conditioned medium, 
supplemented with serum replacement [72].When cultured in these conditions, 
hESCs can be stably maintained for over a year and still exhibit their ESC charac-
teristics. However, this method still holds the disadvantages of exposure to animal 
pathogens through the MEF-conditioned medium or Matrigel matrix, possible variations 
between batches of MEFs used for the production of the conditioned medium and 
the needs for simultaneous culture of both the feeders and the hESCs.

Indeed, the same group proposed an improvement to this culture system, where 
the MEF-conditioned medium was removed by supplementing the medium with 
40 ng mL−1 basic fibroblast growth factor (bFGF) and 75 ng mL−1 Flt-3 ligand [73].

Extensive work has been carried out to improve further the feeder-layer free 
culture system of hESCs. As a result, several agents were reported to support undif-
ferentiated hESC cultures in feeder layer- free conditions. Amongst them the com-
bination of TGF

b1
 and bFGF [78], activin [5], high concentration of Noggin [74], 

high concentration of bFGF [69, 74], Bio [50], and a blend of five factors used in 
defined culture media [36]. It is therefore reasonable to assume that more than one 
pathway is involved in maintaining hESC potency. Further study is required in 
order to clarify the mechanism underlying these factors’ involvement in hESC self-
maintenance.

The majority of the existing hESC lines were derived with feeder layers [66, 
57, 2, 14].The first report of a feeder layer-free derivation of a hESC line was 
reported by Klimanskaya and colleagues, in which MEF-produced matrix and 
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medium supplemented with a high dose of bFGF (16  ng  mL−1), LIF, serum 
replacement and plasmanate were used [32]. In this study, six new hESC lines 
were successfully derived, exhibiting ESC features after prolonged culture of over 
30 passages. This pioneering work proves the feasibility of a supportive feeder 
layer-less derivation of hESCs, although the culture system includes some non-
defined materials. A recent publication by Ludwig and colleagues reported the 
derivation of two new hESC lines using a defined serum- and animal-free medium, 
and feeder layer-free culture conditions [36].The matrix consisted of a mixture of 
human collagen, fibronectin and laminin, and the medium was supplemented with 
five growth factors, including TGF

b1
 and bFGF. The newly derived cells sustained 

most hESC features after several months of continuous culture. Thus, for the first 
time, defined, animal-, serum- and feeder-free culture conditions for hESCs are 
presented. However, the two new hESC lines were reported to harbor karyotype 
abnormalities; one 47, XXY after 4 months of continuous culture and the second 
exhibited trisomy 12 after 7 months of continuous culture. It is unknown whether 
the embryos were originally defected or whether these events of karyotype abnor-
malities occurred during prolonged culture.

3.2  Suspended Culture System

Culture of hESCs requires meticulous care which includes daily medium change, 
routine passaging every 4–6 days, and occasionally mechanical removal of differ-
entiated colonies from the culture. Although hESCs can be cultured in these conditions 
in large quantities, the use of hESCs for therapy and for industrial applications 
requires a scalable and controlled culture system for both differentiated and undif-
ferentiated hESCs. To this end we recently developed a novel suspension culture 
system for undifferentiated hESCs. The new three dimensional (3D) culture system 
is based on medium supplemented with 15% serum replacement, cytokines and 
bFGF. Four cell lines, H9.2, I3, I4 and I6, were cultured in suspension in Petri 
dishes where they spontaneously formed spheroid clumps. Cells cultured in this 
system for over a year, maintained all ESC features, including expression of specific 
markers, stable karyotype, and the developmental potential to differentiate into 
representative tissues of the three embryonic germ layers in vitro and in vivo. The 
calculated cell doubling time was 35.2 ± 1.3 h, similarly to a previous report on 
hESCs in 2D cultures [1]. Correspondingly, the cultures were split every 5–7 days 
– the same splitting interval of cells cultured with MEFs.

One month after being transferred into a stirred dynamic culture using either 
shaking Erlenmeyer’s or spinner flasks, the spheroid clumps formed by the cells 
remained similar to those observed within cells cultured statically using Petri 
dishes. hESCs cultured for 3 months in the dynamic system maintained stable 
karyotype, were strongly positive for undifferentiation markers, and remained 
pluripotent. During 10 days of culture in the dynamic culture cell number increased 
25-fold. Thus the novel culture system reported here makes it possible to expand 
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undifferentiated hESCs in suspension cultures which will facilitates the large-scale 
culture of hESCs needed in the clinic and industry.
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Totipotency, Pluripotency and Nuclear 
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Shoukhrat Mitalipov and Don Wolf

Abstract  Mammalian development commences with the totipotent zygote which 
is capable of developing into all the specialized cells that make up the adult animal. 
As development unfolds, cells of the early embryo proliferate and differentiate 
into the first two lineages, the pluripotent inner cell mass and the trophectoderm. 
Pluripotent cells can be isolated, adapted and propagated indefinitely in vitro in an 
undifferentiated state as embryonic stem cells (ESCs). ESCs retain their ability to 
differentiate into cells representing the three major germ layers: endoderm, mesoderm 
or ectoderm or any of the 200+ cell types present in the adult body. Since many 
human diseases result from defects in a single cell type, pluripotent human ESCs 
represent an unlimited source of any cell or tissue type for replacement therapy 
thus providing a possible cure for many devastating conditions. Pluripotent cells resem-
bling ESCs can also be derived experimentally by the nuclear reprogramming of 
somatic cells. Reprogrammed somatic cells may have an even more important role 
in cell replacement therapies since the patient’s own somatic cells can be used for 
reprogramming thereby eliminating immune based rejection of transplanted cells.  

S. Mitalipov (*)
Division of Reproductive Sciences, Oregon National Primate Research Center, Oregon Health 
and Science University, 505 N.W. 185th Avenue, Beaverton, Oregon 97006, USA; Oregon Stem 
Cell Center, Oregon Health and Science University, 505 N.W. 185th Avenue, Beaverton, Oregon 
97006, USA; and Department of Obstetrics and Gynecology, School of Medicine, Oregon 
Health and Science University, 505 N.W. 185th Avenue, Beaverton, Oregon 97006, USA
e-mail: mitalipo@ohsu.edu

D. Wolf
Division of Reproductive Sciences, Oregon National Primate Research Center, Oregon Health and 
Science University, 505 N.W. 185th Avenue, Beaverton, Oregon 97006, USA

Adv Biochem Engin/Biotechnol (2009) 114: 185-199
DOI: 10.1007/10_2008_45
© Springer-Verlag Berlin Heidelberg 2009
Published online: 27 March 2009	



186	 S. Mitalipov and D. Wolf

1  Totipotency

Totipotency is defined in Wikipedia as the ability of a single cell to divide and 
produce all the differentiated cells in an organism, including extraembryonic 
tissues. Totipotent cells formed during sexual and asexual reproduction include 
spores and zygotes. In some organisms, cells can dedifferentiate and regain totipo-
tency. For example, a plant cutting or callus can be used to grow an entire plant. 
Mammalian development commences when an oocyte is fertilized by a sperm 
forming a single celled embryo, the zygote. Consistent with the definition, the 
zygote is totipotent, meaning that this single cell has the potential to develop into 
an embryo with all the specialized cells that make up a living being, as well as into 
the placental support structure necessary for fetal development. Thus, each totipotent 
cell is a self-contained entity that can give rise to the whole organism. This is said 
to be true for the zygote and for early embryonic blastomeres up to at least the 
4-cell stage embryo (see Fig. 1). Experimentally, totipotency can be demonstrated 
by the isolation of a single blastomere from a preimplantation embryo and subsequently 
monitoring its ability to support a term birth following transfer into a suitable 
recipient. This approach was pioneered in rats and has been realized in several 
mammalian species including nonhuman primates [1–4]. In the latter case, we 
confirmed the ability of isolated blastomeres from 2- and 4-cell stage, IVF produced 
embryos of the rhesus monkey to support term pregnancies and to produce live 
animals [5]. As embryo development progresses to the 8-cell stage and beyond 
depending on the species, the individual blastomeres that comprise the embryo 
gradually lose their totipotency. It is generally believed that this restriction in 
developmental potential indicates irreversible differentiation and specialization of 
early embryonic cells into the first two lineages, the inner cell mass (ICM) that 
includes cells that will give rise to the fetus and the trophectoderm (TE), and an 
outer layer of cells that is destined to an extraembryonic fate (Fig. 1).

In this review, we summarize two major approaches to reprogramming: (1) somatic 
cell nuclear transfer and (2) direct reprogramming using genetic manipulations.

Keywords  Embryonic stem cells, iPS cells, Pluripotent, Somatic cell nuclear 
transfer, Totipotent, 
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A complication in assessing the state of potency of blastomeres isolated from 
more advanced stages of development is insufficient cytoplasmic volume. Thus, 
although the blastomeres may in fact be totipotent, embryonic development of 
relatively small isolated blastomeres arrests at or near the time of blastulation. Recall 
that the zygote and early blastomeres undergo several unusual mitotic or cleavage 
divisions that are not accompanied by a corresponding growth of cytoplasm, that is, 
there is no change in embryo size despite the presence of more cells or blastomeres 
and each individual blastomere becomes smaller. The embryonic genome at these 
early stages is transcriptionally quiescent and development is regulated by maternally 
inherited factors present at the time of fertilization in the oocyte [6]. The transition 
in developmental regulation with activation of the embryonic genome and a complete 
loss of dependence on oocyte factors occurs before the blastocyst stage in a species-
specific manner. Additionally, by the late morula or early blastocyst stage the embryo 
ceases cleavage divisions and resumes normal mitotic divisions with concomitant 
increases in cell volume during the S-phase. The likelihood that early blastomeres 
retain totipotency for a major part of preimplantation development but experimentally 
we cannot prove it is directly supported by the fact that the addition of oocyte 

Fig. 1  Development and reprogramming. Ontogeny begins from a single cell, the zygote. The zygote 
and each blastomere of the early embryo are totipotent with the potential to develop into the whole 
organism. As development unfolds, the developmental potential of individual blastomeres gradually 
declines resulting subsequently in pluripotent, multipotent, unipotent and terminally differentiated 
somatic cells. However, developmental potential of somatic cells can be reinstated to the totipotent 
stage by SCNT or to the pluripotent state by direct reprogramming
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cytoplasm to a blastomere of the 8- to 16-cell stage embryo can restore, or perhaps 
more appropriately allow expression of, its full developmental potential. This approach, 
embryonic cell nuclear transfer, has been employed in the monkey to demonstrate 
the totipotency of 8- to 16-cell stage blastomeres whereby reconstructed embryos 
when transferred to a recipient resulted in a term birth [7].

It is also known that conglomerates of embryonic cells at a later stage of 
development can develop into an organism. An experimental manipulation that supports 
this concept involves blastocyst splitting. Cutting the embryo into halves with an 
approximately equal distribution of TE and ICM cells can lead to the production of 
viable infants [5, 8]. Obviously, embryo splitting that creates demi embryos with highly 
distorted ratios of ICM to TE cells is inconsistent with the production of live births.

2  Pluripotency

The Wikipedia definition in the broad sense means “having more than one potential 
outcome.” In cell biology, the definition of pluripotency has come to refer to a stem 
cell that has the potential to differentiate into any of the three germ layers: endoderm, 
mesoderm or ectoderm. Pluripotent stem cells can give rise to any fetal or adult cell type. 
However, a single cell or a conglomerate of pluripotent cells cannot develop into a 
fetal or adult animal because they lack the potential to organize into an embryo. 
In contrast, many progenitor cells that are capable of differentiating into a limited 
number of cell fates are described as multipotent. Somatic stem cells such as neural, 
bone marrow-derived, or hematopoietic cells would fit into this latter category.

At least some of the embryo’s ICM cells are pluripotent, meaning that they can 
form virtually every somatic and germ cell type in the body. These ICM cells are self 
sustained and their pluripotency is maintained by endogenously expressed factors. In 
vivo, pluripotent cells within the ICM exist transiently; as the developmental program 
unfolds they differentiate into cells of the next embryonic or fetal stage. However, 
they can be isolated, adapted and propagated in vitro in an undifferentiated state as 
embryonic stem cells (ESCs) [9, 10]. ESCs were first derived in 1981 from the ICM 
of the inbred mouse by Martin [10] and Evans and Kaufman [9]. In 1998, ESCs were 
successfully isolated from surplus, IVF-produced human embryos [11].

ESCs express specific markers or characteristics similar but not identical to the 
transient pluripotent cells of an embryo. This includes stage specific embryonic 
antigens, enzymatic activities such as alkaline phosphatase and telomerase, and 
“stemness” genes that are rapidly down-regulated upon differentiation, including 
OCT4 and NANOG. Under specific conditions, ESCs can proliferate indefinitely in 
an undifferentiated state, suggesting that the transcriptional activity and epigenetic 
regulators capable of supporting pluripotency can be maintained in vitro in ESCs. 
However, when released from the influence of these culture conditions or following 
their introduction back into a host embryo, ESCs retain their ability to differentiate 
into any cell-type, just like ICM cells. Alternatively, they can differentiate in vivo 
in teratomas into cells representing the three major germ layers: endoderm, mesoderm 
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and ectoderm or they can be directed to differentiate in vitro into any of the 200+ 
cell types present in the adult body. Since many human diseases result from defects 
in a single cell type, pluripotent human ESCs may become an unlimited source of 
any cell or tissue type for replacement therapy thus providing a possible cure for 
many devastating diseases.

Parenthetically, one of the challenges before clinical transplantation studies 
involving hESCs can begin concerns the immune response anticipated after trans-
plantation [12, 13]. Human ESCs are routinely derived from IVF embryos and 
transplantation of such cells into genetically unrelated patients will incite an immune 
response and result in rejection. Histocompatibility is one of major unsolved 
problems in transplant medicine. Rejection of unmatched transplanted tissues is 
provoked by alloantigens present on graft tissues by the recipient’s immune system. 
The alloantigens or antigenic proteins on the surface of transplant tissues that 
mostly cause immune rejection are the blood group antigens (ABO) and the major 
histocompatibility complex (MHC) proteins, also designated in humans as human 
leukocyte antigens (HLA). Matching donor and recipient HLA types is important 
to reduce a cytotoxic T-cell response in the recipient, and subsequently improve the 
chances of survival of the transplant. However, tissue or organ transplantation from 
one individual to another is a daunting task due to the existence of two classes of 
HLA molecules (Class I, and II), each encoded by multiple genes and most importantly, 
each of these genes represented by multiple alleles. For example, there are 22 differ-
ent alleles identified so far for the class I HLA-A gene and 42 alleles for HLA-B. 
Thus, due to HLA polymorphism, the chances of finding a donor–recipient match 
based on just a few HLA genes (HLA-A, -B, and -DR) could be one in several 
million [14]. Therefore, the need for developing approaches for deriving histocompatible 
pluripotent cells is commonly recognized.

3  Nuclear Reprogramming

Hochedlinger and Jaenisch define nuclear reprogramming as the reversal of the 
differentiation state of a mature cell to one that is characteristic of the undifferentiated 
embryonic state [15]. Let us first look at the forward process of development and 
differentiation. It is now generally recognized that genetic material is usually not 
lost during development and differentiation. Consequently, the process of differentia-
tion must reflect the expression at each stage of a unique cohort of specific genes, 
its transcriptome, and it now appears that such differential expression is determined 
or regulated by reversible epigenetic changes gradually imposed on the genome 
during development.

Epigenetic mechanisms that have been implicated in the regulation of differential 
gene activity include modifications to the histones (such as acetylation, methylation, 
phosphorylation, ubiquitination, and ADP-ribosylation) and methylation of DNA at 
CpG dinucleotides (see reviews by [16, 17]). These specific epigenetic modifications 
regulate expression or silencing of genes at the level of transcription, mediated by 
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the level of packaging DNA into chromatin. For example, acetylation of histones 
H3 and H4 and methylation of H3 at the lysine 4 position (H3 Lys-4) unfolds and 
loosens up the DNA template and makes it accessible to transcription factors. Thus, 
these epigenetic mechanisms are generally associated with active gene transcrip-
tion. Conversely, methylation of H3 Lys-9 and H3 Lys-27 induce DNA compaction 
and subsequently gene silencing.

In this review, we will summarize two major approaches to nuclear reprogramming 
or reversing the developmental process: (1) somatic cell nuclear transfer (SCNT) 
and (2) direct reprogramming using genetic manipulations. It should be noted that 
interest in both of these strategies derives, in large measure, from the potential 
production and use of histocompatible human ESCs in regenerative medicine.

4  Epigenetic Reprogramming by SCNT

The concept of reprogramming of a patient’s somatic cells into pluripotent ESCs 
was conceived based on two independent breakthroughs in the field of developmen-
tal biology in the late 1990s: success with cloning of animals by SCNT [18, 19] 
and derivation of human ESCs [11]. SCNT, or cloning, dates back to 1962 when 
John Gurdon first demonstrated that somatic cells from Xenopus laevis could be 
reprogrammed back into an early embryonic state by factors present in an egg 
cytoplasm and support development of an adult frog [20]. Thus, it became clear that 
the cytoplasm of the oocyte has the ability to reprogram gene expression and that a 
single somatic cell nucleus has the capacity to yield a whole new organism [21].

Research in SCNT involving other vertebrates including mammals continued for 
several decades and culminated in groundbreaking announcements, first in 1996 
[18] and then in 1997 [19] that sheep could be produced by SCNT using fetal and 
adult somatic cells. This accomplishment was quickly reproduced in other mammals 
including mice [22], cattle [23, 24], pigs [25], goats [26], rabbits [27], cats [28], 
mules [29], horses [30], rats [31], and dogs [32].

As mentioned above, ESCs were first derived in 1981 in the mouse [9, 10]. 
Exploiting the ability of mouse ESCs to contribute to germ-line chimeras and homolo-
gous recombination technology for the creation of knock-out mice and mammalian 
gene function analysis revolutionized the field of experimental biology [33]. 
To date, an estimated 10,000 mutated mice have been generated worldwide using 
the gene targeting technique. In recognizing their enormous contribution to the 
advances in every field of biology and medicine, the 2007 Nobel Prize in Physiology 
and Medicine was awarded to three scientists who pioneered the derivation of 
mouse ESCs and gene targeting [34].

The establishment of mouse ESCs has instigated similar studies in other mam-
mals. Working with nonhuman primates, James Thomson of the Wisconsin National 
Primate Research Center reported in 1995 the successful isolation of ESCs from 
rhesus macaque, in vivo flushed blastocysts [35]. Unlike mouse ESCs, monkey 
ESCs grew as flat colonies and expressed slightly different surface markers than did mouse 
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cells. Primate ESCs are relatively cumbersome to maintain and manipulate, requir-
ing considerable technical expertise and attention confounded by a requirement for 
manual passaging and their slow growth rate. Nevertheless, these cells were indeed 
pluripotent and capable of differentiating into cell types of all three germ layers. 
ESCs were also successfully isolated in other nonhuman primate species including 
marmosets and cynomolgus macaques [36, 37]. In the rhesus macaque, an additional 
25 cell lines were produced from in vitro produced embryos at the Oregon National 
Primate Research Center [38]. In 1998, following protocols and markers devel-
oped in the monkey, the isolation of ESC lines from surplus IVF-produced human 
embryos was reported [11]. Subsequently, approximately 65 human ESC lines were 
approved in the United States for Federal research support in August of 2001; how-
ever only a few of those lines are currently available and under study (http://stem-
cells.nih.gov/research/registry/).

Despite the remarkable strides that have been made to date with mouse and 
primate ESCs, success in other species has been limited. ESC-like cells have been 
described in several species including sheep [39], cattle [40], pigs [41], rabbits [42] 
and rats [43]. However, the pluripotency of these cells and their ability to maintain 
an undifferentiated phenotype over long term culture remains questionable.

The conceptual unification of SCNT and embryonic stem cell derivation technology 
suggested that it might be possible to produce preimplantation human embryos by 
SCNT and then derive isogenic embryonic stem cells from the resulting SCNT 
embryos [44, 45]. Human ESCs produced by this approach called “therapeutic 
cloning” would subsequently be differentiated into therapeutically useful cells and 
transplanted back into a patient suffering from a degenerative disease. The proof of 
the concept was first demonstrated in the mouse in 2000 with the isolation of 
pluripotent ESCs from adult somatic cell nuclei [46]. These SCNT-derived ESCs 
expressed canonic pluripotent markers and were able to differentiate readily into 
various somatic cell types in vitro or in vivo in teratomas and chimeras. Despite multiple 
abnormalities observed in cloned offspring, mouse ESCs derived by SCNT were 
transcriptionally indistinguishable from their counterparts derived from fertilized 
embryos [47, 48], consistent with the notion that ESCs derived from reprogrammed 
somatic cells have an identical therapeutic potential with “wild type” IVF-derived 
ESCs. This exciting scientific advance indicated that it may soon be possible to 
provide patients with pluripotent cells tailored for a given therapeutic purpose.

However, despite this remarkable progress, the feasibility of therapeutic cloning 
in primates remained questionable. Early attempts demonstrated that human and 
nonhuman primate SCNT embryos were unable to develop efficiently into blastocysts 
and typically arrested at early cleavage stages [49, 50]. This indicated an inability of 
primate SCNT embryos to activate embryonic genes and sustain the developmental 
program, possibly due to lacking or incomplete nuclear reprogramming. These 
challenges along with retraction of two high profile papers that contained fabricated 
data on human SCNT [51] significantly dampened scientific enthusiasm. The ability 
to derive primate ESCs by SCNT until recently was uncertain.

We initially reported incomplete nuclear remodeling following standard SCNT 
in the monkey, including nuclear envelope breakdown (NEBD) and premature 
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chromosome condensation (PCC), and correlated this observation with a decline in 
maturation promoting factor (MPF) activity [52]. Although, a direct link between 
NEBD, PCC and successful reprogramming was not clear, we presumed that 
remodeling could be particularly beneficial for efficient nuclear reprogramming by 
allowing access of reprogramming factors to the somatic cell’s chromatin. We 
introduced several modifications to SCNT protocols that prevented MPF decline 
and induced robust NEBD and PCC. Importantly, these modifications resulted in 
improved SCNT embryo development and significantly increased blastocyst 
rates, suggesting that MPF activity is essential for efficient nuclear reprogramming. 
The modified protocols allowed routine production of SCNT blastocysts from various 
donor somatic cells providing the foundation for rapid advances in the derivation of 
ESCs. More recently, we succeeded in the derivation of two ESC lines from rhesus 
macaque SCNT blastocysts using adult male skin fibroblasts as nuclear donors 
(Fig. 2) [53]. DNA analysis confirmed that nuclear DNA was identical to donor 
somatic cells and that mitochondrial DNA originated from oocytes. Both cell lines 
exhibited normal ESC morphology, expressed key stemness markers, were transcrip-
tionally similar to control ESCs and differentiated into multiple cell types in vitro 
and in vivo. These results represent a significant advancement in understanding the 
role of nuclear remodeling events in reprogramming following SCNT and demonstrate 
the first successful reprogramming of adult primate somatic cells into pluripotent 
ESCs. Currently, we are focused on further improvements in reprogramming by 
SCNT and efficient derivation of ESCs in the nonhuman primate model. In our 
initial report, the efficiency of this approach was quite low, requiring approximately 
150 oocytes to produce a single ESC line [53]. However, based on our current 
SCNT outcomes yielding nearly threefold higher blastocyst development and ESC 
derivation rates over our previously reported efficiency, as few as ten or less monkey 
oocytes are required to produce one ESC line (Mitalipov, unpublished results). 
These results suggest that systematic optimization of SCNT approaches to define 
critical reprogramming factors will likely succeed in the efficient generation of 
patient-specific ESCs for therapeutic applications.

Our recent data also strongly support the notion that oocyte-induced reprogramming 
of primate somatic cells results in complete erasure of somatic memory and the 
resetting of a new ESC-specific epigenetic state. Imprinted gene expression, 
methylation, telomere length and X-inactivation analyses of SCNT-derived primate 
ESCs were consistent with accurate and extensive epigenetic reprogramming of 
somatic cells by oocyte-specific factors ((Mitalipov, unpublished results).

A variation on the SCNT theme that has received recent attention is called altered 
nuclear transfer (ANT). Reprogramming by oocyte-specific factors after SCNT 
employs endogenous epigenetic pathways/programs. Thus SCNT provides a para-
digm for identification of natural epigenetic factors in an egg that accompany nuclear 
reprogramming and promotes utilization of these factors for direct reprogramming. 
However, utilization of an SCNT approach for reprogramming of human somatic 
cells into pluripotent ESCs poses ethical concerns since it involves the creation and 
subsequent destruction of preimplantation stage embryos with potential for full-term 
development. Thus, ANT proposes the creation of pluripotent stem cells by preemptive 
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alterations prior to SCNT insuring that no totipotent embryo is involved [54, 55]. These 
alterations should preclude the integrated organic unity and developmental potential 
that are the defining characteristics of a living organism, while still allowing the forma-
tion of the ICM cell lineage from which pluripotent stem cells can be derived. ANT 
proposes to alter the nucleus of a somatic cell and/or the cytoplasm of an enucleated 
oocyte prior to SCNT that would prevent formation of a totipotent zygote. However, 

Fig. 2  A schematic diagram showing experimental steps in reprogramming of adult primate 
somatic cells into pluripotent embryonic stem cells via SCNT. A donor nucleus from a skin cell 
was introduced into an enucleated oocyte and the resulting embryo gave rise to embryonic stem 
cells (copied from [53], supplementary information)
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residual oocyte factors should be capable of reprogramming an introduced nucleus with 
subsequent development to a stage that would support pluripotent stem cell isolation in 
the absence of a trophectodermal lineage.

Mature metaphase II (MII) oocytes are one of the largest cells produced by the 
human body. They contain key maternally inherited transcriptional and epigenetic 
factors essential for “natural” reprogramming of highly specialized gametic genomes 
into totipotent and pluripotent cells. Therefore, it is not surprising that oocyte-specific 
factors are able to reprogram transplanted somatic nuclei, although with less 
efficiency than that which occurs in the embryo after fertilization. As indicated above, 
maternally inherited factors in the oocyte convert a transcriptionally-quiescent 
embryonic genome into an active one during early embryonic development and 
following embryonic genome activation, control of the developmental program is 
gradually shifted to embryonic factors. Among these maternal transcription factors, 
whose functions have been well defined, are Oct4 and Sox2, which are both essential 
for formation of the ICM in mouse preimplantation embryos. Cdx2 plays a similar 
role in the development of TE. In early cleavage-stage mouse embryos these 
transcription factors are expressed in all blastomeres. At the blastocyst stage, Oct4 
and Sox2 are detected exclusively in the ICM cells, while Cdx2 is confined to the 
TE [56]. The role and expression pattern of these factors is poorly studied in other 
species including primates. However, we have shown a similar expression profile 
for OCT4 in monkey preimplantation embryos [57]. The homeodomain protein, 
Nanog, is also detected exclusively in the ICM of mouse embryos and cooperates 
with Oct4 and Sox2 to control a set of target genes that have important functions in 
maintaining pluripotency and ICM formation. Currently, little is known about maternal 
epigenetic factors that induce histone modifications and DNA methylation. Recent 
work suggests that expression of Nanog in embryos may be regulated by the histone 
arginine methyltransferase Carm1 [58]. Interestingly, overexpression of Carm1 
upregulates both Nanog and Sox2 and was able to direct development of individual 
blastomeres into an ICM fate.

As stated above, Cdx2 is one of the earliest known transcription factors that is 
essential for formation and function of the TE lineage [56]. Cdx2-deficient mouse 
embryos fail to maintain a blastocoel and cannot form the TE, but nonetheless, 
development of the pluripotent lineage of the ICM is relatively unaffected [59, 60]. 
Additional evidence for a key role of Cdx2 comes from Tead4 knockout embryos 
which are devoid of both the TE lineage and Cdx2 expression [61, 62]. Interestingly, 
Cdx2-deficient ICMs can generate functional ESCs. Recent evidence also suggests 
that somatic cells lacking Cdx2 can be used for SCNT, resulting in formation of 
the single ICM lineage suitable for isolation of ESC lines [63]. This demonstrates that 
inhibition of TE specific factors during SCNT can significantly alter the develop-
mental program and prevent formation of a totipotent embryo without compromising 
reprogramming to the pluripotent state, thus providing a scientific basis for the 
ANT concept.

On the other hand, Cdx2-deficient nuclei in this study were complemented 
by maternal factors including Cdx2 before the onset of embryonic genome 
activation. Therefore, SCNT embryos were not obviously abnormal until the 
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maternal-to-embryonic transition point. To solve this ethical dilemma, maternal 
Cdx2 transcripts must be inactivated as well. Moreover, it remains to be determined 
whether this approach will work in other species including primates.

5  Direct Reprogramming

Possibly one of the greatest developments in the stem cell research field in the past 
2 years is the discovery that introduction and ectopic expression of several genes 
can induce pluripotency in somatic cells. A research group led by Shinya Yamanaka 
of Kyoto University found that murine somatic cells transduced with retroviral 
vectors carrying only four transcription factors, namely Oct4, Sox2, c-Myc and 
Klf4 can revert their epigenetic state to become ESC-like [64]. These cells termed 
induced pluripotent stem (iPS) cells were similar in their properties to ESCs in 
terms of marker expression, transcriptional activity and the ability to differentiate 
into a variety of cell types in chimeras. The relative simplicity with which iPS cells 
can be generated compared with SCNT makes this technique an attractive approach 
for studying the principles of nuclear reprogramming and also to evaluate their 
potential for clinical applications. Indeed, mouse iPS cells were quickly developed 
in several laboratories and have recently been used to successfully treat sickle cell 
anemia in mice [65].

In November of 2007, two independent groups led by Shinya Yamanaka and 
James Thomson reported that using a similar transduction approach they were able 
to generate iPS cells from human somatic cells [66, 67]. These human ESC-like 
cells also expressed markers of ESCs and were capable of differentiating into cell 
types of all three germ layers. Yamanaka’s group used the same quartet of four 
factors that worked in the mouse, while the Thomson lab demonstrated that a slightly 
new combination, OCT4, SOX2, NANOG and LIN28 can also generate human iPS 
cells. It is interesting to note, that the efficiency of reprogramming was lower with 
adult somatic cells than with cells of fetal or embryonic origin. Moreover, some 
adult somatic cell-derived iPS cells did not contribute to all cell types following 
differentiation in teratomas. It is likely that there could be additional factors that 
may enhance production of iPS cells from adult somatic cells. Indeed, a recent report 
suggests that hTERT and SV40 large T can enhance the reprogramming efficiency 
of Yamanaka’s factors on human adult somatic cells [68].

Recent reports also suggest that the kinetics of reprogramming significantly 
differs between iPS and SCNT approaches. Direct reprogramming of somatic cells 
to iPS cells appears to be a much slower process with activation of the endogenous 
Oct4 or Nanog in the mouse observed on day 16 post-transduction [69]. In contrast, 
Oct4 expression in mouse SCNT embryos can be detected after the 4-cell stage or 
on day 2 after SCNT [70].

The direct genetic manipulation of somatic cells into iPS cells carries an advantage 
over SCNT since it does not produce totipotent cells and does not require human eggs. 
From a bioethical viewpoint this approach would resolve concerns about producing 
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and destroying human embryos. However, this approach currently has serious 
limitations as a source of cells for regenerative medicine. Reprogramming using 
c-Myc results in tumor development in approximately 20% of chimeric mice derived 
by injection of iPS cells [71]. Recent findings suggest that c-Myc is not absolutely 
necessary for iPS cell induction, although it appears that reprogramming efficiency 
is much lower when the oncogene is omitted [72]. Another concern is that introduction 
of multiple copies of transgenes may cause insertional mutations and disrupt the 
function of many endogenous genes. Continuous overexpression of transgenes is 
also problematic due to the possibility of incomplete silencing of these transgenes 
during differentiation. The residual incidence of even a few pluripotent cells in 
transplanted tissues may cause tumors. Although the retroviral-delivered genes are 
silenced in most iPS cells, there is the likelihood of reactivation of these transgenes 
in differentiated cells and the possibility of spontaneous reversion of transplanted 
cells back to the pluripotent state, leading to the risk for malignant progression.

To avoid these pitfalls each patient-specific iPS cell line must be rigorously 
tested in animal models before therapeutic applications. These concerns suggest 
that further advances in the derivation of iPS cells without gene transfer will be 
required to overcome these problems. In the near future, novel reprogramming 
approaches that involve transient gene delivery system or small molecules may 
prove to be a safer way of generating iPS cells suitable for clinical applications. It 
will be necessary to carry out a detailed analysis of iPS cells to understand fully the 
mechanisms of reprogramming and their role in regenerative medicine. It is also 
essential to continue to study SCNT-induced reprogramming and to compare 
carefully the properties of iPS cell lines to those derived by SCNT.
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Abstract  Stem cells have been envisioned to become an unlimited cell source 
for regenerative medicine. Notably, the interest in stem cells lies beyond direct 
therapeutic applications. They might also provide a previously unavailable source 
of valuable human cell types for screening platforms, which might facilitate the 
development of more efficient and safer drugs. The heterogeneity of stem cell types 
as well as the numerous areas of application suggests that differential processes are 
mandatory for their in vitro culture. Many of the envisioned applications would 
require the production of a high number of stem cells and their derivatives in scal-
able, well-defined and potentially clinical compliant manner under current good 
manufacturing practice (cGMP). In this review we provide an overview on recent 
strategies to develop bioprocesses for the expansion, differentiation and enrichment 
of stem cells and their progenies, presenting examples for adult and embryonic 
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1  Introduction

The title of this review is a bold claim. It implies that large scale production of stem 
cells is, to some extent, an established practice. Process scale-up of common mam-
malian cell lines such as Chinese hamster ovary cells (CHO), human tumor cells 
lines (such as HEK 293 and HeLa), and myelomas, which have been extensively 
used to produce large quantities of biopharmaceutical products (e.g., antibodies and 
cytokines), has indeed resulted in fermentation volumes of >1,000 or even >10,000 
L in recent years [1–4]. In contrast, stem cell production and differentiation in vitro 
is in its infant stage. Process optimization experiments are often performed in 
0.1–10 mL medium in tissue culture dishes. Spinner flask and other bioreactor 
volumes of 50–250 mL are considered a substantial up-scaling and lab-scale proc-
esses exceeding 1 L reactor volume are an exception.

One major underlying reason is the still limited knowledge of stem cell biology 
hampering the development of efficient and commercially viable processes. Not 
surprisingly, a recent leading edge analysis by Ann B. Parson [5] underscores that 
ramping up the process for stem cells products is currently one of the key success 
hurdles for biotech companies in the field.

1.1  Cells for Therapies: Estimating Cell Number Requirements

How many cells are actually necessary for future therapies? Obviously, this will 
depend on the respective application but some of the presently utilized cell therapy 
applications serve to highlight the dimensions. In the field of heart repair, for 
example, one can assume that the left ventricle of a human heart contains about 4–6 
billion cardiomyocytes [6–8]. Individuals can survive myocardial infarction (MI) 
that affects about one-third of the left ventricle. Cardiac regeneration would thus 
require the replacement of as many as 1–2 billion cardiomyocytes that are irrevers-
ibly lost through hypoxia-reperfusion injury.

Similar numbers apply to beta-cell replacement in type 1 diabetic patients. The 
Edmonton protocol, a pancreatic islet transplantation procedure, typically utilizes a 
transplant of approximately 600,000 islet equivalents comprising abut 1,000 beta 
cells each [9] derived from cadaveric donor pancreata. This would mean that about 
1 billion stem cell-derived functional beta-cell equivalents would be required per 
patient [10].

Another example documents the dimension of donor cell requirement to recon-
stitute stably blood formation in patients after chemotherapy or irradiation treat-
ment. Using umbilical cord blood (UCB) as a cell source, cell doses of 15 million 
mononucleated cells containing about 1% CD34+ hematopoietic stem and progenitor 
cells per kg patient weight appears to be the threshold for safe transplants [11]. 
An adult of 80 kg receiving an unrelated UCB transplantation will thus need about 
1.2 billion (1.2 × 109) nucleated cells including 12 million CD34+ cells. Supposing 
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that UCB samples can contain about 1 × 108 mononucleated cells comprising 1% 
CD34+ cells, in vitro expansion would require a 12-fold increase of the cell popula-
tion, thereby keeping the proportion of CD34+ cells intact, which is a key factor for 
successful transplant products as discussed in more detail below.

These examples suggest that 1–2 billion stem and/or differentiated progenitor 
cells per patient is a useful ballpark number to estimate production requirements in 
bioprocess development.

1.2  Cell Sources for Therapies: Adult vs Embryonic Stem Cells

Stem cells are defined as being self-renewing, pluri- or multipotent, and clono-
genic. Clonogenic cells are single stem cells that are able to generate a line of 
genetically identical cells thereby maintaining their self-renewal and differentiation 
potential. Stem cells exist at different hierarchical levels throughout the develop-
ment of an organism and persist in adult tissues. At one end of the spectrum, 
pluripotent embryonic stem cells (ESC) can give rise to all cell types in the body 
whereas tissue specific, multipotent stem cells only retain the ability to differentiate 
into a restricted subset of cell types.

With the exception of hematopoietic stem and progenitor cells (HSC), which have 
been used in the clinic for more than 50 years [12], the routine therapeutic application 
of stem cells is limited to date. Ten years after the first derivation of stable human 
embryonic stem cell (hESC) lines by Thomson and coworkers [13], no clinical trial 
based on this cell source has yet been initiated. Although trials have been announced 
for spinal cord repair and ophthalmic disorders by biotech companies’, initiation was 
repeatedly delayed due to profound safety and ethical concerns [5].

Present experimental trials aimed at cell-based tissue repair have thus focused 
on cells isolated from patients own tissue. Autologous approaches avoid donor cell 
rejection and the risk of teratoma formation (benign tumors containing cells from 
various differentiated tissues) imposed by ESC. These personalized cell treatments 
require no or limited small-scale expansion of harvested cells. Examples are (1) calf 
biopsy-derived in vitro expanded skeletal myoblasts and (2) nonexpanded, bone 
marrow-derived mononucleated cells. Both of these cell types are currently being 
tested for heart repair in patients post MI [14]. However, poorly defined mixtures 
of autologous cells are often used in experimental trials simply because the (stem-) 
cell type(s) with a supposed therapeutic potential is not known [14]. Crude bone 
marrow biopsies or fractions thereof are being tested for heart repair whilst the 
discussion on the adequate cell type, the optimal modus of application, and the 
expected clinical outcome is in full swing [14–16]. Considering the controversial 
observations from animal models, the distrust of numerous investigators towards 
ongoing clinical trials is not surprising [16–18]. Results observed in rodent hearts 
range from efficient cardiomyogenic differentiation of bone marrow derived cells 
[19] and mesenchymal stem cells (MSC [20, 21]) to negligible heart muscle cell 
differentiation of these cell types [22, 23] and even deleterious effects like the 
calcification of MSC injected into heart muscle [24].
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This debate not only concerns the question of which cell type is most suitable to 
repair a particular organ. It also relates to the underlying question of whether primi-
tive, undifferentiated stem or progenitor cells could be delivered to regenerate dam-
aged tissue (where the differentiation will be guided in vivo by signals in recipients 
damaged organ) or whether stem cells must be directed to differentiate into mature, 
tissue specific progenies in vitro and then transplanted. Apparently, these consid-
erations define the goals and strategies for bioprocess development.

Notably, the interest in stem cells lies beyond direct therapeutic applications. 
Stem cells, or differentiated progenitors thereof, provide a promising source of 
valuable human cell types that have not been available for in vitro assays before. 
This will allow the development of novel, scalable screening platforms for com-
pound discovery and toxicity testing which might help to develop more efficient 
and safer drugs [25]. Another area of stem cell research is the study of develop-
mental and differentiation processes as well as stem cell malignancy and genetic 
disorders in vitro.

The heterogeneity of stem cell types as well as the numerous areas of application 
suggests that differential processes are mandatory for their in vitro culture. Many of 
the envisioned applications would require the production of a high number of stem 
cells and their derivatives in scalable, well-defined and potentially clinical compliant 
manner under current good manufacturing practice (cGMP). In this review we will 
provide an overview on recent strategies to develop scalable bioprocess for the 
expansion and differentiation of stem cells, providing examples for adult and 
embryonic stem cells alike.

2  Strategies in Stem Cell Scale-Up

Development of clinical/industrial scale process for cell production requires a focus 
on key questions of process efficiency and eventually commercial viability of an 
envisioned strategy. This includes estimating the process dimension defined by the 
(1) number of cells to be transplanted per treatment, (2) bioreactor dimensions 
needed to generate multiple cell doses, (3) required total medium throughput, and 
(4) process duration; subsequently process costs can be calculated.

Using cardiomyocytes and pancreatic cells as examples, we have calculated 
above that 1–2 billion cells per patient will theoretically be needed to replace the 
loss of functional tissue. Notably, true cell numbers for successful organ repair 
might be extensively higher. Recent animal models suggest that only a single-digit 
percentage of transplanted donor cardiomyocytes eventually survive and integrate 
in the heart [26, 27]. Also, the physiological potency of surrogate cells generated 
in vitro might require higher donor cell doses. For example, the insulin release in 
response to a defined glucose challenge, a potency assay used to assess beta-cell 
functionality in vitro, is much lower in ESC-derived beta-like cells compared to 
cadaveric donor-derived beta cells embedded in functional islets. The latter 
comprise the gold standard in the field [10, 28].
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In addition, differentiation of stem cell in vitro usually results in a mixed culture 
with the desired cell type being a minority even if protocols for directed differ-
entiation are applied. Let’s assume that a target cell type such as beta-cells or 
cardiomyocytes can be generated from ESC with a relative high efficiency of 20%. 
Subsequently a bioprocess must generate the total amount of 5 billion differentiated 
progenies to produce 1 billion target cells, which would thus impact on process 
dimension. The resulting cell mixture might be subjected to subsequent purification 
steps to achieve lineage purity.

Equipped with such estimations, process development is concerned with experi-
mental-scale approaches to provide initial real-world figures on process efficiencies, 
dimensions, and costs, which are subsequently subjected to up-scaling and optimization.

2.1 � Culture Media and Cell Attachment Matrices: Critical, 
Expensive, and yet Poorly Defined

One of the most essential and costly components in stem cell production is the 
culture medium. Development of media that either support stem cell self renewal 
and proliferation or, in contrast, direct differentiation into desired lineages is at the 
heart of current research. Experimental reports often utilize media comprising rela-
tive high amounts of serum. Unfortunately, serum is subjected to batch-to-batch 
variations and represents a xenogeneic component that might conflict with the 
generation of clinically-compliant stem cell products. In mouse and human ESC 
research, the need for defined media has resulted in broad usage of commercially 
available serum replacement (e.g., Invitrogen, Carlsbad, CA, USA) but the formu-
lations still generally contain bovine serum albumin.

However, studies have begun to unravel signal transduction pathways controlling 
self renewal and differentiation in more detail resulting in chemically-defined, xeno-
free media as outlined below. In this context, synthetically manufactured compounds 
that can control signaling pathways and subsequently stem cell behavior are progres-
sively tested in the field [29]. Ultimately, this strategy will not only facilitate genera-
tion of chemically defined media. Applying small molecules might also support 
commercial viability of bioprocesses by replacing recombinant, costly growth factors 
and cytokines that are currently obligatory components of many media formulations. 
Prominent examples are fibroblast growth factor-2 (FGF-2) supplemented to culture 
media for hESC expansion or numerous hematopoietic growth factors including 
interleukins, granulocyte macrophage colony stimulating factor (GM-CSF), stem cell 
factor (SCF) and others that are currently indispensable for the in vitro cultivation of 
HSC [12]. Other examples include the transforming growth factor beta (TGF-beta) 
family members activin and bone morphogenetic protein (BMP)-4, arguably among 
the most expensive molecules on the planet, which have recently been suggested in a 
sequential protocol to direct cardiomyocyte differentiation from hESC [26].

In conjunction with the culture medium, another key component controlling 
stem cell characteristics in vitro is the matrix provided for cell attachment. With the 
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exception of HSC, which have historically been grown on stromal feeder cells but 
are now generally expanded in suspension culture, most other stem cell types have 
been isolated under conditions depending on surface adherence. Mouse, primate, 
and human ESC were all derived on a layer of embryonic fibroblast. Much effort is 
currently being applied to replace this coculture system, which strongly interferes 
with up-scaling strategies, by defined matrices. MSC, per definition, are tissue 
culture plastic adherent cells. Thus, it’s easier to comply with their demands regard-
ing the surface matrix used for expansion. However, culture surface enlargement to 
ensure efficient and reasonable mass expansion of anchorage-dependent cells is a 
central challenge in bioreactor design.

2.2 � Bioreactors and Microcarriers: Providing Stem Cells  
with a Home and a Bed

A bioreactor may be defined as a system that simulates physiological environments 
for the creation, physical conditioning, and testing of cells, tissues, precursors, sup-
port structures, and organs in vitro. It thus provides for a regulated and controlled 
environment. At first glance, bioreactors look like highly complicated and sophisti-
cated equipment, and indeed, very heterogeneous designs and setups exist. However, 
exempting some exotic models, they can be divided into a few simple categories.

The simplest and among the most extensively used reactor types in mammalian 
cell culture are stirred tank reactors (usually a cylinder-shaped vessel). Spinner 
flasks represent a simple lab-scale format of this reactor type (typical working vol-
ume of 50–250 mL), and are placed in tissue culture incubators to provide the basic 
growth environment, which is controlled temperature and aeration gas mixture. 
Spinner flask aeration is usually limited to the gas exchange at the headspace. 
Homogeneous mixing of the culture solution is ensured via impeller(s), turbines, or 
bulb-shaped stirring devices. Design of these impellers and vessel geometry as well 
as the stirring speed define the medium flow (direction, velocity) and thus homo-
geneity of culture mixing, efficiency of gas exchange, and, importantly, shear 
forces acting on the cells.

Compared to spinner flasks, instrumented stirred tanks allow online measure-
ment and adaptation of parameters like the pH and oxygen tension (pO

2
). Installed 

ports enable the simple and regular collection of culture samples. This facilitates 
offline (or even online) measurement of additional parameters such as cell density, 
cell vitality, glucose consumption, accumulation of potentially toxic metabolites 
such as ammonia, medium osmolarity and others. Instrumented tanks also enable 
additional culture aeration through a so-called sparger, a device that generates gas 
bubbles at the bottom of a vessel thereby adding to the gas diffusion from the head-
space, to keep the pO

2
 constant even in dense cultures demanding high oxygen 

supply. This is particularly important for stem cell cultures, as the pO
2
 has been 

shown to impact on stem cell differentiation into specific lineages as outlined 
below. Another feature is the possibility for continuous feeding. Fresh medium is 
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constantly added at a defined speed and an equivalent medium amount is constantly 
removed from the culture, usually without cell removal (cell retention techniques). 
Continuous medium perfusion, in contrast to batch feeding which is the standard 
feeding technique in tissue culture, results in more homogeneous culture conditions 
which can have profound consequences in stem cell bioprocessing. It is well estab-
lished that stem cells and their differentiated progenies release inhibiting and stimu-
lating factors that can strongly feedback on cell pluripotentiality, proliferation and 
differentiation. Perfusion feeding of hESC, for example, enabled growth to much 
higher cell densities without inducing differentiation compared to batch fed con-
trols ([30]; perfused stationary culture). Other examples of this topic are presented 
for HSC expansion and cardiomyogenic differentiation of ESC below.

Stirred tanks are favored in process scale-up because established culture condi-
tions in lab-scale can often be transferred to much higher volumes with relative ease 
by keeping both physical (vessel and stirrer geometry, medium flow features/shear 
forces, medium throughput, feeding strategy, etc.) and physiological (pO

2
, pH, 

glucose conc., metabolic waste conc., etc.) parameters constant [1–4]. However, cells 
often do not immediately ‘take’ to culture in stirred suspension systems. Consequently, 
in the biopharmaceutical industry, a critical scale-up step is the adaptation of initially 
anchorage-dependent production cell lines to (usually serum-free) suspension cul-
ture growth without interfering with the quality and quantity of the desired, cell-
derived product [1]. Such adaptation steps, however, might strongly interfere with 
stem cell characteristics limiting translation of this strategy to stem cell research.

Another technique to enable the growth of attachment-dependent cells in sus-
pension is the use of microcarriers. In 1976 Van Wezel describes the use of small 
particles (0.2 mm), microcarriers, for the growth of anchorage-dependent cells [31]. 
These spherical particles are kept in suspension by stirring or other mixing tech-
niques and provide a massively enlarged attachment surface in a relative small 
reactor volume due to their high surface-area-to-volume ratio. Carriers have been 
previously used in conventional cell culture, e.g., for vaccine production.

As with bioreactors, a “plethora” of microcarriers exists; they come in all shapes 
and sizes. Aiming to provide optimal cell attachment properties for diverse cell type 
microcarriers made from numerous materials are available. One main category of 
microcarriers comprises solid, spherical or disc-shaped particles made of cross-
linked dextran, cellulose or polystyrene [32]. The other category is termed micro- or 
macroporous carrier [33]. Macroporous carriers have a sponge-like structure. They 
are typically made of soft materials such as gelatin or collagen and allow cells to 
grow in their internal pores. Due to their rough external surface, macroporous carri-
ers generate more microeddies, resulting in higher fluid shear that acts on surface 
attached cells compared to solid, spherical carriers [34]. However, solid carriers also 
impose high mechanical stress on cells in stirred culture whereas cells grown in the 
interior of porous particles might be well protected. Also, the microenvironment that 
might develop in the vicinity of cells grown in micropores might be different from 
the bulk of the culture vessel and either support stem cell maintenance or differentiation. 
Macroporous scaffolds have therefore been used for heterogeneous hematopoietic 
cell cultures which entail a mixed population of adherent and suspension cells [35, 36]. 
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More recently, porous as well as solid type microcarriers have also been tested for 
mouse ESC cultivation and differentiation in spinner flasks [37, 38].

To prevent the potentially detrimental shear stress on cells in stirred microcarriers 
culture surface enlargement for anchorage-dependent cells can also be achieved in 
fixed/packed bed reactors. These are fully controlled bioreactors in which macro-
porous microcarriers or other substrates (e.g., glass or plastic beads of various sizes, 
discs made of porous material etc.) are embedded in a column-shaped vessel (cell 
compartment). To supply cells that have been seeded into the substrate, aerated 
culture medium is continuously circulated through the cell compartment; in most 
configurations bubble-free medium aeration is established through a semiper-
meable membrane. Fresh medium is added according the metabolic needs of the 
cells and metabolic waste products are removed. Configurations of this reactor type 
have been applied to engineer murine and human bone marrow models to mimic ex 
vivo hematopoiesis [36, 39]. Hollow fiber reactors, which have also been used for 
HSC culturing [40], utilizes a capillary-like fiber structure for surface-enlargement; 
again, oxygenated medium is circulated through these fibers for cell supply.

Finally, an even lower mechanical and hydrodynamic shear but still efficient 
mixing and agitation of cells in suspension is enabled by rotating wall vessel (RWV) 
bioreactors; in contrast to the reactor types described above the incubator vessel itself 
is rotated to mimic gravity-free culture conditions [41]. Improved RWV systems 
enabling parallel bi-axial vessel rotation were recently developed and applied for 
efficient three-dimensional tissue engineering [42, 43]. Examples applying RWV 
reactors for HSC expansion and hESC differentiation are further presented below.

In the following sections we will review the status of bioprocessing with respect 
to several stem cell types that have an established or an envisioned role in regenerative 
medicine.

3 � Hematopoietic Stem and Progenitor Cells: Long Medical 
History but Limited Ex-Vivo Expansion of a Complex  
Cell Mixture

Hematopoietic stem cells reside as rare cells in the bone marrow in adult mammals 
and sit atop a hierarchy of progenitors that become progressively differentiated 
to mature blood cells, including erythrocytes, megakaryocytes, myeloid cells, and 
lymphocytes [44]. Hematopoietic stem and progenitor cell (HSC) transplants are 
used as part of the treatment of a variety of genetic disorders, blood cancers, some 
solid tumors and when the bone marrow is damaged or diseased. Since the main 
forms of cancer treatments, chemotherapy and radiotherapy, are nonspecific, healthy 
cells including bone marrow cells are also damaged. If the intensity of the therapy 
destroys the bone marrow function for blood regeneration, a transplant is necessary to 
prevent live-threatening complications such as infections and bleeding. Full long 
term reconstitution of blood formation in patients receiving HSC transplants is a 
paradigm for successful stem cell therapies.
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3.1  Stem Cell Sources and Clinical Application

Bone marrow (BM) was the first source of HSC used for transplantation but in the 
meantime other sources including (mobilized) peripheral blood (PB; isolated via 
apheresis) and umbilical cord blood (UCB) have also been utilized [45–47]. A major 
limitation to the clinical application of HSC has been the absolute number of stem- 
and progenitor- as well as mature hematopoietic cells available in stem cell products. 
On the other hand it has been proposed that a single stem cell is capable of more than 
50 cell divisions and has the principal capacity to generate up to 1015 progenies, or 
sufficient cells for up to 60 years blood formation in an adult human [48, 49]. This 
potential level of expansion, if realizable ex-vivo, may have an impact on the cellular 
genetic stability and the differentiation potential of HSC due to the loss of telomere 
length [50] and oxidative stress [51]. However, even a modest in vitro expansion 
would have a significant effect on HSC availability and investigators have evaluated 
this possibility to achieve the following clinical needs:

–	 Generating a sufficient number of stem cells from a single bone marrow aspirate 
or apheresis procedure to reduce the need for large marrow harvests or multiple 
leukaphereses

–	 Generating sufficient cells from a single umbilical cord blood harvest to reconstitute 
an adult following high-dose chemotherapy

–	 Supplementing stem cell grafts with more mature precursors to limit pancytopenia 
(shortage of all types of blood cells)

–	 Increasing the number of primitive progenitors in stem cell grafts to ensure 
hematopoietic support for multiple cycles of high-dose chemotherapy

Adapted from Ian McNiece [12].

3.2  In Vitro Expansion and Scale-Up

Challenges associated with in vitro HSC propagation are generally applicable to 
most other adult stem cells as well. Particular considerations include (1) the hetero-
geneity of the cell source(s) available for process inoculation, (2) absence of defini-
tive stem cell surface markers, and (3) absence of fast and reliable assays to test 
stem cell function. However, within the population of donor-harvested mononucle-
ated cells expression of the CD34 antigen (CD34+), a cell surface glycoprotein, 
paralleled with the absence of lineage markers and CD38 expression (lin-, CD38-) 
has become the distinguishing feature used for the enumeration and isolation of 
HSC. CD34 is down regulated as cells differentiate towards hematopoietic lineages 
[52, 53]. Transplantation studies in several species have also shown that long-term 
marrow repopulation can be provided by CD34+ cells. Therefore, relevant clinical 
and experimental protocols aimed at the in vitro expansion of HSC are often 
quantifying the rare fraction of CD34+ cells pre- and postexpansion to determine 
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success of the bioprocess. Additionally, in vitro colony forming (e.g., methylcel-
lulose assay) and differentiation assays are combined with the in vivo ability to 
reconstitute multilineage hematopoieses in a xeno-transplantation model using 
nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice to ensure 
the quality of the expanded cell population [54].

Aiming to reconstitute the so-called HSC niche [55], many in vitro cultures have 
been designed to regulate the HSC microenvironment by coculture systems utilizing 
supportive feeder cell lines [56–59]. However, cocultures are not only challenging in 
process scale-up. Most of the systems have only demonstrated maintenance of HSC 
numbers without achieving the desired expansion, potentially because they model 
steady-state hematopoietic homeostasis in vivo to some extend. Finally, feeder-based 
cultures may not require direct cell–cell contact but rather the secretion of HSC-
supporting factors by feeder cells. This observation has driven the development of 
serum- and feeder-free suspension culture protocols and extensive research has been 
devoted in identifying optimal cocktails of hematopoietic growth factors that simul-
taneously inhibit apoptosis, induce mitosis, and prevent differentiation. For reviews 
on this topic, please see Heike and Nakahata [60], Noll et al. [61] and McNiece [12], 
with the later being focused on clinical studies of in vitro expanded HSC.

Besides the medium composition, HSC cultures are influenced by many other 
factors. Considering the general donor-to-donor variability on the expansion poten-
tial of HSC [62] it has been shown that cell production is improved by using lower 
seeding densities, preenrichment of stem and progenitor cells for process inocula-
tion, increased medium exchange via culture perfusion, and applying high concen-
trations of early-acting growth factors [63, 64]. Adding to the complexity, it was 
observed that human CD34+ cells as well as differentiated hematopoietic cell types 
secrete numerous growth factors acting as autocrine and paracrine factors in normal 
hematopoiesis [65]. Exploiting this observation recent studies have improved HSC 
expansion by removal of lineage marker expressing differentiated progenies from 
the culture to avoid feedback inhibition [66, 67]. Modifying this approach in future 
by selectively removing cell types that secrete inhibitory factors but leaving other 
progenies that produce stimulatory cytokines behind might create a self-stimulating 
environment, thereby limiting the need for adding costly cytokines [67].

Using bone marrow, peripheral blood or umbilical cord blood for culture inocu-
lation, permeable blood bags and conventional T-flasks are still most widely used 
for the expansion of human HSC in the clinic. Although they are simple to handle, 
these systems have the typical limitations of static cultures such as the development 
of gradients (e.g., dissolved oxygen, pH, cytokines and metabolites), lack of online 
control for environmental conditions, and a limited surface area. Due to their long 
medical history, HSC were among the first stem cell types to be cultured in bioreactors; 
numerous types of reactors have been applied including hollow fiber-, perfusion 
chamber-, fixed bed-, and stirred vessel bioreactors reviewed elsewhere [68, 69]. 
Recent studies, however, are progressing towards the long term HSC expansion in 
increased culture volumes. For example, UCB- and PB-derived mononuclear cells 
were expanded in a stirred bioreactor equipped with dissolved oxygen and pH con-
trol, whereby the process efficiency was greatly enhanced by using a cell-dilution 
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feeding protocol [70]. Another stirred suspension approach in 250-mL scale was 
published by Kim and coworkers [71] documenting the expansion of human BM; 
supplementation with factors secreted by stromal feeder cells combined with 
growth promoting and growth inhibiting cytokines enabled the prolonged expan-
sion of hematopoietic progenitors. Long term culture (several weeks) and expansion 
of UCB and PB was also achieved in a cocultivation setting utilizing a perfused 
fixed bed bioreactor seeded with immobilized stromal cells on porous glass carriers 
[72]. As mentioned above, perfusion has been suggested to facilitate HSC expan-
sion by increasing the medium exchange rate [73]. However, it is also known that 
hematopoietic cells are extremely sensitive to shear forces which can limit their 
viability in stirred and perfused systems or at least affect gene expression including 
cytokine receptors [68, 69]. This aspect has prompted Liu and coworkers [74] to 
apply a rotating wall vessel (RWV) bioreactor (33 mL working volume) which 
ensured laminar flow, resulting in minimal shear stress and well-mixed culture 
conditions, and also avoided the formation of gradients. Culturing UCB in the 
RWV reactor, on average, enabled a 435.5±87.6-fold expansion of all mononucle-
ated cells paralleled by a 33.7±15.6-fold increase of CD34+ cells within ~ 8 days. 
Although this result is encouraging the authors have calculated that a process scale-
up to four 500-mL RWV reactors running in parallel would be mandatory to gener-
ate a clinically relevant transplant for an 80-kg patient. This calculation assumes 
that the process is inoculated with a single, typical UCB sample and the expansion 
kinetic observed in the current 33-mL reactor scale is translatable to the envisioned 
2-L dimension process and prolonged cultivation time.

Given the complexity of this multiparameter system it’s not surprising that, 
despite the large number of studies HSC growth in serum-free, cytokine-supple-
mented liquid suspension culture has been still modest to date. For the next genera-
tion of HSC bioprocess design, it was therefore proposed to perform dynamic 
system perturbations comprising extensive control of the cell-population (lineage 
selective removal/maintenance), media control (exchange/dilution), and selective 
growth factor supplementation to efficiently increase particularly the stem and 
progenitor population in the culture [75].

4  Embryonic Stem Cells

4.1 � ESC Expansion: Providing the Raw Material  
for Future Therapies

Compared to tissue-derived adult stem cells, embryonic stem cells that were suc-
cessfully derived from blastocyst stage embryos of several species including mice 
[76], primates [77], and importantly humans [13], offer the particular advantage of 
prolonged proliferative capacity and great versatility in the lineages that can be 
formed in culture. Translating these advantages into clinical benefits faces many 
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challenges, including the efficient differentiation into a desired cell type, maintain-
ing genetic stability during long term culture, ensuring the absence of tumorigenic 
ESC persisting in a therapeutic product, and scalability of existing protocols for 
mass generation of donor cells. By focusing on recent approaches of both, mouse 
and human ESC expansion and differentiation in bioreactors we will discuss the 
impact of above challenges on process scale-up.

To exploit the growth capability of ESC in their pluripotent state, a vital strategy 
for process development would depend on the expansion of a large starting popula-
tion, which can be used to inoculate differentiation processes. Since ESC are 
anchorage-dependent and grow in typical colonies, current methods to scale-up their 
numbers have focused on flat surfaces or matrices [78]. For mass expansion, the 
simplest surface enlargement could be achieved by utilizing multilayered tissue 
culture flasks, so-called cell factories (produced by several manufacturers). They 
provide a relative large growth surface in limited space under standard tissue culture 
conditions facilitating adaptation of established tissue culture protocols. Their dis-
posable nature would also facilitate GMP and clinical compliance. However, homo-
geneous cell distribution for the inoculation of multilayered flasks would require 
single cell dissociation of ESC combined with a medium formulation that ensures 
robust self-renewal. Mouse ESC (mESC) fulfill these requirements. They can be 
passaged by single cell dissociation and differentiation is largely avoided when the 
cells are grown on a simple gelatin matrix in the presence of leukemia inhibitory 
factor (LIF), an interleukin-6 family member that activates the Jak/Stat pathway. 
Unfortunately, this pathway fails to maintain self-renewal in human ESC [79].

Research to unravel the apparently multifactorial network of growth factors and 
downstream signaling that controls hESC pluripotency is in full swing. Members of 
the FGF family, particularly FGF-2, have been shown to support hESC self-renewal 
whereas the blockage of BMP-signaling by noggin or activin is required to retain their 
phenotype. For details on this topic please see recent reports and reviews [80, 81].

At present, serum replacement-based media (to avoid fetal calf serum; a product 
form Invitrogen, Carlsbad, USA) supplemented with FGF-2 are still broadly used 
for hESC culture. In addition, hESC have been mostly grown on a variety of feeder 
cell lines or on extra cellular matrices such as matrigel, fibronectin, laminin, or 
heparan sulfate and supplemented with conditioned media derived from the feeder 
cells [78, 82, 83]. To enable up-scaling of these culture platforms a clinical grade-
human feeder cell line grown on microcarriers in spinner flasks was recently estab-
lished [84]. These extensively characterized feeders have also been used to derive 
clinical-grade hESC cell lines [85], an important step toward the generation of fully 
controlled products for clinical trials. Large scale production of clinical- and 
cGMP-grade feeder conditioned medium might be a commercially vital strategy for 
hESC mass culture thereby limiting the need for costly growth factor supplementa-
tion even if a definitive cocktail will finally be available.

However, a notable discovery identified that hESC are capable of taking up 
substantial amounts of the potentially immunogenic nonhuman sialic acid Neu5Gc 
[86] and acquire bovine apolipoprotein B-100 [87] from feeder layers and the 
serum replacement medium, which contains animal compounds such as bovine 
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serum albumin. Extensive research is therefore ongoing to replace bovine compo-
nents either by recombinant human serum albumin and/or to simplify culture condi-
tion with just the essential serum components, such as sphingosine-1-phosphate 
and platelet-derived growth factor [78].

Notably, and in contrast to the still elusive definitive markers of hematopoietic 
stem cells, availability of numerous well established markers known to be 
expressed in pluripotent hESC strongly facilitates the mandatory development of 
completely defined culture media. Pluripotentiality markers that are downregu-
lated upon hESC differentiation include surface antigens such as stage specific 
embryonic antigen (SSEA)-3 and SSEA-4, Trafalgar (Tra)-1-60 and Tra-1-81, 
and GCTM-2 as well as transcription factors including Oct4, Nanog, and Sox2 
[88]. Immune cytology specific to these and other markers unraveled the hetero-
geneity of hESC cultures grown under most established culture condition sug-
gesting progressive differentiation to some degree [88, 89]. The grade of culture 
heterogeneity, which also varies between independently derived hESC lines [90], 
apparently adds another level of complexity to the system, thereby imposing 
challenges to the sensitive issue of reproducibility in process development. 
Furthermore, the epigenetic stability of hESC is intensively discussed which may 
impact on the differentiation characteristics of, for example, genetically modified 
clonal sublines [91, 92]. Additional assays for quality control of hESC culture 
optimization comprise measuring the telomere length and, particularly, the regu-
lar analysis of the karyotypic integrity.

Processing of adherent cells strongly depends on single cell dissociation. It has 
implications for controlled scale-up and automation, where it is important to seed 
bioreactors or scaffolds with reproducible numbers of evenly distributed cells. This 
issue is particularly apparent in hESC culture where the majority of cells do not 
survive dissociation into a single cell suspension [93, 94]. Thus, hESC are still 
propagated as aggregates in standard tissue culture scale and colony dissociation is 
usually performed via manual scoring methods using plastic tips (with or without 
enzymatic pretreatment), scoring with more facilitated cutting machines developed 
by inventive colleagues [95], or commercially available “cake cutters” [96].

In addition to decrease survivability, single cell dissociation for passaging 
seems to interfere with the chromosomal integrity of hESC, particularly result-
ing in trisomias, probably reflecting the progressive adaptation of self-renew-
ing cells to their culture conditions [94, 97]. Other authors have suggested that 
single cell adaptation and long term expansion are achievable in the absence 
of, at least macroscopic, chromosomal aberrations [98, 99]. If these findings 
are robust, reproducible, and cell-line independent, the approach might facili-
tate scalable hESC expansion, efficient generation of transgenic hESC lines 
(which has now been achieved in Christine Mummery’s group [100]) and the 
induction of differentiation from single cells via embryoid body formation in 
bioreactors. However, a recent study revealed that even conditions that prevent 
macroscopic aneuploidy of single cell-expanded hESC might result in sub-
karyotypic deletions and amplifications (identified by competitive genomic 
hybridization) over only 10 passages, reinforcing that present culture regimes 
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remain suboptimal [101]. Notably, chromosomal abnormalities occurring after 
prolonged culturing are not limited to hESC; a recent report on mesenchymal 
stem cells shows that abnormal karyotypes can be detected if the cells are 
extensively passaged [102].

As mentioned in the introduction, the increased, systematic screening and appli-
cation of small molecule inhibitors might provide new ideas and viable solutions to 
the field. In a recent report, the transient addition of the p160-Rho associated coiled-
coil kinase (ROCK)-inhibitor Y-27632 to non single cell adapted cultures promoted 
survival of single cell dissociated hESC without affecting pluripotency [103]. 
Efficient single cell rescue and high plating efficiency might slow down the selection 
pressure that currently results in karyotypically abnormal cells upon culture adapta-
tion. Thus, the compound might facilitate the single-cell-based expansion of normal 
hESC, generation of transgenic lines, and also the controlled inoculation of bioreac-
tors with a single cell suspension for differentiation processes.

The single cell issue might also be resolved by alternative, potentially scalable 
culture strategies. Several groups have established suspension culture expansion of 
mouse ESC in stirred vessels by forming cell aggregates where differentiation is 
prevented by medium conditions, serial passaging and mechanical shearing [104, 
105]. Further optimization of culture media that can efficiently avoid differentiation 
might allow translating this and other more automated approaches to hESC [106]. 
Modifying culture conditions in such systems, for example, by decreasing shear 
stress to allow larger aggregate formation and replenishing expansion medium by a 
respective differentiation medium, might allow switching from growth to differen-
tiation in a one-step process.

Seeding cells onto microcarriers is another strategy to translate adherent, matrix 
dependent cells into easy-to-scale, fully instrumented and controlled stirred tank 
reactors. Taking advantage of the robust mouse ESC system, the groups of Zandstra 
and Cabral have provided initial evidence that microcarriers can be adapted to 
provide surface enlargement for murine ESC culture in suspension [37, 38, 104]. 
A high degree of carrier and cell agglomeration resulting in heterogeneous clumps 
was observed in these studies which substantially limits the degree of surface 
enlargement provided by the carrier and might also induce cell differentiation in 
the core of these clumps. However, expression of the tested ESC surface markers 
was largely retained and the ability to form embryoid bodies was also shown by 
Fok and coworkers [104]. Cabral’s groups presented some degree of mESC expan-
sion in an 8-day process utilizing stirred spinner flask with a working volume of 
up to 80 mL; unfortunately only a single passage was documented in these studies 
limiting conclusions about an extended applicability. A more general issue 
concerns the need for efficient removal of microcarriers from the final stem cell 
product before clinical application. However, this obstacle might be resolved if 
other hurdles such as the increased shear stress in stirred, microcarriers containing 
cultures is compatible with hESC expansion, a platform that has not yet been 
published but is currently developed in several labs (Blaine Phillips, Institute of Medical 
Biology, Singapore; Andre Choo, Steve Oh, Bioprocessing Technology Institute, 
Singapore; personal communication).
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4.2  Scaling up ESC Differentiation: A Focus on Cardiomyocytes

Given the challenges in hESC culture, published studies on ESC expansion in scal-
able bioreactors have so far been limited to mouse ESC. In tissue culture, however, 
substantial progress has been made towards the directed lineage differentiation of 
human and primate ESC [107] as well. Improved differentiation regimens towards 
clinical relevant cell types include insulin producing beta-like cells [10, 28], 
dopaminergic neurons [108], hepatocytes [109] and other lineages [110].

Nevertheless, mESC have a threefold shorter population doubling time ([PDT; 
~12–16 h [93]) compared to the ~36 h observed in hESC [85]. Raw material can 
therefore be generated much faster and attempts towards scalable differentiation 
have mostly utilized murine ESC as well. Many studies have focused on the genera-
tion of ESC-derived cardiomyocytes. This might be driven by the high demand of 
this cell type for pharmacological screening purposes [111], tissue engineering 
approaches and cell-based heart repair. In the next step, extensive numbers of well-
characterized cardiomyocytes from mouse, primate and human ESC will be manda-
tory for the functional testing of these cells in physiologically relevant large animal 
models of human heart failure such as pigs and primates [15, 112].

Besides media formulations, efficiency and robustness of differentiation processes 
strongly relies on, first, the homogeneity of ESC cultures used for process inoculation 
and, second, the consistent production of homogeneous embryoid bodies (EBs). 
These are spherical structures which are induced to initiate spontaneous differentia-
tion of ESC in suspension; they are key to process reproducibility [7]. The heteroge-
neity of pluripotent hESC cultures has been discussed extensively elsewhere [88, 89], 
so we will focus our discussion on the formation of homogeneous EBs.

Controlling cell aggregation and agglomeration during EB formation has a pro-
found effect on the extent of ESC proliferation and differentiation; EB size was 
found to be critical for cardiomyocyte formation and other lineages in the mouse 
and human system [113–116]. Spatiotemporal formation of these spherical struc-
tures was extensively studied in mESC utilizing numerous different formats all 
aimed at controlled sphere formation. This included the nicely controlled but non-
scalable hanging-drop technique [117], cell-encapsulation in alginate beads [114], 
rotating-suspension culture in a 10 mL volume [118], stirred spinner flask cultures, 
and controlled reactors with up to 250 mL culture volume [119–121].

Recently, we have shown stirring-controlled EB formation and mESC differentiation 
in a 2-L instrumented and controlled bioreactor scale, thereby enabling the production of 
more than 1.2 billion cardiomyocytes in a single run [7]. This cell expansion approaches 
the 1–2 billion functional cardiomyocytes which are irretrievably lost in a patient’s heart 
upon infarction, a number that could readily be provided by the bioreactor approach if 
translatable to hESC. A coefficient of 6.4 cardiomyocytes being generated per input ESC 
(CM/ESC) was found in our bioreactor approach utilizing a genetically engineered 
mouse ESC line that facilitates enrichment of pure cardiomyocytes.

In a follow-up study, applying multiple steps of process modification particularly 
applying lower medium throughput and continues perfusion feeding (in contrast to 
batch-feeding performed in our previous work [7]), this value was even improved to 



Large Scale Production of Stem Cells and Their Derivatives	 217

23 CM/ESC [122] thereby underscoring the enormous process optimization poten-
tial (Fig. 1). More homogeneous culture conditions achieved via continuous feeding 
might support a better control of ESC differentiation. In vitro differentiation of ESC 
is notoriously variable due to the ongoing changes in cell density paralleled by the 
occurrence of differentiating cell lineages and thus changes in cell physiology, cell–
cell interactions, growth factor secretion, etc. Inhibition of ESC differentiation fol-
lowing a noncontinuous, daily medium exchange was described by Viswanathan 
et al. [123] as cell-secreted factors were diluted. As outlined above, it has also been 
reported for hematopoietic cell cultures that the consumption and release of a variety 
of growth factors can affect the cell type(s) generated in a process [75]. Continuous 
feeding strategies ensure optimal process uniformity with respect to pH, pO

2
, and 

concentration of metabolites while manual medium exchange, at least transiently, 
encounters alternating pH and gassing conditions. For example, high oxygen tension 
has been suggested to inhibit cardiac differentiation. In a study by Bauwens and 
coworkers [121] a controlled, perfusion fed system at a 250-mL scale was employed. 
Notably, the same cell line and similar differentiation and selection conditions as in 
the study by Niebruegge [122] were used, but EBs were formed from encapsulated 
ESC. Highest cardiomyocyte yield was archived under hypoxic conditions (4% 
oxygen tension) resulting in a CM/ESC-coefficient of 3.77 and a drastically lower 
value of 2.56 CM/ESC was found at normoxia. However, the significantly higher 

16 days18 daysProcess duration

510 million/ l54 million/ lCardiomyocytes/ l medium throughput

23 CMs/ESC4.3 CMs/ESCCardiomyocytes/ESC

4.6 billion0.86 billionTotal cardiomyocyte yield

0.2 billion0.2 billionInoculation (transgenic mouse ESC)

9 l16 lTotal medium throughput

Perfusion: 0.5 l /dayBatch: 1 l medium/day Feeding strategy

2 l2 lReactor working volume

Fig. 1  Process optimization potential. Multiple steps of process modification, particularly perfusion 
feeding and reduced medium throughput, resulted in a fivefold increase in cardiomyocyte yield from 
a transgenic mouse ESC-line in a fully controlled 2-L stirred reactor. The efficiency in cardiomyo-
cyte generation per liter total medium throughput even increase by almost 10-fold [7, 122]
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CM/ESC coefficient of 23 described by us was achieved at an oxygen tension of 
40%; whether hypoxic conditions would further increase this value in the controlled 
2-L bioreactor setting applied by us requires further experimental evidence.

Another benchmark value which is key to the commercial viability of future cell 
replacement therapies, is the number of cardiomyocytes that can be generated per 
liter (of a potentially expensive) culture medium. Under optimized conditions >500 
million cardiomyocytes per liter medium were generated in our optimized 18-day 
differentiation and enrichment process [122].

A first demonstration of the translation efficiency of hESC into cardiomyocytes 
was recently provided by a monolayer differentiation protocol (sequential addition 
of activinA followed by BMP4) yielding three CM/hESC [26]. However, scalability 
and economic feasibility for the mass-production of cardiomyocytes by this growth 
factor-dependent, two-dimensional monolayer approach needs to be determined.

Aiming at efficient cardiomygenic differentiation of hESC in suspension, we have 
recently converted a coculture based protocol for directed cardiomyocyte generation 
into a scalable suspension process (Fig. 2), using a serum-free medium conditioned 

Fig. 2a–d  Cardiomycyte formation from hESC in scalable suspension culture. a A typical cystic 
embryoid body after about 12 days of differentiation in a serum free medium supporting cardiomyo-
genesis. b Immune histology of EB-sections specific to cardiac markers (in red) alpha Myosin Heavy 
Chain (alpha-MHC). c,d Actinin (c) and double-staining to alpha-MHC and Nkx2.5 (transcription 
factor, nuclear stain in green (d)) show the formation of cardiomyocyte-clusters in cysts [85, 124, 125]
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by and endoderm-like cell line END2 (END2-CM; [124]). By screening small molecule 
inhibitors in this system, we have identified SB203580, a specific p38 MAP kinase 
inhibitor, as a potent, dose dependent promoter of cardiomyogenesis. SB203580 at an 
optimized concentration, induced >20% of hESC to become cardiomyocytes. A par-
allel increase in total cell number yield approximately 2.5-fold more cardiomyocytes 
compared to differentiation in END2-CM alone. Besides ascorbic acid, SB203580 is 
one of the first molecules to act as an efficient enhancer of hESC cardiac differentiation; 
other factors such as DMSO and retinoic acid, known inducers of mESC cardiomyo-
genesis, caused no significant improvement [15].

By systematically deconstructing the cardiomyocyte inducing activity of the 
“xenogenic” END2-CM we have found that the common media supplement insulin 
can have a dramatic inhibitory effect on the formation of cardiomyocytes [125]. 
The insulin effect, which was also triggered by the growth factor IGF1, was medi-
ated through activation of the PI3/Akt pathway downstream of the insulin/IGF1 
receptors during early steps of differentiation. Notably, this observation might 
also explain the varying compliance of serum batches for cardiac differentiation. 
The study further identified a small molecule, the prostaglandin member PGI2, as 
accumulating in END2-CM and enhancing cardiomyogenesis when added into a 
novel, insulin-free synthetic medium at optimized concentrations. Finally, combi-
ning SB203580 with the synthetic medium yielded a fully defined, cGMP-compliant  
medium, which enabled efficient hESC differentiation in suspension. In a second 
study we found that insulin redirects differentiation of hESC from mesendoderm to 
neuroectoderm [126].

One major difference between mouse and human ESC that is still hampering 
the systematic up-scaling of differentiation is the inability of the latter to reag-
gregate and form EBs once dissociated to single cells [127]. High expression 
levels of the cell adhesion molecule E-cadherin [113] seem to underlie the aggre-
gation of mESC, and EB formation is focused on controlling the excessive fusion 
tendency interfering with differentiation. In contrast, although the majority of 
undifferentiated hESC also express E-cadherin [128], essentially all cells die when 
seeded in single cell suspension. This phenotype is seemingly independent of 
the cell line, the dissociation method, the culture medium and the seeding density 
[127, 129]. Consequently, most of the present differentiation studies rely on 
either enzymatic whole colony lifting (thereby separating hESC from the feeder 
layer) or other enzymatic and/or mechanical scoring techniques aimed at provi-
ding preformed hESC-aggregates of various size for EB formation in suspension 
[127, 129].

These hurdles might explain the limited number of studies on hESC differentia-
tion scale-up. Gerecht-Nir and coworkers have used small cell clumps to inoculate 
RWV termed slow turning lateral vessels, or high aspect rotating vessels to control 
floating EB formation [115]. However, scalability of these specialized reactors 
might be limited. A first step towards hESC differentiation in impeller-stirred sys-
tems was published by Cameron and coworkers [130] employing a 250-mL spinner 
flask system, while another study translated the encapsulation approach of EBs in 
agarose from mouse to human ESC [114]. However, all of these studies depend on 
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the cumbersome, difficult-to-control, and hardly scalable preformation of hESC 
clumps before process inoculation. The only published strategies that seem to 
enable hESC-derived EB formation directly from single cell suspensions is seeding 
on three-dimensional porous alginate scaffolds [116] or the forced aggregation by 
centrifugation in round-bottom or V-shaped 96-well dishes [127, 129] which has 
recently been scaled to a 384-well format by custom-made silicon wafer-based 
microfabrication [131]. These studies indicate that the dissociation procedure, per se, 
is not irrevocably inducing hESC death but suggest that constraining physical 
cell–cell or cell–matrix interaction combined with chemical cues (from the sub-
strate surface and/or the medium) are necessary to rescue single hESC. While both 
methods (porous alginate scaffolds and multi well dishes) are not straightforward 
for large-scale inoculation of stirred bioreactors, the underlying mechanism might 
be exploitable in future.

In summary, in vitro differentiation of ESC is a complex, continuously changing, 
and thus highly variable process. However, recent findings by us and others in con-
trolled bioreactors indicate that reproducible and efficient production of differentiated 
lineages such as cardiomycytes is achievable. Translating highly controlled single 
cell inoculation and EB formation to hESC cultures and utilizing the recently developed 
fully synthetic differentiation media is another step towards this goal.

4.3 � Enrichment of Differentiated Cell Types: The Need  
for Purity and Safety

Many of the envisioned hESC therapeutic as well as in vitro screening applications 
will require pure populations of a desired cell type such as cardiomyocytes that 
are devoid of any other lineage, in particular, residual, undifferentiated hESC [132]. 
A purification strategy is therefore essential and has proven to be effective for 
enrichment of hematopoietic stem cells from bone marrow and differentiated hESC 
populations. In the case of cardiomyocytes, however, there is no unique cardiac-
specific surface marker that can be used for cellular isolation. Recently we have 
demonstrated that the surface marker CD166/Alcam which is specific to a transient 
population of heart-tube stage embryonic cardiomyocytes [133], is useful for isola-
ting cells homologous to human embryonic cardiomyocytes from differentiated 
hESC populations (MASC; [134]). Using a sterile, magnet-assisted cell sorting system, 
we took advantage of this marker to produce cardiomyocyte populations that are 
greater than 60% pure from wild-type hESC.

Furthermore, Choo et al. [135] have demonstrated the ability to kill undiffer-
entiated hESC using a cytotoxicity monoclonal antibody thereby eliminating 
teratoma formation in vivo in a SCID mouse model. The combination of positive 
and negative selection strategies will greatly facilitate in the enrichment of car-
diomyocytes, which, until recently, was limited to improved differentiation strate-
gies and hardly reproducible, selective dissociation protocols combined with 
Percoll gradient centrifugation [26, 136].
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Previously, Field and his colleagues conceived a simple but ingenious genetic 
selection strategy for mouse ESC-derived cardiomyocytes. Introducing a trans-
gene comprising the murine a-MHC promoter driving cardiomyocyte-specific 
expression of an antibiotic resistance gene enabled the enrichment of >99% pure 
cardiomyocyte populations [137]. This selection scheme was consequently applied 
to enrich for other cell lineages, including neural precursors and insulin-producing 
cells [138, 139], and adapted to mass production of cardiomyocytes in suspension 
culture [7, 118, 120, 122]. Aiming at the derivation of cardiomyocyte-subtypes, 
alternative constructs, such as the myosin light chain 2v (MLC2v) promoter in 
combination with a GFP-expression cassette followed by fluorescence based 
cell sorting (FACS), have also been utilized [140]. By generating stable trans-
genic lines using lentiviral vectors this strategy has been translated to hESC. 

Fig. 3a–d  Enrichment and safety of suspension-derived hESC-cardiomyocytes. Dissociated, dif-
ferentiated embroid bodies (EBs) were seeded to generate a cell layer that contains a proportion 
of cardomyocytes presented in brown (a) (DAB stain specific to the cardiac marker alpha Myosin 
Heavy Chain). Antibiotic enrichment of cardiomyocytes (derived from a transgenic hESC-line in 
suspension) followed by cell seeding resulted in an essentially pure cardiomyocyte population (b). 
Injection of differentiated but not antibiotic-treated EBs as non-dissociated clumps resulted in 
teratoma formation is a SCID-hindlimb model (HE-stain of teratoma section in (c) within about 
3–7 weeks (red, dotted line in (d)). In contrast, no teratoma formation was observed from an 
equivalent number of antibiotic-enriched cardiomyocyte-clumps injected in the same model when 
mice were analyzed after 9, 12, and 23 weeks (less time point tested) [142]
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GFP expression under the transcriptional control of the human MLC2v pro-
moter appeared to be cardiomyocyte-specific [141]. After FACS sorting, >93% 
of the isolated cells stained positive for cardiac-specific proteins and formed 
stable myocardial cell grafts for up to 4 weeks (the latest time point tested) fol-
lowing in vivo cell transplantation into immune suppressed Sprague–Dawley 
rats. The study provides the first proof-of-concept for the genetic lineage selec-
tion strategy to work in hESC. Although no teratoma formation was observed in 
this study, the animal model as well as the short follow-up time might not be useful 
to appraise this risk.

By applying the antibiotic-based lineage enrichment strategy introduced by 
Fields group to hESC, we have recently generated multiple transgenic hESC lines 
(via electroporation) and achieved >99% cardiomyocytes purity from differentiated 
hESC cultures [142] (Fig. 3) More importantly, applying a sensitive biosafety 
model for teratoma formation in SCID mice [143, 144] no teratomas were found 
for up to 23 weeks after the injection of antibiotic-selected cardiomyocytes clumps. 
In contrast, the injection of long term differentiated but not antibiotic treated EBs 
resulted in teratoma formation with high incidence [142]. These findings strongly 
underscore the necessity of efficient selection techniques and comprehensive long 
term safety studies in appropriate animal models. The therapeutic application 
of transgenic hESC lines might comprise yet another regulatory hurdle to clinical 
trials. However, where the genomic integration site of the transgene is well defined 
this technology clearly provides another level of safety in hESC-derived grafts. 
Whether other selection techniques will achieve the same level of scalability, purity, 
cell vitality, and safety remains to be demonstrated.

5 � Bioprocessing of ESC- and Tissue-Derived Mesenchymal 
and Neural Stem and Progenitor Cells

Batch differentiation of an expanded ESC population which might be combined 
with a consecutive enrichment procedure is one possibility for the generation of 
specific progenies. The strategy is particularly useful if the differentiated cell type 
has no or only a limited proliferation potential such as cardiomyocytes [145, 146].

An alternative scenario is to generate intermediate cell types from ESC that are 
still capable of extended proliferation but are lineage-committed progenitors. Such 
intermediate stem- or progenitor type cells can also be derived from some adult 
tissues. However, the reproducible derivation of intermediate type stem cells from 
clinical-grade hESC might provide an invariable source of consistently uniform 
cells for therapeutic applications, thereby overcoming serious limitations imposed 
by the heterogeneity of donor tissue-derived cells.

Multipotent stem cells provide an expandable cell source that can either be used 
to produce more differentiated progenies or might serve directly for therapeutic or 
screening approaches. Recent studies on hESC- or adult tissue-derived mesenchymal 
stem cells and neural stem cells provide examples for this approach.
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5.1  Neural Stem and Progenitor Cells

Cho and coworkers [108] have generated relative homogeneous spherical neural 
masses (SNM) from hESC colonies. SNM have a neural precursor phenotype and 
can be passaged long term in suspension culture without losing their differentiation 
capability. Finally, SNM have been directed into differentiated cultures consisting 
of 77% neurons. The vast majority, 86%, of these neurons comprise dopaminergic 
neurons, indicating a relative high purity of this desired cell type for Parkinson’s 
treatment. At present SNM passaging requires mechanical handling and has not yet 
been scaled to bioreactors.

Neural stem cells (NSC) may also be isolated from both embryonic and adult 
tissue from the central nervous system (CNS). They are defined as tissue specific 
progenitor cells which undergo self-renewal in vitro and can be differentiated into 
all major cell types of the nervous system including oligodendrocytes, neurons and 
astrocytes [147]. NSC were thought to be particularly useful for the generation of 
dopaminergic neurons in vitro but the efficient differentiation towards this pheno-
type has been proven to be difficult. Hypoxic culture conditions appear to induce 
this process for human-derived tissue which forms dopamine neurons even less 
efficiently than NSC derived from mice [148]. A detailed description of multipotent 
neural stem and progenitor cell characteristics, their isolation from various sources 
and their envisioned therapeutic application is outside the scope of this publication. 
The interested reader is referred to a recent review by Hall, Li and Brundin [149]. 
However, the propagation of NSC in aggregates termed neurospheres is a paradigm 
for the expansion of pluripotent stem cells in bioreactors as outlined below.

Following the discovery of NSC in 1992 [150, 151] the group of Kallos and 
Behie has established and optimized scale-up of NSC cultures by controlling neu-
rosphere size via hydrodynamic shear in stirred suspension culture [152, 153]. The 
process was scaled up to 500 mL culture volume in an instrumented bioreactor 
(temperature, pH, pO

2
 control) enabling the generation of up to 1.2 × 106 cells/mL 

mouse NSC without interfering with the cells multipotentiality [154].
Notably, human neural precursor cells (hNPC) isolated from multiple fetal brain 

regions have recently also been expanded in stirred bioreactors aiming to provide 
tissue for neurodegenerative disorder treatments. In an initial study, reactor-
expanded cells differentiated primarily into astrocytes after transplantation into the 
striatum or substantia nigra regions, and no behavioral improvement in a parkinso-
nian rat model was observed [155]. In a second study, telencephalic hNPC have 
been differentiated in highly enriched GABAergic cells following expansion in 
spinner flasks in 125 mL volume. Functional assessment in a rodent model of 
Huntington’s disease revealed a significant behavioral improvement in motor and 
memory deficits following transplantation with differentiated GABAergic cells, 
whereas expanded but undifferentiated hNPC did not [156]. These recent studies 
on hNPC apparently suggest that stem cell differentiation into a desired cell type 
in vitro is mandatory for specific organ repair rather than to reliance on tissue specific 
differentiation of pluri- or multipotent stem cells following transplantation into a 
damaged organ. Next, it will be interesting to see at which scale primary hNPC can 
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be expanded under optimized condition in vitro without transformation and loss of 
differentiation properties. Finally, functional testing of GABAergic cells in primate 
models will be mandatory before entering clinical trials.

5.2  Mesenchymal Stem and Progenitor Cells

Mesenchymal stem cells (MSC; also known as multipotent mesenchymal stromal cells) 
comprise another cell type that has originally been derived from mammalian tissue but 
in vitro expandable MSC-like cells were recently also generated from hESC [157].

Following the pioneering work by Owen and Friendenstein on bone marrow 
stromal cells 20 years ago [158], MSC have also been isolated as plastic adherent, 
fibroblast-like cells from multiple other sources including placenta, adipose tissue, 
cord blood and liver (see recent review by Brooke et al. [159]).

The original stem cell term has been thought to be inadequate by many investi-
gators as it has not been possible to grow human MSC indefinitely in culture while 
maintaining their multipotent properties. Currently, there is also no in vivo assay 
that can be used to define the repopulation ability of these cells analogous to existing 
assays for hematopoietic stem cells. The anatomical location and phenotype of 
MSC has also not yet been well defined in vivo. However, when isolated by plastic 
adherence and expanded, ex vivo human MSC have been shown to differentiate into 
mesodermal lineages including chondrocytes, adipocytes and osteocytes [160]. In 
addition to the in vitro differentiation potential the International Society for Cellular 
Therapy (ISCT) has recently proposed that MSC should be defined based on a 
panel of antibodies specific to CD105, CD73, and CD90 (>95% of the population 
should be positive) and CD45, CD34, CD14 and CD19 (<2% of the population should 
be positive), but notably none of these antigens are unique to MSC [161].

Nevertheless, MSC comprise an attractive cell type for therapeutic applications 
given their potential for organ repair, ease and reproducibility of isolation, some 
level of in vitro expandability, and immunosuppressive and/or immunoprivileged 
properties [162, 163], which particularly favor this cell type for the generation of 
allogeneic “off the shelf” stem cell products. In preclinical studies of tissue repair 
MSC have been shown to improve the function of the heart, brain, liver, and joint 
and they are currently tested for the regeneration of these and other organs in clini-
cal trials as well as for immunological disorders and solid organ transplantation, the 
later being recently reviewed elsewhere [159]. However, it may become apparent 
that MSC exert many if not all effects via paracrine mechanisms, that is secreting 
factors and supplying the necessary environment for host tissue to repair itself 
recently noted by Brooke et al. [159].

Consequently, Timmers and coworker have infused a medium conditioned by 
hESC-derived MSC into the coronary vasculature of pig hearts in a myocardial 
infarct model [164]. This was associated with a 60% reduction of infarct size and 
marked improvement of systolic and diastolic cardiac performance. Development 
of large scale cGMP-compliant processes is currently underway to establish the 
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production of MSC-conditioned medium in sufficient quantities for clinical trials 
(Andre Choo and Steve Oh Bioprocessing Technology Institute, Singapore, personal 
communication).

Aiming at scalable MSC expansion, recent bioreactor studies have applied per-
fusion of human MSC embedded in three-dimensional scaffolds [165, 166]. These 
studies have shown that shear stress is an important biomechanical parameter in 
regulating MSC growth, and increased cell expansion was observed at lower 
perfusion rates [165]. Other culture systems, including static cultures, stirred reactors 
and rotated vessel reactors, which all impose highly differential shear conditions, 
consequently resulted in differential growth and differentiation properties of adult 
human bone marrow-derived MSC when cell proliferation and multilineage differ-
entiation towards osteoblasts, chondrocytes, and adipocytes was analyzed [167, 168]. 
However, as with hematopoietic and other stem cell types, donor cell variability, 
variations in MSC isolation procedures, and a large number of cell culture variables 
makes direct comparison of results presented in independent studies problematic. 
Using hESC-derived MSC isolated under reproducible conditions and applying a 
meaningful side-by-side comparison of reactor systems might increase the know-
ledge on favorable culture conditions in future studies.

6  Conclusion and Outlook

In a recent assay on the future of stem cell biotechnology, Ann Parson [5] stated that 
only time will tell if “RegenMed 2.0” (Stem Cell based Therapy) will prevail or 
whether it will go the way of “RegenMed 1.0” (Gene Therapy based Regeneration). 
Unlimited availability of stem cells, the building stones of RegenMed2 in reproduc-
ible quality and at commercially viable conditions will be of fundamental importance 
to success.

Engineering has already provided bioreactors that can accommodate all major 
needs for large scale mammalian cell production. Sophisticated techniques to meet 
special demands posed by stem cells are continuously under development. 
Miniaturization has allowed scaling down (!) of bioreactor systems to a ~30 mL 
working volume which still allows full instrumentation and thus measurement and 
computational control and adaptation of key culture conditions (pH, pO

2
, continu-

ous medium supply, etc.) in multiple parallel bioreactors, thereby speeding up process 
development under conditions which in principle apply to 10- to 100-fold larger 
systems (for example from Dasgip, Juelich, Germany).

Another trend is the development of disposable bioreactors such as simple or 
more sophisticated spinner flasks some of which are readily equipped with active 
culture aeration modules (to enable increased cell densities) and ports for simplified 
sample collection. Establishing initial cGMP-compliant small scale processes based 
on disposable reactors to feed cells into phase1 clinical trials will benefit the field. 
Such step-by-step strategy providing stem cell products as a personalized treatment 
seems to be a more feasible approach, at present. Shooting for the ultimate goal, a 
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“one-fits-all of-the-shelf” (organ but not recipient specific) stem cell product that is gene-
rated in multi-liter tanks and stocked frozen until usage is apparently not yet enabled.

Basic research still needs to define complex, interwoven networks of molecular 
mechanisms controlling stem cell maintenance, genomic stability, and differentiation. 
Systematic high-throughput technologies like “omics” approaches (gen-, transcript-, 
prote-, metabol-omics etc.) as well as continuous progress in developmental biology 
and tumor cell biology will help to understand these fundamental questions; stem cell 
research will vice versa feed back into these research disciplines. These findings 
combined with systematic screens for small molecular effectors to control identified 
signaling pathways will finally lead towards commercially viable process and prog-
ressive increase in production scales.

Definitions

•	 Bioreactor: a system that simulates physiological environments for the creation, 
physical conditioning, and testing of cells, tissues, precursors, support struc-
tures, and organs in vitro

•	 Teratoma: benign tumors containing cells from various differentiated tissues
•	 Stem cells are defined as being self-renewing, pluri- or multipotent, and clono-

genic cells
•	 Clonogenic cells are single stem cells that are able to generate a line of genetically 

identical cells, thereby maintaining their self-renewal and differentiation potential
•	 Pancytopenia: shortage of all types of blood cells
•	 Embryoid bodies: spherical structures which are induced to initiate spontaneous 

differentiation of ESC in suspension
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