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I Definition of stem cells and stem cell 

groups, their maintenance and 

homeostasis 

According to their origins, stem cells (SCs) can be defined either by their origin 

(embryonic/ESCs vs. adult) or differentiation capacity (spontaneous/pluripotent, 

induced pluripotent, or committed – hemopoietic, mesenchymal stem cells, etc). 

Following conception the zygote will cleave into morula, followed by transformation 

into early blastocyst in pre-implantation embryos, a structure containing external cell 

layer (trophoectoderm, promoted by Cdx2 transcription factor) and an internal cluster of 

undifferentiated cells, regulated by Oct3/4 transcription factor. The cells comprising the 

inner cell mass (ICM) upon the effect of Nanog transcription factor (and also Oct4 and 

Sox2) progress to the late blastocyst stage where, importantly, two cell layers 

differentiate. In one layer the epiblast cells will form the embryonic body through 

giving rise to the three germ layers (ectoderm, endoderm and mesoderm) during the 

gastrulation in the post-implantation embryos, while the the hypoblast cells will 

develop into the extraembryonic membranes. Of these the ICM cells and epiblast cells 

are used for harvesting ESCs. 
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Figure I-1: Sources of embryonic stem cells 

The ESCs can under suitable conditions be maintained over a prolonged period in 

undifferentiated stage, thus they can give rise to all three germ layers and, importantly, 

the germ cells. In this way their manipulation can be transferred through the germ line 

in transgenic mice. On the other hand, cells with similar differentiation spectrum may 

form highly malignant tumors (teratocarcinomas) containing the derivates of all three 

germ layers. 

For the identification and developmental analysis of ESCs several cell surface 

markers can be employed. These include stage-specific embryonic antigens (SSEA3-6) 

as oligosaccharide antigens expressed in a differentiation, and also tumor rejection 

antigens (TRAs), complex proteoglycane antigens. Other markers include CD34, a 

shared endothelial-hematopoietic marker, and also alkaline phosphatase positivity. 
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Figure I-2: Cell membrane markers for ESCs 

The number, functional activity and differentiation status of stem cells is 
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the commitment (thus the acquisition of differentiation traits). In this process a 

threshold level of resistance must be generated within the uncommitted daughter cell, 

whereas for commitment the sensitivity needs to be increased in the differentiating 

progeny. The external milieu comprises the stem cell niche, which varies between 

different organs. Generally the stem cell niche is defined as the surrounding comprised 

of ECM components, immobilized growth or differentiation factors, and niche support 

cells, corresponding to the specific characteristics of the tissue (bone marrow, brain, 

skin, ovary, etc) as well as mature cells. 

The internal regulation involves a highly complex network of transcription factors 

influencing (antagonizing or promoting) each other. Crucial transcription factors 

include the Oct4, Sox2, Nanog and Stat3 factors, antagonized by Cdx2 transcription 
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factor. Their effects manifest in a variety of pathways and mechanisms, including Wnt 

signaling, epigenetic modification, telomere regulation, mRNA metabolism and 

interference and also cell cycle control. Using iPS cells as model it is possible to dissect 

the interaction pattern between various transcription factors, affecting direct or indirect 

gene regulation by target gene expression induction or further transcription factor-

mediated enhancement, and also epigenetic modification, also influencing the efficiency 

of TF-mediated processes. 

 

Figure I-3: Reprogramming: Induction of pluripotency in iPS cells 

The capacity to induce stem cell-like potential in differentiated cells has led to the 

revision of mature cells’ status of pluripotency and transdifferentiation capacity. Thus 

the maintenance of pluripotency requires an increased threshold against differentiation 

signals, while responsiveness to these differentiation signals needs to be sequentially 

provided, thereby increasing resistance against pluripotency. However, this stage is 

reversible, as enforced expression of pluripotency-related transcription factors may re-
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establish higher levels of resistance against differentiation signals, and a reduced 

induction level of pluripotency. 

 

Figure I-4: Sequential maturation and pluripotency 
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II Regeneration in animal models 

Many organisms are capable of restoring by regrowth, parts of their body that have been 

lost by injury or by autotomy. Physiological regeneration includes seasonal or hormonal 

cycles of tissues such as antlers of deer and replacement of blood and epithelial cells. 

Tissue regeneration is defined as the replacement of damaged tissues without the 

mediation of a blastema, whereas epimorphic regeneration refers to a type of 

regeneration mediated by the blastema. Hypertrophy is thought to be a type of 

regeneration, in which there is a compensatory increase in the size of a paired organ 

such as kidneys and lungs after its pair has been lost or damaged. The regenerative type 

refers to restoration of the mass of damaged internal organs such as liver and pancreas. 

Morphallaxis refers to reconstruction of form after severe damage by remodeling the 

body. 

It is well known that invertebrates are capable to extreme regeneration. Hydras, 

planarians are able to regenerate after serious injury their entire body. While annelids 

have also a huge regeneration capacity, some insects (flies) have this capacity only 

during larval stage. In opposite, some other insects kept this capacity till adulthood. 

Organ regeneration capability is varied among the vertebrates. For instance limb 

regeneration in mammals is restricted mainly to fingertips, while amphibians are able to 

regenerate at any levels in proximal / distal (PD) axis. This limb regeneration has 

several important steps. 

The concept of positional information along an axis during limb regeneration has 

been established by many experimental studies in amphibians and insects. In typical 

epimorphic regeneration both in amphibians and hemimetabolous insects, the stump 

region of the appendage forms a regeneration blastema and starts elongating along the 
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PD axis. In such regeneration processes, for example, we can presume the sequential 

values along the PD axis. 

Confrontation between normally non-adjacent positional values in the proximal–

distal (PD) sequence can be produced by transplantation experiments. When the 

proximal and distal positional values confront with deletion of the intermediate region 

along the PD axis, intercalary regenerative response occurs in both newt limb and insect 

leg. In this intercalary response, a minimum sequence of positional values will be 

intercalated (the shortest intercalation rule) and the continuity of adjacent positional 

values will be restored. When the confrontation is made with duplication of the 

intermediate region along the PD axis, intercalary response does not occur in newt limb 

while it occurs in insect leg with formation of a longer leg. 

 

Figure II-1: Similarities in regeneration 

Re-expression of genes involved in pattern formation is essential for complete 

limb regeneration, but the circumstances for re-expression are not always the same 
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because restoration is needed for only the lost part of the limb. Amphibians can 

regenerate the lost distal part of a limb after amputation at any position along the PD 

axis. Therefore, it has been thought that the remaining cells in the stump tissues must 

remember the information about their original positions along the three axes of the limb 

and this memorized positional information may enable blastema cells to regenerate only 

the missing part. More distal positional values are newly provided by a de novo process. 

 

Figure II-2: Imprinting in regeneration 

The origin of the cells that are involved in regeneration is of some debate. It is 

possible that regeneration arises by transdifferentiation of existing cells. It is equally 

possible that a reserve of undifferentiated cells, or in other words adult stem cells exist, 

which, when subjected to the right signals can be activated to give rise to a whole array 

of cell types. One good example for that are the stem cells of central nervous system. 

In vitro neural differentiation of pluripotent stem cells that mimics the temporal 

changes in the differentiation capacity of NSCs. Pluripotent stem cells, including both 
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ES and iPS cells, can be induced to adopt a neural fate under the same culture 

conditions using neurally-biased embryoid body (EB) formation and the subsequent 

serial passages of neurospheres to give rise to primary and secondary neurospheres. 

While the primary neurospheres predominantly differentiate into early projection 

neurons, secondary neurospheres differentiate into neurons, astrocytes, and 

oligodendrocytes, thus recapitulating the temporal changes in the differentiation 

capacity of NSCs. 

 

Figure II-3: Neural stem cells differentiation capacity 
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III Epigenetic factors in transdifferentiation 

Epigenetics refers to the non-sequence based structural changes of chromosomal 

regions that can alter the gene expression activities in response to the external signals. 

Major types of epigenetic modifications include DNA methylation, histone 

modifications, chromatin remodeling and noncoding RNAs. Distinct histone 

modifications which carry regulatory information were dubbed ‘histone code’, based on 

the analogy with the ‘genetic code’ of genomic DNA sequence. Histones are the 

subjects of over 8 major distinct classes of modifications with dynamic natures and 

consequences. Such covalent modifications play fundamental roles in chromatin 

condensation, replication, DNA repair, and transcriptional regulation. Among them, 

methylation and acetylation are the most studied and best understood histone 

modifications. Histone acetylation is generally associated with actively transcribed 

genomic domains and the degree of modification correlates with the level of 

transcription, whereas histone methylation can have different effects on gene expression 

depending on which residue is modified. Among the diverse histone modifications, 

methylations in histone 3 lysine 4 and lysine 27 are of particular importance. These 

modifications are catalyzed by Trithorax (TrxG) and Polycomb (PcG) group complexes 

respectively, which establish developmental decisions and mediate the expression 

programs of lineage specific genes. Lysine 4 methylation positively regulates gene 

expression by serving as a binding platform to recruit nucleosome remodeling enzymes, 

whereas lysine 27 methylation negatively regulates gene expression by generating a 

compact chromatin domain. Similarly, H3K36me3 is associated with actively 

transcribed regions whereas H3K9me3 is involved in inactive genomic domains. 

Particularly, H3K4me3 is regarded as a hallmark for the promoters of actively 
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transcribed genes and H3K36me3 is an indicator of transcription elongation. The 

different preferences of these histone modification occupancies on genome-wide 

landscape could be used to define transcription units. 

The mechanism adopted by histone modifications to regulate transcription and 

chromatin organization is not clearly defined. An attractive hypothesis is that epigenetic 

factors, including modifying enzymes or remodeling factors, could potentially tether 

chromatins to mediate cis and trans interactions. Such interactions presumably cause 

the structural changes of underlying DNA and chromatins. Conformation changes could 

even be mediated by specific protein complexes recruited by these modifications. These 

interactions can alter the physical property of the chromatin and affect its high order 

structures. 

 

Figure III-1: Epigenetic gene regulation of stem cell genome 
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believed to be interdependent processes. Recent studies suggest that a combination of 

histone acetylation and DNA demethylation induces neuronal stem cells (NSC) to trans-

differentiate into hematopoietic cells. 

In ES cells, the overall nuclear architecture is globally decondensed and 

condensation reoccurs during differentiation. Specific changes in histone modifications 

have been shown to accompany ES cell differentiation and mammalian development. 

The establishment of symmetric DNA methylation patterns could be prevented 

passively during replication by the steric hindrance of Dnmt1 due to the stochastic 

binding of the reprogramming factors to target sites or by inhibiting Dnmt1 function 

indirectly. Hemimethylation of the DNA would result in a progressive loss of 

methylation upon further rounds of cell division. Alternatively, DNA methylation could 

be actively removed by the recruitment of a demethylating enzyme. 

 

Figure III-2: DNA methylation in stem cells 
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A new integrated global regulatory network is currently emerging based on the 

dynamic interplay of chromatin remodeling components, TFs, and small ncRNAs. 

These three mechanisms synergize to choreograph stem cell self-renewal and the 

generation of cell diversity. Mammalian cells harbor numerous 

small ncRNAs, including small nucleolar RNAs, (snoRNAs), microRNAs 

(miRNAs), short interfering RNAs (siRNAs) and small double-stranded RNAs, which 

regulate gene expression at many levels including chromatin architecture. 

Most show distinctive temporal- and tissue-specific expression patterns in 

different tissues, including embryonic (ESC) stem cells and the brain, and some are 

imprinted. 

Many miRNAs are specifically expressed during ESC differentiation, 

embrygenesis, neuronal differentiation and hematopoetic lineage commitments. 

Several miRNAs, including ESC miRNAs, Myc-induced miRNAs, miR-92b, and 

the miR-520 cluster, have been shown to positively regulate the self-renewal and 

pluripotency of ES cells. Among these, only ESC miRNAs have been tested for their 

ability to promote reprogramming. Additionally, a number of tissue-specific miRNAs, 

such as let-7, miR-134, miR-470, miR-296, and miR-145, have been shown to interfere 

with the self-renewal and pluripotency of ES cells. However, with the exception of let-

7, the effects of inhibiting the activity of these miRNAs on reprogramming are not 

known. Recent study demonstrated that inhibition of let-7 activity promotes 

reprogramming. miR-125, which inhibits the expression of Lin28, is also expected to 

positively influence reprogramming. 

Additionally, miRNAs that target specific signaling pathways (e.g. TFG-beta 

signaling) and epigenetic processes (e.g. DNA methylation) can also be tested for their 
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ability to promote reprogramming. miRNAs encoded by Dlk1–Dio3 gene cluster are 

also attractive candidates for promoting reprogramming because activation of imprinted 

Dlk1–Dio3 gene cluster is essential for generating fully reprogrammed iPS cells, which 

are functionally equivalent to ES cells. 

 

Figure III-3: miRNA and stem cell differentiation 
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IV Genomic and other cell-tracing 

approaches, reprogramming 

Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of the early 

embryo. Similar to cells of the ICM, ESCs hold great developmental potential and are 

able to differentiate to all cell lineages of an organism except for extraembryonic 

tissues, a unique property termed as pluripotency. In addition, ESCs can self-renew and 

be cultured indefinitely in vitro. ESCs are promising sources of cells for regenerative 

therapy, hence an enhanced understanding of the molecular mechanisms that regulate 

their propagation and pluripotency will allow us to better utilize them for clinical 

treatments. 

Oct4, Sox2 and Nanog constitute the core regulatory network that governs ESC 

pluripotency. These core transcription factors concertedly regulate common 

downstream genes that promote pluripotency and self-renewal, while inhibiting 

differentiation processes. On the other hand, epigenetic modifications such as histone 

and DNA methylation can occur synergistically with the transcription factor network to 

regulate the expression of genes that maintain the ESC state. Together, both 

transcriptional and epigenetic processes specify gene expression programs critical for 

the maintenance of ESC properties (pluripotency and/or self-renewal). Conversely, a 

loss of pluripotency involves switching the transcriptional program to one that promotes 

differentiation. 



Transdifferentiation and regenerative medicine 

24 The project is funded by the European Union and
co-financed by the European SocialFund.

 

 

Figure IV-1: Origin of stem cells and reprogramming 
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prolonged time. In recent years, GFP is widely used for stem cell tracing for its stable 

expression, high specificity, and easy tracability in vivo, but it is limited by the fact that 

high levels of GFP have certain cell toxicity. In addition other recombinant marker such 

as LacZ reporter expression was used. Y chromosome marker detection by FISH is also 

another option. 
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Currently MRI and isotope labeling techniques were attempted to trace the 

transplanted stem cells in vivo for their non-invasive nature. However, MRI labeling can 

cause false positive results and isotope labeling was limited by the specific stem cell 

markers. 

Development of in vivo-time lapse / two-photon microscopy gave further advance 

for in vivo imaging of stem cells. Time-lapse microscopy is a powerful way of probing 

the behaviour of live stem cells in artificial niches. Stem cells can be imaged at various 

time points and locations to generate time-lapse movies, and automated image analysis 

and statistical analyses are used to quantify the dynamic behaviour of cells. A number 

of different read-outs, corresponding to different stem-cell functions, are also available. 

Together with cell migration, changes in cell shape and changes in proliferation 

kinetics, the recording and automated analyses of changes in the fate of individual stem 

cells are crucial: cell death (1); quiescence (that is, non-cycling; 2); symmetrical self-

renewal divisions (proliferation behaviour imposed in response to stress or trauma; 3); 

asymmetrical self-renewal divisions generating one daughter cell that retains stem-cell 

identity and one already partly differentiated (a behaviour thought to be dominant 

during homeostatic conditions; 4); and symmetrical depletion divisions, in which both 

daughter cells lose stem-cell function (the default behaviour of adult stem cells grown in 

vitro; 5). 
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Figure IV-2: Cell tracing in stem cell biology 

Cells are described as pluripotent if they can form all the cell types of the adult 

organism. If, in addition, they can form the extraembryonic tissues of the embryo, they 

are described as totipotent. Multipotent stem cells have the ability to form all the 

differentiated cell types of a given tissue. In some cases, a tissue contains only one 

differentiated lineage and the stem cells that maintain the lineage are described as 

unipotent. Postnatal spermatogonial stem cells are unipotent in vivo but are pluripotent 

in culture. 
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Figure IV-3: Molecular mechanisms of self-renewal 

Four strategies for reprogramming differentiated cells to an embryonic state: 

somatic cell nuclear transfer (SCNT), cell fusion, culture-induced reprogramming and 

iPSC generation. Culture-induced reprogramming of embryonic germ cells and 

spermatogonial stem cells, although important, does not constitute an example of radical 

reprogramming. Cell fusion has not yet resulted in the production of pluripotent diploid 

cells, although it might do so in the future. By contrast, both SCNTand iPSCformation 

have succeeded in this task. SCNT, cell fusion and iPSC formation can all be 

interrogated to address the kinetics and mechanisms of the observed reprogramming. 

SCNTand iPSCgeneration—the latter in the absence of chemical supplements—are both 

inefficient procedures. The best recorded efficiencies using mouse fibroblasts are 

similar: 3.4% for SCNT and 1–3% for iPSCgeneration. iPSC lines can arise over a 

protracted timeline and, therefore, inappropriate changes might be reversed over time. 

In other ways, SCNT, cell fusion and iPSC reprogramming are clearly different 
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processes. In SCNT, the time required for reprogramming before initiation of 

development is short. OCT4 was detectable in mouse SCNT blastocysts within 12–24 h 

although the reactivation of many embryonic genes was erratic and variable between 

embryos. Rapid OCT4 and SSEA4 expression is also seen in the somatic nucleus of 13–

16% of mouse ESC-somatic cell heterokaryons. In both processes, significant and rapid 

nuclear swelling, which is thought to indicate chromatin decondensation, precedes 

reprogramming. By contrast, during iPSC formation, OCT4 becomes detectable only 

after roughly 2 weeks and only in a small proportion of treated cells. These data indicate 

that the processes share a stochastic nature but that, in SCNT and cell fusion, 

reprogramming occurs much faster. In all situations, it remains unclear whether the 

reactivation of the embryonic genome seen during reprogramming requires DNA 

replication and cell division. In the frog, the activation of embryonic or specific 

pluripotency-associated genes does not require the host cell or donor nucleus to 

progress through the cell cycle or undergo DNA replication. Similarly, the expression of 

various pluripotency-associated genes can be detected in the somatic components of 

heterokaryons before nuclear fusion. By contrast, iPSCs have always been made from 

proliferative somatic cell populations, and whether DNA replication and/or cell division 

are essential for reprogramming remains untested. In conclusion, cell fusion and SCNT 

initiate a faster activation of pluripotency-associated genes in the absence of cell 

division. This could be a consequence of the oocyte or ESC cytoplasm and/or 

nucleoplasm providing a more complete set of factors that facilitate more rapid 

reprogramming than a defined group of transcription factors, or of inherent differences 

in the reprogramming mechanism. So far, the design of iPSC-reprogramming 

experiments has made it impossible to exclude the necessity of DNAreplication and cell 

division. Owing to methodological differences, it is difficult to determine from 
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published results whether such a discernible difference in reprogramming efficiencies 

applies to iPSCs that are made from a diverse range of cell types. 
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V Stem cells and transdifferentiation during 

haematopoesis 

The significance of haemopoietic differentiation from stem cells has three main 

implications in regenerative medicine. One is the evolution of haemopoiesis itself, 

demonstrating a considerable difference of differentiation spectrum as determined by 

various progeny populations generated at distinct tissues (yolk sac, embryonic liver or 

adult bone marrow). Second, one of the few broadly used approaches with substantial 

clinical impact in regenerative medicine concerns the re-establishment of haemopoiesis 

in leukemic or other conditions. Third, the regeneration of several non-haemopoietic 

tissues has also been attempted following degenerative or necrotic tissue damages, such 

as myocardial infarct or neuronal lesions. 

The first site with haemopoietic activity in a developing embryo is located in the 

blood island in yolk sac, an extraembryonic component. At this location parallel 

haemopoietic (erythropoietic) and endothelial differentiation takes place, indicating the 

existence of a common haemangioblast precursor. Similar relatedness can be observed 

later in the embryo proper at the ventral aspect of dorsal aorta, in the region termed 

aorto-gonad-mesopnephros (AGM), where developing blood cells show close physical 

relationship with the vascular endothelium. Subsequently parallel to the emergence of 

circulation the haemopoiesis is established in the fetal liver and, to a lesser extent, in the 

fetal spleen. Blood cells may also be generated from hemogenic endothelial cells, and 

depending on the period where hemopoiesis is established, these can be dissected into 

pro-definitive, meso-definitive, meta-definitive and finally, adult definitive, phases. The 

yolk sac haemopoiesis is referred to as “primitive hemopoiesis”, which thus precedes 

the various stages of definitive hemopoiesis. Towards the end of pregnancy the 



Transdifferentiation and regenerative medicine 

32 The project is funded by the European Union and
co-financed by the European SocialFund.

 

developing bone marrow is colonized by osteoclast-like cells which, together with the 

osteoblasts and fibroblastic stroma cells, will establish the bone morrow niche capable 

of receiving circulatory HSCs. 

 

Figure V-1: Ontogeny of embryonic haemopoietic tissues 

At these locations the haemopoietic stem cells (HSCs) can be defined by their cell 

surface markers, which in mouse include Sca-1, c-kit, CD45, and several shared 

haemopoietic/endothelial antigens, including CD31, CD34 and VE-cadherin antigens. 

For initiating haemopoiesis the HSCs express Runx, Scl and GATA-2 transcription 

factors. In addition to endogeneous cell programming, a certain topographic preference 

within the embryonic body is required for the haemopoesis to manifest. This 

morphogenic factors facilitating the ventralisation within the dorsal aortic segments, 

such a VEGF, bFGF, TGFβ and BMP4, will promote the establishment of 

haemopoiesis, whereas factors promoting ectodermal/dorsalizing effect, such as EGF 

and TGFα, will inhibit it. 
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Subsequent to the initiation of haemopoiesis, several decision steps are necessary 

for the specification of lineage commitment of HSCs. One important checkpoint is the 

preservation of pluripotency, by the concerted action of Notch-1, GATA-2, HoxB4 and 

Ikaros transcription factors. Furthermore, cell cycle inhibitor p21 is necessary to keep a 

large fraction of stem cells out of proliferation. Next the enhanced expression of PU1 

will favor myeloid comitment, whereas low-to-intermediate expression of PU1 together 

with GATA-3 and Ikaros transcription factors will commit HSCs towards lymphoid 

lineage. 

 

Figure V-2: Transcriptional regulation of early haemopoietic commitment 

Hemangioblasts Hemogenic endothelium

Apoptosis

SCL
AML-1
GATA-2
Lmo

PU.1/GATA-3/IkarosPU.1/GATA-1

CMP

HSC

CLP

Notch1
Ikaros
HoxB4
GATA-2

Bcl-2

p21



Transdifferentiation and regenerative medicine 

34 The project is funded by the European Union and
co-financed by the European SocialFund.

 

Once the myeloid dominance has been established through increased PU1 or 

GATA-1 expression, further transcriptional control will determine the commitment 

along erythroid/megakaryocytic (GATA-1/2 dominance) or myelomonocytic (PU1 

dominance) lineages. In addition, the induction of C/EBPα or C/EBPβ will modulate the 

fate of myeloid-committed cells towards granulocytic branches. 

 

Figure V-3: Transcriptional regulation of myeloid differentiation 

In contrast to either PU1 or GATA-1 polarity leading to myeloid or erythroid 

differentiation, their balanced low-to-medium expression promotes the lymphoid 

commitment of common myeloid-lymphoid precursors (CMLP). Importantly, the 

transcriptional control for promoting lymphoid commitment crucially involves the 

upregulation of IL-7 receptor, with the parallel decrease of receptors for myeloid growth 

factors, including GM-CSF and G-CSF, in addition to the downregulation of c-kit 

receptor for stem cell factor. 
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The common lymphoid progenitor (CLP) may commit itself along T-lineage, 

mediated by Notch1-mediated signaling, or may follow the B-lineage commitment by 

upregulating the E2A transcription factor. At this point a parallel upregulation of the Id2 

transcription factor may divert the differentiation towards NK-linege within the 

lymphoid pathway. CLPs at this (still flexible) stage may enter the thymus where the 

local microenvironment rich in Notch1 ligands (Jagged, etc.) may promote T-lineage 

commitment. Interestingly, some B-cell precursors may retain some flexibility, even the 

possibility for macrophage-like reversal. 

 

Figure V-4: Transcriptional regulation of lymphoid differentiation 

In addition to the steady-state balanced haemopoiesis, external stimuli (hypoxia, 

inflammation, etc) coupled with the peripheral release of soluble mediators 

(erythropoietin, or inflammatory cytokines such as TNFα) may significantly alter the 

leukocyte output, by eliciting increased production of G-CSF and GM-CSF, leading to 

accelerated myelopoiesis. 
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Figure V-5: Steady-state and activated haemopoiesis 

In addition to maintaining or correcting haemopoiesis, HSCs have also been tested 

for their ability to promote regeneration of non-hamopoetic cells. These tissues include 

muscle, liver, and neural tissues; however, the exact mechanism how these cells may 

contribute to the healing effect remains to be determined. The possibilities include 

direct transdifferentiation into tissue-stem-cell like entities, or differentiation into some 

cells facilitating the removal of degenerative tissues, and also the enhanced vessel 

formation by regional angiogenesis, thus the restoration of blood supply. 
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VI Muscle regeneration 

The skeletal muscle represents the largest mass of mesodermal/connective tissue, with 

highly variable developmental characteristics and origins. Thus the external ocular 

muscles develop from the cranial unsegmented mesoderm, the tongue muscles derive 

from the occipital somites, the hypaxial limb muscles and the epaxial back muscles 

develop from the dermomyotome of somites. The myogenic programming in the 

mesoderm involves the upregulation of Pax3 transcription factor, inducing directly or 

indirectly (with the involvement of Myf5 and Myf6 transcription factors) the expression 

of MyoD transcription factor. As microenvironmental regulators, BMP4 produced by 

the neural tube and lateral plate mesoderm inhibits, whereas Sonic Hedgehog (Shh) and 

several Wnt’s produced by the notochord and surface ectoderm promote myogenic 

differentiation. The need for regenerating skeletal muscle or using muscle tissues for 

regeneration purposes can be grouped in three main conditions: 

(1) Skeletal regeneration due to trauma or genetic disorder (most frequently in 

Duchenne’s muscular dystrophy, DMD). Duchenne’s muscular dystrophy is caused by 

the X-linked mutation of the dystrophin gene, the largest known mammalian gene, with 

the prevalence of 1:3,500 male neonates. The disease manifests in early-mid childhood, 

and is characterized by progressive muscle-wasting including limb muscles, diaphragm, 

and heart leading to cardiorespiratory failure, and death usually occurs in the teenage 

years or early 20s. 

(2) Cardiac regeneration using skeletal muscle stem cells (satellite cells – SCs) in 

myocardial infarcts; 

(3) Sphincter muscle regeneration in urinary incontinentia using SCs. 
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The structural unit of skeletal muscle is the myofibre, a synctitial meshwork of 

myocytes ensheathed by basal lamina or endomysium. The myofibres contain fused 

cells with myonuclei and mitochondria, and, importantly, myofibrils with contractile 

myofilaments. Between the basal lamina and the plasma membrane of myofibrils are 

located the mononuclear SCs, first described in 1961 by Alexander Mauro using 

electron microscopy. 

 

Figure VI-1: Structure and regeneration of skeletal muscle 

Depending on their tissue location and developmental features of the muscular 

segment, various skeletal muscle SCs display a diverse array of cell surface 

characteristics and transcription factor mRNA expression profile, including variable 

expression of CD34. Sca-1, M-cadherin, CD56, c-met receptor for HGF/Scatter factor 

as surface molecules or Pax3 and Pax7 myogenic transcription factors are expressed in a 

region-dependent fashion. 
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As potential candidates for muscle regeneration other than SCs, several other cell 

types were suggested. These include haemopoietic stem cells, endothelial cell subsets, 

mesenchymal stem cells as well as some non-SC pluripotent stem cells found within the 

muscles. For regeneration either allogenic precursor/stem cell transfer or autologous 

gene-manipulated stem cells have been proposed. 

 

Figure VI-2: Non-SCs contributing to muscle regeneration 

The mechanism how SCs may contribute to skeletal muscle regeneration may 

include various forms of differentiation from SCs, or regeneration from diverse 

(haemopoietic, mesenchymal, etc.) stem cells, or even fusion between SCs and residual 

myofibres. In vivo myogenic lesion by intramuscular injection of cardiotoxin is first 

followed by SC activation by soluble factors, including IGF, FGF, HGF/scatter factor, 

leading to SC proliferation in the first 2–3 days. Subsequently, smaller diameter 
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Expansion

Commitment (ifneeded) Allogeneic transplantationAutologous transplantation
(after genetic correction)

Mesenchymaldifferentation

Adipose-derivedstem cells
MyoD-converted cells

HSCs
Side population

Mesenchymal stem cells
MAPCs

SCs and subpopulations
MDSCs

CD133+ stem cells

HSCs
Side population

CD133+ stem cells

MABs/pericytes
Myoendothelialcells

EPCs
MSCs

iPS cells

Reprogramming

Dermis or other tissues

Skeletal muscle

Bone marrow

Other sources

Blood

Vessels

Characterization



Transdifferentiation and regenerative medicine 

40 The project is funded by the European Union and
co-financed by the European SocialFund.

 

larger diameter and nuclei located peripherally approximately 10–12 days after the 

injury. 

 

Figure VI-3: Kinetics of muscle repair 

The use of allogeneic cells requires the administration of immunosuppressant 

drugs, which may also cause myoblast apoptosis. Using autologous myogenic stem cells 

for correcting DMD expressing the normal dystrophin gene may also elicit immune 

reactivity in individuals born with the aberrant gene. In addition, due to the special 

location and broad tissue distribution of skeletal muscle, the administration of cells also 

poses a substantial obstacle, as the short migratory capacity of myogenic cells would 

require as many as 100 injections in a 1 cm2 area. 

The use of skeletal SC as source for myocardial regeneration has resulted in a 

moderate improvement of left ventricle function and cardiac output, however the rate of 

arrythmias has also increased, which could be ameliorated with antiarrhythmic drugs. 
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sphincter muscle insufficiency has resulted in some improvement, although its effects 

manifest after a considerable delay. 





Identification number: 
TÁMOP-4.1.2-08/1/A-2009-0011 

43

 

VII Liver regeneration 

Liver transplantation is currently the only therapeutic option for patients with end-stage 

chronic liver disease (caused by inflammation, genetic or other causes for metabolic 

abnormalities, such as storage diseases, etc) and for severe acute liver failure. Because 

of limited donor availability, attention has been focused on the possibility to restore 

liver mass and function through cell transplantation. Although hepatocytes can 

substantially regenerate the liver, further improvements are expected from using stem 

cells. 

For liver regeneration several stem cell candidates have been assayed, including 

mesodermal lineage progenitors, hepatic progenitors at various degrees of 

differentiation as well as hemopoietic progenitors. Considerable advances have been 

made in identifying cells in the fetal, neonatal and adult liver with stem-cell properties. 

Cell lines have also been established, including ES cells, fetal liver cells, and oval 

(progenitor) cells that also exhibit stem cell properties and differentiate into hepatocytes 

and/or bile ducts in vitro and in vivo However, all of these cells and cell lines have 

shown only limited repopulation of the normal liver at the current state-of-the-art, 

except for rat fetal liver stem/progenitor cells that produce substantial long-term 

replacement and function. 

The liver develops from the ventral endodermal epithelium, which can give rise to 

the hepatocytes, cholangiocytes and a subset of pancreatic cells, while the remaining 

part of the pancreas develops from the dorsal endoderm. 
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Figure VII-1: Developmental relationship between hepatic-pancreatic differentiation 

Various members of the FoxA and GATA transcription factor families promote 

the commitment towards hepatoblast lineage, a common precursor for hepatocytes and 

cholangiocytes, assisted by several members of the FGF and BMP families as soluble 

regulators. Following the upregulation of a variety of transcription factors as well as 

Notch and Wnt mediators the hepatoblast differentiates into either hepatocytes or 

cholangiocytes, where subsequent maturation will establish the hepatic cords as well as 

the bile ducts. 
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Figure VII-2: Transcriptional control of hepatoblast development 

This maturation process is accompanied by tissue reorganization via migration 

and vascular patterning, where the cellular movement involves the hepatoblasts, 

substantially promoted by Prox-1, Tbx3 and WT1 transcription factors. Further 

maturation will establish the complex structure of the hepatic lobule, including the 

differential gene expression and other characteristics of periportal (6–8 cells), 

centrilobular (8–10 cells) or most centrally positioned GS (1–3 cells with glutamine 

synthetase enzyme) hepatocytes. 
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Figure VII-3: Structure of hepatic lobe 

Following injury, exposure of perisinusal (stellate or Ito’s) cells to the apoptotic 

or necrotic hepatocytes stimulates these quiescent Vitamin A-storing mesenchymal cells 

through their Toll-like receptors. These cells play fundamental role in the fibrotic 

regeneration of the liver. Coupled with extrahepatic fibrocyte immigration, presence of 

activated T cells and epithelial-to-mesenchymal transition of the hepatocytes together 

with the altered extracellular matrix composition, the transformation of stellate cells as 

tissue-specific pericytes significantly increases the myofibroblast compartment of the 

liver. During their activation their increased responsiveness to PDGF and enhanced 

migratory capacity toward the site of injury and contractile capacity of myofibroblasts 

significantly contribute to the altered microcirculation, increased fibrosis and scar 

formation. 
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regeneration is primarily initiated from the oval cells, as tissue-specific stem cells. The 

initiation of oval cell activation probably involves various members of the TNF 

superfamily and their receptors expressed by oval cells, as well as a range of cytokine 

receptors sharing the common gp130 unit, including receptors for IL-6, oncostatin M 

(OSM) and leukemia inhibitory factor (LIF). 

Oval cells are heterogeneous, consisting of a spectrum of cells ranging from an 

immature phenotype to mature cholangiocytes and intermediate hepatocytes. Many oval 

cell markers are expressed by mature cholangiocytes and hepatocytes and by embryonic 

bipotential hepatoblasts. The early HPC markers described to date include c-kit, sca-1, 

NCAM, and multidrug resistance transporters, which denote a side-population (SP) 

phenotype. The SP phenotype was originally described in the haematopoietic system 

and relates to the ability to efflux the dye Hoechst 33342. It appears to identify cells 

with immature characteristics, particularly with regard to hepatic embryogenesis and 

carcinogenesis. Oval cells also lack cytokeratin 7 (CK7) expression which is associated 

with mature stage, whereas Alpha-fetoprotein (αFP) is expressed in oval cells and also 

in hepatocellular cancers. 

Following experimental or therapeutic stem cell transplantation several steps and 

mechanisms operate to promote regeneration. First, hepatic stem cells reaching the liver 

migrate into the liver parenchyma after spleen infusion mainly under the guidance by 

the splenic and the portal vein flow. In damaged liver the production of chemoattractive 

agents (as SDF-1, HGF and SCF) by liver cells is incerased, and by acting respectively 

through the interaction with CXCR4, c-met and c-kit receptors of stem cells, they will 

promote the local recruitment of stem cells. The homing process is facilitated by MMP-

9, expressed by host hepatocytes after injury, through its action on the extracellular 
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matrix. However, a large fraction of the infused cells are lost and phagocytosis by 

macrophages/phagocytes can be observed in the portal areas. 

A crucial step in the early phase of stem cell-mediated regeneration is the 

extravasation of infused cells. Under normal conditions the VEGF produced locally 

together with the action of MMPs increases the vascular permeability, a process that 

certain cytotoxic drugs (as monocrotaline or doxorubicin) can amplify. Subsequently 

the local microenvironment becomes favorable for the proliferation of the transplanted 

cells by the local secretion of cytokines/growth factors (HGF, FGF, TGFα). Cell 

implantation implicates the reformation of gap junctions that can be observed 3 to 7 d 

after transplantation. The implanted cells display variable cell phenotype parallel to the 

level of their hepatocyte differentiation. 

 

Figure VII-4: Main phases of liver regeneration 
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Those cells that have not migrated to suitable regenerative microenvironment will 

be removed by Kupffer cells. Following tissue remodeling the hepatic lobes will be re-

established with normalized blood flow and bile secretion. 
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VIII Differentiation and regeneration in the 

pancreas 

Diabetes is rapidly becoming a global epidemic, with a staggering health, societal, and 

economic impact. Recent estimates by the American Diabetes Association suggest that 

the lifetime risk of developing diabetes for Americans born in the year 2000 is one in 

three. Diabetes results when insulin production by the pancreatic islet β cell is unable to 

meet the metabolic demand of peripheral tissues such as liver, fat, and muscle. A 

reduction in β cell function and mass leads to hyperglycemia (elevated blood sugar) in 

both type 1 and type 2 diabetes. 

Thus, reduced  β cell number and function underlie the progression of the full 

spectrum of diabetes, prompting intense effort to develop new sources of insulin-

producing β cells for replacement therapies. 

For that clinical purpose basic research was directly guided by fundamental 

advances in our understanding of the extracellular signals and transcription factors that 

dictate the embryonic development of the pancreas. 

After initial anterior–posterior patterning has occurred, and gastrulation has 

completed at cca. e7.5, the definitive endoderm begins to roll up to form the gut tube, 

while regionally distinct gene expression patterns emerge along the gut endoderm in a 

process involving BMPs, Gata4, Furin, and matrix metallopeptidase 2. Cells within the 

endoderm in the region that will become the foregut/midgut junction are specified to 

become the pancreas as early as e8.0, and the expression of patterning genes such as the 

transcription factors Pdx1, Ptf1a, Hnf1b, Hhex, Foxa2, Mnx1 (Hlxb9), and Onecut1 

(Hnf6a) initiate around this time. Retinoic acid-mediated signaling plays a critical role 
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in this patterning of the foregut and prospective pancreatic domain, and acts upstream of 

key transcription factors such as Pdx1, which is crucial for pancreas development. 

Notably, while these transcription factors are critical for the patterning and eventual 

development and function of the pancreas, none are absolutely restricted to cells of the 

pancreatic lineage, or even endoderm. At embryonic day 9.5, the first morphological 

evidence of the pancreas appears as a thickening on the dorsal side of the gut that grows 

into the dorsal pancreatic bud, followed by the two ventral/lateral buds a day later, one 

of which dominates and eventually fuses with the dorsal bud. Distinct signaling events 

guide dorsal and ventral bud development, although suppression of hedgehog signaling 

plays an important role in both. Initially, Shh expression extends throughout the 

anterior–posterior axis of the developing gut tube endoderm, but is repressed 

specifically in the dorsal and ventral pancreatic buds by notochord signaling via FGF2 

(basic FGF) and Activin. In contrast, FGF2 signaling from the cardiac mesoderm 

induces liver-specific differentiation of the ventral bud, which has a pancreatic fate 

when FGF2 is absent. As the buds appear, the expanding pancreatic epithelium initiates 

the expression of the transcription factors Sox9, Nkx2.2, and Nkx6.1, in addition to the 

gut endoderm patterning genes Pdx1, Ptf1a, Hnf1b, Hhex, Foxa2, Mnx1, and Onecut1 

noted above. Interestingly, Mnx1 is required for the expansion of the dorsal bud, and 

Hhex is required for the ventral bud, while FGF10 from the overlying dorsal 

mesenchyme regulates the growth of the pancreatic epithelium in both the dorsal and 

the ventral pancreatic buds. Expansion of the dorsal and ventral pancreatic buds 

continues, during which the gut rotates and brings the two pancreatic rudiments in 

closer proximity around e12.5. While the connection of the dorsal part to the duodenum 

diminishes, that of the ventral part will form the main duct. Differentiation of the 

endocrine cells initiates slightly earlier in the dorsal bud than in the ventral bud, with 
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glucagon-positive cells appearing first at ∼e9.5. Differentiation of the endocrine cells 

requires the transient expression of the transcription factor Ngn3, which commits 

individual cells in the pancreatic epithelium to the endocrine lineage. The broadly 

expressed pancreatic epithelial transcription factors Sox9, Hnf1b, Foxa2, and Onecut1 

collaborate in activating Ngn3 expression, while Notch-Delta signaling activates the 

inhibitory transcription factor Hes1, thereby inhibiting Ngn3 expression and endocrine 

differentiation in the majority of the pancreatic epithelial cells. 

By e10.5, insulin-positive cells can be detected in the primitive buds, but neither 

these nor the early glucagon-expressing cells noted above have characteristics of mature 

β- and α-cells, respectively, nor are they precursors of mature islet cells. At ∼e13, a 

secondary transition that peaks around e14.5 initiates, during which a second wave of 

Ngn3 expression occurs. Ngn3 activates the expression of a number of endocrine 

transcription factors including Neurod1, Pax4, and Nkx2.2, the latter two of which 

govern the further differentiation into β-cells. Eventually, the combinatorial expression 

of multiple factors defines the identity of the specific endocrine cells present in islets. 

Basically, α-cells are characterized by Pax6, Nkx2.2, Irx1 and 2, Brn4, and Arx; β-cells 

by Pax4, Pax6, Nkx2.2, Nkx6.1, Mnx1, MafA, and Pdx1; δ-cells by Pax4 and Pax6; PP-

cells by Nkx2.2; the factors essential for development of ɛ-cells are yet unknown. 
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Figure VIII-1: Embryonic pancreas development 
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Figure VIII-2: β cell and autoimmune processes of diabetes 
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have reported the derivation of endocrine hormone-expressing cells from spontaneously 

differentiating cultures. Hence, the first protocols designed to promote differentiation 

into insulin-secreting cells specifically were developed for mESCs. These protocols 

relied on either transfection with an expression construct harboring an antibiotic 

resistance gene under control of the insulin promoter, or embryoid body formation. 

Insulin-producing cells were also successfully derived from hESCs, implying for the 

first time that hESCs can differentiate into cells with β cell characteristics. 

Using an in vitro differentiation protocol, treatment of human ES cells with 

Activin A and Wnt followed by Activin A alone resulted in the generation of definitive 

endoderm, marked by expression of Sox17, FoxA2, the mouse Cerberus homolog, CER, 

and the chemokine receptor, CXCR4. Then, addition of Fgf10 and the hedgehog 

signaling inhibitor cyclopamine and the subsequent addition of RA led to the generation 

of primitive gut tube-like cells marked by HNF1 and HNF4, followed by posterior 

foregut-like cells that expressed Pdx1, HNF6, and Hb9. Finally, treatment with the 

Notch signaling inhibitor DAPT and the glucagon-like peptide 1 (GLP-1) receptor 

agonist Exendin-4 with the subsequent addition of insulin-like growth factor 1 (IGF-1) 

and hepatocyte growth factor (HGF), sequentially generated pancreatic/endocrine 

precursors marked by expression of Nkx6.1, Ngn3, Pax4, Nkx2.2, and finally cells 

expressing endocrine hormones, including insulin. GLP-1 promotes fetal β cell 

maturation in culture, and HGF is a β-cell mitogen, whereas IGF-1 plays postnatal roles 

in β cell differentiation and survival. Thus, by attempting to recapitulate the signaling 

cascades governing embryonic development and β cell differentiation, cells expressing a 

transcription factor signature resembling that of β cells were generated from ES cells. 

More specific multistage procedures developed for the differentiation of mESCs 

into neural tissues also generated cells containing islet hormones. However, the absence 
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of C-peptide as well as insulin mRNA revealed that intracellular insulin did not 

originate from de novo synthesis in these cells, but from uptake from the culture media. 

In addition, most of the islet markers used, such as the transcription factors described 

above, cannot uniquely identify cells of the pancreatic lineage, because they also mark 

cells of other lineages, especially neural ectoderm. Recently, the protocol developed 

originally for the differentiation of mESCs was modified and applied to hESCs, but the 

characterization of the cells generated in this study is fairly limited. 

 

Figure VIII-3: Differentiation of insulin producing β cells from ES cells 
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IX Transdifferentiation and metaplasia in the 

central nervous system 

The central nervous system (CNS) is endowed with several peculiar characteristics that 

make it unique among the other bodily tissues. Ultimately, these properties relate to the 

CNS’ heterogeneous cell composition that underlies the elaboration of an enormous 

amount of information into a complex output. Historically, this complexity has been 

seen inextricably linked to the lack of any cell turnover in the adult brain. The dogmatic 

view of an ever-immutable neural tissue in mammals is now been replaced by the 

notion that cell replacement occurs within specific brain regions throughout adulthood. 

This continuous neurogenetic process is sustained by the life-long persistence of neural 

stem cells (NSCs) within restricted CNS areas. In the adult mammalian brain, the 

genesis of new neurons has been consistently documented in the subgranular layer of 

the dentate gyrus of the hippocampus and the subventricular zone (SVZ) of the lateral 

ventricles. From the SVZ, newly generated neurons reach their final destination in the 

olfactory bulb after long-distance migration through a welldefined path called the rostral 

migratory stream (RMS). The SVZ is the adult brain region with the highest 

neurogenetic rate, from which NSCs have been firstly isolated and characterized for 

their ability to give rise to non neural cells. A series of observations indicate that a 

specific subtype of SVZ astroglial cells is the actual NSC. 
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Figure IX-1: Transcription factors and neural stem cells 
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after SCI. There are several discoveries at the preclinical level that are not only directed 

to minimize secondary damage and maximize functionality of remaining neuronal 

systems but are also aimed at stimulating regeneration and repair. One of them  could be 

the neural stem cell based regenerative therapy. 

The spinal cord insult-induced progenitor cell response comprises division, 

migration, and maturation of spinal cord progenitor cells (SPCs). 

Since it is known that SPCs derived from the adult spinal cord produce neurons 

and oligodendroglias when transplanted into neurogenic regions like the hippocampus, 

it is obvious that the environment plays a pivotal role in the fate decision made by 

progenitor cells. Different approaches manipulating the spinal cord environment to 

instruct SPCs to adopt a neuronal or glial fate have been attempted over the last few 

years. Primary astrocytes isolated from neurogenic regions, such as the newborn and 

adult hippocampus as well as the newborn spinal cord, promoted neuronal 

differentiation of adult hippocampal SPCs, whereas astrocytes isolated from the 

nonneurogenic adult spinal cord did not. 

Functional characterization of candidate factors differentially expressed in 

neurogenesis – promoting and nonpromoting astrocytes indicated that two interleukins, 

interleukin-1 (IL-1) and interleukin-6 (IL-6) promote neuronal differentiation of SPCs, 

whereas insulin-like growth factor binding protein 6 (IGFBP6) and the proteoglycan 

decorin inhibited it. 

Interestingly, these factors also play a role in the inflammatory response after SCI. 

Grafting SGZ astrocytes or injecting sonic hedgehog (shh) was found to be sufficient to 

induce neurogenesis in the nonneurogenic cortex of adult mice. 
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Different growth factors have been used to stimulate proliferation of endogenous 

progenitor cells and to influence their differentiation. Delivery of FGF-2 and EGF into 

the lateral ventricle enhanced the proliferation of progenitor cells in the SVZ.  Another 

candidate used for manipulation of neural SPCs is IGF-1. It was shown that IGF-I 

stimulates oligodendroglial differentiation of multipotent hippocampal SPCs via the 

inhibition of bone morphogenic protein (BMP) by upregulation of the BMP antagonists 

Smad6, Smad7, and Noggin. By overexpressing Noggin in combination with brain-

derived neurotrophic factor (BDNF), the astrocytes have been shifted into neuronal 

differentiation in the striatum, a region that is usually nonneurogenic. It has also been 

demonstrated that BDNF stimulates the production and survival of new neurons from 

SPCs in vitro and in the rostral migratory stream. 
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Figure IX-2: Events of spinal cord injury and directed manipulation of stem cells after 
spinal cord injury 
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activity, exit cell cycle and give rise to early born neurons, including retinal ganglion 

cells, cone photoreceptor cells, amacrine cells and horizontal cells. Under the influence 

of Notch, Rax, Chx10 and other progenitor genes, a fraction of the RPCs remain 

undifferentiated and reach a later stage of development during which both neurogenesis 

and gliogenesis is possible. The late RPCs downregulate Notch activity, exit cell cycle 

and are then able to commit to a neuronal or glial fate. High levels of positive bHLHs 

favor the neuronal fate. A reinitiation of the Notch pathway and concomitant 

upregulation of negative bHLHs favors the glial fate. Other pro-gliogenic factors, such 

as p27, Sox9, and EGF signaling, are most likely also involved. Neuronal insult in the 

form of injury, disease or hypoxia, leads to various changes including increased 

permeability of the blood retinal barrier and subsequent release of inflammatory 

mediators. These factors trigger glial activation, which initially manifests as a 

downregulation of the Kir channel activity. During this phase, proliferation is not 

observed. Decreased Kir channel activity along with activation of the BK channel 

characterizes proliferative gliosis. Downregulation of p27 appears to be the initial 

molecular alteration leading to cell cycle re-entry. At this time, intermediate filaments 

such as vimentin and GFAP are upregulated. Subsequent downregulation of cyclin D3 

appears to limit the number of cell cycles that Müller glia undergo. Production of 

neurons might occur in only a subset of Müller glia, using signals that might be distinct 

from those that induce gliogenesis. 
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Figure IX-3: Retinal progenitor cells and their plasticity 
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X Cardiovascular regeneration 

Regeneration of cardiac tissue is required mostly after ischemic heart diseases including 

heart infarcts and congestive heart failure. The approach has several specific 

requirements, including (1) the generation of three damaged lineage cells (pacemaker 

and atrial/ventricular cardiomyocytes, endothelium and vascular smooth muscle cells), 

(2) to avoid immunological reactivity, and (3) to remodel a complex three-dimensional 

structure for sustaining continuous cardiac output and adaptation to physical demands. 

The studies addressing human cardiac regeneration have been hampered by the 

difficulties at identifying cardiac stem cells (CSCs) and exploring their transcriptional 

control for development. In addition, the relevant in vivo experiments rely mostly on 

mouse heart, with substantially different physiological characteristics (heart rate, 

duration of functionality). 

 

Figure X-1: Sources of cells for cardiac regeneration 
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For cell-mediated regeneration several tissue sources have been proposed. These 

include the heart itself (cardiac progenitors/CPCs or CSCs), bone marrow- or blood-

derived endothelial progenitors (EPCs), skeletal muscle cells/myoblasts or their resting 

progenitors satellite cells (SCs), mesenchymal stem cells (MSCs) or skin fibroblasts de-

differentiated into induced pliuripotent stem cells (iPS) as adult or autologous sources; 

as embryonic source, inner-cell-mass cells from blastocysts. Their mechanisms of 

regeneration include differentiation, either as individual cells or cell fusions; their 

presence may exert paracrine effect, thus stimulating the residual or distant endogenous 

progenitors to differentiate. While genetic marking studies could indicate the 

contribution of at least some externally introduced cells to the regeneration, it can not 

distinguish between the cellular transdifferentiation and fusion-mediated regeneration. 

Using bone marrow-derived mononuclear cells is still a controversial field. This 

treatment could improve (early) LV functions, although the effect is highly determined 

by the method of cellular delivery (intracardiac, intracoronary). The transfer of 

endothelial precursors or even some bone marrow-derived precursors may lead to the 

induction of neoangiogenesis, which vessels then can supply hypertophic periinfarct 

myoblasts/myocytes from endothelial progenitor cells following G-CSF mobilization, 

and can also sustain regeneration from endogeneous cardiomyocytes. 

The earliest observations concerning some role for endogenous mesenchymal-

stem cell (MSC) derived regeneration in heart tissue was obtained by demonstrating the 

presence of chromosome Y in male patients transplanted with female heart. The use of 

allogeneic MSC is facilitated by the lack of B-7 and MHC Class II stimulatory 

molecules, their established procedure of harvesting from bone marrow. They are in 

CXCR4+/Sca-1+/lin–/CD45– mononuclear cell (MNC) fraction in mice and in the 

CXCR4+/CD34+/AC133+/CD45– BMMNC fraction in humans. Their migration within 
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the damaged endocardium is enhanced by SDF-1-CXCR4, HGF-c-Met, and LIF-LIF-R 

interactions. In addition, their differentiation potential includes commitment along 

myocytes, smooth muscle cells and endothelium. Their cardiomyocyte-differentiation 

depends on the upregulation of cardiac transcription factors, including Nkx2.5/Csx, 

GATA-4 and MEF2C. Generating cardiomyocytes from dermal fibroblast could be 

achieved by introducing these cardiac transcription factors, resulting in contractile 

myocardiac cells. 

 

Figure X-2: iPS reprogramming for myocardial regeneration 
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establishment of cardiac tissue matrix, proper electromechanical cell coupling, robust 

and stable contractile function, and functional vascularization. 

In addition to cardiac regeneration, rather similar cellular sources have been used 

in efforts for vascular regeneration, primarily in peripheral vascular diseases (PVD). 

Their prevalence is 3–10%, and are mostly due to atherosclerosis or some forms of 

vasculitis. Their clinical forms include intermittent claudication, representing an early 

moderate manifestation, whereas in critical limb ischemia severe muscle tissue loss or 

ulcers occur with high risk for limb amputation. For PVD treatment the involvement of 

other tissues (neural, skeletal muscle, skin) also need to be taken into account. 
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XI Kidney regeneration 

The kidney is considered as a highly differentiated organ in our body. It is known that 

no new nephrons appear after the 36 weeks of gestation in human embryos because of 

the mesenchymal exhaustion. In contrast, the kidney still has some regeneration 

potential. Renal progenitors are localized at the urinary pole and are in close contiguity 

with tubular renal cells at the tubuloglomerular junction. A transitional cell population 

displays mixed features of renal progenitors and proximal tubular cells and localizes at 

the tubuloglomerular junction. When tubular cells are injured, the adjacent 

differentiated tubular cells divide to replace the lost cells. Repeated cycles of 

proliferation can exhaust the regenerating capacity of tubular epithelial cells. However, 

renal progenitors can maintain the bulk of proliferating cells through generation of 

novel tubular progenitors at the tubuloglomerular junctions. 

 

Figure XI-1: Renal progenitor cells 

Podocyte
progenitors

Vascular
stalk

Bridge

Mature
podocytes

Detaching
podocyte

Detaching
podocyte

Urinary
pole

Renal
progenitors



Transdifferentiation and regenerative medicine 

72 The project is funded by the European Union and
co-financed by the European SocialFund.

 

The above discussed renal progenitors hallmarked with CD24+, CD133+, Oct4+, 

Bml1+, Pdx-, nestin- markers are localized at the urinary pole and are contiguous also 

with podocytes at the vascular stalk. At the vascular stalk of the glomerulus, the 

transitional cells are localized in contiguity with cells that have the progenitor markers 

(CD24+, CD133+), but exhibit podocyte markers (Pdx+, nestin+) and the phenotypic 

features of differentiated podocytes. Renal progenitors can generate novel podocytes 

(CD24+, CD133+, Pdx+, nestin+) by progressively migrating, proliferating and 

differentiating towards the vascular stalk. This occurs as the kidney grows, during 

childhood and adolescence, and might also occur following an injury which allows a 

slow regeneration, such as following uninephrectomy. 

In glomerular disorders characterized by severe or acute podocyte 

death/detachment, the renal progenitors generate cell bridges between the Bowman’s 

capsule and the glomerular tuft, which may provide a slide for migration and 

differentiation of an adjacent progenitor and a rapid replacement of lost podocytes. 

However, a dysregulated process can also initiate the generation of hyperplastic 

glomerular lesions. 

According to some hypothesis stem cells are able to exchange genetic material 

among cell types by membrane sorrounded vesicles. The exchange of genetic 

information may be bidirectional from injured cells to bone marrow-derived or resident 

stem cells or conversely from stem cells to injured cells. Injured cell–stem cell 

communication is possible by microvesicles released from tissue injured cells may 

reprogram the phenotype of stem cells to acquire tissue-specific features by delivering 

to stem cells the mRNA and/or microRNA of tissue cells. The stem cell–injured cell 

communication is mediated by microvesicles derived from stem cells recruited from the 

circulation or resident may reprogram tissue injured cells by delivering mRNA and/or 
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microRNA that induce a dedifferentiation, the production of soluble paracrine mediators 

and a cell cycle re-entry of these cells favoring tissue regeneration. 

 

Figure XI-2: Repair mechanisms of stem cells in kidney regeneration 
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XII Cancer stem cells 

Observations made in the first half of the last century indicated that, using experimental 

tumor transplantation models, only a small frequency of tumor cells can efficiently 

induce transplantable tumors. However, if inoculated, some tumor may induce the 

formation of a large number of tumor cells at heterogeneous stages of malignancy with 

diverse phenotype, recapitulating the colony-forming unit (CFU) observations made 

during the analysis of haemopoietic differentiation. To acknowledge this similarity, 

transplanted tumor colonies were denoted as CFU-T, in an analogue to the haemopoietic 

clusters composing splenic colonies upon transplantation (CFU-S). Subsequently the 

analysis of single-cell isolation and clonal analysis of acute myeloid leukemia (AML) 

revealed that one single cell could reproduce the entire spectrum of highly 

heterogeneous tumors. Gradually, the concept of tumor/cancer stem cells (CSCs) 

became generally accepted, and it has led to considerable advance on the treatment of 

malignancies. A basic difference, however, to the aims of regenerative medicine 

employing stem cells as means, is obviously not to regenerate the tumors, but to identify 

and eradicate those components that can be responsible for the recurrence during 

relapse, that can be considered as the spontaneous regeneration of tumors, in addition to 

eliminate the proliferating fraction by cytotoxic treatments. 

Taking the stem cells’ basic features (self-renewal and differentiation potential), 

the tumor stem cell appear to follow a different order of occurrence compared to the 

physiological stem cells in development and regeneration. In tumors, the oncogenic 

tansformation is likely to lead to a limited-degree of expansion which, by the time of 

medical diagnosis, leads to establishment of a minor fraction within the tumor cell mass 

that has re-launched its stem cell program. That is, to re-new itself carrying the 
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oncogenic mutation, and sustain the production of the larger, more proliferative 

compartment. 

 

Figure XII-1: Cancer and cancer stem cell theory 

Following cytotoxic therapy, this more proliferative larger compartment is 

eliminated or reduced, while the stem-cell-like fraction evading the treatment retains its 

potential to reproduce the lost tumor cells. The heterogeneity of tumors may thus be 

considered to associated with the (a) evolution of biologically different variants, such as 

stem-cell-like or proliferative fractions, and (b) the natural selection of certain variants 

within both subsets, as a result of exposure to cytotoxic agents, irradiation, etc. 
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Figure XII-2: CSC development 

The evolution of variants with different programming characteristics (stem-cell 

like or proliferating subsets) may occur via two distinct mechanisms. In the stochastic 

mechanism, the stem-cell like variants and the proliferative variants develop as dictated 

by their environmental and intrinsic properties and factors. The hierarchic model 

proposes that, in a process analogous to the normal tissue development, initially the 

self-renewing compartment predominates, subsequently the expansion of proliferative 

fraction is the result of the shift towards the non-self renewal (proliferative) 

compartment, once a steady-state renewal-proliferation ratio has been established. 

The presence of CSCs can be assessed by serial transplantation where, the initial 

tumor (selected by using candidate markers expressed by CSCs) is collected from the 

primary recipient, and after the tumor expansion, re-transplanted into secondary 

recipient. If the tumor established in the secondary recipient displays a marked 

heterogeneity then it is assumed to have originated from a SCS, whereas if the tumor 

does not develop, or is composed of homogenous cells, then it is assumed to have 
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originated from the proliferative fraction. Such procedure has been used for the 

identification of SCSs for breast cancer, brain tumor, panceratic cancer, lung cancer, 

retinoblastoma, colonic cancer and melanoma. For their isolation CD34, CD44 and 

lineage negativity, CD133 have been used. 

Similarly to normal SCs, CSCs also interact with their environment comprising 

the niche. However, the niches can be modified according to the needs of their stem cell 

partners, and it is possible that CSCs divert the physiological niches to alter their 

signaling properties. 

 

Figure XII-3: Altered niche for CSCs 

In AML, leukemic stem cells may infiltrate normal hemopoietic niches and 

modulate these to exert protective activity, thus preventing the cytotoxic elimination of 

the malignant cells. In this fashion the osteoblastic components of the haemopoietic 

niche have been found to produce a range of factors enhancing CSC proliferation (Wnt, 
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Notch-signaling, homing activities), whereas the vascular elements were modified to 

alter their homing and chemotactic properties for the CSCs. 

 

Figure XII-4: AML niche characteristics 

The therapeutic consequences of eliminating CSCs now include the use of more 

widespread range of targets. Traditionally, the proliferative fraction of tumors has been 

the main focus for cytotoxic therapy; however, the combined targeting stem cells by a 

range of specific kinase inhibitors, or the simultaneous blockade of niche functions by 

anti-angiogenic and morphogenetic regulators (BMPs, Wnt, etc) may exert substantial 

potentiating effect. 
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Figure XII-5: Combined treatment of cancers – CSCs and their niche 
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XIII Ethical background of stem cell research 

and therapy 

Few themes and subjects have elicited as great a debate lately as the isolation and 

application of stem cells for tissue regeneration. Considering its wide societal impact 

(ranging from medical research and therapy, to business potential, religious consience 

and political views, etc), several fields with different ethical issues need to be 

distinguished. Particularly heated debates have discussed those aspects that are related 

to the origin (fetal or adult) and use (reproductive or therapeutic) of stem cells, also 

including the ethical constrains of patient selection, in addition to the fate of unused 

embríonic tissues. The uses of other stem cells (including cord blood stem cells) have 

elicited a relatively less intense debate on the ethics, although the more wide-spread 

offer for preservation of these cells and the proposed spectrum for their eventual use 

may also raise ethical concerns. 

The course of ethical concerns closely followed the main research direction, 

starting with the embryo-derived human stem cells (hESCs). Generally the main driving 

force for questioning the use (in research as well as therapy) of eSCs was a strong 

current for pro-life views, especially concerned with the moral standing and the fate of 

preimplantation embryos. 

According to those who oppose embryonic stem cell research, the moral standing 

of all preimplantation embryos is equal to that of any living person, including its value 

of life. However, none of the medical definitions applied to considering a person alive 

or dead is applicable to such a stage. Furthermore, as the cells from such 

undifferentiated organisms serve to create or regenerate complex tissues, it is difficult to 

specify the difference to other cells with such potential, including one single 
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lymphocyte from which cloned animals have been created. This opinion holds that 

destroying preimplantation embryos during the course of research is not different from 

murder and can not be justified by however noble aims the research may pursue. 

Religious views are quite divergent, as important faiths do not grant full moral standing 

to early-stage human embryos. According to both monoteistic Western Christian, 

Jewish, Islamic or polyteistic Hindu, and Buddhist traditions, the moral standing of 

human beings arrives much later in the gestation process, while some religious views 

consider the fetus of full standing if it is capable of viability outside the womb. Other 

opponents of hES cell research claim that all preimplantation embryos have the 

potential to become full-fledged human beings, therefore it is always morally wrong to 

destroy this potential; however, this opinion does not take into account the practical 

differences between the quality of IVF embryos, and the 70–80% probability of loss of 

embryos generated during intercourse. As these debates amongst laymen are usually 

part of broader philosophical, religious or political affairs, the participants’ position is 

only rarely driven by pure scientific arguments. 

The ability to generate pluripotent stem cell-like cells (iPS) by the transformation 

of differentiated cells led to a substantial ease in arguing for further stem cell research. 

However, these cells’ possible potential to be used can not obviate the need for 

continued research on eSCs, particularly as iPS cells do not necessarily correspond to 

the embryonic cells, and the procedure in which these are produces bears the significant 

risk of erroneous or malignant transormation, or eventual in vivo mis-differentiation. 

Furthermore, as a substantial effort in stem cell research involves international 

collaboration, several obstacles related to national laws on stem cell research hamper 

more rapid progress. 
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Still more exciting and vexing set of bioethical issues arising today involves the 

process of transitioning bench knowledge to the bedside. The application and use of 

stem cells in patients involves unequivocally moral persons with rights and interests that 

may be harmed. 

Until very recently, there existed no professional guidance for researchers wanting 

to translate basic stem cell research into effective clinical applications for patients. In 

2009, the International Society for Stem Cell Research released a set of international 

guidelines to fill this void. Moving from the bench to the bedside will involve many 

complex steps, many of which are quite scientifically technical. All of these aspects, 

however, are relevant in a bioethical sense, since they affect directly the risk/benefit 

ratio that must be assessed before clinical research with patients can be ethically 

allowed. For example, uniform standards for cell processing and manufacture must be 

agreed upon not only by the international community of researchers, but also stem cell 

banks, and regulators. Standards for preclinical testing using animal models must be 

clarified before first-in-human clinical trials can begin, and fair procedures for enrolling 

human subjects in early stem cell–based clinical trials must be articulated. 

The ISSCR clinical translation guidelines critically emphasizes the importance of 

having individuals with stem cell–specific expertise involved in the scientific and 

ethical review at each step along the translational research process. Individuals with 

stem cell–specific expertise are best suited to help investigators and human research 

review committees assess the scientific rationale of the clinical trial protocol; the in 

vitro and in vivo preclinical studies that form the basis of the clinical study; and the 

risks of abnormal cell function, proliferation, and/or tumor development. The ISSCR 

guidelines also recommend that special emphasis be given to the unique risks of stem 

cell–based clinical research during the informed consent process. These risks include 
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tumor formation, immunological reactions, unpredictable behavior of the cells, and 

long-term health effects yet unknown. Risks to future research participants may be 

further minimized through careful monitoring of patient-subjects and timely reporting 

of adverse events. 

This requirement for thorough and transparent regulation is best examplified by 

the non-conventional uses of stem cells. Currently, stem cell–based therapies are the 

clinical standard of care for hematopoietic stem cell transplants for leukemia and 

epithelial stem cell–based treatments for burns and corneal disorders. However, the 

public (often exposed to ill-informed proponents or unscrupulous profiteers) may not 

quite appreciate the many years of preclinical and clinical research that are required to 

establish new stem cell–based therapies. Unfortunately, there are some unscrupulous 

clinicians or even laymen around the world exploiting the hopes of patients by 

purporting to provide effective stem cell therapies for large sums of money. These so-

called “stem cell clinics” advance claims about their proffered stem cell therapies 

without credible rationale, transparency, oversight, or patient protections, often crossing 

the existing laws prohibiting such practices. 
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Phase of research Ethical issues 

Collection of biological materials Informed and voluntary consent 

Research with hESCs  Destruction of embryos 

Creation of embryos specifically for research 

purposes 

(1) Payment to oocyte donors 

(2) Medical risks of oocyte retrieval 

(3) Protecting reproductive interests of women 

in infertility treatment 

Use of stem cell lines derived at 

another institution 

Conflicting legal and ethical standards 

Stem cell clinical trials Risks and benefits of experimental intervention 
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