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   Foreword: Regenerative Medicine: 
From Protocol to Patient   

    Third Edition 

 The vision to unravel and develop biological healing mechanisms based on evolving 
molecular and cellular technologies has led to a worldwide scientifi c endeavour to 
establish  regenerative medicine . This fi eld involves interdisciplinary basic and (pre)
clinical research and development on the repair, replacement, regrowth or regenera-
tion of cells, tissues or organs in congenital or acquired diseases. Stem cell science 
and regenerative biology is prompting the most fascinating and controversial medi-
cal development of the twenty-fi rst century. It can be envisaged that this develop-
ment will establish completely new molecular and cellular techniques for medical 
diagnosis and therapy. The early rush of scientifi c development was initiated more 
than one hundred years ago by the physiology of blood regeneration (Hall and 
Eubanks 1896) and successful vascular surgical techniques for organ transplanta-
tion (Carrel and Guthrie 1905). However, the clinical realization of allogenic blood 
transfusion lasted until the discovery of the blood group antigens (Landsteiner and 
Levine 1928) and successful routine allogenic organ and bone marrow transplanta-
tion towards the end of the last century. 

 Similar to the fi eld of allogenic cell and organ transplantation, it seems that 
 regenerative medicine  again condenses mankind’s visions, hopes and fears regard-
ing medicine: Hopes of eternal life and effective treatment of incurable disease, as 
well as fears of the misuse of technology and uncontrolled modifi cations of life are 
polarizing the scientifi c fi eld. The development and public acceptance of new ethi-
cal and regulatory guidelines is a necessary process to support further clinical devel-
opment. Nevertheless, the vision of a new medicine using the regenerative power of 
biology to treat disease and restructure the organism is setting the aims for scien-
tifi c, technological and medical development. Viewing the great expectations to 
restructure and regenerate tissues, organs or even organisms, the current attempts of 
both scientists and physicians are still in an early phase of development. 
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 The fi eld of  regenerative medicine  has developed rapidly over the last 20 years 
with the advent of molecular and cellular techniques. This collection of volumes on 
 Regenerative Medicine: From Protocol to Patient  aims to explain the scientifi c 
knowledge and emerging technology, as well as the clinical application in different 
organ systems and diseases. The international leading experts from four continents 
describe the latest scientifi c and clinical knowledge in the fi eld of  regenerative med-
icine . The process of translating the science of laboratory protocols into therapies is 
explained in sections on basic science, technology development and clinical transla-
tion including regulatory, ethical and industrial issues. 

 This collection is organized into fi ve volumes: (1)  Biology of Tissue Regeneration ; 
(2)  Stem Cell Science and Technology , (3)  Tissue Engineering, Biomaterials and 
Nanotechnology , (4)  Regenerative Therapies I.;  and (5)  Regenerative Therapies 
II. Biology of Tissue Regeneration (Volume 1)  focuses on regenerative biology with 
chapters on the extracellular matrix, asymmetric stem cell division, stem cell niche 
regulation, (epi)genetics, immune signalling, and regenerative biology in organ sys-
tems and model species such as axolotl and zebrafi sh .  

  Stem Cell Science and Technology (Volume 2)  provides an overview of the clas-
sifi cation of stem cells and describes techniques for their derivation, programming 
and culture. Basic properties of differentiation states, as well as their function are 
illustrated, and areas of stem cell pathologies in cancer and therapeutic applications 
for these cells are discussed with the emphasis on their possible use in  regenerative 
medicine . 

  Tissue Engineering, Biomaterials and Nanotechnology (Volume 3)  focuses on 
the development of technologies, which enable an effi cient transfer of therapeutic 
genes and drugs exclusively to target cells and potential bioactive materials for clin-
ical use. The principles of tissue engineering, vector technology, multifunctional-
ized nanoparticles and nanostructured biomaterials are described with regards to the 
technological development of new clinical cell technologies. Imaging and targeting 
technologies, as well as the biological aspects of tissue and organ engineering are 
described. 

  Regenerative Therapies I (Volume 4)  gives a survey of the history of regenerative 
medicine and clinical translation including regulation, ethics and preclinical devel-
opment. Clinical state-of-the-art, disease-specifi c approaches of new therapies, 
application technologies, clinical achievements and limitations are described for the 
central nervous system, head and respiratory systems. Finally,  Regenerative 
Therapies II (Volume 5)  contains state-of-the-art knowledge and clinical translation 
of regenerative medicine in the cardiovascular, visceral and musculoskeletal 
systems. 

 These volumes aim to provide the student, the researcher, the healthcare profes-
sional, the physician and the patient with a complete account of the current scien-
tifi c basis, therapeutical protocols, clinical translation and practised therapies in 
 regenerative medicine . On behalf of the sincere commitment of the international 
experts, we hope to increase your knowledge, understanding, interest and support 
by reading the book. 

Foreword: Regenerative Medicine: From Protocol to Patient 
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 After the successful introduction of the fi rst edition in 2011, this publication has 
been developed and expanded for the third edition into fi ve volumes.  
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    Chapter 1   
 Characterization and Classifi cation 
of Stem Cells                     

       Ute     Bissels     ,     Yvonne     Diener    ,     Dominik     Eckardt    , and     Andreas     Bosio   

    Abstract     Starting from a zygote, an organism is made up of thousands, highly 
organized stem cells, progenitor cells and postmitotic cells which are generated in 
spatio-temporally coordinated proliferation and differentiation steps. The ongoing 
advancements in cell culture, isolation techniques, and molecular analyses have 
driven our basic understanding of different cell types and led to a broad classifi ca-
tion of stem cells. This chapter outlines the most prominent techniques used for the 
characterization and classifi cation of stem cells and provides an overview of many 
different stem cells, their function and their mRNA, miRNA and protein content.  

  Keywords     Classifi cation   •   Surface molecules   •   Transcription factors   •   DNA meth-
ylation   •   miRNA   •   mRNA   •   Protein markers  

  Abbreviations 

   BM    Bone marrow   
  BTSC    Brain tumor stem cell   
  CB    Cord blood   
  CLP    Common lymphoid progenitor   
  CMP    Common myeloid progenitor   
  CSC    Cancer stem cell   
  EPC    Endothelial progenitor cell   
  ErP    Erythroid progenitor   
  ESC    Embryonic stem cell   
  GMP    Granulocyte-macrophage progenitor   
  HpSC    Hepatic stem cell   
  HSC    Hematopoietic stem cell   
  iPSC    Induced pluripotent stem cell   
  LT-HSC    Long-term hematopoietic stem cell   
  MEP    Megakaryocyte-erythroid progenitor   
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  MkP    Megakaryocyte progenitor   
  MP    Multipotent progenitors   
  MSC    Mesenchymal stem cell   
  NK    Natural killer   
  NSC    Neural stem cell   
  PB    Peripheral blood   
  RBC    Red blood cells   
  SPC    Spermatogonial progenitor cell   
  ST-HSC    Short-term hematopoietic stem cell   
  TSC    Tissue stem cell   

1.1         Introduction 

 The characterization of stem cells helps us to shed light on general cellular pro-
cesses and to understand the development and senescence of organs and organisms. 
It is also a prerequisite to use stem cells as tools for drug target discovery, predictive 
toxicology, or for cellular therapies including tissue regeneration. A classifi cation  of   
stem cells can be done by measuring and quantifying distinct functional properties 
and/or molecular markers. While the function of self-renewal defi nes stem cells in 
general, the degree of “potency”, i.e. the range of differentiation options to generate 
different cell types, is commonly used for a rough hierarchical classifi cation of cells 
into:

 –     totipotent cells  : generate all cells including  extraembryonic   cell types, e.g. 
zygote  

 –    pluripotent cells  : generate all body cells including germ cells, e.g. embryonic 
stem cells (ESCs), induced pluripotent stem cells (iPSCs), inner cell mass of the 
blastocyst-stage embryo  

 –    multipotent cells  : generate all tissues cells, e.g. tissue stem cells such as hemato-
poietic stem cells (HSCs)  

 –    unipotent cells  : generate a single cell type, e.g. spermatogonial stem cells (SPCs)    

 The hierarchy is not unidirectional as in certain circumstances a cell can dedif-
ferentiate to form cells with a higher potency. 

 A further classifi cation subdivides the different multipotent stem cells according 
to the tissue cells they can generate. It is assumed that almost every tissue has stem 
cells which are responsible to keep tissue homeostasis and to regenerate or limit 
injuries. Most prominent multipotent or tissue stem/progenitor cells are those form-
ing the blood ( hematopoietic stem cells, HSCs)  , endothelium ( endothelial progeni-
tor cells, EPCs)  , mesenchyme (mesenchymal stem/stroma cells, MSCs)   , muscles 
( satellite stem cells)  , heart (cardiac stem/progenitor cells)   , sperm ( spermatogonial 
stem cells)  , intestine (intestinal stem cells)   , pancreas (pancreas derived multipotent 
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3

precursors)   , lung ( lung stem cells)  , liver ( hepatic stem cells)  , brain ( neural stem 
cells, NSC)  , skin and hair ( skin stem cells)  , and mammary glands ( mammary stem 
cells)  . The borders are not strict as, although rare in vertebrates, a transdifferentia-
tion of one tissue stem cell into another tissue lineage has been reported in vitro and 
in vivo. 

 As a certain function of a cell is usually made up by a complex and time depen-
dent interplay of different molecule classes, it is occasionally diffi cult to measure or 
even to quantify it. This is why a purely functional classifi cation of stem cells is 
sometimes not of practical help and molecular markers come into play. Technical 
limitations in terms of sensitivity, specifi city and ease of (parallelized) measuring 
further defi ne which markers or classes of markers are eventually used for a certain 
cell type. Let us take for example the defi nition of embryonic stem cells, or in gen-
eral pluripotent stem cells. The term “pluripotent cell” has mainly been derived 
from the properties of an embryonic stem  cell  . An embryonic stem cell can give rise 
to all the cells and tissues of an organism with the exception of the extra embryonic 
tissue. With this defi nition, it is clear that in order to proof a cell of being pluripo-
tent, one has to show that this cell, when injected into a blastocyst stage embryo is 
able to generate a whole organism including the germ cells. This is almost only 
possible with mice, certainly not with human cells. That is why teratoma formation 
has been introduced as a surrogate test. Here, the potential of a cell to differentiate 
into any of the three germ layers: endoderm (interior stomach lining, gastrointesti-
nal tract, lungs), mesoderm (muscle, bone, blood, urogenital), or ectoderm (epider-
mal tissues and nervous system) is interrogated. But even this is very time consuming, 
not really quantifi able and cannot be used as a prospective defi nition but only as a 
retrograde proof. Therefore, molecular markers have been defi ned which are corre-
lated with pluripotency, like certain proteins expressed on the surface of pluripotent 
cells, transcription factors, microRNAs (miRNAs), messenger RNAs (mRNAs) or 
the methylation status of genomic sequences. Still, after many years, it is hotly 
debated which the right pluripotency markers are and whether it is acceptable at all 
to rely only on markers when referring to pluripotency. In conclusion, a classifi ca-
tion of stem cells is based on both, molecular markers for practical reasons and their 
function for reasons of clarity.  

1.2     Methods for the Characterization and Classifi cation 
of Stem Cells 

 From a biochemical point of view, stem cells do not differ from other cells and thus 
all known methods which allow to measure the status and interaction of biomole-
cules can be used to characterize stem cells. However, for stem cells, the description 
of some biomolecules using certain techniques has been found to be more instru-
mental than others.

1 Characterization and Classifi cation of Stem Cells
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 –     DNA methylation  : It stably alters the gene expression pattern in cells indicating 
if a gene is likely to be transcribed (active) or not (silenced). It is measured for 
instance by Methylation Specifi c PCR (MSP), or ChIP-on-chip assays.  

 –   mRNA status or  transcriptome  : It tells which genes are transcribed and therefore 
are active. As all transcripts in a cell can be measured in parallel using microar-
rays or library sequencing, a good estimation of all active genomic pathways can 
be drawn.  

 –   miRNAs: They are  analyze  d like mRNAs using PCR, blotting techniques, micro-
arrays, sequencing, and  in situ  hybridization and are a relatively young class of 
molecules which help to understand if corresponding mRNAs are translated into 
proteins or not. Their expression has been found to be quite robustly correlated 
to some cell types.  

 –    Cell surface molecules  : They can be mainly identifi ed by their reaction with 
specifi c antibodies using techniques such as fl ow cytometry, immunohistochem-
istry, immunocytochemistry, or different sorts of gel electrophoresis and blot-
ting. In addition, mass spectrometry is used to analyze the cell surface proteome 
without antibodies. Also, raising new antibodies by immunization of rats and 
mice with cells has led to the identifi cation of many new markers. Especially 
adhesion molecules and receptors can also be analyzed using the respective 
interaction partners and give insights into the “communication status” of a cell. 
The massive advantage of surface proteins or molecules in general is that they 
can be used to sort cells very easily e.g. by using fl ow cytometry based sorting, 
immunopanning, or magnetic cell sorting. In order to standardize the annotation 
of surface molecules a CD (cluster of differentiation)    nomenclature was estab-
lished in 1982 at the 1st International Workshop and Conference on Human 
Leukocyte Differentiation Antigens (HLDA). The CD system originally classi-
fi es monoclonal antibodies (mAbs) generated against epitopes on the surface of 
leukocytes and has then been expanded to many other cell types.  

 –    Transcription factors  : They are very indicative for some cell types as they indi-
cate which pathways of a cell are activated and which not. Many of them are a 
master switch deciding which lineage a cell is following. Their importance has 
been proofed by the fact that the ectopic expression of single transcription fac-
tors can redirect (or reprogram) the differentiation fate of a cell.  

 –    Cell surface membrane transporter  : At least some stem cells differ from non- 
stem cells in their ability to transport Hoechst stains ( Hoechst 33342)   out of the 
cell. Hoechst 33342 is a DNA-binding fl uorescent dye, excitable by ultraviolet 
light at 350 nm and emitting at 461 nm. A multidrug-like transporter in stem 
cells causes an increased effl ux of Hoechst 33342 by an active biological pro-
cess. This can be used to identify stem cells by fl ow cytometry as a “side popula-
tion” (Goodell et al.  1996 ).  

 –   Enzymes: Stem and progenitor cells also possess a different aldehyde  dehydro-
genase   (ALDH) activity compared to other cells. This enzyme converts a 
 nonfl uorescent substrate (an aminoacetaldehyde) into a fl uorescent 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 
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fl uorescent product, and stem cells can be isolated by fl ow cytometry based on 
their enzyme activity (Jones et al.  1995 ; Storms et al.  1999 ).    

 The analysis of most of the above mentioned molecules is optimally done on 
highly purifi ed stem cells rather than mixtures of different cell types. A detailed 
description of techniques for the enrichment of stem cells has been reviewed by 
Bosio et al. ( 2009 ). 

 Interestingly, although it is an absolute prerequisite for single cell based isolation 
and characterization of stem cells, we noticed a lack of standardized protocols for 
proper dissociation of tissues. Solid organs consist of a mixture of cell types which 
are interconnected in multiple ways. Specifi c transport proteins as well as gap junc-
tions connect cells and allow the transport of molecules, whereas tight junctions 
build up a barrier to avoid free transport across cell layers. In addition, cell adhesion 
molecules like cadherins are important for stability of the tissue and localization of 
the cells. All cells in these tissues are surrounded by a complex extracellular matrix 
composed of a variety of proteins and polysaccharides. The most important compo-
nents are collagens, hyaluronan, and glycosaminoglycan (Iozzo  1998 ). The major 
goal of  tissue dissociation   is the disruption of the extracellular matrix and cell adhe-
sion components without harming the integrity of the cell membrane and the surface 
epitopes. We have established automated procedures for the enzymatic and mechan-
ical dissociation of solid tissues and optimized them according to the specifi c needs 
of a given tissue or cell type (Jungblut et al.  2008 ,  2009 ; Pennartz et al.  2009 ). 

 An interesting approach combining the knowledge of stem cell type specifi c 
gene expression with the convenience of surface markers is the use of genetically 
modifi ed stem cells to label or enrich these cells. Here, the promoter of a gene spe-
cifi cally expressed in a cell type is used to drive the expression of a selection marker 
such as the  green fl uorescence protein (GFP)  , an antibiotic resistance gene, or an 
artifi cial surface epitope like the human CD4 molecule lacking its intracellular 
domain. 

 In vitro and in vivo assays to functionally characterize stem cells are partially 
dependent on the respective stem cell but some assays are used for multiple stem 
cell types. For example, measuring the replication of cells by incorporating detect-
able molecules like BrdU into the DNA, or proliferation of cells by CFSE via stain-
ing of intracellular proteins. This allows to distinguish non dividing (postmitotic) 
cells from proliferating or differentiating ones. In vitro culturing and differentiation 
of cells as well as the transplantation of cells into animal models are methods used 
to track the differentiation potential, the regenerative power or malignancy of stem 
cells. The differentiation behavior of single stem cell clones can be analyzed by cel-
lular barcoding, in which genetic marks are introduced into each cells’ genome via 
retroviral vectors. The unique DNA-sequences (barcodes) can be easily identifi ed in 
the clonal progeny using sequencing-based detection systems (Gerrits et al.  2010 ). 
Culturing of stem cells in semi-solid media (colony forming unit (CFU) assays) 
offers the opportunity to analyze the lineages and to quantify the number of colonies 
derived from stem cells and is especially used for hematopoietic stem cells.  

1 Characterization and Classifi cation of Stem Cells



6

1.3     Protein Markers of Stem Cells 

 Protein markers are widely used for classifi cation of stem cells. This is due to the 
fact that the expression of proteins is less variable than for example mRNA expres-
sion and that, especially for proteins expressed on the cell surface, it is possible to 
use them for the isolation of the respective cells by e.g. immunopanning, fl ow cyto-
metric sorting, or magnetic sorting. Once the cells are isolated, they can be further 
analyzed which allows a clear decision to which extend a protein marker is refl ect-
ing a stem cell function. Figures  1.1  and  1.2  summarize the most commonly used 
markers for the different types of human stem/progenitor and cancer stem cells. Just 
as the cells which make up a tissue, tumor cells are functionally heterogeneous. 
They are organized in a hierarchy of cell populations with different biological prop-
erties. Only a minority of tumor cells have the capacity to regenerate a tumor and 
sustain its growth when injected into an immune-compromised mouse model which 
is the functional defi nition of a cancer stem cell (Tang et al.  2007 ).

    For mouse   pluripotent cells    such as  ESCs   and  iPSCs  , mainly E-cadherin 
(CD324), EpCAM (CD326) and SSEA-1 (CD15) have been used as surface marker. 
Different proteomic strategies like mass spectrometry of mouse ESCs revealed fur-
ther details about the cell surface signature of pluripotent mouse stem cells 
(Nunomura et al.  2005 ; Wollscheid et al.  2009 ). Mostly EpCAM (CD326), 
E-cadherin (CD324), CD90, SSEA-3, SSEA4, SSEA-5, CD9, TRA-1-60, and 

  Fig. 1.1    Hierarchical illustration of human stem cells and their cell surface markers       
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LT-HSC

GMPMEP

  Fig. 1.2    Prominent miRNAs, transcription factors and cell surface markers in hematopoiesis. The 
miRNAs that regulate the different steps of hematopoiesis are shown in red. The depicted miRNAs 
were mainly identifi ed in in-vitro assays with human cells. The role of the miRNAs labelled with 
‡, e.g. miR-181 ‡  that drives differentiation towards CLPs, were identifi ed in mouse experiments. 
The transcription factors are selected according to Orkin and Zon ( 2008 ). Abbreviations:  LT-HSC  
long-term hematopoietic stem cell,  ST-HSC  short-term hematopoietic stem cell,  MP  multipotent 
progenitors,  CMP  common myeloid progenitor,  CLP  common lymphoid progenitor,  MEP  
megakaryocyte- erythroid progenitor,  GMP  granulocyte-macrophage progenitor,  ErP  erythroid 
progenitor,  MkP  megakaryocyte progenitor,  RBC  red blood cells,  NK  natural killer       
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TRA-1-81 have been used to characterize human ESCs and iPSCs (Adewumi et al. 
 2007 ; Tang et al.  2007 ). Interestingly, the carbohydrate SSEA-1 is a pluripotency 
marker in case of mouse pluripotent stem cells, whereas in the human system, 
SSEA-1 is indicative of pluripotent stem cell differentiation. More than 200 cell 
surface proteins of the human embryonic stem cell line HUES-7 have been identi-
fi ed by Dormeyer et al. ( 2008 ). 

 Murine  hematopoietic stem and progenitor    cells   , HSCs, have been defi ned by 
absence of lineage commitment markers such as CD5, CD45R (B220), CD11b, 
Gr-1 (Ly-6G/C), and Ter-119, and high expression of CD117 (c-kit/SCFR) and 
Sca-1 (Hubin et al.  2005 ; Schiedlmeier et al.  2007 ). CD34 is expressed on HSCs of 
the murine fetus and neonate, but decreases with age (Ogawa  2002 ) and is not or 
only weakly expressed on mature mouse HSCs (Osawa et al.  1996 ). Another way of 
defi ning hematopoietic stem and progenitor cells is the use of SLAM markers (Kiel 
et al.  2005 ). Accordingly, multipotent HSCs are CD150+CD48−CD244−; multipo-
tent progenitor cells (MPPs) are CD150−CD48−CD244+, and lineage-restricted 
progenitor cells (LRPs) are CD150−CD48+CD244+. CD34 and CD133 label 
human HSCs with long-term engraftment in NOD/SCID mice. However, about 95 
% of the CD34+ cells and 70 % of the CD133+ cells have a progenitor status, identi-
fi ed by co-expression of CD38. Therefore, CD34+CD38−CD133+ is mostly used as 
the surface signature of human HSCs (Buhring et al.  1999 ; Copland et al.  2006 ; 
Giebel et al.  2006 ). A detailed description of protein markers for murine and human 
stem cells can be found in chapter 10.2.2.1 and 10.2.2.2 of this book, respectively. 
 Leukemic stem    cells    (LSCs) were identifi ed to be CD34+CD38− and can be iso-
lated from human AML samples by FACS. John Dick and colleagues demonstrated 
that these cells initiated leukemia in NOD-SCID mice compared with the 
CD34+CD38+ and CD34− fractions (Bonnet and Dick  1997 ). Such xenotransplan-
tations are an important criterion in defi ning cancer stem cells (Tang et al.  2007 ). 

 Several cell surface antigens have been suggested for the isolation of  mesenchy-
mal stem/stromal cells , MSCs, such as antifi broblast antigen (Jones et al.  2002 ), 
CD117 (Huss and Moosmann  2002 ), CD105 (Aslan et al.  2006 ; Majumdar et al. 
 2003 ), Stro-1 and CD146 (Shi and Gronthos  2003 ), CD133 (Tondreau et al.  2005 ), 
CD271 (Quirici et al.  2002 ) and MSCA-1 (W8B2) (Buhring et al.  2007 ). A compre-
hensive cell surface proteome analysis of human plastic adherent MSCs has been 
published recently by Niehage et al. ( 2011 ), describing even among the 41 identi-
fi ed CD markers, 5 epitopes previously not linked to the MSC cell surface.  MSCs   
expanded from mouse bone marrow culture are described to be positive for Sca-1, 
CD117 (c-kit), and CD105 (Sun et al.  2003 ). 

 Molecular markers including surface molecules, intracellular proteins and 
microRNAs for ESCs, HSCs and MSCs are reviewed by Calloni et al. ( 2013 ). 

 Another stem cell type which is found in the bone marrow and mobilized to the 
blood stream by environmental stimuli for physiological and pathological tissue 
regeneration are the   endothelial progenitor cells  (EPCs)   which form new blood 
vessels and contribute to vascular repair (Asahara et al.  2011 ). In humans, these 
cells have been defi ned by the expression of the markers CD34, CD133, CD309 
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(VEGFR2/KDR/Flk-1), CD184 (CXCR4), CD105 (Endoglin), and in the mouse by 
Lin − Sca-1 + c-kit + CD34+ CD309+ (VEGFR-2/KDR/Flk-1) (Rafi i and Lyden 
 2003 ; Timmermans et al.  2009 ). Nevertheless, the identifi cation of a unique combi-
nation of receptors specifi c and selective for primary EPCs, enabling an unambigu-
ous distinction between EPCs and HSCs, is still missing. 

   Neural stem cells  (NSCs)   share many characteristics with astrocytes and show 
expression of typical astrocyte proteins, like GFAP, or GLAST (Merkle and Alvarez- 
Buylla  2006 ; Mori et al.  2005 ). Furthermore, CD133/Prominin, EGFreceptor, 
CD15, and Nestin have been described as markers for neural stem cells (Conti and 
Cattaneo  2010 ), but isolation of these cells from primary neural tissue with high 
purity has been diffi cult. Therefore, a combination of markers has been used to 
increase the purity. Beckervordersandforth et al. ( 2011 ) followed a dual labeling 
strategy to isolate GFAP/prominin1 double positive self-renewing multipotent stem 
cells from adult hGFAP-GFP mice in combination with prominin labeling. In 
another approach GFAP/EGFR+ cells were successfully isolated and identifi ed as 
activated stem cell astrocytes (Pastrana et al.  2009 ). In a recent study, Mich et al. 
( 2014 ) investigated the expression of different markers on quiescent NSCs and 
neurosphere- initiating cells (NICs) and found PlexinB2 to be moderately expressed 
on the quiescent NSCs. Furthermore, Kokovay et al. ( 2012 ) described CD106  to   be 
expressed on the apical endfeet of NSCs. Many more cell surface proteins have been 
described and used for sorting of  neural progenitor cells  like PSA-NCAM (neuro-
nal precursors) (Boutin et al.  2010 ; Pennartz et al.  2004 ), and A2B5 (glial precur-
sors) (Seidenfaden et al.  2006 ). Singh et al. ( 2003 ,  2004a ) reported the identifi cation 
and purifi cation of  cancer stem cells  from human brain tumors of different pheno-
types 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. Several other reports demonstrated that isolation of cells 
expressing the surface marker CD133 leads to enrichment of the BTSC population 
(Bao et al.  2006 ; Piccirillo and Vescovi  2006 ; Singh et al.  2004b ), whereas Son et al. 
( 2009 ) showed that SSEA-1 (CD15) enriches for tumorigenic subpopulations in 
human glioblastoma. 

 The existence of various resident populations of  cardiac    progenitor    /stem cells  
in postnatal hearts has been claimed (Sturzu and Wu  2011 ). CD117 (c-kit)+/lin – 
cells isolated from the adult mouse heart were described to be clonogenic and self- 
renewing, capable of differentiating into cardiomyocytes, vascular smooth muscle 
cells, and endothelial cells, although this population only heterogeneously expresses 
early cardiac transcription factors such as GATA4, Mef2c, and Nkx2.5 (Beltrami 
et al.  2003 ). A more recent study analyzing various genetic mouse models came to 
the conclusion that in the adult mouse heart CD117+ cells mainly form endothelial 
cells, while CD117+ cell-derived cardiomyocytes were only found at a ratio below 
0.03 %, calling the relevance of CD117+ cardiomyocyte progenitors for cardiomyo-
cyte regeneration into question (van Berlo et al.  2014 ). Nevertheless, a clinical 
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phase I study testing safety and feasibility of autologous CD117+ cells as an adjunc-
tive treatment for patients undergoing coronary bypass surgery was initiated (Bolli 
et al.  2011 ), based on data by Bearzi et al. ( 2007 ) who described a CD117+ popula-
tion of cardiac cells in the human heart exhibiting key characteristics of stem cells 
in vitro and in vivo. Two other publications (Oh et al.  2003 ; Pfi ster et al.  2005 ) 
referred to the Sca-1+ population as putative adult cardiac progenitors. Expression 
of early cardiac transcription  factors   GATA4 and Mef2c, as well as telomerase 
activity, associated with self renewal potential, were detected in Sca-1+ cells. 
However, fusion between Sca-1+ cells and host cardiomyocytes was frequently 
detected, leaving some uncertainty about the true in vivo differentiation potential of 
Sca-1+ progenitors (Oh et al.  2003 ). Expression of the transcription factor Isl-1 in 
multipotent heart progenitors found in fetal mouse and human heart has not yet been 
correlated with a distinct surface marker which would allow for antibody-based 
enrichment (Bu et al.  2009 ). In addition, several groups have described in vitro car-
diomyogenic potential of human cardiac cells reactive to an antibody against the 
mouse Sca-1 epitope. Lastly, a heterogeneous cell population isolated from human 
atrium forms so called cardiospheres in suspension culture. Cardiosphere contain-
ing CD117+, Sca-1-like+ and CD309 (KDR)+ cells have been ascribed stem cell 
characteristics (Messina et al.  2004 ) and as well cardiospheres have been used for a 
phase I clinical trial of patients with left ventricular dysfunction (Makkar et al. 
 2012 ). To date there is no consensus on the best marker (set) for unambiguous iden-
tifi cation of cardiac stem cells. 

 Several surface markers have been described and used for isolation of murine 
  spermatogonial stem cells  (SSC)  . In 2004 Kubota (Kubota et al.  2004 ) described a 
Thy-1 (CD90) antibody-based enrichment of murine SSCs, further expansion on 
STO feeder cells in serum-free medium and in vivo proof of an SSC phenotype after 
transplantation. Seandel et al. (Seandel et al.  2007 ) showed that SPCs express 
GPR125, an orphan adhesion-type G-protein-coupled receptor, and can be effi -
ciently obtained by cultivation on mitotically inactivated testicular feeders contain-
ing CD34+ stromal cells. Recently, Kanatsu-Shinohara et al. ( 2011 ) showed that 
SSCs have an unstable side population phenotype and provide evidence that SSCs 
change their phenotype characteristics in response to their microenvironment. A 
study by Conrad et al. (Conrad et al.  2008 ) described the isolation and characteriza-
tion of human  germline stem cells (GSCs)   using defi ned cultivation techniques, 
SPC adhesion properties and a positive selection using CD49f, CD133, or CD90. 

 According to Schmelzer et al.,  human hepatic stem    cells    (hHpSCs) (Schmelzer 
et al.  2007 ; Schmelzer and Reid  2008 ) can be isolated by positive immunoselection 
for the epithelial cell adhesion molecule CD326 (EpCAM +). The hHpSCs express 
cytokeratins 7 and 19, CD133/1, telomerase, CD44H, claudin 3, and albumin 
(weakly). They are negative for alpha-fetoprotein (AFP), intercellular adhesion 
molecule 1 (ICAM-1), and for markers of adult liver cells (cytochrome P450s) and 
hematopoietic (progenitor) cells (CD45, CD34, CD14, CD38, CD90 (Thy1), 
CD235a (Glycophorin A)). As for rodent HpSCs, Yovchev et al. compared hepatic 
cells isolated by two surface markers, EpCAM and Thy-1 (CD90). It was shown 
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that Thy-1 + cells are mesenchymal cells with characteristics of myofi broblasts/
activated stellate cells whereas transplantation experiments revealed that 
EpCAM + cells are true progenitors capable of repopulating injured rat liver 
(Yovchev et al.  2007 ; Yovchev et al.  2008 ). 

 Yang et al. ( 2008 ) have delineated  liver cancer stem cells  serially from HCC cell 
lines, human liver cancer specimens, and blood samples, using CD90 as a marker. 
CD45 − CD90 + cells were detected in all the tumor specimens, but not in the nor-
mal, cirrhotic, and parallel non-tumorous livers. Cheung et al. ( 2011 ) have shown 
that expression of ABCB5 (ATP-dependent binding cassette B5) in liver cancer 
stem cells is associated with chemoresistance and reduced survival times of patients 
with hepatocellular carcinoma.  Mammary stem cells  have been characterized by 
the markers CD49f, CD29 (also known as α6 and β 1 integrins) and CD24 when 
showing a CD24 low CD49f high or CD24 low CD29 high molecular signature 
(Shackleton et al.  2006 ; Stingl et al.  2006 ). In contrast to their differentiated prog-
eny, mammary stem cells are negative for estrogen receptor (ERα), progesterone 
receptor (PR) and the tyrosine kinase receptor HER2 – three molecular markers that 
defi ne different populations of differentiated luminal epithelial cells – but are highly 
positive for the transcription factor p63, the epidermal growth factor receptor 
(EGFR) and cytokeratin 14 (CK14), confi rming their basal origin (Asselin-Labat 
et al.  2006 ; Pontier and Muller  2009 ).  Breast cancer stem cells  have been reported 
to be ESA + CD44 + CD24 − Lineage – (Al-Hajj et al.  2003 ). ESA (epithelial specifi c 
antigen) is also known as EpCAM (CD326). O’Brien et al. (O’Brien et al.  2007 ) and 
Ricci-Vitiani et al. (Ricci-Vitiani et al.  2007 ) showed that the tumorigenic popula-
tion in  colon cancer  is restricted to CD133 + cells, which are able to reproduce the 
original tumor in permissive recipients. Additionally, the surface marker pattern 
CD326 (EpCam) + CD44+ CD166+ has been described by Du et al. ( 2008 ) and 
Dalerba et al. ( 2007 ). Pang et al. ( 2010 ) have described CD26 as marker for the 
tumorigenic population in colon cancer. 

 Li et al. ( 2007 ) identifi ed a highly tumorigenic subpopulation of  pancreatic 
cancer    cells    expressing the cell surface markers CD44, CD24, and epithelial- spe-
cifi c 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 to non-tumorigenic cancer 
cells, with 50 % of animals injected with as few as 100 CD44 + CD24 + ESA + cells 
forming tumors that were histologically indistinguishable from the human tumors 
from which they originated. 

 As a conclusion, protein markers correlated to functional properties of the 
respective stem/progenitor cell types which have been defi ned for most tissues and 
pluripotent cells. However some of the markers have only recently been reported 
and are still intensively debated. It can be estimated that sorting of pluripotent and 
tissue stem cells will increase in the future as it offers 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 tissue engineering approaches.  
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1.4     miRNAs in Stem Cells 

 MicroRNAs (miRNAs), short noncoding RNAs of 21–23-nucleotides (nt) in length, 
regulate target mRNAs post-transcriptionally. miRNAs in stem cells are not as well 
characterized as proteins. However, they have been shown to play an important role 
in many different cellular, developmental, and physiological processes as divergent 
as cell lineage decisions, cell proliferation, apoptosis, morphogenesis, fat metabo-
lism, hormone secretion, neuronal synaptic plasticity, and long-term memory 
(Aravin and Tuschl  2005 ). 

 In 2004, it was shown for the fi rst time that miRNAs are involved in hematopoi-
etic lineage differentiation (Chen et al.  2004 )   . For example, ectopic expression of 
miR-181 in lineage negative (Lin-) hematopoietic progenitor cells from mouse bone 
marrow increased the fraction of B-lineage cells (CD19 +) in vitro and in vivo. As 
summarized in Fig.  1.2 , further analysis showed that miRNAs fi ne tune essentially 
each step in  hematopoiesis  . It was demonstrated, for instance, that miR-150 drives 
megakaryocyte-erythrocyte progenitor (MEP) differentiation towards megakaryo-
cytes at the expense of erythroid cells (Lu et al.  2008 ). Erythropoiesis was reported 
to be promoted by miR-451, miR-16 and miR-144 and negatively regulated by miR- 
150, miR-155, miR-221, miR-222 and miR-223 (Bruchova et al.  2007 ; Dore et al. 
 2008 ; Felli et al.  2005 ; Zhan et al.  2007 ). Furthermore, it was shown that the miRNA 
cluster miR-17-5p-92 controls monocytopoiesis (Fontana et al.  2007 ) and that miR- 
424 is upregulated during monocyte/macrophage differentiation. Within the lym-
phoid lineage, the decision between T cells and B cells is regulated by miR-150 
(Xiao et al.  2007 ; Zhou et al.  2007 ). In a recent study, Raghavachari et al. ( 2014 ) 
performed an integrated analysis of miRNAs and mRNAs during erythropoietic, 
granulopoietic and megakaryopoietic differentiation of CD34 + cell from mobilized 
peripheral blood. They found miR-18a and miR-145 to be specifi cally upregulated 
during erythropoiesis and granulopoiesis, respectively. For further reading about 
miRNAs in  hematopoiesis  , we recommend the following reviews: Undi et al. 
( 2013 ); Lazare et al. ( 2014 ) and Hong et al. ( 2015 ). 

 The early steps of HSC  differentiation  , e.g. the role of miRNAs in self-renewal 
of LT-HSCs and ST-HSC, as well as the function of miRNAs in multipotent pro-
genitors, are currently mostly unknown due to the diffi culty to perform whole 
genome miRNA screens of small numbers of cells. Up to now, expression of miR-
NAs has been analyzed in human primitive Lin-CD34+CD38-CD90 + CD45RA- 
cells (Han et al.  2010 ; Ooi et al.  2010 ), CD34 + CD38– cells  (Liao et al.  2008 ), 
CD133+ cells (Bissels et al.  2011 ; Jin et al.  2008 ) and murine HSCs (Guo et al. 
 2010 ; O’Connell et al.  2010 ; Petriv et al.  2010 ). Liao and coworkers found miR-
520 h to be overexpressed in CD34 + CD38 − cells compared to more committed 
CD34+ cells. Ooi et al. ( 2010 ) compared HSCs (Lin − CD34 + CD38 − CD90 + CD
45RA−) and MPPs (Lin − CD34 + CD38 − CD90 − CD45RA−) to more committed 
progenitor populations and found miR-125b to be highly expressed in the stem cell 
fractions. Recently, we presented the fi rst relative and absolute miRNA copy num-
ber profi le of CD133+ bone marrow cells and directly compared donor-matched 
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CD133+ cells with the more differentiated CD34 + CD133- and CD34-CD133- 
cells on miRNA and mRNA level (Bissels et al.  2009 ; Bissels et al.  2011b ). 18 
miRNAs were signifi cantly differentially expressed between CD133+ and 
CD34 + CD133- cells. These differentially expressed miRNAs are involved in inhi-
bition of differentiation, prevention of apoptosis, and cytoskeletal remodeling. 
miRNA expression profi les are further available for CD34 + progenitor cells from 
bone marrow and mobilized peripheral blood (Georgantas et al.  2007 ) as well as 
from cord blood (Merkerova et al.  2009 ). Furthermore, Mintz et al. ( 2012 ) per-
formed miRNA profi ling in adherent and suspension CD34 + cells from mobilized 
peripheral blood. They found miR- 181a*, which targets the stem cell-associated 
gene Nanog, to be highly expressed in the adherent CD34+ subpopulation. A study 
by Arnold et al. ( 2011 ) identifi ed miRNAs shared by multiple tissue-specifi c stem 
cells and miRNAs unique to various tissue-specifi c murine stem cells. miR-192 
was identifi ed as specifi c for LT-HSCs (Endoglin + Rho low Sca-1 + Lin − ) and absent 
from all other analyzed cell types. 

 Regarding the function of miRNAs in  the   HSC compartment, several studies 
showed that miRNAs regulate HSC proliferation and differentiation. This can occur 
e.g. through targeting of pro-apoptotic proteins (Gerrits et al.  2012 ; Guo et al.  2010 ; 
Ooi et al.  2010 )) or modulation of responsiveness to extrinsic signals by targeting 
the PI3K/AKT/GSK3ß pathway (Lechman et al.  2012 ). These data indicate that 
miRNAs harbor the potential to expand HSCs for clinical approaches. Moreover, 
miRNAs have been shown to be involved in the pathogenesis of hematologic malig-
nancies by acting as oncomiRs (Chaudhuri et al.  2012 ; Gordon et al.  2013 ; Li et al. 
 2012 ; Wang et al.  2012 ). 

 While the different cell types of the hematopoietic system express a multitude of 
miRNAs, fi ve were reported to be common hematopoietic miRNAs, namely miR- 
142, miR-144, miR-150, miR-155 and miR-223. Those miRNAs were identifi ed as 
highly specifi c for hematopoietic cells within a large-scale study to identify miR-
NAs and to assess their expression patterns in >250 small RNA libraries from >26 
different organ systems (Landgraf et al.  2007 ). 

 Specifi cally expressed miRNAs are also known for other types of stem cells e.g. 
cancer stem cells (CSCs) and human  embryonic stem cells (hESCs)   .  Breast cancer 
stem cells (BCSCs)   are characterized among others by downregulation of miR- 
200c. Importantly, miR-200c suppresses tumorigenicity of  BCSCs   (Shimono et al. 
 2009 ). In hESCs the miR-302 ~ 367 cluster is specifi cally expressed (Landgraf et al. 
 2007 ; Suh et al.  2004 ) and may therefore serve as a marker for hES cells. The fi rst 
miRNA profi le of induced pluripotent stem cells ( iPSC  )    revealed that the miR- 
302 ~ 367 cluster is also highly expressed in the reprogrammed cells (Wilson et al. 
 2009 ). However, Zhao et al. ( 2014 ) showed that miRNA expression differs in ESCs 
and induced pluripotent stem cells reprogrammed by different methods. Recently, 
Gruber et al. ( 2014 ) investigated another ESC-specifi c miR-cluster (miR-290 ~ 295) 
and its downstream regulatory network. By computational analysis of existing data 
sets, they found several transcription factors, which are involved in ESC differentia-
tion to be targets of the miR-290 ~ 295 cluster. Regarding the application of miR-
NAs in tissue engineering, it has been shown that expression of the miR-302/367 
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cluster can directly reprogram mouse and human somatic cells to a pluripotent stem 
cell state in the absence of the commonly used t ranscription factors   Oct4, Sox2, 
Klf4 and Myc (Anokye-Danso et al.  2011 ). This miRNA-based reprogramming 
approach is two orders of magnitude more effi cient than standard methods. Miyoshi 
et al. ( 2011 ) showed that reprogramming of murine and human cells is even feasible 
by direct transfection of mature miRNAs with a non-viral approach. Recent 
advances in miRNA-based reprogramming and tissue-engineering are reviewed by 
Moradi et al. ( 2014 ) and Ribeiro et al. ( 2014 ). 

 Taken together, the characterization of stem cells with respect to miRNAs is well 
advanced for some stem cell types and has almost not been addressed for some other 
stem and progenitor cell types. This is partly due to diffi culties in isolating enough 
stem cells for a proper miRNA analysis, and it is likely to be solved in the next 
years. Only then it will, if at all, be possible to speculate on common miRNA signa-
tures of stem cells and to shed light on the miRNA-based regulation of stem cell- 
relatedcellular functions. For further reading about the role of miRNAs in stem 
cells, we recommend the following reviews: Hatfi eld and Ruohola-Baker ( 2008 ), 
Gangaraju and Lin ( 2009 ), Mallanna and Rizzino ( 2010 ), Bissels et al. ( 2012 ).  

1.5     The mRNA of Stem Cells 

 In 2002, two independent studies (Ivanova et al.  2002 ; Ramalho-Santos et al.  2002 ) 
tried to identify a general stem cell signature by comparing the expression profi les 
of embryonic, hematopoietic and neural stem cells. However, the two lists of “stem-
ness” enriched transcripts yielded only 15 common genes (Burns and Zon  2002 ) 
which was kind of disappointing. Later on, a third independent expression profi ling 
 study   (Fortunel et al.  2003 ) reduced the list of commonly expressed genes to just 
one: integrin alpha-6. Thus, a universal stem cell signature may not exist, but each 
stem cell type may have its own transcriptional network responsible for certain 
unique stem cell properties (Gerrits et al.  2008 ). A comprehensive transcriptome 
analysis of human hematopoiesis was carried out by Novershtern et al. ( 2011 ) and 
revealed dense transcriptional circuits in HSCs, that gradually disappear during dif-
ferentiation, while new but less intricate circuits emerge. Recently, Cabezas- 
Wallscheid et al. ( 2014 ) investigated the early differentiation steps of murine HSCs 
at the epigenetic, transcriptional and translational level and found coordinated alter-
ations between HSCs and different multipotent progenitor populations. A study by 
Klimmeck et al. ( 2014 ) compared the transcriptome of murine HSC and myeloid 
committed progenitors and identifi ed a stem/progenitor expression pattern marked 
by genes involved in immune response and cell adhesion. Combined analysis of 
transcriptome and proteome data indicated that posttranscriptional regulation is 
especially involved in metabolic processes and stress response of HSCs. 

 With respect to HSCs, a lot of gene expression profi ling studies have been 
carried out. Most of them compared either CD34 + CD38 – Lin - cells with 
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CD34 + CD38 + Lin + cells (Georgantas et al.  2004 ; Ivanova et al.  2002 ) or 
CD133 + with CD133 – cells (He et al.  2005 ; Hemmoranta et al.  2006 ; Jaatinen 
et al.  2006 ; Toren et al.  2005 ). These studies revealed a number of transcripts over-
expressed in HSCs, such as CD133, CD34, the RNA processing protein RBPMS 
and the receptor tyrosine kinase c-kit. Furthermore transcription factors as Gata-2, 
Gata-3, ERG and HLF are overrepresented in  HSCs  . The transcript BAALC, whose 
function is unknown, is highly enriched in CD133 + cells (Baldus et al.  2003 ; 
Jaatinen et al.  2006 ). The homolog of the  Drosophila  Dlg1 tumor suppressor gene 
Dlg7 was identifi ed as a potential stem cell gene by Gudmundsson et al. ( 2007 ). 
However, although the described transcripts have been found as overrepresented in 
 HSCs   in most of the studies, it is diffi cult to name specifi c mRNA markers for 
HCSs. The reasons are among others the variability of gene expression profi les due 
to varying stem cell sources, e.g. BM, CB, and PB (Ng et al.  2004 ; Steidl et al. 
 2002 ), and donor age (Nijnik et al.  2007 ; Rossi et al.  2005 ). Table  1.1  summarizes 
the mRNAs found in HSPCs.

1.6        Conclusion and Future Developments 

 The characterization of stem cells is currently rapidly moving forward. While some 
stem cells like HSCs are already routinely used in clinical settings, many new stem 
cells have just been described in the last years and many more will be defi ned in the 
near future. 

 Although molecular markers have been named for most of the stem cells, it is 
also true that many of these markers are not exclusive and certainly not highly 
specifi c with respect to a distinct function. This points to essentially three major 
tasks which need to be addressed: First, a better classifi cation of stem cells with 
respect to robust molecular markers and especially those markers which can be 
used for purifi cation of cells. This goes along with technical improvements of sort-
ing techniques, culturing protocols and moreover highly sensitive molecular analy-
sis tools. It is challenging as the nature of stem cells includes that they are 
proliferating slowly and that the cell numbers are small. Second, a harmonization 
of markers and isolation procedures, following the example of the CD nomencla-
ture in the fi eld of immunology. This would improve the exchange and gathering of 
data about stem cells, which is needed before more stem cell types are entering 
clinical applications. Third, we need a better understanding of stem cells with 
respect to their regenerative potential. The reports about reprogramming, dedif-
ferentiation and transdifferentiation of cells and stem cells have raised the notion 
that essentially all cells can be engineered to generate every type of tissue. This is 
appealing from a research point of view but raises also some concerns about the 
predictability of stem cell differentiation when used for tissue regeneration or cel-
lular therapies in general. Solving these issues will broaden our understanding in 
the exciting fi eld of stem cell biology.     
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    Chapter 2   
 Human Embryonic Stem Cells                     
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    Abstract     Stem cells can be isolated from a variety of sources and they are typically 
classifi ed based on their tissue of origin. Embryonic stem cells are, as the name 
indicates, derived from the inner cell mass of pre-implantation stage blastocysts at 
day 5–7 post fertilisation. These cells possess qualities such as pluripotency and a 
seemingly limitless capacity to proliferate  in vitro  in their undifferentiated state. 
Embryonic stem cells were fi rst derived from mouse embryos in the early 1980s but 
have now been derived from a number of different species including rat, rabbit, 
sheep, pig, horse and human. This chapter focuses on human embryonic stem cells 
and describes techniques used for their derivation and culture. In addition, the basic 
properties of these cells are illustrated, including some examples of their capacity to 
differentiate to various precursors and functional cell types. Finally, some areas of 
applications for these cells are discussed with emphasis on their possible future use 
in regenerative medicine including current clinical trials.  
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2.1       Introduction 

 The developments in the human pluripotent stem cell fi eld during the last 15 years 
are remarkable, and the scientifi c achievements made have substantially furthered 
our understanding of the opportunities that these cells provide for basic and 
applied research as well as for future regenerative medicine applications. There 
has been rapid progress in the development of improved derivation and culture 
technologies for human embryonic stem (hES) cells since the initial derivation of 
stable cell lines in 1998 (Thomson et al.  1998 ). One of the main driving forces 
behind this is the aim to generate high quality, clinically compliant, hES cell lines 
which can be used for cell therapy in humans. As such, the cell lines need to be 
manufactured according to good manufacturing practice (GMP) in order to com-
ply with good clinical practice (GCP) which is a set of internationally recognised 
ethical and scientifi c quality requirements that must be observed for designing, 
conducting, recording and reporting clinical trials that involve the participation of 
human subjects ( 2001 /20/EC 2001;  2005 /28/EC 2005). In addition, there are more 
immediate opportunities to use hES cells and their derivatives as  in vitro  tools to 
study, for example, human development and genetic diseases. Furthermore, the 
cells are also expected to contribute to improvements of the models currently used 
in drug discovery and by providing a source of a variety of human specialised cells 
which then can be manufactured under standardised conditions. However, in order 
to realise the opportunities that human pluripotent stem cells provide, there are a 
number of challenges that need to be addressed. Cost-effi cient culture conditions 
which allow large scale production of the undifferentiated cells is one, effi cient 
and robust protocols for the process of differentiation of the pluripotent cells to the 
desired end point is another. Characterisation and quality control also require spe-
cifi c attention and monitoring the phenotype and genomic stability of the cells 
during expansion and propagation is critical. For any kind of therapeutic applica-
tions, regulatory compliance needs to be factored in as well. Ideally culture sys-
tems would be based around fully defi ned components, using small molecules 
with a decreased dependency on biologics. Much effort has been spent on geneti-
cally modifying the cells, e.g. to make cells overexpress genes linked to desirable 
functionality such as metabolising enzymes and also to generate reporter lines. 
With the last years’ advancements in the generation of induced pluripotent stem 
(iPS) cells, the technologies used for genetically modifying cells has certainly 
fuelled further research in this area of engineering stem cells. Further details on 
the  iPS cells   and the opportunities and challenges they provide are reviewed in a 
separate chapter of this book and will not be discussed further here. Below, we 
will cover basic aspects on the derivation process of hES cells and highlight dif-
ferent culture conditions for maintenance of the undifferentiated cells. We will 
also describe various ways to characterise hES cells in order to verify their unique 
properties. The pluripotency of the cells will be illustrated with some examples of 
differentiated cell types which can be generated from the hES cells, and applica-
tions in regenerative medicine will be discussed.  
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2.2     Derivation/Classifi cation 

2.2.1      Derivation   

  The different stages of human embryos which have been successfully used for deri-
vation of new hES cell lines are blastocysts (Thomson et al.  1998 ), morulae 
(Strelchenko et al.  2004 ), late-arrested embryo (Feki et al.  2008 ; Gavrilov et al. 
 2009 ; Zhang et al.  2006 ) (Gavriolov 2009) or blastomere (Geens et al.  2009 ; 
Klimanskaya et al.  2006 ). 

 Initially, the method was adapted from the previously developed protocol for 
mouse ES cells (Evans and Kaufman  1981 ; Martin  1981 ). The substantial species 
differences and the lack of appropriate culture medium for human embryos were 
likely a large part of reason why it was not until the late 1990s that the fi rst human 
embryonic stem cell line was isolated. Divergences in intracellular pathway signal-
ling between mice and human have been demonstrated as one explanation to the 
differences in culture requirements (Brandenberger et al.  2004 ; Rho et al.  2006 ; Xu 
et al.  2002 ). In 1994, Bongso and co-workers managed to isolate and, to some 
extent, propagate inner cell masses (ICMs) from human blastocysts and these cells 
displayed stem-cell like properties (Bongso et al.  1994 ). This achievement in con-
cert with the successful derivation of non-human primate ES cell lines in the mid- 
1990s (Thomson et al.  1995 ,  1996 ) paved the way for the subsequent derivation of 
stable hES cell lines in 1998 (Thomson et al.  1998 ). Since then, the generation of a 
large number of hES cell lines have been reported, numbering well over 1000 dif-
ferent lines (Loser et al.  2010 ) with more being added every year. Registries of 
currently available hESC lines are maintained by ISCF (  http://www.stem-cell- 
forum.net/initiatives/isci/stem-cell-registry/    ), UK Stem Cell Bank (  http://www.
nibsc.org/    ), NIH (  http://grants.nih.gov/stem_cells/registry/current.htm    ) and EU 
hESCreg (  http://www.hescreg.eu/    ). 

 The majority of hES cell lines derived thus far have utilised donated surplus 
embryos from assisted conception laboratories, i.e. from the procedure of  in vitro  
fertilisation (IVF). Both fresh and previously frozen material can be used for stem 
cell derivation. The embryos are cultured to the blastocyst stage before measures 
are taken to isolate the ICM cells. The fi rst step is removal of the zona pellucida 
which can be achieved by the use of pronase (xeno-derived) or alternatively 
Tyrode’s acid solution or mechanical dissection is a xeno-free method is preferred. 
Spontaneously hatched blastocysts can also be processed further without the need 
for zona pellucida removal (Heins et al.  2004 ). Subsequently, the blastocyst is 
treated with mouse antibodies directed against human trophoectoderm cells and 
guinea pig complement components. This process, called immunosurgery, lyses the 
cells by an antibody/complement reaction leaving the inner cell mass cell mostly 
intact, and these cells can then be sub-cultured further on a layer of mitotically inac-
tivated mouse embryonic fi broblast feeder cells (mEF cells). The initial outgrowth 
from the inner cell mass cells is usually dissected mechanically under the micro-
scope and transferred to new culture dishes after 1–2 weeks. An established hES 
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cell line is typically passaged every 5–10 days, depending on culture method and 
population doubling time. As soon as the hES cells are growing in a way allowing 
culture expansion, low passage samples should be cryopreserved as a seed bank, 
and also as larger well characterised Master Cell Banks (MCB). From these MCBs, 
Working Cell Banks (WCB) can be established, for further expansion and various 
endpoint applications. If the aim is to derive hES cells for downstream clinical use, 
i.e. to generate therapeutic cells, then the whole procedure needs to comply with 
regulatory demands, such as current Good Manufacturing Practice (cGMP), but 
also comply with ethical regulations (Crook et al.  2007 ; Murdoch et al.  2012 ). 

 The methodology for ICM isolation briefl y described here is dependent on care-
ful monitoring and execution for successful results since the viability of the result-
ing ICM isolate is fragile. A success rate in hES cell line generation of at least 5–10 
% is reasonable to expect but greater than 30 % success rate has been reported 
(Chen et al.  2009 ; Sjogren et al.  2004 ). Negative results could be related to sub 
optimal culture conditions or other technical issues. Blastocyst quality is also an 
infl uencing factor for successful derivation of hES cell lines, and the use of higher 
quality embryos leads to a greater success rate (Lerou et al.  2008b ). However hES 
cell lines have been established from blastocysts graded as of low quality (Dokras 
et al.  1993 ; Heins et al.  2004 ; Lerou et al.  2008a ) and even from non-viable embryos, 
albeit with questionable quality (Feki et al.  2008 ). Assuming embryo culture is well 
conducted it appears that derivation from previously cryopreserved embryos or 
blastocysts should be as successful as derivation from fresh material (Sjogren et al. 
 2004 ). The proportion of cryopreserved embryos eligible and donated for research 
activities varies, however, there seems to be a positive correlation between the level 
of information and support from the IVF clinic staff and the willingness of patients 
to donate surplus material for research (Brett et al.  2009 ).   

2.2.2      Classifi cation   

  The essence of a hES cell is its ability to both self-renew and differentiate into other, 
more specialised cell types, such as muscle cells, neurons, connective tissue and 
epithelial cells, to mention a few. The hES cells are pluripotent, i.e. they can form 
cells representing the three germ layers endoderm, ectoderm, and mesoderm. To 
assess the quality of a recently derived hES cell line, the expression or selective 
absence of various surface markers, transcription factors, and other properties of the 
assumed pluripotent hES cells are monitored. Several of these markers have been 
found closely associated to the pluripotent state of hES cells and researchers nor-
mally apply a panel of several markers for the characterisation procedure (Heins 
et al.  2004 ; Thomson et al.  1998 ). Briefl y, they include

•    Cell membrane bound surface markers like the glycol lipids SSEA-1,-3, -4; and 
the keratin sulphate molecules TRA-1-60, -1-81.  

•   Transcription factors such as Oct-4, Sox2, and Nanog.  
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•   Telomerase activity, as a measure of the hES cells ability to continuously go 
through mitosis.  

•   Alkaline phosphatase activity.  
•    In vitro  pluripotency, assayed for by using markers for endo-, ecto-, and meso-

derm on spontaneously differentiated cell material. Commonly used markers are 
the transcription factor forkhead box A2 (Foxa2) transcription factor for 
 endoderm, β-III-tubulin for ectoderm and Arterial Smooth Muscle Actin (ASMA) 
as a marker for Mesoderm.  

•    In vivo  pluripotency, assayed for by xenografting hES cells into an immune- 
defi cient mouse and subsequently analysing the resulting teratoma for endo-, 
ecto-, and mesoderm derivatives. Typically, the cells are placed under the kidney 
capsule but other areas have also been used such as testis and skeletal muscle.    

 In Fig.  2.1a , the nuclei of a confl uent layer of hES cells have been stained with 
an antibody for the transcription factor Nanog to illustrate its presence. Nanog was 
simultaneously discovered in 2003 as a pluripotency sustaining factor by Chambers 
and Mitsui (Chambers et al.  2003 ; Mitsui et al.  2003 ). Flow Cytometry (FC) allows 
a more exact quantifi cation of markers than microscopic observations of immunos-
taining, and several markers could be analysed simultaneously, e.g. to asses co- 
expression of more than marker. In Fig.  2.1b , an FC plot illustrates a population of 
Oct-4 positive cells as an indication of pluripotency, with Fig.  2.1c  illustrating the 
isotype negative control for the assay as a comparison. In addition to the above 
examples of properties linked to pluripotency, the genomic stability of the hES cells 
is normally assessed, employing standard G-banding karyotyping or more high 
resolution techniques such as high density array based SNP analysis. The absence 
of pathogens is also normally confi rmed as well as the thawing recovery rate after 
cryo-preservation.

     The International Stem Cell Forum launched a characterisation initiative a few 
years ago (The International Stem Cell Initiative or ISCI) as a global collaborative 
effort to reach consensus on basic methodology and criteria for the derivation, 

  Fig. 2.1a    Nanog nuclear 
staining of a confl uent 
layer of hES cells. This 
methodology, known as 
immunocytochemistry, is 
commonly used to 
illustrate the presence of 
various factors and markers 
linked to certain properties 
of cells, e.g. pluripotency 
of hES cells       
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characterisation and maintenance of hES cells (Adewumi et al.  2007 ), also dis-
cussed by Stephenson et al. (Stephenson et al.  2007 ). The consensus of the scien-
tifi c community in concert with the regulatory bodies for the major markets will 
be central to the eventual development and adoption of medical applications of 
hES cells.    
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  Fig. 2.1b    Flow Cytometry 
(FC) diagram of hES cells 
positive to 9X, x % for 
Oct-4 transcription factor. 
By using quantitative 
methods like FC a more 
exact determination of the 
characteristics of stem cells 
is possible, compared to 
qualitative methods       
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  Fig. 2.1c    FC isotype 
negative control. This 
illustrates how cells 
negative for the marker 
appear in the FC analysis       
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2.3     Culture Conditions 

2.3.1      General   

  It is anticipated that hES cells are more sensitive to sub optimal culture conditions 
than common somatic cell lines, hence demanding a more stable and controlled 
environment and a precise culture medium formulation to maintain the undifferenti-
ated and pluripotent state during long term culture. A number of critical parameters 
should be accounted for when setting up a hES cell culture laboratory, including:

•    Laboratory facilities – there should be a dedicated, fi t for purpose, and secluded 
cell culture area with

 –    Clean fi ltered air and stable temperature, preferably positive pressure.  
 –   A minimum of consumables storage in the direct cell culture area.  
 –   Good cleaning routines and easily cleaned equipment and surfaces.  
 –   High quality equipment that is regularly serviced and calibrated where appro-

priate, cell culture incubators maintaining a stable climate to avoid changes in 
pH, temperature and osmolality of the culture medium.  

 –   Heated stages fi tted to the microscopes to avoid a decrease in culture tempera-
ture when outside of the incubator for inspection or manipulation.     

•   Aseptic handling – especially important if cultures are not supplemented with 
antibiotics. The staff should be trained and audited accordingly.  

•   Contact materials – all materials should preferably be tested for embryotoxicity 
or be of IVF grade. Surface cleaning detergents should be non-abrasive, non- 
volatile and non-toxic.  

•   High quality culture reagents, such as medium, growth factors and other reagents 
and solutions.  

•   Good cell culture laboratory routines in general, regular testing for mycoplasma, 
quarantine routines and preferable a quality system in place that regulates ver-
sion control of protocols and deviations.      

2.3.2     Culture Propagation Techniques – Manual Dissection 

 The classic method for culture of hES cells is in co-cultures with supporting feeder 
cells, typically mitotically inactivated mouse embryonic fi broblasts, that provide 
support in terms of conditioning of the culture medium, surface matrix component 
deposition and other direct cell-cell interactions (Ellerstrom et al.  2007 ; Heins et al. 
 2004 ; Thomson et al.  1998 ). Critical  parameters   for high quality hES cell colonies 
are the quality of the feeder cells, as well as their density and capacity to condition 
the culture medium. As further discussed below, other hES cell culture systems free 
of a feeder layer per se could still rely on medium being conditioned by feeder cells, 
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thus the medium contain factors favourable for maintaining the hES cells in a plu-
ripotent state (Prowse et al.  2005 ; Lim and Bodnar  2002 ), The hES cell culture 
medium could also be totally free of feeder cell infl uence and have more or less 
defi ned components as discussed below and reviewed in Amit and Itskovitz-Eldor 
 2006  and Amit  2007 . The original method for propagation of hES cell cultures on 
feeder cells is by  mechanical dissection  . A fi ne sharp object, e.g. a capillary drawn 
out over a fl ame, micro scalpels or other bespoke stem cell cutting tools are used for 
slicing up a mature colony of hES cells into smaller pieces that is subsequently 
transferred to a new culture vessel with feeder cells. In Fig.  2.2 , a hES  cell colony   
has been sectioned and some pieces removed to illustrate the technique. hES cell 
colonies typically grow to rounded fl at and homogenous colonies, a layer just a 
single, or a few cells thick. The colonies are clearly visible by eye and can be size-
able in diameter (mm scale). The culture schedules for individual hES cell line often 
have to be determined empirically, however, the colonies generally need to be pas-
saged every 5–7 days. If allowed to overgrow, the hES cell colony will eventually 
start to show signs of differentiation, with random 3D structures appearing, migra-
tion of fi broblast-like cells and even formation of spontaneously beating cells and 
neural-like outgrowths. In addition, the feeder layer will deteriorate. Typically, the 
culture vessels with the feeder layer are prepared some time in advance, allowing 
conditioning of the culture medium. During the course of culture, culture medium 
is normally replaced, either fully or partially, at intervals. Centre well dishes like the 

  Fig. 2.2    Manually dissected hES cell colony, demonstrating the principles of this propagation 
method. The mature hES cell colony is sliced up in small fragments using a fi ne sharp object like 
a pulled-out glass capillary or a micro scalpel. The colony fragments are subsequently detached 
from the culture dish and transferred to a new dish with a fresh feeder cell layer. This procedure is 
typically repeated every 5–7 days, and culture medium is refreshed in between       
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ones used for  IVF   are commonly used since they are designed to allow manipula-
tion of their content, have a rim compartment that should contain culture medium or 
sterile buffered solution in order to minimise changes in osmolality of the centre 
well, and not the least, they are subjected to a rigorous quality control. Nevertheless, 
a number of different culture vessels can be used. When simultaneously maintain-
ing more than one hES cell line in culture, routines should be established so the risk 
of cross contamination between lines is eliminated.

2.3.3        Enzyme Mediated Passage 

 The manual dissection method for hES cell passage described above is very labour 
intensive and requires staff skilled in micro dissection. It is also practically impos-
sible to acquire enough cells for large scale experiments, not to mention suffi cient 
number of cells for use in compound screening or future regenerative medicine 
applications. As a consequence, protocols for enzymatic digestion of hES cell colo-
nies have been developed and reported by several groups (Ellerstrom et al.  2007 ; 
Richards and Bongso  2006 ; Sjogren-Jansson et al.  2005 ). There are several com-
mercially available culture systems, with more or less defi ned components, allow-
ing feeder cell independent stem cell culture in confl uent monolayers with enzyme 
mediated passage. The important aspect of these culture systems is their ability to 
support hES cell growth on either a biologic or synthetic matrix without involve-
ment of feeder cells and their inherent variability and undefi ned contribution. The 
 advantages   are apparent; it is less time consuming to passage the hES cells and a 
larger number of cells can be cultured by a single person. After establishment and 
initial mechanical passage, hES cells can be made progressively tolerant to enzy-
matic digestion, eventually allowing the cell colonies to be dissociated from old 
culture vessels and transferred into new ones with good viability. This requirement 
for adaptation may vary between lines. Colonies can be dissociated by enzymes, 
such as trypsin and collagenase IV, and also by treatment with EDTA. Needless to 
say, a system based on enzymatic digestion and large scale cultures need to be 
robust and validated to support long term pluripotency. Such a system is also ideal 
for automation of stem cell cultures. A certain level of control is lost when transfer-
ring from mechanical to enzymatic passaging methods, i.e. the selection of morpho-
logically perfect specimens over differentiated, or partly differentiated cells. 
However many commercially available culture systems now maintain hESC with 
minimal differentiation which mitigates the impact of this change. Nonetheless, 
until there are more data and therefore more confi dence in non-mechanical passag-
ing methods it is likely that manual passaging will continue to be practised in many 
laboratories to generate and bank high quality starting material. 

 When hES cell colonies or confl uent layers are enzymatically digested, two prin-
ciples of passage can be applied. Either the cells can be dissociated to clusters of a 
few hundred cells or to a single cell suspension.  Cell viability   is largely preserved 
in the former procedure, however, the stress infl icted on the hES cells in the latter 
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will lead to apoptosis (Watanabe et al.  2007 ). Watanabe and co-workers made the 
signifi cant fi nding that addition of a rho-kinase inhibitor to the medium that pre-
vents apoptosis, thus allowing viable single cell suspensions of hES cells to be 
achieved. The molecule also improved cell recovery after cryopreservation (Li et al. 
 2009 ).  Viable single cell passaging   can also be achieved, in the absence of rho- 
kinase inhibitor, by the use of novel substrates such as laminin-521, these can also 
be used in conjunction with defi ned media formulations presenting an attractive 
proposition (Rodin et al.  2014 ). The ability to produce viable single cell suspension 
allows hES cells to be seeded in a reproducible and defi ned manner, i.e. to seed 
them into culture vessels at exact numbers, which is a prerequisite for e.g. com-
pound screening campaigns or other applications that require absolute control over 
seeding densities. Single cell passaging also paves the way for easier automated cell 
culture according to specifi ed protocols and seeding densities which result in more 
predictable cell growth. Figure  2.3  illustrates a confl uent layer of hES cells in a 
feeder-free culture system.

   Concerns were raised in 2004 by Draper and co-workers that prolonged expo-
sure of hES cell cultures to enzymes would cause chromosomal aberrations (Draper 
et al.  2004 ), however other studies have later demonstrated that hES cells can be 
enzymatically propagated over longer periods of time with stable characteristics 
(Sjogren-Jansson et al.  2005 ; Suemori et al.  2006 ). As Catalina and colleagues sug-
gest, the individual hES cell lines may have different pre-dispositions to chromo-
somal instability independent of culture conditions (Catalina et al.  2008 ). To address 
the concern of  chromosomal changes  , all hES cell cultures should either be regu-
larly karyotyped or only cultured in a passage window that is unlikely to allow 

  Fig. 2.3    A confl uent monolayer of hES cells cultured without the presence of feeder cells. This 
technique allows scaled up, and also automated hES cell culture       
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chromosomal deviations to appear and propagate. hES cells not regularly subjected 
to enzymatic digestion have been shown to sustain a stable karyotype for up to 
almost 2 years in continuous culture but should still be regularly monitored 
(Caisander et al.  2006 ).   

2.4      Scaling Up Cultures   

  For any clinical or industrial application of either undifferentiated hES cells or 
derivatives thereof, a scaled up, possibly even automated, production methodology 
is required. Protocols for directed differentiation of naïve hES cells to a specialised 
cell fate are often ineffi cient in terms of conversion from starting material, often due 
to extensive cell loss at early stages. It has been estimated that for a hES cell based 
repair of a heart damaged by ischemia, hES cells in the range of billions would be 
required (Passier and Mummery  2005 ). This is just one example and clearly the 
number of cells required at the start of a certain differentiation protocol will depend 
on the level of loss and number of differentiated cells required. At either end of this 
spectrum would be hESC derived RPE (retinal pigment epithelium) for ophthalmic 
diseases and hESC derived RBC (red blood cells) for transfusion. Effi cacy is one 
challenge as well as effi ciency, the cost of the process and purity of cell populations 
are two examples. To achieve billions of stem cells as a starting point is not practi-
cal with labour intensive protocols so the need for massive amounts of starting 
material has been a clear driver for the development of scalable culture systems, 
such as these discussed in the previous section. The scaled up culture process for 
hES cells needs to be as robust and straightforward as possible, to generate the nec-
essary reproducibility and to be cost effective. Thus, the number of undefi ned com-
ponents in the process should be kept to a minimum and ideally a hES cell culture 
system should be feeder independent and based on defi ned media and matrix, syn-
thetic or recombinant. The culture procedure must also be subject to quality control, 
and preferably GLP procedures should apply. The application of MCB (master cell 
bank) and WCB (working cell bank) approaches will contribute to reproducibility 
and robustness in the culture system. 

 Recent progress has been reported where hES cells have been successfully cul-
tured in amounts required for conducting compound screening campaigns in multi-
well plate formats (Desbordes et al.  2008 ; Thomas et al.  2009 ) (Andrews et al. 
 2010 ) These achievements are essential for the use of hES cells in high throughput 
applications e.g. drug discovery and toxicology screening. 

 The defi nition and development of industrial cell production standards needs to 
be addressed, since scaled up hES cell culture is still a relatively new technology. 
The ability to manipulate hES cell cultures as single cell suspensions is a fi rst criti-
cal step towards reproducible scaled up culture, and not the least, distribution of 
even cell numbers in multiwell plates for screening. The possibility of adding 
wholly or partly automated cell culture technology will further strengthen the capa-
bility to supply a consistent quality of cells in useful numbers (Thomas et al.  2009 ). 
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Future widespread use of hES cell derivatives in bio reactors will also demand cell 
numbers of an industrial scale.   

2.5     Deriving Xeno Free hES Cells and hES Cells 
for Clinical Use 

 Routinely, all  mammalian cell culture   relies heavily on reagents sourced from ani-
mals, e.g. serum, amino acids, albumin, various matrices (e.g. collagen) and other 
factors. This is cost effective and gives enough consistency for the majority of 
applications. However, the undefi ned culture condition that is a consequence of the 
common use of bovine serum as a source of growth factors may be of concern for a 
number of reasons. One practical consideration is that of reproducibility due to 
batch-to-batch variation which impacts on the robustness of any culture system. 
Maybe of more concern in the context of the stem cell therapy area, is the risk of 
contamination by prions, viruses or other zoonoses of cells cultured in contact  with 
  animal derived material. Concerns were raised when it was observed that hES cells 
cultured in contact with animal material incorporated and expressed animal sialic 
acid on their cell surface, however, this has also been demonstrated to be reversible 
(Heiskanen et al.  2007 ; Martin et al.  2005 ; Nasonkin and Koliatsos  2006 ). To 
address this potential problem, derivation, propagation and banking of hES cell 
lines strictly without any contact with animal-sourced material, i.e. under “xeno- 
free” conditions, has been reported by several groups (Ellerstrom et al.  2006 ; 
Ludwig et al.  2006 ; Rajala et al.  2007 ; Richards et al.  2004 ) (Ilic et al.  2012 ). Desai 
and colleagues have produced a comprehensive review of the evolution of xeno- 
free hESC culture (Desai et al.  2015 ). 

  Xeno-free culture   is still substantially more expensive than regular hES cell cul-
ture due to the high costs of the reagents, but also the need for dedicated plasticware 
and equipment as well as routines separated from the non-xeno free cell cultures. 
The International Stem Cell Banking Initiative is a group of stake holders striving 
to harmonise guidelines for stem cell banking worldwide, with the goal of deliver-
ing the best practice for clinical grade stem cell delivery (Crook et al.  2010 ). 

 In order to minimise the dependency on undefi ned contributions from feeder 
cells, serum and complex culture matrices like Matrigel (BD Biosciences), efforts 
have been made to elucidate the hES cell culture requirements for defi ned culture 
systems, resulting in commercially available defi ned culture systems for hES cells 
and iPS cells. For clinical use of hES cell or hES cell derived cells, cultures free of 
any animal components would desirably decrease the number of unknowns in the 
equation as would replacing biologics with small molecules. In addition to the bio-
logical and regulatory challenges, the industry and institutions need to generate 
enough cells suitable for therapeutic use and at the same time make it fi nancially 
sound. 
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 One of the great hopes of hES cells is to utilise them as raw materials for tissue 
engineering and replacement for damaged organs or tissues. A number of clinical 
situations have been identifi ed as potential targets for this kind of approach. A ther-
apy where  insulin-dependent type-1   diabetics could receive functional beta cells 
that would integrate and normalise blood glucose levels would revolutionise the 
lives of thousands of those affected by this auto immune disease that targets and 
destroys the endogenous insulin producing cells. Replacing damaged neurons in 
patients suffering from spinal cord injuries could mean the difference between con-
fi nement to a wheel chair and normal mobility. The examples are plenty and great 
hope for future development is held by many patient groups and clinicians. 

 Since the above described scenarios include the transplantation of living cells 
into patients, the regulatory framework is comprehensive. For any future cell-based 
therapy,  Good Clinical Practice   (GCP) is a requirement for clinical trials, and this 
includes that the cells have been sourced and produced according to cGMP. This is 
a regulatory framework ensuring that an end product meets pre-set specifi cations. 
For a putative therapy based on hES cell derived functional cells, it includes the 
regulation of processes for

•    Donation and procurement of the starting materials, e.g. blastocysts and feeder 
cells  

•   Testing and quality control  
•   Processing and manufacturing of the undifferentiated cells as well as their dif-

ferentiated derivatives.  
•   Traceability of all reagents and materials as well as release criteria.    

 In 2007, Crook and co-workers published the fi rst six hES cell lines derived and 
further processed in line with  GMP regulations   (Crook et al.  2007 ) and the most 
recent efforts in this area was published in 2012 (Ilic et al.  2012 ). These are impor-
tant steps towards the clinic; however, there were and are still big challenges to 
overcome; to develop differentiated functional cells, verifi ed and validated, of clini-
cal value. Also, the six GMP compliant hES cell lines derived by Crook and co- 
workers were not derived in absence of animal material, i.e., they cannot be defi ned 
as xeno-free. However, from a GMP perspective, the use of reagents sourced from 
animals, like serum, is acceptable, although it has been argued that clinical grade 
hES cells, or hES cell derived cells need to be derived xeno-free (Unger et al.  2008 ). 
Nevertheless, in 2009, Geron Corporation was granted permission from the US 
Food and Drug Administration (FDA) to initiate the fi rst phase 1 clinical trials for a 
spinal cord injury therapy, based on specialised cells derived from the hES cell line 
H1 (Alper  2009 ; Barde  2009 ). This hES cell line was originally cultured in contact 
with animal components and without all the intricate documentation and assurance 
that GMP compliance gives (Geron  2009 ; Thomson et al.  1998 ). Demonstration 
that some groups have overcome these constraints can be found in the completed, 
   ongoing and approved clinical trials using hESC derived cells which are discussed 
briefl y later in this chapter.  
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2.6     Differentiation Capacity 

  The ability of hES cells to differentiate into virtually any specialised cell type pres-
ent in the adult body is one of the key features of these cells. Spontaneous  differen-
tiation   occurs  in vitro  when the cells are cultured in conditions lacking the appropriate 
components that sustain pluripotency. In addition, several protocols for directed 
differentiation of hES cells into various specialised cell types have been reported in 
which the cells are guided along lineage restricted pathways to generate relatively 
pure populations of cells. A detailed review on this topic is beyond the scope of the 
present chapter and here we only exemplify the differentiation capacity of hES cells 
using two brief examples; cardiomyocytes and hepatocytes. 

 The differentiation of hES cells towards the cardiac lineage can be observed 
through the appearance of clusters of spontaneously contracting cells, as originally 
reported in 2000 (Itskovitz-Eldor et al.  2000 ). Different approaches have been 
developed to induce hES cells to differentiate to cardiomyocytes in culture. One is 
based on the formation of embryoid body-like structures under the infl uence of vari-
ous cocktails of growth factors or small molecules in attempts to recapitulate heart 
development  in vivo  (Kehat et al.  2001 ; Yang et al.  2008 ). Another method is to 
utilise a co-culture system with hES cells and END-2 cells (a visceral endoderm 
mouse cell line), in which the pluripotent stem cells are directly exposed to cell-cell 
interactions as well as the secretome of the END-2 cells (Mummery et al.  2003 ). In 
recent years, derivation of cardiomyocytes from monolayers of hES and iPS cells 
has been demonstrated (Lafl amme et al.  2007 ; Uosaki et al.  2011 ) and from hES 
cells cultured under defi ned conditions using a directed differentiation approach 
using small molecules (Parsons et al.  2011 ). Molecular, pharmacological, and elec-
trophysiological studies have characterised hES cell-derived cardiomyocytes to 
various extents and these cells express many cardiac markers, including transcrip-
tion factors, structural proteins, ion-channels, and different junction proteins 
(Beqqali et al.  2006 ; Synnergren et al.  2008 ). Despite the similarities with their 
adult counterparts, hES cell-derived cardiomyocytes still seem to mainly display a 
foetal cardiac phenotype, and future research is needed to develop protocols which 
can sustain  in vitro  maturation of the cells towards a phenotype more close to the 
adult human cardiomyocyte. For drug discovery applications it would be desirable 
to generate pure populations of e.g. ventricular cardiomyocytes, to study specifi c 
targets. 

 In 2003, the fi rst report appeared which described the generation of hepatic- 
lineage cells from hES cells, with several publications following (Agarwal et al. 
 2008 ; Baharvand et al.  2008 ; Cai et al.  2007 ; Rambhatla et al.  2003 ) and more 
recently by Medine and co-workers (Medine et al.  2011 ). It is however a major 
challenge to generate truly metabolically competent cells, i.e., cells expressing rel-
evant enzymatic activities. No studies to date have shown activity levels of different 
Cytochrome P450 enzymes that resembles those of freshly isolated human primary 
hepatocytes. Rather, the accumulated published work implicates that obtaining 
fully functional cells from hES cells is a major challenge (D’Amour et al.  2006 ), 
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(Guguen-Guillouzo et al.  2010 ). Progress has been made however, as demonstrated 
by recent publications on the derivation of insulin producing beta cells from hES 
cells (Bruin et al.  2014 ; Pagliuca et al.  2014 ).   

2.7     Potential Applications for Therapies 

 Therapeutic applications based on hES cells add several dimensions to the chal-
lenges regarding hES cell culture, differentiation, and purifi cation as discussed 
above. In addition, critical aspects such as safety and effi cacy need to be clarifi ed in 
detail before such cells can routinely progress to clinical trials, this has been 
achieved (for PhI trials) in some cases and there are reports of compassionate use of 
hESC derived cell products (Menasché et al.  2015 ). Indeed, much advancement has 
been made towards these ends and there are many diseases that are envisioned as 
suitable for targeting with stem cell therapies. 

 For example, despite important advances in  pharmacological therapies   and  organ 
transplantation  ,  heart failure   represents an enormous clinical problem. The limita-
tions of the current interventions have driven the search for stem cell-based tech-
niques to repair and regenerate heart muscle. The opportunity to create the major 
cell types present in the human heart (i.e., cardiomyocytes, smooth muscle cells, 
and endothelial cells) from pluripotent stem cells and subsequently transplanting 
these into the site of injury is an appealing strategy. Pre- clinical studies have begun 
to investigate hES cell-based heart regeneration, and initial studies provided posi-
tive encouragement and demonstrated short term (4 weeks) functional improvement 
following transplantation of hES cell-derived cardiomyocytes to injured myocar-
dium (Caspi et al.  2007 ; Lafl amme et al.  2007 ; Leor et al.  2007 ). However, it was 
later demonstrated that the functional improvement was transient and no differences 
were observed between the cardiomyocyte transplanted group and the control ani-
mals at 12 weeks post-myocardial infarction (van Laake et al.  2007 ). Also, forma-
tion of fi brous tissue around the graft has been observed, hampering 
electrophysiological integration. However when hES cell derived cardiomyocytes 
were co-transplanted with hES cell derived endothelial cells and/or cardiac progeni-
tor cells into mouse hearts, functional capillaries were formed and the cardiomyo-
cytes were found to survive for up to 24 weeks. The formation of capillaries suggests 
the possibility of an increased blood supply to the graft area. Although the under-
standing of the mechanism of action is limited at present, it appears that transplanta-
tion of cells to the injured heart has some benefi cial effects but there are other 
possibly prohibitive mechanisms that need to be elucidated further (van Laake et al. 
 2009 ,  2010 ). This hypothesis is being tested in a current clinical trial which is out-
lined below. 

 The possibility of generating relevant numbers and quality of hepatocytes for 
bio-artifi cial liver support technology and possibly also for  in vivo  liver regenera-
tion is a thrilling prospect (Dalgetty et al.  2009 ), (Medine et al.  2011 ). In addition, 
achieving an unlimited access to competent liver cells would be of exceptional use 
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for studying drug targets, metabolism and toxicity (Jensen et al.  2009 ). On the other 
hand,  in vitro  differentiation of hES cells towards the hepatic lineage clearly is a 
challenging task (Snykers et al.  2009 ). A number of neurological disorders, such as 
Alzheimer and Parkinson’s diseases, amyotrophic lateral sclerosis and multiple 
sclerosis (ALS and MS respectively) as well as spinal cord injury have been put 
forward as targets for hES cell derived therapies and are the subject of extensive 
research (Kim and Vellis  2009 ). Although many of the hESC derived therapies in 
development are still many years from the clinic great progress has been made more 
recently resulting in a number of clinical trials at various stages of approval and 
execution. 

 A comprehensive description of hESC derived cells in clinical trials is not pos-
sible here however it is useful to consider which types of therapy have already made 
it to clinical trial, although many are still to publish data or even recruit. Very pre-
liminary data have been published from ACTs hESC derived RPE for Stargardt’s 
macular dystrophy trial, these data are promising but preliminary and should not be 
extrapolated at this stage (Schwartz et al.  2015 ). A French academic led trial to 
assess the feasibility and safety of hESC derived cardiac-committed progenitor cells 
in patients with severe  h  eart failure is currently recruiting with an estimated study 
completion date of June 2017 (clinicaltrials.gov Identifi er NCT02057900). Viacyte 
have FDA approval for a trial of their device encapsulated hESC derived ‘beta –like 
cells’ in patients with TypeI diabetes (Borowiak and Melton  2009 ). The aim is to 
enrol 40 subjects in this trial and is estimated to collect the fi nal data August 2017 
(clinicaltrials.gov NCT02239354). Pfi zer are sponsoring a trial to test a hESC 
derived RPE delivered on a patch that was developed  at   University College London; 
this trial is listed with an estimated enrolment of 10 subjects however is not yet open 
for recruitment (clinicaltrials.gov NCT01691261).  

2.8     Conclusions and Future Development in Research 

 We have now had access to hES cells for over 15 years, and the progress of the 
scientifi c fi eld has been spectacular. One could only speculate about what the next 
decade will generate in terms of greater understanding of human developmental 
biology, and all aspects of the generation of functional cells from hES cells for 
therapy as well as drug discovery applications. The fi eld has started to transform 
from research and development phase into a state where therapeutic and industrial 
applications begin to be tangible and indeed have reached clinical trials despite the 
technical and ethical challenges. In terms of the therapeutic area, the regulatory 
bodies are fundamental in developing and harmonising the legal framework for the 
use of stem cells in the clinic, and also when it comes to drug safety assessment 
legislation. 

 The hES cell fi eld has largely been directed by scientifi c drivers, however it 
becomes more obvious that as products mature fi nancial drivers will become more 
signifi cant. Any application based on hES cells or their derivatives needs to be 
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proven biologically effective, safe where applicable, but also economically justi-
fi ed, compared to the alternatives. Effi cient ways of producing the required quality 
(GMP for therapeutic use) and quantity of cells need to be further developed and 
established with an emphasis on defi ned and/or xeno-free and automation where 
appropriate. In addition to potential therapeutic use, modifi ed hES cells and/or 
derivatives thereof are likely to be important tools for further research and develop-
ment, for example reporter gene containing hES cell lines, immortalised precursors 
and cells modifi ed to overexpress genes of interest, e.g. ion channels or metabolis-
ing enzymes. 

 In terms of the generation of new hES cell lines, it has been argued that there is 
a continued need for this. As has been described, technology has moved apace since 
the early lines were derived and it would be prudent to use lines derived using these 
new, better defi ned, techniques as we progress with research in this fi eld, especially 
in the therapeutic space, A number of the GMP lines currently available have been 
retrospectively qualifi ed after having been derived as research grade and have been 
in contact with non-optimal reagents in their history. However there are now a num-
ber of true GMP lines which have been derived and maintained under GMP condi-
tions from the outset. One can also argue that there might not be suffi cient diversity 
among the existing hES cell lines to cover the needs for future cell-based therapies 
as well as for the development of novel drugs for treatment of disease (Civin and 
Rao  2006 ). However, studies of renal allograft donor-recipient relations give fuel 
for speculation that a relatively low number of hES cell lines, in the range of low 
hundreds or ever less, would cover the larger proportion of the population for future 
therapies (Nakajima et al.  2007 ; Taylor et al.  2005 ), as discussed by Daley and 
Scadden (Daley and Scadden  2008 ). Some compounds are known to be metabolised 
differently between individuals within various ethnic backgrounds as well as 
between ethnic groups, one example is the well known genetic diversity of the alco-
hol dehydrogenase. Tissue type matching will obviously be important for regenera-
tive use but these metabolic differences will be of relevance in drug screening 
strategies. Some of this diversity can be achieved by the generation of new hESC 
lines whereas more specifi c modifi cations can be achieved through the use of the 
rapidly developing genome modifi cation technologies such as zinc fi nger nucleases, 
CRISPR/Cas9, etc. (reviewed in Li et al.  2014 ). 

 The advent of hiPSC lines predictably led to the argument that establishing new 
hESC lines would be redundant. However, the variability in reprogramming meth-
ods and the impact these will have on the safety profi le of these cells mean that there 
is still a case for using hESC cells for therapeutic applications. Uncertainty about 
the equivalence of iPSC to hESC also leaves the question as to whether or not 
hiPSC can be used as a simple replacement for hESC unanswered. This is discussed 
in a recent publication from Barad and colleagues (Barad et al.  2014 ). It the last 
edition of this book we said that only time, together with high quality peer/reviewed 
research and development, will contribute to the future directions of stem cells in 
general and hES cells in particular. Despite the many advances in technology and 
clinical applicability since then this statement still holds true.     
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    Chapter 3   
 Induced Pluripotent Stem Cells 
in Regenerative Medicine                     

       Luna     Simona     Pane    ,     Ilaria     My    , and     Alessandra     Moretti    

    Abstract     The conversion of somatic cells into pluripotent cells is transforming the 
way diseases are studied and treated. Owing to their ability to differentiate into any 
cell type in the body and being patient-specifi c, induced pluripotent stem cells 
(iPSCs) hold great promise for disease modeling, drug discovery and regenerative 
medicine. Since their discovery in 2006, signifi cant efforts have been made to 
understand the reprogramming process and to generate human iPSCs with potential 
for clinical use. Additionally, the development of advanced genome-editing plat-
forms to increase homologous recombination effi ciency, namely DNA nucleases, is 
making the generation of gene-corrected patient-specifi c iPSCs an achievable goal, 
with potential future therapeutic applications. Here, we review recent developments 
in the generation, differentiation and genetic manipulation of human iPSCs and 
discuss their relevance to regenerative medicine and the challenges still remaining 
for clinical application.  

  Keywords     Induced pluripotent stem cells   •   Reprogramming   •   Retrovirus   • 
  Lentivirus   •   Transduction   •   Zero-footprint method   •   PiggyBac transposase   •   Cardiac 
differentiation   •   Targeting vector   •   Macula degeneration  

3.1       Introduction 

 The promise of using pluripotent stem cells (PSCs) for regenerative medicine dates 
back to 1998 when James Thomson (Thomson et al.  1998 ) fi rst derived human 
embryonic stem cells (hESCs) from the inner cell mass of developing embryos. 
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Not only do PSCs have the ability to self-renew indefi nitely, but in theory they can 
also differentiate into any cell type in the body, thus providing functional replace-
ment or trophic support to dysfunctional cells and diseased tissues. Ethical concerns 
surrounding the destruction of human embryos, which occurs in most hESC deriva-
tion methods, and safety issues created controversy in developing therapies from 
hESC lines for many years and stimulated researchers to fi nd alternative approaches 
to obtain hESC-like cells. In 2006 Kazutoshi Takahashi and Shinya Yamanaka made 
the seminal discovery that mouse skin fi broblasts can be reprogrammed to an ESC-
like state by simple overexpression of master stemness regulators (Takahashi and 
Yamanaka  2006 ). They named these cells “induced pluripotent stem cells” (iPSCs). 
One year later, these same investigators as well as groups headed by James Thomson 
and George Daley succeeded in converting human fi broblasts into human iPSCs 
(hiPSCs) (Takahashi et al.  2007 ; Yu et al.  2007 ; Park et al.  2008 ). Reprogramming 
to pluripotency has now been achieved starting with a variety of somatic cell types 
(Aasen et al.  2008 ; Hanna et al.  2008 ; Utikal et al.  2009 ; Carette et al.  2010 ; Miyoshi 
et al.  2010 ; Seki et al.  2010 ; Tsai et al.  2010 ; Kim et al.  2011a ) and generation of 
patient- and disease-specifi c hiPSCs is now possible, opening new avenues for 
exploring disease etiology, developing novel drugs, toxicology screening and cell 
replacement therapies. Overcoming the ethical diffi culties regarding the use of 
human embryos that are related with hESCs and being genetically matched to the 
donor, hiPSCs are increasingly used in modern medicine. Latest advances in genome 
editing of hiPSCs enable researchers to investigate the intricacies of the human 
genome in a dish and expand the possibilities of combining cell and gene therapies 
for treating congenital and degenerative disorders. 

 Here, we review recent developments for the generation of hiPSCs and empha-
size those attractive for obtaining translational-grade cells. Furthermore, we sum-
marize the latest advances in their differentiation and the challenges for obtaining 
functional and safe hiPSC derivatives for therapy, with specifi c focus on cardiac 
muscle cells. Finally, we give a brief overview on the latest available genome- 
editing platforms for generation of gene-corrected patient-specifi c hiPSCs and dis-
cuss their relevance for regenerative medicine purposes.  

3.2     Discovery of iPSCs 

 Pioneering work in cellular reprogramming had demonstrated that somatic cells can be 
reprogrammed by transferring their nuclear contents into oocytes (Wilmut et al.  1997 ) 
or by fusion with ESCs (Tada et al.  2001 ; Cowan et al.  2005 ), indicating that unfertil-
ized eggs and ESCs contain factors that can confer pluripotency to somatic cells. 

 In 2006, Yamanaka and Takahashi hypothesized that factors that play important 
roles in the maintenance of ESC identity also play pivotal roles in the induction of 
pluripotency in somatic cells. Using a retroviral system, they forced expression of a 
selected set of 24 candidate genes in mouse embryonic fi broblasts (MEFs) and were 
successful in establishing clones that possessed ESC-like morphologies, prolifera-
tion rates, expressed ESC markers and had demethylated the promoter of pluripo-
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tency genes (Takahashi and Yamanaka  2006 ). These cells were termed as induced 
pluripotent stem cells (iPSCs). Removing one factor at a time they further demon-
strated that a minimum set of only four factors namely, Klf4, cMyc, Oct4 and Sox2 
were necessary for reprogramming MEFs as well as tail-tip fi broblasts from adult 
mice into iPSCs. Later studies showed that the presence of cMyc is not an absolute 
reprogramming requirement but its absence signifi cantly reduces the effi ciency of 
the process (Nakagawa et al.  2008 ). 

 The successful reprogramming of human somatic cells to hiPSCs was reported 
within 1 year (Takahashi et al.  2007 ; Yu et al.  2007 ; Park et al.  2008 ). Takahashi and 
Yamanaka, as well as Daley’s group used KLF4, cMYC, OCT4 and SOX2, the same 
factors as in the mouse system, to convert human fi broblasts into hiPSCs (Takahashi 
et al.  2007 ; Park et al.  2008 ). Thomson’s group achieved the same results using 
LIN28, NANOG, OCT4 and SOX2 (Yu et al.  2007 ). 

 Since then the fi eld of cellular reprogramming has progressed at an unprece-
dented pace. An increasing number of studies constantly provide new insights into 
the molecular mechanism of the reprogramming process (Brambrink et al.  2008 ; 
Mikkelsen et al.  2008 ; Li et al.  2010 ; Samavarchi-Tehrani et al.  2010 ; Fussner et al. 
 2011 ). Moreover, specifi c advances have been made to facilitate the transition of 
this technology into the clinic, including the use of various cell types for reprogram-
ming (Aasen et al.  2008 ; Hanna et al.  2008 ; Utikal et al.  2009 ; Carette et al.  2010 ; 
Miyoshi et al.  2010 ; Seki et al.  2010 ; Tsai et al.  2010 ; Kim et al.  2011a ), and the 
replacement of individual factors by other regulators (Zhao et al.  2008 ; Feng et al. 
 2009 ; Heng et al.  2010 ; Nakagawa et al.  2010 ; Moon et al.  2011 ), small molecules 
(Huangfu et al.  2008 ; Shi et al.  2008 ; Ichida et al.  2009 ; Li et al.  2009 ; Zhu et al. 
 2010 ; Moon et al.  2011 ; Staerk et al.  2011 ) or a modifi ed culture condition (Marson 
et al.  2008 ). Furthermore, hiPSC lines have been derived from patients affected by 
various diseases (Moretti et al.  2010 ; Unternaehrer and Daley  2011 ; Zhu et al.  2011 ; 
Jung et al.  2012 ; Cherry and Daley  2013 ; Gramlich et al.  2015 ) and from species 
other than mice or humans, including rhesus monkey (Liu et al.  2008 ), marmoset 
(Tomioka et al.  2010 ), rat (Liao et al.  2009 ; Maherali and Hochedlinger  2009 ), pig 
(Esteban et al.  2009 ; Ezashi et al.  2009 ; Wu et al.  2009 ), dog (Shimada et al.  2010 ; 
Luo et al.  2011 ), sheep (Bao et al.  2011 ), horse (Nagy et al.  2011 ) and cow (Han 
et al.  2011 ). 

 The following section will focus on developed approaches for the generation of 
iPSCs from human origin.  

3.3     Generation of Human iPSCs: Developments 
Towards Translational-Grade hiPSCs 

  Cell Source for Reprogramming 
 Among the different issues to be considered when reprogramming human somatic 
cells into hiPSCs an important one is the choice of the starting material. In general, 
each actively dividing somatic cell type can be used for reprogramming (Haase 
et al.  2009 ). Takahashi and Yamanaka used fi broblasts as the starting somatic cell 
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type and to date, owing their easy culture conditions and effi cient transduction, 
dermal fi broblasts are still one of the most commonly used primary cell source. 
However, the relatively low reprogramming effi ciency (0.01–0.5 %) and especially 
the need of uncomfortable biopsies have stimulated the search for other, “easier 
accessible” cell sources. Effi cient reprogramming has been demonstrated for 
peripheral blood mononuclear cells (PBMCs) (Loh et al.  2009 ), exfoliated renal 
tubular epithelial cells obtained from urine (Zhou et al.  2011 ), and keratinocytes 
from plucked hair (Aasen et al.  2008 ). One advantage of PBMCs is that they can be 
obtained from routine blood tests or in patient follow- up and can be frozen and 
stored before reprogramming.  

 It has been acknowledged that reprogrammed iPSCs can retain specifi c DNA 
methylation profi les associated with their parental source cell type (Bar-Nur et al. 
 2011 ; Kim et al.  2011b ; Lister et al.  2011 ). Variations in these signatures also appear 
to account for intra-line variability among different clones originating from the 
same iPSC line (Kim et al.  2011b ; Lister et al.  2011 ). The long-term effect of epi-
genetic pattern retention, such as methylation profi les from the originating somatic 
cell type, is not yet fully understood. However, the somatic source cell type is known 
to affect differentiation effi ciency into specifi c iPSC derivatives and epigenetic 
memory is a key determinant of iPSC differentiation into lineages that are distinct 
from the parental one (Ohi et al.  2011 ; Sanchez-Freire et al.  2014 ). For example, 
cardiac progenitor cell-derived iPSC lines have shown an enhanced ability to dif-
ferentiate into cardiomyocytes compared to fi broblast-derived iPSC lines (Sanchez- 
Freire et al.  2014 ). Prolonged propagation of iPSCs through many passages reduces 
these effects, suggesting that residual epigenetic memory is attenuated in the course 
of long-term culture (Ohi et al.  2011 ; Sanchez-Freire et al.  2014 ). This issue, clearly 
important for therapeutic applications, will require further study in order to deter-
mine to what extent the ultimate transplantable cell type should infl uence the source 
of patient-specifi c cells for reprogramming. As this remains unclear, the choice of 
the starting tissue material should be based, fi rst, on the most accessible and least 
invasive, and then, depending on the future use of the hiPSCs, an epigenetically 
related cell source should be considered if available. 

  Reprogramming Methodologies 
 The common aim of all reprogramming methods is the forced expression of the 
reprogramming factors. As mentioned above, hiPSCs were initially derived from 
fi broblasts by retrovirus- and lentivirus-mediated transduction of genes encoding 
transcriptional regulators of stem cells: OCT4, SOX2, LIN28, and NANOG (OSLN) 
(Yu et al.  2007 ) or OCT4, SOX2, KLF4, and c-MYC (OSKM) (Takahashi et al. 
 2007 ; Park et al.  2008 ). However, viral delivery of transgenes results in the integra-
tion of vector sequences into the genome, which is a source of potential insertion 
mutagenesis, residual expressions, and reactivation of transgenes during differentia-
tion. Therefore, cells generated by permanent and random integration of exogenous 
genes have a certain oncogenic potential and are not suitable for therapeutic 
applications.  
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 Safer non-integrating reprogramming methods have since been developed using 
minimal footprint systems, such as excisable viruses (Chang et al.  2009 ; Soldner 
et al.  2009 ; Somers et al.  2010 ), and zero footprint technologies, including adenovi-
rus (Stadtfeld et al.  2008 ), Sendai virus (Fusaki et al.  2009 ), plasmids (Okita et al. 
 2008 ; Gonzalez et al.  2009 ; Si-Tayeb et al.  2010 ), episomal or minicircle vectors 
(Yu et al.  2009 ; Jia et al.  2010 ), piggyBac transposons (Kaji et al.  2009 ; Woltjen 
et al.  2009 ; Yusa et al.  2009 ), microRNA mimics (Miyoshi et al.  2011 ), synthetic 
mRNAs (Warren et al.  2010 ), and proteins (Zhou et al.  2009 ) (Fig.  3.1 ).

   Minimal footprint approaches mostly use lentiviruses containing loxP sites in the 
5′ and 3′ LTR of the viral vectors. The presence of loxP sites provides a substrate to 
remove most of the transgene sequences by Cre-mediated recombination. However, 
one loxP site fl anked by small portions of the 5′ and 3′ LTRs remains in the iPSC 

  Fig. 3.1     Generation of human iPSCs . Different starting cell types are available for the genera-
tion of human induced pluripotent stem cells (hiPSCs). Fibroblasts were the fi rst and still the most 
commonly used cell source. Amongst others, three easily accessible starting cell type are blood 
cells (T lymphocytes), exfoliated renal tubular epithelial cells obtained from urine, and keratino-
cytes from plucked hair. The reprogramming can be obtained through the expression of several 
combinations of pluripotency regulators (OCT4, SOX2, NANOG, LIN28, cMYC AND KLF4) 
and different methods are available to induce their expression. They can be divided into two major 
groups: integrating methods, which consist of retrovirus or lentivirus delivery of transgenes that 
randomly integrate into the genome, and non-integrating methods that enable the generation of 
hiPSCs without any permanent genetic modifi cation       
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genome following Cre-mediated excision (Soldner et al.  2009 ; Somers et al.  2010 ). 
Thus, the continued presence of exogenous transgene sequences (no matter how 
minimal) could be a concern if differentiated cells derived from these hiPSCs are to 
be transplanted into a patient. 

 Zero-footprint methods include adenoviruses, which are non-integrating viruses 
that infect both replicating and non-replicating cells. Human iPSCs created  via  ade-
novirus showed no signs of transgene integration (Zhou and Freed  2009 ), which is 
a favorable result for translational applications. However, adenovirus-based repro-
gramming has low effi ciency. More suitable are Sendai viruses, which are negative 
sense, single-stranded RNA viruses that produce large amounts of protein without 
entering the nucleus of the infected cells, thus being completely lost after several 
cell passages. Generation of translational-grade hiPSCs from multiple somatic cell 
types, including PBMCs (Seki et al.  2010 ; Orban et al.  2015 ), has been successfully 
and effi ciently achieved with this method (Fusaki et al.  2009 ; Ban et al.  2011 ; Seki 
et al.  2012 ). 

 Another way to generate zero-footprint hiPSCs is the overexpression of the 
reprogramming factors by episomal plasmids. Yu et al. ( 2009 ) developed an oriP/
EBNA (Epstein–Barr nuclear antigen)-based plasmid that allows their expression 
for a long enough period of time suffi cient to initiate the reprogramming process. 
The plasmid will be lost from proliferating cells if drug selection is removed, there-
fore leaving no footprint. Further modifi cations of the episomal plasmid reprogram-
ming method (Chen et al.  2011 ; Okita et al.  2011 ) have made this approach also 
very attractive for generation of iPSCs that could be used in translational studies. 
Episomal vectors are particularly appealing because they are easy to manipulate, 
allow a relatively high effi ciency of reprogramming, and have been proven to work 
for many somatic cell types, including blood cells (Chou et al.  2011 ). 

 Additional DNA-based zero-footprint systems that have been tested for cellular 
reprogramming are minicircle vectors and piggyBac transposons. Minicircle vec-
tors are circularized constructs in which the plasmid backbone has been released 
leaving only the eukaryotic promoter and cDNA(s) that are to be expressed. A 
minicircle vector was produced with LIN28, NANOG, SOX2, and OCT4 and used 
to reprogram human adipose stem cells (Jia et al.  2010 ; Narsinh et al.  2011 ). 
However, more validation is required since this method worked at lower effi ciency 
for neonatal fi broblasts and no data of successful reprogramming exist for any other 
cell types. On the hand, hiPSCs have been generated at a reasonable reprogramming 
effi ciency using a piggyBac transposon (Mali et al.  2010 ), which is a mobile genetic 
element that in the presence of the piggyBac transposase can be integrated into 
chromosomal TTAA sites. Re-expression of the transposase after the transposon has 
been stably integrated results in its excision with no sequence vestiges at the inte-
grated site. Limitations of this system that hamper any clinical translation are the 
additional step required for excision of the transposon plus the dearth of information 
on successful excision in hiPSCs (Mali et al.  2010 ). 

 More recently, new zero-footprint tools, which are virus- and DNA-free, have 
emerged. Direct expression of reprogramming factors as proteins has been used to 
successfully generate hiPSCs (Kim et al.  2009 ; Zhou et al.  2009 ). However, this 
method is limited by the lengthy timeline, low effi ciency, and special technical 
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skills required for the synthesis of bioactive reprogramming proteins. Synthetic 
modifi ed mRNAs have also been explored (Warren et al.  2010 ). In mRNA repro-
gramming, cells are transfected with  in vitro -transcribed mRNAs encoding for the 
reprogramming factors. Several chemical measures are employed to limit activation 
of the innate immune system by foreign nucleic acids and, due to the very short 
half-life of mRNAs, daily transfections are required to induce hiPSCs. Also miR-
NAs have been proven useful for generation of hiPSCs without genome-integrating 
DNA elements (Miyoshi et al.  2011 ). It is worth noting that since miRNA-mediated 
reprogramming are mostly dependent on endogenous pathways and, hence, main-
tain a smooth epigenetic modifi cation, it shows certain advantages in producing 
better, safer hiPSCs, but more studies are needed to tackle this issue. Finally, a 
recent report by Hou et al. ( 2013 ) described a gene-free, small molecule–based 
method for generation of mouse iPSCs, demonstrating that the fi eld of pluripotency 
induction continues to evolve at a rapid pace. 

 It is worth mentioning that, based on a recent systematic evaluation of the three 
so far most widely used techniques for generating integration-free hiPSCs (Sendai 
viruses, episomal plasmids, and synthetic modifi ed mRNAs) (Schlaeger et al.  2015 ), 
signifi cant differences exist in aneuploidy rates, reprogramming effi ciency, reliabil-
ity and workload, but all methods generate high-quality hiPSCs. Thus the choice of 
the reprogramming method should depend on each laboratory’s particular 
requirements. 

 Genomic stability is critical for clinical applications of hiPSCs. There are evi-
dences that hiPSCs may harbor epigenetic and transcriptional abnormalities (Kim 
et al.  2010 ; Polo et al.  2010 ; Stadtfeld et al.  2010 ; Bar-Nur et al.  2011 ; Kim et al. 
 2011b ) as well as genomic aberrations that are either pre-existing or generated dur-
ing reprogramming (Mayshar et al.  2010 ; Gore et al.  2011 ; Laurent et al.  2011 ; 
Lister et al.  2011 ; Pera  2011 ), raising signifi cant concerns about their safety for 
potential clinical applications. However, most of the hiPSCs described in these stud-
ies have genomic abnormalities generated from integrating reprogramming meth-
ods. A recent comparative work demonstrated, using high resolution HD genotyping, 
that hiPSC lines obtained by non-integrating approaches have lower incidences of 
genomic aberrations (Kang et al.  2015 ). The use of high-resolution methods to 
monitor genomic aberrations in hiPSCs intended for clinical applications will be 
necessary. Moreover, the focus of current technology development efforts should be 
the identifi cation of novel pathways that can be manipulated to augment the effi -
ciency and completeness of reprogramming (Jiang et al.  2013 ), possibly leading to 
improved methodologies for safe clinical translation.  

3.4     iPSC Differentiation and Challenges for Translational- 
Grade Derivatives: Cardiomyocytes as an Example 

 Owing their potential of differentiating into virtually all cell types found in the 
human  body   (neurons, cardiac muscle cells, hepatocytes, chondrocytes, retinal pig-
ment epithelial cells, and many others), hiPSCs serve as an unlimited source of 

3 Induced Pluripotent Stem Cells in Regenerative Medicine



58

human cells for both biomedical research and regenerative medicine purposes. 
There are a number of ways in which the fate of hiPSCs can be directed towards 
specifi c cell lineages and the methodologies are being continuously optimized to 
improve differentiation effi ciency and scalability and enable clinical applications. 
Depending on the tissue of interest, various differentiation approaches have been 
explored, ranging from two-dimensional (2D) monolayer cultures with specifi c 
growth factors/cytokines and signaling inhibitors, co-culture with supporting cells, 
up to three-dimensional (3D) differentiation systems. In some cases, when organ 
development and differentiation pathways are well characterized, it is also feasible 
to isolate precursor cells at intermediate stages and then direct them further to ter-
minal differentiation (Cao et al.  2013 ; Reinhardt et al.  2013a ). More recently, 
through the development of 3D culture systems, structures exhibiting multiple cell 
types that self-organize to form an organ-like tissue, termed “ organoids  ”, have been 
generated from hPSCs (Lancaster and Knoblich  2014 ; Huch and Koo  2015 ). To 
date, derivation methods specifi c for obtaining intestinal (Spence et al.  2011 ), kid-
ney (Humphreys  2014 ), brain (Lancaster et al.  2013 ), and retinal (Nakano et al. 
 2012 ) organoids, as well as liver organoid-like tissues called liver buds (Takebe 
et al.  2013 ) have been established, making the therapeutic promise of organoids an 
area of greatest potential for personalized regenerative medicine. 

 It is important to keep in mind that the differentiation process of PSCs is consid-
ered to mimic developmental processes. Therefore, most of the differentiated cells 
from hPSCs tend to be a refl ection of the early stage of development (i.e., embry-
onic or infant stage). Such immature cells signifi cantly differ from adult cells. 
Establishment of  mature phenotypes   is an important challenge for obtaining func-
tional cells for cell therapy. Likewise, the purity and cell number are critical issues 
for any translational application. Below, we discuss these aspects in details for the 
differentiation of hiPSCs towards the cardiac lineage. 

  Cardiac Differentiation of hiPSCs 
 Historically, the most common method by which cardiomyocytes have been derived 
from PSCs has involved the formation of three-dimensional aggregates, so-called 
 embryoid bodies   (EBs)    (Mummery et al.  2003 ) (Fig.  3.2 ). Spontaneous EB differ-
entiation relies on a combination of physical and chemical cues to modulate cell 
signaling pathways and directs PSCs toward various cell types, with 5–70 % of EBs 
contain beating cardiomyocytes (Kawamura et al.  2012 ). High variability between 
experiments, low cardiomyocyte yield (often, 1 %) and immature cardiomyocyte 
phenotype (Lafl amme et al.  2007 ; Kawamura et al.  2012 ) have stimulated research-
ers to explore alternative methods (Moretti et al.  2013 ). Coculture systems with 
END-2 stromal cells (Mummery et al.  2003 ), cardiac fi broblasts (Ou et al.  2011 ) or 
human umbilical-vein endothelial cells (Stevens et al.  2009 ) have been tested in 
order to mimic microenvironmental factors that are potentially important for car-
diac differentiation (Fig.  3.2 ). In the last decade, knowledge from  in vivo  develop-
mental studies (Garry and Olson  2006 ; Evans et al.  2010 ; Noseda et al.  2011 ) has 
guided the establishment of novel 2D and 3D cardiomyocyte differentiation 
approaches that rely on specifi c temporal and  dose   dependent modulation of key 
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pathways involved in cardiogenesis, such as activin/nodal/transforming growth 
factor-β, Wnt, and bone morphogenetic protein (Kehat et al.  2001 ; Mummery et al. 
 2007 ; Paige et al.  2010 ; Burridge et al.  2012 ; Zhang et al.  2012 ) (Fig.  3.2 ). Most 
recently, specifi c small molecules have been employed to replace growth factors as 
modulators of these signaling pathways (Lian et al.  2012 ; Burridge et al.  2014 ). 
Using distinct growth factors and small molecules to specifi cally direct hPSCs 
towards the cardiac lineages has allowed to achieve more effi cient cardiomyocyte 
differentiation, with yields as high as 85–95 %, and, thanks to the fully defi ned 
culture conditions, more reproducible results (Lafl amme et al.  2007 ; Lian et al. 
 2012 ,  2013 ; Cao et al.  2013 ; Burridge et al.  2014 ). Although different hiPSC lines 
can respond differently to developmental signals because of the intrinsic differences 
in their genetic background, directed differentiation protocols have been success-
fully applied to various hiPSCs derived from distinct sources of somatic cells and 
 reprogramming   methods (Passier et al.  2005 ; Paige et al.  2010 ; Lian et al.  2012 ; Xu 
et al.  2012 ; Okano et al.  2013 ).

    Yet despite the advances in differentiation  effi ciency  , major challenges still 
remain for safe clinical translation of hiPSC-derived cardiomyocytes. One impor-
tant issue is their purity and risk of teratomas arising from residual undifferentiated 
hiPSCs. Several non-genetic methods has been reported to improve cardiomyocyte 
purity after directed hiPSC differentiation, including cell-surface markers 
(Mummery et al.  2003 ; Graichen et al.  2008 ), mitochondria-specifi c dyes (Kawamura 

  Fig. 3.2     Differentiation of human iPSCs into the cardiac lineage . Methods for differentiation 
of human iPSCs into cardiomyocytes are based on a combination of physical and chemical cues 
able to induce temporal and dose dependent modulation of specifi c signaling pathways with piv-
otal roles during cardiovascular development (Activin, WNT, transforming growth factor β (TGF- 
β) and bone morphogenic protein (BMP)). The current differentiation protocols can be divided into 
three main categories: three-dimensional (3D) systems, which mainly include embryoid bodies 
and the more recently developed 3D systems (Microtissues, engineered heart muscle and cardiac 
microchambers); two-dimensional (2D) systems, which include several monolayer directed dif-
ferentiation protocols; and co-culture systems with cells able to promote cardiogenesis (e.g. 
END-2 stromal cells, cardiac fi broblasts or human umbilical-vein endothelial cells (HUVEC))       
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et al.  2012 ), fl uorescent probes (Lafl amme et al.  2007 ), and  g  lucose deprivation 
(Burridge et al.  2014 ). 

 Another fundamental concern regarding iPSC cardiac differentiation is the vary-
ing degree of heterogeneity achieved in the generated cardiomyocyte population. 
Current  hiPSC   differentiation strategies yield a heterogeneous mixture of atrial-like 
and ventricular-like lineages, as well as pacemaker-like lineages such as atrioven-
tricular node-like, sinoatrial node-like, and Purkinje fi ber-like cells (Burridge et al. 
 2012 ). A deeper understanding of directed lineage differentiation, followed by its 
modulation, would facilitate subtype-specifi c cardiac differentiation. In this respect, 
recent reports suggest that hiPSCs could be directed either to atrial- or to ventricular- 
like cardiomyocytes by modulating the retinoic acid (Cao et al.  2013 ; Lian et al. 
 2013 ; Devalla et al.  2015 ) and Wnt signaling pathways (Kim et al.  2013 ). 
Additionally, direct manipulations at the epigenetic level or by achieving mRNA- 
based delivery of lineage-specifi c factors have also been tested (Ong et al.  2015 ). 

 The most immediate need for potential translational applications of  hiPSC  - 
derived cardiomyocytes, however, is to achieve defi ned culture conditions and stan-
dardized protocols that address the issue of cellular maturation. These cells begin 
contracting in the fi rst 2 weeks of differentiation (Burridge et al.  2014 ), but have a 
relative immature phenotype more similar to fetal than to adult cardiomyocytes 
(Robertson et al.  2013 ). For instance, at the structural level, hPSC-derived cardio-
myocytes have a smaller length-to-width aspect ratio (3:1 compared to 15:1), are 
mononuclear, have fewer mitochondria, and have poor sarcomere organization 
(Lundy et al.  2013 ). Also their global gene expression profi le is closer to embryonic 
than adult cardiomyocytes (Gupta et al.  2010 ). Finally, from the functional point of 
view, they show underdeveloped Ca 2+  handling, low Ca 2+  buffering capacity in the 
sarcoplasmic reticulum, slow beat rates (∼40 BPM), immature action potential 
characteristics, abnormal levels of ionic currents, and negative force–frequency 
relationships (Lundy et al.  2013 ). Attempts to bypass this limitation have demon-
strated that long-term culture enhances the appearance of more mature sarcomeric 
structural organization and change in global gene expression profi le (Otsuji et al. 
 2010 ; Lundy et al.  2013 ). In addition, external cues such as electrical stimulation 
and mechanical cyclic stretching have been reported to aid in obtaining functionally 
mature  hiPSC  - derived cardiomyocytes (Lieu et al.  2013 ; Hirt et al.  2014a ). 
Improvements in maturation were also achieved via genetic overexpression of dis-
tinct factors (Fu et al.  2011 ; Bett et al.  2013 ; Lieu et al.  2013 ) and novel 3D culture 
methods (Nunes et al.  2013 ; Rao et al.  2013 ). Moreover,  3D differentiation   systems 
have also been scaled up to generate three-dimensional microtissues (3D-MTs) 
(Emmert et al.  2013 ; Thavandiran et al.  2013 ), engineered heart muscle (EHM) 
(Kensah et al.  2013 ; Hirt et al.  2014a ), and more recently cardiac microchambers 
(Ma et al.  2015 ). Since low retention rate of transplanted single-cell suspensions 
remains a major issue for clinical translation, the concept of scaffold-free cellular 
self-assembly into 3D-MTs or EHMs prior to transplantation may be also benefi cial 
to enhance cellular engraftment and survival. These approaches are currently sub-
jects of intense research (Hirt et al.  2014b ).  
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3.5     Genetic Engineering of iPSCs and Personalized Medicine 

 With the advent of hPSCs, it has become clear that effi cient and precise genome 
editing is crucial for realizing their full potential in research and therapy. 

 In particular for hiPSCs,  genetic correction   of the disease-associated mutation(s) 
in patient-specifi c lines serves several purposes (Fig.  3.3 ). First, it will generate 
isogenic cells that share a common genotype with the exception of the disease- 
causing mutation, thereby eliminating confounding effects from genetic heteroge-
neity. These disease-corrected hiPSCs are the perfect control for any comparative 
analyses of disease phenotype and allow generation of accurate, reliable, and less 
expensive  in vitro  human models for understanding diseases and studying genotype/
phenotype relationships. Second, genomic modifi cation to directly correct disease- 
specifi c point mutations  in vitro  is also valuable for exploring drug development and 
performing toxicology tests in patient-specifi c cells. A large majority of identifi ed 
candidate drugs fail to reach the market because of safety concerns (about one third 

  Fig. 3.3     Genetic engineering of hiPSCs and applications in personalized medicine . Patient- 
specifi c iPSCs and isogenic control iPSC lines generated through genome editing approaches can 
be differentiated toward a specifi c cell type of interest. Patient-specifi c and corrected iPSC deriva-
tives can then be used for disease modeling studies, tissue engineering approaches, and high- 
throughput drug/toxicity screenings, thus facilitating personalized therapy and ultimately 
autologous cell transplantation for regenerative purposes       
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of pharmaceuticals are withdrawn due to cardiotoxicity (Guo et al.  2011 ) and effi -
cacy issues). Human iPSC-derived cardiomyocytes are currently being utilized as a 
system to evaluate novel and existing medications and to test patient-specifi c drug 
responses (Liang et al.  2013 ; Sinnecker et al.  2013 ; Wang et al.  2014 ). Finally, 
genome editing may accelerate the future clinical application of integration-free 
cell-based gene therapy, including the autologous transplantation of patient- specifi c, 
genome-corrected hiPSC-derived target cells. Of note, genetic correction directly in 
hiPSCs is however not always achievable, because some genetic diseases imply a 
reprogramming barrier (e.g. Fanconi anemia (Raya et al.  2009 )). In those cases, the 
cells of origin could be corrected before generating patient-specifi c hiPSCs.

3.5.1       Genetic Manipulation of hiPSCs and Gene Correction 
Approaches 

 Owing to the fragile nature of hPSCs when dissociated into single cells and their 
low transfection frequency, gene targeting in hPSCs present a bigger challenge than 
in the mouse counterparts. An important contribution to improving the handling of 
hPSCs was made by Yoshiki Sasai’s team whit the discovery of a selective inhibitor 
of  Rho-associated kinase   (ROCKi) Y-27632 (Watanabe et al.  2007 ). The inhibitor 
signifi cantly suppressed the apoptosis of hPSCs when dissociated, enabling cells to 
be electroporated and subcloned more easily. 

 At present, various strategies have been tested and proven for genetic manipula-
tion of patient-specifi c hiPSCs (Hotta and Yamanaka  2015 ). Below, we focus 
exclusively on the approaches that have been used for site-specifi c genome modi-
fi cation  via  homologous recombination (HR) and emphasize their advantages and 
limitations. 

  Targeting Vector Approach 
 Initial triumphs in gene targeting of hPSCs were achieved by using a  targeting vec-
tor  , which employs long (5–10 kb) and short (1–4 kb) homology arms on both sides 
(Zwaka and Thomson  2003 ). Owing to the low frequency of targeting events in 
general, the classical targeting vector also contained a drug-selection cassette, such 
as a neomycin resistance gene derived from a ubiquitous PGK gene promoter, for 
positive selection. Flanking of the selection cassette by two loxP sequences allowed, 
after successful targeting, its excision by a Cre recombinase. Using this targeting 
strategy, only few disease-causing mutations have been corrected in patient-specifi c 
hiPSCs (Yusa et al.  2011 ; Bellin et al.  2013 ), merely due to the inherently low HR 
effi ciencies. In fact, the propensity of a genomic region to undergo HR is dependent 
on the local chromatin structure and the generation of a double strand break (DSB) 
at the specifi c target site (Carroll  2011b ), as well as on transit through the S–G2 
phase of the cell cycle (Delacote and Lopez  2008 ). Thus, the nonhomologous end- 
joining pathway (NHEJ), which is several orders of magnitude more effi cient than 
HR, is responsible for random integration of targeting vectors. Improved HR 
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effi ciency in hPSCs has been achieved by using viral vector-mediated targeting 
approaches (adeno and adeno-associated viruses) (Mitsui et al.  2009 ; Khan et al. 
 2010 ), which have the advantage of high transduction effi ciency, and bacterial arti-
fi cial chromosome-based strategy (Song et al.  2010 ), which allows increasing the 
length of homology between targeting vectors and endogenous loci.  

  Engineered  DNA Nucleases   
  Another strategy to enhance the effi ciency of gene targeting is to introduce site spe-
cifi c DSBs to target loci.  DSBs   are highly recombinogenic and can stimulate HR in 
hPSCs by three orders of magnitude (Zou et al.  2009 ). Cells are obligated to repair 
the introduced DSBs either by NHEJ, generating small deletions or insertions, or by 
the homology-directed repair pathway when a homologous donor template is pro-
vided. The endonucleases employed must then recognize DNA sequences that occur 
uniquely at target loci and have minimal off-target activity. Several endonucleases 
have been engineered to meet these requirements. Currently, the most used for site- 
specifi c gene targeting in hPSCs are: zinc fi nger nucleases (ZFNs), transcription 
activator-like (TAL) effector nucleases (TALENs), and more recently the clustered 
regulatory inter-spaced short palindromic repeats (CRISPRs)/Cas9 nucleases (Li 
et al.  2014 ). Importantly, owing to the high HR effi ciency of genome editing 
achieved by such nucleases, the HR donor template can be supplied as a single- 
strand oligonucleotide (ssODN) as short as 80–150 bases, thus facilitating gene 
correction applications in hiPSCs (Soldner et al.  2011 ; Ding et al.  2013a ,  b ).  

  ZFNs   are hybrid nucleases that rely on a series of linked zinc fi nger motifs to 
recognize specifi c DNA sequences and the DNA-cleavage domain FokI restriction 
enzyme to sever DNA. Because FokI nuclease activity depends on dimerization, the 
ZFN system works as pairs of two monomers of ZFN in reverse orientation that can 
be designed to bind to a genomic sequence 18–36 nucleotides in length (Porteus and 
Carroll  2005 ; Carroll  2011a ). Successful ZNF-mediated gene correction in hiPSCs 
was achieved for several disease-causing mutations (Sebastiano et al.  2011 ; 
Reinhardt et al.  2013b ). However, due to the complexity of the required engineering 
steps, ZFNs have been largely supplanted by TALENs and more recently by the 
CRISPRs/Cas9 nuclease system. 

   TALENs   have a similar structure to ZFNs, but the DNA-binding domain comes 
from TAL effector proteins and is a tandem array of amino acid repeats. Each of 
these units is able to bind to one of the four possible nucleotides. TALENs also 
cleave as dimers (Li et al.  2011 ) and display not only the unique advantage of easy 
modular assembly but also enhanced specifi city as well as reduced off-target action 
compared to ZFNs (Li et al.  2011 ; Pattanayak et al.  2014 ). As demonstrated in a 
recent study, TALENs have greatly simplifi ed genome editing in hiPSCs for gener-
ating disease models (Ding et al.  2013a ). However, despite the initial enthusiasm, 
TALEN technology has several limitations for future clinical applications of gene- 
edited hiPSCs. TALEN target-site selection is restricted by the requirement of a 
preceding T base (Boch et al.  2009 ). Although this should not prohibit successful 
design of TALENs in most cases, it may be an issue when modifying a specifi c 
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mutation for future cell-based gene therapy. The reported sensitivity of TALENs to 
5-methylcytosine could be a more serious drawback of the TALEN technology 
because of the prevalence of this DNA modifi cation in the genome, though this 
problem may be overcome by engineering 5-methylcytosine- insensitive TALEN 
DNA-binding domains (Valton et al.  2012 ).  

  CRISPRs/Cas9   are RNA-guided engineered nucleases that have been developed 
from microbial adaptive immune systems named as clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems (Ishino 
et al.  1987 ; Jansen et al.  2002 ). The system utilizes a protein component Cas9 
(CRISPR-associated 9) and two small RNAs, crRNA (CRISPR RNA) and tracrRNA 
(trans crRNA), to mediate target sequence-specifi c cleavage of double-stranded 
DNA. To simplify expression in mammalian cells, crRNA and tracrRNA have been 
fused into one sgRNA (single guide RNA) by a tetranucleotide loop to generate a 
DSB at a target site. Remarkably, the RNA component of the CRISPR system deter-
mines the target sequence based on the Watson-Crick base pairing. Therefore, the 
design and construction of a target-specifi c sgRNA is versatile and straightforward 
and, because of the small size of the sgRNA (20 nucleotides), it is also possible to 
deliver multiple sgRNAs at the same time to achieve multiplex targeting (Cong 
et al.  2013 ; Mali et al.  2013 ). This makes CRISPRs/Cas9 system as the most acces-
sible means to facilitate and optimize genetic engineering so far (Hsu et al.  2014 ) 
and since 2013, several groups have already demonstrated its usefulness for genome 
editing in hiPSCs (Ding et al.  2013b ; Mali et al.  2013 ; Flynn et al.  2015 ; Song et al. 
 2015a ). Despite its versatility, also the CRISPR/CAS9 system has several restraints. 
First, the targetable sites of Cas9 are constrained by the requirement of a GN 20 GG 
sequence motif (Jinek et al.  2012 ), which may cause a problem when targeting cer-
tain loci. Second, up to six mismatches between crRNA and target DNA are toler-
ated by Cas9, which may result in off-target cleavage (Jinek et al.  2012 ). Indeed, a 
recent study showed that CRISPR/CAS9 nucleases induce mutations at off-target 
sites with up to fi ve mismatches (Fu et al.  2013 ). More importantly, frequencies of 
off-target mutations are equal to or higher than those of on-target mutations (Fu 
et al.  2013 ). Cas9 mutants with a more stringent requirement of crRNA-target DNA 
complementation may be engineered. For instance, Cas9 has been converted into a 
nickase, which reduces mutagenesis at off-target sites (Cong et al.  2013 ). 

 Thanks to the rapid development of engineered DNA nucleases, genome editing 
in hiPSCs has evolved from being a daunting task a few years ago to a routine pro-
cedure in most laboratories. However, the use of genome editing in the clinic 
requires very high levels of inspection to ensure safety. A systemic examination of 
 off-target mutagenesis   by whole-genome (Kiskinis et al.  2014 ; Smith et al.  2014 ; 
Suzuki et al.  2014 ; Veres et al.  2014 ; Yang et al.  2014 ) or exome sequencing (Yusa 
et al.  2011 ; Li et al.  2015 ) needs to be performed before any clinical translation of 
genome editing technologies and patient-specifi c, genome-corrected hiPSC deriva-
tives will be possible.    
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3.6     Clinical Applications of hiPSCs in Regenerative 
Medicine: Where Do We Stand? 

  Regenerative medicine aims to replace and/or regenerate damaged cells, organs, or 
tissues in order to restore normal function. Cell therapy is an important regenerative 
medicine approach. The inherent pluripotency of hiPSCs, along with their genetic 
identity to specifi c patients, raises the possibility of autologous transplantation to 
treat patients suffering from a myriad of disorders characterized by loss of a key 
cellular function, such as cardiomyocytes in myocardial infarct, dopaminergic neu-
rons in Parkinson’s disease, beta cells in type 1 diabetes, or hematopoietic stem cells 
in aplastic anemias. In the case of monogenic diseases, in which all the cells from 
the body initially carry the disease-causing mutation in their genomic DNA, a gene 
correction approach can be considered to generate disease-free autologous cells, as 
discussed in the previous paragraph. 

 However, compared to other cell-based therapies, the Investigational New Drug 
(IND) review process for hPSCs involves a higher level of scrutiny owing to their 
potential to form tumors and ectopic tissue. The lack of data on the potential untoward 
effects of hPSC-derived therapies in humans means that parameters surrounding effi -
cacy, biodistribution, persistence, toxicity, presence of residual pluripotent cell con-
taminants and tumorigenicity potential all need to be thoroughly addressed before 
these therapies receive IND approval (Bailey  2012 ). Preclinical animal models need 
to be carefully designed to address these issues in a manner that satisfi es the regula-
tory agencies (Frey-Vasconcells et al.  2012 ). Furthermore, the starting hPSC line itself 
needs to undergo extensive characterization for assurances of safety, such as analyses 
of genetic stability, virus and pathogen testing, derivation methods in the spirit of good 
manufacturing practices (GMPs), maintenance of the line under GMP conditions, and 
donor screening and eligibility (Carpenter et al.  2009 ). For hiPSCs, the reprogram-
ming strategy is an additional consideration and those  methods that do not involve 
integration of transgenes into the genome are defi nitely safer. Another major consid-
eration for hPSC-based therapies is the route of administration. For the time being, 
therapies that are injected locally or contained within a device that limits their migra-
tion may have an easier time achieving IND status than those that are systemically 
injected, as these approaches help to limit the area in which potential adverse effects 
may occur. That being said, since 2010 several clinical trails using hPSC-based ther-
apy have been initiated in various countries, as overviewed below. 

3.6.1     Clinical Trials Involving hiPSCs 

 The current wave of  clinical trials   testing hPSC-based therapy predominantly 
focuses on hESC-derived cells (Fig.  3.4 ), including retinal pigment epithelium (for 
macula degeneration and related diseases) (Schwartz et al.  2012 ,  2015 ; Song et al. 
 2015b ), pancreatic endoderm derivatives (for type 1 diabetes) (Schulz et al.  2012 ; 
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Pagliuca et al.  2014 ), oligodendrocytes (for spinal cord injury) as well as cardiac 
progenitors (for severe heart failure) (Menasche et al.  2015 ). Yet, only one trial 
using autologous patient-specifi c hiPSC derivatives exists, which aims at curing the 
wet form of age-related macular degeneration using retinal pigment epithelium cells 
transplanted as sheets (Kamao et al.  2014 ) (Fig.  3.4 ). It started in September 2014 
with the treatment of the fi rst patient at the Riken Institute in Japan (Reardon and 
Cyranoski  2014 ), but was recently put on hold because hiPSCs from a second 
patient were found to carry genetic mutations.

   Considering that hESCs took almost 12 years from the fi rst establishment to the 
fi rst transplantation into a spinal cord injury patient in October 2010, the transition 
of patient-specifi c hiPSCs from bench to bedside was relatively quick and, as time 
goes on, the number of hiPSC-based clinical trials will probably increase.    

3.7     Concluding Remarks 

 Though hiPSC technology is not even a decade old, it has signifi cantly revolution-
ized the world of stem cells, disease modeling, drug testing and regenerative medi-
cine. The advent of improved reprogramming methods that do not involve integration 

USA

UK

UK

Japan

Israel

France

Korea

Korea

USA

USA

USA

USA

USAOcata Therapeutics

RPE (MA09-hRPE)

RPE (MA09-hRPE)

RPE (MA09-hRPE)

RPE (MA09-hRPE)

RPE (MA09-hRPE)

RPE (MA09-hRPE)

RPE (PF-05206388)

RPE (Opregen)

CD15*ISL-1* cardiac progenitors

Panacreatic endoderm (VC-01)

Oligodendrocyte progenitors
(AST-OPC1)

Oligodendrocyte progenitors
(AST-OPC1)

RPE (autologous)

hESC-derived cell type

Company Trial
location

Disease Trial
stage

hiPSC-derived cell type

Ocata Therapeutics

Ocata Therapeutics

CHABiotech

Cell Cure Neuroscience

Viacyte

Pfizer

Asterias Biotherapeutics

Asterias Biotherapeutics

RIKEN Institute

Assistance Publique,
Hôpitaux de Paris

University of California
(with Ocata’s cells)

CHABiotech

Dry AMD Phase l/ll

Phase l/ll

Phase l/ll

Phase l/ll

Phase l/ll

Phase l

Phase l/ll

Phase l

Phase l/ll

Phase l

Phase l/ll

Phase l

Phase l

Dry AMD

Dry AMD

Severe heart
failure

Type l
diabetes

Spinal cord
injury

Spinal cord
injury

MMD

Wet AMD

Wet AMD

Stargardt

Stargardt

Stargardt

  Fig. 3.4     Clinical trials with hESC and hiPSC cell derivatives.  Current clinical trials involving 
pluripotent stem cell derivatives target four organ systems: the eye, the heart, the pancreas, and the 
nervous system. Abbreviation: AMD, age-related macular degeneration; hESC, human embryonic 
stem cell; hiPSC, human induced pluripotent stem cell; MMD, myopic macular degeneration; 
RPE, retinal pigment epithelium       

 

L.S. Pane et al.



67

of transgenes into the genome and the rapid development of large-scale culture 
systems and effi cient differentiation protocols as well as of advanced genome- 
editing technologies has begun to overcome the shortcomings of using hiPSCs in 
regenerative medicine. 

 The year 2014 marked the arrival of patient-specifi c hiPSCs onto the clinical 
stage, and this is just the beginning. Further efforts are needed to tap the full poten-
tial of hiPSC-mediated cell therapy to benefi t human health. In addition, 
 incorporating newly emerging genome-editing technologies might trigger a new era 
of gene therapy using hiPSCs.     
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    Chapter 4   
 Spermatogonial Stem Cells                     

       Ilya     Chuykin    ,     Michael     Stauske    , and     Kaomei     Guan    

    Abstract     Spermatogonial stem cells (SSCs) constitute one of the most important 
stem cell systems in the adult body. SSCs are unipotent and respond for spermato-
genesis in the male as they can differentiate only into sperms within the testicular 
niche. The long-term culture of SSCs without loss of their properties provides the 
opportunity to develop therapeutic strategies and re-initiate spermatogenesis for the 
patients who become infertile after cancer therapy. Moreover, SSCs can be sponta-
neously reprogrammed into pluripotent germline stem cells (GSCs) similar to 
embryonic stem cells (ESCs) when they are removed from their  in vivo  niche and 
cultured  in vitro  under specifi c conditions. The advantage of pluripotent GSCs over 
induced pluripotent stem cells is that the conversion of SSCs into pluripotent GSCs 
does not require addition of genes using the virus system, which may avoid unpre-
dictable genetic dysfunction. In addition, this may also circumvent the ethical prob-
lems associated with human ESCs. The ability to generate patient-specifi c 
pluripotent GSCs for autologous transplantation provides the opportunity for cell 
replacement therapy without the need for immunosuppressant. In this review, we 
discuss the origin, properties and regenerative potential of SSCs. We summarize 
recent research fi ndings regarding the mechanisms that regulate the self-renewal of 
SSCs. We believe that studying the biology of SSCs provides us important informa-
tion to better understand male fertility. Furthermore, we address the contribution of 
SSCs and pluripotent GSCs to stem cell-based therapy for infertility treatment as 
well as for organ regeneration in the future.  
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4.1       Introduction 

 In sexually reproducing animals the function of germ cells is to bring the genetic 
information from one generation to the next. In females oocytes provide one part of 
the genetic information, whereas in males spermatozoa own the other part. After 
fertilization both haploid genomes come together and a new offspring is able to 
grow up. 

 Spermatogenesis is a well-organized and complex process, which starts with a 
small number of spermatogonial stem cells (SSCs), the male germline stem cells 
(GSCs), and can generate 100 million spermatozoa each day in the adult male (de 
Rooij  1998 ). Spermatogenesis begins at 5–7 days after birth in rodents and 10–13 
years after birth in men. The time from SSC differentiation to production of mature 
spermatozoa is about 35 days in the mouse and 64 days in the human (Brinster 
 2007 ). 

 In the adult mammalian testis, the seminiferous epithelium is mainly composed 
of somatic cells and spermatogenic cells (Fig.  4.1a, c ). Sertoli cells, the somatic 
cells in the seminiferous epithelium are crucial for the coordination of  spermatogenic 
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  Fig. 4.1    Proposed models of spermatogonial subpopulations in mouse and human testes. ( a ) 
Cross section of mouse seminiferous tubule with spermatogonial subpopulations and somatic 
cells. ( b ) Model of self-renewal within the SSC compartment and spermatogenesis in the mouse 
suggested by Nakagawa et al. in 2010. According to this model spermatogonia type A pr  and A al  can 
dedifferentiate into SSCs (A s  spermatogonia). ( c ) Cross section of human seminiferous tubule with 
spermatogonial subpopulations and somatic cells. ( d ) Scheme for human SSC self-renewal and 
spermatogenesis proposed by Clermont in the 1960s.  SSC  spermatogonial stem cell,  A   s   single type 
A spermatogonium,  A   pr   paired type A spermatogonium,  A   al   aligned type A spermatogonium,  In  
intermediate spermatogonium,  SPC1  primary spermatocyte,  SPC2  secondary spermatocyte,  SPT  
spermatid,  SPZ  spermatozoon       
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events, thereby contributing to the well-organized structural and functional con-
struction of the seminiferous epithelium (Jegou  1992 ). The spermatogenic cells 
(spermatogonia, spermatocytes, and spermatids) organized in layers are made of 
several generations of dividing and differentiating cells, which are involved in the 
production of spermatozoa. Spermatogonia reside at the basement membrane of 
seminiferous tubules. Spermatocytes are generally located in the middle of the sem-
iniferous epithelium and spermatids (round and elongated) are located in the adlu-
minal region. Spermatogenesis can be divided into three distinct phases: 
spermatogonial, spermatocyte and  spermatid phases  . In the spermatogonial phase 
(also known as mitotic phase or premeiosis), primary spermatocytes are generated 
as a result of proliferation and differentiation of spermatogonia. In the  spermatocyte 
phase   (meiosis I/II), each primary spermatocyte divides into two secondary sper-
matocytes during meiosis I, and each secondary spermatocyte into two spermatids 
during meiosis II. In the spermatid phase (also called as spermiogenesis), spermato-
zoa, also known as sperm cells are formed as a result of the metamorphosis of 
spermatids (Fig.  4.1b, d ) (Clermont  1972 ). The timing of sequential steps in sper-
matogenesis is tightly regulated by genes of the germ cell, and Sertoli cells support 
the differentiation process.

   SSCs, the undifferentiated spermatogonia constitute a small population of cells 
(2–3 × 10 4  per adult mouse testis). In order for spermatogenesis to be maintained, it 
is essential that SSCs are able to self-renew in the testis. Indeed, SSCs have the 
capability to self-renew while remaining capable of generating numerous differenti-
ated daughter cells. The small number of SSCs in the adult testis and the complexity 
of the microenvironment are the main diffi culties in SSC research. Studies with 
SSC transplantation in the adult mouse demonstrate the potential of SSCs in clinical 
application for the treatment of male infertility (Brinster and Zimmermann  1994 ; 
Kanatsu-Shinohara et al.  2006 ; Kubota et al.  2004b ; Kubota and Brinster  2006 ). 
Previous studies show that using cryopreservation and SSC transplantation, cancer 
patients undergoing chemotherapy or radiotherapy can retain their fertility to safe-
guard their germline (Brinster  2007 ; Ryu et al.  2006 ). 

 Furthermore, recent research shows that under appropriate culture conditions, 
both neonatal and adult SSCs in the mouse are able to convert into pluripotent 
embryonic stem cell (ESC)-like cells which can differentiate into derivatives of all 
three germ layers (Guan et al.  2006 ; Kanatsu-Shinohara et al.  2004 ; Seandel et al. 
 2007 ; Ko et al.  2009 ). The  derivation   of pluripotent stem cells from human testicu-
lar tissue may lead to a new source of autologous cells in regeneration of damaged 
organs. A thorough understanding of molecular mechanisms, especially growth fac-
tors and signaling pathways, regulating the fate determination of SSCs has impor-
tant implications for basic research and for the potential therapeutic application of 
SSCs in patients. 

 In the present review, we focus on summarizing the development and character-
istics of SSCs, on understanding growth factors and signaling pathways that regu-
late self-renewal, differentiation, and fate decisions of SSCs, as well as on discussing 
their implications for basic research and for therapeutic application, with special 
focus on organ regeneration and infertility.  
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4.2     Development of SSCs and Their Environment 

4.2.1     Origin of SSCs 

  In many animal phyla, including insects, roundworms, and vertebrates, the distinc-
tion between somatic and germ cells occurs at the very early stage of embryonic 
development. All gametes arise from so-called primordial germ cells (PGCs), the 
embryonic precursors  of   the male and female germline. In insects and amphibians, 
there is a zone found in the cytoplasm of an egg cell, which contains determinants 
(RNA and protein components) that play an important role in PGC specifi cation. 
This zone is called germ plasm or pole plasm. Only blastomeres incorporating the 
germ plasm develop into PGCs. The components of germ plasm prevent PGCs from 
differentiating into somatic cells by repression of the global transcriptional machin-
ery (Strome and Lehmann  2007 ). Therefore, the germ plasm or pole plasm is often 
used as a convenient marker to trace the early ontogeny of germ cells in insects and 
amphibians (Eddy  1975 ; Eddy and Hahnel  1983 ; Mahowald and Hennen  1971 ). 

 In mammals such cytoplasmic determinants specifying PGCs are not detected. 
In early mammalian embryogenesis, the zygote divides three times resulting in a 
mass of eight cells having equal totipotency. At the 16-cell stage, the morula con-
sists of a small group of internal cells, which remain pluripotent and give rise to the 
inner cell mass (ICM), and a larger group of external cells at the periphery, which 
become the trophectoderm cells, the fi rst differentiated embryonic cell types. In the 
blastocyst, the ICM and the trophoblast cells become separate cell layers, neither of 
which contributes cells to the other group. Subsequently, a part of ICM differenti-
ates into the primitive endoderm, and the remaining part of the ICM cells develops 
into the amniotic ectoderm and the embryonic epiblast. The embryonic epiblast is 
believed to be pluripotent and able to give rise to all cells of the three embryonic 
germ layers, as well as germ cells. PGCs are derived from the epiblast during gas-
trulation in rodents and humans (McLaren  2003 ). 

 In the mouse, a group of about 50–100 epiblast cells are fi rst distinguishable at 
embryonic day 7.25–7.5 within the extraembryonic mesoderm in the distal portion 
of the primitive streak and at the base of allantoic buds. In humans, at about 21–22 
days of gestation PGCs are fi rst recognizable at the same region as that in the mouse, 
the wall of yolk sac near the developing allantois (De Felici et al.  2004 ). Both 
mouse and human PGCs are recognized by their alkaline phosphatase activity 
(McLaren  2003 ). The reason that PGCs evolve outside the actual embryo in extra-
embryonic tissues might be that here somatic paracrine factors cannot reach these 
cells and therefore they escape from a somatic cell fate. After collecting at the allan-
tois, the PGCs propagate and at the same time move from the adjacent yolk sac 
through the hind gut and dorsal mesentery into the genital ridges. 

 At mouse embryonic day 12.5, the gonad of males becomes morphologically 
different from females. In humans, the fi rst signs of sexual differentiation appear at 
the end of week seven. In the male genital ridge, PGCs become enclosed by the 
somatic supporting cells, the differentiating Sertoli cells, and seminiferous cords are 
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formed. The germ cells residing within seminiferous cords are called gonocytes and 
differ morphologically from PGCs. At embryonic day 13.5 in mice and at 18–20 
weeks in humans, gonocytes arrest in the G0/G1 phase of the cell cycle and cease 
mitosis. The halt of proliferation is characteristic for the transition from PGCs to 
gonocytes, and at the same time the cell size increases in more than fourfold 
(Donovan and de Miguel  2004 ). In the fetus, gonocytes are located in the center of 
the tubules. Following birth in mammals, gonocytes migrate to the seminiferous 
tubule basement membrane and reenter the cell cycle. In the mouse testis, the  3 H 
Thymidine labeling index of gonocytes is 10.4 % at one day after birth, 20.1 % at 
day two, and 24.1 % at day three (Donovan and de Miguel  2004 ; Vergouwen et al. 
 1991 ), at which time the fi rst A spermatogonia (also known as SSCs) are identifi ed 
(de Rooij  1998 ). In mice, the SSC pool arises from gonocytes approximately 6 days 
after birth. From the puberty on the task of SSCs in the male is to provide an unlim-
ited supply of progenitors for differentiation into mature spermatozoa.   

4.2.2     Molecular Controls in SSC Development 

 In the mouse,  bone morphogenetic proteins   (BMPs) produced by the extraembry-
onic ectoderm induce a small number of epiblast cells to become PGCs (Lawson 
et al.  1999 ). Although the precise molecular mechanism to establish the germline in 
the early embryo is not yet completely clear, there are evidences pointing out an 
important role of transcription inhibitor B lymphocyte-induced maturation protein 
1 (Blimp1, also Prdm1) in the establishment of the germ cell lineage in mice 
(Ohinata et al.  2005 ,  2006 ).  Blimp1 expression   is fi rst detected in a few epiblast 
cells at embryonic day 6.25. Blimp1 together with Prdm14 plays a critical role dur-
ing PGC specifi cation from post-implantation epiblast cells. They together induce 
repression of the somatic program, and initiate epigenetic reprogramming in early 
germ cells toward an underlying pluripotent state, which is equivalent to ESCs 
(Ohinata et al.  2005 ,  2006 ). In addition, PGCs express germline-specifi c transcrip-
tional factors and genes, such as Oct4, Stella (also known as PGC7 and Dppa3), 
Nanos3, Dead end, and Vasa (McLaren  2003 ; Saitou et al.  2002 ; Sato et al.  2002 ; 
Yabuta et al.  2006 ).  The   expression of homeotic genes ( Hox -genes) commonly 
present in somatic cells is downregulated in developing PGCs (Saitou et al.  2002 ). 

 The process of division and migration of  PGCs   from the adjacent yolk sac into 
the genital ridges is strictly dependent on the c-Kit/stem cell factor (SCF) signal 
transduction pathway. Mouse embryos homozygous for mutation in  c-Kit  gene are 
defi cient in germ cells (Buehr et al.  1993 ). In the absence of SCF, the ligand of c-Kit 
receptor, the motility of PGCs is dramatically decreased (Gu et al.  2009 ). The 
migration of PGCs is critically dependent on the interaction with extracellular 
matrix proteins, especially, with laminin (García-Castro et al.  1997 ). Cell surface 
receptor subunit β1-integrin plays an important role in colonization of the genital 
ridges, as in  β1-integrin  knockouts PGCs did not enter the embryonic gonads as 
effi ciently as in wild-type mice (Anderson et al.  1999 ). 
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 The transition from  PGCs   to gonocytes is marked by a decrease in germ cell 
proliferation and correlates with a decrease in the levels of c-Kit expression 
(Donovan and de Miguel  2004 ). At the same time, gonocytes lose expression of 
stage specifi c embryonic antigen 1 (SSEA-1), which is expressed by PGCs and 
begin to express the germ cell nuclear antigen 1 (GCNA-1), an antigen of unknown 
function. The gonocytes also lose adhesiveness to fi bronectin and laminin (De 
Felici and Dolci  1989 ; Donovan and de Miguel  2004 ). 

 The  gonocytes   enter the mitotic arrest that persists until a few days after birth 
when mitotic activity resumes in these cells (McLaren  2003 ). In the adult testis, 
c-Kit is re-expressed in differentiating spermatogonia, but not in SSCs (Ohta et al. 
 2000 ; Schrans-Stassen et al.  1999 ). 

  Retinoic acid   and other agents inducing spermatogonial differentiation, such as 
BMP4, stimulate c-Kit expression in undifferentiated spermatogonia (Pellegrini 
et al.  2003 ; Zhou et al.  2008a ). The  SCF  , expressed by Sertoli cells, stimulates pro-
liferation of type A spermatogonia (Dolci et al.  2001 ), but, together with retinoic 
acid it is also important for triggering meiotic entry of type B spermatogonia (Rossi 
et al.  2008 ). Indeed, a point mutation in the  Kit  gene does not cause any signifi cant 
reduction in PGC number during embryonic development, or in SSC populations, 
but males are completely sterile for a block in the initial stages of spermatogenesis 
(Blume-Jensen et al.  2000 ; Kissel et al.  2000 ). 

 Furthermore,  germ cell development   involves epigenetic regulation of chroma-
tin modifi cations and DNA methylation. The inheritance of the epigenetic modifi -
cations is reprogrammed in germ cells, but is relatively faithful in somatic cells. In 
mice, at embryonic day 7 when PGC specifi cation occurs, levels of genome wide 
DNA methylation, histone H3 lysine-9 di-methylation (H3K9me2) and lysine-27 
tri-methylation (H3K27me3) are similar to those in surrounding somatic cells 
(Seki et al.  2005 ). Immediately after their fate determination, the established PGCs 
undergo extensive erasure of genome-wide H3K9me2 and DNA methylation, two 
major repressive epigenetic modifi cations, and instead acquire high levels of 
H3K27me3 during their migration to genital ridges (Ohinata et al.  2006 ; Schaefer 
et al.  2007 ). Once arriving at the genital ridge at embryonic day 11.5 in mice and 
by the fi fth week of human development, PGCs undergo erasure and re-establish-
ment of parental imprints during male and female gametogenesis before being 
passed to the next generation. Re-establishment occurs only after sex determina-
tion has been initiated, for review see (Saitou et al.  2012 ). This is a critical point 
where the development of male and female germ cells goes differently. Under the 
infl uence of retinoic acid, produced by developing mesonephros, female germ 
cells enter meiosis. However, in the developing testis Cyp26b1, a retinoic acid-
degrading enzyme expressed by Sertoli cells, prevents the meiosis in male germ 
cells. As found in  Cyp26b1  knockout mouse embryos, germ cells enter meiosis 
precociously (Bowles et al.  2006 ). Methylation of paternally imprinted genes is 
established in gonocytes up to the newborn. The newly established methylation 
imprints in gonocytes are then maintained through meiosis and passed  to   mature 
spermatozoa (Kato et al.  2007 ).  
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4.2.3     Classifi cation of SSCs 

  In the mature mammalian testis, different  germ   cell types can be discriminated  in 
vivo.  Spermatogonia can be classifi ed into different subtypes based on different 
morphologies. In the mouse, single type A spermatogonia are denoted as A single  (A s ), 
the most primitive cells located directly at the basal membrane of seminiferous 
tubules. Their percentage in the testis amounts to about 0.02–0.03 % of all germ 
cells (Tegelenbosch and de Rooij  1993 ). Through symmetrical division either two 
daughter A s  cells or two A paired  (A pr , two cell cysts) spermatogonia arise out of one 
mother A s  cell (Dym and Fawcett  1971 ; Greenbaum et al.  2006 ). A pr  spermatogonia 
are connected through a cytoplasmic bridge. They can divide furthermore and gen-
erate up to 32 jointly connected spermatogonia of the subtype A aligned  (A al , 4, 8, or 16 
cell clusters) (de Rooij  2001 ). Further differentiation is orientated from the basal 
membrane of the seminiferous tubule towards the lumen. A al  spermatogonia dif-
ferentiate into A 1 , which subsequently go through six synchronous mitoses generat-
ing A 2 , A 3 , A 4 , intermediate (IN) and B spermatogonia and spermatocytes. The 
spermatocytes further undergo meiosis and continue differentiation into spermatids 
and mature spermatozoa (de Rooij  2001 ). This linear model proposed in 1971 by 
Huckins ( 1971 ) and Oakberg ( 1971 ) suggests that stem cell capacity resides within 
A s  cells, whereas other A-type spermatogonia represent transit-amplifying progeni-
tors, which divide uni-directionally to generate longer cysts (Fig.  4.1b ). The sim-
plicity of the linear model has led it to be widely accepted, despite claims that early 
cysts could reverse their paths and even replenish stem cells after tissue damage 
(Dym and Clermont  1970 ). However, the transplant assay demonstrates that all 
A-type spermatogonia, including the A s , A pr , and A al  spermatogonia have stem cell 
potential (Orwig et al.  2008 ). Recently, Nakagawa et al. evaluated this straightfor-
ward linear model by applying the combination of lineage tracing and live imaging 
system and demonstrated that A pr  and A al  spermatogonia were not committed uni- 
directionally to differentiation but capable of reverting to A s  by fragmentation, and 
that the fate of individual spermatogonial populations was markedly altered during 
regeneration after damage (Fig.  4.1b ) (Nakagawa et al.  2010 ). 

 In humans, there is still very little known about spermatogonial self-renewal. 
Clermont identifi ed and characterized two spermatogonial subtypes of type A sper-
matogonia according to the staining pattern and the morphological characteristics of 
their nucleus nearly 50 years ago (Clermont  1963 ,  1966 ). They are referred to as 
dark type A (A dark ) and pale type A (A pale ) spermatogonia. The A dark  spermatogonia 
have a discoid nucleus containing a deeply stained dust-like chromatin and a cavity 
with a pale stained material in the central part of the nucleus. Very often one or 
more nucleoli closely to the nuclear membrane are visible. The A pale  spermatogonia 
have an ovoid or discoid nucleus containing a pale staining granulated chromatin 
and showing one or two nucleoli attached to the nuclear envelope. In the human 
testis, beginning at approximately 2 months of age, gonocytes are replaced by A dark  
and A pale  spermatogonia. According to Clermont’s model both A dark  and A pale  sper-
matogonia are the stem cells. Specifi cally, A dark  spermatogonia are the presumptive 
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reserve stem cells which represent a backup of SSCs, divide rarely but can be trig-
gered to self-renew in case of injury or disease. In contrast, the A pale  spermatogonia 
represent the active stem cell pool which can self-renew and differentiate continu-
ously to yield type B spermatogonia, which further differentiate into spermatocytes 
(Fig.  4.1d ) (Clermont  1963 ,  1966 ,  1972 ). Therefore, in humans fewer mitotic steps 
are required to obtain spermatocytes and the effi ciency of clonal expansion is much 
lower in comparison to rodents (Bustos-Obregon et al.  1975 ; Johnson  1994 ; Johnson 
et al.  1999 ,  2001 ). Although this classifi cation for human spermatogonia has been 
adopted by most researchers, the described model is challenged recently by Ehmcke 
and Schlatt, who suggest that A pale  spermatogonia could undergo additional mitotic 
divisions (Ehmcke and Schlatt  2006 ). It has been demonstrated that in primates, a 
higher mitotic turnover is required from A pale  spermatogonia whose proliferation 
increases the total number of germ cells (Ehmcke et al.  2006 ). The role of stem cells 
is therefore limited to A dark  spermatogonia, which replenish the progenitor compart-
ment (A pale  spermatogonia) in case of cytotoxic or natural depletion (Ehmcke et al. 
 2006 ). Nevertheless, up to now, very little new information is available on the true 
identity of human SSCs and on the process of their self-renewal and differentiation 
(Dym et al.  2009 ).   

4.2.4     SSC Niche 

  The term “stem cell niche” is used to describe the microenvironment in which stem 
cells are found. It interacts with stem cells to regulate the stem cell fate. A  stem cell 
niche   comprises cells, extracellular matrix components, and local soluble factors. 
The maintenance and differentiation of SSCs in the adult mammalian testis take 
place in the seminiferous epithelium. Peritubular myoid cells and Sertoli cells are 
the structural basis for the SSC niche. Peritubular myoid cells form the outer layer 
of seminiferous tubules, whereas Sertoli cells encompass and nourish the germ cells 
forming the scaffolding structure of the seminiferous tubules.  Peritubular myoid 
cells   contribute to the contractile activity of testicular tubules and maintain 
mesenchymal- epithelial interactions with Sertoli cells both by cooperation in the 
deposition of extracellular matrix elements and by secretion of paracrine agonists, 
for example, PModS ( P eritubular factor that  Mod ulates  S ertoli cell function) 
(Verhoeven et al.  2000 ). It has been reported that fi broblast growth factor (FGF) 2 
and FGF9 can mediate mesenchymal-epithelial interactions of peritubular and 
Sertoli cells in the rat testis (El Ramy et al.  2005 ). However, peritubular myoid cells 
are present in all areas of the tubule basal membrane, and do not likely determine 
the location of the SSC niche (de Rooij  2009 ). 

  Sertoli cells   play a key role in the formation of the niche for SSCs. Tight junc-
tions formed between neighboring Sertoli cells constitute a protective blood-testis 
barrier, which separates seminiferous epithelium into basal and adluminal compart-
ments. All the stages of spermatogonia before meiosis reside in the basal compart-
ment (de Rooij and Russell  2000 ; Fijak et al.  2011 ). Advanced meiotic spermatocytes 
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and all post-meiotic germ cells are located in the immune privileged adluminal 
compartment (de Rooij and Russell  2000 ; Fijak et al.  2011 ). In the absence of 
Sertoli cells, successful and complete spermatogenesis resulting in mature sperm 
has not been demonstrated in mammals. Accumulating data have shown that Sertoli 
cells provide the necessary ligands to spermatogonia, such as glial cell-derived neu-
rotrophic factor (GDNF) (Meng et al.  2000 ), SCF (Feng et al.  2000 ), FGF2 (Oatley 
and Brinster  2008 ), and the ligand of non-canonical Wnt pathway, Wnt5a (Yeh 
et al.  2011 ). These factors mediate external signals that defi ne the proliferation rate 
and survival of spermatogonia and control spermatogenesis (see below). 

 The rate of spermatogenesis is controlled by sex hormones, but it appears that 
germ cells are affected by this regulation indirectly (Walker  2011 ). Interestingly, 
transplantation experiments revealed that rat SSCs supported by mouse Sertoli cells 
were differentiating with the timing characteristic of the rat, and generated the sper-
matogenic structural pattern of the rat, demonstrating that the timing of the cell 
differentiation process of spermatogenesis was regulated by germ cells alone 
(França et al.  1998 ; Griswold  2004 ). However, somatic cells of the seminiferous 
epithelium defi ne the effi ciency of spermatogenesis and connect the process to the 
hormonal regulation. It is known that peritubular and Sertoli cells, but not germ 
cells are affected by androgens produced by Leydig cells, which reside in the inter-
stitial tissue of the testis (Fijak et al.  2011 ). The enhanced colonization of SSCs was 
observed in the testes of recipient mice treated with leuprolide which lowers testos-
terone levels (Ogawa et al.  1998 ). 

 Interestingly, small blood vessels running near the tubule wall or patches of 
Leydig cells determine the size of the niche (de Rooij  2009 ). Yoshida and col-
leagues found that undifferentiated spermatogonia (A s , A pr , and A al ) clustered along 
blood vessels and interstitium, whereas the later A 1  and A 2  divisions occurred away 
of this original position. Within the zone facing the interstitium and blood vessels, 
stem cells exhibited a further preference for the branch points of the blood vessels 
(Yoshida et al.  2007 ). It remains to be determined on what this SSC localization is 
dependent. It may be the components of the interstitial tissue that determine whether 
Sertoli cells produce factors to induce self-renewal and differentiation of SSCs. 
Furthermore, peritubular myoid cells, interstitial cells and blood-born factors may 
also have direct effects on maintenance and/or differentiation of SSCs.    

4.3     Characteristics of SSCs 

4.3.1     Marker Expression of Mouse SSCs 

 The  surface phenotype   of mouse undifferentiated spermatogonia, including SSCs is 
major histocompatibility complex (MHC) class 1 (MHC-1) −  thymus cell antigen 1 
(Thy-1) low/+  c-Kit −  β1-integrin +  α6-integrin +  αv-integrin −/dim  at all postnatal ages 
(Kubota et al.  2003 ,  2004a ; Shinohara et al.  1999 ). SSCs are also positive for cell 
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surface markers, such as Ep-CAM, CD9, GDNF receptor (GFR)α1, c-Ret receptor 
tyrosine kinase (RET), and an orphan adhesion-type G-protein-coupled receptor 
(GPR125) (Buageaw et al.  2005 ; Kubota et al.  2003 ; Naughton et al.  2006 ; Ryu 
et al.  2004 ; Seandel et al.  2007 ). Antibodies specifi c to the listed antigens allow 
enriching of SSCs by fl uorescence-activated cell sorting (FACS) or magnetic- 
activated cell sorting (MACS). A well-known cell adhesion molecule  E-cadherin   is 
also a marker of mouse SSCs. E-cadherin appearance coincided with expression of 
promyelocytic leukemia zinc fi nger (PLZF), a crucial self-renewal factor of rodent 
SSCs, and its expression was decreased in c-Kit-positive differentiating spermato-
gonia (Tokuda et al.  2007 ; Tolkunova et al.  2009 ). 

 SSCs have a common feature with other adult stem cells, the ability to exclude 
DNA binding dye Hoechst. Therefore, SSCs can be identifi ed as so-called side pop-
ulation after staining with Hoechst (Falciatori et al.  2004 ; Lassalle et al.  2004 ). 
 Hoechst effl ux   can be prevented by a specifi c inhibitor Ko143 of ATP-binding cas-
sette subfamily G member 2 (Abcg2 or Bcrp), suggesting that the ‘side population’ 
phenotype of SSCs is dependent on Abcg2 activity (Falciatori et al.  2004 ). RNA 
expression analysis demonstrated that the side population in testicular cells contains 
spermatogonial cells expressing germline stem cell markers  α6-integrin  and  Stra8  
(Lassalle et al.  2004 ). 

 Recently, Nakagawa et al. propose that the marker expression appears to be the 
better indicator of the fate of individual spermatogonia over the morphological cri-
teria.  PLZF   and E-cadherin have essentially identical expression patterns and are 
found in all A s , A pr  and A al  spermatogonia (Nakagawa et al.  2010 ) whereas GFRα1 
mostly marks A s  or A pr  spermatogonia and neurogenin (NGN)3-positive cells are 
mainly A al  (Nakagawa et al.  2010 ; Yoshida et al.  2007 ). A cytoplasmic protein 
encoded by the retinoic acid-responsive gene  Stra8 , is a specifi c marker for premei-
otic spermatogonia and their progenitors (Giuili et al.  2002 ; Guan et al.  2006 ). 
Additionally, the pluripotency factor Lin28 marks also all A s , A pr  and A al  spermato-
gonia, and Lin28-positive cells exist as two subpopulations: NGN3-negative (high 
stem cell potential) and NGN3-positive (high differentiation commitment) cells 
(Zheng et al.  2009 ). Another pluripotency factor Oct4 (POU5F1), a germline- 
specifi c transcriptional factor, is also expressed in mouse SSCs (Ko et al.  2009 ; 
Ohbo et al.  2003 ; Ohmura et al.  2004 ). Knockouts for several  transcription factors  , 
such as  TAF4b  (Falender et al.  2005 ), Ets variant gene 5 ( Etv5 ) (Tyagi et al.  2009 ) 
and  PLZF  (Buaas et al.  2004 ; Costoya et al.  2004 ) resulted in impairment of sper-
matogonial compartment and therefore appear to be crucial for spermatogenesis. 
Mice with targeted disruption of  Etv5  showed total loss of undifferentiated sper-
matogonia resulting in a Sertoli cell-only phenotype and aspermia. Sertoli cells 
from  Etv5  knockout mice revealed a signifi cant decrease in expression of several 
chemokines. Chemotaxis assays demonstrated that migration of SSCs towards 
Sertoli cells from  Etv5  knockout mice was signifi cantly decreased in comparison to 
migration towards wild-type Sertoli cells. Rescue assays using recombinant chemo-
kines indicated that C-C-motif ligand 9 (CCL9) facilitated Sertoli cell chemo- 
attraction of SSCs, which express C-C-receptor type 1 (CCR1). This study also 
revealed that there was a protein-DNA interaction between  Etv5  and CCL9, 
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 suggesting that  Etv5  might be a direct regulator of CCL9 expression (Simon et al. 
 2010 ). 

 During last 10 years many labs performed transcriptome profi ling studies in 
order to identify gene signatures characteristic for germ cells at different stages of 
development. These studies include time course of testis development during 
 embryogenesis   (Shima et al.  2004 ; Small et al.  2005 ), SSCs derived from neonatal 
testis (Hofmann et al.  2005 ), and SSCs culture  in vitro  (Carlomagno et al.  2010 ; 
Hamra et al.  2004 ; Oatley et al.  2006 ). These studies describe new genes expressed 
in the SSCs as well as operating molecular pathways. For instance, Oatley et al. and 
Hoffmann et al. have discovered genes upregulated after stimulation of SSCs with 
GDNF (see below). Interestingly, genes with maximal change in expression are 
largely not coincident in these two studies. One reason could be the use of freshly 
isolated GFRα1 +  spermatogonia in one study (Hofmann et al.  2005 ) and long-term 
cultured SSCs in another (Oatley et al.  2006 ). Another reason could be different 
culture conditions used (Caires et al.  2010 ). Therefore, new high-throughput screen-
ings, especially employing combination of enriched SSCs and long-term cultured 
germ cells from the same origin would help to identify new SSC genes and signal-
ing pathways involved in propagation and differentiation of these cells.  

4.3.2     Properties of Human SSCs 

  Studies related to the fundamental questions of SSC biology have been mostly per-
formed with mice, to a less extent with rats and pigs and very few with primates 
including humans. Interesting and challenging question is to what extent the discov-
ered mechanisms in animal models are relevant for  human   SSCs. Many studies 
showed that human and rodent spermatogonia share many but not all phenotypic 
markers (Dym et al.  2009 ). Similar to mouse SSCs, human SSCs are positive for 
CD49f (α6-integrin), GPR125, CD9, CD90 (Thy-1), GFRα1, MAGE-4, and VASA, 
and negative for CD117 (c-Kit) (He et al.  2010 ,  2012 ; Izadyar et al.  2011 ; Sadri- 
Ardekani et al.  2009 ). PLZF was found in monkey A dark /A pale  (Hermann et al.  2007 ) 
and presumably human SSCs (Dym et al.  2009 ). It might be that the PLZF function 
is conserved between rodents and primates. Strategies developed for isolation of 
mouse SSCs including morphology-based selection, laminin selection and MACS 
using cell surface markers such as CD49f, GPR125, CD9 and SSEA4 have been 
applied for the enrichment of human SSCs (Golestaneh et al.  2009b ; He et al.  2010 , 
 2012 ; Izadyar et al.  2011 ; Kossack et al.  2009 ; Lim et al.  2010 ; Mizrak et al.  2010 ; 
Sadri-Ardekani et al.  2009 ). 

 In contrast to mouse SSCs, human SSCs do not express CD29 (β1-integrin) 
(Izadyar et al.  2011 ). Oct4 is not detected in adult human spermatogonia (Looijenga 
et al.  2003 ). In addition, other rodent markers, including NGN3, RET and Stra8 
have not been studied in human spermatogonia. Further investigations to uncover 
the similarities and/or differences in spermatogonial phenotypes between humans 
and rodents are necessary.   
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4.3.3     Potential Plasticity of SSCs 

  It is well accepted that SSCs are unipotent when they are located within the testis. 
However, many studies demonstrate that mouse SSCs cultured  in vitro  acquire a 
remarkable potential plasticity once they are removed from their  in vivo  niche and 
can be reprogrammed  by   culture conditions alone into pluripotent stem cells (Guan 
et al.  2006 ; Kanatsu-Shinohara et al.  2004 ; Ko et al.  2009 ; Seandel et al.  2007 ), sug-
gesting that pluripotency is kept in the adult male germline. 

 The fi rst report on generation of germline cell-derived pluripotent stem cells can 
be traced back to 1992. When PGCs are cultured in the presence of SCF, leukemia 
inhibitory factors (LIF) and FGF2, they can become pluripotent stem cells, so called 
embryonic germ cells (EGCs) (Matsui et al.  1992 ; Resnick et al.  1992 ). They show 
similar characteristics as ESCs, which are derived from the inner cell mass of early 
blastocyst, can spontaneously differentiate into multiple cell phenotypes  in vitro , 
and form teratomas in nude mice (Matsui et al.  1992 ). In 1998, human EGCs were 
obtained from human PGCs of 5- to 11-week embryos exposed to the same growth 
factors (Shamblott et al.  1998 ). In 2004, Shinohara and colleagues showed that 
SSCs isolated from mouse neonatal testis could be reprogrammed to pluripotent 
GSCs by culture conditions. These pluripotent GSCs show a morphological pheno-
type similar to ESCs, and can be maintained  in vitro  for a long time period and dif-
ferentiated into various cell types both  in vivo  and  in vitro . Two years later, we 
demonstrated that mouse adult spermatogonia were able to be reprogrammed into 
ESC-like pluripotent GSCs (Guan et al.  2006 ). Similar to mouse ESCs, the gener-
ated pluripotent GSCs express the cell surface marker SSEA-1, and transcription 
factors Oct4, Sox2, Nanog and Rex-1 and are also positive for alkaline phosphatase 
(Guan et al.  2006 ). It is worthy to mention that reprogramming of adult spermato-
gonia into pluripotent GSCs takes place spontaneously in culture. There is neither 
the addition of oncogenes nor the use of virus systems as described for generation 
of induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka  2006 ). This 
study was then confi rmed by several groups (Izadyar et al.  2008 ; Ko et al.  2009 ; 
Seandel et al.  2007 ). Seandel et al. generated pluripotent GSCs from GPR125 posi-
tive spermatogonia (Seandel et al.  2007 ) whereas two other studies established plu-
ripotent GSC cultures from Oct-EGFP positive SSCs (Izadyar et al.  2008 ; Ko et al. 
 2009 ). Although isolation methods of SSCs differ among these studies, the gener-
ated pluripotent GSCs exhibit similar characteristics as ESCs. 

 Following these mouse studies, many efforts have been put in the human SSC 
research. Several studies reported the generation of pluripotent GSCs from human 
testis (Conrad et al.  2008 ; Golestaneh et al.  2009b ; Kossack et al.  2009 ; Mizrak 
et al.  2010 ). However, in comparison to human ESCs, these cells do not fulfi ll all 
criteria for pluripotency: (1) they show a limited potential for teratoma formation; 
(2) expression levels of pluripotency-specifi c genes such as  OCT4, NANOG  and 
 SOX2  in generated human pluripotent GSCs are much lower than that in human 
ESCs; and (3) the promoters of  OCT4  and  NANOG  genes are only partially demeth-
ylated compared to human ESCs. The possible explanation could be that the cells 
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have not been completely reprogrammed to the pluripotent state under the condi-
tions used in those studies. Moreover, the cellular origin of these GSC cultures has 
been questioned. In all of these studies, the isolated cells were not analyzed for the 
expression of testicular somatic cell-specifi c genes to rule out the presence of other 
cell types, and the markers used for characterization of the isolated cells are not 
specifi c for human SSCs (Dym et al.  2009 ). It was demonstrated that the global 
gene expression profi le in one of the reported human pluripotent GSC cultures was 
similar to that of human testicular fi broblasts but not to human SSCs (Ko et al. 
 2010 ; Tapia et al.  2011 ). The article published in Nature (Conrad et al.  2008 ) was 
retracted in 2014 due to that “the level of proof of pluripotency shown is not in line 
with regular criteria for such papers in Nature”. Notably, GPR125 was also used for 
isolation of human SSCs (He et al.  2010 ). However, conversion of human GPR125- 
postive cells into pluripotent GSCs has not been reported. 

 Addition to SSCs giving rise to pluripotent GSCs spontaneously in culture, SSCs 
were reported to be able to directly transdifferentiate in  vivo  into somatic cell types 
including prostatic, uterine, and skin epithelium when they were recombined with 
the appropriate mesenchyme (Simon et al.  2009 ). Two other studies showed that 
SSCs were able to alter their cell fate  in vivo  upon interaction with the mammary 
gland microenvironment (Boulanger et al.  2007 ) or after injection into the bone 
marrow (Ning et al.  2010 ). Further studies are necessary to understand the molecu-
lar mechanism involved in the transdifferentiation process of SSCs (Cooke et al. 
 2015 ).   

4.3.4     SSC Culture Conditions 

 Development of  conditions   for the long-term cultivation of SSCs  in vitro  is impor-
tant to study the fundamental questions concerning the spermatogonial lineage and 
to make the use of these cells a valid clinical option. For the establishment of SSC 
culture  in vitro  the layer of feeder cells and appropriate medium containing all nec-
essary supplements and growth factors are required. Initially, there were studies 
using Sertoli cell lines as feeder cells (Hamra et al.  2004 ). However, the mainte-
nance of mouse SSCs was also achieved with mouse embryonic fi broblasts (MEFs) 
primarily derived from day 13.5 embryos (Guan et al.  2009 ). The concentration of 
feeder cells with 20–50 × 10 3  cells per cm 2  on the plate is an important point for suc-
cessful establishment of SSC cultures. Whereas mouse SSCs can be cultured in the 
presence of fetal calf serum, the establishment of long-term culture of rat SSCs 
requires serum-free chemically defi ned culture medium (Wu et al.  2009b ). Previous 
studies show that SSCs cultivated in this serum-free medium allows propagation of 
rat SSCs  in vitro  and ensures the maintenance of potential of cultured SSCs to 
restore spermatogenesis after transplantation (Wu et al.  2009b ). Presumably this 
protocol with slight modifi cations might be used for cultivation of SSCs from other 
species. 
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 Although intense interest and subsequent research surrounds the regenerative 
potential of human SSCs, only until recently two studies report the  in vitro  long- 
term propagation of human SSCs isolated from patients undergoing orchiectomy 
for treatment of prostate cancer for up to 15 weeks (Sadri-Ardekani et al.  2009 ), and 
from testicular tissues of patients with obstructive or non-obstructive azoospermia 
for more than 6 months (Lim et al.  2010 ). However, both studies demonstrate that 
human SSCs proliferate rather slowly, which may limit their clinical applications. 
Of note, human and rodent spermatogonia share many but not all phenotypic mark-
ers, and the cultivation of SSCs from both species needs application of GDNF and 
FGF2. This indicates that some common molecular mechanisms controlling self- 
renewal of SSCs may exist in both rodents and humans. Future research on optimi-
zation of culture conditions for human SSCs needs to test new factors known for 
regulating self-renewal of mouse SSCs (see below). However, one needs to keep in 
mind that characteristics of human SSCs also differ from rodent SSCs  in vivo  in 
some extent suggesting that the establishment of human SSC culture might also 
need additional factors, which are not essential for rodent SSCs.   

4.4     Signaling Pathways Involved in Self-Renewal of SSCs 

 The continual production of mature spermatozoa throughout the whole lifespan of 
the organism requires the maintenance of stem cells capable of self-renewal and 
differentiation. In the next part of the review we focus on the most recent fi ndings 
regarding signaling events controlling self-renewal of SSCs. 

4.4.1     Regulation of Self-Renewal by GDNF and FGF2 

  GDNF is provided to SSCs by Sertoli cells and acts through a receptor heterodimer 
of RET and GFRα1 to promote SSC self-renewal  and   maintenance (Fig.  4.2 ) 
(Naughton et al.  2006 ). Mutant mice with one null  GDNF  allele underwent SSC 
depletion, whereas transgenic males overexpressing GDNF accumulated undiffer-
entiated spermatogonia in the testis (Meng et al.  2000 ). Multiple signaling pathways 
are induced by GDNF via its interaction with RET (for interests, please also see 
review (Caires et al.  2010 )). GDNF is shown to activate the Src family kinase (SFK) 
and PI3K/Akt pathways. Cultivation of SSCs with pharmacological inhibitors of 
these kinases followed by transplantation analysis shows impairment of SSC main-
tenance  in vitro  (Oatley et al.  2007 ). It has been shown that, through the SFK signal-
ing pathway, stimulation of SSCs with GDNF results in upregulation of  bcl6b ,  etv5  
and  lhx1  whereas the expression of these genes is decreased in the absence of GDNF 
(Oatley et al.  2007 ). The expression of  bcl6b ,  etv5  and  lhx1  is also identifi ed in 
undifferentiated spermatogonia  in vivo , and knockdown of these genes by small 
interfering RNAs reveals that all of them are essential for SSC maintenance  in vitro  
(Oatley et al.  2007 ).
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   In addition, GDNF can activate the canonical RAS/ERK1/2 pathway, which 
results in phosphorylation and activation of transcription factors such as CREB1, 
ATF1, CREM and c-FOS (He et al.  2008 ). He and colleagues also demonstrated that 
 ERK 1/2  ( MAPK 1/3 ) was up-regulated in isolated human SSCs when cultured for 
2 weeks in media containing GDNF, and phosphorylated ERK1/2 was increased in 
cultured cells compared to freshly isolated cells (Fig.  4.2 ) (He et al.  2010 ). It appears 
that the GDNF role is conserved between rodents and humans since GDNF allowed 
obtaining a short-term culture of presumable human SSCs (He et al.  2012 ). 

 The establishment of long-term culture of SSCs requires the application of not 
only GDNF but also FGF2 in culture medium. It has been discovered that  bcl6b , 
 etv5  and  lhx1  are also induced by FGF2 via the MEK pathway (Ishii et al.  2012 ). 
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  Fig. 4.2    GDNF mediated signaling pathways involved in self-renewal of SSCs. Briefl y, GDNF is 
the most important factor for self-renewal of SSCs. It operates mainly through SFK and PI3K/Akt 
pathways controlling the expression of essential SSC genes (such as  Etv5 ,  Bcl6b , and  Lhx1 ). In 
addition, GDNF can activate the canonical RAS/ERK1/2 pathway, which results in phosphoryla-
tion and activation of transcription factors such as CREB and c-FOS. Akt plays a controversial role 
in self-renewal of SSCs: on one hand it promotes self-renewal and inhibits apoptosis, on the other 
hand it phosphorylates and inactivates another important SSC factor, FOXO1. Additionally, PI3K/
Akt might be also involved in activation of mTORC1 complex. PLZF counteracts excessive 
mTORC1 activity by controlling the expression of mTORC1 inhibitor Redd1. It is suggested that 
PI3K/Akt signaling must be carefully titrated  in vivo  to maintain SSC self-renewal and differentia-
tion and that the Foxos and mTORC1 are pivotal intermediaries of this balance       
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 In another study, Akt kinase is rapidly phosphorylated in SSCs when GDNF is 
added to the medium, and the small-molecule inhibitor of PI3K prevents SSC self- 
renewal. Furthermore, conditional activation of the myristoylated form of Akt in 
SSCs promotes their proliferation in the absence of GDNF (Lee et al.  2007 ). Later 
studies point to a strictly controlled activity of PI3K/Akt pathway in spermatogonia, 
which is in part explained by the function of downstream targets, such as FOXO 
family of transcription factors (Goertz et al.  2011 ; Salih and Brunet  2008 ). FOXO 
proteins are well known to regulate cellular growth and organismal longevity induc-
ing a variety of cellular responses including cell-cycle arrest and cell death. FOXO1, 
FOXO3 and FOXO4 may be regulated by Akt-dependent phosphorylation, leading 
to their functional inactivation by the export from the nucleus (Salih and Brunet 
 2008 ). It was found that FOXO1 was expressed in gonocytes and spermatogonia. 
During fi rst week of postnatal development FOXO1 changed the subcellular local-
ization from cytoplasmic in gonocytes to nuclear in spermatogonia. Conditional 
ablation of FOXO1 in germ cells did not affect the formation of gonocytes, whereas 
the amount of spermatogonia and more differentiated germ cells was diminished. 
The triple knockout of  FOXOs 1 ,  3 , and  4  resulted in even fewer germ cells suggest-
ing a partial functional redundancy in the FOXO family. Microarray analysis 
revealed that expression of  RET  gene was diminished after Cre-mediated ablation of 
 FOXO1  in germ cells, thereby explaining, in part, the role of FOXO1 in spermato-
gonia (Goertz et al.  2011 ). Taken together, the data suggest that PI3K-Akt signaling 
must be carefully titrated in vivo to maintain SSC self-renewal and differentiation 
and argue that the Foxos are pivotal intermediaries of this balance (Fig.  4.2 ). 

 It was found that functional inactivation of PI3K catalytic subunit in mice was 
detrimental for expansion of differentiating spermatogonia. Knock-in mice bearing 
a catalytically inactive subunit of p110β K805R demonstrated a decreased amount 
of differentiated germ cells in the male. These knock-in mice did not reveal any 
impairment in the development of SSCs during postnatal development, and SSCs 
were also unaffected in adult animals. Moreover, GDNF induced Akt phosphoryla-
tion and proliferation in cultured SSCs was not affected by TGX221, a specifi c 
pharmacological inhibitor of p110β PI3K subunit, but decreased after the treatment 
with a less selective PI3K inhibitor PIK75 (mainly inhibiting p110α subunit). Thus, 
presumably p110α is the main PI3K isoform activated by GDNF. Most strikingly, 
spermatogonia derived from testis of knockout mice failed to respond to SCF stimu-
lation. Therefore, it appears that PI3K subunit p110β is necessary for c-Kit- mediated 
induction of proliferation and differentiation of spermatogonia (Ciraolo et al.  2010 ).   

4.4.2     Self-Renewal of SSCs Regulated by the mTORC1-PLZF 
Interaction 

  As discussed above, the PLZF protein expression  was   observed in both human and 
mouse undifferentiated spermatogonia (Hermann et al.  2007 ; Nakagawa et al. 
 2010 ). A nonsense mutation in PLZF encoded by  zfp145  gene has been determined 
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in luxoid mutant mouse, which was previously found to be male infertile. Luxoid 
mice demonstrate a progressive loss of germ cells in the seminiferous tubules with 
the age. Phenotype similar to luxoid has been found in mice after targeting in the 
 zfp145  gene locus, the gonocyte numbers were not decreased but germ cells were 
eliminating with age and amount of sperm was decreased dramatically (Costoya 
et al.  2004 ). These suggest that although dispensable for germ cell development in 
embryogenesis and postnatal period, PLZF becomes important for the maintenance 
of SSC population in the testis. A recent work uncovered one of the functions of 
PLZF in SSCs. It turns out that SSCs lacking PLZF have enhanced activity of 
molecular target of rapamycin complex 1 (mTORC1), a key mediator of cell growth. 
PLZF opposes mTORC1 activity by inducing expression of the mTORC1 inhibitor 
Redd1 (Fig.  4.2 ). Increased mTORC1 activation in  PLZF   −/−   SSCs inhibits their 
response to GDNF via negative feedback at the level of the GDNF receptors, 
GFRα1 and c-RET. The data also show that P LZF   −/−   SSCs have increased cell size 
compared to control, however, this change can be prevented by rapamycin, a small 
molecule inhibitor of mTORC1 complex. Furthermore, inhibition of mTORC1 via 
rapamycin attenuates  PLZF   −/−   SSC defects and enhances wild-type SSC activity. 
The authors suggest that the mTORC1-PLZF functional interaction is a critical 
rheostat for maintenance of the spermatogonial pool and negative feedback from 
mTORC1 to the GDNF receptor balances SSC growth with self-renewal (Fig.  4.2 ) 
(Hobbs et al.  2010 ).   

4.4.3     SSC Self-Renewal Controlled by  Wnt Signaling   

 Wnts and their receptors  Frizzleds (Fzds)   are expressed in mouse spermatogonia 
(Golestaneh et al.  2009a ). High expression of  Fzd3  was found in GFRα1-positive 
SSCs while only a very low expression of  Fzd  was found in the c-Kit-positive dif-
ferentiating spermatogonial cells. Wnt3a and Wnt10b, activators of canonical Wnt 
signaling, increased cell proliferation in primary mouse SSC culture (Golestaneh 
et al.  2009a ). However, study of Yeh and co-authors suggests that canonical Wnt 
signaling would rather promote differentiating spermatogonia than true SSCs. They 
showed that non-canonical Wnt5a supported self-renewal of mouse SSCs in a 
β-catenin-independent manner (Yeh et al.  2011 ). Wnt5a expression was restricted 
to Sertoli cells in the mouse testis and potential Wnt5a receptors Fzd5, Fzd7 and 
ROR2 were detected at the cell surface of SSCs. The inhibition of β-catenin signal-
ing via application of Dickkopf-1 (Dkk1), which specifi cally blocks β-catenin sig-
naling by binding to LRP5/6, did not affect SSC activity. However, secreted 
frizzled-related protein 1 (sFRP1), which inhibits both β-catenin-dependent and 
-independent signaling by binding Wnt ligands, led to a dose-dependent reduction 
of SSC activity. Wnt5a promoted SSC maintenance by supporting cell survival, and 
this pro-survival effect of Wnt5a was abolished by the inhibition of c-Jun N-terminal 
kinase (JNK) signaling. In addition, Wnt5a signifi cantly increased JNK-  P  levels. 
Moreover, cells with activated β-catenin signaling had lost SSC function suggesting 
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that canonical Wnt pathway might be activated during early differentiation of SSCs. 
Therefore Wnt5a can be considered as a new member besides other SSC niche fac-
tors, such as GDNF and FGF2 (Yeh et al.  2011 ).  

4.4.4     Integrins 

  Integrin  -mediated cell adhesion to extracellular matrix plays an important role in 
regulating stem cell function and maintenance. In particular, integrins help defi ne 
and shape the stem cell niche (Ellis and Tanentzapf  2010 ). SSCs reside at the basal 
membrane of seminiferous tubules, and are capable to bind to laminin. This feature 
is used for isolation of SSCs from testicular cells of mice (Guan et al.  2009 ) and rats 
(Hamra et al.  2008 ) suggesting that SSCs have a set of receptors for extracellular 
matrix. α6-integrin has been identifi ed as cell surface marker of both rodent (Kubota 
et al.  2003 ; Ryu et al.  2004 ) and human SSCs (He et al.  2012 ). β1-integrin was 
discovered to be important for a proper homing of SSCs to the basal membrane of 
the seminiferous tubules after SSC transplantation (de Rooij et al.  2008 ; Kanatsu- 
Shinohara et al.  2008 ). Ablation of β1-integrin in SSCs infl uences their ability to 
colonize the recipient testis  in vivo  and to bind to laminin  in vitro  indicating that 
β1-integrin plays an important role in SSC function.   

4.5     Differentiation Capacities and Their Progenitors 

4.5.1     Differentiation Capacities of SSCs In Vivo and In Vitro 

  Previous studies showed that mouse SSCs were able to repopulate the seminiferous 
tubules 2 months after they were injected into the germ cell-depleted testis (Brinster 
and Zimmermann  1994 ). In this study, male mice were treated with the alkylating 
antineoplastic agent busulfan, which destroys SSCs and thus leads to a disruption  of 
  spermatogenesis. Testes of busulfan treated mice usually do not contain mature 
spermatozoa or even spermatogonia. After injection of SSCs from transgene  lacZ  
(β-Galactosidase gene) donor mice into busulfan treated recipient mice functional 
spermatogenesis could be observed. Because the donor cells carried a transgene that 
produced β-Galactosidase in spermatids, these cells were identifi ed by a blue stain-
ing after X-Gal (5-bromo-4-chloro-indolyl-β-D-galactopyranoside) treatment. The 
organization of the spermatogenic stages within the seminiferous tubules was nor-
mal and mature spermatozoa were produced. These data suggest that the SSCs are 
able to colonize the seminiferous tubules of infertile mice and subsequently undergo 
self-renewal division to support spermatogenesis. The repopulation capacity was 
also proved for SSCs derived from the rat (Hamra et al.  2002 ). Human SSCs were 
found as singlet or doublets on the seminiferous tubule basement membrane 3–6 
months after transplantation to testes of immunodefi cient mice. These results 
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indicate that human spermatogonia home to the basement membrane of the mouse 
recipient seminiferous tubule and are maintained as germ cells, but are unable to 
differentiate (Nagano et al.  2002 ; Wu et al.  2009a ). Interestingly, when human sper-
matogonia were injected together with human testicular somatic cells, the greater 
number of singlet and doublets, the larger groups of human germ cells, and particu-
larly the presence of dividing germ cells could be observed in mouse seminiferous 
tubules. These data indicate that human testicular somatic cells enhance the ability 
of human spermatogonia to colonize the mouse seminiferous tubule (Wu et al. 
 2009a ). The ability of human SSCs to restore spermatogenesis would be the founda-
tion for the treatment of men infertility. 

 In spite of the ability to differentiate  in vivo  in the testis, the complete process of 
spermatogenesis has not been achieved from SSCs under  in vitro  cell culture condi-
tions.  In vitro  differentiation of SSCs and the use of  in vitro  derived male haploid 
gametes for intracytoplasmic sperm injection could be an option to restore fertility. 
The most advanced differentiation has been achieved using mouse SSCs. Treatment 
of mouse SSCs with SCF induced the formation of spermatocytes after 1 week. The 
latest differentiation stage observed was round spermatids, which appeared in cul-
ture after 3 weeks of SCF treatment (Feng et al.  2002 ). However, the study has not 
been repeated by another group or used to study signaling during differentiation of 
germ cells. One reason might be that cells used in this study were immortalized by 
overexpression of TERT (telomerase reverse transcriptase) and could be therefore 
different from primary SSCs (Feng et al.  2002 ). 

 It is worth to mention that there is only a minor percent of SSCs bearing self- 
renewal and capable of testis colonization under  in vitro  optimal culture conditions. 
Under the established culture conditions, SSCs consistently give rise to both new 
SSCs and differentiating progeny. The differentiating progeny have lost stemness 
and unlimited self-renewal capacity, but have developed functional intercellular 
bridges. Twin daughter cells of single SSCs often undergo self-renewal and differ-
entiation side by side even though they have been exposed to virtually identical 
microenvironments. Moreover, quantitative experimental measurements and math-
ematical modeling indicate that fate decision is stochastic, with constant probability 
(Wu et al.  2009c ). Therefore, SSCs seem to have an in-built program of self-renewal 
and differentiation, and probably the extent of survival of differentiating cells might 
be affected by external factors. 

 Previous studies showed that BMP4 induced the expression of early differentia-
tion factor c-Kit in rat SSCs (Carlomagno et al.  2010 ). Vitamin A derivatives, such 
as retinoic acid are absolutely essential for the initiation of meiosis in germ cells in 
the testis. Mice and rats subjected to vitamin A defi cient diet for several weeks 
become infertile and contain no mature germ cells in the testis. The injection of reti-
nol induced the synchronous onset of spermatogenesis (van Pelt and de Rooij 
 1990a ,  b ).  Stra8  gene is one of the targets of retinoic acid signaling, and is essential 
for meiosis in male and female germ cells (Anderson et al.  2008 ; Mark et al.  2008 ). 
Expression of Stra8 and c-Kit was induced in spermatogonia both  in vivo  and  in 
vitro  (Zhou et al.  2008a ,  b ). Therefore, retinoic acid might be an essential compo-
nent for  in vitro  differentiation of SSCs. Future works should test whether treatment 
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of SSCs with retinoic acid and other factors mentioned above can induce the initia-
tion of meiosis  in vitro , and should identify the specifi c factors required for a more 
effi cient and complete  in vitro  spermatogenesis. Moreover, culture medium sup-
porting the survival of spermatocytes and spermatids needs to be developed.   

4.5.2     Differentiation of Pluripotent GSCs In Vitro 

  Pluripotent GSCs, similar to ESCs are able to spontaneously differentiate into 
derivatives of all three embryonic germ layers when they  are   removed from feeder 
cells (Cheng et al.  2012 ; Fagoonee et al.  2010 ; Guan et al.  2006 ,  2007 ; Streckfuss- 
Bomeke et al.  2009 ,  2014 ). We show that cardiomyocytes derived from pluripotent 
GSCs express cardiac-specifi c L-type Ca 2+  channels and respond to Ca 2+  channel- 
modulating drugs. Four different types of action potentials characteristic of pace-
maker-, ventricle-, atrial- and Purkinje-like cardiomyocytes are observed. The 
cardiomyocytes derived from pluripotent GSCs also exhibit functional gap junc-
tions as well as an intact calcium cycling (Guan et al.  2007 ). Pluripotent GSCs can 
also be differentiated into Flk1 +  cells, which are multipotent cardiovascular pro-
genitors expressing Isl-1, Nkx2.5 and brachyury, and able to further differentiate 
into functional cardiomyocytes as well as functional endothelial cells (Cheng et al. 
 2012 ). These data indicate that GSC-derived cardiovascular progenitors as well as 
functional cardiomyocytes and endothelial cells may provide a useful source of 
cardiovascular cells for studying basic mechanisms of cardiogenesis and vasculo-
genesis and for cardiovascular regeneration. 

 Besides functional cardiomyocytes, mouse pluripotent GSCs can differentiate 
into neural progenitors under specifi c culture conditions, which can further differ-
entiate into functional neurons (GABAergic, glutamatergic, serotonergic, and dopa-
minergic neurons) and glial cells (astrocytes and oligodendrocytes). 
Electrophysiological recordings of passive and active membrane properties and 
postsynaptic currents demonstrate the maturation of neural precursor cells into 
functional neurons and glial cells (Streckfuss-Bomeke et al.  2009 ). Therefore, plu-
ripotent GSC-derived neural precursors and functional neurons and glial cells con-
stitute a promising cell source for the treatment of many different nervous system 
disorders. 

 Several groups have reported that metabolically active hepatocytes can be 
derived from pluripotent GSCs  in vitro , which are capable of albumin and haptoglo-
bin secretion, urea synthesis, glycogen storage, and indocyanine green uptake 
(Fagoonee et al.  2010 ; Streckfuss-Bomeke et al.  2014 ). The pluripotent GSC- 
derived hepatocytes were found to be closer to fetal hepatocytes than adult hepato-
cytes (Fagoonee et al.  2010 ; Streckfuss-Bomeke et al.  2014 ). The functional 
hepatocytes may be a useful cell source for liver regeneration.    
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4.6     Potential Applications for Therapies 

4.6.1     Therapeutic Application of SSCs in Male Infertility 

   Male infertility   can be caused by genetic defects of the endocrine system, by defects 
in the development of the urogenital system or by defects in gametogenesis, crypt-
orchidism or erectile dysfunction. In addition, there are also secondary or acquired 
causes of infertility due to tubal disease or exposure to gonadotoxins from the envi-
ronment (Matzuk and Lamb  2008 ). Among these causes, testicular cancer and the 
effect of radiotherapy or chemotherapy used in cancer treatment can also result in 
male infertility. In the testis, SSCs and differentiating spermatogonia divide most 
actively and are therefore extremely sensitive towards cytotoxic agents (Meistrich 
 1993 ). In contrast, Leydig and Sertoli cells can survive most cytotoxic therapies and 
may sustain a functional damage because of lower proliferation rate in adults. After 
cytotoxic therapies, seminiferous tubules contain only Sertoli cells, whereas germ 
cells appear to be absent (Shetty and Meistrich  2005 ). This could be the result of the 
deletion of SSCs and/or the loss of the ability of the remaining Sertoli cells to sup-
port the self-renewal and differentiation of a few surviving SSCs. At lower doses of 
cytotoxic agents recovery of spermatogenesis can be observed several months after 
termination of the treatment. At higher doses, however, azoospermia can be pro-
longed or even permanent. Adult male cancer patients have the ability of cryo-
preservation of their semen prior to chemo- or radiotherapy. This allows them to 
have children by artifi cial insemination after successful cancer treatment. However, 
prepubertal boys treated with high-dose chemotherapy, total body irradiation and/or 
irradiation involving the genital region cannot benefi t from this approach since sper-
matogenesis at that age is not yet completed. At present, the only option for fertility 
preservation could be SSC preservation. Therefore, it is necessary to take a biopsy 
of testis tissue before chemo- or radiotherapy (Fig.  4.3 ). The establishment of isola-
tion and long-term cultivation of human SSCs  in vitro , and cryopreservation of 
these cells provides the opportunity for clinical applications with regard to the treat-
ment of male infertility. After successful cancer treatment the cultivated SSCs could 
be transplanted back into the seminiferous tubules of the patient (Geens et al.  2008 ). 
Autologous intra-testicular transplantation of SSCs is a hypothetical option that is 
currently thoroughly studied by a few research groups, mainly in rodent models. 
Already in 1994, Brinster and Zimmermann (Brinster and Zimmermann  1994 ) 
could show that successful restoration of spermatogenesis occurs in infertile mice 
after injection of SSCs into seminiferous tubules. The transplantation of SSCs has 
been shown to produce live offspring in mice (Goossens et al.  2003 ,  2006 ). The suc-
cess of these transplantation experiments in rodents suggests therapeutic potential 
for the patients. However, some safety concerns related to this technique should be 
taken into consideration, the risk of transmitting tumor cells back to the patient and 
other aspects of the procedure, like germ cell retrieval, cell sorting and preservation, 
still need to be optimized prior to clinical applications in men. 
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4.6.2        Therapeutic Applications of Pluripotent GSCs 

  As mentioned above, mouse SSCs can be converted into  pluripotent GSCs    in vitro  
under defi ned culture conditions. Two characteristics of pluripotent stem cells make 
them interesting for regenerative medicine: their high proliferation rate and their 
ability to differentiate into all different cell types of the body. The establishment of 
protocols for a directed differentiation of pluripotent stem cells allows the produc-
tion of any somatic cell type which is needed. The main focus of stem cell research 
has been on cell therapy for pathological conditions with no current methods of 
treatment, such as neurodegenerative diseases, heart attacks, retinal dysfunction and 
lung and liver diseases. The idea is to replace diseased or damaged tissue by using 
the desired cells derived from pluripotent stem cells. The overall aim is to develop 
methods of application either of pure cell populations or of whole tissue parts to the 
diseased organ. Transplantation of Flk1 +  cardiovascular progenitors derived from 
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  Fig. 4.3    Potential application of SSCs in treatment of infertility after chemo-/radiotherapy in 
patients with testicular cancer and potential application of SSC-derived pluripotent GSCs in regen-
erative medicine.  SSCs  spermatogonial stem cells,  GSCs  germline stem cells       
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mouse pluripotent GSCs directly into the ischemic heart of mouse resulted in the 
improvement of cardiac function by promoting angiogenesis and postponing host 
cell death (Iwasa et al.  2010 ). Although mouse pluripotent GSCs can differentiate 
into functional neurons, glial cells as well as hepatocytes, the  in vivo  colonization 
capacity of hepatocytes in mouse models of liver diseases, or regeneration potential 
of functional neurons in the damaged brain remains to be demonstrated. These 
mouse  in vitro  and  in vivo  studies pave the way for therapeutic application of plu-
ripotent GSCs; however, up to now there are no evidences showing that so far 
generated human pluripotent GSCs are able to differentiate into functional cardio-
myocytes, neurons, or hepatocytes. The drawback of so far generated human plu-
ripotent GSCs is that they may be not truly pluripotent and thus their differentiation 
potential is limited. Therefore, development of a culture system for establishing 
truly pluripotent human GSCs is of paramount importance. Optimizing culture con-
ditions by application of small molecules may facilitate the generation of human 
pluripotent GSCs (Zhu et al.  2011 ). 

 With regard to clinical applications, the use of patient-specifi c stem cells, such as 
human pluripotent GSCs, for autologous stem cell-based therapies avoids immuno-
logical and ethical problems related to human ESCs. SSCs could be obtained from 
testis biopsies, cultivated  in vitro  and converted into pluripotent stem cells (Fig.  4.3 ). 
These cells can then be differentiated into somatic cells and transplanted back into 
the patient. Thus, the risk of immunological rejection is reduced onto a minimum 
and the patient may not be dependent on immune suppressant drugs. 

 So far, many studies using human pluripotent ESCs in organ regeneration have 
been performed and discussed, for interests and more details, please see reviews 
(Kung and Forbes  2009 ; Ronaghi et al.  2010 ; Shiba et al.  2009 ; Varanou et al. 
 2008 ). The fi rst FDA approval (  http://www.fda.gov    ) for the preclinical usage of 
differentiated human ESCs for the treatment of spinal cord injury makes human 
ESCs a very attractive source for clinical applications. However, in August 2009, 
the FDA put a clinical hold on human ESC clinical trials because further character-
ization of differentiated cells and more nonclinical trials/applications of human 
ESC-derived neural cells into animal models are requested (Ronaghi et al.  2010 ).    

4.7     Conclusions and Future Development in Research 

 SSCs constitute one of the most important stem cell systems in the adult body. SSCs 
are unipotent and respond for spermatogenesis in the male as they can only differ-
entiate into sperms within the testicular niche. Methods for isolation and cultivation 
of SSCs from the rodent testis have been well established. Rodent SSCs can be 
expanded  in vitro  for a long term without loss of their properties. Only recently 
some studies report that human SSCs can be isolated from adult testis biopsies and 
propagated  in vitro . This provides the opportunity to develop therapeutic strategies 
and re-initiate spermatogenesis for the patients who become infertile after cancer 
therapy. 
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 Since pluripotent stem cells can be generated from PGCs, neonatal and adult 
SSCs, we believe that the pluripotency is maintained in the male germline. SSCs 
can be spontaneously reprogrammed into pluripotent GSCs when they are removed 
from their  in vivo  niche and cultured  in vitro  under specifi c conditions. The advan-
tage of pluripotent GSCs over iPSCs is that the conversion of SSCs into pluripotent 
GSCs does not require addition of genes using the virus system, which may avoid 
unpredictable genetic dysfunction. This makes them a safer cell source for autolo-
gous transplantation than iPSCs. In addition, this may also circumvent the ethical 
and immunological problems associated with human ESCs. Future works should 
focus on optimizing protocols for isolation and long-term culture of human SSCs as 
well as establishing culture conditions for generation of pluripotent GSCs fulfi lling 
all criteria for pluripotency. In addition, it is of paramount importance to identify 
the cell type in the testis that is capable of the conversion into the pluripotent stem 
cells, presumably it is the human SSCs, but this needs to be determined. 
Xenotransplantation studies might be used to confi rm the function of human SSCs 
(Hermann et al.  2010 ). This will bring the realization of personalized regenerative 
medicines closer. However, this approach is suitable only for men, the half of the 
world’s population. For women, derivation of parthenogenetic stem cells from the 
woman whose unfertilized eggs are artifi cially activated may provide another poten-
tial source for cell-based autologous transplantation therapy (Turovets et al.  2011 ). 

 Finally, successful development of pluripotent stem cell-based replacement 
strategies for various diseases needs to address three important questions: (1) how 
to generate an adequate number of cells suffi cient for active improvement of organ 
function? More intensive work to obtain a better understanding of stem cell differ-
entiation pathways and to improve differentiation protocols of pluripotent stem 
cells may help to fi nd out a solution for it. (2) How to improve the survival of trans-
planted cells in the damaged organ upon transplantation? (3) How to eliminate 
residual undifferentiated cells from differentiated cells which are destined for  in 
vivo  transplantation as these undifferentiated cells may form tumors? Moreover, the 
ideal source of stem cells for effi cient and safe cell replacement has remained a 
challenging issue that requires more investigation.     
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    Chapter 5   
 Hematopoietic Stem Cells                     

       Mary     Clarke     and     Jonathan     Frampton    

    Abstract     Hematopoietic stem cells represent the most studied and understood 
adult stem cell, and have consequently set the trends for the investigation of a wide 
array of stem cells, while their clinical use for over half a century and ever improv-
ing effi cacy encourages the view that stem cell therapy will one day be useful in the 
treatment of a whole host of diseases that involve cell loss. In this chapter we 
describe how hematopoietic stem cells can be identifi ed, isolated and characterized, 
and how important it is to be able to conduct experiments on animal models as well 
as humans, especially as studies in animals can provide the best, sometimes only, 
way to test stem cell potential and new protocols for their therapeutic use. The 
increasing possibilities for bone marrow regenerative medicine raised by the rapid 
developments in our ability to derive pluripotent stem cells from any individual are 
discussed, in particular because these are likely to be a very effective source of 
hematopoietic stem cells for all people requiring them to be replaced, as well as the 
exciting prospect that they can provide a route for the correction of inherited dis-
eases affecting the blood system.  

  Keywords     Hematopoietic stem cells   •   Bone marrow   •   Lymphoid cells   •   Myeloid 
cells   •   Classifi cation   •   Colony-forming unit   •   Differentiation   •   Antigenic phenotype   
•   Myeloproliferation   •   Anemia  

5.1       Introduction 

 The hematopoietic stem cell (HSC) represents a paradigm for much of present day 
stem cell biology and regenerative medicine. The fi rst therapeutic application of 
HSC, predating any characterization or even knowledge of its actual existence, was 
the pioneering development by E. Donnall Thomas in 1957 of bone marrow trans-
plantation (BMT) as a therapy to alleviate the consequences of radiation and 
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chemotherapy (Thomas et al.  1957 ). This ground breaking bone marrow therapy 
gave rise to the belief that tissue stem cells hold the future promise for regenerative 
medicine for numerous diseases. The strategies for characterization, purifi cation 
and bioassay of HSC have therefore been adapted for many other tissue-specifi c 
stem cells, while the drive to understand the cellular and molecular properties of 
HSC has provided a framework for studies of various embryonic and adult stem cell 
types. Comparison of the behaviour of HSC and leukemia cells was also highly 
infl uential in the origin of the concept of the cancer stem cell as the underlying 
component of many tumors, highlighting an exciting potential target for novel ther-
apies that may succeed in achieving life-long remission where traditional anti- 
cancer treatments often fail. 

 Given the extensive  history   in the use of HSC in therapeutic practice, it would be 
easy to assume that they are well understood, however research on these stem cells 
is a dynamic area, continually leading to re-evaluation of their nature and potential. 
Once believed to be a homogenous population, it has more recently emerged that 
HSC are actually not a single entity, but rather a collection of cell subtypes with 
pre-programmed differentiation and self-renewal behaviours. The nature of HSC 
varies throughout development, distinct cell types arising to provide a transient 
source of hematopoietic cells. Since it is beyond the scope of this chapter, the reader 
is referred to one of the many excellent reviews that discuss the developmental 
aspects of HSC biology (Dzierzak et al.  1998 ; Mikkola and Orkin  2006 ; Cumano 
and Godin  2007 ; Dzierzak and Speck  2008 ), and here we will concentrate on those 
HSC that have the most relevance to regenerative medicine, namely adult bone mar-
row derived cells and those HSC that can be isolated from umbilical cord blood. 

 The necessity for continual regeneration of the various  lymphoid   (B-cells, T-cells, 
natural killer cells, dendritic cells) and myeloid (red cells, platelets, monocytes and 
macrophage, dendritic cells, granulocytes) cells that constitute the hematopoietic 
system is emphasized when we consider the vast number of cells, approximately 
10 12 , arising in human bone marrow on a daily basis (Doulatov et al.  2012 ). These 
mature adult hematopoietic cells are generated through a succession of hierarchical 
steps initiating at the apex of the hematopoietic system with the HSC. The HSC gives 
rise to a series of more committed progenitors with the potential to proliferate (‘tran-
sit amplifying’ cells). Increasing cell specialization is accompanied by a gradual 
decrease in proliferation potential, resulting ultimately in the supply of terminally 
differentiated functional blood cell types that make up the lymphoid and myeloid 
compartments. Although the hematopoietic system has been extensively studied for 
several decades, it is only in the last few years that we have begun to understand 
some of the molecular mechanisms that dictate HSC function. These developments 
have been made with the help of technology enabling complex cell sorting strategies 
for the isolation of HSC at high purity and viability combined with sophisticated 
assays of stem cell function both in vitro and in vivo. The ultimate extension of cell 
sorting to provide single cells for analysis has allowed detailed descriptions of the 
cell and molecular characteristics of individual HSC, which has revealed a somewhat 
different picture of their properties than is apparent simply from studying the aver-
aged results obtained from a purifi ed population of cells. 
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 Historically, the majority of studies defi ning HSC and their differentiation poten-
tials have been conducted using the mouse as a model, while investigations of 
human HSC have trailed somewhat behind so that some of our understanding of 
them is fairly rudimentary. Apart from the fact that there is a relative dearth of use-
ful surface markers for the characterization of human HSC, the fact that the most 
meaningful indicator of stem cell activity is their ability to function in vivo as 
revealed through repopulation assays poses a particular diffi culty in human stem 
cell research. 

 In addition to increasingly refi ned  defi nition   of HSC, especially those that have 
the greatest potential for application in a therapeutic context, key areas of investiga-
tion that will impinge heavily on the success or otherwise of advances in regenera-
tive medicine include fi nding ways to expand HSC in vitro without loss of any 
aspect of their functional potential, and improving upon the effi ciency with which 
transplanted cells integrate into the hematopoietic system. Perhaps the most excit-
ing challenge, which could one day lead to an unlimited ability to provide replace-
ment HSC personalized for the patient, is their derivation from pluripotent stem 
cells, and this will be discussed with respect to advances that have been made using 
embryonic stem (ES) cells and more recently with the discovery of methods to pro-
duce so called induced pluripotent stem (iPS) cells from any cell in the body.  

5.2     Derivation and Classifi cation 

 A major obstacle in HSC research is that the cells are incredibly rare, with only 
1 in 10 6  cells in human bone marrow being a functional transplantable stem cell 
(Wang et al.  1997 ). Although the fi rst application of bone marrow derived stem 
cells in a therapeutic context was over fi ve decades ago, the vast majority of our 
understanding of the nature of HSC has come from studies on mouse bone marrow. 
Modern day laboratories utilize two main methods for isolating HSC from bone 
marrow, which depending on the precise criteria applied, represent only 0.05 % or 
less of the nucleated cells in the mouse, meaning that a mere 5000 HSC can be 
isolated from an individual animal. The fi rst method (MACS) involves enrichment 
employing magnetic beads conjugated to antibodies against a specifi c surface 
marker. The second, and notably more precise separation technique, utilizes fl uo-
rescence activated cell sorting (FACS), which is based on immunofl uorescent 
labeling of surface antigens as a means to mark cells for separation from the bulk 
population (Challen et al.  2009 ). State-of-the-art cell sorters are now equipped 
with up to 7 powerful lasers and have the capability simultaneously to detect fl uo-
rescence from up to 18 fl uorochrome- labeled antibodies directed against multiple 
markers (usually designated as ‘Cluster of Differentiation’ or CD markers) enabling 
prospective isolation of more infrequent cells. Many current cell sorters are able to 
separate single HSC into individual wells in multi-well plates permitting molecular 
characterization of gene expression and assessment of their self-renewal and dif-
ferentiation potentials. 
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5.2.1     Bioassays of HSC 

 In the strictest sense, the HSC is defi ned by its functional capacity to reconstitute the 
entire hematopoietic system for the lifetime of the individual or animal; however, a 
number of less stringent bioassays are also widely used, often as a preliminary 
guide because the defi nitive in vivo bone marrow transplantation assay is both time- 
consuming and costly (Fig.  5.1 ).

   The fi rst assays of  hematopoietic   progenitor cell potential in vivo can be attrib-
uted to James Till and Ernest McCulloch, who famously demonstrated that colonies 
of myeloid cells developing in the spleen following transplantation of bone marrow 
into lethally irradiated mice were clonal (Till and McCulloch  1961 ). However, the 
existence of long-lived stem cells in the bone marrow was deduced from subsequent 
experiments involving clonal tracking of serial transplantations (Dick et al.  1985 ; 
Lemischka et al.  1986 ). Arising out of these studies, the current gold standard assay 
of mouse HSC is generally accepted to be long-term repopulation of lethally irradi-
ated mice in a situation in which the cells being tested are compared to a reference 
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  Fig. 5.1    Assays HSC. In vitro culture assays of HSC include the ability of the cells to grow for 
5–7 weeks as ‘cobblestones’ (the  dark cells  in the picture) leading to the term ‘cobblestone area 
forming cell’ (CAFC). The Long Term Culture-Initiating Cell (LTC-IC) assay measures whether 
hematopoietic progenitor cells (capable of forming colonies in secondary assays, as shown in the 
picture) are still present after 5–7 weeks of culture. In vivo assays in mice include the CFU-S assay, 
the original stem cell assay developed by Till and McCulloch. The picture shows spleens isolated 
from mice injected with CFU-S that exhibit several hematopoietic colonies developed from the 
stem cells. The most stringent HSC assay involves looking for the long-term presence of donor- 
derived cells in a reconstituted mouse host. The example shows host-donor recognition by antibod-
ies that recognize two different mouse alleles of CD45 (Adapted from Bone Marrow (Hematopoietic) 
Stem Cells by Domen et al.   http://stemcells.nih.gov/info/Regenerative_Medicine    )       
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wild type population (Harrison et al.  1993 ). Most often, test and reference strains 
are used that are congenic (i.e. genetically identical save at a specifi c genetic locus) 
for allelic variants of CD45 (previously known as Ly5), which can easily be distin-
guished by immunofl uorescent fl ow cytometry. ‘Long-term’ is taken to mean a sus-
tained output from the graft of at least 1 % of all circulating white blood cells for at 
least 4 months (Purton and Scadden  2007 ). The most rigorous test of HSC potential 
involves assessment of their ability to be serially transplanted from the primary 
reconstituted recipient to a secondary irradiated host, thereby demonstrating that 
engrafting cells are undergoing self-renewal.  Competitive repopulation assays   per-
formed this way are at best semi-quantitative, and a more refi ned method, involving 
limiting dilution, allows determination of the frequency of HSC. In this assay, a 
series of dilutions of the test population are competed against reference wild type 
bone marrow cells. The number of mice negative for reconstitution in each cell dose 
is measured and the frequency of HSC (‘competitive repopulating units’ or CRU) is 
estimated using Poisson statistics (Szilvassy et al.  1990 ). Purton and Scadden ( 2007 ) 
discuss the fi ner details of repopulation assays, how they are best interpreted, and 
their possible limitations. 

 Although  in vivo assays   are essential in order fully to defi ne and quantify stem 
cell potential, they have some limitations that can be complemented by a range of 
assays that can be performed in vitro. First, and rather obviously, in vivo assays can 
take many months to complete and require extensive and costly facilities, so it is 
often useful to have a more simple assay that can be used to make an initial assess-
ment of the likely HSC content, for example while developing a strategy for pro-
spective cell sorting or following some experimental manipulation that is expected 
to have a signifi cant effect on HSC function. Second, the output from an in vivo 
assay is the consequence of many biological events following transplantation, 
including homing, self-renewal, HSC commitment and the behaviour of down-
stream progenitors and differentiated cells, and it is often important to be able to 
determine cellular properties at a single cell level immediately following isolation 
of putative HSC. Several distinct in vitro assays are used that measure the frequency 
of progenitors (colony-forming unit in culture; CFU-C), stem cells (long-term 
culture- initiating cell; LTC-IC), or both (cobblestone area-forming cell assay; 
CAFC), the latter two correlating at least to some extent with in vivo activity (van 
Os et al.  2004 ). 

 CFU-C assays, pioneered by the work of Don Metcalf and colleagues (Bradley 
and Metcalf  1966 ; Moore et al.  1973 ), allow detection and quantifi cation of myeloid 
progenitors present in the population of cells being analyzed or that could have 
arisen in vitro from more immature cells, including the HSC. The culture conditions 
rely on the presence of growth factors and nutrients that will permit complete dif-
ferentiation along one or more of the pathways of differentiation that a particular 
cell is expected to be capable of adopting.  CFU-C assays   have been essential for 
determining the specifi c growth factors necessary for HSC maintenance, prolifera-
tion and differentiation. These assays have also been crucial in the characterization 
of leukemic stem cells (LSC). The assessment of lymphoid CFU potential in vitro 
has in the past been more diffi cult, requiring co-culture systems such as that of 
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OP9-DL1 cells, a mouse stromal cell line that expresses the Notch ligand Delta-like 
1 (DL1), for establishing T-cell differentiation (Whitlock and Witte  1982 ; Schmitt 
and Zuñiga-Pfl ucker  2002 ). However, recent demand for improved mouse B-cell 
differentiation has led to the development of media capable of supporting such spec-
ifi cation, similar to that already used for myeloid lineages. The progress for human 
lymphoid cell differentiation is, however, still somewhat marred due to the insuffi -
cient knowledge of the cytokines responsible for this (Doulatov et al.  2012 ). Human 
B-cell differentiation is feasible when HSC are co-cultured for 2–4 weeks upon the 
stromal cell lines MS-5 or S17 in the presence of SCF, TPO, IL-7 and IL-2. 

 The basic principle of  in vitro assays   in the presence of specifi c growth factors 
and cytokines is to determine what a stem cell or progenitor is capable of giving rise 
to and their proliferative abilities following gene manipulation, as can be recognized 
after a number of days by the specifi c features of the differentiated cells (eg surface 
marker expression, cell morphology and the presence of characteristic cytoplasmic 
enzyme activities, etc). In the right conditions, a single HSC can give rise to multi-
ple cell lineages, whereas a more mature hematopoietic progenitor cell will have a 
more restricted capability. Since it would not be possible to discriminate from 
whence the individual differentiated cells originated if such assays were performed 
in a liquid culture of the whole sorted population, these assays are generally carried 
out in one of two ways so that the potential of individual cells can be observed. Most 
commonly, a cell population is seeded into the appropriate growth conditions in 
media that also contain a substance that is like a soft gel (usually methycellulose). 
This prevents the cells from moving around extensively, and if seeded at the correct 
density means that the differentiated derivatives from each cell are clearly separated 
and can eventually be collected for phenotypic analysis. Alternatively, sorted stem 
cells can be deposited as single cells into tiny individual wells in a plastic dish 
where they then can be allowed to grow and differentiate in liquid conditions (Ema 
et al.  2000 ; Takano et al.  2004 ). 

 The  CAFC and LTC-IC assays  , based on the original studies by Dexter and col-
leagues ( 1977 ), involve culture of stem cell populations with adherent cells that 
mimic the normal HSC microenvironment. The CAFC assay measures the fre-
quency of cells that are capable of growing under the stromal layer, and by enumer-
ating so-called ‘cobblestone’ areas at various times it is possible to assess mature 
progenitors back to repopulating HSC (Ploemacher et al.  1989 ; Ploemacher et al. 
 1991 ). The LTC-IC assay is similar to the CAFC assay except that the readout is the 
presence of progenitors that can themselves be assayed for CFU-C capability 
(Sutherland et al.  1989 ; Lemieux et al.  1995 ). 

 Just as many of the  in vitro assays   are adaptable for the measurement of both 
murine and human stem cells and progenitors, there is an equal and ever growing 
need in the context both of regenerative medicine and for therapeutic targeting of 
diseased cells to be able to test in vivo potential of human HSC. Since this is clearly 
not feasible in humans a number of approaches have been developed over the last 30 
years that rely on the generation of in vivo chimeras of human cells, or ‘xenografts’, 
in animals. Compared to assays of mouse HSC in congenic recipients, the testing of 
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human HSC in animal models is far less defi nitive and quantitative, especially 
because of the diversity of the model systems that have been employed, and there is 
no agreed standard to which different investigators can adhere. The usual host ani-
mal for xenograft assays of human HSC is the mouse, although larger animals have 
been utilized in some circumstances. There are several limitations associated with 
the xenograft approach, not least of which is the effect of the host immune system 
in the face of ‘foreign’ cells. Additionally, the importance of the ‘niche’ (discussed 
in Chap. 3) as a determinant of stem cell engraftment is a major limitation of xeno-
graft effi ciency since species differences mean that the host bone marrow environ-
ment does not necessarily represent an appropriate niche for stem cell maintenance 
(Fig.  5.2 ), although some niche elements such as the SCF/Kit axis are able to  operate 
across the species barrier (Cosgun et al.  2014 ). It is likely that at least some of the 
apparent differences between mouse and human HSC in terms of the surface anti-
gens used to characterize them can be attributed to the shortcomings of the xeno-
graft assays.

Does not fit to
mouse niche

Mouse HSC

Proliferative

Differentiation

Leukemic growth

Human LSC

Human HSC

Does not need nicheQuiescent

Mouse niche

  Fig. 5.2    Mouse and human HSC may not be equally supported by the mouse bone marrow niche. 
The schematic illustrates how mouse HSC engage with elements of the niche and can thereby 
persist in a quiescent state. In contrast, human HSC engage less well and as a consequence tend 
towards proliferation and differentiation. Human LSC from aggressive types of leukemia appear to 
be less dependent on the support from the mouse niche to maintain leukemic growth (Taken from 
Goyama et al.  2015 )       
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   Although not ideal from the perspective of logistics, cost, and time, several 
investigators have shown that human HSC can be engrafted in sheep by direct intro-
duction of cells into the early gestational age fetus. By in utero injection of human 
fetal liver HSC, Esmail Zanjani and colleagues were able to demonstrate long-term 
(greater than 2 years) engraftment in sheep (Zanjani et al.  1992 ). Subsequently, this 
approach was used to prove for the fi rst time that human adult bone marrow cells 
could elicit long-term chimerism and sustain human hematopoiesis (Srour et al. 
 1993 ), and has been further developed (Zanjani et al.  1995 ,  1998 ), enabling most 
recently the demonstration that engrafted human cells can be mobilized in the sheep 
model in the same way that they would normally be in human donors (Almeida- 
Porada et al.  2007 ). 

 By far the majority of  xenograft experiments   of human HSC have been per-
formed in mice (reviewed in Goyama et al.  2015 ), but unlike the experiments 
involving sheep, the human cells are injected into adults, thereby requiring that the 
hosts are immunologically defi cient so that they will not bring about rejection of the 
xenogenic cells. Two strategies for human-into-mouse engraftment were developed 
originally by the work of McCune and Dick. In the fi rst approach, human cells 
within a fragment of hematopoietic tissue are grafted under the kidney capsule, 
which provides a permissive environment for the donor cells (McCune et al.  1988 ; 
Namikawa et al.  1990 ; Chen et al.  1994 ). The much more widely utilized method 
involves adaptation of the usual protocol for transplantation of mouse HSC into host 
animals, the main difference being that the mice are subjected to sub-lethal irradia-
tion to pre-condition the bone marrow by increasing the opportunity for HSC to 
occupy vacant niches (Kamel-Reid and Dick  1988 ). 

 To minimize the possibility of the human cells being rejected, several immuno-
compromised mouse models have been developed, in particular relying upon the 
Severe Combined Immunodefi ciency ( SCID  ) mutant strain. As for mouse-into- 
mouse repopulation assays, xenografts of human cells can be made quantitative 
through a limiting dilution approach, the term SCID Repopulating Unit (SRU) usu-
ally being adopted to defi ne the numbers of functional long-term HSC. SCID mice 
are defi cient in both B- and T-cell mediated immunity, and their usefulness has been 
enhanced in various ways through combination with other spontaneous or engi-
neered mutations (Fig.  5.3 ).

   The strain that has been most commonly used for xenografting brings together 
the Non-Obese Diabetic (NOD) mutation with SCID, usually referred to as NOD/
SCID, which lacks not only functional B and T lymphocytes, but also has low levels 
of natural killer (NK) cell activity (Shultz et al.  1995 ). A reduced overall cellularity 
of the bone marrow in NOD/SCID mice may also facilitate engraftment of HSC 
because of the availability of suitable niches for stem cells. The  NOD/SCID   mouse 
exhibits some features that partially limit its usefulness, especially for long-term 
xenograft models, such as shortened lifespan due to high incidence of thymic 
 lymphoma, some spontaneous production of functional lymphocytes with aging, 
and residual innate immunity. Further incorporation of the β2 microglobulin knock-
out into the NOD/SCID background increased the effi ciency of repopulation by 
umbilical cord blood cells by over tenfold (Kollet et al.  2000 ). 
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 To circumvent the problems associated with  NOD/SCID   mice as hosts for xeno-
grafts, NOD/SCID mice with a truncation or a deletion of the IL-2R common γ 
chain, which is a critical component for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 
signaling, were developed (the so-called NOG and NSG strains: Ito et al.  2002 ; 
Shultz et al.  2005 ). The deletion of the IL-2R common γ chain gene results in a 
complete loss of B, T and NK cells. The NSG strain was shown to support a fi vefold 
higher CD34 +  cell engraftment compared with NOD/SCID mice. A second benefi t 
of these mice is that the defi ciency in cytokine signaling prevented the formation of 
lymphomas, permitting long-term studies (Ito et al.  2002 ; Ishikawa et al.  2005 ; 
reviewed by Ito et al.  2008 ). 

 Mouse lines lacking the  Rag2 recombinase activity   involved in the rearrange-
ment of immunoglobulin and T-cell receptor genes have also been much applied as 
immunodefi cient models, especially in combination with deletion of the IL-2R 
common γ chain (Goldman,  1998 ). More recently this model has been improved 
through transgenic expression of the human signal-regulatory protein alpha (SIRPα), 
which is a receptor-type transmembrane glycoprotein known to be involved in the 
negative regulation of receptor tyrosine kinase-coupled signaling processes (Strowig 
et al.  2011 ). 

  Fig. 5.3    Mouse models for engraftment of human cells. The fi rst strains of mice (Nude, SCID and 
Rag knockout) that were used as hosts for human cells are compromised (indicated by a cross) in 
their lymphoid compartment but retain (indicated by a tick) NK and myeloid cell aspects of immu-
nity. Subsequent crossing of strains, deletion of the IL2 receptor γ chain, and introduction of spe-
cifi c transgenes such as SIRPα and cytokine genes, has created strains that are both more immune 
defi cient and support HSC engraftment (Adapted from Goyama et al.  2015 )       
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 As hematopoietic research progresses and the importance of specifi c  cytokines   
are determined, many investigators have found that the effi ciency of engraftment of 
human HSC can be enhanced by treatment of the host with cytokines or co- 
transplantation of accessory cells. For example, Bonnet et al. ( 1999 ) demonstrated 
that low numbers of purifi ed cord blood-derived immature cells would engraft 
NOD/SCID mice effectively if co-transplanted with more mature cell populations 
that had been irradiated to prevent cell division or by short-term in vivo treatment 
with the growth factors and cytokines stem cell factor (SCF), interleukin 3 (IL3) and 
granulocyte macrophage colony stimulating factor (GM-CSF). Similarly, bone mar-
row chimerism in the SCID or Rag2/IL2Rγ double knockout models could be facili-
tated by administration of IL3, GM-CSF and erythropoietin (Lapidot et al.  1992 ) or 
IL3, GM-CSF and erythropoietin (Mazurier et al.  1999 ), respectively. 
Co-transplantation of stromal cells has also been shown to have some benefi t in 
establishing HSC xenografts in mice. Hence, primary bone marrow stroma modi-
fi ed to express IL3 was able to enhance HSC engraftment (Nolta et al.  1994 ), while 
unmodifi ed mesenchymal stem cells (MSC) derived from the fetal lung or bone 
marrow increased HSC engraftment, but in the latter case it appeared that the effect 
might not to require homing of MSC to the bone marrow (Noort et al.  2002 ; in ‘t 
Anker et al.  2003 ; Bensidhoum et al.  2004 ). More recent advances in strains for 
xenografting have seen the generation of mice with cytokine-expressing human 
transgene knock-ins, encoding for example thrombopoietin (TPO), SCF, IL-3, and 
GM-CSF, all of which have exhibited augmented engraftment of the human cells 
following transplantation (Wunderlich et al.  2010 ; Rongvaux et al.  2011 ,  2014 ; 
Willinger et al.  2011 ). 

 Despite the improvements achieved in the short-term engraftment of human 
HSC through the use of sophisticated  immunodefi cient mice  , the degree to which 
the cells can self-renew and undergo effective serial transplantation is limited. As 
mentioned already, differences in the bone marrow niche environment certainly 
play a part, hindering the ability of transplanted HSC from entering a quiescent 
state. Such an explanation could account for the high percentage (10–20 %) of 
human CD34+ cells observed in the bone marrow of a xenograft compared to nearer 
1 % in adult humans. 

 The  protocols   for engraftment of HSC have undergone a number of modifi ca-
tions over the years, including additional preconditioning of mice by treatment 
with clodronate-containing liposomes in order to delete macrophage (Fraser et al. 
 1995 ; van Rijn et al.  2003 ) or with an antibody against the surface antigen 
CD122 in order to target NK cells and macrophage that act as a barrier to stem cell 
engraftment (McKenzie et al.  2005 ). Furthermore, to overcome the limitations of 
homing and cellular loss in the lungs that is inherent in intravenous injection of 
cells via the tail vein, a number of investigators have achieved much improved 
rates of engraftment by direct injection of HSC into the bone marrow cavities of 
either the femur or tibia (Kushida et al.  2001 ; Wang et al.  2003 ; Yahata et al.  2003 ; 
McKenzie et al.  2006 ).  
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5.2.2     HSC Antigenic Phenotype and Purifi cation Schemes 

 Over the last quarter of a century the combined power of fl ow cytometry and the 
availability of monoclonal antibodies raised against a vast array of hematopoietic 
cell surface molecules, together with the various bioassays described above, has 
enabled an incredibly detailed defi nition of the heterogenous population of cells 
with stem cell activity in the hematopoietic hierarchy of the mouse. No single sur-
face molecule has yet been found that enables identifi cation of HSC; however, a 
number of markers have been described that can be used in combination to very 
precisely defi ne stem cells, the particular drive being to isolate the rare cells with the 
highest potential for long-term reconstitution. The advances in this area have been 
most successful in the case of mouse bone marrow, and in comparison, the defi ni-
tion of human HSC is by no means as refi ned, partly due to of an absence of suffi -
cient defi nitive surface markers but also, as already discussed, because the in vivo 
assays of stem cell activity are not ideal. 

5.2.2.1     Mouse HSC 

 Most sorting strategies rely upon negative selection for markers of the differentiated 
hematopoietic  lineages   (Lin), which usually include B220, CD4 (sometimes CD3 or 
CD5 instead), CD8, Gr1, CD11b (Mac-1) and Ter119, in combination with positive 
selection for c-Kit (the receptor for SCF) and Sca-1 (stem cell antigen-1) (Okada 
et al.  1992 ), giving rise to the acronym LSK (or KSL, depending on laboratory pref-
erence). Historically, the Weissman group has been the driving force for the purifi -
cation of HSC and their favoured protocol incorporates staining for the Thy1.1 
antigen and selection of cells that express only low levels together with and absence 
of lineage markers and the presence of Sca-1 (Thy1.1 lo  Lin −  Sca-1 +  or TLS cells; 
Spangrude et al.  1988 ), although this precise strategy has not been widely adopted 
because the Thy1.1 antigen is not expressed on many of the most commonly used 
laboratory strains of mice. Both LSK and TLS populations contain long-term 
repopulating cells (LT-HSC), but these represent less than 10 % of the LSK cells, 
the remains of which have only short-term activity (ST-HSC) or are multipotent 
progenitors (MPP) with no capacity for self-renewal. Following these early studies, 
there has been an ever-driving urge to discover a unique marker of the mouse 
LT-HSC that truly distinguishes it from the heterogeneous population of stem cells. 
A number of investigators have identifi ed additional markers that can be used to 
resolve the stem cell and progenitor components within the LSK population, and to 
this day improvements are still being published on a fairly regular basis. The 
Nakauchi laboratory were fi rst to show that the expression of CD34 could be used 
to discriminate LT-HSC, in that single LSK CD34 −  cells were able to bring about 
 long-term reconstitution   (Osawa et al.  1996 ). The subsequent addition of Flt-3 (also 
known as Flk-2 and CD135) into the mix allowed prospective purifi cation of not 
only LT-HSC (LSK CD34 −  Flt3 − ), but also ST-HSC (LSK CD34 +  Flt3 − ) and MPP 

5 Hematopoietic Stem Cells



122

(LSK CD34 +  Flt3 + ) (Christensen and Weissman  2001 ; Adolfsson et al.  2001 ; Yang 
et al.  2005 ). More recently, due to the adoption of more precise cell sorting strate-
gies, it has become possible to fractionate these stem cell populations further into 
more discrete fractions with more specifi c properties. Hence, data suggests that the 
MPP initially differentiates into lymphoid-primed multipotential progenitors 
(LMPP), which retain the potential to give rise to lymphoid and granulocyte- 
macrophage cells but which lack megakaryocyte-erythroid potential (Adolfsson 
et al.  2005 ; Lai and Kondo  2006 ), while more committed myeloid and lymphoid 
progenitors lie downstream of these  LMPP cells   (Akashi et al.  2000 ; Pronk et al. 
 2007 ). These latter publications led to a redrawing of the accepted hematopoietic 
hierarchy model, but as further work elucidates more and more discrete sub- 
populations within the HSC compartment, our view of the hematopoietic hierarchy 
will continue to be modifi ed. 

 In addition to surface marker expression, there are other characteristics of HSC 
that can be employed for their identifi cation and isolation using  fl ow cytometry  , 
often most effective when used in combination with strategies such as those employ-
ing LSK or related staining protocols. The most widely used characteristic relies on 
the ability of HSC to actively expel small molecules from their cytoplasm, a mecha-
nism of cytotoxic evasion. A family of transmembrane proteins known as ABC 
transporters are involved in a wide variety of normal cells and stem cells with the 
purpose of removing diverse chemicals. One family member, ABC-G2, is often 
expressed by stem cells and has the ability to export certain chemical dyes that have 
entered the cytoplasm by passive diffusion. Empirically, it was found that one such 
DNA binding supravital dye, Hoechst 33342, is removed by ABC-G2 and that this 
can be visualized with a fl ow cytometer by measuring red and blue fl uorescent light 
emissions upon stimulating with a UV laser. In the complex pattern of light emitted 
by a mixture of cells treated with Hoechst 33342, many stem cells appear as a popu-
lation, usually called the ‘side population’, which exhibits low red and blue fl uores-
cence because the dye has been largely removed by the transporter (Goodell et al. 
 1996 ). The drawbacks of the Hoechst 33342 exclusion method are that the staining 
method is highly sensitive to slight changes in protocol, producing inconsistencies 
between HSC isolations. Unfortunately, side population characteristics are not 
restricted to stem cells, with approximately 15 % of whole bone marrow side popu-
lation being negative for the stem cell markers c-Kit and Sca-1 (Challen et al.  2009 ). 
Also, not all stem cells exhibit the property, and therefore the technique is best uti-
lized in combination with other methods, especially surface marker staining, as a 
means to refi ne stem cell identifi cation and isolation (Challen et al.  2009 ). The other 
major fl ow cytometry method not involving specifi c antibodies makes use of the 
fl uorescent vital dye rhodamine 123 (Rh-123), which preferentially accumulates in 
mitochondrial membranes and acts as an indicator of mitochondrial, and hence cel-
lular, activity. Since the more immature HSC tend to be quiescent, sorting for cells 
exhibiting a low degree of fl uorescence in the presence of Rh-123 enriches for long- 
term repopulating cells (Spangrude and Johnson  1990 ). 

 Subsequent, highly resolved strategies for the  isolation   of long-term repopulat-
ing HSC have largely built upon the basis of one or more of the LSK, side popula-
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tion and Rh-123 staining methods. Chen et al. ( 2003 ) found that immunofl uorescent 
staining for the ancillary TGFβ receptor endoglin (CD105) in combination with 
Sca-1 expression and low staining for Rh-123 defi nes a nearly homogenous popula-
tion of LT-HSC without the use of CD34, c-Kit or Lin markers. As discussed later 
in this chapter, another feature of immature HSC is their tendency to be niche- 
associated and a marker linked to this property, namely the angiopoietin-2 receptor 
Tie2, has been used to select a subpopulation of LSK cells that are enriched in 
LT-HSC (Arai et al.  2004 ). Two advances based on  RNA microarray screening   for 
genes expressed exclusively in subfractions of HSC have probably made the most 
signifi cant contribution to the robust isolation of highly enriched long-term repopu-
lating cells. First, following initial identifi cation from expression screening, anti-
bodies against cell surface receptors of the SLAM family, including CD48, CD150 
and CD244, were shown to discriminate HSC (CD48 −  CD150 +  CD244 − ), MPP 
(CD48 −  CD150 −  CD244 + ) and the most restricted progenitors (CD48 +  CD150 −  
CD244 + ) (Kiel et al.  2005 ). This is the fi rst family of receptors whose combinatorial 
expression can be used to precisely distinguish stem and progenitor cells in the 
mouse. Similarly, microarray technology led to the identifi cation of murine endo-
thelial protein C receptor (EPCR, CD201) as a marker to sort cells, especially when 
used in combination with positivity for the antigen Sca-1, as it is expressed at high 
levels in HSC with a high reconstitution activity, and probably represents the fi rst 
known marker that ‘explicitly’ identifi es HSC within murine bone marrow (Balazs 
et al.  2006 ). The group of Conny Eaves combined these two latter approaches and 
have shown that LT-HSC with the most durable self-renewal potential, as demon-
strated following serial transplantation, are selectively and highly enriched in the 
CD150 +  subset of the EPCR +  CD48 −  CD45 −  fraction of bone marrow cells (Kent 
et al.  2009 ). 

 Most recently, the group of Sean Morrison has refi ned their use of the SLAM 
markers CD48, CD150, CD229 and CD244 to be able to discriminate seven sub-
populations within the HSC LSK population in mice (Oguro et al.  2013 ).  CD229 
expression   distinguishes functionally distinct subsets of HSC and MPP, CD229 −  
HSC being mainly myeloid biased and more quiescent than CD229 +  HSC (Fig.  5.4 ).

   In an interesting and distinctive strategy, the group of Bertrand Göttgens have 
used an iterative bioinformatics approach in which single sorted HSC, ‘indexed’ by 
their precise surface antigen profi le, were analysed for expression of known regula-
tory transcription factors (Wilson et al.  2015 ; Schulte et al.  2015 ). Linking this data 
to the effi ciency of single cell engraftment, they were then able to defi ne a new and 
smaller set of surface antigens that uniquely characterize the most highly potent 
stem cells, including high expression of  Sca-1 and EPCR  . 

 The theme of heterogeneity and differing potentialities has also been pursued 
using  transgenic lineage reporters  . Notably, the groups of Nerlov and Jacobsen have 
used a fl uorescent reporter driven by the von Willebrand Factor gene to demonstrate 
the presence of HSC in the mouse that have a preferential capacity to differentiate 
towards megakaryocytes (Sanjuan-Pla et al.  2013 ). Although the jury is still out to 
some extent, these latter sorts of observations, together with other defi nitions of 
HSC heterogeneity and differentiation potential based on single cell  transplantations, 
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point to there being distinct subtypes of HSC that have predetermined lineage bias. 
Moreover, the long-appreciated age-associated change in HSC potential that is 
refl ected in increased myelopoiesis at the expense of lymphopoiesis appears to be 
underpinned by alterations in the relative contribution of these different subtypes to 
the overall pool of HSC (reviewed in Eaves  2015 ).  

5.2.2.2     Human HSC 

 The abilities to identify and purify long-term reconstituting human HSC are at pres-
ent somewhat less sophisticated compared to the situation with the mouse due to the 
lack of adequate methods to segregate HSC from MPP. Similar to the mouse, puri-
fi cation of human HSC requires simultaneous detection of several  cell surface 
markers  , and although informative, the specifi c strategies for isolating mouse HSC 
cannot be duplicated for human HSC (Fig.  5.5 ). This is due to differences in char-
acteristic marker expression between the two species, the most prominent differ-
ence residing in their expression of CD34. The two principal sources of human HSC 
for therapeutic application, namely bone marrow and umbilical cord blood, also 

  Fig. 5.4    Schematic and table summarizing the self-renewal potentials and surface antigen charac-
teristics of each fraction of LSK mouse hematopoietic stem cells (HSC), multipotent progenitors 
(MPP) and hematopoietic progenitor cells (HPC) subdivided according to SLAM marker (CD48, 
CD150, CD229 and CD244) expression. The numbers in the table represent the proportion of 
whole bone marrow (WBM) that each fraction represents (Taken from Oguro et al.  2013 )       
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demonstrate some differences in the precise pattern of markers, raising extra diffi -
culties in determining the best strategies for cell purifi cation in the clinic. 
Nevertheless, human HSC capable of multilineage engraftment in animal models 
can now be resolved with a reasonably high degree of enrichment.

   The majority of human HSC are CD34 +     in contrast to mouse, as was fi rst demon-
strated during the Nineties when human Lin − CD34 +  fetal bone marrow cells were 
shown to be able to engraft in SCID mice (Baum et al.  1992 ). However, although 
capable of engrafting in SCID mice, most CD34 +  cells were subsequently shown to 
be lineage-restricted progenitors and the true HSC remained elusive. Enrichment of 
human HSC can be achieved further on the basis of expression of CD45RA (Mayani 
et al.  1993 ), Thy-1 (Baum et al.  1992 ; Craig et al.  1993 ; Majeti et al.  2007 ) and 
CD38 (Hao et al.  1995 ; Bhatia et al.  1997 ). The recognized pattern of expression 
that segregates human HSC from MPP is that of CD34 +  CD38 − CD45RA −  and loss 
of Thy1 expression (Majeti et al.  2007 ). 

 In contrast to CD34 +  cells, Lin −  CD34 −  CD38 −  cells have low clonogenicity in 
short-and long-term in vitro assays. However, the number of CD34 −   SRUs   increased 
in short-term suspension cultures in conditions that did not maintain SRU derived 
from CD34 +  populations (Bhatia et al.  1998 ). Based on its association with colony- 
forming potential and repopulation capacity, CD34 expression has, until recently, 
remained as a convenient marker for human HSC. However, it has since been pos-
tulated that there is in fact a human CD34 −  HSC that is analogous to that of the 

Lin-
CD34+
CD38-

CD90+/-
CD45RA-

Rholow

progenitors

CD49f+HSC

MPP CD49f-

  Fig. 5.5    Schematic of the 
surface marker differences 
that distinguish the most 
immature human HSC, 
which has the ability to 
repopulate all blood cell 
types, from the multipotent 
progenitor (MPP). The 
CD49f (α5 integrin) 
marker was key in 
discriminating the two cell 
types (Adapted from Notta 
et al.  2011 )       
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mouse (Bhatia et al.  1998 ; Ando  2002 ; Engelhardt et al.  2002 ; Guo et al.  2003 ; Ishii 
et al.  2011 ). 

  Chimeras   generated in either sheep or immunocompromised mice have shown 
that CD34 −  cells from cord blood, bone marrow, and granulocyte colony stimulating 
factor (G-CSF)-mobilized peripheral blood do have in vivo HSC activity in spite of 
failing to exhibit signifi cant clonogenic activity in vitro. Further defi ning the pheno-
type of cord blood-derived CD34 −  SRUs, Kimura et al. ( 2007 ) proposed that the 
immunophenotype of very primitive long-term repopulating human HSC is Lin −  
CD34 −  c-Kit −  Flt3 − . Paralleling studies on mouse HSC, Goodell et al. ( 1997 ) showed 
that human bone marrow contains side population cells present at a very low fre-
quency, which interestingly are also CD34 − . It has been hypothesized that the 
CD34 −  HSC may represent the most immature and quiescent population of stem 
cells in humans at the apex of the hematopoietic hierarchy (Anjos-Afonso et al. 
 2013 ). As in the mouse, Rh-123 staining can be employed in defi ning human HSC, 
low dye retention being associated closely with the Lin −  CD34 +  CD38 −  population 
(McKenzie et al.  2007 ). However, taking all of this knowledge into account and 
using simple calculations of reported HSC frequencies, it can be established that 
more than 99 % of human HSC must be CD34 + . 

 The differences between antigen expression on mouse and human HSC is not 
unique to CD34, and other distinctive variations can be seen in the expression of the 
Flt-3 receptor, which is expressed on the surface of human HSC but not on the 
mouse (Sitnicka et al.  2003 ), and the SLAM markers CD150 and CD48, which 
unlike in the mouse are absent on human HSC (Sintes et al.  2008 ; Larochelle et al. 
 2011 ). Due to the discrepancies in the expression of CD34 and its relationship to 
stem cell activity, research continues to defi ne better markers of human HSC. A 
recent publication from the laboratory of John Dick revealed a novel human HSC 
marker, namely CD49f (α6 integrin). Single  CD49f +  cells   were shown to be capable 
of generating highly effi cient long-term multilineage grafts and that loss of CD49f 
expression coincided with transient engrafting MPPs (Notta et al.  2011 ). Such 
markers could pave the way for the isolation of pure populations of human HSC for 
therapeutic use and further research into HSC properties. 

 A number of additional discriminators of human HSC subpopulations have been 
investigated. Two features of human HSC that have proven useful for the isolation 
of the most immature cells are worthy of mention. First is the relative high expres-
sion of aldehyde dehydrogenase (ALDH) in hematopoietic progenitor cells (Kastan 
et al.  1990 ). Cord blood cells stained for  ALDH activity   using the substrate 
BODIPY-aminoacetaldehyde (‘Aldefl uor’) and depleted for Lin +  cells are enriched 
for CD34 +  CD38 −  cells (Storms et al.  1999 ). Second, and perhaps the more useful 
property of long-term repopulating human HSC, is the expression of CD133, an 
antigen that characterizes several types of adult stem cells. For example, a rare 
population of cord blood cells expressing CD133 and negative for CD7 were found 
to be highly enriched for progenitor activity at a frequency equivalent to purifi ed 
fractions of CD34 +  stem cells, and they were the only subset among the Lin −  CD34 −  
CD38 −  population capable of giving rise to CD34 +  cells in defi ned liquid cultures 
and of engrafting in NOD/SCID mice (Yin et al.  1997 ; Gallacher et al.  2000 ). Cell 
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selection combining Lin antigen depletion together with staining for ALDH activity 
and CD133 expression provides a purifi cation of HSC with long-term repopulating 
function that has been considered to be an alternative to CD34 cell selection for 
stem cell therapies. Hence, limiting dilution analysis demonstrates a tenfold increase 
in the frequency of repopulating cells compared with Lin −  CD133 +  cells, with main-
tenance of immature hematopoietic phenotypes (CD34 +  CD38 − ) and enhanced 
repopulating function in recipients of serial, secondary transplants (Hess et al. 
 2006 ).    

5.3     Characteristics and Properties 

 Like other adult stem cells, HSC are regulated and supported by the surrounding 
tissue microenvironment, generally referred to as the stem cell ‘niche’. The niche 
includes all cellular and non-cellular components that interact in order to control the 
adult stem cell, and the reader is also referred to a number of excellent recent 
reviews that specifi cally discuss the nature of these in relation to the HSC in the 
bone marrow (Wilson and Trumpp  2006 ; Kiel and Morrison  2008 ; Morrison and 
Scadden  2014 ; Schepers et al.  2015 ; Boulais and Frenette  2015 ). 

 In brief, the current perception of HSC in the  bone marrow   is that they reside at 
the interface of bone and the bone marrow (the endosteum), but it remains uncertain 
whether this interface itself is a niche, or whether endosteal cells secrete factors that 
diffuse to nearby niches. Indeed, recent work has shown that HSC can reside in a 
niche that appears to involve a very close juxtaposition of both osteoblasts and 
microvessel endothelial cells (Lo Celso et al.  2009 ), while close association with 
both Nestin +  MSC and megakaryocytes also have important consequences for HSC 
maintenance (Méndez-Ferrer et al.  2010 ; Bruns et al.  2014 ). 

 It is important that the  bone marrow   niche should not be viewed as a static envi-
ronment, since both the hematopoietic and immune systems are required to respond 
rapidly and adapt to the needs of the individual, it should therefore be regarded as a 
fl uid system that continually processes information from the organism as a whole 
(Mercier et al.  2011 ). Much of the knowledge that we have obtained from studies of 
the normal bone marrow microenvironment is leading us to a better understanding 
of the ways in which LSC can manipulate the niche to enhance their survival and 
proliferation. Due to this adaptable nature of the bone marrow niche it is becoming 
clear that it represents a novel therapeutic target, its manipulation, for example by 
pharmacological enhancement of the number and function of osteoblasts, being a 
potential way to augment the effectiveness of stem cell therapies (Adams and 
Scadden  2008 ). 

 Much of the life of a HSC within its niche is one of inactivity in which it repli-
cates only relatively infrequently. This state of quiescence is thought to be an indis-
pensable property for the maintenance of HSC, protecting them from stress and 
hence the accumulation of DNA mutations and enabling them to sustain life-long 
hematopoiesis. The  molecular mechanisms   through which the niche controls the 
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HSC cell cycle to establish quiescence are beginning to be elucidated. For example, 
it has been shown that the interaction of the Tie2 receptor tyrosine kinase with its 
ligand Angiopoietin-1 leads to tight adhesion of HSC to stromal cells, and mainte-
nance of their long-term repopulating activity (Arai et al.  2004 ). In spite of their 
generally quiescent state, the normal homeostatic balance in the hematopoietic sys-
tem requires HSC to be able to exit the niche and then achieve several transits 
through vascular endothelium to be able to migrate through the blood, enter differ-
ent organs and then return back to the bone marrow. These processes of migration 
and specifi c homing need to be amplifi ed during stress-induced recruitment of leu-
kocytes from the bone marrow reservoir and during stem cell mobilization as part of 
defense and repair. Both HSC  mobilization   (reviewed by Pelus and Fukuda  2008 ) 
and homing (reviewed by Lapidot et al.  2005 ; Chute  2006 ) are also crucially impor-
tant in the context of clinical stem cell transplantation. 

 HSC induced to exit the bone marrow and mobilize to the peripheral  b  lood fol-
lowing treatment with  granulocyte-colony stimulating factor (G-CSF)   have become 
the most widely used source of HSC for engraftment and show signifi cant superior-
ity to cells obtained directly from the bone marrow. In addition to G-CSF, the growth 
factor SCF, adhesion molecules such as VLA-4 and P- and E-selectins, chemokines, 
proteolytic enzymes such as elastase and cathepsin G, and various matrix metallo-
proteinases (MMP) have all been shown to have a role in stem cell mobilization. 
The chemokine stromal-derived factor 1 (SDF-1 or CXCL12) and its receptor 
CXCR4 are major players involved in the regulation of HSC mobilization and hom-
ing. During steady-state homeostasis, CXCR4 is expressed by HSC and also by 
stromal cells, which are the main source for SDF-1 in the bone marrow. Stress- 
induced modulations in SDF-1 and CXCR4 levels participate in recruitment of 
immature and maturing leukocytes from the bone marrow reservoir to damaged 
organs as part of host defense and repair mechanisms. The recent fi nding that murine 
HSC rapidly mobilized by the CXCR2 receptor agonist GROβ show superior repop-
ulation kinetics and more competitive engraftment than the equivalent cells mobi-
lized by  G-CSF   demonstrates that the chemokine/chemokine receptor axis has 
potentially superior therapeutic potential compared to the use of G-SCF (Fukuda 
et al.  2007 ). 

 In addition to the complex interplay with niche cells and diffusible mediators, it 
has emerged recently that there is an element of dynamic regulation via neurotrans-
mitter signaling. Hence, ablation by genetic or chemical means of adrenergic neu-
rotransmission or administration of a β2 adrenergic agonist results, respectively, in 
decreased or enhanced HSC mobilization indicating the involvement of norepineph-
rine signaling in the process (Katayama et al.  2006 ; Spiegel et al.  2008 ). 

 HSC  homing   involves rolling and fi rm adhesion to endothelial cells in small mar-
row sinusoids under blood fl ow, followed by trans-endothelial migration across the 
physical endothelium/extracellular matrix barrier, ultimately leading to access and 
anchorage to their specialized niches. Like mobilization, this coordinated, multistep 
process also involves signaling by SDF-1 and SCF, and activation of LFA-1, VLA- 
4/5 and CD44 and a role for MMP. 
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 Although HSC and their niche clearly have to persist throughout life, a number 
of studies have shown that there are  age-related changes   in HSC that have functional 
consequences for the hematopoietic system and are likely the result of a combina-
tion of cell-intrinsic and microenvironmental infl uences (for a review see Geiger 
et al.  2013 ). Studies of X-chromosome inactivation in elderly females have sug-
gested that the pool of HSC normally diminishes with age, resulting in oligoclonal 
or even monoclonal hematopoiesis; however, by analyzing the pattern of allele- 
specifi c gene expression, Swierczek et al. ( 2008 ) have provided convincing evi-
dence against this hypothesis and suggest that clonal hematopoiesis is not a normal 
consequence of aging. Nevertheless, consideration of HSC differentiation potential 
suggests that a degree of selection can operate. HSC isolated from young and aged 
donors have been reported to differ in  f  unctional capacity, the complement of pro-
teins on the cell surface, transcriptional activity, and genome integrity (reviewed by 
Woolthius et al.  2011 ). In the mouse, several hallmark age-dependent changes in the 
HSC compartment have been identifi ed, including an increase in HSC numbers and 
a decrease in homing effi ciency. Increased proliferation and decreased function with 
age can be correlated with dramatic alterations in gene expression; one analysis of 
HSC from mice aged 2 to 21 months identifi ed approximately 1500 genes that were 
age-induced and 1600 that were age-repressed (Chambers and Goodell  2007 ). 
Genes associated with the stress response, infl ammation, and protein aggregation 
dominated the up-regulated expression profi le, while the down-regulated profi le 
was marked by genes involved in the preservation of genomic integrity and chroma-
tin remodeling. One gene in particular that has attracted attention in this context, 
and may have implications for treatment strategies, is the cyclin-dependent kinase 
inhibitor p16INK4a, the level of which accumulates and modulates specifi c age- 
associated HSC functions (Janzen et al.  2006 ). Notably, in the absence of  p16INK4a  , 
HSC repopulating defects and apoptosis were mitigated, improving the stress toler-
ance of cells and the survival of animals in successive transplants, suggesting that 
therapeutic inhibition of genes such as p16INK4a may ameliorate the physiological 
impact of ageing on stem cells. The differences in ‘aged’ behavior of HSC were 
later explained by an accumulation of myeloid-biased HSC with age in both mice 
(Challen et al.  2010 ) and humans (Pang et al.  2011 ) at the expense of lymphoid- 
biased cells (Cho et al.  2008 ). The fact that myeloid-biased HSC from young and 
aged sources behave similarly in all aspects tested might suggest that aging does not 
change individual HSC. Indeed, as discussed above, this shift in the balance of HSC 
potential likely refl ects a change in the relative proportions of cells predetermined 
for a myeloid/lymphoid fate or a more restricted myeloid differentiation 
preference. 

 There has been a growing appreciation over the last 15 years of the role that  reac-
tive oxygen species   (ROS) play in a variety of cellular processes. ROS are formed 
by the partial reduction of oxygen and include superoxide (O 2  − ), hydrogen peroxide 
(H 2 O 2 ) and the hydroxyl radical (OH − ) (Turrens  2003 ). ROS have been shown to 
regulate cell cycle progression, cell motility and growth factor signaling in a variety 
of normal cell types (Valko et al.  2007 ). ROS production and consequent oxidative 
stress has been linked to aging and degenerative disease (Sardina et al.  2012 ), 
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although benefi cial effects of moderate levels of ROS have been noted (Goldstone 
et al.  1996 ; Tatla et al.  1999 ). The importance of ROS in HSC was made evident 
from studies on mouse models in which genes involved in the regulation  of   ROS 
levels were genetically reduced. For example, reduction of FOXO transcription fac-
tor function leads to loss of HSC quiescence and self-renewal capacity (Jang and 
Sharkis  2007 ). In the absence of external stimuli, FOXO proteins normally reside in 
the nucleus in an active state, promoting cell cycle arrest, resistance to stress, apop-
tosis and ROS detoxifi cation (Coffer and Burgering  2007 ). Although it is evident 
that ROS levels are crucial to the function of HSC, the precise mechanisms affected 
are not clear. There are actually distinct HSC niches in the bone marrow depending 
on oxygen availability and the consequent levels of ROS. Hence, ROS low  and ROS high  
HSC exhibit the same surface phenotype, but differ in that the population with lower 
ROS levels displays higher self-renewal (Jang and Sharkis  2007 ). The association 
between the oxidative state and HSC self-renewal capacity has led to interest in the 
manipulation of ROS levels as a way to enhance bone marrow transplantation and 
to delay the aging of HSC. Such manipulations have been achieved in the mouse by 
application of the lipid sphingosine-1-phosphate, which induces the production of 
ROS in HSC and consequently causes an increase in their motility.  

5.4     Differentiation Capacity and Their Precursors 

  What happens downstream of the HSC in the hematopoietic hierarchy is important 
in a therapeutic context when considering the specifi c requirements for progenitors 
and  differentiat  ed progeny to regenerate the normal hematopoietic status. Work 
largely emanating from the laboratory of Irving Weissman has defi ned committed 
progenitors in the mouse that are immediately downstream of the most mature com-
ponent of the LSK compartment. These cells mark the fi rst distinction between the 
lymphoid and myeloid lineages. The existence of a common lymphoid progenitor 
( CLP  ) that can only give rise to T cells, B cells, and NK cells was fi rst reported by 
Kondo et al. ( 1997 ), who described a bone marrow Lin −  IL-7R +  Thy-1 −  Sca-1 lo  
c-Kit lo  population with these characteristics. A complementary clonogenic common 
myeloid progenitor (CMP) that gives rise to all myeloid lineages was similarly 
defi ned by Akashi et al. ( 2000 ) who also demonstrated that this cell can give rise to 
either megakaryocyte/erythrocyte progenitors (MEP) or granulocyte/macrophage 
progenitors (GMP). The resulting model, which proposes that the fi rst lineage com-
mitment step of HSC results in a strict separation into CLP and CMP, was chal-
lenged, as discussed above, by the identifi cation of LMPP, a population of cells with 
lympho-myeloid differentiation potential that have lost the ability to adopt erythroid 
and megakaryocyte lineage fates (Adolfsson et al.  2005 ). Hence, LSK HSC that co-
express high levels of the tyrosine kinase receptor Flt3 were shown to sustain granu-
locyte, monocyte, and B and T cell potentials, but in contrast to LSK Flt3 −  HSC 
failed to produce signifi cant erythroid and megakaryocytic progeny. The equivalent 
details of the hierarchy downstream of the HSC are yet to be fully elucidated in 
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humans, and it cannot be assumed that these will be comparable between species. 
Using similar strategies for the identifi cation of down-stream human progenitors, 
populations corresponding to the mouse LMPP have also been defi ned in humans 
(MLP) that sustain both lymphoid and myeloid lineages but excluding megakaryo-
cytic/erythroid potential (Hoebeke et al.  2007 ; Six et al.  2007 ; Goardon et al.  2011 ). 

 Such details of the pathways of commitment and differentiation of HSC as 
described above, and how these may differ during development, are becoming ever 
more important in attempts to optimize the production of replacement hematopoi-
etic cells from ES cells. As for the defi nition of the HSC phenotype and functional 
testing of HSC in vivo, attempts to elucidate protocols for the induction of hemato-
poietic differentiation from ES cells have been led by work in the mouse. Although 
conditions have been worked out to enable the derivation of most mature hemato-
poietic cell types from both mouse and human ES cells, it is important to be aware 
of the developmental stage that these cells represent and the extent to which it is 
possible to generate adult HSC with repopulation potential (for a review on the deri-
vation of hematopoietic cells from ES cells see Vo and Daley,  2015 ). Following on 
from extensive studies on the differentiation of hematopoietic cells from murine ES 
cells (reviewed in Olsen et al.  2006 ), production from human ES cells was fi rst 
described by Kaufman et al. ( 2001 ) who employed co-culture with murine bone 
marrow stromal or yolk sac endothelial cell lines. Amongst a number of subsequent 
modifi cations to this strategy, Vodyanik et al. ( 2005 ) were able to obtain large num-
bers of CD34 +  cells at greater than 95 % purity using co-culture with the mouse 
stromal line OP9. Although the latter ES cell-derived CD34 +  cells contained ALDH +  
Rh-123 lo  cells and were highly enriched in colony-forming cells, even after in vitro 
expansion, they displayed a phenotype of primitive hematopoietic progenitors. A 
potential solution to the problem of the stage of developmental maturity was found 
in the case of mouse ES cell differentiation in that expression of HoxB4 in primitive 
progenitors combined with culture on hematopoietic stroma induced a switch to the 
defi nitive HSC phenotype capable of engrafting primary and secondary recipients 
(Kyba et al.  2002 ), however a similar approach with human ES cells did not gener-
ate engraftable cells. 

 Encouragingly, since the fi rst successes with human ES cell differentiation into 
HSC-like cells, conditions have been improved considerably leading ultimately to 
the in vitro generation of HSC with repopulation activity. For example, Narayan 
et al. ( 2006 ) were able to engraft sheep using Lin −  CD34 +  or CD34 +  CD38 −  obtained 
by culturing human ES cells on stromal feeders, their long-term engrafting potential 
being confi rmed by successful transplantation into secondary recipients. Similarly, 
using co-culture with stromal cells, this time derived from mouse aorta-gonad- 
mesonephros (AGM) and fetal liver, Ledran et al. ( 2008 ) obtained cells expressing 
CD34 at day 18–21 of differentiation that were capable of primary and secondary 
hematopoietic engraftment into immunocompromised mice at substantially higher 
levels than described previously. 

 The inability to produce genuine HSC from human ES cells (and pluripotent 
cells in general) remains a challenge, but one that is likely to be resolved by detailed 
understanding of the cell and molecular biology of development and the paths that 
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distinguish primitive and defi nitive hematopoiesis. An alternative route to fully 
functional HSC that can engraft and produce adult hematopoietic cell types has 
been suggested by recent fi ndings of cell type conversion using enforced expression 
of specifi c combinations of transcription factors. Success in transcription factor- 
mediated reprogramming to a pluripotent state or of conversion between hemato-
poietic lineages has encouraged the testing of strategies for the direct generation of 
HSC from somatic cells (Szabo et al.  2010 ). Some of the most convincing and sig-
nifi cant recent attempts have yielded human HSC with engraftment potential. 
Hence, starting with primary vascular endothelial cells, Sandler et al. ( 2014 ) used 
introduction of FOSB, GFI1, RUNX1 and SPI1 to produce cells that could be seri-
ally engrafted, although their lymphoid contribution was limited. Doulatov et al. 
( 2013 ) were also successful in producing HSC with engraftment potential, but in 
their case the cells used were human pluripotent cells (ES and iPS cells) into which 
they introduced a combination of HOXA9, ERG, RORA, SOX4 and MYB. Again, 
lymphoid capacity of the engrafted cells was minimal but signifi cantly there was 
evidence of defi nitive erythroid maturation.   

5.5     Potential Applications for Therapies 

  The utilization of stem cells in the clinic has already met with great success and 
remains one of the most appealing prospects in regenerative medicine today. The 
therapeutic use of HSC pioneered in the 1950s through the development of  BMT  , 
initially used matched siblings as donors but has subsequently come to involve the 
use of partially matched or mismatched donors, which although deemed necessary 
in most situations can result in problems arising from immunogenic matching, 
resulting in rejection or graft-versus host disease (reviewed by Copelan  2006 ). A 
range of diseases have been successfully treated by BMT, including principally can-
cers of blood cells, but also other hematological disorders such as myeloprolifera-
tion, anemia and genetic defects that cause immunodefi ciency. BMT is also an 
option for treatment of some inherited metabolic disorders that result from an 
enzyme defi ciency affecting cells in addition to, or other than, blood cells, but which 
can be ameliorated through the production of the defi cient protein from engrafted 
donor blood cells. 

 Possible improvements in HSC therapies can essentially be broken down into 
those that increase the availability of suitable, preferably autologous, cells in large 
numbers, and those that maximize the effi ciency of engraftment of the transplanted 
cells. The latter prospect relates to understanding of the mechanisms of homing and 
the factors that control niche occupancy as discussed above, and it is likely that this 
knowledge will have a signifi cant impact in the years to come. To date, means to 
improve the availability of HSC for BMT have received far more attention. Roughly 
30 % of patients requiring BMT have a matched sibling, while another 50 % poten-
tially have a good match to an individual amongst the nine million registered donors 
worldwide, although less than half of these will actually receive a donation. 

M. Clarke and J. Frampton



133

Although cord blood is a viable alternative source of HSC it is not ideal because it 
only contains a limited number of HSC, so that ex vivo expansion is almost cer-
tainly necessary. Ex vivo expansion of HSC in combinations of cytokines and other 
soluble factors, designed to mimic the signals provided within the niche, has met 
with mixed success, although more recently quite signifi cant degrees of amplifi ca-
tion in the numbers of cells retaining engraftment potential have been achieved. For 
example, using a combination of SCF, Flt3 ligand (FL), TPO and IL6, two indepen-
dent groups achieved signifi cant expansion of CD34 +  cord blood cells that retained 
the capacity to repopulate NOD/SCID mice (Kusadasi et al.  2000 ; Ueda et al.  2000 ). 
Direct manipulation of molecular mechanisms that are linked to proliferation and 
self-renewal is another potential way to expand stem cells and ectopic over- 
expression of the transcriptional regulator HoxB4 has proved to be effective at 
inducing rapid, extensive, and highly polyclonal expansions of murine HSC that 
retained full lympho-myeloid repopulating potential and enhanced in vivo regenera-
tive potential (Antonchuk et al.  2002 ). Other approaches that have been investigated 
include the use of fi broblast growth factors (FGF), in particular FGF 1 and 2, which 
can maintain long-term repopulating activity of mouse bone marrow HSC in vitro 
(de Haan et al.  2003 ; Yeoh et al.  2006 ), while the Notch ligand Delta 1 has a moder-
ate effect in enhancing the expansion of SRUs in cultures of cord blood CD133 +  
cells employing the SCF, FL, TPO, IL-6 cocktail of factors described above (Suzuki 
et al.  2006 ). Perhaps the greatest success has come from the laboratory of Harvey 
Lodish who identifi ed angiopoietin-like 2 and angiopoietin-like 3 proteins as factors 
produced by HSC-supportive mouse fetal liver CD3 +  cells (Zhang et al.  2006 ). 
These produced a roughly 30-fold expansion of long-term HSC in culture, which 
has subsequently been applied to human cord blood cells by developing a serum- 
free culture containing SCF, TPO, FGF-1, angiopoietin-like 5, and IGFBP2 (Zhang 
et al.  2008 ). 

 Many believe that the solution to producing more cells for transplantation lies in 
the derivation of HSC from alternative sources, and a number of options have been 
considered in order to achieve this goal. The prospect of in vitro production of HSC 
as a futuristic potential supply for BMT derived from ES cells is an exciting oppor-
tunity for regenerative medicine as they represent a theoretically unlimited source 
of HSC. Nevertheless as for cord blood-derived HSC there are at present signifi cant 
limitations to the number of appropriate cells that may be obtained. 

 As discussed already, ES cells can be differentiated into HSC with repopulating 
capability and it may soon be possible to produce these in quantities that are suffi -
cient for clinical application. However, the use of ES cell-derived HSC is ultimately 
limited because they are unlikely to be perfectly matched to the donor and ethical 
consequences of the generation of human embryos for therapeutic applications must 
be considered. Alternatively, what if ES cells could be made that match every 
 individual so that truly personalized stem cell transplantations would become a real-
ity? Efforts have been made to do just this with ES-like cells being generated 
through processes such as nuclear transfer, involving either the fusion of ES cells 
with somatic cell or the transfer of somatic nuclear contents into an oocyte (Wilmut 
et al.  1997 ).  
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 The real breakthrough came in  2006   when the Japanese researcher Shinya 
Yamanaka showed that it is possible to convert normal differentiated adult cells, 
fi rstly from the mouse (Takahashi and Yamanaka  2006 ; Okita et al.  2007 ) and then 
from humans (Takahashi et al.  2007 ), to become like ES cells by forced expression 
of specifi c pluripotent genes; namely OCT4, SOX2, KLF4 and c-MYC. These cells, 
which are discussed in detail in Chapter 3, are usually referred to as induced plu-
ripotent stem (iPS) cells and have the additional advantage that their generation 
does not involve the use of an embryo bypassing many ethical concerns. The subse-
quent demonstration that iPS cells can be differentiated, like ES cells, into HSC 
(Hanna et al.  2007 ; Schenke-Layland et al.  2008 ; Niwa et al.  2009 ) means that they 
offer the real prospect of limitless autologous HSC for all. Of course there are many 
details yet to be ironed out, but the progress in this area of stem cell science is noth-
ing if not meteoric (Robinton and Daley  2012 ; Inoue et al.  2014 ). Interestingly, a 
recent study has shown that immature hematopoietic cells derived from human iPS 
cells are more permissive to engraft the bone marrow of xenotransplantation recipi-
ents compared to phenotypically identical cells obtained from ES cells, although 
these HSC failed to demonstrate multilineage differentiation unless they were 
removed from the animal, a phenomenon that could be attributed to their inability to 
down regulate key micro RNAs involved in hematopoiesis (Risueño et al.  2012 ). 

 The considerable recent effort in reprogramming cell phenotype towards a plu-
ripotent state has also led to renewed interest in trans-differentiation directly from 
one cell type to another, without progressing through an iPS cell stage. This has 
been achieved, with varying degrees of success, for a number of cell types, includ-
ing neural cells, cardiomyocytes and hepatocytes. As discussed already, one poten-
tially exciting advantage of a trans-differentiation approach is that it may be possible 
more easily to produce mature cells with an adult rather than embryonic or fetal 
phenotype. 

 The ability to produce  iPS cells, a  nd consequently patient-specifi c HSC, also 
offers the exciting prospect that inherited blood-related disorders might be cor-
rected. Proof-of-principle for this concept was fi rst provided by the laboratory of 
Rudi Jaenisch who created a humanized sickle cell anemia mouse model, which 
was then rescued after transplantation with HSC obtained in vitro from autologous 
iPS cells in which the mutant hemoglobin allele had been reverted to the normal 
sequence by gene-specifi c targeting (Hanna et al.  2007 ). A second important proof- 
of- principle, this time with human cells, has been the demonstration that somatic 
cells from Fanconi anemia patients can be used to generate iPS cells in which the 
Fanconi-anemia defect could be corrected by over expression of the normal version 
of the affected protein and then used to give rise to hematopoietic progenitors of the 
myeloid and erythroid lineages that are disease-free (Raya et al.  2009 ). The oppor-
tunities for genetic correction have also recently received a technological boost 
through the development of a simple, precise and effi cient genome editing system 
based on CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) 
and a CRISPR-associated (Cas) nuclease that are part of a bacterial defence mecha-
nism for the elimination of invading genetic material. The protein Cas9 has been 
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adapted to utilize a single ‘guide’ RNA that leads to double-strand cleavage at spe-
cifi c DNA sequences, which then enables mutation or modifi cation of the genome 
by harnessing cell repair mechanisms (see review by Sternberg and Doudna ( 2015 ) 
for a detailed description of the technology). 

 Although these exciting advances in iPS cell generation raise the prospect of 
patient-specifi c stem cell therapies, the transition from the bench to the patient bed-
side is still some distance into the future. Numerous obstacles must be overcome 
before these therapies are put into routine practice. Firstly, the original methods of 
producing iPS cells utilized retroviruses as the means to introduce pluripotency 
genes. This process would be entirely unacceptable in the clinic since retroviruses 
are known cancer-causing agents (Okita et al.  2007 ). New methods of generation of 
 iPS cells   have evolved with the means to remove the oncogenes after the induction 
of pluripotency reducing the risk of tumorigenesis (Yu et al.  2009 ). 

 Although it is some distance into the future before these techniques are put into 
clinical practice, the generation of HSC from iPS cells from patients can be used in 
the present for phenotypic based drug screens in complex diseases for which the 
under-lying genetic mechanism is unknown.  

5.6     Conclusions and Future Development in Research 

 Research into the nature and application of HSC has come a long way since the 
earliest forays into transplantation of bone marrow into patients. Apart from the 
highly detailed understanding that we now have of the molecular and cellular char-
acteristics of HSC and ways in which they can be manipulated and used for clinical 
benefi t, research in this area has provided the guiding light for the whole fi eld of 
stem cell biology. The means of identifying and purifying HSC and the sophisti-
cated in vitro and in vivo tests that have been developed to assay their potential have 
been adopted and modifi ed for the investigation of the now burgeoning array of 
stem cells that play roles in both development and the maintenance of adult tissues. 
The study of HSC illustrates so well how investigations in animal models, in par-
ticular the mouse, can inform studies in man and how they can provide important 
pre-clinical information on the potency and behaviour of stem cells following 
ex vivo expansion or on ways in which to improve the effi ciency of engraftment 
once cells are introduced into the recipient. 

 The improvements in the ability of clinicians to treat more patients more effec-
tively with transplantations as a result of the increasing knowledge of HSC are 
likely to be given an even greater boost as a result of the astonishing developments 
in the ability to generate pluripotent stem cells and to then use these to produce HSC 
with long-term engraftment potential. Apart from the chance to treat more people 
successfully, there is now opened up the real prospect that individuals born with 
genetic defects that affect blood cell production or function, as well as some other 
inherited disorders such as those affecting aspects of metabolism, can expect to 
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have their defi ciencies corrected by gene targeting in iPS cells generated from noth-
ing more than a few skins cells. 

 For sure there are many hurdles yet to be overcome, but the future looks very 
exciting.     
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    Chapter 6   
 Stem Cells for Cardiovascular Regeneration                     

       Christoph     Brenner    ,     Robert     David    , and     Wolfgang-Michael     Franz    

    Abstract     Ischemic disorders are the main cause of death in the Western world. 
With more patients surviving their acute myocardial infarction and an aging popula-
tion, congestive heart failure is the rising health problem. At present, heart trans-
plantation remains the only curative treatment for end stage heart failure. The 
discrepancy between demand and supply of donor organs does not fi ll the clinical 
need. This explains the huge efforts made in the fi eld of stem cell research trying to 
establish alternative methods for endogenous tissue regeneration and to fi nd sources 
for tissue replacement. In contrast to adult stem cells mainly acting in a paracrine 
fashion pluripotent stem cells have the potential to generate transplantable myocar-
dial and vascular tissue. 

 Due to the low percentage of cardiovascular progenitor cells in pluripotent stem 
cell cultures, various approaches using exogenous factors aim for their amplifi ca-
tion and purifi cation in vitro. However, one future key technology may be genetic 
forward programming based on profound understanding of differentiation pathways 
in order to direct stem cell differentiation towards cardiovascular fates. In this 
regard, subtype specifi c programming has already been achieved by overexpression 
of distinct early cardiovascular transcription factors leading to populations of either 
predominantly early/intermediate type cardiomyocytes or differentiated ventricular 
myocardial cells, respectively. In addition, techniques for gentle purifi cation of 
myocardial and vascular progenitor cells will have to be further refi ned in order to 
enable the generation of highly specifi c, pure and safe cell populations for trans-
plantations and for tissue engineering. 

 In contrast, circulating bone marrow-derived progenitor cells have the potential 
not to replace diseased cardiovascular tissue but to stimulate its endogenous regen-
eration. Various approaches have recently been introduced to mobilise these cells 
from their physiological niche and to facilitate a suffi cient recruitment into the dis-
eased tissue. While the therapeutic impact of these cells is already being investigated 
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in clinical trials at present, further methodological refi nements may once allow their 
use in clinical routine.  

  Keywords     Pluripotent stem cell-derived cardiovascular progenitor cells   •   Tissue 
engineering   •   Bone marrow-derived progenitor cells   •   Paracrine regeneration  

6.1       Introduction 

 Cardiovascular diseases are the leading cause of death in the Western world. For 
instance, in the year 2012 a 40.2 % mortality was related to diseases of the heart or 
circulatory system in Germany. And this trend is even likely to climb in the foresee-
able future (DESTATIS  2013 ). The  loss   of cardiomyocytes irreversibly leads to 
adverse remodeling of the myocardium and chamber dilatation associated with a 
decreased ejection fraction and heart insuffi ciency. And with more patients surviving 
their acute myocardial infarction and a senescent population, congestive heart failure 
has already become a major health concern. Today, one of the main obstacles respon-
sible for the high mortality of cardiovascular diseases are the limited therapeutical 
options available refl ected by a 1-year-mortality of 50 % for patients suffering from 
end-stage heart failure (NYHA stage III or IV) (Kessler and Byrne  1999 ). Furthermore, 
the lack of donor organs for  heart transplantations     , which is the only causal therapy 
available, aggravates this shortage of therapeutical options. And in case of successful 
transplantation allograft vasculopathy and chronic heart transplant rejection are the 
causes for a poor clinical outcome (Neumayer  2005 ; Boyle and Colvin-Adams  2004 ; 
Hunt  1998 ). The direct medical costs for treatment of cardiovascular diseases within 
the EU are estimated at more than 100 billion Euros per year (Leal et al.  2006 ). 

 Thus, scientists are encouraged to seek for new therapeutic options. Currently, 
the main objective is to fi nd a way increasing the regeneration capacity of a diseased 
organ instead of “simply” replacing it. Therefore, several types of stem or progeni-
tor cells have been introduced, characterized and tested in animal models. The 
transplantation of  skeletal myoblasts      in ischemic cardiomyopathy was a promising 
approach as these autologous cells are easily accessible and available in a suffi cient 
quantity (Menasche et al.  2003 ). Unfortunately, this non-cardiac muscular tissue did 
not electrically couple to the working myocardium (Menasche  2005 ). After trans-
plantation of  fetal cardiomyocytes      in a mouse model the formation of intercalated 
discs and long term survival postengraftment could be documented (Soonpaa et al. 
 1994 ) so that this cell type could be regarded as a possible source for cell therapy. 
Merely the clinical use of these cells is hampered by the lacking availability, at least 
for ethical reasons. Only the use of autologous bone-marrow-derived stem cells is 
not impaired by the problems mentioned above. Both the transendocardial injection 
of these cells as well as the mobilization in combination with improved homing or 
the intracoronary cell-application via heart catheter into the ischemic myocardium 
appeared to be feasible, save and ethically inoffensive. Furthermore, encouraging 
results could be generated in animal models and initial clinical trials (Schachinger 
et al.  2006a ; Zaruba et al.  2009 ; Engelmann et al.  2009 ; Theiss et al.  2010 ; Assmus 
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et al.  2014 ; Wollert et al.  2004 ). However, the underlying mechanisms still remain 
unclear. At least, it appears to be more than unlikely that bone-marrow-derived stem 
cells can transdifferentiate into a myocardial cell line even though fi rst observations 
claimed to demonstrate that (Orlic et al.  2001 ; Balsam et al.  2004 ). It rather seems 
that potential benefi cial effects caused by these adult stem cells are based on para-
crine infl uence on the surrounding tissue resulting in neo-angiogenesis, anti- 
apoptosis and probably stimulated proliferation of resident progenitor cells (Deindl 
et al.  2006 ; Murry et al.  2004 ). In summary, bone marrow-derived stem cells may 
have positive effects on the endogenous healing process of the damaged myocar-
dium but depict no direct source for cardiovascular  tissue engineering.   Besides, 
recently published clinical trials on cell-based cardiac therapies spark suspicion that 
currently used routes and techniques of progenitor cell administration may not be 
suffi cient to signifi cantly improve myocardial recovery (Gyongyosi et al.  2015 ). 
Applied methods will need further refi nement in future clinical trials. 

 Even though far away from curative clinical application the better source for the 
generation of viable  myocardial tissue      at present are pluripotent stem cells. These 
cells, depending on their derivation, have the ability to form all different cell types 
required to form myocardial (atrial, ventricular and stromal cells) and vascular tis-
sue (endothelial and smooth muscle cells) or specialized cardiomyocytes subtypes 
(e.g. pacemaker, conduction-system) and can be generated as autologous, i.e. genet-
ically compatible to the recipient, stem cells in a theoretically infi nite amount 
(Maltsev et al.  1993 ). Since the technique of  tissue engineering  , i.e. the formation of 
transplantable three-dimensional constructions from beating cardiomyocytes, e.g. 
by   biological assembly    (Akins et al.  1999 ) or the   cell sheet approach    (Okano et al. 
 1995 ), is already well established and has been refi ned over the past 15 years (see 
Chaps.   9     and   10    ), the scientifi c community is focusing on the identifi cation of the 
appropriate progenitor cell types from the pluripotent stem cell culture. Possible 
applications among others are  infarct repair   (Bel et al.  2010 ; Kraehenbuehl et al. 
 2011 ; Singla et al.  2011 ) or the generation of  biological pacemakers   (Shiba et al. 
 2009 ; Jung et al.  2014 ). While the use of autologous and patient-specifi c inducible 
pluripotent stem cells (iPS-cells, see chapter 8) will most likely solve the problem 
of immunological tolerance of the transplanted tissue there still exist some more 
hurdles that have to be overcome. The generation of suffi cient amounts of trans-
plantable cells is one main goal as cardiomyocytes make up less than 10 % of all 
cells in the murine embryonic stem cell culture (Yuasa et al.  2005 ) and even less in 
the human ES cell system (Xu et al.  2008 ). Furthermore, the identifi cation of the 
appropriate subtypes within the vast diversity of developing cardiovascular cells 
and their developmental stages within the pluripotent stem cell culture is crucial to 
achieve the best functional results after transplantation. And last but not least the 
isolation methods have to be further improved to guarantee the generation of pure 
and distinct graft cells for transplantation to minimize the risk for cardiac arrhyth-
mias or even teratoma formation (see chapter 7) (Liao et al.  2010 ; Lin et al.  2010 ). 

 With the identifi cation of  stage  - and  lineage-specifi c markers   and progressing 
decipherment of the molecular cardiovascular development various opportunities 
for meeting the challenges mentioned above will appear.  
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6.2     Pluripotent Stem Cell-Derived Progenitor Cells 
for Tissue Replacement 

6.2.1     Characteristics and Classifi cation 

 The development of the cardiovascular system, i.e. the fi rst organ system to develop 
in vertebrate embryos, begins with the gastrulation in the third week of human 
embryonic development. Due to its considerable size at this point in time the embryo 
is not able to nourish itself by diffusion alone any more but needs circulating blood 
for the supply of the highly proliferative tissues (Eisenberg and Eisenberg  2006 ). 
While the heart itself represents the fi rst functioning organ in the mammalian body 
its development begins at day 19 in the cardiac neural crest and the bilateral cardio-
genic zones in the anterior visceral mesoderm with the induction of angioblasts by 
the endoderm (Sadler  1998 ; Buckingham et al.  2005 ). At the beginning of the fourth 
week of embryonic development forming  endothelial cell clusters      connect to  endo-
cardial tubes  , translocate into the thoracic region and form the primitive heart tube 
with an inner endocardial layer and a surrounding myocard (Gerecht-Nir et al. 
 2003 ; Sadler  1998 ). During weeks fi ve to seven the four chambered heart develops 
by folding and septum formation and starts beating after connection to the fi rst vas-
cular loops (Larsen  1998 ). The myocardial derivation from angioblasts and endo-
thelial cell clusters thereby clearly shows that heart and vessels arise from the same 
original cardiovascular progenitor cells. 

 However, regarding the cardiovascular development from a molecular point of 
view is even more complicated. It is well-known that the common cardiovascular 
stem cells can be derived in various developmental stages from all available pluripo-
tent cell lines like embryonic (see chapter 7), induced pluripotent (see chapter 8), 
spermatogonial (see chapter 9) or parthenogenetic stem cells (Yamanaka  2007 ). 
These pluripotent stem cells show an in vitro differentiation roughly comparable 
even though not identical to the embryonic development in vivo. And as these cells 
in the native state express the  pluripotency markers      Oct3/4, Nanog, Sox etc. 
(Srivastava and Ivey  2006 ; Takahashi and Yamanaka  2006 ) they are all able to form 
 early cardiac mesoderm   which is the prerequisite for the development of cardiovas-
cular organs and the production of cardiovascular stem cells (see Fig.  6.1 ).

Fig. 6.1 (continued) determined to form myocardium or blood vessels. ( d ) Whereas vascular 
progenitors are further characterized by the expression of Islet1 ( Isl1 ),  HOXB5  and the VEGF-
receptor 2 ( Flk-1 ), myocardial precursors follow a genetic program determined by the cardiac 
transcriptional key factor  Nkx2.5 . The further development of the heart can be distinguished 
between the fi rst and the second heart fi eld, which are characterized by the expression of  Tbx20, 
Tbx5, Nkx2.5, Hand1  and  Isl1, FGF8, Mef2c  and  Tbx1 , respectively. Fully differentiated vascular 
structures express the structural proteins SM-actin and SM-MHC in the smooth muscle cells and 
CD31 and VE-Cadherin in endothelial cells. Typical cardiac structural proteins are myosin heavy 
chain ( αMHC ), ventricular myosin light chain ( MLC2v ), Troponin and Connexin40 for electrical 
coupling       
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  Fig. 6.1    Cardiovascular progenitors: Expression of marker genes during development from plu-
ripotent stem cells to complete organs 
 ( a ) Pluripotent stem cells express the pluripotency markers Oct3/4, Sox, Nanog, E-Ras and FGF4 
and can be derived from embryonic stem cells, induced pluripotent stem cells, spermatogonial 
stem cells or parthenogenetic stem cells. ( b ) All of the cell lines mentioned above are able to form 
a mesodermal cell lineage during stem cell differentiation. During this stage the pluripotency 
markers are downregulated and the fi rst mesodermal transcription factor Brachyury ( Bra ) is 
expressed and again downregulated during further specifi cation into the cardiovascular lineage. ( c ) 
The earliest marker of cardiovascular progenitor cells is the basic helix-loop-helix transcription 
factor  mesoderm posterior 1  ( MesP1 ), which is expressed in early cardiovascular progenitor cells 
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   While forming the cardiogenic regions in the lateral-plate mesoderm the cardio-
vascular precursors downregulate the earliest pan-mesodermal marker  Brachyury      
(Bra) and start expressing the transcription factor  mesoderm posterior 1   (MesP1) 
which is highly specifi c for all cardiogenic and several vasculogenic regions giving 
rise to the dorsal aorta, intersomitic and cranial vessels (Kitajima et al.  2000 ; Saga 
et al.  2000 ; Saga et al.  1999 ). Interestingly,  Brachyury   directly mediates the expres-
sion of MesP1 in the cardiovascular progenitor cells by binding to the MesP1 pro-
motor region (David et al.  2011 ). This explains why  MesP1   can serve as a fi rst target 
gene for reprogramming or purifi cation assays next to the markers described in the 
following sentences. MesP1 expressing cells therefore represent the fi rst largely 
specifi c population of multipotent cardiovascular progenitor cells during embryo-
genesis that is able to form all components required to build up the heart. After 
creation of the cardiac crescent the cardiovascular stem cells get further specialized. 
 Heart progenitors   get committed irreversibly to a cardiac fate expressing the home-
odomain transcription factors  Islet1   (Isl1) and  Nkx2.5   whereas the vascular pro-
genitor cells are marked mainly by the expression of the homeobox transcription 
factor  HOXB5   and the VEGF-receptor 2 ( Flk1)   (see Fig.  6.1 ) (Srivastava and Ivey 
 2006 ).  Flk1   as well as the cell surface markers CD31 and VE-Cadherin expressed 
by fully differentiated endothelial cells can easily be used for antibody-based puri-
fi cation of vascular cells for further use in the means of therapeutical utilization by 
the methods described below. Moreover, an ES-cell derived cell population express-
ing Flk1 in a second wave and Brachyury was shown to have the ability not only to 
form endothelial cells but to work also as multipotent cardiovascular progenitors 
comparable to the MesP1 expressing cell line described above. This cell population 
showed cardiomyocytic, endothelial and vascular smooth muscular potential under 
cardiac cytokine stimulation (Kattman et al.  2006 ) and therefore could also be a 
suitable cell-source for transplantation. 

 Further  cardiac development   is based on two  myocardial cell lineages   that form 
the various regions of the heart. In particular, the cell lines can be roughly distin-
guished by their contribution to the formation of the left ventricle  (fi rst heart fi eld)  
and the outfl ow tract  (second heart fi eld) , respectively (Kelly et al.  2001 ; Zaffran 
et al.  2004 ). The progenitor cells of the fi rst heart fi eld are mainly characterized by 
the expression of Nkx2.5, Tbx5 and Hand1 whereas this list seems not to be exhaus-
tive at present. First heart fi eld progenitors form both ventricles, atria and the atrio-
ventricular canal. Cells expressing Isl1, FGF8, FGF10, Tbx1 and Mef2c originate 
from the mesodermal core of the pharyngeal arches and are attributed to the second 
heart fi eld. They colonize the outfl ow tract and all other heart regions except of the 
left ventricle (see Fig.  6.1 ) (Kelly et al.  2001 ; Buckingham et al.  2005 ). The markers 
of the second heart fi eld are explored quite well in contrast to those specifi c for the 
fi rst heart fi eld, but further investigation is required. For instance, Isl1 expressing 
cells can be used to generate smooth muscle, endothelial cells and cardiomyocytes 
but its knockout leads to a defi cient development which is restricted to the outfl ow 
tract and right ventricle (Meilhac et al.  2004 ). In contrast,  Nkx2.5      is expressed in 
both the fi rst and second heart fi eld but the Nkx2.5 knockout model lacks only the 
formation of Hand1 expressing cells which corresponds merely to the fi rst heart 
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fi eld structures (Lyons et al.  1995 ). The Tbx5-knockout mouse shows quite similar 
defects even though not as pronounced. 

 It becomes clear that many overlapping expression patterns exist in parallel to 
each other and depending on the stage of development. And, without a doubt, not all 
(especially transient) expressions of certain cardiovascular markers have been 
detected, yet. Furthermore, till today it was not possible to isolate a specifi c pro-
genitor cell for neither the fi rst nor the second heart fi eld as the markers mentioned 
above are preferably but not exclusively expressed in the respective precursor fi eld 
(Lam et al.  2009 ). The knowledge about the presently known specifi c markers 
expressed by the respective multipotent cardiovascular progenitor cells during the 
distinctive differentiation stages (in particular the Flk1 + Bra +  (Kattman et al.  2006 ), 
the MesP1 +  (David et al.  2008a ) and the Isl1 +  (Laugwitz et al.  2008 ) cell population) 
and the information about their developmental relevance is far from being complete 
today but nevertheless can already be used to identify, amplify and isolate the 
desired cell types in vitro from a pluripotent stem cell culture for generation of new 
cardiac tissue (David et al.  2009 ; Kattman et al.  2006 ; Müller et al.  2000 ; Wobus 
et al.  1997 ). To support this challenge various techniques have been introduced in 
recent years. These will be described in the following passages.  

6.2.2     Derivation 

 The isolation of multipotent  cardiovascular progenitor cells   from a pluripotent stem 
cell culture has to face several obstacles. As described above, all conceivable types 
of  precursor cells   develop during the differentiation in vitro and can be identifi ed by 
their specifi c gene expression program. Before being able to use these cells, e.g. for 
tissue engineering, they have to be cultured in a suffi cient quantity and purifi ed to 
avoid adverse reactions like teratoma formation (see chapter 7) or malicious cardiac 
arrhythmias (Lee and Makkar  2004 ) after transplantation. 

 The differentiating  ES cell culture   only contains a few percent of beating cardio-
myocytes (Xu et al.  2008 ) and therefore various attempts for increasing this number 
have been performed. The fi rst approaches succeeded in stimulating the cardiogen-
esis by using exogenous  stimulation   methods (see Fig.  6.2  and Table  6.1 ). The addi-
tion of retinoic acid to the murine embryonic stem cell culture enhances the 
development of ventricular cardiomyocytes shown by increased expression of the 
αMHC and MLC2v genes (Wobus et al.  1997 ). A comparable effect can be reached 
by stimulation with ascorbic acid (Takahashi et al.  2003 ) or cultivation of ES cells 
under infl uence of a low frequency magnetic fi eld (Ventura et al.  2005 ). A guided 
differentiation via pacemaker-like cardiomyocytes with expression of Cx40, Cx45 
and typical transmembranous action potential can be attained by exposure of murine 
ES cells to endothelin-1. Regarding the human embryonic stem cell culture the 
increase of beating cardiomyocytes can be facilitated by coculturing of ES cells 
with endodermal END2 cells (Mummery et al.  2007 ) via yet undefi ned excreted 
serum factors or the addition of SB203580, a specifi c p38 MAP kinase inhibitor 
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(Graichen et al.  2008 ). A complete review over the latest approaches for stimulating 
cardiogenesis with the help of external factors can be found in Table  6.1 . These 
attempts all provided promising results but lacked the detailed analysis of an under-
lying signaling pathway and therefore await further investigation (see Fig.  6.2 ).

    A more elegant way for generating increased numbers of cardiovascular progeni-
tors in the pluripotent stem cell culture is   genetic forward programming       (see 
Fig.  6.2 ). Recently, David et al. have shown proof of principle for cardiovascular 

  Fig. 6.2    Amplifi cation and isolation of cardiovascular progenitor cells 
  Exogenous stimulation:  The cardiovasculogenic program can be induced by addition of various 
agents (ascorbic and reinoic acid or hepatocyte growth factor) or the cultivation of the pluripotent 
stem cell culture in a low-frequency magnetic fi eld. The underlying mechanisms are largely 
unknown here 
  Genetic forward programming : The differentiation process of pluripotent stem cells can be driven 
towards a cardiovascular fate via overexpression of selected cardiac ( Nkx2.5 ) and cardiovascular 
( MesP1 ) transcription factors under control of the cytomegalovirus promotor 
  Immunologic purifi cation:  Cardiovascular progenitor cells can be purifi ed from the differentiating 
stem cell culture via antibody-based fl uorescence-activated or magnetic cell sorting. Antibodies 
can either bind to cardiovascular-specifi c endogenously expressed ( Flk1 ) or transgenetically 
(promotor- based) expressed cell surface markers (ΔCD4) 
  Promotor-based purifi cation:  The expression of structural proteins under control of specifi c cardiac 
and cardiovascular gene promotors facilitates the purifi cation of cardiac or cardiovascular (pro-
genitor) cells via magnetic cell sorting (ΔCD4), fl uorescence activated cell sorting (EGFP) or 
antiobiotic selection (G418-resistance)       
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subtype specifi c programming of pluripotent stem cells. Via overexpression of early 
cardiovascular transcription factors like Nkx2.5 (under control of the  cytomegalovirus 
(CMV) promoter) the process of cardiogenesis could be induced in murine ES cells 
(David et al.  2009 ). Forced expression of this cardiac key gene leads to increased 
numbers of differentiated beating ventricular cardiomyocytes without affecting vas-
cular progenitors in vitro whereas  MesP1   overexpression causes an enhancement of 

    Table 6.1    Exogenous induction of cardiovascular development in embryonic stem cells   

 Authors  Agent/method  Cell type  Effects 

 Wobus et al. 
( 1997 ) 

 Retinoic acid  Mouse ES 
cells 

 Enhanced development of ventricular 
cardiomyocytes, up regulated 
MLC2v- and myosin heavy chain 
expression 

 Paquin et al. 
( 2002 ) 

 Oxytocin  P19 
embryonic 
stem cells 

 Increased number of beating cell 
colonies, up regulated ANP- and 
myosin heavy chain expression 

 Takahashi 
et al. ( 2003 ) 

 Ascorbic acid  Mouse ES 
cells 

 Increased number of alpha myosin 
heavy chain-positive cells, up 
regulated expression of GATA4, 
beta-MHC 

 Gassanov 
et al. ( 2004 ) 

 Endothelin  Mouse ES 
cells 

 Increased number of pacemaker-like 
cardiomyocytes, confi rmed by 
electrophysiology (If) and 
immunostaining (Cx40, Cx45) 

 Ventura et al. 
( 2004 ) 

 Butyric and retinoic 
mixed ester of 
hyaluron 

 Mouse ES 
cells 

 Increased number of spontaneously 
beating cardiomyocytes, up regulated 
expression of GATA4 and Nkx2.5 

 Ventura et al. 
( 2005 ) 

 Extremely low 
frequency magnetic 
fi eld 

 Mouse ES 
cells 

 Increased number of spontaneously 
beating cardiomyocytes, up regulated 
expression of GATA4 and Nkx2.5 

 Yuasa et al. 
( 2005 ) 

 Noggin, inhibitor of 
BMP-signaling 

 Mouse ES 
cells 

 Increased beating EB incidence 

 Roggia et al. 
( 2006 ) 

 Hepatocyte growth 
factor 

 Mouse ES 
cells 

 Increased number of beating 
embryoid bodies via PI3 kinase/Akt 
pathway, up regulated expression of 
GATA4 and Nkx2.5 

 Mummery 
et al. ( 2007 ) 

 Coculture with 
endodermal END2 
cells 

 Human ES 
cells 

 Increased number of beating 
cardiomyocytes 

 Graichen 
et al. ( 2008 ) 

 SB203580, specifi c 
p38 MAP kinase 
inhibitor 

 Human ES 
cells 

 Increased cardiomyocyte yield via 
enhanced early mesoderm formation 

 Xu et al. 
( 2008 ) 

 Prostaglandin I2  Human ES 
cells 

 Enhanced cardiogenic activity 

 Wiese et al. 
( 2011 ) 

 Suramin  Mouse ES 
cells 

 Induction of differentiation into sinus 
node-like cells 

 Sharma et al. 
( 2015 ) 

 Small molecule- 
modulation and 
glucose starvation 

 Human iPS 
cells 

 Induction of cardiomyocytes 
differentiation 
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vascular development shown by an increased number of electrophysiologically 
detectable early/intermediate type cardiomyocytes and spontaneously sprouting 
endothelial structures in the culture dish (David et al.  2008a ; David et al.  2009 ). 
This is a strong sign for  MesP1   lying upstream of Nkx2.5 in the molecular hierarchy 
for cardiovascular specifi cation as the fi rst-mentioned is acting on the level of car-
diovascular progenitor cells whereas the infl uence of Nkx2.5 is restricted to the 
more specifi ed ventricular cardiomyocyte progenitors (see Fig.  6.1 ). David et al. 
could detect a stimulation of cardiovascular development via MesP1- overexpression 
not only in early vertebrates but also in murine embryonic stem cells (David et al. 
 2008a ). Subsequently, this key fi nding was confi rmed by several other groups 
(Bondue et al.  2008 ; Lindsley et al.  2008 ). In the work of David et al. the underlying 
signaling pathway of MesP1 has been deciphered in detail. MesP1- overexpression 
and -knockdown experiments revealed a prominent function of MesP1 within a 
gene regulatory cascade causing Dkk1 mediated blockade of canonical Wnt-
signalling. Independent evidence from chromatin immunoprecipitation, in vitro 
DNA binding studies, expression analysis in wild-type and MesP1/2 double knock-
out mice and reporter gene assays confi rmed the Dkk1 promoter as a direct target, 
activated by MesP1 protein (David et al.  2008a ). This mechanism is supported by 
fi ndings published by Lindsley et al. and Bondue et al. that detected a 50-fold and 
1.5-fold upregulation of Dkk1-expression, respectively, caused by overexpression 
of MesP1 (Bondue et al.  2008 ; Lindsley et al.  2008 ). 

 Thus, it is evident that  MesP1   is located at the top of the transcriptional network 
that controls cardiovascular differentiation by directly regulating the spatial and 
temporal expression of key cardiac  transcription factors   such as Nkx2.5, Tbx20, 
Hand2, Mef2c and indirectly by enhancing the transcription of Dkk1 (Bondue et al. 
 2008 ; Wu  2008 ; David et al.  2008a ; Lindsley et al.  2008 ). Further attempts for 
genetic forward programming even though without a detailed related signaling 
pathway are summarized in Table  6.2 .

   Despite the progressing decryption of the molecular development of the heart 
and vessel formation, methods are not yet refi ned enough for scientists being able 
to direct pluripotent stem cell differentiation exclusively in the direction of cardio-
vascular development not to mention to generate pure cultures of specifi c differen-
tiated myocardial, endothelial or smooth muscle cells with the help of gene 
technology methods. Therefore, to minimize the hazard of undifferentiated stem 
cells or improper cell types within the transplantable cell mass various purifi cation 
methods have been introduced. The best established ways of isolating specifi c cells 
from a differentiating pluripotent stem cell culture are using the fl uorescence  acti-
vated   or the magnetic cell sorting (FACS, MACS) (Kanno et al.  2004 ; Kattman 
et al.  2006 ; Müller et al.  2000 ; David et al.  2005 ). After labeling of the desired cells 
by antibodies binding to stage and cell type specifi c surface antigens the antibody-
coupled cells can be detected and isolated by their fl uorescence and magnetic prop-
erties, respectively (see Fig.  6.2 ). A suitable cell population for this approach are 
the Flk1 + Bra +  cardiovascular progenitors described by Kattman et al. (Kattman 
et al.  2006 ) as  Flk1   is endogenously expressed on the surface of these cells and 
therefore can be used for the methods described above. Merely the parallel expres-
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sion of Flk1 in specifi ed vascular progenitor cells (see Fig.  6.1 ) makes this marker 
less specifi c and thus can decrease the purity of the desired cardiovascular progeni-
tor cell population. Possibly, the co-staining with Flk1- and CXCR4-antibodies 
may reduce this contamination (see Table  6.3 ) (Nelson et al.  2008 ). Unlike early 
cardiovascular or especially hematopoietic stem cells specifi ed cardiac progenitors 
and differentiated cardiomyocytes do not express any known exclusive surface pro-
teins that are accessible for antibody-based purifi cation methods in their native 
state (Müller et al.  2000 ). For this reason the   promotor-based labeling    of cardio-
myocytes was introduced (David et al.  2005 ; Kolossov et al.  2005 ). The transfec-
tion of a gene vector including a reporter gene (eGFP, ΔCD4 or 

   Table 6.2    Induction of cardiovascular differentiation via manipulations on gene activity   

 Authors 
 Genetic 
modifi cation 

 Main affected 
signaling  Effect 

 Grepin 
et al. 
( 1997 ) 

 GATA-4 
overexpression 

 Nuclear target of 
inductive factors for 
precardiac cells 

 Accelerated cardiogenesis, increased 
number of terminally differentiated 
beating cardiomyocytes 

 Kanno 
et al. 
( 2004 ) 

 NO overexpression  Not known  Accelerated cardiomyocyte 
differentiation, apoptosis of cells not 
committed to 
Cardiomyocyte-differentiation 

 Singh 
et al. 
( 2007 ) 

 Chibby 
overexpression 

 Wnt/β-Catenin- 
pathway 

 Increased cardiac differentiation 

 David 
et al. 
( 2009 ) 

 Nkx2.5 
overexpression 

 Not known  Increased number of ventricular 
cardiomyocytes 

 David 
et al. 
( 2009 ) 

 MesP1 
overexpression 

 Wnt/β-Catenin- 
pathway 

 Increased number of early/
intermediate type cardiomyocytes 

 Izarra 
et al. 
( 2014 ) 

 miR1, miR133a  Mesodermal 
development, cardiac 
differentiation 

 Overexpression of miR1 and miR133 
simultaneously leads to mesodermal 
commitment of P19.CL6 cells, miR1 
overexpression enhances cardiac 
differentiation 

   Table 6.3    Purifi cation of cardiovascular and cardiac progenitors by specifi c cellular markers   

 Authors 
 Endogenous cellular 
marker  Method  Cell type 

 Kattman et al. 
( 2006 ) 

 Flk-1  FACS  Cardiovascular progenitor cells from 
murine ES cell culture  Cell surface 

 Nelson et al. 
( 2008 ) 

 Flk-1, CXCR-4  FACS  Cardiopoietic lineage from murine ES 
cell culture  Cell surface 

 Ban et al. 
( 2013 ) 

 MHC1-MB  FACS  Cardiac troponin expressing 
cardiomyocytes  Intracellular molecular 

beacons 
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Neomycin(G418)-Resistance) expressed under the control of a cardiac specifi c 
genetic promotor like MLC2v, αMHC (both specifi c for ventricular cardiomyo-
cytes, (Kolossov et al.  2005 ; Müller et al.  2000 ; Zweigerdt et al.  2003 )), Cx40 (car-
diovascular progenitors, (David et al.  2008b )), or ANP (pacemaker cells, (Gassanov 
et al.  2004 )) or the targeted knock-in of a reporter gene into the respective gene 
locus thereby facilitates the stable labeling of the desired cell type during a specifi c 
differentiation stage (see Fig.  6.2  and Table  6.4 ). The  purifi cation method   is depen-
dent on the used reporter gene. The intracellular expression of enhanced green fl uo-
rescent protein (EGFP) is only suitable for fl uorescence activated cell sorting 
(FACS) whereas the intracellularly deleted (i.e. lacking any intracellular signal 
transduction) cluster of differentiation 4 (ΔCD4) can be stained by FITC- (for 
FACS) or magnetic beat-coupled (for MACS) antibodies (see Fig.  6.2 ). Another 
recently introduced technique for FACS- dependent purifi cation of cardiomyocytes 
is based on the nucleofection of fl uorescing molecular beacons (MBs) that specifi -
cally target cardiomyocytes-specifi c mRNA. After intracellular delivery the MBs 
can bind e.g. to myosin heavy chain 6/7 mRNA. Using this technique, purities of 
up to 97 % could be reached (Ban et al.  2013 ).

    Another method, not less elegant but contrarian to fl uorescence-activated cell 
sorting, is the  negative selection   with help of the neomycin-resistance gene. While 
the desired cells survive the treatment with the antibiotic G418 all needless cells are 
eradicated by this toxin (Zandstra et al.  2003 ; Zweigerdt et al.  2003 ). 

 Yet not all of the purifi cation methods mentioned above are potentially suitable 
for the isolation of cells destined for the use in human beings. Using the  antibiotic 

   Table 6.4    Promotor-based purifi cation methods of cardiac and cardiovascular cells from the 
embryonic stem cell culture   

 Authors 
 Promoter-based 
construct  Method  Cell type 

 Müller et al. ( 2000 )  MLC2v-eGFP, 
CMV-enhancer 

 Percoll- 
gradient, 
FACS 

 Ventricular-like cardiomyocytes 
from murine ES cell culture 

 Zweigerdt et al. 
( 2003 ) and 
Zandstra et al. 
( 2003 ) 

 αMHC- 
Neomycin- 
Resistance 

 Antibiotic 
selection 

 Beating cardiomyocytes 

 Gassanov et al. 
( 2004 ) 

 ANP-eGFP  Suitable for 
FACS 

 Pacemaker-like cardiomyocytes 
from murine ES cell culture 

 David et al. ( 2005 )  PGK-ΔCD4  MACS  Suitable for all cardiac-specifi c 
ΔCD4 expression constructs 

 Kolossov et al. 
( 2005 ) 

 αMHC-eGFP  FACS  Atrial and pacemaker 
cardiomyocytes from murin ES 
cell culture 

 David et al. 
( 2008b ) 

 Cx40-eGFP  FACS  Cardiovascular progenitor cells 
from murine ES cell culture 

 Potta et al. ( 2010 )  Acta3- 
PuroIRES2- EGFP 

 Antibiotic 
selection 

 Pacemaker-, atrial- and ventricular- 
like cardiomyocytes from murine 
ES cell culture 
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selection   for example, it is not possible to gain stage-specifi c cardiovascular 
 progenitor cells from the pluripotent stem cell culture as cardiovascular develop-
ment is fast and the selection period in general takes several weeks (with the hazard 
of resistance and possible harmful effects of the antibiotic on terminally differenti-
ated cells themselves) to guarantee a reliable purity of the desired cells (Klug et al. 
 1996 ; Zandstra et al.  2003 ; Zweigerdt et al.  2003 ). But also cytometry (FACS) can-
not be seen as the gold standard of cell sorting as the cells get highly accelerated and 
irradiated by laser light as a side effect of the underlying method, which is likely to 
harm the purifi ed cardiovascular cell types. Moreover, fl uorescent proteins used for 
cell labeling has been reported to bear pro-apoptotic properties (Liu et al.  1999 ) 
which would be a major hindrance for transplantation of such fl uorescent cells into 
damaged myocardium. However, with less manipulating methods being developed, 
with high purity grades and a minor risk for tumor formation, generation of trans-
plantable cardiac tissue appears feasible in the future.  

6.2.3     Potential Therapeutic Applications (Tissue Engineering) 

 Various applications for  cardiac repair   via pluripotent stem cell-derived cardiovas-
cular progenitors have been proposed within recent years. With ischemic and dila-
tive  cardiomyopathy   being on the list of the top cardiovascular diseases the 
generation of contractile myocardium presently is a main goal of current tissue 
engineering approaches (Zimmermann and Cesnjevar  2009 ; Tulloch et al.  2011 ). 
The transplantation of genetically and physiologically compatible myocardial  tissue   
with an included and appropriate blood vessel supply will allow compensation of 
lost myocardial tissue – largely independent from its underlying disease (Masumoto 
et al.  2014 ). 

 Another important application of cardiovascular  tissue engineering      is the genera-
tion of biological pacemaker and conducting cells (Gassanov et al.  2004 ; Wiese 
et al.  2011 ; Jung et al.  2014 ) for patients suffering from sick-sinus-syndrome or 
disturbances of the conduction system like atrioventricular or bundle branch block. 
The implementation of those specifi ed cells could be an alternative to electronic 
pacemaker implantations. 

 Besides generation of myocardium cardiovascular stem cells could also be uti-
lized for the generation of large vessels that might be used as  vascular bypass grafts      
or arterial prostheses (Srivastava and Ivey  2006 ). However, as today acceptable 
autologous alternatives exist (e.g. internal mammarian or radial arteries as bypass 
grafts) the generation of macrovascular tissues currently is only a secondary goal. 

 However, comparable to other organ systems the ultimate objective while work-
ing with pluripotent stem cell-derived progenitor cells will be the generation of a 
whole working organ system, i.e. the artifi cial engineering of a working transplant-
able heart. 

 A fi rst step towards clinical implementation of ES cell derived progenitors has 
just been initiated by the group of Philippe Menasché who is planning to transplant 
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human embryonic stem cell-derived CD15+ Isl1+ progenitor cells into the epicar-
dium of diseased hearts to improve their viability (ESCORT trial, NCT02057900).  

6.2.4     Future Development in Pluripotent Stem Cell Research 

 Until today, a decent part of cardiovascular development has already been investi-
gated. It is possible to obtain, multiply, purify and maintain cardiovascular progeni-
tors and their derivatives from pluripotent stem cells in vitro for generation of 
clinically applicable cardiac and cardiovascular replacement tissue. The knowledge 
and technology available today thereby provide the prerequisites necessary to let the 
vision of cardiac tissue engineering appear feasible within the next decades. For the 
remaining obstacles still lying in the way various approaches are already at least 
being investigated now. Thus, the problem of immunologic rejection of graft tissue 
is most likely to be solved by the use of induced pluripotent stem cells. Furthermore, 
the ongoing decryption of the cellular signal transduction system in developing 
human pluripotent stem cells will fi nally enable us to exclusively direct stem cell 
differentiation into the desired cardiovascular fate. Ideally, the control of the molec-
ular development should then be feasible by exogenous manipulation without using 
transgenic cells any more. This will then facilitate the generation of highly specifi c, 
pure and riskless transplantable cell populations. 

 A very different approach for using pluripotent stem cells for cardiac tissue 
regeneration lies in the generation of differentiated epicardial cells in vitro. While 
classical approaches for tissue replacement focus on engineering of contractile 
transplantable tissue,  epicardial cells   might be used as a kind of specifi ed progenitor 
cell for myocardial regeneration. Witty et al. showed that an epicardial lineage dif-
ferentiation can be induced in pluripotent stem cells. During heart development 
epicardial cells directly contribute to the formation of the myocardium via the 
epithelial- to-mesenchymal transition (EMeT) or the epicardium-to-myocardium 
transition (EMyT) (see Fig.  6.3 ) (Brenner and Franz  2014 ; Witty et al.  2014 ). 
Transplanting pluripotent stem cell-derived epicardial cells into the pericardium of 
a diseased heart may thus depict an elegant and easy method to regenerate myocar-
dial tissue in the future.

6.3         Circulating Progenitor Cells for Endogenous Tissue 
Regeneration 

6.3.1     Characteristics and Therapeutic Applications 

 Another therapeutic approach for the regeneration of the heart and blood vessels 
instead of complete tissue replacement is based on circulating progenitor cells 
( ciPCs  )   . Certain ischemic or infl ammatory stimuli as well as pharmacological 
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induction using e.g. the granulocyte-colony-stimulating factor GCSF can mobilize 
these cells from their bone marrow niche (Deindl et al.  2006 ). Circulating progeni-
tor cells are recruited from the blood into injured tissues that express adhesion mol-
ecules on their cell surfaces and secret specifi c homing factors. These progenitor 
cells generally do not appear to have the ability to transdifferentiate and thus cannot 
directly replace diseased cardiovascular tissue. However, ciPCs work in a paracrine 
fashion to promote proliferation of local differentiated and resident progenitor cells, 

  Fig. 6.3    Schematic Description of Epicardial involvement in Cardiac Development 
 ( 1 ) Alterations in BMP signaling lead to proliferation of the epicardial lineage and inhibit cardio-
myocyte development. ( 2 ) In contrast to endocardial and myocardial cells, epicardial cells typi-
cally express  WT1, Tbx18 , and  ALDH1A2 , which is necessary for production of retinoic acid ( RA ). 
( 3 ) Epicardial-derived cells ( EPDCs ) directly contribute to the formation of the myocardium as 
noncardiomyocyte cells via the epithelial-to-mesenchymal transition ( EMeT ). ( 4 ) Epicardial cells 
may directly differentiate into myocardial cells (epicardium-to-myocardium transition,  EMyT ) and 
contribute to the ventricular septum and atrial and ventricular walls. ( 5 ) Brachyury induces the 
expression of  MesP1 , which inhibits canonical WNT signaling ( WNTi ). This leads to an acceler-
ated cardiomyogenesis in the primary heart fi eld (which gives rise to the  left  ventricle and atria) 
and the secondary heart fi eld (which gives rise to the  right  ventricle and outfl ow tract). ( 6 ) 
Inhibition of WNT signaling ( WNTi ) by  Dkk1  reduces the formation of epicardial tissue. ( 7 )  Nkx2.5  
expression is induced by  MesP1  and enhances the formation of ventricular cardiomyocytes 
 Reprinted from Brenner and Franz ( 2014 ), with kind permission from Elsevier       

 

6 Stem Cells for Cardiovascular Regeneration



160

inhibit apoptosis and induce neovascularization (Gnecchi et al.  2008 ; Zaruba et al. 
 2009 ; Brenner et al.  2014 ). 

 Different approaches for using the regenerative potential of circulating progeni-
tor cells have been introduced within the recent years. Besides direct intravenous or 
intracoronary injection of in vitro cultivated progenitors also non-invasive tech-
niques for enhancing tissue recruitment have successfully been investigated in pre-
clinical models and clinical trials. After endogenous or  pharmacological mobilization      
of bone marrow progenitor cells, inhibition of the cleaving enzyme dipeptidyl pep-
tidase 4 ( DPP4  )    could enhance their recruitment into diseased cardiac and vascular 
tissue. In ischemic myocardium as well as in injured arterial blood vessels local 
expression of the homing factor SDF1 (stromal cell-derived factor 1)     is highly 
upregulated as compared to healthy tissue.  SDF1   binds to the CXCR4 receptor on 
the surface of ciPCs and thus facilitates their homing into the tissue. SDF1 itself is 
inactivated by the DPP4, which is ubiquitously available and cleaves two amino 
acids at the N-terminus of SDF1. Administration of a DPP4 inhibitor blocks SDF1 
inactivation which boosts the invasion of progenitor cells into the diseased tissue 
(Christopherson et al.  2004 ). 

 Various recently published animal studies could demonstrate that pharmacologi-
cal stabilization of SDF1 indeed improves myocardial recovery and survival after 
acute myocardial infarction (Theiss et al.  2013 ; Theiss et al.  2011 ; Zaruba et al. 
 2009 ). Likewise, inhibition of DPP4 could also accelerate reendothelialization of 
denuded arterial blood vessels in mice (see Fig.  6.4 ) (Brenner et al.  2014 ).

6.3.2        Future Prospects 

 Due to the promising preclinical studies, various therapeutic approaches have 
already been translated into clinical trials investigating the regenerative potential of 
bone marrow-derived progenitor cells. While the  REPAIR-AMI trial   demonstrated 
benefi cial effects of intracoronary progenitor cell delivery after myocardial infarc-
tion various other studies regarding this route of application remained negative 
(Schachinger et al.  2006b ; Abbasi et al.  2011 ). Future large-scale randomized clini-
cal studies like the ongoing  BAMI trial   (NCT01569178) will help to further deter-
mine the therapeutic impact of intracoronary injected progenitor cells. Besides, also 
another trial investigating the regenerative effect of circulating progenitor cells 
using the pharmacological approach (GCSF and the DPP4 inhibitor Sitagliptin, 
SITAGRAMI trial) has recently been fi nished (Theiss et al.  2010 ). We expect pub-
lication of the results in 2015.   

6.4     Conclusion 

 Both, pluripotent and circulating stem and progenitor cells provide the potential for 
a therapeutic application in humans. While pluripotent stem cells are able to form 
beating myocardial cells and vascular tissue several hurdles still have to be 
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overcome before a therapeutic administration. In contrast, the use of adult circulat-
ing progenitor cells appears to be closer to clinical application. However, also this 
type of progenitor cell still has to prove its effi cacy in diseased patients.     
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    Chapter 7   
 Neural Stem Cells                     

       Yoko     Arai    ,     Wieland     B.     Huttner     , and     Federico     Calegari   

    Abstract     Neural stem cells are the source of all neurons, astrocytes and oligoden-
drocytes of the central nervous system. While the vast majority of neural stem cells 
are consumed during embryonic development, a subpopulation persists in special-
ized regions of the adult mammalian brain where addition of cells, notably neurons, 
continues throughout life. The signifi cance and physiological role of adult neuro-
genesis are still debated but it is generally believed that neural stem cells may be 
used to establish novel therapies for certain neural pathologies. In this chapter we 
describe the main features of neural stem cells during embryonic development and 
adulthood as well as the key mechanisms known to infl uence their proliferation 
versus differentiation. We then discuss the current views on the function of adult 
neurogenesis and the fi rst attempts to use neural stem cells in therapy. Since the 
focus of this book is on regenerative medicine, we will mainly describe neural stem 
cells of mammalian organisms and briefl y mention studies on other phyla only if 
particularly relevant.  

  Keywords     Neural stem cells   •   Nervous system   •   Basal lamina   •   Neurogenesis 
miRNA   •   DNA methylation   •   Chromatin remodeling   •   Subgranular zone   • 
  Subependymal zone   •   Neurodegenerative diseases   •   Stroke   •   Alzheimer   •   Parkinson   
•   Spinal cord lesions  
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   AP     anterior-posterior   
  AraC     arabinosyde-C   
  bHLH     basic helix-loop-helix   
  BMP     bone morphogenic protein   
  BrdU     bromodeoxyuridine   
  CSL     CBF1/RBPJk/ Supplessor of hairless /Lag1   
  CNS     central nervous system   
  CDK     cyclin-dependent kinase   
  Dnmts     DNA methyltransferases   
  DV     dorso-ventral   
  EGF     epidermal growth factor   
  FGF2     fi broblast growth factor 2   
  GABA     γ-aminobutyric acid   
  HATs     histone acetylases   
  HDACs     histone deacetylases   
  HIF-Ia     hypoxia-inducible factor Iα   
  INM     interkinetic nuclear migration   
  miRNAs     microRNAs   
  NSC     Neural stem cells   
  Ngn     neurogenin   
  NICD     notch receptor   
  RA     retinoic acid   
  Shh     sonic hedgehog   
  SGZ     subgranular zone   
  SVZ     sub-ventricular zone   
  VZ     ventricular zone   

7.1         Embryonic Neural Stem Cells, Their Lineage 
and Characteristics 

 Regenerative medicine for intractable brain disease benefi ts from the remarkable 
progress of neuroscience research. The aim and hope of regenerative medicine is the 
recovery or replacement of diseased cells and tissue in patients by application of  in 
vitro  developed cells or tissue recapitulating  in vivo  brain development (Ringe et al. 
 2002 ; Shastri  2006 ). Advantages of therapies using neural stem cells (NSC) are to 
regenerate organs without rejection by implanting regenerated cells into damaged 
organs and to supply nerve nutrition factors to support unhealthy brain cells (Okano 
 2002 ). These therapies are actively progressing together with the accumulation of 
results on the properties of NSC obtained by more fundamental neuroscience 
research (Okano and Sawamoto  2008 ). Therefore, it is important to understand the 
basic process of brain development. In this chapter, as a foundation for regenerative 
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therapy, the development of the mammalian central nervous system (CNS) is 
described, particularly how multipotency of NSC is maintained and specifi cation of 
differentiated cells is acquired. From a developmental point of view, embryonic 
NSC will form all neural cell types of the adult brain including the adult NSC. 

7.1.1     Stem Cell Niche 

 NSC , collectively, can be regarded as multipotent progenitor cells and have (i) self- 
renewal capacity and (ii) the potential to give rise to all neural cell types: neurons, 
astrocytes and oligodendrocytes. NSC are highly polarized epithelial cells, that is, 
the neuroepithelial cells that form the neural tube upon invagination of the neural 
plate during the process of neurulation (Fig.  7.1a ). Neuroepithelial cells are arranged 
in a single layer of cells that forms the  ventricular zone (VZ)   (BoulderComm  1970 ). 
The VZ, whose apical side faces the ventricles and whose basal side faces the basal 
lamina, is colonized by blood vessels (Bautch and James  2009 ; Götz and Huttner 
 2005 ). This environment provides “stem cell niche”–like features to the neuroepi-
thelial cells during development. Specifi cally, the ventricles are fi lled with lipopro-
tein- and membrane particle-rich cerebrospinal fl uid, and the basal lamina is a rich 
source of extracellular molecules including morphogens and growth factors (Raballo 
et al.  2000 ; Vaccarino et al.  1999a ) (for more details, see Sect.  7.3 ). NSC are exposed 
to this environment through receptor interactions and endocytosis (Logan and Nusse 

  Fig. 7.1     Neural tube formation (a) and cell division of neuroepithelial progenitors (radial 
glial cells) (b).  ( a ) At the neural plate stage, ectoderm overlying the notochord at the midline 
thickens to form the neural plate. At the neural fold stage, the neural plate invaginates to form the 
neural tube. At the neural tube stage, fl oor plate and roof plate cells become evident ( red ). ( b ) 
Interkinetic nuclear migration (INM) during the different phases of the cell cycle and symmetric 
 versus  asymmetric division of neuroepithelial cells. During M phase, the cleavage plane ( dotted 
line ) of apical progenitors bisects the apical domain for symmetric/proliferative division, whereas 
it bypasses this domain for asymmetric/neurogenic division, which generates a neuron (not illus-
trated) or a neuronally committed basal progenitor (BP).  ap  apical surface,  b  basal lamina       
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 2004 ). In addition, the neurovascular  communication   is an important factor for the 
 stem cell niche   (Bautch and James  2009 ). Many molecules are supplied to NSC  via  
blood vessels. At early stages of embryogenesis, endothelial cells, surrounding peri-
vascular cells and neural cells interact and form “neurovascular units”, which will 
be a basic unit of the future blood-brain barrier (Lok et al.  2007 ). Oxygen (O 2 ) is one 
of the important chemicals in the regulation of the NSC fate (Panchision  2009 ). In 
the mammalian CNS, the O 2  partial pressure (pO 2 ) is much lower than in air (20.8 %) 
(Erecińska and Silver  2001 ; Panchision  2009 ). At such low pO 2 , hypoxia- inducible 
factor Iα (HIF-Ia) facilitates signal transduction pathways stimulating self-renewal 
of NSC, whereas high pO 2  degrades HIF-Ia to promote neurogenesis (Gustafsson 
et al.  2005 ) and gliogenesis (Pistollato et al.  2007 ). Taken together, the ventricular 
fl uid–, basal lamina– and blood vessel–based microenvironment of NSC provides 
important signals for the proliferation  versus  differentiation of these cells, and thus 
in the development of the CNS. 

7.1.2        Characteristics of NSC In Vivo and In Vitro 

   In vivo , hallmarks of neuroepithelial cells in  the   CNS are (i) interkinetic nuclear 
migration (INM), the movement of cell nuclei from the apical luminal side (apical 
surface) to the basal side of the VZ (basal lamina) in concert with the progression of 
the cell cycle, and (ii) cell polarity, with the plasma membrane of neuroepithelial 
cells being divided into two principal domains, an apical domain (apical plasma 
membrane) facing the ventricles and a basolateral domain which are separated from 
each other by junctional complexes (Fig.  7.1b ). These characteristics have been well 
studied in the developing vertebrate CNS (Farkas and Huttner  2008 ; Götz and 
Huttner  2005 ; Kriegstein and Alvarez-Buylla  2009 ). At the beginning of  brain 
development  , neuroepithelial cells proliferate, generating two equivalent daughter 
cells in the VZ and increasing exponentially in number (Kageyama et al.  2008 ). At 
the onset of neurogenesis, intrinsic and extrinsic factors acting in concert control the 
production of neurons from neuroepithelial cells in a stepwise manner (Kriegstein 
and Götz  2003 ). Neuroepithelial cells transform into radial glial cells, collectively 
referred to as apical progenitors, that will progressively engage in differentiation. 
Apical progenitors change their division mode from a proliferative to a differentia-
tive mode that leads to the production of neurons through the formation of so-called 
basal (or intermediate) neural  progenitors   (Götz and Huttner  2005 ; Haubensak et al. 
 2004 ; Hevner  2006 ; Noctor et al.  2004 ). In the developing cerebral cortex, basal 
progenitors form a second progenitor layer located basal to the VZ, the sub- 
ventricular zone (SVZ). In rodents, basal progenitors typically undergo one cell 
cycle and then generate two post-mitotic neurons which migrate out from the SVZ 
to appropriate neuronal layers (Hevner  2006 ). The sequential production of various 
types of neurons (neurogenesis) is then followed by gliogenesis (the birth of astro-
cytes and oligodendrocytes). 
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 Region–specifi c  in vitro  NSC lines have been derived from fetal and adult CNS 
(Reynolds et al.  1992 ; Reynolds and Weiss  1992 ). Cells isolated from adult germi-
nal regions are cultured in the presence of two growth factors, FGF2 (Fibroblast 
growth factor 2 or basic FGF) and EGF (epidermal growth factor) (see more detail 
in Sect.  7.3 ), and propagated in suspension culture as multicellular spherical aggre-
gates termed “ neurospheres  ” (Pollard et al.  2008 ). EGF, a known mitogen, and its 
receptors (EGFRs) are expressed in the CNS (Seroogy et al.  1995 ). EGF induces the 
proliferation of stem cells, which gives rise to neurospheres of undifferentiated cells 
that can differentiate into neurons, astrocytes and oligodendrocytes (Reynolds and 
Weiss  1996 ). Indeed, one NSC can expand more than 10 7  fold in the presence of 
EGF (Reynolds and Weiss  1996 ), as determined from clonal population analyses of 
embryonic and adult NSC  in vitro . The simplifi ed environment used in  in vitro  sys-
tems, though distinct from the physiological stimulation that NSC face in the niche, 
nonetheless provides an excellent tool to manipulate and dissect how cells undergo 
self-renewal and differentiation. In the following sections, mainly  in vivo  mecha-
nisms will be reviewed, as the insight gained here provides an important basis to the 
development of regenerative applications.   

7.1.3     Cell Cycle and Division 

 Fundamental biological mechanisms such as cell cycle and division are tightly 
linked to cell fate changes of NSC.  Cell cycle kinetics   of NSC are controlled by 
signaling pathways and cell-intrinsic determinants in order to obtain the appropriate 
balance between the growth of progenitors and their differentiation into neurons 
(Dehay and Kennedy  2007 ; Lukaszewicz et al.  2002 ; Ochiai et al.  2009 ; Ohnuma 
and Harris  2003 ; Ohnuma et al.  2001 ; Shimogori et al.  2004 ). The transition from 
one cell cycle phase to the next is controlled by the activation, via phosphorylation, 
of CDKs (cyclin-dependent kinases) that ensure that all cell cycle phases are exe-
cuted in the correct order. Each CDK is dependent on a partner cyclin, which oscil-
lates during the cell cycle to control its progression. Cyclin-CDK complexes form a 
driving force for the cell cycle (Ekholm and Reed  2000 ), which is inhibited by CKI 
(CDK inhibitor), a braking system in the cycle (Ohnuma et al.  2001 ) regulated by 
protein degradation (Nakayama and Nakayama  2006 ). 

 During  neurogenesis  , cell cycle progression of NSC is linked to INM (Fig.  7.1b ) 
(Hayes and Nowakowski  2000 ). For M phase, the nucleus migrates to the apical 
side of the VZ where mitosis occurs, then the nucleus is translocated to the basal 
side during the G1 phase. DNA synthesis (S phase) occurs in the basal region of the 
VZ and is followed by the return of the nucleus to the apical side during the G2 
phase (Kriegstein and Alvarez-Buylla  2009 ). Before overt neurogenesis in the cere-
bral cortex, NSC progression through the cell cycle is relatively fast, allowing self- 
amplifi cation of NSC (Takahashi et al.  1995 ). During the progression of neurogenesis, 
the average cell cycle length increases, with lengthening notably in the G1 phase, as 
determined by cumulative BrdU labeling (Caviness et al.  1995 ; Takahashi et al. 
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 1995 ), suggesting that the control of the G1 phase is a key step for the neurogenesis. 
Activation of cyclin D/cdk4 and cyclin E/cdk2 complexes is an important step for 
the transition from G1 to S phase (Ekholm and Reed  2000 ), and accordingly the 
manipulation of G1/S transition by overexpression of cyclin D/cdk4 or cyclin E1 
changes the cell fate of neural progenitors by shortening the G1 phase and total cell 
cycle length (Lange et al.  2009 ; Pilaz et al.  2009 ). 

 Before neurogenesis, NSC amplify their pool exponentially by symmetric prolif-
erative  division   to generate two equivalent, proliferating daughter cells. At the 
beginning of neurogenesis, neurons and basal progenitors arise from asymmetric 
division of apical progenitors (radial glial cells), which allows their self-renewal as 
the other daughter cell remains an apical progenitor (Haubensak et al.  2004 ; Miyata 
et al.  2004 ; Noctor et al.  2004 ,  2008 ). Symmetric divisions of basal progenitors 
generate neurons (Götz and Huttner  2005 ; Kriegstein and Alvarez-Buylla  2009 ). In 
the  Drosophila  CNS ,  asymmetric division is governed by various determinants, 
with notably the cleavage plane orientation during division being a critical fate 
determinant for the daughter cells (Doe and Skeath  1996 ). Specifi cally, a cleavage 
plane parallel to the apico-basal axis gives rise to symmetric division, while a cleav-
age plane perpendicular to this axis gives rise to asymmetric division (Doe and 
Skeath  1996 ). This orientation of cleavage planes results in the equal or unequal 
distribution of polarized cell fate determinants. In the developing mammalian CNS 
(Chenn and McConnell  1995 ), subtle variations in cleavage plane orientation are 
typically observed and the vast majority of cleavage planes are oriented parallel to 
the apico-basal axis, with an important feature being whether or not the tiny apical 
plasma membrane and the apical junctional complexes are bisected (Kosodo et al. 
 2004 ).  Symmetric   proliferative divisions bisect, and asymmetric neurogenic divi-
sions bypass, this apical domain and thus have differential effects on its inheritance 
(Huttner and Brand  1997 ; Kosodo et al.  2004 ) (Fig.  7.1b ). Lack of a precise orienta-
tion of the mitotic spindle perpendicular to, and of the cleavage plane parallel to, the 
apico-basal axis upon knock-down of Aspm (abnormal spindle-like microcephaly- 
associated) causes precocious neurogenesis (Fish et al.  2006 ,  2008 ). In contrast, 
deletion of the spindle regulator LGN results in the delamination and somal translo-
cation of neural progenitors without signifi cant consequences for neurogenesis 
(Konno et al.  2008 ; Morin et al.  2007 ). These fi ndings indicate that precise control 
of spindle/cleavage orientation appears to be important for cell fate determination in 
a context-dependent manner. 

  Neuronal differentiation   involves the specifi cation of neural progenitors and neu-
rons, and hence the appropriate alterations in gene expression controlled by cell- 
intrinsic and -extrinsic cues (Kriegstein and Götz  2003 ). After production of 
neurons, radial glial cells fi nally differentiate into glial cells such as astrocytes and 
oligodendrocytes. Therefore, in the rodent CNS, the following three steps occur 
sequentially; (i) expansion and self-renewal: symmetric proliferative and asymmet-
ric divisions, respectively, of apical progenitors, (ii) neurogenesis: differentiative 
divisions of apical and basal progenitors, (iii) gliogenesis: differentiative divisions 
of neural progenitors (Qian et al.  2000 ). These aspects will be discussed in the fol-
lowing sections. First, the major intracellular players, complex intrinsic regulations 
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involved in the determination of neural progenitors, will be discussed. Then, impor-
tant extracellular factors that infl uence neurogenesis and their respective signaling 
pathways will be reviewed. In the adult neurogenesis section, the generic aspects of 
gliogenesis will be addressed and regenerative applications will be discussed.   

7.2     Cell-Intrinsic Factors in Neural Stem Cell Differentiation 

 To generate the variety of brain cells, NSC collectively have to be multipotent and 
provide the proper cell type at the proper time. The processes by which NSC generate 
a variety of functionally integrated neural progenitors and then neurons during embry-
onic development have been intensively studied, and the variety of neural progenitors 
is established by combinations of various cell-intrinsic  factors  : several types of tran-
scription factors, receptors, ligands, cell cycle modulators and polarity proteins, etc 
(Kriegstein and Alvarez-Buylla  2009 ). A platform for neurogenesis is established by 
the coordinated functions of these players through signal transduction pathways. 

7.2.1       Transcriptional Regulators   

 The major cell-intrinsic regulators are the basic helix-loop-helix ( bHLH     ) transcrip-
tion factors, which contribute to changing the characteristics of NSC over time dur-
ing brain development: the self-renewal capacity, neurogenesis and gliogenesis 
(Kageyama and Nakanishi  1997 ). There are two types of bHLH genes: (i) the 
repressor-type bHLH genes,  Hes  genes, are mammalian homologues of  Drosophila 
hairy  and  Enhancer of split , and (ii) the activator-type bHLH genes,  Neurogenin 
(Ngn) ,  Mash1  and  Math  genes, are mammalian homologues of  Drosophila  proneu-
ral genes  achaete–scute  complex and  atonal  (Kageyama et al.  2008 ).  Hes  genes not 
only regulate the maintenance of NSC but also promote gliogenesis in cooperation 
with Notch signaling (Lathia et al.  2008 ) (discussed below), while proneural genes 
including  Neurogenin (Ngn) ,  Mash1  and  Math  are responsible for promoting neuro-
genesis (Ross et al.  2003 ). 

7.2.1.1     Regulators of Maintenance and Proliferation 

   There are seven members in the  Hes  family (Kageyama et al.  2008 ). Among them, 
 Hes1 ,  Hes3  and  Hes5  genes are highly expressed  in   the early stage of embryonic 
brain development to maintain NSC in an undifferentiated state and to inhibit  their 
  differentiation. Functional studies of  Hes  genes have been done using gene knock- 
out strategies. In  Hes1:Hes3:Hes5  triple knock-out mice, neuroepithelial cells pre-
maturely differentiate into neurons as early as embryonic day (E) 8.5 when 
neuroepithelial cells in the wild-type are extensively self-renewing (Hatakeyama 
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et al.  2004 ). Importantly, in the triple knock-out mice, premature neurogenesis is 
already completed by E10 without generation of later-born cells, glia and ependy-
mal cells, demonstrating that  Hes1 ,  Hes3  and  Hes5  are also essential for fate deter-
mination of neural progenitors (Hatakeyama et al.  2004 ). Furthermore,  Hes1:Hes5  
double knock-out neurospheres do not expand properly in contrast to wild-type 
(Ohtsuka et al.  1999 ). Hes genes are therefore important to regulate not only self- 
renewal and differentiation but also the multipotency of NSC for formation of neu-
ral tissue. 

 Interestingly,   Hes  genes   also seem to have a role in tissue architecture, an impor-
tant aspect with regard to tissue engineering. In  Hes1:Hes3:Hes5  triple knock-out 
embryos at E8.5, intracellular apical junctional complexes (adherens and tight junc-
tions) and the basal lamina are disrupted and premature neurons scattered into the 
lumen and surrounding tissues (Hatakeyama et al.  2004 ). Therefore,  Hes  genes are 
essential for the structural integrity of the CNS.    

7.2.1.2      Regulators of  Differentiation   

 The activator-type bHLH genes,  Neurogenin 2 (Ngn2) ,  Mash1  and  Math  are 
expressed in neural progenitors that have a limited potential for proliferation (Fode 
et al.  2000 ). Upon expression of these bHLH genes, differentiation into neurons 
after repeated asymmetric cell division occurs as represented in Fig.  7.1b . 
Overexpression of the activator-type bHLH genes in NSC induces neuron-specifi c 
genes, and therefore these genes are known as proneural genes (Parras et al.  2002 ). 
Proneural genes also specify the neuronal subtypes. For example, in the dorsal part 
of cerebral cortex,  Ngn2  promotes generation of neurons and specifi es glutamater-
gic pyramidal identity. In the ventral telencephalon,  Mash1  specifi es γ-aminobutyric 
acid (GABA) – ergic inhibitory interneurons. Upon a change in progenitor identity 
as observed in  Ngn2  knock-out embryos, dorsal progenitors generate GABAergic 
instead of glutamatergic neurons, demonstrating the role of  Ngn2  in neuronal sub-
type specifi cation (Parras et al.  2002 ; Perez et al.  1999 ). Thus, proneural genes are 
not only crucial for the generation of neurons but also for the acquisition of their 
proper identity.  

7.2.1.3     Notch Signaling: Control Between Proliferation 
and Differentiation 

  Notch   is a transmembrane receptor expressed by neural progenitors. Notch binds to 
its ligands Delta and Jagged, which are also transmembrane proteins and are also 
expressed by neural progenitors (Lathia et al.  2008 ). Once the Notch signaling path-
way is activated, NSC maintain the proliferative and undifferentiated properties by 
induction of  Hes1  and  Hes5  genes which inhibit proneural gene expression. After 
receptor-ligand binding, the intracellular domain of the Notch receptor (NICD) is 
enzymatically cleaved by presenilin-1/γ-secretase and translocates to the nucleus 
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where the transcriptional repressor complex CSL (CBF1/RBPJk/ Suppressor of 
hairless /Lag1) downregulates the transcription of  Hes  genes (Lathia et al.  2008 ). 
Nuclear NICD binds to CSL, which turns it into a transcription activator complex 
acting on chromatin remodeling factors to transcribe  Hes1  and  Hes5  genes 
(Artavanis-Tsakonas et al.  1999 ; Honjo  1996 ). Hes proteins in turn repress the tran-
scription of proneural genes ( Ngn2, Mash1  and  Math3 ), and their targets Delta and 
neuron-specifi c genes are not transcribed (Artavanis-Tsakonas et al.  1999 ). 
Conversely, in neuronally committed progenitors, expression of bHLH proneural 
genes promotes the transcription of neuron-specifi c genes and of  Delta  (Castro et al. 
 2006 ). Delta expressed from the committed progenitor activates Notch in the neigh-
bouring cells to keep them in the undifferentiated state (Castro et al.  2006 ). This 
process is called “ lateral inhibition  ” (Artavanis-Tsakonas et al.  1999 ). Therefore, 
Notch-Delta binding is the initial event for neuronal differentiation and a paradig-
matic example of the crosstalk between neighboring cells.  

7.2.1.4     Regulators of Regional Specifi city 

  Higher brain functions rely on complex neuronal circuit formation between func-
tionally specifi ed regions. The fundamental regional organization of the brain is 
specifi ed during early embryonic development by region-specifi c expression of 
transcription factors (Kriegstein and Götz  2003 ; Osumi et al.  2008 ). The transcrip-
tion factor  Pax6   is a key molecule to defi ne the regional specifi city of the CNS (Götz 
et al.  1998 ).  Pax6   is specifi cally expressed in the dorsal telencephalon that gives rise 
to the neocortex (glutamatergic pyramidal neurons), the dorsal diencephalon that 
gives rise to the thalamus (thalamic neurons), the hindbrain which gives rise to the 
cerebellum (Purkinje neurons), and the dorsal brainstem (motor and sensory neu-
rons) and spinal cord (motor and somatic neurons) (Simpson and Price  2002 ). In 
 Pax6  mutant animals,  Dlx1  and  Gsh2 , two genes identifying the ventral part of the 
telencephalon giving rise to basal ganglia (GABAergic neurons), are misexpressed 
in the dorsal cortex leading to a ventralization of the dorsal cortex (Stoykova et al. 
 1996 ; Toresson et al.  2000 ). 

 Pax6 is also important to control self-renewal (Arai et al.  2005 ) and differentia-
tion (Götz et al.  1998 ) to generate neural progenitors (Estivill-Torrus et al.  2002 ; 
Warren et al.  1999 ). In the dorsal cortex, gain- and loss-of-function studies of Pax6 
identifi ed regulatory networks that control these processes. Pax6 acts by changing 
the combination of co-binding transcription factors in a dose-dependent manner 
(Sansom et al.  2009 ), which allows the regulation of expression of various down-
stream genes. Examples include (Sansom et al.  2009 ) (1) neural stem and progeni-
tor maintainance of self-renewal capacity – Emx2, Sox9 and Hmga2, (2) cell cycle 
progression – G1 cyclin-dependent kinase (Cdk4) and Pten1, (3) neurogenesis – 
Ngn2 (bHLH) and Eomes/Tbr2, (4) chromatin binding – Cbx1 and Rnf2. Thus, 
Pax6 allows the integration of many biological pathways together with regional 
specifi city cues.    

7 Neural Stem Cells



178

7.2.2     Epigenetic Control in the Course of Differentiation 

 Other mechanisms that also contribute to cellular differentiation are epigenetic 
modifi cations. While the DNA sequence itself is generally conserved in somatic 
cells throughout the life of an organism, specifi c transcriptional regulation can be 
maintained by epigenetic mechanisms in individual progenitor cells and inherited 
by their differentiating progeny. Epigenetic modifi cations of cell type-specifi c genes 
contribute to cell-autonomous changes in NSC that regulate both neurogenic and 
gliogenic differentiation processes. Neurons, astrocytes and oligodendrocytes dif-
ferentiate sequentially from NSC, and these programs can be recapitulated  in vitro . 
NSC isolated form early embryonic stages generate, in terms of differentiated cells, 
predominantly neurons, while seemingly identical NSC isolated form later develop-
mental stages generate predominantly astrocytes under the same culture conditions 
(Qian et al.  2000 ), suggesting that epigenetic mechanisms contribute to this change 
in the potential of NSC. 

7.2.2.1     Histone Modifi cations and DNA Methylation 

  NSC fate is profoundly controlled by the spatiotemporal pattern of expression of 
transcription factors in concert with epigenetic modifi cations of their genome, 
including (1)  histone modifi cations   (acetylation, methylation, phosphorylation, 
ubiquitination and sumoylation) and (2) DNA methylation (Vincent and Van 
Seuningen  2009 ). When NSC self-renew, expression of lineage-specifi c genes is 
turned off and their chromatin is found in a “repressed” status as indicated by chem-
ical modifi cations (deacetylation and methylation) of histones (Shi et al.  2008 ). 
These histone modifi cations occur most commonly on amino-terminal histone tails 
and provide a “histone code” that can be read by nuclear proteins to infl uence a 
multitude of cellular activities (Turner  2002 ). 

 The level of histone acetylation is regulated by the activity of histone acetylases 
(HATs) and histone deacetylases (HDACs) (Shi et al.  2008 ). It has been reported that 
HDAC-mediated transcriptional repression is essential for the maintenance and self-
renewal of NSC (Sun et al.  2007 ). HDACs deacetylate lysine residues of histones 
resulting in chromatin condensation, which was shown to block access of transcrip-
tion factors involved in neuronal differentiation (Shi et al.  2008 ). Tlx, a transcription 
factor essential for NSC proliferation, recruits HDACs onto  p21  (a CDK inhibitor) 
and  Pten  (a phosphatase and tumor suppressor gene) promoter regions to repress their 
expression, resulting in inhibition of neuronal differentiation (Sun et al.  2007 ), indi-
cating that histone deacetylation by HDACs is a key step for gene silencing in NSC. 

 More recently, the potential role of histone methylation in CNS development has 
gained attention. Methylation of lysine residues of histone H3 and histone H4 has 
been observed in neuroepithelial cells, and variations in the degree of histone meth-
ylation (mono-, di- or trimethyl histones) has been implicated in neuronal 
 differentiation (Biron et al.  2004 ). Trimethyl histone H3 and monomethyl histone 
H4 have been found to be elevated in proliferating neural progenitors, while 
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 trimethyl histone H4 is enriched in differentiating neurons (Biron et al.  2004 ). Thus, 
an epigenetic program based on a highly dynamic regulation of histone lysine meth-
ylation seems to participate in the neural differentiation process.  

  The epigenetic status is also regulated by DNA methylation. The level of  DNA 
methylation      of the promoter region of a gene often refl ects its state of repression. 
DNA methylation is a post-replicative modifi cation of cytosine (C) that occurs pre-
dominantly within CpG dinucleotides (Rottach et al.  2009 ) and is catalyzed by 
DNA methyltransferases (Dnmts) (Robertson and Wolffe  2000 ). Dnmt1 null 
embryos show embryonic lethality (Li et al.  1992 ), and conditional Dnmt1 deple-
tion in neural progenitors results in DNA hypomethylation and precocious astro-
glial differentiation (Fan et al.  2005 ), suggesting that the maintenance of DNA 
methylation is important for normal development and controls the timing of glio-
genesis. Another two independently encoded DNA methyltransferase genes, 
 Dnmt3a  and  Dnmt3b , are expressed in the CNS (Okano et al.  1999 ; Watanabe et al. 
 2002 ,  2006 ). While  Dnmt3b  is specifi cally expressed in neural progenitors,  Dnmt3a  
is expressed in postmitotic neurons (Watanabe et al.  2006 ).  Dnmt3b  null embryos 
have multiple developmental defects, indicating an important role of DNA methyla-
tion in the initial steps of differentiation.  Dnmt3a  null embryos develop until 4 
weeks after birth (Okano et al.  1999 ), and it has been suggested that Dnmt3a is 
required for the establishment of proper tissue-specifi c DNA methylation patterns. 

 Recently, a link between DNA methylation and cell type-specifi c gene expres-
sion was reported. DNA methylation itself is involved in the repression of  GFAP , 
which is expressed in astrocytes (Takizawa et al.  2001 ). Interestingly, DNA meth-
ylation coupled to chromatin remodeling also plays a crucial role in regulating neu-
ronal activity-dependent genes like  BDNF  (brain derived neurotrophic factor) 
(Martinowich et al.  2003 ). Demethylation of the  BDNF  promoter region was 
observed upon depolarization, releasing its repression and therefore allowing its 
expression in active neuronal networks. This again puts emphasis on the crucial role 
of epigenetic mechanisms for the regulation of factors involved in neuronal func-
tion, in this case plasticity (Martinowich et al.  2003 ).   

7.2.2.2     Chromatin Remodeling 

 A role of chromatin-based epigenetic mechanisms in early neural development has 
been reported (Aigner et al.  2007 ; Lessard et al.  2007 ). Chromatin  remodeling   
involves the effective shifting of nucleosome cores along the length of the DNA mol-
ecule, a process known as “nucleosome sliding”.  Chromatin remodeling   is accom-
plished, at least in part, by ATPase-containing complexes, referred to as ATP- dependent 
SWI/SNF-like chromatin remodeling complexes (Cheng et al.  2005 ; Strahl and Allis 
 2000 ). Mammalian NSC and proliferating progenitor cells express the complexes 
SWI2/SNF2-like ATPases together with BAF45a, a Krüppel/PHD domain protein, 
and BAF53a (Lessard et al.  2007 ). Conversely, when NSC exit the cell cycle, the 
homologues BAF45b, BAF45c and BAF53b replace the respective subunits specifi c 
of proliferating NSC (Lessard et al.  2007 ). The combination of chromatin remodeling 
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factors therefore seems to add another degree of complexity to the regulation of fac-
tors involved in the proliferation/differentiation fate choice of NSC.   

7.2.3     MicroRNAs 

    MicroRNAs   ( miRNAs  ) are 20–25 nucleotide-long non-coding RNAs that nega-
tively regulate the stability and translation of target mRNA (Ambros  2004 ; Bartel 
 2009 ). Approximately 70 % of the known miRNAs are found in the brain (Du and 
Zamore  2005 ). miRNAs are expressed in a tissue-specifi c and developmentally 
regulated manner (Ambros  2004 ; Bartel  2009 ). A large fraction of miRNA genes 
are found within introns  of   transcripts generated by RNA polymerase II (Kim  2005 ). 
These primary transcripts of miRNAs (pri-miRNA) are fi rst processed into 60–75 
nucleotide-long hairpin-like precursors (pre-miRNAs) by the RNase III endonucle-
ase. They are then exported to the cytoplasm where they are cleaved into mature 
miRNAs by Dicer, a cytoplasmic RNase III-type endonuclease. miRNA recognition 
of a target mRNA results in its decreased stability and translation and hence in 
reduced expression of the respective gene (Klein et al.  2005 ). 

 The deletion of Dicer1 causes embryonic lethality and loss of stem cell pools 
(Bernstein et al.  2003 ). However, conditional Dicer knock-out in the developing 
cerebral cortex does not impair the early expansion of NSC and the generation of 
basal progenitors but does result in a dramatic size reduction of the cerebral cortex 
and in a disruption of its neuronal layering (De Pietri Tonelli et al.  2008 ), indicating 
that miRNAs control, in particular, neuronal differentiation. 

 miRNAs are key regulators of stem cell biology in general, and of neural devel-
opment in particular, and have been implicated in cell fate decisions based on their 
expression patterns, computationally predicted targets and overexpression analyses 
(Cao et al.  2006 ; Houbaviy et al.  2003 ; Smirnova et al.  2005 ; Suh et al.  2004 ). 
During neurogenesis, several neuronal miRNAs show linage-specifi c expression 
(Smirnova et al.  2005 ). miR9 and miR125 are expressed in the neural tube and 
found in both the germinal and the neuronal layers, whereas miR124 expression is 
predominantly observed in neurons, miR23 in astrocytes and miR26 and miR29 in 
both neurons and astrocytes (Cao et al.  2006 ; Smirnova et al.  2005 ). Overexpression 
of miR9 and miR124 in neuronal progenitors decreases astrocyte differentiation, 
while inhibition of miR9 alone or together with miR124 reduces the number of 
neurons (Smirnova et al.  2005 ), consistent with a role of neural miRNAs (miR9 and 
miR124) in neurogenesis (Cheng et al.  2009 ). Recently,  laminin γ1  and  integrin β1 , 
which are highly expressed in neural progenitors and repressed during neuronal dif-
ferentiation, have been reported to be target genes of miR124 (Cao et al.  2007 ), 
thereby providing a possible mechanism for the miR124-induced alteration in 
 neural progenitor proliferation. In addition, miR124 binds to the 3′UTR of SCP1 to 
antagonize its anti-neural function (Visvanathan et al.  2007 ), thus acting on broader 
signal transduction pathways which may affect various cellular functions. Clearly, a 
comprehensive identifi cation of miRNAs and their targets genes will provide impor-
tant insight into the regulation of NSC proliferation  versus  differentiation.     
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7.3       Cell-Extrinsic Factors in Neural Stem Cell 
Differentiation 

 Neurogenesis is highly dependent on the proper environment, which affects cell 
behavior and identity. In other words, NSC proliferation and differentiation will be 
infl uenced by extracellular signals that convey information about growth conditions 
as well as positional information (Cayuso and Martí  2005 ). Extracellular signaling 
molecules, notably growth factors and morphogens, are key factors of the microen-
vironment in which NSC reside, the stem cell niche, and are crucial for coordinating 
CNS development. “Pattern formation is the mechanism by which initially equipo-
tent embryonic cells proliferate and organize into an intricate spatial arrangement of 
diverse cell types” (Wolpert  1969 ). 

7.3.1     Morphogens and Identity 

 In the developing brain, positional information along the anterior-posterior (AP) 
and dorso-ventral (DV) body axes is encoded by morphogens. Morphogens are 
secreted molecules that infl uence gene expression in a concentration-dependent 
manner. Morphogens are produced from sources called signal-organizing centers 
and diffuse to form a concentration gradient, which is then integrated by the receiv-
ing cells and will affect various cellular aspects including cell migration, organiza-
tion and identity. 

 Shh (sonic  hedgehog  ) ,  a major morphogen, is a member of the Hh (hedgehog) 
family and the best studied ligand of this signaling pathway. Shh is produced in two 
ventral midline signaling centers, the fl oor plate of the neural tube and the underly-
ing notochord, an axial mesodermal structure (Martí et al.  1995 ). To travel far (long- 
range activity) from its source along the DV axis, Shh requires an auto-processing 
event that releases an active, cholesterol-modifi ed, N-terminal fragment (N-Shh) 
(Ingham and McMahon  2001 ). Graded Shh concentration along the DV axis in a 
ventral-high, dorsal-low profi le allows the initial patterning of the progenitor 
domains within the ventral neural tube (Briscoe et al.  2000 ; Jessell  2000 ; Pierani 
et al.  1999 ). This gradient is converted into the intracellular expression of various 
homeodomain transcription factors that defi ne progenitor domain identity (Briscoe 
et al.  2000 ). In the developing ventral spinal cord, fi ve different types of post-mitotic 
neurons (four interneurons and one motor neuron) are generated from these pro-
genitor domains (Briscoe et al.  2000 ; Pierani et al.  1999 ,  2001 ). Thus, Shh controls 
the generation of distinct post-mitotic neurons along the DV axis. With regard to the 
fi eld of regenerative medicine, for example spinal cord injury which typically is 
localized to a specifi c area and hence to neuronal subgroups, these fi ndings provide 
crucial basic knowledge for designing appropriate therapeutic approaches. 

  BMPs   (bone morphogenetic  proteins  ), belong to the transforming growth factor 
β (TGF-β) family, and multiple BMPs are secreted from the roof plate and the dorsal 
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neural tube (Liem et al.  1997 ). Several studies indicate that BMPs function in dorsal 
patterning of the spinal cord to antagonize the ventral patterning effect by Shh 
(Chesnutt et al.  2004 ; Liem et al.  1997 ; McMahon et al.  1998 ; Wine-Lee et al. 
 2004 ). BMPs bind to two families of receptor serine/threonine kinases, type I and 
II, and propagate the signal by phosphorylation of Smad proteins (Shi and Massagué 
 2003 ). Disrupting BMP signaling with the BMP antagonist Noggin affects particu-
larly the dorsal neuron identity in the spinal cord where BMP acts as morphogen, 
and can be rescued by BMP4 exposure (Liem et al.  1997 ). The double knock-out  of 
  BMP receptors (BMPRIa and Ib) and knock-down of Smad4 by RNA interference 
result in loss of the dorsal-most phenotype (Chesnutt et al.  2004 ; Wine-Lee et al. 
 2004 ), thus adding further evidence for the role of BMPs in the establishment of the 
dorsal progenitor domain identity in the spinal cord. 

 The proper development of the  CNS   requires differentiation to proceed not only 
along the DV, but also the AP, body axis. FGFs (fi broblast growth factors), which 
have various functions in the cell biology of the NSCs (Mason  2007 ), are also 
involved in the AP “body plan” formation process. FGFs are monomeric ligands 
and activate FGF receptor (FGFR) tyrosine kinase (Mason  2007 ). FGF8 from the 
presomitic mesoderm is known to be important for the caudal body axis extension 
by controlling the proliferation in a “stem cell zone”, composed of self-renewing 
progenitors, in the ridge of the caudal neural tube (Diez del Corral et al.  2002 ). 
FGF8-exposed progenitors differentiate into neurons only after neural tube closure 
and following exposure to retinoic acid (RA), produced from the somitic mesoderm 
surrounding the neural tube (Diez del Corral et al.  2003 ). Thus, FGF signaling is 
involved the maintenance of self-renewal and an undifferentiated state of progeni-
tors, whereas RA promotes neurogenesis, with the interplay between these two fac-
tors governing the progression of neurogenesis along the AP axis.  

7.3.2     Morphogens and Growth 

 Morphogens such as Shh and BMPs are not only involved in patterning but also 
infl uence the proliferation and survival of progenitors. Shh has a known mitogenic 
function (Dahmane et al.  2001 ; Ulloa and Briscoe  2007 ) as shown by  gain- and loss- 
of- function   studies analyzing the proliferation of neural progenitors in the CNS 
(Cayuso et al.  2006 ; Chiang et al.  1996 ; Ishibashi and McMahon  2002 ) including 
the cerebral cortex (Komada et al.  2008 ). In Shh signal-receiving cells, binding to 
Patched (Ptc) receptors (Ingham and McMahon  2001 ) releases the inhibition of the 
receptor Smoothened and activates downstream target genes involved in cell prolif-
eration like Cyclin D and N-Myc through Gli activation (Jacob and Briscoe  2003 ; 
Kenney et al.  2003 ; Kenney and Rowitch  2000 ; Ulloa and Briscoe  2007 ). 
Proliferation and cell cycle kinetics are affected in  Shh  conditional knock-out mice, 
which show an increase in cell cycle length (Komada et al.  2008 ). BMPs also con-
trol proliferation of NSC and progenitors either through their downstream targets 
(cyclin D1 and cdk4) (Hu et al.  2001 ) or Wnt canonical signaling pathways (Nusse 
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et al.  2008 ). Transgenic embryos with a constitutively active BMPRIa (caBMPR1a) 
(see also Sect.  7.2.1 ) show a robust proliferation of neural progenitors at early 
stages, and the morphology of the neuroepithelium is severely altered, with the 
appearance of gyrus-like structures (Panchision et al.  2001 ), whereas constitutively 
active BMPRIb (caBMPR1b) promotes neurogenesis (Panchision et al.  2001 ). 
Furthermore,  caBMPR1a   induces expression of  Wnt1  and  Wnt3 , two mitogenic  Wnt  
genes, indicating that the mitogenic effects of BMPs may depend on the mitogenic 
activity of Wnt. Induction by the BMP pathway of  Msx1 , a known inhibitor of pro-
neural genes (see Sect.  7.2.1.2 ), could also contribute to the mitogenic activity of 
BMPs (Liu et al.  2004 ). 

  Wnt ligands   form a family of secreted glycoproteins related to  Drosophila  
Wingless and participate in multiple developmental events during embryogenesis 
(Logan and Nusse  2004 ). Wnt effects are pleiotropic and include mitogenic stimula-
tion, cell fate specifi cation and differentiation. Wnt signaling through its receptors 
(Frizzled) leads to the translocation of  β -catenin to the nucleus to form a transcrip-
tional complex with TCFs (T-cell factor), a pathway called  canonical Wnt pathway   
(Logan and Nusse  2004 ). Evidence for the control of proliferation by the canonical 
Wnt pathway has been obtained by gain- and loss-of-function approaches for Wnts 
(Lange et al.  2006 ) and  β -catenin (Chenn and Walsh  2003 ; Machon et al.  2003 ; 
Megason and McMahon  2002 ). In the developing CNS, the most prominent mem-
ber of  the   Wnt family, Wnt1, is expressed at the dorsal midline along the entire AP 
axis (Gavin et al.  1990 ; Parr et al.  1993 ), whereas  β -catenin is expressed ubiqui-
tously in the VZ, with relatively strong immunoreactivity at the apical, luminal side 
of the VZ (Chenn and Walsh  2003 ; Megason and McMahon  2002 ). Ectopic expres-
sion of Wnt1 and Wnt3a in transgenic mice causes overgrowth of the neural tube at 
the dorsal midline (Dickinson et al.  1994 ; Megason and McMahon  2002 ). Wnt7a 
and 7b are also important for cell proliferation in the VZ and SVZ of the cerebral 
cortex (Viti et al.  2003 ). Consistent with the role of Wnts in stimulating prolifera-
tion, expression of constitutively active  β -catenin increases progenitor proliferation 
and decreases neurogenesis (Megason and McMahon  2002 ; Zechner et al.  2003 ) 
(Chenn and Walsh  2003 ). In contrast, ablation of  β -catenin causes a reduction of 
tissue mass (Zechner et al.  2003 ). These Wnt/ β -catenin-mediated mitogenic effects 
occur through downstream target genes (cyclin D, c-Myc and connexin43) which 
regulate G1/S transition of  the   cell cycle (He et al.  1998 ; Lange et al.  2006 ; Logan 
and Nusse  2004 ; Shtutman et al.  1999 ; Tetsu and McCormick  1999 ). 

  FGF2   (basic FGF) is also known to stimulate the proliferation of progenitors in 
primary cultures isolated from embryonic cerebral cortex by shortening cell cycle 
length (specifi cally G1) (Lukaszewicz et al.  2002 ). FGF2 is highly expressed in the 
developing VZ and SVZ, and knock-out mice show a reduction in proliferation, VZ 
volume and total cell number during development. Furthermore, in adult knock-out 
mice, the numbers of pyramidal neurons and glial cells are equally reduced (Korada 
et al.  2002 ; Raballo et al.  2000 ; Vaccarino et al.  1999b ), consistent with FGF2 being 
a potent mitogen  in vivo . Interactions between FGFs and the Notch signaling path-
way have been described (Yoon et al.  2004 ). Progenitors isolated from the VZ in the 
presence of FGF2 increase  Notch1  and decrease  Delta1  expression (Yoon et al. 
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 2004 ), suggesting that at least part of the FGF activity is mediated through the 
Notch pathway. 

 Some FGFs are produced locally by signal-organizing centers, in particular in 
the anterior medial part of the cerebral cortex. Conditional inactivation of FGF8 in 
the cortex results in a signifi cant reduction of cortical size and mitotic index, and in 
robust apoptosis (Storm et al.  2006 ). In contrast to  FGF2  , FGF8 promotes differen-
tiation and cell cycle exit (Borello et al.  2008 ). The various FGFs and their receptors 
play pivotal roles in the regulation of proliferation and the genesis of cortical neu-
rons and glia. EGF, often used as a supplement in cell culture to sustain prolifera-
tion, behaves like a mitogen for late embryonic and adult NSC (Reynolds et al. 
 1992 ; Reynolds and Weiss  1992 ). 

 To conclude, many extrinsic factors are required, in appropriate spatio-temporal 
patterns, for proper CNS development. Most of them act as either mitogens or mor-
phogens involved in proliferation control and providing positional cues to neural 
progenitors, which will affect the timing of neurogenesis and neuronal identity. 

 Many factors, some extrinsic other intrinsic, orchestrate the proliferation  versus  
differentiation fate choice of NSC (Fig.  7.2a, b ). The underlying integration of 
information is amazingly complex and occurs at various regulatory levels. 
Understanding normal development and neural stem cell biology will bring us 
closer to designing the future tools for regenerative medicine.

7.4         Adult Neural Stem Cells 

7.4.1     Introduction: A Historical Perspective 

  It was 1906 when for the fi rst time two scientists shared  the   Nobel award.  These 
  were Bartolomeo Camillo Golgi for developing the silver impregnation reaction ( la 
reazione nera ) and Santiago Ramon y Cajal for the demonstration, using  Golgi’s 
method  , that the brain is made of contiguous, individual nerve cells ( the neuron 
theory ) (Lopez-Munoz et al.  2006 ). 

 The works of Golgi and Cajal represented a fundamental leap to start revealing 
the extraordinary complex cytoarchitecture of the adult brain, which, on the other 
hand, made it diffi cult to consider that this organ may undergo remodeling during 
adult life. The vision of the adult brain as a static and unmodifi able structure was 
also corroborated by clinical and functional observations, at least those that could 
be made with the tools available at the time. For example, it was known that patients 
with injuries to the central nervous system (CNS) or neurological pathologies had 
very little, if any, possibility of recovery and that even a minor lesion to the CNS 
may lead to major defi cits in its function. Therefore, the scientifi c community was 
confi dent that CNS plasticity must be terminated after development, as summarized 
by Cajal himself in an often-cited statement:  “Once development was ended, the 
fonts of growth and regeneration of the axons and dendrites dried up irrevocably. In 
adult centres, the nerve paths are something fi xed and immutable: everything may 
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die, nothing may be regenerated. It is for the science of the future to change, if pos-
sible, this harsh decree”  (Ramon y Cajal  1913 ). 

 And indeed, science has changed this view. The fi rst evidence of adult neurogen-
esis came nearly 50 years later, after the characterization of tritiated thymidine and 
autoradiography as a system to identify newly synthesized DNA and, thus, cells 
undergoing S phase in living tissues (Firket and Verly  1958 ). To appreciate the 
impact of this revolutionary approach, it should be considered that this was the fi rst 
time that scientists had the opportunity to retrospectively analyze the time of origin, 
lineage and migration of cells in living organisms. This was due to the fact that the 
radiolabeled compound (i) is rapidly metabolized after administration, which allows 
pulse-chase labeling of cells, and (ii) is irreversibly incorporated in the DNA allow-
ing the identifi cation of daughter cells long after their mother had concluded S 
phase. 

 It was Joseph Altman to fi rst use this approach to investigate the possibility of 
adult neurogenesis by administering the radiolabeled compound to the injured brain 
followed, 1 month later, by its detection in cells that were morphologically classi-
fi ed as neurons (Altman  1962 ). Interestingly for stem cell biologists today, Altman 
did not interpret this fi nding as to indicate that neurons may be activated to enter S 
phase and, eventually, divide. Rather, he correctly concluded that  “…new neurons 
may arise from non differentiated precursors, such as ependymal cells. After multi-
plication, such embryonic cells could differentiate and thus add new neurons to the 
existing population.”  (Altman  1962 ). Notably, the identity of  ependymal cells   as 
true neural stem cells is still debated at the time of writing (Chojnacki et al.  2009 ). 

 Altman also made similar observations in other brain regions. However, since the 
neurons observed were, admittedly, very few and no technique was yet available to 
ascertain their identity, the scientifi c community tended to consider adult neurogen-
esis unconvincing or, in the most benevolent cases, negligible and unimportant. This 
view did not change even after the advent of electron microscopy and a more reli-
able identifi cation of newborn adult neurons by ultrastructural analysis, as fi rst 
established by Michael Kaplan (Kaplan and Hinds  1977 ). 

 Only the combination of S phase radiolabeling, ultrastructural analyses and elec-
trophysiology undertaken by Fernando Nottebohm in the 1980s could fi nally pro-
vide proof of adult neurogenesis (Nottebohm  1985 ). This is not to say that adult 
neurogenesis was accepted as a reality for Nottebohm’s studies were limited to 
canaries, a species of songbirds known to undergo seasonal brain remodeling, which 
suggested that adult neurogenesis was, if at all, limited to few and rare species. 
Nevertheless, Nottebohm’s work acted as a catalyzer for new investigations in 
mammals, which were gaining momentum also due to the use of the thymidine- 
analogue bromodeoxyuridine (BrdU), which, in contrast to radio-labeling, allowed 
immuno-detection together with established molecular markers of neurons. 

 This lead in the 1980s and 1990s to a series of studies that (re-) discovered adult 
neurogenesis in a variety of species including rat, mouse, rabbit, macaque and 
human and showed that newborn functional neurons can integrate into preexisting 
neuronal networks (Doetsch et al.  1997 ,  1999a ; Eriksson et al.  1998 ; Gould et al. 
 1999a ; Gueneau et al.  1982 ; Kempermann et al.  1997 ; Kornack and Rakic  1999 ; 
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Kuhn et al.  1996 ; Stanfi eld and Trice  1988 ; van Praag et al.  2002 ). In addition, and 
equally important, systems started to be established to obtain cells from the adult 
brain that could generate neurons and glia in vitro (Lois and Alvarez-Buylla  1993 ; 
Reynolds and Weiss  1992 ). 

 These works, and several others, fi nally led to the acceptance of adult mamma-
lian neurogenesis and to the following boost in neural stem cell research. It should 
be said, however, that this period of great discoveries was, and somehow still is, a 
period of confusion too. For example, while adult neurogenesis in the hippocampus 
and subventricular zone is fi rmly established, adult neurogenesis in the cortex has 
been  proven  (Dayer et al.  2005 ; Gould et al.  1999b ,  2001 ) and  disproven  (Ackman 
et al.  2006 ; Frielingsdorf et al.  2004 ; Koketsu et al.  2003 ; Kornack and Rakic  2001 ) 
various times and certain observations on adult neurogenesis in humans (Curtis 
et al.  2007 ) have been openly challenged (Sanai et al.  2007 ). These confl icting 
reports, in part explained by an inappropriate use of recent technologies (Breunig 
et al.  2007a ), refl ect the novelty and dynamism of the fi eld and should be kept in 
mind while studying adult neurogenesis. 

 Nevertheless, it took science nearly a century to change the  “harsh decree”  and 
view the adult brain as a dynamic and plastic organ where newborn neurons are 
integrated into existing circuits each day (Gross  2000 ). Adapting Cajal’s statement 
one century later, we may now conclude that  it is for the science of the future to 
manipulate, if possible, brain plasticity for therapeutic intervention.    

7.4.2     Derivation/Classifi cation 

7.4.2.1     Origin 

  At the end of mammalian embryonic development, radial glial cells are believed to 
undergo a series of morphological and molecular changes that progressively  trans-
form   them into astrocytes of the adult brain (Barry and McDermott  2005 ; Kriegstein 
and Alvarez-Buylla  2009 ; Mission et al.  1991 ; Voigt  1989 ). In particular, bipolar 
radial glia cells were recently observed by time-lapse microscopy on embryonic 
brain cultures to lose apical contact, migrate to the cortical plate and assume a stel-
late morphology characteristic of mature astrocytes (Noctor et al.  2008 ). This pro-
cess is accompanied at neonatal stages by a reduction in the proliferative potential 
of newborn astrocytes as they progressively slow their rate of division to become 
quiescent (Ichikawa et al.  1983 ). Alternatively, some  radial glial cells   of specifi c 
brain regions escape this fate and, while keeping astrocytic features, become adult 
neural stem cells (Kriegstein and Alvarez-Buylla  2009 ). 

 Unfortunately, the  terminology   in the fi eld may lead to confusion as radial glial 
cells of the developing CNS are neural stem cells but it would be inappropriate to 
call adult neural stem cells radial glia. Moreover, while adult neural stem cells have 
astrocytic features, not all astrocytes are neural stem cells. Nevertheless, the two 
regions of the adult brain in which neural stem cells have been more consistently 
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reported and rigorously studied are the  subgranular zone (SGZ)   of the hippocampus 
and the  subventricular zone (SVZ)   of the lateral ventricle (Fig.  7.3 ) (Doetsch et al. 
 1997 ,  1999a ; Eriksson et al.  1998 ; Gould et al.  1999a ; Gueneau et al.  1982 ; 
Kempermann et al.  1997 ; Kornack and Rakic  1999 ; Kuhn et al.  1996 ; Stanfi eld and 
Trice  1988 ; van Praag et al.  2002 ). In these two neurogenic niches different stem 
and progenitor cells coexist that are reminiscent of embryonic precursors, as we 
shall see later. 

7.4.2.2        Identifi cation and Nomenclature 

  The terminology used to identify the various precursors of the  SGZ   differs from that 
of the SVZ because the two neurogenic niches have been independently character-
ized by different groups. This may seem unfortunate because neural stem and pro-
genitor cells in these two areas are similar with regard to their origin, morphology 
and function, which would call for a consistent terminology. However, important 
differences exist, in particular with regard to the expression of certain molecular 
markers and the neuronal subtypes generated, making it convenient to keep a differ-
ent nomenclature for a more rigorous classifi cation. 

 The main approach currently used to identify precursor subtypes in vivo is by 
performing immunohistochemistry with antibodies against specifi c molecular 

  Fig. 7.3     The adult neurogenic niche . ( top ) Coronal ( left ) and sagittal ( right ) sections of the adult 
mouse brain ( center ; P-A-L-R = posterior-anterior-left-right, respectively) showing the sites of 
adult neurogeneis. ( bottom ) Cytoarchitecture of the SGZ ( left ) and SVZ ( right ). Type 1/B, 2/C, 3/A 
cells and neurons are depicted.  Arrows  indicate their lineage.  DG  dentate gyrus,  LV  lateral ventri-
cle,  EC  entorhinal cortex,  RMS  rostral migratory stream,  OB  olfactory bulb, SGZ subgranular zone       
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markers (Fig.  7.4 ). In essence, the detection of immunolabeling, or lack thereof, is 
taken as an evidence of cell identity. Though technically very practicable, the prob-
lematics inherent in such an approach are several such as that (i) no single individ-
ual marker has yet been described to selectively label an entire precursor 
subpopulation, (ii) certain cell types are identifi ed based on quantitative assessment 
of labeling intensity, which is often problematic, (iii) immunolabeling does not 
 necessarily indicate gene expression as synthesized proteins may be inherited from 
mother to daughter cell, and lastly, (iv) cells may change expression levels of certain 
genes while progressing through the cell cycle and, thus, a different expression level 
of a marker may not necessarily indicate different cell identity. Due to these limita-
tions, immunolabeling for molecular markers, or the use of transgenic reporter 
mouse lines for that particular marker, is typically combined with BrdU labeling 
and estimation of cell cycle parameters, which provides further evidence of cell 
identity because of the different cell cycle kinetics characteristic of precursor sub-
types. Finally, but certainly more diffi cult, cell identity could be ascertained by 
electron microscopy and ultrastructural analyses, which, together with advanced 
light microscopy, has been critical to 3D-reconstruct the cytoarchitecture of the 
 neurogenic niches (Mirzadeh et al.  2008 ; Shen et al.  2008 ; Tavazoie et al.  2008 ). 

  Fig. 7.4     Molecular markers commonly used to identify neural precursors in adult neurogen-
esis  (Adapted from Attardo et al. ( 2008 ), Breunig et al. ( 2007b ) and Zhao et al. ( 2008 ))       
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The combination of these techniques has led to the identifi cation of three main 
 precursors types in the SGZ and SVZ.

   In the SGZ, neural precursors have been defi ned to as type 1, 2 and 3 with an 
additional subdivision of type 2 cells in 2a and 2b (Kempermann et al.  2004 ). 
Similarly, in the SVZ neural precursors have been defi ned to as type B, C and A 
cells, with the subdivision of B cells in type B1 and B2 as original proposed (Doetsch 
et al.  1997 ) being later abandoned (Doetsch et al.  1999a ). The morphological and 
functional features of these precursor subtypes and their lineage will be more thor-
oughly described later; it suffi ces here to say that the type 1/B cells are thought to 
generate type 2/C cells, and these then generate type 3/A cells, also referred to as 
neuroblasts of newborn neurons. 

 Finally, a fourth cell type is present specifi cally in the periventricular area. These 
are  ependymal cells   forming a single-cell layer that delimits the boundary between 
the SVZ (also called subependymal zone) and the lumen of the ventricle. Ependymal 
cells were also proposed to be neural stem cells (Johansson et al.  1999 ) but this view 
was later disputed (Capela and Temple  2002 ; Chiasson et al.  1999 ; Doetsch et al. 
 1999a ) leading to a long controversy in the fi eld (Chojnacki et al.  2009 ). Recently, the 
neurogenic capacity of ependymal cells was shown to occur only during certain neu-
rological disorders (Carlen et al.  2009 ) and, thus, the consensus at the time of writing 
is that ependymal cells are not neural stem cells under physiological conditions.    

7.4.3     Characteristics/Properties 

7.4.3.1     Anatomy and Cytoarchitecture of the Neurogenic  Niches   

 The  hippocampus   lies within the temporal lobes of the telencephalic hemispheres 
and is more generally subdivided into CA1, CA3 and dentate gyrus, which form the 
trisynaptic circuit of this brain area. A high nuclear density in the three regions 
makes the hippocampus easy to identify on cross-sections. Specifi cally, CA1 (dor-
sally) and CA3 (ventrally) fuse to form the characteristic shape of a C (with its 
concavity oriented medially) while the dentate gyrus, resembling a V (with its con-
cavity oriented laterally), is adjacent to CA3 (Fig.  7.3 ) (see the Allan Brain Atlas for 
3D-reconstructions of brain anatomy:   http://www.brain-map.org    ). 

 Simplifying a complex neuronal circuit, inputs to the hippocampus are transmit-
ted from the entorhinal cortex to the dentate gyrus, which is connected to CA3 
through the mossy fi bers. Signals from pyramidal neurons in CA3 are then sent via 
the Schaffer collateral to CA1, which fi nally project outside the hippocampus back 
to the entorhinal cortex. 

 The only region of the hippocampus where neural stem cells are known to reside 
is the SGZ of the dentate gyrus, a particularly vascularized region with a diverse 
population of highly packed cells, including type 1, 2 and 3 precursors. Advanced 
light microscopy has shown that bipolar, type 1 cells are oriented perpendicularly to 
the SGZ, have their nuclei towards the concavity of the V and span with their pro-
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cess the entire thickness of the SGZ until branching into several smaller processes 
at the level of the inner molecular layer, where they contact blood vessels. In con-
trast, type 2 and 3 cells lose radial morphology and assume a more rounded shape. 
Newborn neurons remain in the SGZ and extend axon and dendrites to integrate into 
the circuitry of the hippocampus (Fig.  7.3 ) (Alvarez-Buylla and Lim  2004 ; 
Kempermann et al.  2004 ; Kriegstein and Alvarez-Buylla  2009 ). 

 The anatomy and cytoarchitecture of the SVZ is very different from the  hippo-
campus  . With the end of embryonic development, the cavity of the neural tube col-
lapses and is reduced to minimal proportions. Delimiting and in direct contact with 
the cerebrospinal fl uid lies a single cell layer of ciliated ependymal cells, supposedly 
derived from radial glial cells (Kriegstein and Alvarez-Buylla  2009 ). In contrast to 
the hippocampus, which is both a neuronal network in itself and a neurogenic niche, 
the SVZ serves only the latter function. In fact, neurons derived from the SVZ migrate 
through the rostral migratory stream toward the rostral-most region of the brain, the 
olfactory bulbs, where they integrate into the networks mediating olfaction. 

 The olfactory bulbs receive information from the adjacent olfactory epithelium, 
laying the nasal cavity. In this context, it should be mentioned that the olfactory 
epithelium is yet another site of adult neurogenesis, though in this case neurons are 
part of the peripheral, rather than central, nervous system (Martinez-Marcos et al. 
 2000 ), which makes them somehow less attractive for therapy. 

 Advanced light microscopy and 3D-reconstruction by electron microscopy 
allowed to defi ne the cytoarchitecture of the adult SVZ (Mirzadeh et al.  2008 ; Shen 
et al.  2008 ; Tavazoie et al.  2008 ). Relatively fl at ependymal cells surround type B 
cells in a pin-wheel arrangement, which allows B cells to extend their primary cil-
ium into the lumenal fl uid. Nuclei of B cells are located underneath ependymal cells 
(Mirzadeh et al.  2008 ) and extend a basal process to surround C cells, which lack 
lumenal contact and themselves surround A cells. Finally, in the center of this 
B-C-A layering, type A cells form chains of migrating neuroblasts/newborn neu-
rons forming the rostral migratory stream connecting the neurogenic niche with the 
fi nal destination of the newborn neurons, the olfactory bulb.  

7.4.3.2     Cell Biological Features of Adult Neural Stem Cells 

  It is interesting to observe that, despite many differences, adult neural stem and 
progenitor cells retain certain features of their functionally equivalent embryonic 
counterparts, i.e. radial glial cells and basal progenitors, respectively. 

 For example, adult type 1/ B   cells, like radial glia, are bipolar and highly elon-
gated, and are characterized by the expression of astrocytic markers and the contact 
of their terminal process with blood vessels (Filippov et al.  2003 ; Fukuda et al. 
 2003 ; Shen et al.  2008 ; Tavazoie et al.  2008 ). In addition, they retain a primary cil-
ium, an organelle long neglected through which important signaling pathways act 
(Doetsch et al.  1999b ; Mirzadeh et al.  2008 ). In contrast to type 1/B cells, and simi-
lar to basal progenitors, type 2/C progenitors assume a rounded morphology and, in 
the SVZ, lose contact with the lumen of the ventricle (Doetsch et al.  1999b ; 
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Mirzadeh et al.  2008 ). An important feature distinguishing adult neural stem cells 
from radial glia, besides the lack of interkinetic nuclear migration, concerns their 
cell cycle kinetics. 

 As already described, the developing cortex is a highly proliferative tissue with 
a cell cycle length of 10–20 h (Calegari et al.  2005 ; Takahashi et al.  1995 ), which is 
similar to type 2/C progenitors (Cameron and McKay  2001 ; Hayes and Nowakowski 
 2002 ; Morshead and van der Kooy  1992 ; Zhang et al.  2006 ). In contrast, the rate of 
division of type 1/B cells is extremely slow, which has earned them the epithet of 
slowly-dividing or label-retaining cells as S-phase tracers are less frequently diluted 
by cell division and, thus, can be detected in daughter stem cells a long time after 
incorporation into their mothers. The slow division rate of type 1/B cells has been 
demonstrated after administration of cytostatic agents that kill cells undergoing 
mitosis (in particular, arabinosyde-C (AraC)) (Doetsch et al.  1999b ; Morshead et al. 
 1994 ; Seri et al.  2001 ). First, AraC treatment depletes type 2/C and 3/A cells, but 
not type 1/B cells. Second, removal of AraC allows the repopulation of all cell 
types. Thus, type 1/B cells are mostly quiescent and are true stem cells as they alone 
can regenerate the entire neurogenic niche (Doetsch et al.  1999b ; Morshead et al. 
 1994 ; Seri et al.  2001 ). Calculation upon different times of AraC treatment allowed 
to estimate cell cycle length of adult type 1/B neural stem cells that divide, on aver-
age every 2–4 weeks (Doetsch et al.  1999b ; Morshead et al.  1994 ). This, however, 
should not be interpreted as to indicate that the cell cycle of neural stem cells 
requires several weeks to be completed; rather it suggests quiescence for most of 
this time, with the cell cycle length proper being a small fraction of it. 

 Finally, type 3/A cells, the third precursor type with no counterpart in the devel-
oping cortex, are also considered proliferating precursors, hence their name  neuro-
blasts   (Doetsch et al.  1999a ), which implies that they undergo cell division. In fact, 
AraC treatment also depletes type 3/A cells, and a relatively short BrdU exposure is 
suffi cient to label a proportion of them. The view that type 3/A cells progress 
through the cell cycle is supported by the expression, in a subpopulation of them, of 
markers of proliferation (Doetsch et al.  1999a ). However, considering (i) the limita-
tions in assessing cell identity by immunohistochemistry, (ii) that depletion of type 
2/C cells would alone be suffi cient to deplete also their progeny, and (iii) that BrdU 
is inherited from a proliferating mother to a postmitotic daughter, these experiments 
cannot exclude the possibility that a proportion of type 3/A cells are postmitotic 
neurons rather than proliferating precursors.    

7.4.4     Differentiation Capacity and Their Precursors 

7.4.4.1     Lineage and Mode of Division 

 As already mentioned, the exact lineage and mode of division of adult neural  pre-
cursors   is much less defi ned than those during embryonic development, which is 
due to intrinsic diffi culties in performing lineage tracing experiments in the adult 
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brain. For example, contrary to the developing cortex, adult neural stem and pro-
genitor cells constitute a particularly small population distributed within postmi-
totic neurons and glia. In addition, no individual marker for specifi c progenitor 
subtypes has yet been found and, thus, transgenic reporter mouse lines cannot be 
effectively used to identify the relevant cell type to image, which is very important 
for lineage tracing experiments in tissue. Finally, neural stem cells are mostly qui-
escent requiring very long culture experiments, which may be unphysiological or 
harmful to the tissue. Nevertheless, various morphological,    functional and molecu-
lar studies suggest that type 1/B cells generate type 2/C cells while the latter gener-
ate type 3/A cells. No direct evidence is available to suggest that any given precursor 
undergoes symmetric or asymmetric cell division.  

7.4.4.2     Factors Infl uencing Differentiation 

 For many decades, morphogens, transcription and trophic factors that infl uence 
neural differentiation have been almost exclusively studied during embryonic devel-
opment. Not surprisingly, however, the same factors are now shown to have similar 
effects on  adult neural stem cells  . We will here only briefl y summarize the most 
important examples of these signaling pathways and refer the reader to comprehen-
sive reviews for more information (Ever and Gaiano  2005 ; Guillemot  2007 ; 
Ninkovic and Gotz  2007 ; Suh et al.  2009 ). 

  The    vascular niche    Adult neurogenesis occurs is a highly vascularized environ-
ment, which suggests that signals may be transmitted from the blood to neural pre-
cursors in order to control their activity. The concept of a vascular niche (Palmer 
et al.  2000 ) was somehow present three decades ago from studies on seasonal song-
birds as, in fact, adult neurogenesis was known to be triggered by hormones released 
into the blood (Nottebohm  1985 ). More recently, a direct link between testosterone, 
angiogenesis and adult neurogenesis has been established in birds (Louissaint et al. 
 2002 ) while neural precursors in mammals have been found to cluster around blood 
vessels (Shen et al.  2008 ; Tavazoie et al.  2008 ). The cross-talk between angiogene-
sis and neurogenesis is attracting now more attention (Alvarez-Buylla and Lim 
 2004 ; Suh et al.  2009 ), and it is presumably not a coincidence that factors promoting 
angiogenesis, most notably VEGF, also promote neurogenesis (Cao et al.  2004 ; Jin 
et al.  2002 ) while their inhibition has the opposite effect (Cao et al.  2004 ; Fabel 
et al.  2003 ).    Finally, it is worth noting that increased angiogenesis is the primary 
response in many models of neurodegenerative disease and that treatments that 
improve angiogenesis also improve brain recovery after injury (Zhang and Chopp 
 2009 ). 

  Notch  Both Notch and its ligands Jagged1  and   Dll1 are expressed in the adult 
neurogenic niche (Givogri et al.  2006 ; Nyfeler et al.  2005 ), and activation of the 
Notch pathway in adult neural stem cells promotes their expansion and inhibits dif-
ferentiation (Androutsellis-Theotokis et al.  2006 ; Nyfeler et al.  2005 ). Interestingly, 
Notch activity, and thus neural precursor self-renewal, seems to be mediated by an 
autoregulatory loop between Notch and Shh signaling (Androutsellis-Theotokis 
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et al.  2006 ), which is also implicated in controlling quiescence of ependymal cells 
(Carlen et al.  2009 ). In addition, certain neurodegenerative diseases, such as stroke, 
induce Notch signaling (Carlen et al.  2009 ), and administration of Notch-ligands 
can be used to better restore brain function upon stroke (Androutsellis-Theotokis 
et al.  2006 ). 

  Shh  Similar to the effects observed during corticogenesis, activation of Shh sig-
naling in adult neural  precursors   induces a strong, dose-dependent increase in pro-
liferation while its inhibition has the opposite effect (Breunig et al.  2008 ; Lai et al. 
 2003 ; Machold et al.  2003 ). Interestingly, key mediators of the Shh pathway in adult 
neural stem cells are localized on the primary cilium (Breunig et al.  2008 ; Han et al. 
 2008 ), an organelle recognized to play important functions during development 
(Gerdes et al.  2009 ). Finally,  transgenic   mouse lines to genetically monitor Shh 
activity have allowed to fate-map neural precursors, providing the fi rst evidence that 
quiescent neural stem cells can self-renew for over 1 year (Ahn and Joyner  2005 ). 

  Wnt  Again similar to the effects during corticogenesis,  increasing   Wnt signaling 
in the adult hippocampus promotes cell cycle progression and increases neuronal 
output while, conversely, inhibiting Wnt has the opposite effects (Lie et al.  2005 ). 
Wnt function in adult neural stem cells has recently been proposed to act through a 
sophisticated crosstalk between the transcription factor Sox2 and the proneural gene 
NeuroD1 (Kuwabara et al.  2009 ).   

7.4.5     Function and Potential Application for Therapies 

7.4.5.1     Role of Adult Neurogenesis 

  One of the most challenging goals in  neuroscience   is to understand the molecular 
and cellular mechanisms underlying elaborate cognitive functions. It is a fact, how-
ever, that this is one of the fi elds in life science where we still know relatively little. 
The physiological processes that allow learning, memory, feeling emotions and 
elaborate functions that are emphasized in humans, such as self-consciousness, are 
even diffi cult to conceptualize, but the recognition of  adult neurogenesis   has led 
scientists to investigate whether neural stem cells may be involved in any of these 
functions (Abrous et al.  2005 ; Imayoshi et al.  2009 ; Kempermann  2008 ; Lledo et al. 
 2006 ; Zhao et al.  2008 ). 

 A striking fi nding in this context is that external physiological stimuli have an 
effect on neurogenesis (Kempermann et al.  1997 ; Leuner et al.  2004 ). In the SGZ, 
genetic differences in various mouse strains have been correlated to the extent of 
precursors proliferation, neurogenesis and mouse performance in learning and 
memory tasks (Kempermann and Gage  2002 ). Moreover, voluntary exercise, such 
as allowing mice to train on a running wheel, or an enriched environment, such as 
larger housing conditions with toys and other mice for stimulating social behavior, 
increases neurogenesis and neuronal survival, respectively (Olson et al.  2006 ; Zhao 
et al.  2008 ). Interestingly, these stimuli also increase the mouse performance in 
learning and memory tasks (Olson et al.  2006 ; Zhao et al.  2008 ). 
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 While these experiments could show a direct correlation between adult neuro-
genesis and learning and memory, other experiments aimed to manipulate adult 
neurogenesis failed to report consistent effects. For example, inhibiting adult hip-
pocampal neurogenesis by depletion of precursors by means of X-ray irradiation 
did not prevent the benefi cial effects on learning and memory that was induced by 
the subsequent exposure to an enriched environment. This suggests that factors 
other than neurogenesis, such as an increased angiogenesis or hormone activity, 
may be responsible for the improved behavioral response (Meshi et al.  2006 ). 

 In addition to radiation, cytostatic drugs or genetic manipulations are also used 
to investigate the behavioral effects upon inhibition of neurogenesis. Yet, alternative 
approaches have shown opposite outcomes (Olson et al.  2006 ; Saxe et al.  2006 ; 
Zhang et al.  2008a ; Zhao et al.  2008 ). Thus, although adult hippocampal neurogen-
esis has been suggested to play a role in learning, memory, fear conditioning, 
depression and other elaborate brain functions, none of these effects are fi rmly 
established (Abrous et al.  2005 ; Imayoshi et al.  2009 ; Kempermann  2008 ; Lledo 
et al.  2006 ; Zhao et al.  2008 ). 

 The role of  adult neurogenesis   in olfaction is certainly less controversial. In this 
context, neurogenesis in the SVZ is essential to preserve cell homeostasis of the 
olfactory bulb as newborn neurons are needed to replace old, dying ones (Imayoshi 
et al.  2008 ). This is in contrast to the SGZ in which addition of newborn neurons is 
cumulative, leading to an increase, though extremely modest, in neuron number 
over time (Imayoshi et al.  2008 ). It is important to mention, however, that in both 
cases the vast majority of newborn neurons will not integrate into preexisting cir-
cuits but will undergo cell death. Nevertheless, the fact that neurogenesis is needed 
to preserve cell number in the olfactory bulb has corroborated the previous hypoth-
esis that SVZ neurogenesis is essential for acquisition and memory of olfactory 
stimuli, which in rodents is of paramount importance for interacting with the envi-
ronment and for social behavior (Alonso et al.  2006 ; Lledo et al.  2006 ).   

7.4.5.2     Use of Neural Stem Cells in Therapy 

  A justifi cation for the great  efforts   and huge investments in neural stem cell research 
is its possible application in therapies for neurodegenerative diseases or CNS inju-
ries (Okano et al.  2007 ; Steiner et al.  2006 ; Zhang and Chopp  2009 ; Zuccato and 
Cattaneo  2009 ). As we shall see in this book, however, cell-based treatments of 
neural pathologies are at the moment the least developed and effective when com-
pared to similar treatments in other tissues, such as in the bone marrow, skin, pan-
creas or bone (part IV of this book). 

 This gap is easily explained by the many diffi culties inherent in the study and 
manipulation of the CNS in human patients and by the limited knowledge, relative 
to other organs, of its physiology. Moreover, adult neurogenesis in rodents, the main 
animal model for experimental research, greatly differs from neurogenesis in 
humans, and very few neural pathologies are faithfully reproduced in the laboratory, 
which makes it even harder to test novel strategies for therapy. Nevertheless, the 
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price at stake for developing effective therapies for neural disorders, a main cause 
of disease in rich countries, is great and fi rst attempts in this direction have already 
been undertaken. In most cases, however, their effi cacy is diffi cult to evaluate for it 
is unfeasible to “use” patients as negative control. 

 Admittedly, even if based on circumstantial evidence and a relatively scarce 
knowledge of human CNS physiology and pathology, the fi rst attempts in this direc-
tion are promising as they, in some cases, have lead to major improvement of clini-
cal conditions. For example, transplantation of human embryonic brain tissue into 
patients with Parkinson Disease allowed one of six patients to suspend medical 
treatment for more than a year (Wenning et al.  1997 ). Others works, though also in 
principle successful, have instead raised more controversy. For example, neural 
cells have been cultured for several passages in vitro and then transplanted into 
brains of patients with stroke (Kondziolka et al.  2000 ). More recently, a similar 
approach has been used to treat patients with open brain injury (Zhu et al.  2006 ). 
The fact that cells passaged for several weeks, if not months, in culture may undergo 
transformation and lead to cancer after transplantation makes these attempts hazard-
ous, if not ethically questionable. 

 Thanks to the revolutionary advent of induced pluripotency (Takahashi and 
Yamanaka  2006 ) we can now envision safer and more effi cient systems to generate 
 patient-customized  stem cells for therapy. Clearly, more work needs to be done to be 
able to control their differentiation into the desired cell type and to explore their use 
in therapy. This is the reason why experiments on animal models of neural disor-
ders, including Alzheimer (Brinton and Wang  2006 ), Parkinson (Arias-Carrion and 
Yuan  2009 ), stroke (Zhang et al.  2008b ) and spinal cord lesions (Okano and 
Sawamoto  2008 ) are so important. 

 Finally, it should be mentioned that certain brain tumors have now been shown 
to originate from an altered proliferation of neural precursors (Alcantara Llaguno 
et al.  2009 ; Wang et al.  2009 ) and, thus, studying neural stem cells may open up 
possibilities for understanding cancer and, perhaps, design new therapies for it 
(Colleoni and Torrente  2008 ).    

7.4.6     Conclusions and Future Development in Research 

 It should be evident from this chapter that understanding the mechanisms underly-
ing adult neurogenesis and its physiological function and manipulating this process 
for therapeutic purposes are all in a very preliminary phase. However, the momen-
tum created by recent breakthroughs in the fi eld and the great hopes that somatic 
stem cells carry for future therapies largely justify the huge investments devoted to 
it. While it is too early to predict the real usefulness of neural stem cell in therapy, 
there is little doubt that future basic research in this fi eld will be crucial to better 
understand brain development and evolution.      
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    Chapter 8   
 Liver Stem Cells                     

       Tohru     Itoh     ,     Cindy     Yuet-Yin     Kok    ,     Hinako M.     Takase     , and     Atsushi     Miyajima   

    Abstract     The liver is an essential organ for life, serving as the center for metabo-
lism and playing various critical functions in controlling systemic homeostasis. 
Among multiple types of cells comprising the liver, hepatocytes and cholangiocytes 
are the two epithelial cell lineages in the organ, and commonly originate from 
 hepatoblasts during organogenesis in developing embryos. Thus, hepatoblasts 
 possess bi-lineage differentiation potential into hepatocytes and cholangiocytes, a 
phenotypic feature that can best distinguish and defi ne liver stem cells. While the 
liver is considered not to rely on any resident stem cell population for their homeo-
static maintenance, facultative stem/progenitor cells with bi-lineage differentiation 
potential, referred to as oval cells in rodents, may emerge under severe damage 
conditions and play critical roles in promoting the regenerative processes. However, 
the extent to which these putative stem/progenitor cells contribute to regeneration 
has been debated, as recent studies have shown that most regenerative responses 
are hepatocyte- derived, particularly in mice. Evidence for both scenarios will be 
discussed in later sections. Nevertheless, identifi cation of specifi c markers has 
enabled researchers to isolate and characterize these fetal and adult stem/progenitor 
cell populations.  In vitro  culture systems as well as  in vivo  studies using animal 
models have allowed elucidation of detailed molecular mechanisms, including 
intercellular signaling webs and intracellular transcriptional regulatory networks, 
which coordinately regulate development, differentiation and behavior of these 
cells. Understanding the cellular and molecular basis of liver development and 
regeneration from the perspective of the embryonic and adult stem/progenitor cells 
should make invaluable contributions to future development of technologies to 
 produce fully functional hepatocytes  in vitro  that are applicable for cell therapy and 
pharmaceutical screening.  
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8.1       Introduction 

 The liver is the largest organ in the adult human, and accounts for approximately 
one fi ftieth of the body weight. The mammalian liver plays multiple critical roles in 
maintaining vital activity of the organisms, including metabolism of amino acids, 
lipids, and carbohydrates, serum protein synthesis, detoxifi cation of xenobiotic 
compounds, production and secretion of bile, immune regulation, and so forth. To 
achieve these complex biological functions, the liver possesses a sophisticated and 
well organized structure composed of several different types  of   cells (Fig.  8.1 ). 
Hepatocytes, also known as the liver parenchymal cells, account for 80 % of the 
total volume of the organ and serve as the primary cell type to execute the majority 
of the organ’s functions. The other cell types, collectively identifi ed as non- 
parenchymal cells (NPCs), include cholangiocytes (bile duct epithelial cells, or 
BECs), Kupffer cells, hepatic stellate cells, endothelial cells, coelomic epithelial 
cells (mesothelial cells), and several kinds of immune cells. While each of these 
cell types has its own embryonic origin (Asahina et al.  2011 ), hepatocytes and 
cholangiocytes, the two epithelial lineages in the organ, derive from a common 
precursor cell population, so-called hepatoblasts, in the developing liver (Lemaigre 
 2009 ; Tanaka et al.  2011 ; Tanimizu and Miyajima  2007 ; Zhao and Duncan  2005 ) 
(Fig.  8.2a ). Thus, the term “liver stem cell” (or “hepatic stem cell”) is most gener-
ally applied to represent this type of bi-potential progenitor cells that can differenti-
ate to both hepatocytes and cholangiocytes. Hepatoblasts, however, are usually 
considered a cell population found only during the fetal period, and it is not clear 
whether and how these cells are related to the putative stem/progenitor cell popula-
tions in the adult liver. In other words, the capacity for self renewal of hepatoblasts 
 in vivo  remains undetermined. Thus, it would be safer to distinguish these cells as 
the fetal liver “stem/progenitor” cells, and we would like to adopt this description in 
this chapter.

    In contrast to the situation in the developing liver, where hepatoblasts are fairly 
well established as the bipotential liver stem/progenitor cell, the one regarding the 
adult liver still has considerable controversy. In many other organs, such as the 
hematopoietic and epidermal systems and the small intestine, the tissue stem 
cells can be defi ned, and have indeed been isolated and/or anatomically located, as 
the cells that are responsible for normal tissue turnover. Thus, those stem cells, 
under  the   physiological condition, continue self-renewal while producing progeny 
that give rise to the mature cell types and eventually replace the aging cells in the 
organ to maintain homeostasis. In the liver, hepatocyte turnover occurs very slowly, 
and it is still unclear and under debate whether such a “stem cell” also exists and is 
actively involved in homeostatic maintenance of the organ. 
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  Fig. 8.1    The liver structure and its constituent cells. ( a ) The liver has a dual blood supply via the 
portal vein and the hepatic artery. The portal vein delivers the venous blood from the intestines as 
well as from the pancreas and spleen, while the hepatic artery supplies oxygen to the organ. As an 
exocrine gland, the liver excretes bile via the bile duct, where the gallbladder is associated as the 
reservoir, leading to the duodenum. ( b ) The liver is composed of the functional unit, also known as 
the liver lobule. Within the lobule, the arterial and portal venous bloods enter via the portal triad 
located at the vertices of this polygonal structure, mix, and fl ow through the parenchyma towards 
the central efferent vein. ( c ) Magnifi ed view of the liver parenchyma, where cords of hepatocytes 
are lined by sinusoidal capillaries. Hepatocytes produce bile and excrete it into canaliculi that are 
linked to bile ducts in the portal triad       
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 Nevertheless, apart from this relatively complicated situation regarding the  bona 
fi de  stem cell in the adult liver, researchers in this fi eld have been quite successful in 
identifying and characterizing several different classes of putative adult liver stem 
cells, which should be of signifi cant importance particularly in view of therapeutic 
applications. Classifi cation of these different adult liver stem cells will be briefl y 
described in Sect.  8.2.2 .  

8.2     Derivation/Classifi cation 

8.2.1     Hepatoblasts 

 Among the three germ layers generated during gastrulation (i.e., ectoderm, mesoderm, 
and endoderm), the liver derives principally from the  endoderm. The   endoderm 
differentiates into the primitive gut, which in turn gives rise to the gastrointestinal 

  Fig. 8.2    Stem/progenitor cell populations in the fetal and adult livers. In the course of fetal liver 
development ( a ), hepatoblasts are derived from foregut endodermal cells, proliferate, and then 
undergo differentiation into two epithelial cell lineages, hepatocytes and cholangiocytes (bile duct 
epithelial cells). This bi-lineage differentiation potential is regarded as the hallmark of liver stem/
progenitor cells. In the adult liver, regeneration can usually be achieved by replication of differenti-
ated, mature cell populations (not shown here). Under severe/chronic liver damage conditions ( b ), 
however, facultative stem/progenitor cells, called LPCs or oval cells, emerge from hitherto uniden-
tifi ed precursor cells and expand. These cells also possess bi-lineage differentiation potential and 
are considered to contribute to the regeneration process       
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tract as well as various associated organs, including the thyroid, lung, pancreas, as 
well as liver. During the early stages of liver development, interaction between the 
endoderm and  the   adjacent mesoderm plays a key role in induction of the organ 
(Fig.  8.3 ).

   The processes and mechanisms of mammalian liver development have been most 
extensively studied in  the   mouse embryos. Liver organogenesis begins at embryonic 
day (E) 8.0–8.5 in mice, which corresponds to approximately 3 weeks of gestation 
in humans. At this stage, the ventral foregut endoderm, a part of the endoderm from 
which the liver forms, faces the developing heart and receives inductive signals for 
the hepatic fate from the cardiac mesoderm. The fi broblast growth factor (FGF) 
family of secreted proteins has been shown to mediate the signaling for organogen-
esis (Jung et al.  1999 ). In addition, septum transversum mesenchyme (STM), a 
mesodermal tissue located adjacently to both of these organ primordia, also contributes 
to hepatic fate induction by providing another soluble factor,    bone morphogenetic 
protein (BMP) (Rossi et al.  2001 ). Coordinated action of both FGF and BMP 
drives the liver developmental program with concomitant induction of several 
hepatic lineage-specifi c genes, such as  Albumin  and  Transthyretin . This process is 
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  Fig. 8.3    Early stages in the liver development. At the beginning of the liver development, the ventral 
portion of the foregut endoderm is positioned close to the heart primordium ( a ), which provides the 
inductive FGF signal. This, together with the BMP signal from the adjacent septum transversum 
mesenchyme (STM), drives the liver developmental program, leading to specifi cation of the 
hepatic endoderm ( b ). In the mouse embryo, this initial inductive step occurs at around E8, leading 
to formation of the hepatic endoderm consisting of hepatoblasts, the embryonic liver stem/progenitor 
cells. They subsequently undergo dynamic morphological changes and form the liver bud ( c )       
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called “hepatic specifi cation” and leads to generation of hepatoblasts, the fetal liver 
stem/progenitor cells, initially lining up to form the hepatic endoderm. 

 Soon after the hepatic endoderm formation, hepatoblasts undergo dynamic 
changes in their morphology and localization, in a process that can be divided 
into three stages (Bort et al.  2006 ).  In   stage I (E8.5), along with the expression of 
liver- specifi c genes, the initially  cuboidal   hepatoblasts become columnar in shape, 
leading to the formation of a thickened epithelium.  In   stage II (E9.0–E9.5), 
the hepatoblasts further change their morphology to become a pseudo-stratifi ed 
epithelium. A study using mice defi cient for the hematopoietically expressed 
homeobox (Hhex, or Hex) gene has shown that this transcription factor is critical for 
this stage (Bort et al.  2006 ).  In   stage III (E9.5+), the basal lamina that has covered the 
epithelium breaks down and the hepatoblasts start to delaminate and then migrate 
into the surrounding stroma, the STM, to form the liver bud. This step is also controlled 
by the functions of homeobox transcription factors, prospero-related homeobox 1 
(Prox1), hepatocyte nuclear factor (HNF) 6 (HNF6; also known as Onecut-1 or 
Oc1) and Onecut2 (Oc2) (Margagliotti et al.  2007 ; Sosa-Pineda et al.  2000 ). 

 After liver bud formation, hepatoblasts continuously proliferate throughout 
embryonic development.  Proliferation   and survival of hepatoblasts is known to be 
regulated by various extracellular signals, such as hepatocyte growth factor (HGF), 
transforming growth factor beta (TGFbeta), Wnt/beta-catenin, and Sonic hedgehog 
(Hirose et al.  2009 ; Micsenyi et al.  2004 ; Schmidt et al.  1995 ; Tanimizu and 
Miyajima  2007 ; Weinstein et al.  2001 ). These signals may act on hepatoblasts either 
in an autocrine fashion, or by being supplied from the surrounding mesenchymal 
cells. Endothelial cells also play a critical role in hepatoblast regulation, as mice 
lacking endothelial cells show a defect in liver bud outgrowth (Matsumoto et al. 
 2001 ). The molecular nature of the signal provided by endothelial cells still remains 
elusive.  

8.2.2      Adult Liver Stem/Progenitor Cells 

 In the fi eld of liver biology, the term “liver stem cells” (or “hepatic stem cells”) has 
been defi ned and used by researchers in several different ways. As exemplifi ed by 
Grompe ( 2003 ),  the   defi nitions can include, but may not be limited to, the 
following:

    (a)    Cells responsible for normal tissue turnover   
   (b)    Cells which give rise to regeneration after partial hepatectomy (PHx)   
   (c)    Cells responsible for progenitor-dependent regeneration   
   (d)    Transplantable liver repopulating cells   
   (e)    Cells which result in hepatocyte and bile duct phenotype  in vitro     

  As is the case with stem cells in several other tissues/organs,    clonogenic poten-
tial (colony forming activity)  in vitro  and long-term label-retaining activity  in vivo  
have also been utilized as hallmarks to identify putative  liver stem cells.   Notably, 
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these defi nitions are not mutually exclusive, and a given “liver stem cell” population 
may fulfi ll several of these criteria simultaneously. For each defi nition, stem cells 
are classifi ed according to different and specifi c types of assays, either  in vitro  or  in 
vivo . 

 Hepatocyte turnover under the physiological condition is relatively slow, which 
makes it quite diffi cult to investigate the cellular behavior in the course  of   homeo-
static maintenance of the liver. Nevertheless, hepatocyte replacement does occur, 
and there must be a mechanism that ensures this tissue turnover. One of the long- 
standing models is the so-called “   streaming liver hypothesis”, where a “fl ow” of 
hepatocytes is assumed, just analogous to the well-appreciated crypt-to-villi 
 movement of the intestinal epithelial cells. In this model, hepatocytes are newly 
formed in the periportal region and then gradually move, while undergoing lineage 
maturation, toward the central vein (Zajicek et al.  1985 ). Although appealing, much 
of the evidence accumulated so far argues against this hypothesis, and it is more 
favorably considered that the liver maintenance is achieved by simple division of 
the preexisting hepatocytes. Interestingly, a study in the human liver using 
mitochondrial mutations as a genetic marker identifi ed that clonal patches of hepa-
tocytes did emerge from the periportal regions and extended toward the central 
veins, supporting the presence of the hepatocyte fl ow as assumed by the streaming 
liver hypothesis (Fellous et al.  2009 ). Moreover, a genetic lineage-tracing study in 
mice provided striking evidence supporting the hypothesis. In those experiments, 
SRY-box containing gene 9 (Sox9)-CreERT2 knock-in mice were crossed with a 
reporter strain where Cre-mediated recombination enables permanent cell labeling 
and subsequent fate tracking, and cholangiocytes were subsequently specifi cally 
pulse-labeled in adulthood by tamoxifen-dependent transient Cre activation.  While 
  lineage-labeled cells were initially confi ned to bile ducts, they gradually spread out 
to hepatocytes from the periportal toward pericentral regions as time progressed 
and, after around 1 year, occupied the whole parenchyma nearly completely. The 
labeled cells also remained present in bile ducts, thereby indicating that the Sox9-
expressing biliary cells can continuously supply mature hepatocytes for normal 
tissue turnover while possessing self-renewing activity as well (Furuyama et al. 
 2011 ). However, genetic lineage-tracing studies in mice by other groups, using a 
different Sox9-CreERT2 strain to label biliary cells or a Cre-expressing adeno- 
associated viral (AAV) vector to specifi cally label hepatocytes, have both provided 
rather confl icting results with the above study and thus strongly argue against the 
streaming liver hypothesis (Carpentier et al.  2011 ; Malato et al.  2011 ). Further 
studies are needed to solve this seeming discrepancy and elucidate the exact nature 
and the underlying mechanisms for physiological maintenance of the liver. 

  The   characteristic feature of the liver is its unique and remarkably high capacity 
to regenerate upon various injuries, such as those caused by partial hepatectomy or 
toxic insults. In rodent models, for example, after 70 % PHx, the liver can completely 
recover its initial volume and function within a week or so. During this recovery 
process, hepatocytes, as well as cholangiocytes, in the remaining liver undergo a 
few cycles of cell division to suffi ciently restore the lost tissue (Michalopoulos and 
DeFrances  1997 ). Thus, liver regeneration can usually be achieved by differentiated 
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postmitotic hepatocytes that remain uninjured, without necessitating an involvement 
of stem/progenitor cell populations. Interestingly, the immediate regenerative 
response leading to restoration of liver mass has been shown to be the result of 
hepatocyte hypertrophy rather than proliferation (Miyaoka et al.  2012 ). In mice, 
hypertrophy  of   hepatocytes appears to be suffi cient to regenerate the liver after 30 
% PHx. Within 7 days post-PHx, hepatocytes had increased their size by 1.4-fold to 
restore liver mass, with negligible contribution from proliferation. However, regen-
eration from more drastic reduction of liver mass after 70 % hepatectomy involved 
an initial hypertrophic response followed by compensatory proliferation from 
existing hepatocytes. This suggests that hepatocytes themselves are playing a major 
role in liver regeneration following injury induced by PHx. 

 When the liver is subjected to severe and/or chronic damage, however, hepato-
cyte proliferation is suppressed. It is under this condition when the facultative stem/
progenitor cells are known to emerge and contribute to the liver regeneration 
process. Those stem/ progenitor cells  , often referred to as oval cells in rodent  models, 
are characterized by their potential to proliferate as well as to differentiate into both 
hepatocytes and cholangiocytes, the two epithelial lineages in the liver (Duncan 
et al.  2009 ; Grompe  2003 ; Matthews and Yeoh  2005 ; Newsome et al.  2004 ; Tanaka 
et al.  2011 ; Tanimizu and Miyajima  2007 ) (Fig.  8.2b ). The most popular model to 
induce oval cells is the 2-acetylaminofl uorene (2-AAF)/PHx system in rats, where 
hepatocyte proliferation is blocked by 2-AAF prior to PHx. This model, however, is 
not applicable to induce oval cells in mice. Other procedures, such as the adminis-
tration of a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-containing diet 
(Preisegger et al.  1999 ) and a choline-defi cient ethionine-supplemented diet (CDE) 
(Akhurst et al.  2001 ) have been established and used in mice, as well as in rats 
(Fig.  8.4 ). Notably, most of the experimental procedures used to induce oval cell 
emergence  and   proliferation in the rodent liver eventually lead to tumorigenesis.

  Fig. 8.4    Emergence of LPCs in a mouse model of chronic liver injury. Sections of the liver pre-
pared from a normal mouse ( a ) and a mouse fed DDC diet for 8 weeks ( b ) were immunostained 
with anti-CK19 antibody. In the liver of the mouse fed DDC diet, CK19 +  LPCs emerge from the 
periportal area, forming duct-like structures ( b ;  brown signals ). Note that CK19 marks cholangio-
cytes comprising bile ducts in the normal liver ( a ;  arrowheads ).  PV  portal vein       
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   Although the term “oval cells” are used specifi cally in rodents, cells with similar 
characteristics have also been reported in  various   human liver diseases, such as 
chronic viral hepatitis, alcoholic liver disease (ALD), and nonalcoholic fatty liver 
disease (NAFLD), and are also implicated in tumorigenesis (Fausto  2004 ; Lee et al. 
 2006 ; Roskams et al.  2003 ). In humans, these cells are usually referred to as “hepatic 
progenitor cells” or “intermediate hepatobiliary cells”. The use of these different 
terms seems to have caused substantial confusion in the fi eld. In addition, it has 
become more and more recognized that the disease etiologies and as well as the 
phenotypes of the induced cells are not necessarily the same among various injury 
conditions and experimental settings. In this chapter, the term “LPC (liver progeni-
tor cell)” is used hereafter to broadly describe all the various disease-activated, 
putative stem/progenitor cell populations that have been observed in adult livers 
regardless of species or injury model. It should be emphasized that the defi nition of 
LPCs here is based solely on their immunological (e.g., expression of BEC-related 
markers such as cytokeratin [CK] 19) and histological (e.g., ectopic emergence in 
the parenchymal region) phenotypes, but not on their functional characteristics in 
terms of differentiation potentials and/or contribution to liver regeneration. 

 While LPCs are well known to emerge from the periportal area, the cellular 
origin of these cells is still not clarifi ed (Fig.  8.5 ). Ever since their initial character-
ization,    phenotypic resemblance between oval cells/LPCs and BECs has suggested 
that putative progenitors for these cells originate from the biliary tree. The fact that 
most of the molecular markers for LPCs are also expressed in cholangiocytes 
 supports this notion. In a recently published study, a novel method for three-dimen-
sional (3D) imaging of the biliary tree has been used to demonstrate that the 
 emergence and expansion of LPCs actually represent expansion of the biliary tree 
upon chronic liver injury (Kaneko et al.  2015 ). Thus, injection of ink into  the 
  common bile duct allowed visualization of the biliary tree architecture in the mouse 
liver. Diverse patterns of biliary tree remodeling refl ect the liver’s robust response to 
different types of damage induced by toxins such as DDC, CDE, carbon tetrachloride 
(CCl 4 ) and thioacetamide (TAA). In general, extension of the biliary tree appears to 
be directed to the area of injury in a continuous structure, and suggests an intimate 
correlation between the LPC population and the bile ducts. Further evidence exists 
supporting the ability of the biliary network to contribute to liver regeneration. In 
zebrafi sh models, hepatocytes were selectively destroyed after administration of 
metronidazole using hepatocyte-specifi c bacterial nitroreductase transgenic (Tg) 
lines (Choi et al.  2014 ; He et al.  2014 ). This induced proliferation of biliary epithe-
lial cells and subsequent conversion into hepatocytes, which were then able to 
repopulate the liver. Although this is not a common scenario in the mammalian 
liver, it does provide evidence of the potential for BEC mediated liver regeneration 
in severe liver damage.

   It is not clear, however, whether most if not  all   cholangiocytes can equally or 
similarly behave as progenitors for LPCs, or if there is a specialized “cell-of-origin 
for LPCs” located somewhere among the cholangiocytes. Potentially as an extension 
of the latter scenario is the model that the canal of Hering, a structure where inter-
lobular bile ducts and hepatocytes are connected, is the origin of LPCs, as has been 
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  Fig. 8.5    Relationship among cells involved in the LPC response. Upon severe/chronic liver damages, 
LPCs/oval cells emerge from the periportal region. The exact origin of these cells has not yet been 
identifi ed, but is supposed to be the canals of Hering, cholangiocytes, or hepatocytes. Together 
with LPCs/oval cells, several types of mesenchymal cells as well as immune cells accumulate in 
the injured liver and are often observed surrounding them. These cells are likely to modulate induction, 
proliferation, migration, and/or differentiation of LPCs/oval cells by means of various signaling 
mechanisms including direct cell-cell interaction, secretion of soluble factors (cytokines), and 
deposition of extracellular matrices, thereby playing key roles in regulation of the LPC response       

suggested for rat oval cells (Paku et al.  2001 ). Given its anatomical location in 
between cholangiocytes and hepatocytes, it appears reasonable to assume that this 
structure may serve as a niche for putative stem cells for these two cell lineages. 
Unfortunately, direct proof for this model  is   hampered by a lack of specifi c marker 
for cells constituting the canal of Hering. Identifi cation of such a molecule and a 
subsequent genetic lineage-tracing study should help clarifying this issue. 

 Another likely source of  progenitor   cells is the mature hepatocytes (Nagahama 
et al.  2014 ; Sekiya and Suzuki  2014 ; Tarlow et al.  2014b ; Yanger et al.  2013 ). As an 
example, recent work published by Tarlow et al. ( 2014b ) has clearly shown that 
hepatocytes are able to convert to a duct-like phenotype upon DDC diet induced 
injury in mice. The livers of Fah −/−  mice, a model for tyrosinemia type I, were repopu-
lated with genetically labeled hepatocytes. After 6 weeks of DDC-induced injury, 
the authors detected donor hepatocyte-derived labeled cells (hepPDs) which were 
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also positive for classical biliary ductal markers. However, these cells are distinct from 
host-derived biliary epithelial cells (bilPDs) and retained expression of hepatocyte- 
specifi c genes, albeit at low levels. The hepPDs were functionally different to 
 bilPDs, as they were incapable of organoid formation  in vitro . Transplantation of 
human hepatocytes into Fah −/− /Rag2 −/− /Il2rg −/−  (FRG) mice, followed by subsequent 
DDC feeding induced formation of duct-like cells of donor origin, which were 
shown to express both hepatic and biliary markers. This suggests that hepatocytes 
themselves can be the origin for bipotential LPCs in chronic liver injury and that 
there exists considerable heterogeneity among LPCs even in a particular injury 
setting. In another study, the same group showed that Sox9 positive ductal cells did 
not contribute to hepatocyte formation  in vivo  (Tarlow et al.  2014a ). In this instance, 
   labeling of Sox9 positive progenitors by tamoxifen mediated Cre recombinase 
expression followed by various types of liver injuries revealed that the resulting 
progeny cells were invariably biliary cells. Sox9 +  cells may contribute to the LPC 
activation, but this in turn did not lead to hepatocyte differentiation. 

 Not surprisingly, emergence and expansion of LPCs upon liver injury is not an 
autonomous process within these cells but involves various other types of cells, 
which interact either directly or indirectly with LPCs, and also possibly with  their 
  putative precursor cells. Thus, together they shape the entire phenomenon often 
termed as “LPC response (oval cell response)”. Mesenchymal cells, such as stellate 
cells, have long been suggested to physically interact with oval cells/LPCs and exert 
some signals on them. It has been shown that a population of mesenchymal cells 
expressing thymus cell antigen 1 (Thy1), which is distinct from stellate cells or 
myofi broblasts, reside in close proximity to oval cells in rat liver (Yovchev et al. 
 2009 ). Further characterization of this unique population may provide a clue to 
understand the nature of signals controlling oval cell/LPC behaviors. Indeed, a 
recent study in mice has elucidated a molecular basis for interaction between these 
cells, showing that fi broblast growth factor 7 (FGF7) is a key signal for inducing 
LPC expansion in DDC injured mouse livers (Takase et al.  2013 ). FGF7 signaling 
originated from the Thy1 +  cell population localized near LPCs in the DDC injured 
liver. The signifi cant expression of fi broblast growth factor 7 (FGF7) in Thy1 +  cells 
and correspondingly specifi c expression of the FGF7 receptor FGFR2b in LPCs of 
DDC injured livers suggests that there is a strong  correlation   between Thy1 +  cell- 
mediated FGF7 signaling and LPC expansion. 

 Chronic injury conditions in the liver are usually associated  with   induction of 
infl ammation, and the role of lymphocytes and infl ammatory responses have also 
been suggested (Knight et al.  2007 ; Strick-Marchand et al.  2008 ). In accordance 
with this notion, several infl ammatory cytokines, such as tumor necrosis factor 
(TNF)-alpha and interferon-gamma, have been shown to modulate LPC response, 
although their modes of action are not fully clarifi ed. A cytokine well known to be 
involved in LPC regulation is TNF-like weak inducer of apoptosis (TWEAK); 
transgenic mice overexpressing TWEAK in the liver exhibited periportal LPC 
hyperplasia, while DDC diet-induced oval cell expansion was signifi cantly reduced 
in mice lacking the TWEAK receptor Fn14, as well as in wild-type mice adminis-
trated with a blocking anti-TWEAK monoclonal antibody (Jakubowski et al.  2005 ). 
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 As a signal related to LPC response, several studies have identifi ed activation of the 
canonical Wnt/beta-catenin pathway in LPCs (Apte et al.  2008 ; Hu et al.  2007 ; Itoh 
et al.  2009 ; Yang et al.  2008 ).  The   Wnt/beta-catenin pathway is well known to be 
involved in stem cell regulation in various organs and tissues, and further characteriza-
tion of the role of this pathway in oval cells, including its relevant target genes and 
interaction with other signaling pathways, has been investigated. In one instance, Wnt 
signaling was shown to be crucial for LPC differentiation to the hepatocyte lineage 
(Boulter et al.  2012 ). To demonstrate the importance of this pathway, stabilization of 
beta-catenin was achieved in mice by conditional deletion of exon3 to render it 
resistant to degradation. This was suffi cient to activate the canonical Wnt pathway, 
leading to conversion of the progenitor cell population to a hepatocyte phenotype. It 
was hypothesized that Wnt signaling was derived from liver macrophages. Selective 
deletion of F4/80 positive cells within the liver by liposomal clodronate administra-
tion caused formation of progenitor-derived ductules in the liver. The biliary  route 
  seems to be the default pathway for progenitor cells, which supports the notion of a 
close relationship between LPCs and the biliary network. In this study, Notch sig-
naling was shown to be vital during biliary regeneration, with increased expression of 
the Notch pathway ligand Jagged1 during the ductular reaction. The Wnt and Notch 
signaling pathways are crucial for proper liver development and will be discussed in 
later sections. Similarly, a study which used an ethanol induced fi brotic zebrafi sh 
model has shown that antagonistic interaction between Wnt and Notch signaling 
during fi brosis may induce hepatocyte neogenesis from the hepatic stem cell compart-
ment (Huang et al.  2014a ). Wnt agonists were shown to induce Numb, a membrane 
associated protein that prevents Notch signaling. As previously discussed, Notch sig-
naling has been shown to be vital for biliary development and maintenance. 

 Another study has shown that despite inactivating Notch signaling and activating 
Wnt/beta-catenin signaling in a lineage tracing model, LPCs could not be directed 
towards the hepatocyte fate (Jors et al.  2015 ).  Notch inactivation   did not affect the 
biliary compartment under physiological conditions, and though it did impair the 
ductular reaction after DDC administration, there was no evidence of LPCs converting 
to hepatocytes. Rather than acting as a source of progenitor cells for producing new 
hepatocytes, the authors suggest that the role of the ductular reaction is to provide 
an environment which encourages existing hepatocytes to proliferate. This again 
raises the argument that ductular cells are limited in their plasticity and are different 
to truly bipotential stem/progenitor cells.   

8.3     Characteristics/Properties 

8.3.1     Hepatoblasts 

 In order to characterize a particular cell population of interest, the  cell   sorting 
method using antibodies against specifi c surface markers is a powerful tool, as cells 
can be viably isolated and thus can be subjected to  in vitro  culture and/or  in vivo  

T. Itoh et al.



221

transplantation experiments. In the last decade, much effort has been made to 
 identify such specifi c cell surface antigens expressed on fetal hepatoblasts, leading 
to successful identifi cation of several markers as well as establishment of protocols 
to isolate and culture these cells. 

 Delta-like 1 homolog (Dlk1; also known as Pref-1 or fetal antigen 1) was initially 
identifi ed as a marker for mouse hepatoblasts, and was later shown to be useful 
for enriching and purifying rat fetal liver progenitor cells with liver repopulating 
activity (Oertel et al.  2008 ; Tanimizu et al.  2004 ). DLK1 is also known to be 
expressed in human fetal liver (Floridon et al.  2000 ). In mouse embryos, Dlk1 
expression in the liver is initially observed around E9.0 in the developing liver bud 
and is maintained at a high level until E16, which then declines signifi cantly and 
disappears at the neonatal and adult stages. Dlk1 +  cells isolated from E14.5 livers 
expressed albumin and formed colonies composed of hetpatocyte (Albumin + ) and 
cholangiocyte (CK19 + ) lineages  in vitro . Moreover, 7 % of the colony-forming 
Dlk1 +  cells formed large colonies containing more than 100 cells during 5 days of 
culture, thus indicating that Dlk1 serves as a useful marker to enrich for highly 
 proliferative, bipotential hepatoblasts from fetal liver. 

 E-cadherin is also widely used as a fetal hepatoblast marker (Nitou et al.  2002 ), 
although its expression is not necessarily limited to these cells but persists even in 
the differentiated epithelial lineages. Using a specifi c monoclonal antibody  against   
E-cadherin, hepatoblasts can be isolated form E12.5 mouse liver with high purity 
and effi ciency. Other hepatoblast markers include Liv-2 in the mouse, whose 
antigen has not yet been molecularly identifi ed (Watanabe et al.  2002 ). 

 In addition to these relatively simple methods for isolation of hepatoblasts based 
on the expression of single positive selection markers, several other groups have 
established protocols employing combinations of multiple markers, sometimes 
including those for negative selection. In the rat system, the RT1A1 −  OX18 low  
ICAM1 +  fraction of E13 fetal liver has been shown to contain hepatoblasts (Kubota 
and Reid  2000 ). Suzuki et al. designated as “hepatic colony-forming unit in culture 
(H-CFU-C)” a putative self-renewing stem cell population in the developing mouse 
liver. Thus, based on an  in vitro  single cell-based assay of sorted cells, clonogenic 
cells capable of both self-renewal and multilineage differentiation were identifi ed. 
They separated fetal liver cells based on expression of several markers including 
alpha6- and beta1-integrin subunits (CD49f and CD29, respectively) and demonstrated 
that the CD45 −  Ter119 −  c-Kit −  CD29 +  CD49f +  and CD45 −  Ter119 −  c-Kit −  c-Met +  
CD49f +/low  fractions of E13.5 mouse liver contained the H-CFU-C activity (Suzuki 
et al.  2000 ,  2002 ). Recently, CD13 (aminopeptidase N) has been identifi ed as a 
surface marker expressed on a subset of the Dlk1 +  hepatoblasts. Colony formation 
assays have revealed that the CD13 +  fraction contains an enriched population of 
cells with clonogenic liver stem/progenitor activity, compared with the Dlk1 +  
 fraction (Kakinuma et al.  2009 ). 

 Using a combination of surface markers,  the   phenotypic transition of hepatoblasts 
during the course of mouse fetal liver development has been elucidated (Tanaka 
et al.  2009 ). Thus, upon liver bud formation at approximately E9, hepatoblasts 
expressing both Dlk1 and epithelial cell adhesion molecule (EpCAM; also known 
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as CD326, Tacstd1, or Trop1), a known marker for cholangiocytes and LPCs (see 
below), emerge from EpCAM +  Dlk1 −  foregut endodermal cells. The EpCAM +  
Dlk1 +  cells contain highly proliferative hepatoblasts at E11.5, and thereafter undergo 
dramatic reduction in expression of EpCAM concomitantly with loss of proliferative 
potential. At around E16.5, EpCAM expression is upregulated in ductal plates 
around the portal vein, while absent in immature hepatocytes.  

8.3.2     Adult Liver Stem/Progenitor Cells 

 Oval cells were initially described by Farber,    using a  rat model   of liver carcinogenesis, 
as “small oval cells about the ducts and vessels in the portal areas” having “scanty, 
lightly basophilic cytoplasm and pale blue-staining nuclei (by hematoxylin and 
eosin stain)” (Farber  1956 ). Since then, many studies have further characterized 
these cells and have established them as facultative liver stem/progenitor cells in 
adult livers that are likely to play a relevant role in liver regeneration from various 
types of injuries (Duncan et al.  2009 ; Grompe  2003 ; Matthews and Yeoh  2005 ; 
Newsome et al.  2004 ; Tanaka et al.  2011 ; Tanimizu and Miyajima  2007 ). Thus, oval 
cells/LPCs are considered to be capable of differentiating into two hepatic epithelial 
lineages, i.e., hepatocyte and cholangiocyte. In relation to this notion, oval  cells/
LPCs express both hepatocyte (Albumin) and cholangiocyte (CK19) markers.    The 
immature hepatocyte marker alpha-fetoprotein (Afp) is known to be expressed in 
oval cells in rats, but not in LPCs in mice (Jelnes et al.  2007 ). Similarly, expression 
of the hepatoblast marker Dlk1 has been shown in a subpopulation of rat oval cells, 
but is not found in mouse LPCs (Jelnes et al.  2007 ; Jensen et al.  2004 ; Tanimizu 
et al.  2004 ). There are several monoclonal antibodies that have long been used as 
“golden standards” to recognize oval cell/LPC markers, such as OV-1 and OV-6 in 
rats (Dunsford and Sell  1989 ) and A6 in mice (Engelhardt et al.  1990 ). OV-1 
 antibody reacts with an unknown antigen expressed on the surface of oval cells and 
thus can be used to isolate these cells, while OV-6 antibody recognizes a common 
epitope in the cytoskeleton components CK14 and CK19 (Bisgaard et al.  1993 ). 
Unfortunately, the A6 antibody used for mouse studies recognizes some intracellular 
antigen and thus is not suitable to be used for sorting of viable LPCs. 

 Similar to the situation with fetal liver hepatoblasts, much effort has been made 
in recent years to explore cell surface molecules that can be used to identify and 
isolate oval cells/LPCs. This has led to the identifi cation of EpCAM and CD133 
(also known as prominin 1) as novel oval cell/LPC markers in both mice and rats 
(Okabe et al.  2009 ; Rountree et al.  2007 ; Suzuki et al.  2008b ; Yovchev et al.  2007 ). 
The oncofetal protein glypican-3 has also been documented as a rat oval cell marker 
(Grozdanov et al.  2006 ). Notably, however, these molecules, as well as the OC-1/
OC-6 and A6 antigens, are all expressed also in cholangiocytes  in   the normal liver. 
This fact strongly implies a close relationship between cholangiocytes and oval 
cells/LPCs as mentioned earlier, with the former possibly being an origin of the 
latter. 
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 Interestingly, Trop2 (Tacstd2), a transmembrane molecule that is structurally 
similar to EpCAM, has been found to be expressed exclusively in LPCs in the 
injured liver, but not in cholangiocytes in the normal liver (Okabe et al.  2009 ). Thus, 
Trop2 may serve as a genuine “LPC marker” and would be advantageous for further 
characterization of LPCs. Similarly, the transcription factor Foxl1 has been identifi ed 
as another potential LPC-specifi c marker (Sackett et al.  2009 ). Although this 
 molecule is not a cell-surface antigen, a Tg mouse line expressing Cre recombinase 
under the control of the Foxl1 promoter has been generated. Thus, a lineage tracing 
study using the Foxl1-Cre Tg mice suggested that both hepatocytes and cholangio-
cytes were found as descendants of Foxl1 +  LPCs. This does not necessarily indicate 
that single oval cells can clonally differentiate into these two lineages, but strongly 
supports the notion that oval cells are bipotential progenitors for hepatocytes and 
cholangiocytes. In a more recent study, the Foxl1-Cre; Rosa YFP/iDTR  mice were gen-
erated for use in a study where Foxl1 expressing cells could be traced by Cre- 
mediated recombination and YFP expression and subsequently deleted by 
administration of diphtheria toxin (Shin et al.  2015 ). The authors showed that 
Foxl1-expressing progenitors were the origin of newly formed cholangiocytes and 
hepatocyte after injury induced by the CDE diet, and that the extent of conversion 
was dependent on the severity of liver injury. These cells contributed in ameliorat-
ing hepatic steatosis, and selective ablation of the Foxl1 progenitor  derived   cells 
with diphtheria toxin was shown to prolong the disease state. In contrast, DDC 
 diet- injured livers showed Foxl1 progenitor contribution to the formation of cholan-
giocytes only. These cholangiocytes do not participate in the regenerative response. 
It should be noted that there have not been extensive studies to compare between the 
progenitor cell populations in recent reports by many different groups, so there are 
confl icting results regarding the extent to which the stem/progenitor cell compart-
ment contributes to liver regeneration. 

 A panel of surface reactive monoclonal antibodies has been established, includ-
ing MIC1-1C3, that can each detect different populations of ductal and periductal 
cells in the mouse LPC response (Dorrell et al.  2008 ). Intriguingly, some of them 
seem to label cell populations that are apparently enriched or reside specifi cally in 
the LPC-induced livers, with little or no reactivity shown in the normal liver. 
Identifi cation of the corresponding antigen molecules, as well as further character-
ization of these cell populations, should increase our understanding of the mecha-
nisms of the LPC response at the cellular and molecular levels. 

 Using fl ow cytometry-based cell separation methods in combination with the 
aforementioned cell surface markers, LPCs can be viably isolated and subjected to 
 in vitro  culture to evaluate their proliferation and differentiation potentials. Studies 
based on the expression of EpCAM or CD133, and also of MIC1-1C3 or Foxl1-Cre- 
mediated fl uorescent reporter, have consistently demonstrated that LPCs isolated 
from injured livers proliferate to form colonies  in vitro  in the presence of certain 
combinations of growth factors, and the clonally expanded cells are capable of dif-
ferentiating into both hepatocyte and cholangiocyte lineages under appropriate cul-
ture conditions (Dorrell et al.  2011 ; Okabe et al.  2009 ; Shin et al.  2011 ; Suzuki et al. 
 2008b ). These results strongly suggest that LPCs indeed possess clonal bi-lineage 
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differentiation potential, at least  in vitro , a notion which needs to be evaluated using 
 in vivo  experimental systems as well. As most of the LPC antigens including 
EpCAM and CD133 are also expressed in cholangiocytes under uninjured condi-
tions, the cells positive for these markers were also isolated from normal adult livers 
and similarly subjected to  in vitro  culture experiments (Kamiya et al.  2009 ; Okabe 
et al.  2009 ; Suzuki et al.  2008b ). Interestingly, both EpCAM +  cells and CD133 +  
cells isolated from the normal  liver   also formed colonies and underwent differentia-
tion into hepatocytes and cholangiocytes. Essentially the same results were also 
obtained with MIC1-1C3 (Dorrell et al.  2011 ). Thus, the normal adult liver harbors 
“potential hepatic stem cells”, which can be defi ned as those with clonogenicity and 
bi-lineage differentiation potential  in vitro , similar to H-CFU-C in the embryonic 
liver. Notably, EpCAM +  cells isolated from human postnatal livers, as well as fetal 
livers, have also been found to contain closely related hepatic stem cells (hHpSCs) 
that can be defi ned  in vitro  (Schmelzer et al.  2007 ). The exact location and charac-
teristics of these potential hepatic stem cell populations  in vivo , as well as their 
possible contribution to homeostasis and/or regenerative process of the liver, remain 
to be elucidated. In particular, it is tempting to speculate that these cells may serve 
as the precursors for LPCs, which needs to be addressed in future studies. 

 More recently, Lgr5, a well-established marker for tissue stem cells in the intes-
tine and many other organs, has also been demonstrated to be expressed specifi cally 
in damage-activated LPCs in the mouse liver (Huch et al.  2013 ). Viably isolated 
Lgr5 +  cells can be clonally expanded  in vitro  as transplantable organoids in a 3D 
culture system, and those organoids possess bi-lineage differentiation potential and 
retain many characteristics of the original epithelial architecture. The relationship 
between Lgr5 +  cells and those expressing the common LPC markers such as CK19 
and EpCAM, however, has not been clearly determined. Nevertheless, through opti-
mization of  this   culture condition, phenotypically and functionally equivalent epi-
thelial organoids can also be formed from BECs in the human liver (Huch et al. 
 2015 ). This allows clonal long-term expansion of primary human adult liver cells 
with the stem cell property and, intriguingly, the expanded cells have been shown to 
be highly stable at the chromosome and structural level, thereby paving a way for 
establishing a novel platform for therapeutic applications and disease modeling.   

8.4     Differentiation Capacity and Their Precursors 

 As mentioned in the preceding sections, the characteristic feature of the liver stem/
progenitor cells is their potential to differentiate into two lineages, i.e., hepatocytes 
and cholangiocytes. In addition to these two hepatic cell lineages, much evidence 
has accumulated supporting that the liver stem/progenitor cells are also capable of 
differentiating into pancreatic and other cell lineages both  in    vitro       and  in vivo  under 
appropriate experimental settings. So far, circumstantial understanding of the mech-
anisms of liver stem/progenitor cell differentiation has been accomplished with 
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regard to hepatoblasts in the developing liver, and herein we will focus mostly on 
this issue. Although oval cells/LPCs have also been shown to  possess   differentiation 
capacity to hepatocytes, cholangiocytes and other cell types, the underlying mecha-
nisms have not been fully characterized. 

8.4.1     Differentiation into Hepatocytes 

 By defi nition, hepatoblasts undergo during  their   development a fate decision 
between the hepatocyte and cholangiocyte lineages. The molecular basis of this 
hepato-biliary lineage decision still remains largely unknown. Several molecules 
have been implicated in differentiation of hepatoblasts into the cholangiocyte 
 lineage, which will be discussed in the next section. 

 While the adult liver performs various metabolic activities, the fetal liver lacks 
such functions and instead serves as a hematopoietic organ. Around E10 in the 
mouse embryo, hematopoietic stem cells migrate into the fetal liver from the 
 aorta- gonad- mesonephros region and the placenta, and expand their population 
tremendously in the microenvironment provided by the fetal liver till birth. During 
this period of time, hematopoietic cells enhance differentiation of hepatoblasts into 
hepatocytes by producing cytokines (Kinoshita et al.  1999 ). As hematopoiesis 
switches from the fetal liver to the bone marrow, liver development progresses so 
that the organ becomes a center for metabolism. 

 Several  in vitro  primary culture systems for fetal liver cells, and more specifi cally 
for sorted hepatoblasts, have been established and extensively used to characterize 
the cellular and molecular mechanisms of hepatocyte differentiation. In many cases, 
oncostatin M (OSM), one of the interleukin 6-family cytokines, shows potent 
 activity for inducing differentiation of hepatoblasts and immature hepatocytes to 
functional hepatocytes, as evidenced by expression of various hepatocyte-specifi c 
marker genes and acquisition of metabolic functions such as cytosolic glycogen 
accumulation and ammonia clearance from the culture medium (Kamiya et al. 
 1999 ). OSM transduces signals through a specifi c receptor complex containing 
the gp130 subunit, and the livers of mice lacking gp130 show defects in functional 
differentiation of hepatocytes (Kamiya et al.  1999 ). As OSM receptor-defi cient 
 mice   exhibit no obvious anomaly in the liver development, other cytokines may 
play a similar or redundant role (Tanaka et al.  2003 ). In addition to the OSM signals, 
HGF, extracellular matrices (ECMs), and cell-to-cell contacts have also been implicated 
in stimulating hepatocyte differentiation (Kamiya et al.  2002 ; Kojima et al.  2000 ; 
Suzuki et al.  2003 ). On the other hand, TNF-alpha has been shown to antagonize the 
differentiation-promoting activities of OSM and control the timing of hepatocyte 
maturation (Kamiya and Gonzalez  2004 ). Thus, TNF-alpha expression is detected 
in the liver until perinatal stages, and then decreases after birth. Concomitantly with 
this transition, hepatocytes are relieved from the inhibitory effect of TNF-alpha and 
then strongly induced to acquire mature metabolic functions. 
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 In addition to these extracellular signals, hepatocyte differentiation and maturation 
are regulated by cell-intrinsic machineries involving various transcription factors. A 
set of transcription factors, such as HNF1alpha, HNF4, and CCAAT/enhancer 
 binding protein (C/EBP) alpha, are known to be abundantly and characteristically 
expressed in hepatocytes, and thus are collectively termed as “liver-enriched tran-
scription factors”. While studies using gene knockout mice have demonstrated that 
each of these molecules has its own unique functions as suggested by observed 
specifi c phenotypes (Costa et al.  2003 ; Schrem et al.  2002 ,  2004 ), it has become 
evident that they function cooperatively to form a dynamic transcriptional network 
of autoregulatory and cross-regulatory loops (Kyrmizi et al.  2006 ; Lemaigre  2009 ). 
In addition, these liver-enriched transcription factors also interact with various other 
transcription factors and/or regulatory molecules in a context-dependent manner to 
achieve specifi c target gene expression. For example, C/EBPalpha is an essential 
factor for  glucose   metabolism during the perinatal stage, and mice lacking this 
 transcription factor die soon after birth due to hypoglycemia caused by defective 
gluconeogenic gene expression (Wang et al.  1995 ). Despite of this specifi c func-
tional requirement at the perinatal stage, C/EBPalpha is already expressed in E14.5 
fetal liver, suggesting that an additional factor may function cooperatively to ensure 
its temporally-regulated activity. Indeed, the forkhead family transcription factor 
Foxo1 has been found to be inducibly expressed in the perinatal liver, physically 
interact with C/EBPalpha, and augment C/EBPalpha-dependent transcription of a 
gluconeogenic gene, phosphoenolpyruvate carboxykinase (PEPCK) (Sekine et al. 
 2007 ). On the other hand, C/EBPalpha is also critical for ammonia detoxifi cation 
activity of hepatocytes, as the knockout mice lack expression of carbamoyl phosphate 
synthetase-I (CPS1), a key enzyme in the urea cycle, leading to hyperammonemia 
(Kimura et al.  1998 ). Again, CPS1 is expressed only after the neonatal stage, and 
hence an involvement of some regulatory factor for C/EBPalpha-dependent CPS1 
expression was suspected. In this case, Y-box binding protein-1 (YB-1) has been 
identifi ed to be a molecule that suppresses C/EBPalpha function and negatively 
regulates CPS1 expression in the fetal liver (Chen et al.  2009 ). YB-1 is highly 
expressed in E14.5 fetal liver, and the expression signifi cantly declines before birth. 
This results in the release of C/EBPalpha from YB-1-mediated suppression on the 
CPS1 promoter, leading to expression of CPS1 and ammonia clearance activity. 
Taken together, transcriptional activities of C/EBPalpha are differently controlled 
by expression and cooperative function of specialized “gatekeeper” molecules, 
Foxo1 and YB-1, for gluconeogenic and urea cycle enzymes, respectively. 

 As hepatocytes acquire  mature   metabolic functions, they also undergo structural 
maturation and establish specialized tissue architectures that are associated 
with their functions (Tanimizu and Miyajima  2007 ). They construct so-called 
“hepatocyte- type” epithelial polarity, where the apical surface, termed the bile 
canaliculus, is formed between neighboring hepatocytes, and the polarized hepato-
cytes are organized to form a cord-like structure. A study using gene knockout mice 
has suggested that the small GTPase ARF6 plays a critical role in the latter process 
(Suzuki et al.  2006 ).  
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8.4.2     Differentiation into Cholangiocytes 

 Cholangiocytes are epithelial  cells   that line the biliary tract. The biliary tract can 
be separated ontogenetically into two parts; the extrahepatic bile duct and the  intra-
hepatic bile duct (IHBD)  . The  extrahepatic bile duct   is comprised of the hepatic 
ducts, the cystic duct, the common bile duct, and the gallbladder, and develops from 
the endoderm independently of the hepatoblast formation. On the other hand, 
cholangiocytes forming the intrahepatic bile ducts derive from hepatoblasts, as 
mentioned earlier. It is not clear how the extrahepatic and intrahepatic biliary tracts, 
developing separately, eventually anastomose. 

 The process of IHBD formation from hepatoblasts involves cholangiocyte 
 differentiation (lineage specifi cation) and morphogenesis of ductal structures. In 
mouse embryos, the initial sign of cholangiocyte specifi cation can be recognized at 
E11.5, when the cholangiocyte marker Sox9 is expressed in liver cells that are 
located a short distance from the branches of the portal vein (Antoniou et al.  2009 ). 
These cells align around the portal vein to form a single-layered structure, called the 
ductal plate (Fig.  8.6 ). At E15.5, the ductal plate becomes focally bilayered  to   form 
the primitive ductal structures (PDS), and lumens can be detected between the two 
layers. A recent study has suggested that the PDS are transiently asymmetrical, in 
that the cells on the portal-side layer express Sox9 but not the hepatoblast marker 
HNF4, while those on the parenchymal-side layer express HNF4 but not Sox9 
(Antoniou et al.  2009 ). By E18.5, the hepatoblasts lining the parenchymal side of 
the PDS differentiate to cholangiocytes, leading to formation of radially symmetrical 
duct structures entirely delineated by cholangiocytes. During this process, the  ductal 
plate cells that are not involved in tubulogenesis regress and eventually disappear, 
and the remaining ducts become surrounded by periportal mesenchymal cells. 
Although it has long been considered that this regression of ductal plate cells that 
do not contribute to the mature bile duct structure is mediated by apoptosis, a recent 

Endothelial cell
Ductal plate Primitive ductal structure Bile duct

Cholangiocyte

HepatocyteHepatoblast

~E14 Perinatal

  Fig. 8.6    Bile duct formation. Some hepatoblasts around the portal vein are specifi ed to the cholan-
giocyte fate and align to form a single cell layer called the ductal plate. Then, the ductal plate 
becomes focally bilayered to form the asymmetric, primitive ductal structure (PDS) with a luminal 
space. By the perinatal period, the hepatoblasts lining the parenchymal side of the PDS differentiate 
to cholangiocytes, leading to formation of radially symmetrical duct structures       
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study has shown that they undergo not apoptosis but rather differentiation to a  subset 
of hepatocytes in the periportal region (Carpentier et al.  2011 ).

   With regard to the molecular mechanisms involved in cholangiocyte differentia-
tion, the roles of several transcription factors have been implicated, such as Sal-like 
4 (Sall4), T-box transcription factor 3 (Tbx3), the Onecut transcription factors 
HNF6 and OC2, and HNF1beta. Based on gene expression profi le as well as over-
expression and knockdown experiments in purifi ed fetal mouse hepatoblasts, Sall4 
has been shown to play a role in regulating the lineage commitment of hepatoblasts 
by inhibiting their differentiation into hepatocytes while driving them towards the 
cholangiocyte lineage (Oikawa et al.  2009 ). In Tbx3 knockout mouse embryos, 
hepatoblast proliferation is severely impaired, with biliary differentiation promoted 
at the expense of hepatocyte differentiation, suggesting that Tbx3 plays a role in 
hepato-biliary lineage decision (Ludtke et al.  2009 ; Suzuki et al.  2008a ). Gene 
expression analyses have shown that Tbx3 functions to maintain expression of 
hepatocyte transcription factors, HNF4alpha and C/EBPalpha, while suppressing 
that of  cholangiocyte   transcription factors, HNF6 and HNF1beta (Ludtke et al. 
 2009 ). Mice defi cient of HNF6 shows bile duct malformation, and this phenotype is 
further enhanced by combined knockout of HNF6 and OC2 (Clotman et al.  2002 , 
 2005 ). A direct and critical target of HNF6 is HNF1beta, and mice with liver- 
specifi c inactivation of HNF1beta shows defect in bile duct development (Coffi nier 
et al.  2002 ). The Onecut transcription factors also regulate hepato-biliary lineage 
decision of hepatoblasts by modulating transforming growth factor (TGF) beta 
 signaling. In the normal liver, TGFbeta signaling is found to be strongly activated 
near the portal veins but weakly in the rest of the parenchyma. In the livers of HNF6 
and OC2 double knockout mice, increased TGFbeta signaling is observed in the 
parenchymal region, where “hybrid” hepatic cells that display characteristics of 
both hepatocytes and cholangiocytes are generated (Clotman et al.  2005 ). Thus, the 
Oncecut transcription factors play a role in shaping correct zonation of TGFbeta 
signaling activity to ensure induction of cholangiocytes only in the periportal region. 

 Another molecular mechanism well known to be involved in bile duct formation 
is the Notch signaling pathway. In humans, mutations in JAGGED 1 (JAG1), a 
ligand for the Notch receptors, are associated with Alagille syndrome (ALGS or 
ALGS1; Online Mendelian Inheritance in Man #118450), an autosomal dominant 
disorder characterized by multiple developmental defects including neonatal 
 cholestasis caused by paucity of the IHBD (Li et al.  1997 ; Oda et al.  1997 ). In addi-
tion, another form of Alagille syndrome has been found to be caused by mutations 
in the NOTCH2 gene (ALGS2; Online Mendelian Inheritance in Man #610205) 
(McDaniell et al.  2006 ). In accord with these notions, mice doubly heterozygous for 
a Jag1 null allele and a Notch2 hypomorphic allele recapitulate many characteristics 
of the human syndrome, including the bile duct paucity (McCright et al.  2002 ). A 
study using an  in vitro  culture of mouse hepatoblasts  has   shown that activation of 
the Notch signaling pathway promotes differentiation of hepatoblasts into the chol-
angiocyte lineage by coordinating a network of liver-enriched transcription factors 
including HNF1alpha and beta, HNF4, and C/EBPalpha (Tanimizu and Miyajima 
 2004 ). Indeed, conditional knockout of RBP-Jkappa, an essential downstream 
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 signal component of the Notch receptor, results in a reduced number of cholangio-
cytes at E16.5, confi rming a role of this signaling pathway in cholangiocyte cell fate 
specifi cation (Zong et al.  2009 ). In contrast, studies using the aforementioned 
 compound (doubly heterozygous) mouse mutant for Jag1 and Notch2, or the liver-
specifi c Notch2 knockout mice, have shown that Notch2 signaling is required for 
bile duct morphogenesis, but is likely dispensable for biliary specifi cation (Geisler 
et al.  2008 ; Lozier et al.  2008 ). Similarly, in fetal livers of mice lacking hairy and 
enhancer of split 1 (Hes1), a target of the Notch signaling, the ductal plate formation 
occurs normally but the subsequent remodeling and tubular structure formation is 
completely blocked (Kodama et al.  2004 ). This discrepancy may result from the 
presence of multiple Notch signaling components, including the ligands, receptors 
and targets, which can play redundant and compensatory roles in biliary differentia-
tion. It is also possible that conditional deletion of Notch2 in the developing liver 
was not complete or early enough. In the periportal region of the developing liver, 
the ligand Jag1 is expressed in portal fi broblasts and the endothelium of the portal 
vein, as well as in cholangiocytes at later stages (Geisler et al.  2008 ; Kodama et al. 
 2004 ; Loomes et al.  2007 ; Lozier et al.  2008 ; Suzuki et al.  2008c ; Zong et al.  2009 ). 
An elaborate study employing cell type-specifi c knockout mouse models has clearly 
demonstrated that deletion of Jag1 specifi cally in SM22alpha-expressing portal vein 
mesenchyme, but not in the endothelium, leads to hepatic defects reminiscent of 
Alagille syndrome. In mice lacking Jag1 in the SM22alpha-positive cells, the initial 
formation of the ductal plate occurs normally, yet those biliary-specifi ed cells are 
unable to undergo  subsequent   morphological changes, leading to paucity of bile 
duct formation (Hofmann et al.  2010 ). Although the nature of the SM22alpha-
expressing cells is not fully characterized, it is considered most plausible that portal 
fi broblasts stimulate cholangiocytes lining the ductal plate via the Jag1/Notch2 
interaction and the downstream Hes1 expression, which leads to induction of ductal 
morphogenesis.  

8.4.3     Differentiation into Non-hepatic Lineages 

 The liver and the pancreas share a  common   developmental origin, and a bipotential 
precursor cell population for these organs has been identifi ed within the embryonic 
endoderm (Deutsch et al.  2001 ). In addition, hepatocytes and pancreatic beta-cells 
are known to have similarities in gene expression profi les and possess similar 
 inherent glucose sensing systems, thereby being capable of responding to changes 
in blood glucose concentrations. Consistent with these facts, many studies have 
demonstrated that liver stem/progenitor cells from both embryonic and adult origins 
as well as hepatocytes can be converted to insulin-producing cells, functional 
 pancreatic beta-cell-like cells, and/or to islet-like cell clusters containing other pan-
creatic lineages under certain conditions. 

 Clonally expanded H-CFU-C derived from fetal mouse liver shows expression of 
pancreatic endocrine and exocrine lineage markers in culture,    and can be integrated 
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into and form pancreatic ducts and acinar cells when transplanted into pancreas of 
recipient mice (Suzuki et al.  2002 ). Notably, H-CFU-C is also shown to be capable 
of differentiating into gastric and intestinal cells  in vivo . Purifi ed adult rat hepatic 
oval cells can be differentiated into pancreatic endocrine hormone-producing cells 
when cultured in a high-glucose environment (Yang et al.  2002 ). Rat liver epithelial 
WB cells, which represent the cultured counterpart of stem-like cells derived from 
normal adult liver, can be reprogrammed into functional insulin-producing cells by 
stable expression of pancreatic duodenal homeobox 1 (Pdx1) or its super-active 
form (Pdx1-VP16) (Tang et al.  2006 ). Epithelial progenitor cells derived from 
human fetal liver (FH cells) can also be induced to differentiate into insulin- 
producing cells after expression of the PDX1 gene (Zalzman et al.  2003 ). 

 In addition to these  in vitro  experiments, several studies employing  in vivo  gene 
delivery systems have shown that adenoviral vector-mediated transduction of pan-
creatic transcription factors, such as Pdx1, Neurogenin3 (Ngn3), NeuroD, and 
MafA, can induce formation of ectopic islet-like cells and production of insulin in 
the adult liver (Ferber et al.  2000 ; Kojima et al.  2003 ; Song et al.  2007 ; Wang et al. 
 2007 ). Although these phenomena have been considered to represent trans- 
differentiation of mature hepatocytes into pancreatic cells, a recent study employing 
Ngn3 gene transfer in combination with a genetic lineage tracing have suggested an 
alternative possibility. Thus, introduction of this transcription factor can suffi ciently 
induce emergence of ectopic, periportal islet-like cell clusters in streptozotocin 
(STZ)-induced  diabetic   model mice, and these clusters do not originate from 
 differentiated hepatocytes but are rather likely produced by “trans-determination” 
of LPC-like progenitor cells, which are lineage-determined but not terminally 
 differentiated (Yechoor et al.  2009 ). In view of this, it is noteworthy that DDC-
induced activation of LPCs  in vivo  has been reported to ameliorate STZ-induced 
diabetes in mice (Kim et al.  2007 ).   

8.5     Potential Application for Therapies 

 At present, orthotopic liver transplantation is  the   most commonly used procedure to 
treat various liver diseases. This, however, has always been hampered by persistent 
shortage of donor organs. Although isolated mature hepatocytes when transplanted 
have been shown to successfully repopulate the recipient liver with considerably 
high effi ciency at least in rodent models, the rates of engraftment and survival of 
transplanted hepatocytes in human liver is often very limited. Furthermore, despite 
mature hepatocytes showing tremendous proliferative activity in response to 
 regenerative stimuli  in vivo , they usually lose this capacity immediately once 
 isolated and cultured  in vitro . Thus, the ability to obtain an unlimited supply of 
human hepatocytes from an expandable source should signifi cantly improve the 
development and clinical application of hepatocyte transplantation. In addition, it 
will also facilitate the studies on the basic mechanisms of human liver diseases, as 
well as evaluation of drugs for their actions and toxicities due to the metabolism of 

T. Itoh et al.



231

xenobiotics in hepatocytes. Considering the strong proliferative potential and 
 amenability for  in vitro  manipulation, the liver stem/progenitor cells may be attrac-
tive candidates for these applications. These cells may also be useful for cell therapy 
to treat diabetic patients, given their potential to be effectively reprogrammed 
toward pancreatic lineages. However, isolation of fetal hepatoblasts and adult 
hepatic stem/progenitor cells from human liver for therapeutic use will be techni-
cally and practically challenging, even though the aforementioned liver organoid 
culture system could be a promising alternative. 

 In the last decade, much effort and  concomitant   progress have been made in 
establishing the protocols to generate various types of functionally differentiated 
cells, including mature hepatocytes,  in vitro  from pluripotent or multipotent stem 
cells (Snykers et al.  2009 ), particularly from embryonic stem (ES) cells (Agarwal 
et al.  2008 ; Basma et al.  2009 ; Cai et al.  2007 ) and more recently from induced 
pluripotent stem (iPS) cells (Gai et al.  2010 ; Si-Tayeb et al.  2010 ; Song et al.  2009 ; 
Sullivan et al.  2010 ). This has led to the notion that application of the precise condi-
tions that recapitulate the normal developmental process within the embryo is 
 generally the best way to achieve highly functional derivatives. Thus, to produce 
hepatocytes for example, these pluripotent stem cells can be sequentially induced to 
differentiate to the defi nitive endoderm, then the hepatic lineage cells with the char-
acter of hepatoblasts, and fi nally to functional hepatocytes, directed by the timed 
use of appropriate amounts and combinations of cytokines (Gouon-Evans et al. 
 2006 ). In view of this, studies elucidating the mechanisms of the normal liver organ-
ogenesis, and particularly of hepatoblast development and differentiation, should 
provide an important clue to future development of an optimized protocol to induce 
functional hepatocytes  in vitro . Conversely,  in vitro  differentiation systems from 
human ES or iPS cells to hepatocytes can offer a means of elucidating the mecha-
nisms of human liver development  ex vivo  (DeLaForest et al.  2011 ). Notably, use of 
specifi c surface markers for hepatoblasts or other hepatic cells to enrich for particu-
lar cell lineages in the course of induced differentiation would be advantageous for 
obtaining hepatocytes with better  quality   and quantity. Moreover, this will also be 
benefi cial to eliminate contamination from undifferentiated stem cells that remain, 
as these cells may potentially cause tumors such as teratomas upon transplantation 
into recipients. One example is the combined use of the cell surface markers CD13 
and CD133 to enrich for human hepatoblasts generated from iPS cells (Yanagida 
et al.  2013 ). Basically, common approaches for enrichment of hepatoblast or 
hepatocyte- like cells are based on the combined use of lineage specifi c markers with 
stem cell markers. Caution must be exercised, however, as markers optimized for 
mouse-derived progenitors may not always be appropriate for use in isolating 
human iPS-derived hepatoblasts. 

 Upon the emergence of the iPS cell technology, the fact that terminally 
 differentiated somatic cells can be converted to a totally different, pluripotent state 
by a relatively small number of defi ned factors urged many researchers to test the 
possibility that they could also be reprogrammed directly to different cell lineages 
without going through a pluripotent intermediate. This approach, so-called direct 
reprogramming, has indeed been shown to be quite promising with various target 
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cell lineages, including hepatocytes. By forcedly introducing a small number of 
endodermal and hepatic transcription factors, two groups have independently 
 demonstrated that mouse fi broblasts can be converted to hepatocyte-like cells 
(Huang et al.  2011 ; Sekiya and Suzuki  2011 ). Functionally, they are still not fully 
mature hepatocytes, yet are able to repopulate  in vivo  when transplanted into a 
mouse model. These “induced hepatocytes (iHep)” may provide an alternative, 
 relatively simple platform to realize gene and cell therapy to treat liver diseases. 

 More recently, there has been considerable success in generating human 
hepatocyte- like cells using similar approaches. In one such study, expression of the 
factors FOXA3, HNF1A and HNF4A (collectively called 3T) was induced in 
 primary human fetal limb fi broblasts (Huang et al.  2014b ). The resulting human 
induced hepatocytes (hiHeps) increasingly expressed genes specifi c for hepato-
cytes, with a corresponding decrease in expression of fi broblast-specifi c genes. 
Absence of markers for biliary epithelium or hepatoblasts indicated that the hiHeps 
were stably differentiated into mature hepatocytes. They were also shown to have 
normal hepatocyte detoxifi cation  and   biliary excretion functions. However, due to 
the extent of differentiation, the cells could not be expanded to generate large 
 numbers for  in vivo  validation. It was necessary to utilize a lentivirus vector to 
induce expression of SV40 large T antigen, though this caused a subsequent reduc-
tion in metabolic activity compared to nontransformed hiHep cells. Another similar 
study utilized a broader array of transcription factors for direct reprogramming of 
fi broblasts (HNF1A, HNF4A, HNF6, ATF5, PROX1, CEBPA, p53 ShRNA, c-myc) 
by mimicking conditions for liver bud induction and hepatocyte maturation (Du 
et al.  2014 ). Like the previously described reprogramming protocol, the hiHeps 
show a high degree of functional activity comparable to primary hepatocytes. The 
advantage of direct reprogramming compared to the inclusion of an intermediate 
pluripotent state is that there is theoretically a reduced risk of tumorigenesis. As 
each hiHep is the result of a unique reprogramming event, however, there may be a 
certain level of heterogeneity among the cell population in terms of the functional 
activity of each cell. Nevertheless, in general, both studies show amazing progress 
in the generation of functional human hepatocytes.  

8.6     Conclusion and Future Development in Research 

 In recent years, considerable progress has been made in our understanding of the 
mechanisms of liver development at the cellular and molecular levels. Establishment 
of methods for  in vitro  culture of fetal liver cells, in particular the isolated hepato-
blasts, as well as various mouse models with genetic modifi cations have invaluably 
contributed to identify and elucidate the role of genes involved in fetal liver 
 development. Although characterization of adult liver stem/progenitor cells repre-
sented by oval cells has been less successful compared to that of hepatoblasts, it has 
been accelerated by the fi nding and availability of useful marker molecules. Further 
analyses on the extrinsic signals and the intrinsic genetic and epigenetic programs 
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regulating these cell populations should lead to clarifi cation of the molecular basis 
of liver regeneration, as well as its similarities and differences with that of liver 
development. In-depth understanding of the mechanisms governing these compli-
cated and elaborate processes is crucial for establishing an effi cient protocol to gen-
erate functional hepatic cells amenable to therapeutic cell transplantation and 
pharmaceutical drug development.     
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    Chapter 9   
 Intestinal Stem Cells in Homeostasis 
and Cancer                     

       Sandhya     Singh    ,     Mitnala     Sasikala     ,     G.  V.     Rao    , and     D.     Nageshwar     Reddy   

    Abstract     Intestinal stem cell (ISC) population at crypts base displays extraordi-
nary capability for organized renewal and regeneration of intestinal epithelium. 
Complex interplay among stem cells, its progeny and niche balances between self- 
renewal and differentiation to maintain intestinal homeostasis. Involvement of vari-
ous interactions to regulate intestinal epithelium rapid renewal, presents with high 
risk of developing cancer. Intestinal stem cells (ISCs) biology and cancer develop-
ment is closely related in various aspects. Studies have shown, ISCs as the cells of 
origin for majority of intestinal cancer where signaling pathways regulating ISC are 
often deregulated, giving rise to cancer stem cell (CSC). Moreover, intestinal can-
cers are shown to maintain cellular hierarchy similar to intestinal epithelium with 
presence of CSC at apex. CSCs are cell subpopulation with ISC like features 
involved in tumor genesis. Here we present common and different features of ISC 
and CSC with special emphasis on differential regulation of Wnt, Notch and BMP 
signaling pathways in both stem cell populations. Recent identifi cation of both ISC 
and CSC markers along with technological development to track stem cell lineage 
and endogenous activity in vivo with possibility to generate ex vivo intestinal organ-
oids, has broaden our understanding regarding ISC driven intestinal epithelium 
homeostasis, repair and cancer. Basic understanding of intestinal stem cell biology 
and its role in carcinogenesis opens up exciting opportunity to develop stem cell 
based therapeutics for cancer treatment.  

  Keywords     Intestinal stem cell   •   Paneth cell   •   Cancer stem cell   •   Transit-amplifying 
cell   •   Enterocyte   •   Subepithelial myofi broblasts   •   Niche   •   Wnt pathway   •   Notch 
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9.1       Introduction 

 Rapid renewal of intestinal epithelium, which requires accurate tissue organization, 
presents it with higher risk of developing cancer (Creamer et al.  1961 ). Intestinal 
epithelial homeostasis is maintained by intestinal stem cell (ISC) present at the bot-
tom of the crypts where it undergoes asymmetric cell division to renew itself, and 
give rise to transit-amplifying cells (TA cells). Stem cell cease to divide while TA 
cells divide further and migrate toward crypt villus junction, and differentiating into 
different lineages simultaneously. Regulated intestinal stem cell activity maintains 
homeostasis of intestinal epithelium. by linking proliferative capacity of stem cell 
and TA cells as per tissue requirements (Barker  2014 ). Understanding of prolifera-
tion and migration in the maintenance of intestinal epithelial homeostasis involving 
various intrinsic and extrinsic factors is emerging. Identifi cation of signaling path-
ways involved in intestinal epithelial homeostasis, will not only provide basic 
aspects in ISC regulation, but also help us understand various disease pathologies, 
including cancer. Mutational studies in ISC of mouse model have shown similarities 
between ISC and CSC (cancer stem cell), which provides strong evidence that regu-
lated ISC proliferation prevent tumor genesis (Ashley  2013 ; Tajbakhsh  2014 ). 

 Stem cell (SC) population from different tissue shows distinct diversity in their 
proliferation capacity, indicating different regenerative requirement. Intestinal stem 
cell, identifi ed by Lgr5+ marker, falls into rapidly dividing SC, whose proliferation 
also increases further on tissue injury or infection similar to slow dividing stem cell 
from other localization. This similarity indicates common mechanism for prolifera-
tive plasticity regulation, for SC from different localization. Homeostasis mainte-
nance in intestinal epithelium requires regulation of ISC activity at two levels: (1) 
SC proliferation by asymmetric SC division for self-renewal, and differentiation, to 
maintain pluripotent SC population; (2) Increase in SC proliferation in response to 
tissue injury and again entry into quiescent/non proliferative state after tissue repair 
and regeneration (Cheng and Leblond  1974 ; Barker et al.  2008 ; Metcalfe et al. 
 2014 ). 

 Involvement ISCs and its tight regulation based on its microenvironment, and its 
differentiated lineage, indicates its dysregulation will lead to cancer initiation and 
regeneration failure. The complex ISC lineages in mammals presents with major 
bottleneck in identifi cation of regulatory processes at stem cell level in vivo. 
Identifi cation of ISCs in posterior midgut from Drosophila, shows proliferative 
plasticity similar to mammalian ISCs. Presence of well defi ned genetic manipula-
tion tools, identifi cation of factors involved in crypt homeostasis is very rapid in this 
model organism. Characterization of factors involved in ISC regulation in these 
simpler model organisms, provides strong mechanistic framework to study intesti-
nal tissue homeostasis maintenance in mammals. Further studies are required in 
mammals to understand the intricate interplay between intestinal epithelium and its 
microenvironment for in homeostasis, regeneration and carcinogenesis (Barker 
et al.  2009 ; Biteau et al.  2011 ; Andriatsilavo et al.  2013 ; Barker  2014 ; Baker et al. 
 2015 ). 
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 Recent breakthrough discovery with generation of intestinal organoid culture 
system, an in vitro model system can be utilized to study in vivo Intestinal organiza-
tion. This method utilizes ISC from Intestinal crypts that grows into organoids in 
presence of matrigel (extracellular matrix proteins) that supports three-dimensional 
growth. ISC and CSC culture to generate intestinal organoids will come handy in 
understanding normal crypt intestinal homeostasis, and it’s role in cancer develop-
ment (Chandler and Lagasse  2010 ; Barker  2014 ). 

 This chapter provides current concept on ISC identity, signaling pathways and 
microenvironment signals that regulate intestinal homeostasis. We also discuss 
recent development on similarities and dissimilarities in normal and cancer intesti-
nal stem cell, with special emphasis on disturbed intestinal homeostasis in cancer 
initiation and cancer stem cell maintenance.  

9.2     Intestinal Epithelium Architecture 

 Intestinal tract epithelium  architecture   and its different segment’s developmental 
features are well studied. Intestinal tract primary functions include digestion, nutri-
ents absorption, secretions, and immune response. The elegant intestinal mucosal 
architecture with multiple infoldings, facilitates increase of surface area which sup-
ports its function. Intestinal wall is made up of four layers: epithelium, lamina pro-
pria, muscular mucosae, muscularis propria and the serosa. Mucosa forms the 
innermost layer further subdivided into three layers, with an important functional 
and structural role. The fi rst layer faces the intestinal lumen and is made up of single 
layer epithelial cells. Lamina propria forms the second layer and consists of connec-
tive tissue and lymph nodes. Muscularis mucosae made of smooth muscle cells 
forms the third layer, and rest on submucosa, under which muscularis propria layer 
is present. The outermost layer is known as serosa and adventitia, if it lacks meso-
thelial cells in outer layer. Different types of cell populate sub mucosal layer such 
as infl ammatory cells, nerve fi bers, and lymphatics. Small arteries and venous also 
branches and distribute blood from this area (Montgomery et al.  1999 ). 

 The intestinal epithelium consists of various cell types under constant renewal 
process while maintaining a pattern. Under normal condition, large number of cells 
lost in intestinal lumen tract, are effi ciently replaced by ISC compartment. ISCs 
along with progenitor cells present in crypt give rise to differentiated epithelial cells 
while migration toward lumen. The basic intestinal architecture depends on the 
dynamic homeostasis between cell generation at intestinal crypt and cell loss at 
lumen. Different parameters including dietary, growth factors, and transcriptional 
factors plays key role in regulation of intestinal homeostasis. A complex interplay 
within various signaling pathways maintains homeostasis  by   appropriate cell loss of 
apoptotic cells at intestinal epithelium. Disruption of homeostatic balance either 
leads to mucosal atrophy or mucosal hyperplasia, caused by less or overproduction 
of cells. Mucosal atrophy causes mal-absorption of nutrients while hyperplasia 
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leads to hypersecretion with increased risk of cancer development (Barker et al. 
 2008 ; Chandler and Lagasse  2010 ; Barker  2014 ).  

9.3     Intestinal Stem Cells 

 The rapid intestinal tracts turn over and regeneration after injury depends on resi-
dent intestinal stem cell in crypt of Lieberkuhn. Intestinal stem cells are cells  under-
going   asymmetric cell division to maintain there own number with capability of self 
renewal over longer period and supply all undifferentiated cell types specifi c to 
intestinal tissue (Figs.  9.1  and  9.2 ). It also serve as internal repair system through 
aiding regeneration, by replacing lost or damaged cells in case of injury as long as 
organism is alive to maintain tissue homeostasis and maintain its architecture. 
Recent studies, provides strong evidences about existence of dedicated stem cell in 
different adult tissues with an important role in respective tissue maintenance. 
However, inspite of rapid identifi cation of adult stem cells in different tissue; it is 
still not established if various tissue-specifi c stem cells behaviors converge on com-
mon molecular and cell biological concepts. Stem cells originate either from 
embryos formed during embryogenesis termed as embryonic stem cells or tissue 
specifi c somatic “Adult stem cells”. Both stem cells type are known for there 
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  Fig. 9.1    Intestinal epithelium architecture showing intestinal stem cell (marked in  red ) at crypt 
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potential to differentiate into another tissue specifi c cell type, like epithelial cells of 
different origin, red blood cells, muscle cells or nerve cells. Two features specifi c to 
stem cell differentiate it from other cell types; fi rstly, stem cells are non specialized 
cells capable of self renewal even after long quiescent state. Secondly, stem cells 
can be differentiated into tissue specifi c differentiated cells with specialized func-
tion under different physiological or experimental conditions, induced with differ-
ent stimulus. In rapidly renewing organs like intestinal mucosa, stem cells regularly 
divide to maintain homeostasis and replace lost cells under normal physiological 
situation or damaged cells during regeneration after tissue injury. Whereas, certain 
organs, like brain or heart, their tissue specifi c resident adult stem cells have a major 
role to play, in regeneration to replace cells lost during injury or disease. Unique 
regenerative stem cells property holds tremendous therapeutic potential in various 
diseases treatment like diabetes or heart disease (Weissman  2000 ; Fuchs  2009 ; 
Todaro et al.  2010 ).

    The intestinal stem cell in the base of crypt surrounded  by   fi broblasts, and sup-
porting mesenchymal tissue form a basic anatomical unit, that leads to its differen-
tiation into four cell type of secretory lineages of absorptive enterocytes, 
enteroendocrine, Paneth and goblet cells. Intestinal stem cells (ISCs) in crypt base 
are continuously activated by various intrinsic and extrinsic factor to generate pro-
genitor or transit amplifying (TA) cells which further differentiates into mature 

  Fig. 9.2    Intestinal stem cell (marked in  red ) produce all differentiated intestinal epithelium cell 
(marked in  white, orange & yellow ), while maintaining its own self renewal. It also shows regula-
tory role of Wnt, Bmp & Notch pathway in cell fate decision of progenitor cell (marked in  pink & 
green )       
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 tissue specifi c cell lineages capable of performing specialized functions (Barker 
et al.  2008 ; van der Flier and Clevers  2009 ; Schwitalla et al.  2013 ) (Fig.  9.3 ). Under 
normal conditions, TA cells reside for 2–3 days in crypts and undergo cell division 
for approximately six times to reach crypt villus junction, where it differentiate into 
all four terminally differentiated cell types. Intestinal crypt is usually populated by 
undifferentiated cells; but differentiated Paneth cells known to secrete antibacterial 
agents, is exceptionally is located at crypt base and also escape it migration towards 
lumen. Under physiological situation, ISCs undergoes asymmetric division to gen-
erate one stem cell and other TA cell, which eventually differentiate into mature 
epithelial cells (Figs.  9.1  and  9.2 ). However, after injury, damaged ISCs are replaced 
by one daughter stem cell from ISCs, undergoing symmetrical division to generate 
two stem cells. Tightly regulated ISC symmetrical and asymmetrical division, to 
maintain self renewal and differentiation of TA cell while migrating upwards to 
lumen from crypt, suggest various intrinsic and extrinsic factors involved like its 
ISC niche, signaling pathways, microenvironment induced etc. (Scoville et al.  2008 ) 
(Figs.  9.1 ,  9.2  and  9.3 ).

9.4        Intestinal Stem Cell Niche 

 Intestinal stem  cell   niche is defi ned as an anatomical unit composed of intestinal 
stem cells, its progeny, and its microenvironment, which together maintain normal 
homeostasis by appropriate differentiation into mature cells (Barker and Clevers 
 2007 ). It protects ISC from various stimuli that might lead to excessive ISC 
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differentiation and thus prevent from risk of developing cancer. The intestinal 
homeostasis depends on intricate balance between self-renewal and differentiation. 
Fibroblasts surrounding intestines, known as subepithelial myofi broblasts play an 
important role in ISC niche formation through various cytokines and growth factors 
secretions, which promote TA cells differentiation to differentiated mature cell lin-
eages of enterocytes, enteroendocrine, goblet, and Paneth cells (Giannakis et al. 
 2006 ; Moore and Lemischka  2006 ) (Fig.  9.3 ). 

 Two different models exists to explain crypts structure maintenance by ISC, 
which are “+4 position” and “stem cell zone” model located either at crypts  bottom   
or below the +4 position respectively (Potten et al.  1974 ; Barker et al.  2008 ). The 
“+4 position” model, supported by Chris Potten et al., suggest terminally differenti-
ated Paneth cells populate crypt base. Therefore, the ISCs locates itself at +4 posi-
tion just above Paneth cells, which differentiates into enteroendocrine, goblet and 
enterocytes cells while migrating out of the crypts onto the vill, and as Paneth cells 
on moving down toward the crypt base. The model proposed by Leblond et al. 
(Cheng and Leblond  1974 ) suggest that crypt base columnar cells, an undifferenti-
ated cycling cells lying alternatively with Paneth cells, are most likely the true intes-
tinal stem cells. However, exact identity for intestinal stem cell still remains 
controversial due to lack of specifi c ISC markers for these cells (Fig.  9.4 ). Every 
crypt is supposed to harbor at least 4–6 independent stem cells. Recent, BrdU- 
labeling studies observed label-retaining cells localized at +4 positions with respect 
to crypt bottom, while fi rst three positions was taken by terminally differentiated 
Paneth cells. Moreover, +4 cells were also found to be very sensitive to radiation, a 
stem cell property, known to prevent genetic modifi cation in stem cell (Potten et al. 
 2002 ). Lineage tracing studies in Bmi-Cre-ER knock-in allele mice model, further 
supports “+4 position” ISC model (Sangiorgi and Capecchi  2008 ; Barker and 
Clevers  2010 ). Studies from Barker et al. support “stem cell zone” model where 
Prominin and Lgr5/GPR49 (Wnt target gene) staining label CBC stem cells alter-
nating with paneth cells in the mouse intestinal tract (Barker et al.  2007 ,  2009 ). 
CBC cells were also shown to maintain intestinal epithelial cell self-renewal and 
generation of differentiated mature intestinal epithelial cells for long time. Later, 
lineage-tracing experiments identifi ed both CBC and +4 cells with feature of adult 
multipotent stem cells showing self renewal. Therefore, these two stem cell popula-
tion presents with strong possibility of combined role to play in intestinal epithelial 
tissue homeostasis maintenance and regeneration under physiological and various 
pathological conditions (Sancho et al.  2003 ; Barker et al.  2008 ).

9.5        Intestinal Stem Cell Marker 

 The majority of intestinal  stem   cell marker identifi ed, show non specifi c expression 
throughout the proliferative crypt compartment. Recent breakthrough studies by 
Clevers et al. identifi ed Lgr5/Gpr49 gene as specifi c intestinal stem cell marker 
confi ned to intestinal stem cell in crypts bottom (Barker and Clevers  2010 ). 
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The Lgr5 gene expresses an orphan G protein-coupled receptor (GPCR) and exhib-
its similarity to GPCRs like FSH, TSH with glycoprotein ligands. It consists of large 
leucine-rich extracellular domain; known to express in other tissue stem cells also 
driven by wnt signaling pathway. Restriction of Lgr5 expression in APC min mouse 
in crypt bottom cells and adenomas supports involvement of Wnt pathway (Chandler 
and Lagasse  2010 ) (Fig.  9.5 ). Studies have shown regeneration of functional, self 
renewing intestinal crypt like structures in vitro on exposure of Lgr5 ISC to appro-
priate signaling pathways and extracellular matrix (Sato et al.  2009 ) (Fig.  9.8 ). ISC 
identifi ed based on other stem cell markers like Bmi, Prominin-1 also showed simi-
lar results (Munoz et al.  2012 ; Metcalfe et al.  2014 ). Additionally, lineage-tracing 
experiments also confi rm Lgr5+ cells as self renewing ISCs that maintain the intes-
tinal epithelium architecture. Lgr5 represent a common adult stem cell marker since 
it identifi es stem cells from other tissues like mammary gland, stomach epithelium 
and hair follicles too. However, functional stem cell features of Lgr5 cell is well 
studied in intestine compared to other tissues. Identifi cation of ISC for stem cell 

  Fig. 9.4    Intestinal stem cell models; ( a ) “+4 position” model proposed by Chris Potten and col-
leagues suggest that crypt base is mainly occupied by Paneth Cells (marked in  blue ) with stem cells 
(marked in  red ) at the +4 position, placed above Paneth cells. ( b ) “stem cell zone” model proposed 
by Leblond et al. suggest undifferentiated crypt base columnar cells stem cell (marked in  red ) 
alternating with Paneth cells (marked in  blue ) are real intestinal stem cells. Due to lack of specifi c 
intestinal stem cell marker, accurate evidence in support of either model is still lacking       
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lineage tracing or its identity is based on many markers, like Lgr5, Prominin 1, and 
Bmi (Sangiorgi and Capecchi  2008 ; van der Flier and Clevers  2009 ; Zhu et al. 
 2009 ). Apart from ISC, CSC can also be identifi ed based on markers, like Lgr5, 
Prominin, CD29, and CD24, which can be used effi ciently to identify therapeutic 
targets to design therapies to eradicate them, a major cause for recurrence and 
metastasis (Merlos-Suarez et al.  2011 ; Yu et al.  2012a ) (Fig.  9.6 ).

9.6        Signaling Pathways Regulating Intestinal Stem Cell 

 Inspite of debate regarding ISC identity, common consensus exist about its localiza-
tion in niche that presents them with constant stimulus from various morphogenetic 
pathways like Wnt, Notch, BMP, JAK/STAT1, PTEN, AKT, PI3K and Ephrin. 
Different studies  using   animal model, confi rms important role of these signaling 
pathways in ISC regulation required for epithelial cell renewal and differentiation to 
maintain intestinal homeostasis (Figs.  9.1  and  9.7 ). Deregulation of any signaling 
pathway disturbs intricate delicate balance required to maintain intestinal homeo-
stasis, which in turn can lead to carcinogenesis (Scoville et al.  2008 ; van der Flier 
and Clevers  2009 ; Barker  2014 ). 
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  Fig. 9.5    Paneth cells (marked in  blue ) produce various wnt ligands which act on adjacent Lgr5+ 
intestinal stem cell (marked in  red ) through various cell surface receptors, to activate Wnt pathway 
and maintain stem cell phenotype and functions. R-spondins also maintains synergistic high wnt 
activity in stem cell zone via highly expressed cell surface receptors       
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  Fig. 9.6    Intestinal carcinogenesis is initiated by genetic mutations of APC or β-catenin or epigen-
etic modifi cation to dysregulate balance among various signaling pathway causing high wnt activ-
ity of stem cell (marked in  purple ) leading to polyp formation. These intestinal stem cell 
modifi cations disturbs homeostasis which activates surrounding niche giving rise to activated myo-
fi broblast (marked in  orange ) secreting various growth factor like HGF (marked in  black ). This 
disturbed homeostasis further activates Wnt pathway supporting clonal expansion of initial main-
tains synergistic high wnt activity in stem cell zone via highly expressed cell surface receptors       

9.6.1     Wnt Signaling Pathway 

 The  canonical   Wnt pathway regulates ISC and epithelial cell renewal to maintain 
intestinal tissue homeostasis (Pinto et al.  2003 ). Utilizing mouse model, role of 
Wnt pathway activation in intestinal tissue homeostasis maintenance and its inhibi-
tion in epithelial cell renewal blockage is well studied. Wnt pathway inhibition 
blocks epithelial renewal while its activation promotes epithelial proliferation. 
High wnt activity at base along with its appropriate gradient along the crypts axis 
maintains stem/progenitor phenotype, proliferation, differentiation and migration. 
Wnt target genes like MYC, EPHB2 and CDCA7 show high expression at crypt 
base, while expression of genes driven by wnt suppression like P21 and SMAD2 is 
high at crypt top. Wnt receptors and co-receptors, involved in wnt signaling path-
ways are well expressed by intestinal epithelium. Activation of Wnt pathway utiliz-
ing Wnt agonist like r spondin over expression, further confi rms its active role in 
epithelial proliferation in intestinal homeostasis maintenance (Kosinski et al.  2007 ) 
(Figs.  9.1  and  9.5 ). 
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 Recently, its involvement in CSC identity and carcinogenesis has also gained 
momentum. Stabilization of Wnt pathway in mouse intestinal stem cells is suffi cient 
to generate adenomas, in contrast to differentiated cells (Pinto and Clevers  2005 ). 
Majority of colorectal cancers presents with constitutive wnt activation, harboring 
activating mutations of oncogene, β catenin or inactivating mutation of tumor sup-
pressor, APC (Schwitalla et al.  2013 ). A study by Vermeulen et al. also reported, 
Wnt signaling gradient in tumors using Wnt reporter constructs, which correlated 
with differentiation markers like MUC2 inversely (Vermeulen et al.  2010 ). Presence 
of cells exhibiting high Wnt activity near stromal myofi broblasts in crypts base, 
depict cancer stem cell population. This indicates role of external factors, secreted 
from myofi broblast like hepatocyte growth factors in β catenin stabilization to acti-
vate Wnt pathway, which in turn regulates CSC phenotype (Fig.  9.6 ). Moreover, 
Wnt pathway activation in differentiated cells by secreted myofi broblast factors also 
pushes them to acquire CSC phenotype both in vitro and in vivo, which confi rms 
dynamic involvement of microenvironment (Powell et al.  2005 ; Sato et al.  2011 ). 

 In absence of Wnt ligands, β catenin is degraded  by   proteosomal degradation 
complex after phosphorylation by casein kinase 1 (CK1) and glycogen synthase 3 
(GSK3) mediated by multiprotein degradation complex including other proteins 
like APC and Axin-1. In presence of wnt ligands, it binds to the frizzled cell receptor 
which associate Axin-1 to the plasma surface and prevents β catenin degradation. 
Stabilized β catenin translocates to nucleus to interact with T-cell factor/Lymphoid 
Enhancer Factors (TCF/LEFs), involved in expression of Wnt target genes 
(Schwitalla et al.  2013 ).

  Fig. 9.7    Dysregulated signaling pathway regulates cancer stem cell (CSCs)       
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   Wnt pathway is of utmost importance in intestinal homeostasis maintenance 
since it is involved in regulating ISC pools (Figs.  9.1 ,  9.3  and  9.6 ). However, wnt 
pathway works in cooperation with both inhibitory and stimulating ephrin gradients 
its receptor tyrosine kinase receptors known to maintain ISC niches. Wnt activation 
by APC inactivation (Wnt pathway tumor suppersor gene) or β-catenin activation 
(stabilized mutated form ovexpression) leads to intestinal hyperplasia. On the other 
hand, wnt activator silencing like TCF4 or wnt inhibitor overexpression like 
Dickkopf homologue-1 (Dkk-1) (Fig.  9.7 ), impairs ISC proliferation, which dis-
turbs intestinal epithelium homeostasis involved in carcinogenesis. In addition to 
ISC maintenance, Wnt pathway is also involved in differentiation of paneth and 
progenitor cell, their maturation and migration along villus (Fig.  9.7 ). Ephrin B 
receptors and its ligands both identifi ed as wnt target genes guide differentiation and 
migration. Both wnt receptors and its ligands depicts disparate expression pattern 
across intestinal epithelium, but β-catenin shows constant nuclear localization at 
crypts bottom. Constant ß-catenin nuclear localization of ISC at crypts base occurs 
as a result of constant wnt activation by presence of adjacent WNT 3a secreting 
paneth cell (Sato et al.  2011 ) (Fig.  9.5 ). Depletion of stem cell pool on loss of paneth 
cell, confi rms its role in maintenance of intestinal stem cell pool. Further research is 
needed on differential regulation of wnt pathways across intestinal epithelium but 
consensus exists on its important role in  regulating   intestinal stem cell involved in 
intestinal homeostasis maintenance.  

9.6.2     BMP Pathway 

  BMP pathway   plays an important role in intestinal epithelium development by act-
ing as a negative regulator in regulation of intestinal epithelial cell proliferation at 
crypts bottom (Haramis et al.  2004 ). BMP belongs to transforming growth factor-β 
family which binds to BMP receptors. Presence of BMP isoforms in mesenchyme 
and its receptor in intestinal epithelium further indicates its active involvement. 
Deletion of BMP receptor in intestinal epithelium leads to hyperproliferation of 
epithelial cell. BMP antagonist, “Noggin” is expressed around crypts and +4 cells, 
and its overexpression leads to ectopic crypt formation. Mice lacking BMP-2 and 
BMP-4 null were found to be embryonically lethal (Batts et al.  2006 ) (Figs.  9.1 ,  9.3  
and  9.7 ). Additionally conditional depletion of BMP receptor confi rmed BMP act to 
inhibit crypt formation and intestinal stem cell renewal. β-catenin nuclear transloca-
tion on inactivation of BMP receptor or overexpression of its antagonist like Noggin 
indicates interaction among BMP and Wnt signaling pathways (Figs.  9.1 ,  9.2 ,  9.3  
and  9.7 ). Studies also provide evidence on microenvironment related Wnt and Bmp 
pathways role in regulation of intestinal stem cell in maintenance of intestinal epi-
thelium (He et al.  2004 ). Recent study by Guezguez A et al., elegantly shows BMP 
pathway modulates stemness of normal human intestinal epithelial crypt (HIEC) 
cell line by activation of Wnt pathway (Guezguez et al.  2014 ). Activation of wnt 
pathway in HIEC cells by Wnt activator like R-spondin 1 induces β-catenin nuclear 
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translocation to switch on WNT target genes. BMP pathway inactivation by its 
antagonist “Noggin” activates wnt pathway to induce intestinal stem cell features, 
characterized by expression of stem cell marker like LGR5. This model can serve as 
a suitable model to further investigate intestinal stem cell regulation in self-renewal 
and differentiation (Guezguez et al.  2014 ).  

9.6.3     Notch Pathway 

  Notch pathway   also plays an important role in maintenance of crypt compartment 
by regulating intestinal stem cell self renewal in cooperation with both Wnt and 
BMP pathway (Fre et al.  2005 ). Notch is a single transmembrane receptors involved 
in cell fate differentiation. Various components involved in Notch pathway are 
known to express in crypts base. Studies utilizing knock out animal further proves 
its indispensible role in ISC regulation. Notch pathway activation in intestinal epi-
thelium induces cell proliferation, while its inactivation causes reduction of differ-
entiated secretory cells. Along with its role in ISC proliferation, recent studies 
shows its functional role in TA compartment in regulating different cell fate in the 
intestinal epithelium (Fre et al.  2009 ) (Figs.  9.1 ,  9.2 ,  9.3  and  9.7 ). 

 Role of other signaling pathways like JAK/STAT, PTEN, PI3K in regulation of 
ISC phenotype is limiting, however various evidence exist in literature about their 
involvement (Biteau et al.  2008 ).   

9.7     Intestinal Stem Cell in Carcinogenesis 

 Intestinal stem cell role in the maintenance of intestinal epithelium renewal and 
repair is well established (Leblond and Walker  1956 ; Barker et al.  2008 ). Recent 
identifi cation of stem cell marker along  with   robust lineage tracing technologies to 
keep track of endogenous stem cell function in vivo, has further confi rmed its indis-
pensible role in intestinal homeostasis and regeneration (Barker et al.  2012 ; Blanpain 
and Simons  2013 ). Stem cell driven intestinal homeostasis is tightly regulated at 
various level, which when deregulated is also known to lead intestinal carcinogen-
esis. These recent developments in intestinal stem cell biology presents with an 
immense opportunity to exploit its potential to develop stem cell based therapeutics 
for effective cancer therapy (Buske et al.  2011 ; Munoz et al.  2012 ). 

 Identifi cation of stem cell marker, techniques to evaluate their behavior in vivo 
and development of ex vivo intestinal organoid culture from patients normal and 
disease tissue, paved the path to understand their behavior in homeostasis and dis-
ease (Sato and Clevers  2013 ). Studies in intestinal cancer identify derailed intestinal 
stem cell interaction with its niche, lead to cancer initiation and progression (Fig.  9.6 ). 
   Intestinal tumors harbour a small population of cells with stem cell features known 
as ‘cancer stem cells’, responsible for carcinogenesis. Both normal and  cancer stem 
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cell depicts many similarities and differences guided by similar signaling pathway, 
however, differentially regulated (Schwitalla et al.  2013 ). 

 Cancer is considered as a stem cell disease since stem cells undergoes self- 
renewal and cancer is disease of dysregulated self-renewal (Radtke and Clevers 
 2005 ). Moreover, stem cells have a long life span suffi cient enough to acquire dif-
ferent sequential mutations to become malignant, whereas for a normal differentiat-
ing cell to become malignant and escape apoptosis need to acquire multiple 
mutations effecting cell proliferation, cell adhesion, and migration collectively, 
instead serially. Strong evidences exist in literature which supports existence of cel-
lular heterogeneity within tumor with CSC at the apex (Al-Hajj et al.  2003 ; Pinto 
and Clevers  2005 ). Among heterogeneous cell population of tumor, only CSCs har-
bor self renewal ability required to sustain the tumor growth (Barker et al.  2009 ). 

9.7.1     Cancer Stem Cell 

 Long life span and self renewal nature of intestinal  stem   cells present them as an 
ideal candidate for cell of origin for intestinal cancer (Barker et al.  2009 ). Wnt sta-
bilization in intestinal stem cell is suffi cient for adenoma generation in contrast to 
differentiated cells. Literature presents with strong evidence regarding existence of 
subpopulation of cells in intestinal cancer with stem cell properties termed as ‘can-
cer stem cells’ (CSCs) (Clevers  2011 ) They show feature similar to normal stem cell 
like self-renewal, generation of different cell lineage, capacity of tumor initiation 
and progression. Single cells obtained from same primary tumor shows different 
cancer initiation properties. CSC like their normal stem cell counterparts shows dif-
ferent levels of differentiation (Fig.  9.6 ). Therefore, intestinal cancer retains differ-
entiation potential and ‘crypt-like’ morphology, along with expression markers for 
differentiated cells like enterocyte, endocrine and goblet cell markers. Different 
in vitro and in vivo experiment utilizing cell lines and primary tumors confi rm pres-
ence of CSC capable of cancer initiation and multipotent differentiation potential 
(Ricci-Vitiani et al.  2007 ; Vermeulen et al.  2008 ; Yeung et al.  2010 ). Based on nor-
mal and cancer stem cell similarity, CSCs can be isolated by normal intestinal stem 
cells markers like CD133 and CD44, with potential to regenerate original tumor in 
mouse. However, there exist some tumors which fall in poorly differentiated cate-
gory, incapable of recapitulate crypt like structures are very aggressive with poor 
prognosis (Yokoyama et al.  2010 ; Dalerba et al.  2011 ; Kim et al.  2015 ). Gene 
expression studies reports that tumors and cell lines with more immature stem cell 
like cells were found to be more aggressive with poor prognosis. CSC like normal 
stem cell maintains self-renewing properties but lack some or most of its capacity to 
differentiate. Therefore,    unlike normal stem cell, CSC is more in number, often 
forming majority of tumor. Stem cell population dynamics mathematical modeling 
supports this idea (Johnston et al.  2007 ,  2010 ).

   Over expression of ABC transporters in CSC marks them more resistant to che-
motherapy while Il4 over expression provides enhanced DNA repair and mark them 
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apoptosis resistant. However, as an alternative mechanism, CSCs chemotherapeutic 
resistance is also reported to be mediated by differentiated cells in tumor with high 
expression of ABCB1 multidrug effl ux pumps (Dean et al.  2005 ; Todaro et al.  2007 ; 
Houthuijzen et al.  2012 ). In colorectal cancer studies, primary tumor harboring 
CSC with marker CD26 depicts high metastatic potential and early stage patients 
with CD26 + CSCs presnt with metastasis in follow up (Pang et al.  2010 ). 

 A major limitation to CSC studies is presence of a unique defi nitive CSC marker, 
inspite of fact existing markers like CD44 and CD133 are capable of CSC enrich-
ment under specifi c conditions (Dieter et al.  2011 ). Existence of many,  possibly   
interchanging stem cell populations along with presence of subpopulation, suggests 
toward non existence of universal CSC marker (Takeda et al.  2011 ). This scenario is 
further complicated by heterogeneous nature of tumor like epigenetic or miRNA 
mediated silencing of stem cell marker reported in intestinal cancer (de Sousa et al. 
 2011b ).  

9.7.2     Deregulated Signaling Pathway Regulates CSCs 

 Various signaling pathways mentioned above coordinately regulate ISC for effi cient 
epithelial cell renewal and differentiation to maintain  intestinal   homeostasis. Abrupt 
deregulation of these signaling pathways disturbs intricate delicate balance required 
to maintain intestinal homeostasis, which in turn can lead to carcinogenesis. Among 
all pathways, Wnt, Notch and BMP actively participate in regulating ISC self 
renewal and differentiation is of utmost importance. 

 The canonical Wnt pathway deregulation is recently established as a regulator of 
colon CSCs (Figs.  9.1 ,  9.2 ,  9.3  and  9.7 ). Wnt maintains intestinal homeostasis by 
regulating intestinal stem cell pools. Stabilized wnt signaling in ISC in contrast to 
other differentiated cell, is suffi cient to generate adenomas. Wnt stabilization can 
occur in response to mutation in any protein involved in multi protein degradation 
complex formation (Korinek et al.  1998 ; Pinto et al.  2003 ; Kemper et al.  2010 ; de 
Sousa et al.  2011a ). Approximately, about 90 % of colorectal cancers were found to 
harbor APC or β catenin mutation which leads to wnt activation. Intestinal tumor 
shows heterogeneous level of wnt signaling which correlate inversely with differen-
tiation markers like MUC2. Cell with high wnt signaling express stem cell marker 
CD133 with increased in vitro colonogenicity and highly enriched in tumor initiat-
ing cells. High expression of wnt inhibitors at crypt top while activator at crypt 
bottom, indicates tight regulation of wnt pathway in maintenance of normal crypt 
stem cells (Gregorieff et al.  2005 ; Davies et al.  2008 ). Recent discovery of intestinal 
stem cell marker, a wnt LGR5 positive, was identifi ed in screening Wnt target genes 
in crypt base. Isolated single LGR5 cells are shown to form in vitro differentiated 
crypt-like organoids in 3D in vitro culture (Kosinski et al.  2007 ; Sato et al.  2009 ). 

 Loss of LGR5 in vitro culture of mouse crypt inhibits its growth while wnt 
administration in vitro rescued inhibition. LGR5 mediate wnt signaling in intestinal 
epithelium by direct interaction with frizzled receptor complex, mediated by 

9 Intestinal Stem Cells in Homeostasis and Cancer



256

r- spondin signaling (Fig.  9.5 ). Interestingly, loss of Lgr5 in cancer cell line leads to 
increase in Wnt target gene expression [51], which might be explained by possible 
role of Lgr5 in r-spondin signaling, lacking in vitro culture unlike in vivo. Therefore, 
wnt activation on Lgr5 knock down in cancer cell points toward its possible negative 
regulatory role in absence of r-spondin signaling. Role of Lgr5 as wnt pathway 
negative regulator is further supported by intestines of LGR5 null mouse, most 
probably a stage before r-spondin signaling sets in (Carmon et al.  2011 ; de Lau et al. 
 2011 ; Walker et al.  2011 ). 

 Inspite of literature available for LGR5 in normal intestinal stem cell, its defi ni-
tive role in CSCs is not clear. A heterogeneous Lgr5 expression is reported in pri-
mary colorectal tumors as well as metastatic tumors. Similar expression pattern is 
also observed for Olfm4,  a   surrogate marker for Lgr5 stem cells in various in human 
adenocarcinomas. However, many tumor tissues and cancer cell lines were also 
found not expressing Lgr5. Moreover, CRC patient’s studies correlating survival 
with LGR5 expression showed no signifi cant correlation (van der Flier et al.  2009a ; 
Kleist et al.  2011 ; Takahashi et al.  2011 ). 

 LGR5 mRNA expression studies in colorectal cancer tissues showed 95 % to less 
then 1 % LGR5+ cells and absent LGR5 expression in one third of tumors analyzed. 
Functional studies in cancer cell lines knocking out LGR5 increased tumour initiat-
ing property, while its over-expression exerts reverse effect (Merlos-Suarez et al. 
 2011 ). LGR5 was also shown to have role in regulating cell adhesion and effect cell 
migration negatively, suggests important function beyond mediating only Wnt sig-
naling (Walker et al.  2011 ). 

 In normal intestinal epithelium of mouse, LGR5 stem cells were shown to be 
regulated by the Wnt target transcription factor, Achaete scute-like2 (ASCL2) [57]. 
Knock down of ASCL2 in mouse intestine leads to rapid loss of LGR5 cells, while 
over expression depicts crypt hyperplasia with ectopic crypts on villi (van der Flier 
et al.  2009b ). 

 Similar to Lgr5, exact role of ASCL2 colorectal CSCs regulation is also not 
clear, however it is reported to be upregulated in early stage in colorectal cancer, 
following wnt activation, showing similar frequency in both adenomas and cancer. 
Due to lack of appropriate antibodies and reagents lacking sensitivity, current stud-
ies on role of Ascl2, Olfm4 and Lgr5 in CSCs are not up to the mark (Reed et al. 
 2012 ). The Ephrin Receptor B2 (Eph Receptor B2/EPHB2), another Wnt target 
gene expressed in crypts base act as better stem cell marker for normal human adult 
intestinal stem cells. Similar to LGR5 cells, EPHB2 expressing cells from normal 
human intestinal epithelium are multipotent, and capable of formation of crypt-like 
structures in vitro under appropriate in vitro 3D growth conditions. CRC tumors 
were also shown to coexpress EPHB2, LGR5, CD44 and ASCL2. CSC expressing 
EPHB2 shows high clonogenicity  and   tumour initiating capacity, which correlates 
negatively with differentiation markers analyzed in tumours. Both LGR5 and 
EPHB2 over expressing CSCs cells were found localized in crypt-like structures 
surrounding lumens, suggests existence of spatial relationship pattern in tumor sim-
ilar to normal stem cell in crypt architecture (Jung et al.  2011 ; Merlos-Suarez et al. 
 2011 ). 
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 Notch signaling pathway is known to regulate Intestinal stem cell through 
expression of four Notch genes which act as receptors for ligands like Jagged 1, 
Jagged2, and Delta Like (Dll) 1,3 and 4. Binding of ligand to Notch receptor leads 
to its cleavage by csecretase to release intracellular Notch domain (NICD) (Fre 
et al.  2005 ). Released NICD localize in nucleus to interact with CBF1/RBPJ to 
switch on Notch target genes like HES-1, -5,-7, Hey-1, Hey-2, HEYL (Miyamoto 
and Rosenberg  2011 ) (Fig.  9.2 ) Notch is also shown to enhance NFκB expression. 
High expression of Notch1 and Jagged-1 is observed in transit amplifying colon 
cells whereas expression of DLL-1 and 4 mediated Notch target genes are required 
mouse intestinal stem cells homeostasis (Pellegrinet et al.  2011 ). Inhibition of Notch 
pathway in mouse intestine leads to reduction in crypt cell proliferation, which pro-
motes conversion of secretory endocrine and goblet cell at the cost absorptive cells. 
In contrast, activation of Notch-1 signaling causes differentiation reduction with 
increased proliferation of progenitor. Notch pathway is also known to regulate Wnt 
signalling via Akt (Anderson and Wong  2010 ), even though mechanistic  details   are 
controversial; Notch/Wnt interactions are likely to play important role in stem cell 
regulation (Figs.  9.2  and  9.7 ). Jag1 expression in progenitor cell is down-stream 
target of Wnt signalling while Wnt antagonist Dkk2 is also known to be regulated 
by Notch (Katoh  2007 ) Constitutive Notch activation involved in mouse intestinal 
stem cells proliferation is disturbed by lack of Tcf4 activity, indicates cooperative 
involvement of active Wnt signaling, for effective regulation of stem cells by Notch 
signaling (Fre et al.  2009 ). 

 Involvement of Notch signaling pathway in differentiation suppression and its 
constructive interaction with Wnt pathway mark it as important parameter involved 
in CSCs regulation (Fig.  9.2 ). 

 Constitutive Notch pathway activation in APC mutant mice presents with large 
number of adenomas even in colon, an area normally resistant to adenoma forma-
tion in mice cancer models (Fig.  9.6 ) (Laurent et al.  2008 ). Compared to normal 
intestinal tissue, Notch-1 and Hes-1 are over expressed in colorectal cancers 
(Zagouras et al.  1995 ). Stem cell like cells derived from in vitro primary cell culture 
from colorectal tumours showed high Notch signalling in comparison to normal tis-
sue (Sikandar et al.  2010 ). Further notch pathway inhibition in these stem cell like 
cells pushed them towards differentiation with high apoptosis and reduced clonoge-
nicity (Yeung et al.  2010 ,  2011 ). In a different study, knockdown of Notch in estab-
lished colorectal cancer cell line causes reduced proliferation and clonogenicity 
with increased apoptosis, while Notch overexpression promotes reverse effect 
(Zhang et al.  2010 ). Interaction among Notch and Wnt pathways  is   mediated by 
voltage-gated proton channel NADPH Oxidase 1 (NOX1), expressed in normal 
colon and frequently over expressed in colorectal cancer, which interestingly cor-
relates with K-Ras mutations (Laurent et al.  2008 ) Mice defi cient of NOX1, down 
regulates both wnt and notch pathway which promotes bulk differentiation of intes-
tinal progenitors cells into goblet cells, which indicates possible role of NOX1 in 
CSC by preventing its differentiation. 

 The possible interactions of various signaling pathways in cancer stem cells 
maintenance is shown in Fig.  9.7 .

9 Intestinal Stem Cells in Homeostasis and Cancer



258

   Notch and Wnt signalling pathway are  on   forefront of research involved in CSC 
regulation, however different other pathways also have an important role to play. 
BMP pathway consists of various multifunctional growth factors from TGFβ super-
family known to regulate intestinal stem cell differentiation. Conditional knock-
down of BMPR1 in mice intestine leads to development of multiple intestinal 
polyps, as a result of Wnt signaling activation and increased proliferation of stem 
cells (He et al.  2004 ). Comparative gene expression analysis of human colon crypt 
tops and crypt bottoms, showed high expression of different BMP components in 
differentiated cells present at top (Kosinski et al.  2007 ). Whereas, different BMP 
inhibitors, like Gremlin-1, were found to be highly expressed at crypts bottom, indi-
cates indispensible role of BMP pathway in intestinal differentiation regulation. 
BMP4 is highly expressed in colorectal cancer but not expressed in vitro expanded 
culture of CD133+ colorectal CSCs (Lombardo et al.  2011 ). Simulation of in vitro 
expanded CSCs with BMP4 induced differentiation by downregulating Wnt and 
LGR5 through PI3K/AKT signalling inhibition, along with decreased colonogenic-
ity and increased sensitivity to 5-fl uorouracil. In a similar way, exposure of differ-
entiating CaCO 2  to BMP inhibitors Gremlin-1, pushed them to stem cell like 
features with reduced expression of differentiation markers (Kosinski et al.  2007 ). 
 Reduced   BMP signaling in CSC to avoid differentiation must be maintained by 
disturbed complex interplay between different pathways, in a fashion similar to ISC 
(He et al.  2004 ).   

9.8     Epigenetic Regulation of Cancer Stem Cell Related 
Genes in Cancer 

 Different studies have shown synergistic role of  both   genetic and epigenetic alterna-
tion in cancer initiation and progression, including intestinal cancer. Abrupt DNA 
methylation of CpG island in promoter region of tumor suppressor genes inactivates 
it to initiate and promote cancer development. Inactivation of tumor suppressor 
APC known to induce aberrant DNA methylation disrupts normal intestinal epithe-
lial cell differentiation as a major contributor of intestinal carcinogenesis. Epigenetic 
modifi cation including DNA methylation and histone modifi cations, leads to abrupt 
response to various stimuli involved in maintenance of normal intestinal epithelium, 
which causes gene expression dysregulation which promotes cancer initiation and 
progression. 

 Gene signatures identifi ed independently from normal intestinal stem cell with 
high wnt activity and EPHB2 expression indicates poor prognosis in patients (de 
Sousa et al.  2011b ; Merlos-Suarez et al.  2011 ) However, in one of study by Medema 
et al. correlates increased expression of stem cell markers LGR5 and ASCL2 (Wnt 
targets gene) with good prognosis. Patient’s tumors exhibiting Wnt target genes 
poor expression falls with immature stem cell (Merlos-Suarez et al.  2011 ). Detailed 
analysis identifi ed silencing of wnt target stem cell marker genes in later stages 
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epigenetically through CpG island methylation. Ectopic overexpression of silenced 
gene or CpG demethylation by 5-azacytidine, inactivates Wnt signalling in cell 
lines, which leads to reduction in tumor growth in xenografts developed. These 
observations provide strong evidence for wnt target gene promoter methylation as 
good prognostic factor for tumor recurrence, and indicate that CSC gene signature 
refl ects tumor’s differentiation status and not CSC numbers. Therefore, expression 
of general stem cell related genes in tumour mark it more aggressive compared to 
tumors with high numbers of intestinal stem cell markers expressing cells. Absence 
of cells expressing wnt mediated intestinal stem cell markers can not confi rm 
absence of CSCs. However, in contrast such tumours may consist of more CSCs 
with high expression other genes known to impart stem cell features like OCT4 
(Merlos-Suarez et al.  2011 ), even though such CSCs will be not under Wnt signal-
ing regulation. Poorly differentiated tumours with silenced Wnt stem cell marker 
genes, represent only limited patient tumours. Therefore for moderately differenti-
ated tumours, presence of EPHB2/Wnt high CSCs may represent poor prognosis, 
but require further studies comparing actual number of CSC with patients progno-
sis. These observations lead  to   various open end question regarding reduction of 
wnt signaling by silencing of individual wnt target genes in later cancer stages and 
its correlation with poor prognosis. One possible explanation can be LGR5 meth-
ylation lead to reduction in Wnt signalling through lack of response to R-spondin. 
Nevertheless, Wnt target genes role beyond stem cell signaling, favoring tumor 
growth can not be ignored. 

 Epigenetic regulation by methylating DNA to promote CSC phenotype is 
reported for non wnt regulated genes also (Fig.  9.7 ). The intestinal stem cell marker 
BMI1, member of Polycomb group (PcG) proteins, are known for their role regulat-
ing transcription mediated by chromatin methylation. Gene expression analysis of 
highly methylated gene in colorectal cancer, identifi ed more number of polycomb 
target gene silenced then and non-polycomb targets (Widschwendter et al.  2007 ). 
Therefore, epigenetic silencing take over for reversible chromatin methylation to 
switch off genes involved in differentiation to CSC phenotype to maintain a stem- 
like state in colorectal tumours. This observation is further confi rmed by a study 
where embryonic stem cell genes overlap with adult intestinal stem cell signature 
and found to correlate with poor prognosis (de Sousa et al.  2011b ; Merlos-Suarez 
et al.  2011 ). Role of BMI1 is also confi rmed in intestinal CSCs. Moreover, BMI1 is 
also reported to be infl uenced by Wnt signaling indirectly, and directly by Krüppel- 
like factor 4 (KLF4), involved in goblet cell differentiation (Yu et al.  2012a ). BMI1 
mediated H2A ubiquitination is repressed by KLF4, and in vitro knock down in 
tumor xenografts promoted goblet cell differentiation and reduction in proliferation. 
These studies indicate important link between BMI1 and Wnt in regulating CSC, 
where inhibition of stem cell related gene like BMI1 promote CSC differentiation, 
an important therapeutic implication that can be explored in cancer treatment. 

 Mechanistic studies aimed at identifi cation  of   epigenetic modifi cations in can-
cerous intestinal tissue in comparison to normal intestinal epithelium provides an 
opportunity to explore intestinal stem cell biology, diagnostic, prognostic and thera-
peutic intervention.  
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9.9     miRNA Regulation of CSCs 

 Research on exploring role of  microRNAs (miRNA)   in  CSCs   regulation is emerg-
ing. miRNAs are small non coding RNA molecules capable of regulating gene 
expression. Comparative miRNA expression analysis between normal intestinal and 
cancerous mucosa, identifi ed overlapping miRNA expression pattern of cancer 
mucosa with embryonic tissues (Monzo et al.  2008 ). Members belonging to miR- 
17- 92 cluster and miR17-5p were found to falls in the overlapping pattern. 

 In vitro inhibition studies of miR17-5p in DLD1 colon cancer cell line showed 
reduction in clongenicity and cell proliferation. Moreover, intestinal in situ miR- 
17- 5p labeling, shows high expression in crypts base with reducing gradient at crypt 
top, favors its role in ISCs regulation. 

 A different in vitro studies on intestinal cancer cell line cultures in stem cell 
promoting media shows reduced expression of miR-144/451, and its over expres-
sion decelerate its tumor initiating capacity (Bitarte et al.  2011 ) (Fig.  9.7 ). Further 
studies identifi ed miR-144/451 cluster role in Wnt pathway regulation, a major 
pathway involved in ISC regulation. Another miRNA identifi ed in cancer cells lines 
miR-21 was also found to activate Wnt and inhibit TGFbR2 expression, pathways 
involved in ISC regulation and differentiation (Yu et al.  2012b ) (Fig.  9.7 ). These 
initial studies about role of miRNAs in CSC regulation performed in cancer cell 
lines, provides strong evidence. However, further work is required to analyze their 
role in isolated CSC population,  to      explore CSC regulation by miRNAs (Fig.  9.7 ).  

9.10     Tumor Microenvironment Maintains CSCs 

 Along with internal factors,    external microenvironment plays an important role in 
regulation of both normal intestinal stem cell and CSCs. Normal intestinal stem cell 
are localized in crypts bottom surrounded by myofi broblasts and smooth muscle 
cells lying near basement membrane (Richman et al.  1987 ; Richman and Bodmer 
 1988 ). All these components form a niche involved in maintenance of intestinal 
stem cell compartment (Powell et al.  2005 ). Paneth cells adjacent to Lgr5 positive 
stem cell provides appropriate niche environment in the mouse small intestine (Sato 
et al.  2011 ), while in absence of paneth cell in large intestinal crypt, myofi broblasts 
surrounding crypt constitute the stem cell niche. Myofi broblasts and smooth muscle 
cells surrounding crypts bottom is known to secrete various signaling molecules and 
BMP inhibitors involved in differentiation suppression and wnt activation to main-
tain ISC at crypt base (Kosinski et al.  2007 ) (Figs.  9.3  and  9.6 ). 

 Intestinal tumor initiation, progression and metastasis occurrence in the area 
closer to myofi broblasts, (Richman et al.  1987 ; Richman and Bodmer  1988 ) owes 
to an infl ammatory microenvironment maintained by cytokine secretion during 
various infl ammatory diseases (Andoh et al.  2005 ,  2007 ; Pinchuk et al.  2011 ). CSCs 
are also found localized near myofi broblasts, moreover, myofi broblast conditioned 
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medium was shown to activate wnt signaling and suppress differentiation to main-
tain stem  cell   generated spheroids culture in vitro (Vermeulen et al.  2010 ). Among 
various factor secreted by myofi broblast, hepatocyte growth factor is known for 
maintaining stemness while TGF promotes differentiation (Chakrabarty et al.  1990 ). 
Interestingly, cancer cell and myofi broblast coculture studies shows mutual promo-
tion of differentiation by each other, confi rming their active complex interaction to 
coexist (Lewis et al.  2004 ; Webber et al.  2010 ). Adjoining extracellular matrix is 
also known to regulate ISC by infl uencing differentiation, which plays an important 
role in intestinal homeostasis maintenance. During carcinogenesis, extracellular 
matrix integrity is disrupted which in turn regulates CSCs, by dysregulated differ-
entiation. Inhibition of integrin signaling utilizing blocking peptides disrupts forma-
tion of differentiated crypt like structure by cancer cells, further confi rms 
indispensible role of extracellular matrix in intestinal tissue homeostasis and main-
tenance (Pignatelli and Bodmer  1989 ), while, integrin signaling activation promotes 
differentiation into mucous and endocrine cell lineages (Kirkland and Ying  2008 ) 
(Figs.  9.3 ,  9.6  and  9.7 ). 

 Tissue microenvironment oxygen level serves  as   another important external 
parameter, known to regulate CSC. A study shows regulation of ISC by oxygen 
level through wnt pathway modulation using hypoxic in vitro cell culture model 
system (Keith and Simon  2007 ; Mazumdar et al.  2010 ). As a tumor grows, it 
becomes hypoxic leading to HIF transcription factors activation. Expression of HIF 
transcription factors in intestinal cancer as well as other cancer, is known to induce 
expression of embryonic stem cell markers gene like OCT4 (Mathieu et al.  2011 ) 
(Fig.  9.7 ). In vitro studies on colorectal cancer cell lines demonstrate that cells 
become more clonogenic with decreased expression of differentiation inducing 
transcription factor like CDX1, under hypoxic condition (Yeung et al.  2011 ). 
Furthermore, cancer cells with high HIF1 expression suppresses differentiation 
while shows BMI1 up regulation. Ectopic expression of differentiation inducing 
transcription factor like CDX1 was suffi cient to reduce colonogenicity and induce 
differentiation even in hypoxic condition. Therefore, these studies proves beyond 
doubt that hypoxic tumor microenvironment suppresses differentiation and main-
tains CSCs.  

9.11     Intestinal Stem Cell in Tissue Injury and Regeneration 

 The intestinal epithelium undertakes  various   distinct functional roles which include 
absorption, digestion, secretion and immunological. Moreover, the entire human 
intestinal epithelium undergoes complete regeneration every week. This magnifi -
cent regenerative ability is possible by existence of active intestinal stem cell (ISC) 
populations in crypts base (Barker et al.  2008 ). 

 Bmi1 and Lgr5 positive ISCs identifi ed independently by mice lineage tracing, 
represents two functionally different ISC populations in Vivo. Lgr5 positive ISCs 
are crypt–based actively dividing, Wnt sensitive and radiosensitive involved in 
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homeostasis maintenance and intestinal epithelium regeneration on daily basis. On 
the other hand, Bmi1 represents quiescent ISCs, insensitive to Wnt activation and 
radioresistant, weakly involved in homeostatic regeneration. However, these quies-
cent Bmi1 +  ISCs are actively involved in intestinal regeneration after tissue injury 
like radiotherapy, where they proliferate quickly to repopulate crypts and villi. In 
vitro, clonogenic culture using isolated Bmi1 +  ISCs generates self-renewing intesti-
nal epithelial spheroids that consist of Lgr5-positive ISCs, provides strong evidence 
regarding lineage relationship between theses two ISCs. Therefore, these studies 
confi rm existence of quiescent Bmi1 ISCs as tissue injury induced reserve ISCs 
with different functional role compared to Lgr5 +  ISCs to support a system where 
different ISC populations promote both homeostatic and tissue injury induced 
regeneration (Li and Clevers  2010 ). 

 Lgr5 +  ISCs respond to Wnt  activation   by R Spondin and Wnt inhibition by Dkk1, 
whereas Bmi1 +  ISCs are resistant to Wnt stimulus. On radiation insult, actively divid-
ing Lgr5 +  ISCs are lost, while quiescent Bmi1 +  ISCs get induced to rapidly prolifer-
ate to regenerate lost intestinal epithelium. Presence of two functionally distinct ISC 
populations supports model for their differential involvement during homeostasis 
versus tissue injury induced regeneration (Scoville et al.  2008 ; Greco and Guo  2010 ). 

 An elegant study by Tian et al. reported, an important role for Lgr5 +  ISC intesti-
nal homeostasis maintenance by ablating them utilizing diphtheria toxin receptor 
(dTR) knock-in genetic strategy (Tian et al.  2011 ). They also showed simultaneous 
expansion of Bmi1 +  ISCs on Lgr5 +  ISC ablation, which in turn produce Lgr5 posi-
tive cells in vivo (Tian et al.  2011 ). These fi ndings further support injury induced 
proliferation of quiescent Bmi1 +  ISCs to replace lost Lgr5 +  ISCs, and their lineage 
relationship. Experimental model of Lgr5 +  ISCs ablation by dTR knock-in genetic 
strategy differs from radiation injury model with respect to crypt loss observed only 
in former one. However, intestinal epithelial regeneration by Bmi1 +  ISCs occurs in 
similar fashion in both experimental models, which indicates either functional 
redundancy or alternative possession of distinct function of these two intestinal 
stem cell populations. Baseline functional differences between Bmi1 +  and Lgr5 +  
ISCs with respect to quiescence, response after injury, effect of wnt pathway manip-
ulation and radio sensitivity, strongly support functional distinct nature of two ISC 
stem cell populations. Bmi1 +  ISC recruitment following injury further provides 
strong evidence regarding heterogeneity of ISC population involved in intestinal 
epithelial regeneration. 

 However, use of Bmi1 only as ISC  marker   to identify quiescent ISC activated on 
tissue injury, might present with the possibility with exclusion of ISC that can be 
identifi ed by inclusion of other putative ISCs markers (May et al.  2009 ; Levin et al. 
 2010 ; Montgomery et al.  2011 ; von Furstenberg et al.  2011 ). Additionally, presence 
of proliferating cells not expressing Bmi1, 2 days post irradiation suggest involve-
ment of ISC populations in regeneration post injury. Moreover, relative low number 
of Bmi1 +  ISCs are insuffi cient to regenerate complete intestinal epithelium post 
irradiation (Sangiorgi and Capecchi  2008 ; Tian et al.  2011 ). Other ISCs markers 
identifi ed to mark +4 quiescent cell includes Hopx, Dcamkl1 and mTert (May et al. 
 2009 ; Montgomery et al.  2011 ; Takeda et al.  2011 ). mTert localized at +4 position 
mobilize after tissue injury, and coexpress both Lgr5 and Bmi1 indicates it as ideal 

S. Singh et al.



263

quiescent ISC marker (Montgomery et al.  2011 ; Schepers et al.  2011 ). However, 
further extensive research is required to identify other ISC markers and their rela-
tionship with existing +4 ISC markers like Bmi1 +,  mTert + , Dcamkl1 and Hopx. 

 Intestinal organoid cultures obtained from single isolated Bmi1-YFP+ cells was 
shown to consist of all differentiated cells of intestinal lineages along with Lgr5+ 
cells, further supports lineage relationship between two functionally distinct intestinal 
stem cell population (Tian et al.  2011 ). Interestingly, both FACS sorted Bmi1+ ISCs 
and Lgr5+ ISCs after depletion of local tissue microenvironment, generates intestinal 
organoids of similar nature (Sato et al.  2009 ). Intestinal organoids self renewal and 
proliferation, derived from Bmi1+ ISCs and Lgr5+ ISCs, responded equally to Rspo1 
stimulus, similar to reported earlier while tracing Bmi1+ lineage tracing in vitro, how-
ever, Bmi1+ ISCs are comparatively insensitive to R spondin stimulus in vivo (Ootani 
et al.  2009 ). These observations support the role of ISC niche in guiding in vivo qui-
escence for Bmi1+ ISCs, missing in vitro set up (Sato et al.  2009 ). Additionally, pos-
sibility of Lgr5 expression among Bmi1+ ISCs can not be excluded completely, 
inspite of their functionally distinct role in vivo. Further investigation is needed to 
 explain   differential in vivo and in vitro behavior of Bmi1+ ISCs and Lgr5+ ISCs are 
dependent on tissue microenvironment or it’s an inherent cell nature.  

9.12     Future Perspectives 

 Despite recent technological and therapeutic development, in diagnosis and treat-
ment options, intestinal cancer still present itself as a major challenge. Inoperable 
tumor or metastatic disease develops therapy resistance, fi nally leading to death. 
Presence of CSC, responsible for tumor initiation, its maintenance and development 
of therapy resistance, leads to tumor recurrence and metastasis, a major reason for 
mortality. Even though direct evidence for existence of CSC is still missing, research 
is being conducted for identifi cation, isolation and characterization of CSC. ISC 
were identifi ed as the cell of origin in intestinal cancer, owing to its long life span 
and occurrence of mutagenesis as a rare event. A recent study showed loss of APC 
in Lgr5 positive ISC leads to formation  of   macroscopic adenomas, in contrast simi-
lar mutation in differentiated progeny develops microscopic adenomas CSC origi-
nates from normal ISC, undergoes self renewal and differentiation in similar fashion, 
and also shares complex regulation by signaling pathways like Wnt, BMP and 
Notch pathways, however dysregulated. Indispensible role of tissue microenviron-
ment and stroma in regulating ISC and CSC in vivo, provides an important area for 
future research. Identifi cation of factors, specifi cally and differentially regulated in 
CSC maintenance, will serve as therapeutic target to prevent tumor growth by eradi-
cating them. Last decade, tremendous progress was achieved in identifi cation of 
normal intestinal stem cells and its role in maintenance of intestinal tissue homeo-
stasis. Research in next decade will be more focused on identifi cation of marker to 
isolate and characterize intestinal CSCs, a major requirement for development of 
better diagnostic, prognostic and therapeutic targets (Fig.  9.8 ). 
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 Recent work by Barker et al. showed generation of all intestinal cell lineages 
from single isolated Lgr5 positive cells, present at the bottom of the crypts. 
Moreover, Lgr5 positive ISCs genetic transformation gives rise to tumor initiating 
cells, a feature of CSC (Barker et al.  2009 ). An ex vivo technique to isolate, main-
tain and expand ISCs to generate functional intestinal organoids with all cell lin-
eages (Sato et al.  2009 ) will provide an excellent opportunity to study ISC biology 
to understand the link between ISCs and CSCs (Fig.  9.8 ). 

 The functional role of genes mutated in intestinal cancer development, have been 
extensively studied using genetic mouse models and cancer cell lines. With possibil-
ity of ISC isolation, its genetic manipulation followed by its culture to generate 
functional intestinal organoids in 3D, provides an appropriate model system for 
basic research to investigate mutational events involved in development of intestinal 
carcinogenesis. 

 Cancer stem cells are identifi ed as tumour initiating cells capable of promoting 
tumorigenesis by their self-renewal and generation of non tumorigenic differenti-
ated cells. At present, stemness property for CSC is determined by xenograft assay 
in immunodefi cient mice. This assay is usually performed on fl uorescence activated 
cell sorted cancer cells expressing putative CSC marker, for their capability to gen-
erate tumor similar to original tumor. However, it exhibit various limitation such as 
non consensus over specifi c CSC marker, tumor microenvironment differences 
between the original and transplanted site and species barrier among rodents and 
humans. Therefore, current thrust in cancer research is on identifi cation of markers 
that can distinguish between CSC from non CSC population. Recent studies are 
performed to isolate and characterize CSC using various CSC markers like CD133, 
CD44, CD166 ALDH1 and their combination (Dalerba et al.  2007 ; Shmelkov et al. 
 2008 ; Huang et al.  2009 ; Levin et al.  2010 ). Normal ISC markers, like LGR5or 
EPHB2are also reported to identify CSC population in tumor (Merlos-Suarez et al. 

  Fig. 9.8    Intestinal organoid culture from human intestinal epithelium including matched normal 
mucosa from patients to reconstruct damaged epithelia in different diseases like ulcers, addition-
ally matched normal and intestinal cancer organoids can serve as model system for basic research 
to understand intestinal stem cell biology along with various translational research like personal-
ized medicine and drug screening       
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 2011 ; Kemper et al.  2012 ). Recently, Lgr5 genetic lineage tracing study identifi ed a 
sub population (5–10 %) in adenoma, capable of its self renewal and generation of 
differentiated adenoma cells (Schepers et al.  2012 ). Therefore, instead of FACS 
based isolation by cell detachment and dissociation from its microenvironment, a 
forward genetic approach to identify candidate genes function in CSC development 
from ISC due to disturbed homeostasis utilizing various genetically engineered 
mice model (Barker et al.  2009 ). Nevertheless, development of mice model requires 
huge efforts in terms of time and cost, especially if analysis includes multiple genes. 
Even studies in mice suffer with limitation considering interspecies variation, addi-
tionally, similar studies in humans are impossible. 

 In this scenario, intestinal Organoids cultures from normal ISC and CSC from 
patient’s normal and diseases tissue can serve as an ideal model system to explore 
intestinal stem cell biology. Possibility of genetic manipulation of intestinal organ-
oids by viral transductions (Koo et al.  2012 ), provides an important tool to study 
effect of common mutations in human ISCs on intestinal epithelium maintenance 
and cancer development. Successful application of CRISPR/Cas9 technology, to 
mend faulty gene is reported for cystic fi brosis transmembrane conductor receptor 
(CFTR) gene for intestinal organoids, obtained from cystic fi brosis patients 
(Schwank et al.  2013 ). Similar technology can be also be utilized to mend faulty 
oncogenes or tumor suppressor genes. Use of organoids culture with possibility of 
genetic manipulation associated with intestinal carcinogenesis, provides a strong 
model system to explore mechanism involved in CSC generation, which can be 
used as therapeutic target to eradicate them, a major culprit involved in recurrence 
and metastasis. 

 More recently, Watson et al. reported, generation of human intestinal organoids 
(HIOs) in vitro from human embryonic stem cells (ESCs) and induced pluripotent 
stem cells (iPSCs) (McCracken et al.  2011 ; Spence et al.  2011 ; Forster et al.  2014 ). 
These HIOs develop into mature human intestinal epithelium, where intestinal stem 
cell maintains crypt villus architecture and human mesenchyme, supported well by 
mouse vasculature on its grafting. In vivo grafting in mice showed appropriate intes-
tinal epithelium maturation and expansion. Intestinal epithelium was functionally 
active and consists of all differentiated intestinal cell lineages. Human intestinal 
epithelium derived from transplanted HIO in mice, responded well to host systemic 
signals following intestinal resection, suggests important role of paracrine factors 
adaptive intestinal response (Juno et al.  2002 ; Juno et al.  2003 ). Therefore, it pro-
vides an ideal in vivo model to study human intestinal epithelium, which was 
restricted to primary cell cultures of digested surgical biopsies including mesenchy-
mal cells transplantation on biodegradable scaffolds (Lahar et al.  2011 ; Levin et al. 
 2013 ; Watson et al.  2014 ; Wells and Spence  2014 ). This model of human intestine 
further opens promising avenue to explore intestinal epithelium embryonic develop-
ment, physiology, disease including cancer, translational studies pharmacological 
and therapeutic transplantation.     
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    Chapter 10   
 Cancer Stem Cells: Perspectives Beyond 
Immunophenotypes and Markers                     

       Sharmila     A.     Bapat    

    Abstract     Decades of cancer research have failed to resolve therapeutic refractori-
ness and tumor dormancy that leads to disease recurrence. This presents formidable 
obstacles in achieving total remission for patients in several cancers. It is however 
realized that residual tumor regenerative potential resides in a rare population of 
cells with properties of self-renewal that permit them to remain quiescent yet con-
tribute to recurrent disease. These cells are referred to as either Cancer stem cells 
(CSCs) or Tumor Initiating Cells (TICs), and their isolation, identifi cation and 
extensive characterization followed through the establishment of several phenotypic 
and functional  in vitro  and  in vivo  assays. Notably, similarities with normal tissue 
stem cells have emphasized the need of developing new approaches for their spe-
cifi c targeting as opposed to current chemo- or radio-therapy. Thereby considerable 
interest and research has culminated in elucidating the behavior of CSCs vis-à-vis 
their deviations from normal stem cell performance, which might provide therapeu-
tic novel cues. However, their identifi cation, characterization and understanding of 
the cellular contexts in which they can be formidable yet have not been truly 
achieved beyond the development of convenient tools. This chapter outlines the 
present challenges in the fi eld of CSC biology.  

  Keywords     Cancer stem cells   •   Asymmetric cell division   •   Quiescence   • 
  Dedifferentiation   •   Transdifferentiation  

10.1       Introduction 

 According to Greek mythology, when Prometheus defi ed the gods and stole fi re for 
mankind, he was chained to Mount Caucasus where each day an eagle (emblem of 
Zeus, king of gods) would prey on his liver (believed to be the centre of emotions, 
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not the heart!). Luckily for him, the high cell regeneration in this organ allowed him 
to tide over circumstances until he was freed by Hercules (Rosenthal  2003 ). Tumors 
sometimes appear to harbor such Promethean regenerative homeostasis that makes 
them virtually indestructible. This germ of an idea could well be the genesis of 
Cancer Stem Cells (CSCs), a concept supported by clinical observations of regen-
eration, unfortunately running awry. CSCs were termed so since they were believed 
to arise through transformation of normal tissue-derived stem cells. Hence similari-
ties between these and normal stem cells were noted  vis-à-vis  expression of surface 
markers, derivation of a regenerative cell hierarchy comprising of CSCs purported 
to be a rare fraction within tumors that retains the capability of reversible quies-
cence; progenitors that constitute the proliferative tumor fraction and differentiated 
cells that represent the phenotypic and functional heterogeneity present in the organ 
in which the tumor establishes itself (Reya et al.  2001 ). Such extrapolation of cancer 
being a derivative of normal repair functions with CSCs driving tumor heterogene-
ity was fi rst convincingly demonstrated in leukemia, wherein aberrant regeneration 
bestowed imbalanced growth advantages within the HSC hierarchy along with com-
promised tissue functioning from defi cits in progenitor maturation (Bonnet and 
Dick  1997 ). This understanding also correlated with the clinical pattern of the dis-
ease and was hence accepted by researchers and clinicians alike, thus establishing a 
framework for further studies. CSCs in solid tumors were prospectively identifi ed 
almost a decade thereafter (Al-Hajj et al.  2003 ; Singh et al.  2004 ; Bapat et al.  2005 ), 
with the leukemia model providing the prototype for initial studies drawing simi-
larities of marker expression between normal tissue and tumor-derived stem cells 
and their regenerative capabilities. 

10.1.1     Prospective Isolation and Identifi cation of Cells 
in Tumors with Stem-Like Properties 

 Another decade thereafter has witnessed a deluge of research literature in the fi eld 
with convictions though becoming stronger, also giving rise to severe criticisms. 
The most emphatic of these initially concerned isolation of CSCs through applica-
tion of normal stem surface markers (Woodward and Sulman  2008 ; Duan et al. 
 2013 ). This strategy is widely applied and appreciated as a relatively easy and con-
venient tool; however excessive reliance on these techniques alone led to dilution of 
the basic concept. Since the regenerative CSC hierarchy is known to be associated 
with differentiation arrest and compromised tissue functions resulting from various 
combinations  of   genomic alterations, it also raises concerns of ambiguous correla-
tions between normal and aberrant cellular subsets as identifi ed by the same mark-
ers (Jaggupilli and Elkord  2012 ). Most importantly, in solid tumors the use of 
surface markers in discriminating between mature and immature cells is not estab-
lished (Schulenburg et al.  2015 ). Thus the precision of prospective CSC isolation 
was thought to be compromised in certain tumors wherein marker correlation with 
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specifi c cell subsets is uncertain on the background of lack of similar functional 
correlations. 

 Yet another diffi culty was that since normal stem cells and resolution of their 
functionalities is not achieved in several organs,    isolation of CSCs in tumors arising 
in those was not possible. This problem was circumvented through development of 
‘universal’ immunophenotyping approaches wherein screening was achieved using 
generic marker cocktails comprising of c-kit, CD44, CD24, CD133, Epcam, nestin, 
nanog, Oct-4, Aldh activity and their combinations (Medema et al.  2013 ). An under-
standing of such correlation however is unclear since none of these markers are 
exclusively associated with CSCs, and some of them are not even expressed in the 
normal tissue. While current understanding suggests acquisition of self-renewal and 
blocked differentiation to be most important in reverting to a stem cell state, these 
functions are not known to be associated with any known surface markers, further 
making such correlations rather incomprehensible. Thus ‘marker-independent’ 
approaches including sorting  of   side population (SP) stem cells within tumors that 
have a specifi c capability to effl ux Hoechst dyes, growth of tumor derived cells as 
non-adherent spheroid cultures that could enrich CSCs within the population, label 
chase to identify differences in growth kinetics (quiescence vs. proliferation), etc. 
came to be explored for prospective CSC studies (Tirino et al.  2013 ). 

 Lack of information relating to normal homeostasis in certain organs also limits 
understanding the presence of CSCs in their tumor derivatives. In some tumors, 
normal stem cells may serve as the targets of oncogenic transformation to yield 
CSCs, while in others, transit-amplifying progenitors and/or differentiated cells 
may present the initial oncogenic genomic rearrangements. An essential feature 
accompanying the implied dedifferentiation in the latter is acquisition of self- 
renewal capabilities along  with   maturation defects (Quintana et al.  2010 ). Although 
such reprogramming is demonstrated at a functional level, convincing correlations 
with altered immunophenotypes are not established. During tumor formation and 
maintenance, CSCs like their normal counterparts continue to self-renew and gener-
ate differentiated derivatives that constitute the major bulk of a tumor. Disease pro-
gression further is believed to follow Darwinian principles of evolution in which 
continual genetic instability could establish several CSC clones of differential capa-
bilities within the same tumor, to provide an increasing complexity of possibilities 
for survival. These complexities cannot be resolved through studies with surface 
markers.  

10.1.2     Distinction Between CSCs, TICs and Cell-of-Origin 
of Tumors 

 A basic requisite for CSC isolation is that variability arising from execution of tech-
niques such as differences in tumor digestion, source of tumors (cell lines vs. 
tumors, human vs. xenografts, extensively passed vs. early xenografts), stringency 
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of assays used in evaluation, etc. should be maintained at minimal. The diversity of 
CSC phenotypes (based on surface markers, SP sorting, label quenching, etc.) how-
ever leads to confounding interpretations when viewed across tumors from patients 
with the same histological and molecular subtype. This perspective of inter-tumor 
heterogeneity encompasses differences arising from ethnicity and genetic variabil-
ity between individuals, environmental factors, cell-of-origin and type of oncogenic 
events (Marusyk et al.  2012 ). Such principles of tumor stratifi cation rely on the type 
 of   oncogenic mutations or genomic rearrangements involved and/or their targeted 
lineage (cell-of-origin) within the organ (Visavader and Lindemann  2012 ; Fig. 
 10.1 ). Correlating across this variability to identify discrete sub-classes of tumors 
with similar molecular features forms the basis of tumor/patient stratifi cation and is 
achieved in several cancers. In such a situation, it is diffi cult to comprehend how a 
single CSC phenotype could be associated with all known tumor subtypes arising 
from diverse cell(s)-of-origin and oncogenic events.

    Tumor regeneration   in immune compromised animal models from human tumor 
derived sorted cells thus increasingly gained recognition as a universal ‘proof-of- 
function’, besides providing a robust assay for functional validation of CSC self- 
renewal. Soon thereafter, Tumor Initiating Cells (TICs) became the new buzz word 
round the block that indicated defi nite emphasis on cell functions over phenotype. 

Oncogenic Event A Subclass A

TA
Cells

Subclass B

Subclass C Subclass D

DEDIFFERENTATION

Subclass E

Oncogenic Event B

Lin1

Lin2

Lin 3

Oncogenic
Event C

Oncogenic Event D

Oncogenic 
Event E

  Fig. 10.1    Diverse cell(s)-of-origin and pathways to emergence of CSCs result in different sub-
classes of tumors and deem implausible assigning of a single CSC immunophenotype (Lin1, Lin2, 
Lin3 – Lineage1, Lineage2, Lineage3 respectively)       
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While in most cases CSCs qualifi ed as TICs, the latter were also reportedly isolated 
in instances wherein tumors do not conform to classical hierarchical regeneration 
(Rehe et al.  2013 ). This revealed that the frequency of TICs could vary from being 
relatively rare to comprising a signifi cant fraction of tumors, thereby making their 
distinction from the rare CSCs (Bapat et al.  2009 ), implying that establishment of 
mitotic quiescence than expression of ‘stemness’ features was a  more   important 
characteristic of TICs (Wang et al.  2015 ). 

 However while functional readouts are indeed important and suggest non- 
exclusivity, CSCs nevertheless still retain an edge over TICs by providing a reason-
able account  of   intra-tumor heterogeneity that assigns varying regenerative potential 
within a hierarchy, and cellular plasticity that is a key feature of stem cells besides 
self-renewal and regeneration. Under different conditions of stress or microenviron-
mental cross-talk, the coexistence of discrete CSC pools may be evident that refl ects 
on emerging phenotypic heterogeneity within the same tumor. To address these 
basic questions in the fi eld today, it becomes necessary to map out all possible cor-
relates between the differentiation hierarchy, clonal selection capabilities and vari-
ous molecular and cellular phenotypes within an organ/tumor that will better 
elucidate the subtle differences and identities between CSCs, TICs and cell-or- 
origin of tumors.   

10.2     Understanding the Cellular State 

10.2.1     Asymmetric Cell Division 

  Asymmetric cell division   is central to stem cell capabilities of long-term regenera-
tion and maintenance of homeostasis, while remaining a fundamental means of gen-
erating cell diversity. Such functionality is manifested through generation of two 
daughter cells with discrete alternative fates of self-renewal (implying return to the 
stem cell state) vs. lineage commitment and differentiation (defi ning the state). 
While asymmetric division is the convention in normal homeostasis, adult stem 
cells may also undergo symmetric divisions under conditions wherein stem-cell 
pools are depleted by injury or disease (Kahn  2011 ). Two modes of regulation of 
asymmetric cell division are recognized,  intrinsic mechanisms  are driven by altered 
cell polarity and asymmetric segregation of cellular components during division, 
while  extrinsic mechanisms  are manifested by the reliance of a cell on its niche to 
receive cues that will drive it to self-renew or differentiate (Kelsom and Wange 
 2012 ). The exclusivity of these two modes remains to be determined. More impor-
tant is an emerging concept that failure of asymmetric cell division could have 
widespread consequences in neoplastic growth. Perturbed stem cell activation and 
functioning is demonstrated to lead  to   imbalanced regeneration followed by tumori-
genesis in several model systems including  Drosophila  neuroblasts (Siegrist and 
Doe  2006 ; Izumi and Kaneko  2012 ). 
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10.2.1.1     Intrinsic Regulation – Polarity, Asymmetric Segregation 
of Cellular Components, EMT 

 Establishment of cell fate suggests  the   subsistence of intrinsic features that drive 
asymmetric division, and extends beyond the simple principles of mitosis wherein 
equal segregation of sister chromatids ensures that each daughter cell receives a 
single, complete copy of the parent genome. Stem cells in their specifi c niche often 
exhibit an apical-basal axis of polarity. During mitosis, polarity establishes an 
asymmetrical localization of self-renewal regulators; concurrently asymmetric 
mitotic spindle positioning regulates the polarization of other determinants 
(Yamashita et al.  2007 ). Within the daughter cells thus formed, one inherits most of 
the polar and self-renewal determinants to re-establish polarity and revert back to 
the ‘stem-cell’ state, while the other loses these regulators and generates a critical 
mass of cells necessary for differentiation (Sugioka and Sawa  2012 ; Inaba and 
Yamashita  2012 ). Such differential distribution of determinants is reported at the 
RNA as well as protein expression levels (Gómez-López et al.  2014 ; Ganguly et al. 
 2012 ). Thereby, coordination of asymmetric protein localization and polarity with 
cell cycle progression through mitosis are important contributions of asymmetric 
cell division in maintenance of homeostasis. A large number of proteins including 
numb, par, pon, brat, Miranda, prospero, stuaufen, pins, gai, loco, inscuteable, 
aPKC, lgl, polo, aurora A, polo, pp2a, dpn, zif, etc. associated with asymmetric 
localization,  involvement   with spindle orientation and/or cell polarity are currently 
recognized as being determinants of asymmetric division (Kelsom and Wange  2012 ; 
Poulson and Lechler  2012 ). Signifi cantly, specifi c mutations in the tumor suppres-
sor Apc can infl uence spindle alignments and planar cell polarities that regulate 
daughter cell anisotropic movements away from niche-supporting cells (Quyn et al. 
 2010  ; Chang et al.  2012 ). Such processes are relatively easy to understand in simple 
epithelial layers like the ovarian surface epithelium; however, stratifi ed epithelia 
further require cross-talk between layers to establish a delicate balance of prolifera-
tion, mitotic spindle orientation, differentiation and cell loss (Graham et al. 
 2010 ; Muthuswamy and Xue  2012 ). Failure to do so can trigger dysplasia through 
cooperation with other predisposing factors and progress to transformation. 

 In cancer,  epithelial to mesenchymal transition (EMT)   that was initially corre-
lated with invasion and metastases, is now also being associated with disrupted cell 
polarity (Zheng and Kang  2014 ; Moreno-Bueno et al.  2008 ). This process wherein 
epithelial cells lose their characteristic features and undergo dissolution of cell–cell 
contacts to acquire a migratory, mesenchymal phenotype, is crucial to normal 
embryonic development wherein a tightly controlled program at the epigenetic and 
transcriptional levels achieves specifi c developmental milestones within specifi ed 
parameters of time and space (Kerosuo and Bronner-Fraser  2012 ). This ensures 
formation of the three germ layers, differentiation and generation of organ struc-
tures within the developing embryo, thereby protecting against transformation. In 
 the   context of cancer, the process contributes to dissemination of tumor cells and 
metastases in a manner speculated to be an aberrant derivative of the normal pro-
gram. The establishment of EMT has also been associated with re-acquisition of 
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‘stemness’ features in tumor cells and an indication of moving towards a recalci-
trant, invasive stage of disease; aggressive tumors appear to be markedly associated 
with EMT (Beuran et al.  2015 ). Considerable diversity in the molecular profi les of 
this program in different tumors lends further support for this perception. For exam-
ple, the conservation of defi nite EMT networks driven by specifi c transcriptional 
programs in a particular tumor type may defi ne distinctive molecular classes 
(Scheela and Weinberg  2012 ). Expression of EMT- and CSC-associated genes in 
cells at the invasive edge of the tumor as well as within blood vessels further sug-
gests EMT to be a fi rst step in generation of migrating CSCs that ensure tumor 
regeneration at distant sites (Klymkowsky and Savagner  2009 ).  

10.2.1.2     Extrinsic Regulation – Niche Effects 

 Paget’s famous report  outlining   the “seed and soil” concept of metastases was 
amongst the fi rst to recognize the contribution of tumor microenvironment in dis-
ease progression (Paget  1889 ). Even in the normal state, stem cells are localized at 
specialized positions within organs termed as niche, contact with which is crucial 
for its self-renewal and maintenance (Morrison and Spradling  2008 ). Initial equiva-
lent daughter cells are impressed with different future fates following interactions 
with each other and with their environment (Jan and Jan  1998 ). Tumor niches com-
prise of cellular components including stromal, endothelial, infl ammatory, mesen-
chymal stem cells and the extracellular matrix (ECM) that is a rich source of 
epidermal growth factor (EGF), fi broblast growth factor (FGF), transforming 
growth factor (TGFβ), stem cell factor (SCF), chemokines etc. besides factors 
involved in Notch, Wnt and SHH signaling that promote stem/progenitor cell traits 
(Zhu et al.  2011 ). Niche  cells   may either be derived from the transformed stem cell 
lineage, another stem cell clone or normal host cells including the stroma, immune 
cells, etc. Signifi cantly, heterogeneity within the tumor stroma generates a diversity 
of signals that infl uence the niche and CSCs (Costea et al.  2013 ). Some of the niche- 
associated ECM components are expressed by CSCs themselves (CD44, hyaluron, 
etc.), thereby ensuring self-suffi ciency or independence of growth signals (Sebens 
and Schafer  2012 ). CSC niches are most frequently identifi ed at hypoxic and/or 
perivascular locations or invasive fronts of tumors (Mimeault and Batra  2013 ; 
Filatova et al.  2012 ; Beck et al.  2011 ; Calabrese et al.  2007 ). In some subpopula-
tions within gastrointestinal tumors, asymmetric cell division with non-random 
chromosomal cosegregation independent of cell-to-cell contact is regulated by Wnt 
pathway signals from the tumor niche in a heat-sensitive paracrine fashion (Xin 
et al.  2013 ). Another mechanism for ECM mediated infl uences on asymmetric divi-
sion involves parallel alignment of the mitotic spindle axis mediated by hyaluronan-
 CD44 signaling from the apical surface cell membrane, while the same signaling 
from the basal surface-membrane aligns the mitotic spindle along an oblique- 
perpendicular axis. Fibronectin – integrinαβ6 signaling from the basal surface- 
membrane could also mediate similar alignments (Fujiwara et al.  2008 ). Such 
variations perturb the distribution of intrinsic factors. Stem cell (and CSC) niches 
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thus are gaining recognition as specialised ecological settings that generate the 
instructive cues  for   sustenance of specifi c metabolic states, signaling, feedback con-
trol and coordination between heterogeneous populations within the organ/tumor 
(Lander et al.  2012 ; Schepers et al.  2015 ).  

10.2.1.3     Consequences of Asymmetric and Symmetric Divisions 
in Cancer 

 Studies  in   mouse models demonstrate perturbed asymmetric divisions of normal 
stem cells to lead to abnormal self-renewal and neoplastic transformation (Powell 
et al.  2010 ). The frequency of asymmetric division in tumors also negatively cor-
relates with their proliferative capacity; more proliferative tumors are likely to har-
bor less asymmetric than symmetric divisions (Fig.  10.2 ). Thus the relevance of 
asymmetric cell divisions in maximizing tumor cell proliferation and generation of 
genetic diversity in a regenerative hierarchy is questionable since the basic caveat of 
such an arrangement is to balance cell generation with death that suggests effective 
apoptotic and homeostatic mechanisms. On the other hand, increased symmetric 
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  Fig. 10.2    States of asymmetric and symmetric divisions infl uencing quiescence and proliferation 
(Sym.Div. – symmetric division)       
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divisions correlate with higher proliferative capacity and undifferentiated tumors, 
thereby appearing to be a more obvious path of regeneration. However, too rapid 
tumor growth itself can be self-limiting (due to stem cell exhaustion). Hence arriv-
ing at a balance between asymmetric and symmetric cell divisions may be a reason-
able modality of retaining long-term regeneration in tumors. It has been shown that 
asymmetric division is more frequent in early- than late-stage tumors suggesting a 
major mechanistic shift in long-term regenerative capabilities during disease pro-
gression. Various factors including Akt, p53, EGFR and microenvironmental sig-
naling can affect the balance of cell fate choice  between   symmetry and asymmetry 
(Dey-Guha et al.  2011 ). Recently, a tightly controlled miR-34a circuit has been 
shown to control the decision of a CSC to perform either symmetric or asymmetric 
division (Bu et al.  2013 ).

10.2.2         Quiescence 

 Stem cells exist in a  transient   state of cell cycle arrest from which they can be 
‘awakened’ to re-enter into the cell cycle and perform regenerative functions. Such 
reversible quiescence distinguishes stem cells from differentiated cells that have 
permanently exited from the cell cycle. Asymmetric cell division is contextually 
linked to quiescence; conversely, symmetric cell division may be followed by a loss 
of quiescence. Surprisingly, despite the recognition that disrupted asymmetric cell 
divisions lead to tumorigenesis, evidences of quiescent cells in tumors are seriously 
lacking. This is largely due to a paucity of well-defi ned phenotypic quiescence- 
determining markers that could provide a convenient read-out, as well as experi-
mental model systems to study the phenomenon. A large majority of hematopoietic 
stem cells (HSCs) are reported to be in the G0 stage of the cell cycle, whereas very 
few committed multipotent progenitor cells are actually quiescent although they 
initially appear to be slow-cycling (Wilson et al.  2008 ). Whether such distribution 
of quiescent fractions in stem vs. progenitor cells does actually exist within tumors 
and is modulated as in regenerative tissues, remains to be addressed. CSC quies-
cence  in situ  is often defi ned by their niche components and localization within the 
tumor. Perivascular and osteoblastic niches as well as several ECM components 
such as CD44, POSTN, tenascin C, etc. have been described as being essential for 
establishing and maintaining quiescence in CSCs. 

 Profi ling of differential cell cycle kinetics within HSCs led to recognition of two 
discrete pools of slow-cycling/homeostatic stem cells vs. dormant/deeply quiescent 
stem cells (Wilson et al.  2009 ) both of which are likely to have distinct functions 
and underlying regulatory mechanisms. Slow-cycling HSCs exhibit relatively 
higher metabolic activities and active replication machinery than dormant HSCs in 
which metabolism is at basal maintenance levels and the replication machinery is 
almost shut off (van der Wath et al.  2009 ). The  former   contribute to homeostatic 
organ regeneration in a defi nite cyclic pattern, while the latter may be evoked only 
on drastic depletion of the stem cell pool under extreme circumstances of injury or 
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stress. Similar differential pools of CSCs with specifi c functionalities are yet to be 
completely resolved in tumors, although recent, label-chase studies for examining 
cycling over time through either thymidine analogues (bromodeoxyuridine – BrdU) 
incorporation, or chromatin-associated green fl uorescent protein (GFP) expression 
under the control of a doxycyclin regulated transgenic allele, or lipophilic mem-
brane labeling dyes such as PKH or CFSE have provided differential cycling-based, 
marker-free approaches for the identifi cation of quiescent CSCs in tumors (Kusumbe 
and Bapat  2009 ; Foudi et al.  2009 ; Park et al.  2013 ; Terskikh et al.  2012 ; Mani et al. 
 2008 ). Such tumors kinetics suggest switching between slow-cycling and deep qui-
escence, especially on exposure to chemotherapy in mouse models. A hypothetical 
hierarchy of such CSC pools and their progeny is represented in Fig.  10.2 . Such 
plasticity could be crucial in generating population asymmetry between different 
derivatives of a founder CSC, and becomes an effective mechanism to offset repli-
cative aging with differential rates of regeneration. Quiescent cells are non- 
responsive to therapy; hence activation from a quiescent state could be a crucial fi rst 
step of sensitization to chemotherapy. Deep quiescence however, presents an inde-
terminable, recalcitrant situation for a cancer patient in whom a state of remission is 
achieved but with an uncertain caveat. Tracing the subtle differences between the 
different modes of cell divisions in homeostasis  vs.  deep quiescence within tumors 
at the molecular level would unravel the differential mechanisms in  quiescence and 
  dormancy likely to be highly relevant at the clinical level, yet remain a challenge.  

10.2.3     Dedifferentiation and Transdifferentiation 

  Dedifferentiation      and transdifferentiation represent two extreme opposing options 
that a tumor cell can acquire during tumor progression. Dedifferentiation is sug-
gested to arise from the plasticity acquired by tumor cells to mediate transition 
between invasive and proliferative states (phenotype switching), in which EMT 
plays an important role. In reconciling such events with the CSC hierarchy, it 
appears that the cross-talk of EMT with other pathways in response to microenvi-
ronmental stress leads to acquisition of stemness features and dedifferentiation of 
non-stem cells (Morel et al.  2008  ; Kurrey et al.  2009 ; Brabletz et al.  2005 ). Thus 
the EMT program not only enables physical dissemination of cells from primary 
tumors but through dedifferentiation, confers on them regenerative capabilities cru-
cial for subsequent establishment of secondary metastases at sites of dissemination 
(Choi et al.  2012 ). Dedifferentiation is also derived from expression of embryonal 
markers like cancer testis antigens in tumors, which was one of the earliest sugges-
tions of activation of developmental programs by tumor cells and considered as an 
indication of the acquisition of pluripotency in an aberrant setting. 

 Similarly, transdifferentiation is a pathologically established process in differen-
tiated teratocarcinomas. From a wider perspective, CSCs may transdifferentiate into 
cell lineages other than that those from which the tumor arose including adipocyte, 
neuronal, vasculogenic, neuroendocrine and even along immune cell lineages 
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(Ramakrishnan et al.  2013 ). Another possibility is that transition of tumor cells into 
a mature, differentiated mesenchymal  phenotype      through EMT contributes to the 
generation of reactive stroma that is crucial for CSC maintenance. Transdifferentiation 
could be triggered by fusion events as recently demonstrated between tumor infi l-
trating hematopoietic cells and epithelial cancer cells (Shekhani et al.  2013 ). Further, 
the fact that tumor progenitors which are in a state of maturation arrest can be 
induced to progress into a post-mitotic terminally differentiated state on exposure to 
appropriate chemicals, presents an attractive therapeutic strategy which is not as yet 
fully exploited (Nör et al.  2013 ). All trans-retinoic acid (ATRA) has shown promise 
in such an approach in differentiation of acute promyelocytic leukemia blasts into 
mature granulocytes; along with demethylating agents or histone deacetylase inhib-
itors, it can also differentiate solid tumor cells along neuronal lineages (Politis et al. 
 2008 ; Zelivianski et al.  2001 ). Similarly, unsaturated fatty acids may drive CSC 
differentiation into adipocyte-like cells; while neuroendocrine differentiation is 
reported from prostate CSCs and in small cell lung carcinoma (Hanahan and 
Weinberg  2000 ). Transdifferentiation is evinced in the generation of reactive tumor 
stroma and vasculogenic mimicry, while dedifferentiation supports tumor survival 
and progression through multidrug resistance. Hence both necessitate the develop-
ment of individualistic strategies. Understanding of such cellular  plasticity      through 
dedifferentiation and transdifferentiation may mediate reconciliation between the 
hierarchical and stochastic models of CSC emergence and tumor establishment 
(Hanahan and Weinberg  2011 ; Plaks et al.  2015 ).   

10.3     CSCs and the Hallmarks of Cancer 

 By virtue of their nomenclature, besides an association with stem cell characteris-
tics, it is expected that CSCs would also exhibit capabilities of tumor cells. Six 
primary hallmark features are proposed to be associated with transformation and 
progression of cancer (Gunes and Rudolph  2013 ); more recently, four additional 
enabling capabilities are identifi ed (Gatti et al.  2011 ). It thus becomes pertinent to 
explore their association(s) with CSCs. 

10.3.1     Primary Hallmark Features 

10.3.1.1     Enabling Replicative Immortality 

 Cellular immortality is an  intrinsic   quality of stem cells achieved through mainte-
nance of telomere length by telomerase. In tumor cells, telomere shortening often 
leads to genetic instability that reactivates telomerase to avoid genetic chaos thereby 
generating CSCs (Mo and Zhang  2013 ). While this suggests a reversal of direction 
towards reacquisition of immortalization and cell proliferation, it is yet distinct 
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from that of intrinsic telomerase expression in a stem cell which is targeted by onco-
genic mutation(s) to undergone transformation. Thereby although the end result(s) 
are similar in the two states, a subtle and distinct difference exists in the pathways 
leading to self-renewal.  

10.3.1.2     Resistance to Cell Death 

 Self-renewal in turn,  defi nes   capabilities of quiescence and regeneration of a cell. 
Most of the mechanisms mediating tumor cell death such as metabolic-, oxidative-, 
differentiation- or therapy-induced stress are ineffective in a quiescent stem cell 
which can ensure survival under adverse conditions. Stem cells and CSCs express 
several types of membrane ATP-binding cassette transporters including ABCG2, 
that provide an active mechanism for elimination of toxic intracellular components 
and drugs (Januchowski et al.  2013 ; Hanahan and Coussens  2012 ). The involvement 
of aldehyde dehydrogenase (Aldh) expressed by several CSCs is also demonstrated 
in tumor cell drug resistance (Faust et al.  2012 ). Thereby, acquisition of self-renewal 
possibly involves a multitude of mechanisms that complement and ensure establish-
ment of stable intrinsic quiescence and impart  to   CSCs an option to select the most 
effective tool for combating specifi c adverse microenvironments during cancer 
progression.  

10.3.1.3     Sustained Proliferation 

 The regenerative capability of  a   CSC provides the primary impetus for building up 
a primary mass of tumor cells. Continuing oncogenic mutations in several signaling 
pathways and transcriptional networks complements this aberrant growth, while 
disruption of feedback mechanisms further triggers expansion by blocking matura-
tion of progenitors into functionally relevant, differentiated cells. This shifts the 
self-renewal kinetics of CSCs towards a state of frequent activation that culminates 
in accumulation of committed, yet proliferating progenitors with compromised 
functionality. Paracrine cross-talk between the transformed regenerative hierarchy 
and tumor stroma is also an important accessory in maintaining this state of sus-
tained proliferation (Liu and Dean  2010 ).  

10.3.1.4     Evasion of Growth Suppression 

 Maturation arrest  consequently   implies longer retention of progenitors and a 
slower turnover into terminally differentiated cells that disrupts homeostatic 
mechanisms that attempt to restore tissue functions. Such efforts at homeostasis 
may involve acquisition of resistance to apoptotic pathways that tissue cells nor-
mally commit to, or loss of contact inhibition that consequently leads to cell 
proliferation and has since long been associated with cancer cells grown in 
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culture.  In situ , such homeostatic mechanisms regulate organ size and in cancer 
may be driven by Ras and FoxM1 mutations or activated EMT and Hippo-Yap 
pathways (Fuxe and Karlsson  2012 ; Kusumbe et al.  2009 ). One of the most sig-
nifi cantly altered cellular responses involved in evasion of  growth suppression   is 
towards the growth factor TGFβ, which establishes extensive cross-talk with 
diverse downstream pathways involved in EMT, infl ammation and immune eva-
sion (Bao et al.  2006 ).  

10.3.1.5     Inducing Angiogenesis 

 A rapidly proliferating  tumor   is slated to encounter the stresses imposed by limited 
availability of nutrients and gaseous exchange/diffusion. CSCs and progenitors are 
activated by such microenvironmental factors including hypoxia, hypoglycemia and 
iron defi ciency into triggering an angiogenic switch in growing tumors. This effec-
tively mediates the recruitment of primitive endothelial stem and progenitor cells by 
CSCs to primary and metastatic tumors in a paracrine manner through secretion of 
angiogenic growth factors such as VEGF (Doan and Chute  2012 ). CSCs also con-
tribute to establishment of vasculature through their potential to transdifferentiate 
along endothelial and vascular smooth muscle-like lineages and give rise to non- 
endothelial channels through the process described as vasculogenic mimicry (Ping 
and Bian  2011 ). This active role of CSCs in establishing angiogenesis and/or vascu-
logenesis signifi cantly contributes to niche development, and may be essential for 
their sustenance within tumors since both processes support survival of cells during 
tumor progression. Notably, the perivascular niche is known to play an important 
role in regulation and maintenance of CSC quiescence in leukemia, breast, skin and 
brain tumors (Ghajar et al.  2013 ). This further assigns an indispensable role to 
tumor vasculature  in   acquiring long-term dormancy.  

10.3.1.6     Activating Invasion and Metastasis 

 EMT has been considered as the primary mediator of the program  of   invasion and 
metastasis in several tumor types. Epigenetic and microenvironmental infl uences on 
hypoxia, autocrine – paracrine signals from Wnt, tyrosine kinases, NF-κB and 
growth factor (TGFβ, EGF) pathways etc. trigger a transcriptional program that 
initiates intercellular junction dissolution and modulate phenotypic changes. 
Effectively this leads to enhanced plasticity within the regenerative hierarchy that 
strikingly generates variations in the development-associated invasive program. 
Acquisition of a mesenchymal phenotype is stated to facilitate invasion through the 
basement membrane and/or tumor stroma into blood vessels and lymphatics. Such 
dissemination poses a challenge to a migrating cell that relies on several intrinsic 
and acquired survival mechanisms of CSCs. On homing to secondary sites, these 
stem-like cells mediate a regenerative program that is inclusive of mesenchymal to 
epithelial transition (MET) to establish metastatic colonization. 
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 Surprisingly, in some cancers EMT is  not  indicated to be a modality of invasion 
and metastases of tumor cells and CSCs. Cohesive or cooperative cell migration 
(CCM) of cell groups that exhibit intact cell junctions (a characteristic epithelial 
morphology) and dissemination through passive implanting in lymphatic spaces 
and blood vessels have been described. Such features may provide a survival advan-
tage to the migrating cell clusters with respect to protection from immune attack and 
sheer forces of circulation, to increase the probabilities of generating micrometasta-
ses. The relevance of CCM in a clinicopathological setting is presently considered 
as being more robust than that of EMT (Chui  2013 ). These differing metastases 
modalities  viz.  EMT vs CCM have been recently applied as a classifi er in high- 
grade serous ovarian carcinoma to achieve patient stratifi cation into discrete sub-
types (Gardi et al.  2014 ). Notably, in each subtype, different pathways of  stem   cell 
activation and regulation are noted. 

 As in the case of CSCs/TICs, the terminology of EMT is often used rather 
ambiguously to imply any process associated with loss of cell polarity, invasion, 
metastasis, acquisition of stemness, resistance to apoptosis and generation of cancer 
associated fi broblasts. A specifi c cellular shape/morphology may not suffi cient to 
achieve all these effects without a defi ned molecular context in terms of the associ-
ated genes and activation of specifi c networks. This is important since the appar-
ently diverse outcomes reported in association with EMT are reached under specifi c 
cellular contexts, and hence it becomes pertinent to defi ne specifi c tissue and sys-
tems network associations wherein some functions either complement each other or 
may be exclusive. In doing so, one could achieve improved understanding of 
context- specifi c EMT pathways and their cross-talk in driving de-differentiation 
and/or trans-differentiation.   

10.3.2     Enabling Characteristics and Emerging Hallmarks 

10.3.2.1     Genome Instability and Mutation 

 Maintenance of genome integrity is  a   critical mission of the stem cell hierarchy; 
compromise of the same results in transformation and posits the generation of 
CSCs. Random oncogenic insults in progenitors/differentiated cells also trigger cel-
lular reprogramming towards dedifferentiation that is accompanied by acquisition 
of self-renewal properties and a ‘stem-like’ phenotype. Several tumors are estab-
lished as being monoclonal, which ensures faithful inheritance and propagation of 
the oncogenic mutation(s) within the CSC progeny, besides imparting a specifi c 
molecular identity to the tumor. In the last few years, considerable evidence has 
been additionally presented that genetic instability is crucial in the generation of 
intratumor heterogeneity and clonal evolution (Naik et al.  2015 ). Differential clone 
dominance is established through the principles of Darwinian selection in which 
clones exhibiting genomic rearrangements in addition to the founder mutations are 
selected for by the microenvironment and may interact in either a competitive and 
mutualistic manner (Ng et al.  2012 ). Consequently, genome protection from further 
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oxidative damage by the niche may be achieved through synthesis of hyaluron that 
scavenges ROS,    maintenance of the tumor cell at low hypoxic levels, etc. that play 
a major role in protecting the transformed clone against continual DNA damage and 
(mis)repair cycles that could lead to genetic chaos (Darzynkiewicz and Balazs 
 2012 ).  

10.3.2.2     Tumor-Promoting Infl ammation 

 Several chronic  infl ammatory   states are considered high risk factors for the onset of 
cell transformations likely to progress towards malignancy. Persistent tissue injury 
and repair leads to increased localized levels of several infl ammatory cytokines and 
growth factors like tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, 
TGFβ, nuclear factor kB (NFkB), etc (Shigdar et al.  2014 ). Such cyclic/recurrent 
activation of developmental signaling and regenerative pathways also perturbs stem 
cell self-renewal and tissue homeostasis resulting in aberrant cell expansion and 
hyperplasia. Production of ROS and hypoxia in the reactive stroma further sets the 
stage for transformation of those CSCs that are continuously activated (Tanno and 
Matsui  2011 ). Tumor-promoting infl ammatory niches also recruit components of 
the innate immune system that precipitate and support  progression   of incipient 
wounds associated with infl ammation into full-blown tumors.  

10.3.2.3     Reprogramming Energy Metabolism 

 The metabolic switch of  cancer   cells to glycolysis even in the presence of oxygen 
fi rst reported by Warburg is paradoxical given its poor effi ciency of energy genera-
tion (Warburg  1956 ). More recently, it has been reported that CSCs overexpress 
metabolism-related genes like glycine decarboxylase and pyruvate kinase M2 along 
with metabolites such as 2-hydroxyglutarate, lactate and kynurenine that are sug-
gested to act as continual oncogenic metabolic triggers that contribute to disease 
progression by mediating epigenetic and genetic reprogramming (Zhang et al. 
 2013 ).  

10.3.2.4     Evading Immune Destruction 

 Overcoming the host  immune   surveillance mechanisms is now recognized to be 
essential for tumor establishment and progression. CSCs have been demonstrated to 
lose MHC class I molecules and selectively silence expression of tumor-associated 
antigens towards such an evasion (Guerry et al.  1984 ). Yet other mechanisms of 
immune evasion of CSCs include altered immunogenicity, production of regulatory 
molecules by tumor cells, interactions with tumor-infi ltrating immune cells (Qi 
et al.  2012 ), functional inactivation of antigen-reactive T lymphocytes, activation of 
Treg cells by secretion of immunosuppressive cytokines, including IL-4, IL-10 and 
TGF-β (Dancescu et al.  1992 ). Tolerance may also be achieved through clonal 
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anergy of macrophages and DCs, or  expression   of tolerogenic molecules including 
B7-H1, B7.1, CD47, SIRPa, CD200 by CSCs that facilitate immune evasion 
(Quesnel  2008 ).    

10.4     Future Perspectives 

 The diversity of specifi c mechanisms involved in the generation of tumors through 
reprogramming of the intracellular circuitry to perturb regenerative homeostasis as 
well as acquire hallmark capabilities suggest that these may be achieved in a tumor – 
and tissue- specifi c manner. Feed-forward mechanisms of CSC emergence potenti-
ate normal stem cell transformation and generation of maturation arrested 
derivatives; while feedback mechanisms suggest dedifferentiation or reprogram-
ming towards a loss of differentiated identity. Both mechanisms emphasize that 
fi delity of either the quiescent state or a stable differentiated identity cannot be 
taken for granted and is susceptible to loss of intuitive, instructive cellular networks 
that could present either as transient ablation of homeostasis, or more seriously as 
stable transformation (Holmberg and Perlmann  2012 ). While there is increasing 
knowledge in the fi eld regarding cell fate determination, lineage commitment and 
differentiation, mechanisms ensuring long-term stable stem cell state maintenance 
or phenotypic and functional differentiation remains poorly understood, yet can be 
highly relevant to cancer biology. 

 The existence of CSCs is convincing enough in certain cancers, yet mere expres-
sion of a certain phenotype and aberrant regeneration provides a narrow compre-
hension for inter-tumor heterogeneity between different tumor subtypes, and 
intra-tumor heterogeneity between specifi c cellular subsets within the same tumor. 
These phenomena in turn represent a wide range of variation of cellular and molec-
ular cross-talks. While the present review emphasizes cellular aspects of CSCs, an 
equal if not more extensive research efforts currently focus on understanding how 
such cellular states and phenomena are regulated in tumors that are notoriously 
heterogeneous at the cellular and molecular levels. Hard wiring of gene expression 
is known to control normal tissue homeostasis; in contrast in tumors these are sug-
gested to be fl exible and completely erratic. Further integrative analyses across the 
various levels of gene regulation including epigenetic, genetic, proteomic, protein 
translation and signaling may thus be necessary to defi ne specifi c tissue contexts. 

 While understanding a cellular state  in situ  is the objective of most research pro-
grams, development and use of appropriate  in vitro  model systems is necessitated 
on logistic and ethical grounds. In doing so, it should be ensured that such models 
are as close to the  in situ  state as is possible through addressing various issues. Can 
immortalized cell lines be termed as CSC lines? Do these or prospectively isolated 
CSCs retain a memory of the complex developmental process by which the tissue 
was fi rst constructed, and can it be reproduced in experimental models? Are 
 patient- derived xenografts more relevant than cell line derived xenografts? In the 
latter are humanized animal models harbouring human stroma and / or human 
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immune cells more relevant? Given the complexity of inter-tumor and intra-tumor 
heterogeneity how could one develop the most relevant models of specifi c cancers? 
Although related processes such as asymmetric cell division are currently addressed 
using models, their systemic homology in human disease opens a whole new door 
of complexities (Matsumura and Toyoshima  2012 ). This list of newly arising que-
ries obviously is relentless, but it is quite likely that integration of inter-disciplinary 
studies including simulation, computation and mathematical modelling to channel-
ize information from reductionism approaches towards construction of a systems 
view will address them in the long run. 

 Most if not all the above discussions regarding the future of CSCs seems to be 
centered on elucidation of their very existence and underpinning various characters 
crucial for their identity and functions. However, these have serious clinical impli-
cations that can contribute to development of cancer therapy in eliminating the 
regenerative tumor hierarchy to improve patient prognosis. Translation of these 
basic concepts thus is imperative and involve the development of specifi c drugs, 
inhibitors and antibodies to stabilize for example, disrupted polarity mechanisms, 
restore homeostasis mechanisms, identify ‘druggable molecular targets’ within the 
cellular systems networks, restrict migrating CSCs, stabilize innate immune 
responses to CSCs, neutralize the reactive tumor niche (Lathia et al.  2011 ; Bliss 
et al.  2014 ; Fan et al.  2015 ; Pan et al.  2015 ; Ajani et al.  2015 ), etc. The wider expec-
tation of these efforts is to achieve optimal combinatorial therapies that would 
improve drug tolerance and patient prognosis in a personalized manner. Thus the 
process of pursuing the elusive quiescent CSC promises to be an exciting endeavor, 
and leads to an appreciation of the intrinsic drive of these populations in surviving 
against all odds in a manner akin to the Darwinian principles of survival-of-the- 
fi ttest. Being fraught with frustrations it might at times appear to be an academic 
exercise; however such information will be of immense important in view of devel-
oping appropriate personalized, specifi c and more effective therapies in cancer.     
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    Chapter 11   
 Mesenchymal Stromal Cells (MSC)                     

       Patrick     Wuchter     ,     Wolfgang     Wagner    , and     Anthony     D.     Ho   

    Abstract     Mesenchymal stem or stromal cells (MSC) are plastic-adherent 
fi broblast- like cells that can readily be isolated from various tissues and expanded 
in vitro.  Per defi nitionem , they are able to differentiate into bone, cartilage and adi-
pose tissue. In the last 15 years, a huge number of different preparative protocols 
have been developed to yield MSC-like cell lines from starting materials as diverse 
as bone marrow, fat tissue, umbilical cord blood and peripheral blood. However, 
these protocols as well as the resulting cell populations are heterogeneous. 
Furthermore, the composition of the cell products and their differentiation potential 
may change in the course of long-term culture expansion. There is still a need for 
standardized protocols and universal criteria for quality control of the starting cell 
populations as well as for the cell products after expansion. Nevertheless, MSCs 
have already found their way into a huge number of clinical studies addressing a 
broad variety of diseases. Even though there is no convincing evidence that MSCs 
are involved in the process of tissue repair by true transdifferentiation, they proba-
bly contribute to the repair process by immunomodulatory effects and interaction 
with other cell types.  

  Keywords     MSC   •   Cell culture   •   GMP   •   Cell based therapy   •   Regenerative 
medicine  

11.1       Introduction 

 Almost 40 years ago, in the early 1970s, Friedenstein et al. described discrete 
fi broblast- like colonies in monolayer cultures of bone marrow, spleen and thymus 
that could be easily maintained under culture conditions and that demonstrated 
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differentiation characteristics in vitro as well as in vivo upon their re-transplantation 
(Friedenstein et al.  1968 ,  1974 ). The term “mesenchymal stem cells” (MSCs) how-
ever, has been made popular in the early 1990s by Caplan ( 1991 ). Caplan and others 
used periosteal cells from young chicken, which were transplanted into athymic 
mice and demonstrated their osteo-chondrogenic differentiation potential (Horwitz 
and Keating  2000 ; Nakahara et al.  1990 ). Today, the term “MSC” is commonly 
applied to  p  lastic-adherent cell preparations isolated from bone marrow or other 
tissues that are able to differentiate into bone, cartilage and adipose tissue under 
specifi c conditions (see Fig.  11.1 ). Although there exist no specifi c markers for 
these cells, they are usually positive for several antigens such as CD73, CD90, 
CD105 and lack expression of hematopoietic antigens (Dominici et al.  2006 ; 
Wagner et al.  2005a ).

   The multilineage differentiation potential of MSCs is still under debate. It is 
commonly accepted that a rare mesenchymal progenitor cell population is present 
in bone marrow, that possesses differentiation potential towards different cell lin-
eages. However, mounting evidence indicates that the described adherent cell popu-
lations are highly heterogeneous and actually consist of several subpopulations, 
which gradually overgrow under certain culture conditions and might mimick the 
phenomenon of differentiation. Therefore, these cells might not fulfi ll all the criteria 
to be named “stem cells” and should therefore be named “mesenchymal stromal 
cells” (Horwitz and Keating  2000 ). Consequently, the acronym “MSC” stays the 
same, whereas the term “mesenchymal stem cells” should only be reserved for cells 
that meet specifi ed criteria for stem cells, i.e. unlimited self-renewal capacity. 
Alternatively they have been named “multipotent mesenchymal stromal cells” or 
“multipotent stromal cells” to indicate the multipotent differentiation capacity of 
these cell preparations (Horwitz et al.  2005 ). Numerous authors have described pro-
tocols for the isolation and cultivation of MSCs from tissues other than the bone 
marrow, mainly from umbilical cord blood and adipose tissue.  

  Fig. 11.1    MSC express vimentin, an intermediate fi lament typical for cells of mesenchymal ori-
gin. The cells are showing a fi broblastoid morphology. Immunofl uorescent staining ( left ) and 
phase contrast ( right ) (scale bar 150 μm)       
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11.2     Derivation of MSCs 

 The source and the property of MSC preparations from different laboratories vary 
signifi cantly and the resulting cell products are highly heterogeneous. The lack of 
standardization considerably hampers the comparability of results among different 
research groups (Wagner and Ho  2007 ; Bieback et al.  2012 ). 

 We and others have demonstrated that slight differences of the culture conditions 
could favor the expansion of certain subsets and might contribute to genetic instabil-
ity. Based on the morphology of MSC preparations, three distinct cell types could 
be distinguished: spindle-shaped cells, large fl at cells and small round-cell sub-
populations (Colter et al.  2001 ; Horn et al.  2008 ; Schallmoser et al.  2010 ). MSC 
cultures are continuously unstable and can give rise to individual cells – and subse-
quently cell colonies – producing, for example, smooth muscle-typical α-actin fi la-
ments and myofi laments containing cardiac α-actin (Ho et al.  2008 ). Even other 
cells in the culture start to form sub-lines positive for cytokeratin fi laments. An 
entirely different program may be characteristic for other MSCs, which begin to 
synthesize special types of fat storage such as adipophilin-positive fat droplets in 
adipocytes (Heid et al.  1998 ). 

 Altogether, these results again emphasize the importance of standardizing the 
isolation of the initial cell material, culture media and methods. At the same time it 
is of utmost importance to develop quality control systems for MSC preparations 
for clinical applications and guidelines for “Good Manufacturing Practice” (GMP) 
have to be fulfi lled (Wuchter et al.  2015 ). To this end, the following variables have 
to be taken into consideration. 

11.2.1      Species   

 MSCs have been isolated from many different species such as mouse, guinea pig, 
chick, rabbit, dog, pigs and human. Knowledge gained from animal models cannot 
always be extrapolated for human cells. It seems as if there existed many similari-
ties with human MSCs, but a systematic comparison of MSCs from different spe-
cies is yet elusive. Experimental data of MSCs from animal models have to be 
validated in the human system prior to clinical application. In this chapter we will 
focus on human MSCs.  

11.2.2     Isolation of MSCs from Different Sources 

 MSCs were originally  isolat  ed from bone marrow (Friedenstein et al.  1966 ; Pittenger 
et al.  1999 ). In the last decade however, MSC-like cell lines could be derived from 
various other tissues such as umbilical cord blood (Bieback et al.  2004 ; Erices et al. 
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 2000 ), umbilical cord matrix (Secco et al.  2008a ,  b ; Zeddou et al.  2010 ), adipose 
tissue (Baptista et al.  2009 ; de Girolamo et al.  2007 ; Lee et al.  2004 ; Zuk et al. 
 2001 ), peripheral blood (Kuznetsov et al.  2001 ; Zvaifl er et al.  2000 ) and skeletal 
muscle (Jiang et al.  2002b ). Furthermore, cell preparations that fulfi ll the minimal 
criteria for MSCs have also been isolated from other tissue of adult mice such as 
brain, liver, kidney, lung, thymus and pancreas (da Silva et al.  2006 ). There is little 
doubt that multipotent cell populations of mesenchymal derivation reside in many 
tissues. Our gene expression analysis has provided clear evidence that a signifi cant 
number of genes is differentially expressed in MSCs isolated from specifi c tissue 
(Wagner et al.  2005a ). Correspondingly, the differentiation potentials and functional 
implications varied widely among MSC preparations derived from different origins 
(Kern et al.  2006 ; Wagner et al.  2007a ). This fact has to be taken into account when 
comparing results from different research groups.  

11.2.3     Isolation/Depletion Using Surface Markers 

 Various  surface markers   such as STRO-1, CD73, CD105 and CD271 have been 
used for positive selection of MSCs. Alternatively, negative selection was performed 
using hematopoietic surface markers such as CD34, CD45, Ter119 and glycopho-
rin. These markers have been used alone or in combination for enrichment of fi bro-
blast colony forming units (CFU-F). However, they do not allow direct isolation of 
multipotent MSCs. A sophisticated comparison of the molecular features of MSCs 
that were isolated with different enrichment methods is elusive, but it is likely that 
the composition of heterogenic cell preparations is signifi cantly affected by these 
separation steps (Horn et al.  2008 ; Wagner and Ho  2007 ).  

11.2.4     Coating of Surface and Biomaterials 

 Adherence to the surface of culture dishes is the most prominent feature of MSCs. 
 Properties   of the surface (e.g. roughness, hydrophobicity and elasticity) signifi -
cantly affect selection or differentiation potential of cell preparations (Anderson 
et al.  2004 ; Engler et al.  2006 ). Many protocols have applied additional protein 
coating of the surface (e.g. fi bronectin, gelatine or collagen) to enhance cell adhe-
sion and to mimic certain aspects of the natural extracellular microenvironment. 
Culture on either fi bronectin or gelatine can have an affect upon the morphology of 
the cell products after culture.  
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11.2.5     Culture Media and Serum Supplements 

  Culture media   have a tremendous impact on gene expression and proteome of MSCs 
(Wagner et al.  2005a ,  2006 ). A huge arsenal of basal culture media is available and 
many different media have successfully been used for isolation of MSCs in different 
laboratories. Furthermore, there is evidence that oxygen tension plays an important 
role and that hypoxia accelerates MSC differentiation (Ren et al.  2006 ). 

 So far most culture protocols for MSC preparation contain serum additives. 
Serum  concentrations   usually vary between 2 and 20 %. Most studies have used 
fetal calf serum (FCS). Concerns regarding BSE, other infectious complications and 
host immune reactions have fueled investigation of alternative culture supplements. 
Several groups have developed alternative culture protocols for the expansion of 
MSCs based on reagents of human origin (i.e. serum, plasma, platelet lysate etc.) 
that replaced fetal bovine serum (Bieback et al.  2009 ; Kocaoemer et al.  2007 ; Lange 
et al.  2007 ; Müller et al.  2006 ; Schallmoser et al.  2007 ; Stute et al.  2004 ). The 
impact of these supplements on the composition of cell preparations is yet unknown 
but different growth kinetics and cell morphology indicate their relevance. The 
development of a chemically defi ned and serum free growth medium would there-
fore substantially contribute to standardized MSC preparations.  

11.2.6      In Vitro Cultivation   (Passage, Density 
and Cryopreservation) 

  MSCs can be passaged in vitro for a limited number of times before they become 
senescent and stop proliferation. As a matter of fact, molecular profi les and func-
tional features of MSCs are signifi cantly affected by this process of cellular aging 
(DiGirolamo et al.  1999 ; Fehrer et al.  2006 ; Javazon et al.  2004 ; Wagner et al.  2008 , 
 2009 ). Cell density of cultures seems to be crucial, too. Once grown to confl uence, 
MSCs have been shown to lose some of their differentiation potential (Colter et al. 
 2001 ; Sotiropoulou et al.  2006 ). Furthermore, MSCs are often cryopreserved with 
DMSO in liquid nitrogen. There is evidence that cryopreserved and non- 
cryopreserved MSCs possess the same differentiation potential, but an effect on 
their biological properties cannot be excluded (Kotobuki et al.  2005 ; Wang and 
Scott  1993 ).    
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11.3     Characteristics and Properties of MSCs 

11.3.1      Cellular Markers   

  MSCs are often isolated from the marrow as plastic-adherent cell fraction without 
specifi c enrichment. Some groups however described markers for the isolation of 
MSCs from primary human and murine tissues, such as STRO-1 (Simmons and 
Torok-Storb  1991 ), CD271 (low-affi nity nerve growth factor receptor) (Quirici 
et al.  2002 ), CD73 (SH3, SH4) and CD105 (endoglin, SH2) (Sabatini et al.  2005 ), 
whereas CD45, Ter119 and glycophorin A (CD 235) are used for negative selec-
tions of MSCs (Jiang et al.  2002a ). Buhring et al. described another panel of surface 
markers, including platelet-derived growth factor receptor-D (CD140b), HER-2/
erbB2 (CD340) and frizzled-9 (CD349), within the CD271-bright population 
(Buhring et al.  2007 ). All these markers might lead to an enrichment of MSCs, but 
the resulting cell populations are still heterogeneous and the majority of isolated 
cells will not give rise to fi broblast colony-forming units (CFU-F). So far, there is 
no commonly accepted set of markers that distinctively describes MSCs. 

 To address this problem the International Society for Cellular Therapy (ISCT) 
has proposed three minimal criteria to defi ne MSCs (Dominici et al.  2006 ):

    1.    MSCs must be plastic-adherent if maintained in standard culture conditions;   
   2.    MSCs must express CD73, CD90 and CD105, and lack expression of hemato-

poietic markers such as CD14 or CD11b, CD19 or CD79a, CD34, CD45, 
HLA-DR;   

   3.    MSCs must be capable of differentiation into osteoblasts, adipocytes and chon-
droblasts under in vitro differentiating conditions.    

  Neither morphologic characteristics nor specifi c surface markers can reliably 
discern the multipotent subset in MSC preparations. Using a panel of 22 surface 
markers including the above mentioned, there was no signifi cant phenotypic differ-
ence between MSC and human fi broblast cell lines (HS68 and NHDF) detectable 
(Wagner et al.  2005a ). Osteogenic, adipogenic and chondrogenic differentiation 
was exclusively observed in MSC preparations, but not in differentiated fi broblasts 
(Wagner et al.  2006 ). Thus, MSC-populations cannot be identifi ed by these surface 
markers. Taken together, there remains an urgent need for the standardization of 
isolation- and culture-protocols in order to gain comparable results among different 
laboratories. Hence, the above mentioned minimal criteria of the ISCT are neces-
sary and helpful, but not suffi cient.   
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11.3.2     Gene Expression Profi ling and Proteomics 

  Gene expression analysis   has provided another dimension for the molecular charac-
terization of cell preparations. We have compared gene expression profi les of MSCs 
derived from bone marrow, adipose tissue and cord blood (Wagner et al.  2006 , 
 2007a ). Initial analysis demonstrated a consistent up-regulation of at least 25 well- 
characterized genes in all MSC preparations, irrespective of origin and culture con-
ditions. These genes included fi bronectin 1 (FN1) and other extracellular matrix 
proteins (GPC4, LTBP1, ECM2, CSPG2) as well as transcription factors (nuclear 
factor I/B [NFIB]), homeo box genes (HOXA5 and HOXB6) and inhibitor of dif-
ferentiation/DNA binding (ID1). However, none of these genes alone was specifi c 
for MSCs and we have not been able to defi ne a unique marker or marker constella-
tion for MSCs. Furthermore, we analyzed the proteome of MSCs. One hundred 
thirty-six protein-spots were unambiguously identifi ed by MALDI-TOF-MS. Most 
of the identifi ed proteins up-regulated in MSCs play a role in cytoskeleton, protein 
folding and metabolism. Candidate genes should be highly expressed and localized 
on the cell surface. In contrast, transcription factors and regulators of signal trans-
duction are often scarcely expressed and the use of extracellular proteins is unfa-
vourable for quality control purposes. 

 These results indicate that a single genomic or proteomic marker is not suffi cient 
to defi ne multipotent cell populations. It seems more likely, that it takes a combina-
tion of markers to reliably defi ne MSCs.  

11.3.3     A Special Type of Cell-Junctions Between MSCs 

 It has been demonstrated that bone marrow derived MSCs under in vitro conditions 
are interconnected by special villiform-to-vermiform cytoplasmatic protrusions and 
invaginations, termed  processus adhaerentes , which tight-fi ttingly insert into deep 
plasma membrane invaginations, often forming batteries of interdigitating cell-cell 
connections with long cuff-like junctions (Wuchter et al.  2007 ). Cell junctions con-
nect MSCs in the intercellular space with small puncta adhaerentia. Tentacle-like 
cell processes could be observed that made junctional contacts with up to 8 other 
MSCs, and over distances exceeding 400 μm. Alternatively, they can also form deep 
plasma membrane invaginations in neighbouring cells ( recessus adhaerentes ) 
(Fig.  11.2 ). This type of cell junctions is characterized by a molecular complement 
comprising N-cadherin and cadherin-11, in combination with the cytoplasmic 
plaque proteins α- and β-catenin, together with p120ctn and plakoglobin. The long 
  processus adhaerentes    interconnect several distant MSCs to formations of a closer 
packed cell assembly. The frequency and morphology of these junctional complexes 
are greatly affected by culture conditions (unpublished observation). A similar type 
of homotypic cell-cell interaction has previously been described by Werner 
W. Franke and co-workers in studies of primary mesenchymal cells of the mouse 
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embryo (Franke et al.  1983 ). These fi ndings indicate that this special type of cell 
junctions is more wide spread in embryonal and other tissues and might be relevant 
for the primitive function of MSCs and heterotypic interaction with other cell types.

11.3.4        Co-culture of MSCs and Hematopoietic Stem Cells 

  The interaction between human hematopoietic stem cells ( HSC  ) and their niche 
plays a key role in regulating maintenance of “stemness” and differentiation. MSC 
feeder-layer can serve as surrogate model for the hematopoietic stem cell (HSC) 
niche in vitro (Wagner et al.  2005b ,  2007a ,  c ; Walenda et al.  2010 ). Intercellular 
connections between HSC and MSC are mainly realized by podia formation of the 
HSC linking to the adjacent MSC. These podia vary greatly in length and shape 
(uropodia, fi lopodia). Along these podia and especially at the contact zone to the 
MSC, the cytoplasmic plaque proteins alpha- and beta-catenin and protein p120 ctn  
could be identifi ed, as well as the transmembrane glycoprotein N-cadherin (Wuchter 
et al.  2008 ). Cell division kinetic of HSC was increased when cocultured with MSC 
and the rate of CD34+ cells remained higher compared to monoculturing of HSC in 

  Fig. 11.2    MSC are interconnected by junctional complexes. Immunofl uorescent staining of 
ß-catenin ( red ), nuclei are stained in  blue  (scale bar 100 μm)       
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the same culture-medium (Wagner et al.  2007b ; Ludwig et al.  2014 ). These results 
underline that direct cellular contact is essential for homing and adhesion of HSC to 
the cellular niche and subsequently for the regulation of self-renewal versus differ-
entiation in HSC.    

11.4      Differentiation   Capacity 

  “Pluripotent” stem cells give rise to diverse cell types of all three germ layers. In 
contrast, “multipotent” stem cells can only produce related cell types of the same 
germinal layer. 

 A subtype of bone marrow derived cells, called “multipotent adult progenitor 
cells” (MAPC)    has been suggested by the group of Verfaillie to be able to generate 
cells with characteristics of visceral mesoderm, neuro-ectoderm and endoderm 
(Jiang et al.  2002b ,  2003 ; Zeng et al.  2006 ). However, the validity and reproducabil-
ity of these data has been discussed controversely (Check  2007 ). 

 Kogler et al. described another subset of MSCs derived from human cord blood 
that they called “unrestricted somatic stem cells” (USSC)    (Kogler et al.  2004 ). 
These cells were able to differentiate into many cell types, even hepatocytes and 
cardiomyocytes. These experiments suggest that culture conditions and specifi c 
modifi cations of the isolation protocols have a tremendous impact on the develop-
mental potential of the populations generated, albeit the starting cell populations 
could be phenotypically identical. Ratajczak and coworkers recently identifi ed a 
population of CXCR4(+) “very small embryonic like stem cells” (VSEL) in murine 
bone marrow and human cord blood (Halasa et al.  2008 ; Kucia et al.  2006a ). They 
hypothesized that these cells are deposited during development in BM as a mobile 
pool of circulating pluripotent stem cells that play a pivotal role in postnatal tissue 
turnover, both of non-hematopoietic and hematopoietic tissues (Kucia et al.  2008a ). 
These cells could be mobilized from BM and circulate in peripheral blood during 
tissue/organ injury in an attempt to regenerate damaged organs (Kucia et al.  2008b ). 
However, if these cells are mobilized at the wrong time and migrate to the wrong 
place they might contribute to the development of several pathologies, including 
tumor formation (Kucia et al.  2006b ). 

 On the other hand, the validity of all the initial experiments on transdifferentia-
tion potentials of other adult stem cells, for example hematopoietic stem cells 
(HSC), has been severely challenged in the last few years. Some of the experiments 
could not be reproduced by other groups (Check  2007 ; Morshead et al.  2002 ; Raedt 
et al.  2007 ; Ying et al.  2002 ). In other cases, the assumed process of transdifferentia-
tion under closer examination fi nally turned out to be a product of spontaneous cell 
fusion (Terada et al.  2002 ). 

 Taken together, it is commonly accepted, that MSCs are multipotent with dif-
ferentiation potential towards bone, cartilage and adipose lineage. Nevertheless, this 
does not rule out the possibility that scarce mesenchymal progenitor cell popula-
tions in bone marrow may exist, that truly possess further differentiation potential.   
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11.5     Replicative Senescence and Aging of MSCs 

  Culture expansion of MSCs is limited as well as for any other normal, somatic cell. 
After a certain number of cell divisions they enter a senescent state and ultimately 
stop proliferation. These cells are not dead and can be maintained in this non- 
proliferative state for months. This phenomenon was fi rst described in the 1960s by 
Leonard Hayfl ick ( 1965 ). Cellular  senescence   is accompanied by morphologic 
changes: cell enlargement and a fl at “fried egg morphology”. Notably, the in vitro 
differentiation potential also decays after long-term culture expansion. Furthermore, 
replicative senescence of MSCs is accompanied by various gene expression changes 
that are even consistent under different culture conditions (Schallmoser et al.  2010 ; 
Wagner et al.  2008 ) 

 Various molecular pathways have been implicated in senescence such as DNA 
damage, accumulation of the cyclin-dependent kinase inhibitor p16INK4a and oxi-
dative stress (Ho et al.  2005 ; Janzen et al.  2006 ; Kiyono et al.  1998 ). Progressive 
shortening of the telomeres or modifi ed telomeric structures have been proposed to 
be the main trigger for replicative senescence – with every cell division the number 
of telomere repeats decreases and this has been suggested as a kind of internal clock 
(Bonab et al.  2006 ; Fehrer and Lepperdinger  2005 ; Lansdorp  2008 ). It is however 
still controversially discussed if telomere shortening is the only initiating mecha-
nism for replicative senescence or if it rather resembles an effect of senescence (Di 
Donna et al.  2003 ; Kiyono et al.  1998 ; Masutomi et al.  2003 ; Zimmermann et al. 
 2004 ). Alternatively, it has been proposed that molecular switches such as epigen-
etic modifi cations might play a central role for regulation of cellular aging (Bork 
et al.  2010 ; Chambers et al.  2007 ; Nilsson et al.  2005 ; Shibata et al.  2007 ; Suzuki 
et al.  2008 ; Wilson and Jones  1983 ; Young and Smith  2001 ).  

  Since the fi rst discovery of the Hayfl ick limit it has been speculated if replicative 
senescence is involved in aging of the whole organism. Indeed, several authors have 
shown an inverse relationship between donor age and the replicative life span  in 
vitro  for fi broblasts as well as for MSCs (Mareschi et al.  2006 ; Schneider and Mitsui 
 1976 ; Stenderup et al.  2003 ). These studies are hampered by large inter-individual 
differences and MSC content and therefore necessitate high numbers of donor sam-
ples (Bonab et al.  2006 ; Cristofalo et al.  1998 ; Wagner et al.  2009 ). Overall, MSCs 
from elderly people seem to have a slower proliferation rate already at the initial cell 
passage and that they contain larger and fl atter cells in comparison to cells from 
younger donors (Roobrouck et al.  2008 ). Zhou and co-workers demonstrated that 
the number of cells that staining positive for senescence-associated beta- 
galactosidase is signifi cantly higher in samples from elderly donors in comparison 
to younger donors (Zhou et al.  2008 ). Another observation, which supports age- 
related effects on replicative senescence is that the frequency of cells with colony 
forming potential declines at higher ages (Baxter et al.  2004 ; Stolzing et al.  2008 ). 
The two processes are also related on a molecular basis: genes which are up- 
regulated in long-term culture are also up-regulated in elderly people (Wagner et al. 
 2008 ,  2009 ). 
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 We have recently analyzed DNA methylation profi les of MSC using the 
HumanMethylation27 BeadChip (Bork et al.  2010 ). This platform represents 27,578 
CpG sites that are associated with promoter regions of more than 13,500 annotated 
genes. Our results revealed that overall the methylation remained rather constant 
throughout long-term culture for 2–3 month. However, specifi c CpG islands were 
either hyper-methylated or hypo-methylated and the same changes were also veri-
fi ed in independent donor samples. Differentially methylated regions correlated 
with various developmental genes and there was an association with differential 
methylation between samples from young and elderly donors. These results support 
the notion, that replicative senescence and aging represent developmental processes 
that are regulated by similar epigenetic modifi cations. 

 Despite such molecular insights it is still only scarcely understood how long- 
term culture affects the composition of MSC preparations and fi ve processes seem 
to be involved (Wagner et al.  2010a ,  b ): (1) MSCs are composed of sub-populations 
with different proliferation rates and therefore the heterogeneity notoriously changes 
in the course of  in vitro  culture; (2) cells in culture acquire mutations and other 
stochastic cellular defects; (3) self-renewal of MSCs may be impaired in the artifi -
cial environment of a culture dish leading to gradual differentiation; (4) the number 
of cell divisions might be restricted – for example by telomere loss under culture 
conditions or (5) replicative senescence might be associated with the aging process 
of the organism as mentioned above. 

 Due to the functional implications of long-term culture there is a growing per-
ception that this process has to be taken into account – especially for clinical appli-
cations. On the other hand the state of replicative senescence is poorly defi ned by 
the number of population doublings or even by the number of passages. Reliable 
markers for cellular  aging   are urgently needed.   

11.6     Potential Applications for  Therap  ies 

  Theoretically, MSCs can be isolated from a small aspirate of BM or tissue samples 
and expanded in vitro. Preliminary studies suggested that MSCs preferentially 
home to damaged tissue and therefore might have therapeutic potential (Le Blanc 
 2006 ). The website   www.ClinicalTrials.gov     of the National Institutes of Health 
(Bethesda, MD, USA) is currently listing more than 1000 active clinical trials in 
which MSCs are involved. Clinical applications include treatment of such different 
entities as steroid refractory graft versus host disease (GvHD), osteonecrosis, artic-
ular cartilage defects, severe chronic myocardial ischemia, decompensated liver cir-
rhosis, multiple sclerosis, Type I and II diabetes mellitus, Lupus nephritis, Crohn’s 
disease and more. So far the studies revealed no serious side effects upon transplan-
tation of MSCs. However, it seems very unlikely that the benefi cial effects that have 
been observed in some studies are really due to transdifferentiation of MSCs into 
the damaged tissue cells. For example, clinical trials using MSCs for myocardial 
infarction have proceeded rapidly, but there is little or no evidence for the 
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differentiation of MSCs to coupled cardiomyocytes (Caplan and Dennis  2006 ; 
Grinnemo et al.  2006 ; Stamm et al.  2006 ). The benefi cial effects shown in some of 
these studies might be attributable to paracrine anti-infl ammatory signalling or 
stimulation of endogenous repair processes by the injected cells (Mazhari and Hare 
 2007 ). The precise underlying mechanisms are yet unknown. This lack of knowl-
edge might not prevent application of MSCs in clinical settings if there are benefi ts 
for the patient and if there are no or minimal side effects. 

 At present, the most promising clinical studies make use of the immunomodula-
tory effects of MSCs. In vitro data suggest that MSCs have low inherent immuno-
genicity as they induce little, if any, proliferation of allogeneic lymphocytes. Instead, 
MSCs appear to be immunosuppressive in vitro (Le Blanc and Ringdén  2007 ; 
Malcherek et al.  2014 ). A multicenter, phase II experimental study enrolled 55 
patients with steroid-resistant, severe, acute GvHD. Patients were treated with mes-
enchymal stem cells, derived with the European Group for Blood and Marrow 
Transplantation ex-vivo expansion procedure. 30 patients had a complete response 
and nine showed improvement. Complete responders had lower transplantation- 
related mortality 1 year after infusion than did patients with partial or no response 
(37 % vs 72 %; p = 0.002) and higher overall survival 2 years after haematopoietic 
stem-cell transplantation (53 % vs 16 %; p = 0.018) (Le Blanc et al.  2008 ). In a pilot 
study LeBlanc et al. could furthermore demonstrate, that transplantation of mesen-
chymal stem cells enhanced the engraftment of hematopoietic stem cells: seven 
patients underwent treatment with mesenchymal stem cells together with allogeneic 
hematopoietic stem cell transplantation, resulting in fast engraftment of absolute 
neutrophil count and platelets and 100 % donor chimerism, even in three patients 
regrafted for graft failure/rejection (Le Blanc et al.  2007 ).   

11.7     Conclusions and Future Development in Research 

 The lack of common standards and universal guidelines for the preparation of MSCs 
has greatly hampered further progress. The quality of preparations from different 
laboratories varies signifi cantly and the cell products are notoriously heterogeneous 
regarding the source and freshness of starting material, isolation protocols, culture- 
conditions, number of passages upon culture, etc. There is an urgent need for the 
development of molecular markers and universal criteria for quality control of the 
starting cell populations as well as for the cell products after expansion. For clinical 
use, a clear defi nition of the transplanted cell populations in conjunction with 
serum-free culture media and close quality controls according to GMP-standards 
throughout the whole production-process is essential (Wuchter et al.  2015 ). 

 Even though there is so far no convincing evidence that MSCs themselves are 
involved in the process of tissue repair by transdifferentiation, they probably con-
tribute to this process by providing a supportive microenvironment for other cell 
types that are directly involved, including other types of adult stem cells. At present, 
three major fi elds can be identifi ed, in which MSCs can and will be used for 
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 therapeutic purposes: (I) skin and tissue repair (Le Blanc  2006 ; Mazhari and Hare 
 2007 ; Müller et al.  2008b ); (II) therapy of chronic graft vs. host disease (GvHD) 
(Aksu et al.  2008 ; Le Blanc et al.  2008 ; Tian et al.  2008 ), and (III) enhancement of 
hematopoietic stem cell engraftment in an allogeneic transplant setting (Le Blanc 
et al.  2007 ; Müller et al.  2008a ). The underlying key mechanism in all the three 
fi elds is not completely understood, but probably a result of MSC-induced immuno-
suppression. We therefore need aggressive attempts to better understand the immu-
nomodulatory mechanisms of MSC.     

  Acknowledgements   This work was supported by the German Research Foundation DFG (SFB 
873), the Network for Aging Research (NAR, Heidelberg), the Heidelberg Academy of Sciences 
(WIN-Kolleg) and the Stem Cell Network North Rhine Westphalia. We would like to thank Dr. 
Rainer Saffrich for excellent image acquisition. 

  Disclosures     There are no potential confl icts of interest to disclose, except the following: 
 Patrick Wuchter: Consultancy, honoraria and membership on Advisory Boards of 

Sanofi -Aventis. 
 Wolfgang Wagner is involved in the company Cygenia that provides service for epigenetic 

aging and senescence signatures (  www.cygenia.com    ). 
 Anthony D. Ho: Consultancy, honoraria and membership on Advisory Boards of Genzyme/

Sanofi -Aventis.   

   References 

    Aksu AE, Horibe E, Sacks J, Ikeguchi R, Breitinger J, Scozio M, Unadkat J, Feili-Hariri M (2008) 
Co-infusion of donor bone marrow with host mesenchymal stem cells treats GvHD and pro-
motes vascularized skin allograft survival in rats. Clin Immunol 127(3):348–358  

    Anderson DG, Levenberg S, Langer R (2004) Nanoliter-scale synthesis of arrayed biomaterials 
and application to human embryonic stem cells. Nat Biotechnol 22:863–866  

    Baptista LS, do Amaral RJ, Carias RB, Aniceto M, Claudio-da-Silva C, Borojevic R (2009) An 
alternative method for the isolation of mesenchymal stromal cells derived from lipoaspirate 
samples. Cytotherapy 11(6):706–715  

    Baxter MA, Wynn RF, Jowitt SN, Wraith JE, Fairbairn LJ, Bellantuono I (2004) Study of telomere 
length reveals rapid aging of human marrow stromal cells following in vitro expansion. Stem 
Cells 22:675–682  

    Bieback K, Kern S, Kluter H et al (2004) Critical parameters for the isolation of mesenchymal 
stem cells from umbilical cord blood. Stem Cells 22:625–634  

    Bieback K, Hecker A, Kocaömer A, Lannert H, Schallmoser K, Strunk D, Klüter H (2009) Human 
alternatives to fetal bovine serum for the expansion of mesenchymal stromal cells from bone 
marrow. Stem Cells 27(9):2331–2341  

    Bieback K, Wuchter P, Besser D, Franke W, Becker M, Ott M, Pacher M, Ma N, Stamm C, Klüter 
H, Müller A, Ho AD, START-MSC consortium (2012) Mesenchymal stromal cells (MSCs): 
science and f(r)iction. J Mol Med (Berl) 90(7):773–782  

     Bonab MM, Alimoghaddam K, Talebian F, Ghaffari SH, Ghavamzadeh A, Nikbin B (2006) Aging 
of mesenchymal stem cell in vitro. BMC Cell Biol 7:14  

     Bork S, Pfi ster S, Witt H, Horn P, Korn B, Ho AD, Wagner W (2010) DNA methylation pattern 
changes upon long-term culture and aging of human mesenchymal stromal cells. Aging Cell 
9(1):54–63  

11 Mesenchymal Stromal Cells (MSC)

http://www.cygenia.com/


308

    Buhring HJ, Battula VL, Treml S et al (2007) Novel markers for the prospective isolation of human 
MSC. Ann N Y Acad Sci 1106:262–271  

    Caplan AI (1991) Mesenchymal stem cells. J Orthop Res 9:641–650  
    Caplan AI, Dennis JE (2006) Mesenchymal stem cells as trophic mediators. J Cell Biochem 

98:1076–1084  
    Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA, Goodell MA (2007) Aging hemato-

poietic stem cells decline in function and exhibit epigenetic dysregulation. PLoS Biol 5:201  
     Check E (2007) The hard copy. News feature. Nature 446:485–486  
     Colter DC, Sekiya I, Prockop DJ (2001) Identifi cation of a subpopulation of rapidly self-renewing 

and multipotential adult stem cells in colonies of human marrow stromal cells. Proc Natl Acad 
Sci U S A 98:7841–7845  

    Cristofalo VJ, Allen RG, Pignolo RJ, Martin BG, Beck JC (1998) Relationship between donor age 
and the replicative lifespan of human cells in culture: a reevaluation. Proc Natl Acad Sci 
95:10614–10619  

    da Silva ML, Chagastelles PC, Nardi NB (2006) Mesenchymal stem cells reside in virtually all 
post-natal organs and tissues. J Cell Sci 119:2204–2213  

    de Girolamo L, Sartori MF, Albisetti W, Brini AT (2007) Osteogenic differentiation of human 
adipose-derived stem cells: comparison of two different inductive media. J Tissue Eng Regen 
Med 1(2):154–157  

    Di Donna S, Mamchaoui K, Cooper RN, Seigneurin-Venin S, Tremblay J, Butler-Browne GS, 
Mouly V (2003) Telomerase can extend the proliferative capacity of human myoblasts, but 
does not lead to their immortalization. Mol Cancer Res 1:643–653  

    DiGirolamo CM, Stokes D, Colter D et al (1999) Propagation and senescence of human marrow 
stromal cells in culture: a simple colony-forming assay identifi es samples with the greatest 
potential to propagate and differentiate. Br J Haematol 107:275–281  

     Dominici M, Le Blanc K, Mueller I et al (2006) Minimal criteria for defi ning multipotent mesen-
chymal stromal cells. The International Society for Cellular Therapy position statement. 
Cytotherapy 8:315–317  

    Engler AJ, Sen S, Sweeney HL et al (2006) Matrix elasticity directs stem cell lineage specifi cation. 
Cell 126:677–689  

    Erices A, Conget P, Minguell JJ (2000) Mesenchymal progenitor cells in human umbilical cord 
blood. Br J Haematol 109:235–242  

    Fehrer C, Lepperdinger G (2005) Mesenchymal stem cell aging. Exp Gerontol 40:926–930  
    Fehrer C, Laschober G, Lepperdinger G (2006) Aging of murine mesenchymal stem cells. Ann N 

Y Acad Sci 1067:235–242  
    Franke WW, Grund C, Jackson BW et al (1983) Formation of cytoskeletal elements during mouse 

embryogenesis. IV. Ultrastructure of primary mesenchymal cells and their cell-cell interac-
tions. Differentiation 25:121–141  

    Friedenstein AJ, Piatetzky-Shapiro II, Petrakova KV (1966) Osteogenesis in transplants of bone 
marrow cells. J Embryol Exp Morphol 16:381–390  

    Friedenstein AJ, Petrakova KV, Kurolesova AI et al (1968) Heterotopic of bone marrow. Analysis 
of precursor cells for osteogenic and hematopoietic tissues. Transplantation 6:230–247  

    Friedenstein AJ, Chailakhyan RK, Latsinik NV et al (1974) Stromal cells responsible for transfer-
ring the microenvironment of the hemopoietic tissues. Cloning in vitro and retransplantation 
in vivo. Transplantation 17:331–340  

    Grinnemo KH, Månsson-Broberg A, Leblanc K, Corbascio M, Wärdell E, Siddiqui AJ, Hao X, 
Sylvén C, Dellgren G (2006) Human mesenchymal stem cells do not differentiate into cardio-
myocytes in a cardiac ischemic xenomodel. Ann Med 38:144–153  

    Halasa M, Baskiewicz-Masiuk M, Dabkowska E et al (2008) An effi cient two-step method to 
purify very small embryonic-like (VSEL) stem cells from umbilical cord blood (UCB). Folia 
Histochem Cytobiol 46(2):239–243  

    Hayfl ick L (1965) The limited in vitro lifetime of human diploid cell strains. Exp Cell Res 
37:614–636  

P. Wuchter et al.



309

    Heid HW, Moll R, Schwetlick I, Rackwitz HR, Keenan TW (1998) Adipophilin is a specifi c 
marker of lipid accumulation in diverse cell types and diseases. Cell Tissue Res 
294(2):309–321  

    Ho AD, Wagner W, Mahlknecht U (2005) Stem cells and ageing. The potential of stem cells to 
overcome age-related deteriorations of the body in regenerative medicine. EMBO Rep 
6:35–38  

    Ho AD, Wagner W, Franke WW (2008) Heterogeneity of mesenchymal stromal cell preparations. 
Cytotherapy 10:320–330  

     Horn P, Bork S, Diehlmann A, Walenda T, Eckstein V, Ho AD (2008) Wagner W (2008) Isolation 
of human mesenchymal stromal cells is more effi cient by red blood cell lysis. Cytotherapy 
10(7):676–685  

     Horwitz EM, Keating A (2000) Nonhematopoietic mesenchymal stem cells: what are they? 
Cytotherapy 2:387–388  

    Horwitz EM, Le BK, Dominici M et al (2005) Clarifi cation of the nomenclature for MSC: The 
International Society for Cellular Therapy position statement. Cytotherapy 7:393–395  

    Janzen V, Forkert R, Fleming HE, Saito Y, Waring MT, Dombkowski DM, Cheng T, DePinho RA, 
Sharpless NE, Scadden DT (2006) Stem-cell ageing modifi ed by the cyclin-dependent kinase 
inhibitor p16INK4a. Nature 443:421–426  

    Javazon EH, Beggs KJ, Flake AW (2004) Mesenchymal stem cells: paradoxes of passaging. Exp 
Hematol 32:414–425  

    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 (2002a) Pluripotency of mesenchymal stem cells derived from adult marrow. 
Nature 418:41–49. Corrigendum (2007) Nature 447:880–881  

     Jiang Y, Vaessen B, Lenvik T, Blackstad M, Reyes M, Verfaillie CM (2002b) Multipotent progeni-
tor cells can be isolated from postnatal murine bone marrow, muscle, and brain. Exp Hematol 
30:896–904  

    Jiang Y, Henderson D, Blackstad M, Chen A, Miller RF, Verfaillie CM (2003) Neuroectodermal 
differentiation from mouse multipotent adult progenitor cells. Proc Natl Acad Sci U S A 
100(Suppl 1):11854–11860  

    Kern S, Eichler H, Stoeve J et al (2006) Comparative analysis of mesenchymal stem cells from 
bone marrow, umbilical cord blood, or adipose tissue. Stem Cells 24:1294–1301  

     Kiyono T, Foster SA, Koop JI, McDougall JK, Galloway DA, Klingelhutz AJ (1998) Both Rb/
p16INK4a inactivation and telomerase activity are required to immortalize human epithelial 
cells. Nature 396:84–88  

    Kocaoemer A, Kern S, Kluter H et al (2007) Human AB serum and thrombin-activated platelet- 
rich plasma are suitable alternatives to fetal calf serum for the expansion of mesenchymal stem 
cells from adipose tissue. Stem Cells 25:1270–1278  

    Kogler G, Sensken S, Airey JA et al (2004) A new human somatic stem cell from placental cord 
blood with intrinsic pluripotent differentiation potential. J Exp Med 200:123–135  

    Kotobuki N, Hirose M, Machida H et al (2005) Viability and osteogenic potential of cryopreserved 
human bone marrow-derived mesenchymal cells. Tissue Eng 11:663–673  

    Kucia M, Reca R, Campbell FR et al (2006a) A population of very small embryonic-like (VSEL) 
CXCR4(+)SSEA-1(+)Oct-4+ stem cells identifi ed in adult bone marrow. Leukemia 
20(5):857–869  

    Kucia M, Zuba-Surma E, Wysoczynski M et al (2006b) Physiological and pathological conse-
quences of identifi cation of very small embryonic like (VSEL) stem cells in adult bone marrow. 
J Physiol Pharmacol 57(Suppl 5):5–18  

    Kucia M, Wysoczynski M, Ratajczak J et al (2008a) Identifi cation of very small embryonic like 
(VSEL) stem cells in bone marrow. Cell Tissue Res 331(1):125–134. Epub 2007 Sep 9. Review  

    Kucia M, Wysoczynski M, Wu W et al (2008b) Evidence that very small embryonic-like stem cells 
are mobilized into peripheral blood. Stem Cells 26(8):2083–2092. Epub 2008 May 29  

11 Mesenchymal Stromal Cells (MSC)



310

    Kuznetsov SA, Mankani MH, Gronthos S et al (2001) Circulating skeletal stem cells. J Cell Biol 
153:1133–1140  

    Lange C, Cakiroglu F, Spiess AN et al (2007) Accelerated and safe expansion of human mesenchy-
mal stromal cells in animal serum-free medium for transplantation and regenerative medicine. 
J Cell Physiol 213(1):18–26  

    Lansdorp PM (2008) Telomeres, stem cells, and hematology. Blood 111:1759–1766  
     Le Blanc K (2006) Mesenchymal stromal cells: tissue repair and immune modulation. Cytotherapy 

8(6):559–561  
    Le Blanc K, Ringdén O (2007) Immunomodulation by mesenchymal stem cells and clinical expe-

rience. J Intern Med 262(5):509–525  
     Le Blanc K, Samuelsson H, Gustafsson B, Remberger M, Sundberg B, Arvidson J, Ljungman P, 

Lönnies H, Nava S, Ringdén O (2007) Transplantation of mesenchymal stem cells to enhance 
engraftment of hematopoietic stem cells. Leukemia 21(8):1733–1738  

     Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, Lanino E, Sundberg B, Bernardo 
ME, Remberger M, Dini G, Egeler RM, Bacigalupo A, Fibbe W, Ringdén O (2008) 
Mesenchymal stem cells for treatment of steroid-resistant, severe, acute graft-versus-host dis-
ease: a phase II study. Lancet 371(9624):1579–1586  

    Lee OK, Kuo TK, Chen WM, Lee KD, Hsieh SL, Chen TH (2004) Isolation of multipotent mes-
enchymal stem cells from umbilical cord blood. Blood 103:1669–1675  

    Ludwig A, Saffrich R, Eckstein V, Bruckner T, Wagner W, Ho AD, Wuchter P (2014) Functional 
potentials of human hematopoietic progenitor cells are maintained by mesenchymal stromal 
cells and not impaired by Plerixafor. Cytotherapy 16(1):111–121  

    Malcherek G, Jin N, Hückelhoven AG, Mani J, Wang L, Gern U, Diehlmann A, Wuchter P, Schmitt 
A, Chen B, Ho AD, Schmitt M (2014) Mesenchymal stromal cells inhibit proliferation of virus- 
specifi c CD8+ T cells. Leukemia 28(12):2388–2394  

    Mareschi K, Ferrero I, Rustichelli D, Aschero S, Gammaitoni L, Aglietta M, Madon E, Fagioli F 
(2006) Expansion of mesenchymal stem cells isolated from pediatric and adult donor bone 
marrow. J Cell Biochem 97:744–754  

    Masutomi K, Yu EY, Khurts S, Ben-Porath I, Currier JL, Metz GB, Brooks MW, Kaneko S, 
Murakami S, DeCaprio JA, Weinberg RA, Stewart SA, Hahn WC (2003) Telomerase maintains 
telomere structure in normal human cells. Cell 114:241–253  

     Mazhari R, Hare JM (2007) Mechanisms of action of mesenchymal stem cells in cardiac repair: 
potential infl uences on the cardiac stem cell niche. Nat Clin Pract Cardiovasc Med 4(Suppl 
1):S21–S26  

    Morshead CM, Benveniste P, Iscove NN et al (2002) Hematopoietic competence is a rare property 
of neural stem cells that may depend on genetic and epigenetic alterations. Nat Med 
8:268–273  

    Müller I, Kordowich S, Holzwarth C, Spano C, Isensee G, Staiber A, Viebahn S, Gieseke F, Langer 
H, Gawaz MP, Horwitz EM, Conte P, Handgretinger R, Dominici M (2006) Animal serum-free 
culture conditions for isolation and expansion of multipotent mesenchymal stromal cells from 
human BM. Cytotherapy 8:437–444  

    Müller I, Kordowich S, Holzwarth C, Isensee G, Lang P, Neunhoeffer F, Dominici M, Greil J, 
Handgretinger R (2008a) Application of multipotent mesenchymal stromal cells in pediatric 
patients following allogeneic stem cell transplantation. Blood Cells Mol Dis 40(1):25–32  

    Müller I, Vaegler M, Holzwarth C, Tzaribatchev N, Pfi ster SM, Schütt B, Reize P, Greil J, 
Handgretinger R, Rudert M (2008b) Secretion of angiogenic proteins by human multipotent 
mesenchymal stromal cells and their clinical potential in the treatment of avascular osteonecro-
sis. Leukemia 22(11):2054–2061  

    Nakahara H, Bruder SP, Haynesworth SE et al (1990) Bone and cartilage formation in diffusion 
chambers by subcultured cells derived from the periosteum. Bone 11:181–188  

    Nilsson O, Mitchum RD Jr, Schrier L, Ferns SP, Barnes KM, Troendle JF, Baron J (2005) Growth 
plate senescence is associated with loss of DNA methylation. J Endocrinol 186:241–249  

P. Wuchter et al.



311

    Pittenger MF, Mackay AM, Beck SC et al (1999) Multilineage potential of adult human mesenchy-
mal stem cells. Science 284:143–147  

    Quirici N, Soligo D, Bossolasco P et al (2002) Isolation of bone marrow mesenchymal stem cells 
by anti-nerve growth factor receptor antibodies. Exp Hematol 30:783–791  

    Raedt R, Pinxteren J, Van Dycke A et al (2007) Differentiation assays of bone marrow-derived 
multipotent adult progenitor cell (MAPC)-like cells towards neural cells cannot depend on 
morphology and a limited set of neural markers. Exp Neurol 203:542–554  

    Ren H, Cao Y, Zhao Q et al (2006) Proliferation and differentiation of bone marrow stromal cells 
under hypoxic conditions. Biochem Biophys Res Commun 347:12–21  

    Roobrouck VD, Ulloa-Montoya F, Verfaillie CM (2008) Self-renewal and differentiation capacity 
of young and aged stem cells. Exp Cell Res 314:1937–1944  

    Sabatini F, Petecchia L, Tavian M, Jodon de Villeroché V, Rossi GA, Brouty-Boyé D (2005) 
Human bronchial fi broblasts exhibit a mesenchymal stem cell phenotype and multilineage dif-
ferentiating potentialities. Lab Invest 85:962–971  

    Schallmoser K, Bartmann C, Rohde E, Reinisch A, Kashofer K, Stadelmeyer E, Drexler C, Lanzer 
G, Linkesch W, Strunk D (2007) Human platelet lysate can replace fetal bovine serum for 
clinical-scale expansion of functional mesenchymal stromal cells. Transfusion 
47(8):1436–1446  

     Schallmoser K, Bartmann C, Rodhe E, Bork S, Guelly C, Obenauf AC, Reinisch A, Horn P, Ho 
AD, Strunk D, Wagner W (2010) Replicative senescence-associated gene expression changes 
in mesenchymal stromal cells are similar under different culture conditions. Haematologica 
95(6):867–874  

    Schneider EL, Mitsui Y (1976) The relationship between in vitro cellular aging and in vivo human 
age. Proc Natl Acad Sci 73:3584–3588  

    Secco M, Zucconi E, Vieira NM, Fogaça LL, Cerqueira A, Carvalho MD, Jazedje T, Okamoto OK, 
Muotri AR, Zatz M (2008a) Mesenchymal stem cells from umbilical cord: do not discard the 
cord! Neuromuscul Disord 18(1):17–18  

    Secco M, Zucconi E, Vieira NM, Fogaça LL, Cerqueira A, Carvalho MD, Jazedje T, Okamoto OK, 
Muotri AR, Zatz M (2008b) Multipotent stem cells from umbilical cord: cord is richer than 
blood! Stem Cells 26(1):146–150   

    Shibata KR, Aoyama T, Shima Y, Fukiage K, Otsuka S, Furu M, Kohno Y, Ito K, Fujibayashi S, 
Neo M, Nakayama T, Nakamura T, Toguchida J (2007) Expression of the p16INK4A gene is 
associated closely with senescence of human mesenchymal stem cells and is potentially 
silenced by DNA methylation during in vitro expansion. Stem Cells 25:2371–2382  

    Simmons PJ, Torok-Storb B (1991) Identifi cation of stromal cell precursors in human bone mar-
row by a novel monoclonal antibody, STRO-1. Blood 78:55–62  

    Sotiropoulou PA, Perez SA, Salagianni M et al (2006) Characterization of the optimal culture 
conditions for clinical scale production of human mesenchymal stem cells. Stem Cells 
24(2):462–471  

    Stamm C, Liebold A, Steinhoff G et al (2006) Stem cell therapy for ischemic heart disease: begin-
ning or end of the road? Cell Transplant 15(Suppl 1):S47–S56  

    Stenderup K, Justesen J, Clausen C, Kassem M (2003) Aging is associated with decreased maxi-
mal life span and accelerated senescence of bone marrow stromal cells. Bone 33:919–926  

    Stolzing A, Jones E, McGonagle D, Scutt A (2008) Age-related changes in human bone marrow- 
derived mesenchymal stem cells: consequences for cell therapies. Mech Ageing Dev 
129:163–173  

    Stute N, Holtz K, Bubenheim M et al (2004) Autologous serum for isolation and expansion of 
human mesenchymal stem cells for clinical use. Exp Hematol 32:1212–1225  

    Suzuki T, Farrar JE, Yegnasubramanian S, Zahed M, Suzuki N, Arceci RJ (2008) Stable knock-
down of PASG enhances DNA demethylation but does not accelerate cellular senescence in 
TIG-7 human fi broblasts. Epigenetics 3:281–291  

    Terada N, Hamazaki T, Oka M et al (2002) Bone marrow cells adopt the phenotype of other cells 
by spontaneous cell fusion. Nature 416:542–545  

11 Mesenchymal Stromal Cells (MSC)



312

    Tian Y, Deng YB, Huang YJ, Wang Y (2008) Bone marrow-derived mesenchymal stem cells 
decrease acute graft-versus-host disease after allogeneic hematopoietic stem cells transplanta-
tion. Immunol Invest 37(1):29–42  

     Wagner W, Ho AD (2007) Mesenchymal stem cell preparations – comparing apples and oranges. 
Stem Cell Rev 3:239–248  

       Wagner W, Wein F, Seckinger A et al (2005a) Comparative characteristics of mesenchymal stem 
cells from human bone marrow, adipose tissue, and umbilical cord blood. Exp Hematol 
33:1402–1416  

    Wagner W, Saffrich R, Wirkner U et al (2005b) Hematopoietic progenitor cells and cellular micro-
environment: behavioral and molecular changes upon interaction. Stem Cells 23:1180–1191  

      Wagner W, Feldmann RE Jr, Seckinger A, Maurer MH, Wein F, Blake J, Krause U, Kalenka A, 
Burgers HF, Saffrich R, Wuchter P, Kuschinsky W, Ho AD (2006) The heterogeneity of human 
mesenchymal stem cell preparations – evidence from simultaneous analysis of proteomes and 
transcriptomes. Exp Hematol 34:536–548  

      Wagner W, Roderburg C, Wein F et al (2007a) Molecular and secretory profi les of human mesen-
chymal stromal cells and their abilities to maintain primitive hematopoietic progenitors. Stem 
Cells 10:2638–2647  

    Wagner W, Wein F, Roderburg C et al (2007b) Adhesion of hematopoietic progenitor cells to 
human mesenchymal stem cells as a model for cell-cell interaction. Exp Hematol 35:314–325  

    Wagner W, Wein F, Roderburg C et al (2007c) Adhesion of human hematopoietic progenitor cells 
to mesenchymal stromal cells involves CD44. Cells Tissues Organs 188(1-2):160–169  

      Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Saffrich R, Benes V, Blake J, Pfi ster S, 
Eckstein V, Ho AD (2008) Replicative senescence of mesenchymal stem cells – a continuous 
and organized process. PLoS One 5:e2213  

      Wagner W, Bork S, Horn P, Krunic D, Walenda T, Diehlmann A, Benes V, Blake J, Huber FX, 
Eckstein V, Boukamp P, Ho AD (2009) Aging and replicative senescence have related effects 
on human stem and progenitor cells. PLoS One 4:e5846  

    Wagner W, Bork S, Lepperdinger G, Joussen S, Ma N, Strunk D, Koch C (2010a) How to track 
cellular aging of mesenchymal stromal cells. Aging (Albany NY) 2:224–230  

    Wagner W, Ho AD, Zenke M (2010b) Different facets of aging in human mesenchymal stem cells. 
Tissue Eng Part B Rev 16:445–453  

    Walenda T, Bork S, Horn P, Wein F, Saffrich R, Diehlmann A, Eckstein V, Ho AD, Wagner W 
(2010) Co-culture with mesenchymal stromal cells increases proliferation and maintenance of 
hematopoietic progenitor cells. J Cell Mol Med 14(1-2):337–350  

    Wang H, Scott RE (1993) Inhibition of distinct steps in the adipocyte differentiation pathway in 
3T3 T mesenchymal stem cells by dimethyl sulphoxide (DMSO). Cell Prolif 26:55–66  

    Wilson VL, Jones PA (1983) DNA methylation decreases in aging but not in immortal cells. 
Science 220:1055–1057  

    Wuchter P, Boda-Heggemann J, Straub BK, Grund C, Kuhn C, Krause U, Seckinger A, Peitsch 
WK, Spring H, Ho AD, Franke WW (2007) Processus and recessus adhaerentes: giant adher-
ens cell junction systems connect and attract human mesenchymal stem cells. Cell Tissue Res 
328:499–514  

    Wuchter P, Saffrich R, Wagner W, Wein F, Schubert M, Eckstein V, Ho AD (2008) Human hema-
topoietic stem cells and leukemic cells form cadherin-catenin based junctional complexes with 
mesenchymal stromal cells. Blood (ASH Ann Meet Abstr) 112:1367  

     Wuchter P, Bieback K, Schrezenmeier H, Bornhäuser M, Mueller L, Boenig H, Wagner W, Meisel 
R, Pavel P, Tonn T, Lang P, Mueller I, Renner M, Malcherek G, Saffrich R, Buss E, Horn P, 
Rojewski M, Schmitt A, Ho AD, Sanzenbacher R, Schmitt M (2015) Standardization of GMP- 
compliant production of bone marrow derived human mesenchymal stromal cells (MSCs) for 
immunotherapeutic applications. Cytotherapy 17(2):128–139  

    Ying QL, Nichols J, Evans EP et al (2002) Changing potency by spontaneous fusion. Nature 
416:545–548  

P. Wuchter et al.



313

    Young JI, Smith JR (2001) DNA methyltransferase inhibition in normal human fi broblasts induces 
a p21-dependent cell cycle withdrawal. J Biol Chem 276:19610–19616  

    Zeddou M, Briquet A, Relic B, Josse C, Malaise MG, Gothot A, Lechanteur C, Beguin Y (2010) 
The umbilical cord matrix is a better source of mesenchymal stem cells (MSC) than the umbili-
cal cord blood. Cell Biol Int 34(7):693–701  

    Zeng L, Rahrmann E, Hu Q et al (2006) Multipotent adult progenitor cells from swine bone mar-
row. Stem Cells 24:2355–2366  

    Zhou S, Greenberger JS, Epperly MW, Goff JP, Adler C, Leboff MS, Glowacki J (2008) Age- 
related intrinsic changes in human bone-marrow-derived mesenchymal stem cells and their 
differentiation to osteoblasts. Aging Cell 7:335–343  

    Zimmermann S, Glaser S, Ketteler R, Waller CF, Klingmuller U, Martens UM (2004) Effects of 
telomerase modulation in human hematopoietic progenitor cells. Stem Cells 22:741–749  

    Zuk PA, Zhu M, Mizuno H et al (2001) Multilineage cells from human adipose tissue: implications 
for cell-based therapies. Tissue Eng 7:211–228   

    Zvaifl er NJ, Marinova-Mutafchieva L, Adams G, Edwards CJ, Moss J, Burger JA, Maini RN 
(2000) Mesenchymal precursor cells in the blood of normal individuals. Arthritis Res 
2(6):477–488    

11 Mesenchymal Stromal Cells (MSC)



315© Springer International Publishing Switzerland 2016 
G. Steinhoff (ed.), Regenerative Medicine - from Protocol to Patient, 
DOI 10.1007/978-3-319-27610-6_12

    Chapter 12   
 Musculoskeletal Stem Cells                     

       Juliane     D.     Glaeser      ,     Biagio     Saitta     ,     Dmitriy     Sheyn     , and     Hyun     W.     Bae    

    Abstract     Stem cells can be isolated from various musculoskeletal tissues, includ-
ing bone marrow, muscle and intervertebral disc. Depending on the cell source, 
some of these stem cells are clearly assigned as mesenchymal stem cells (MSCs), 
according to the minimal criteria for MSCs defi ned by the International Society for 
Cellular Therapy in 2006, whereas other musculoskeletal stem cells are described in 
the literature as mesenchymal progenitor cells or MSC-like cells. Criteria to iden-
tify MSCs include their adhesion to plastic, their ability to differentiate, and their 
expression of a set of cell surface markers. MSCs are generally thought to reside in 
special microenvironments, and to home to the site of infl ammation, differentiate 
into tissue specifi c cell types, and to secrete trophic factors and exert immunosup-
pressive effects in response to injury. These characteristics, along with their easy 
in vitro expansion, make musculoskeletal-derived stem cells an attractive source for 
different clinical indications. Indeed, these cells have been successfully applied for 
the treatment of bone and cartilage disorders, diabetes, and improvement of cardiac 
function. One of the challenges of MSC production is that stem cell populations are 
a heterogeneous group of cells. Furthermore, lack of alignment between isolation 
and expansion protocols, morphological changes during monolayer expansion, lack 
of knowledge of stem cell origin and characteristics and function in their naive 
environment are additional challenges that need to be faced. This chapter reviews 
the literature relevant to the different musculoskeletal stem cells, gives information 
about their derivation and classifi cation, characteristics and properties, and describes 
isolation, proliferation and differentiation protocols. Finally, the investigation of 
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these cells in different clinical trials, the importance of Good Manufacturing 
Practices (GMP) and future challenges are presented.  

  Keywords     Musculoskeletal stem cell sources   •   Mesenchymal stem cells   • 
  Characterization   •   Expansion   •   Differentiation  

12.1       Introduction 

 The musculoskeletal system is essential for structural support, locomotion and 
movement. It is a multicomponent system composed of muscle, muscle connective 
tissue, tendon, ligament and bone, innervated by nerves and vascularized by blood 
vessels (Kardon  2011 ). It serves as storage for important substrates, is involved in 
the energy metabolism and a source of various cell types, including mesenchymal 
stem cells (MSCs). 

 The most extensively studied MSC source is the bone marrow. Bone marrow- 
derived MSCs (BM-MSCs) were fi rst described in 1968 by Friedenstein and col-
leagues, who showed that bone marrow stroma contains cells that have signifi cant 
proliferative capacity and are able to form bone (Friedenstein et al.  1968 ). The name 
MSC was introduced by Caplan and colleagues in 1990 and is based on the MSCs’ 
developmental origin in the mesenchyme (Caplan  1990 ). More recently, stem and 
progenitor cells were also isolated from other musculoskeletal tissues, such as from 
muscle, tendons or synovium (Fig.  12.1 ).

   MSCs are thought to reside in special microenvironments upon tissue regenera-
tion or natural physiological turnover. After tissue injury, it is assumed that MSCs 
home to the site of infl ammation, differentiate into tissue specifi c cell types, secrete 

  Fig. 12.1    Sources of stem 
and progenitor cells in the 
musculoskeletal tissue       
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trophic factors and exert immunosuppressive effects (Sharma et al.  2014 ). These 
properties, along with their accessibility and great expansion potential in vitro make 
them an attractive cell source for clinical applications. Whatever the tissue source, 
it needs to be ensured that the MSCs are produced in compliance with Good 
Manufacturing Practices (GMPs). One of the challenges of MSC production is that 
stem cell populations are a heterogeneous group of cells, for which no unique 
 markers exist. Criteria to distinguish MSCs from non-MSCs include their adhesion 
to plastic, their ability to differentiate into the osteogenic, adipogenic and chondro-
genic lineages, and their expression of a set of cell surface markers (Dominici et al. 
 2006 ). However, the expression profi les of several cell surface markers of in vitro 
expanded cells compared to freshly isolated cells and those residing in the bone 
marrow environment, which have been detected in different studies show strong 
discrepancies, as summarized in a recent review by Bara and colleagues in 2014 
(Bara et al.  2014 ). These differences might result from different culture conditions, 
donor variation and immunostaining protocols. They point out the need for further 
alignment of protocols to achieve standardization. 

 This chapter provides a comprehensive review of the literature relevant to mus-
culoskeletal stem cells. Firstly, the anatomy and physiology of the different muscu-
loskeletal stem cell sources are described. This is followed by information about the 
MSC’s in their natural microenvironment. Next, the characteristics and properties, 
along with a thorough description of isolation, proliferation and differentiation pro-
tocols of the different types of musculoskeletal stem cells are presented. Then a 
summary on how these properties of MSCs are used for clinical applications and the 
importance of GMP is highlighted. Finally, the conclusion and potential future 
development strategies are presented.  

12.2     Derivation and Classifi cation 

12.2.1     Bone Marrow 

 Bone has  mechanical  , protective, but also metabolic functions. It protects the thora-
coabdominal organs, serves as home for the bone marrow and functions as the main 
store and supply of inorganic ions. These include calcium and phosphorus in the 
form of hydroxyapatite, which in turn impact metabolic processes in the whole 
body (Hercz  2001 ). Morphologically, bone is classifi ed into densely packed cortical 
and loosely organized trabecular bone. Histologically, bone is divided into ran-
domly arranged woven bone, which is chiefl y present during bone development and 
regeneration, and lamellar bone. In lamellar bone, mineralized bone matrix is 
deposited in concentric layers (lamellae) around a central vascular channel. Both 
bone types harbor a network of tiny channels pervaded by blood vessels and nerves, 
allowing for nutrition and cell-to-cell signaling (Buckwalter and Cooper  1987 ). The 
principal components of bone are organic matrix comprising type I collagen, pro-
teoglycans and non-collagenous proteins as well as various cell types, including 
osteoblasts, osteoclasts, osteocytes and osteogenic precursor cells (Oryan et al. 
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 2015 ). These cells play an important role in bone remodeling, healing and calcium 
homeostasis (Oryan et al.  2015 ). The bone marrow, which fi lls the cavity, harbors 
blood vessels and is a habitat for haematopoietic stem cells (HSCs) and mesenchy-
mal stem cells (MSCs). As such, it functions as a primary site for blood cell produc-
tion, including the differentiation of HSCs to all classes of blood cells (Balduino 
et al.  2005 ). 

 Until they are utilized for  tissue   regeneration or natural physiological turnover, 
MSCs are thought to reside in special microenvironments. These environments are 
the endosteal, stromal and perivascular niches (da Silva Meirelles et al.  2008 ; 
Mendez-Ferrer et al.  2010 ; Rasini et al.  2013 ). Within these niches, MSCs are in 
direct physical interaction with other cells. In the endosteal niche, MSCs, osteo-
blasts and HSCs are physically associated and regulate each other’s cell behavior 
and lineage commitment (Calvi et al.  2003 ; Mendez-Ferrer et al.  2010 ; Rasini et al. 
 2013 ). For example, interaction of cells in the endosteal niche is thought to provide 
osteoprogenitors and stimulate osteogenesis by the secretion of growth factors and 
cytokines (Osugi et al.  2012 ; Bara et al.  2014 ). In the perivascular niche, the impor-
tance of MSCs has been demonstrated by Méndez-Ferrer et al. in 2010, who showed 
that perivascular MSCs constitute an essential HSC niche component and play a 
critical role in maintaining a quiescent HSC pool in the bone marrow (Mendez- 
Ferrer et al.  2010 ).  

12.2.2     Muscle 

  Skeletal muscle   contributes signifi cantly to multiple body functions, including 
energy metabolism, force and power generation, as well as storage of important 
substrates, such as amino acids and carbohydrates. It is mainly composed of water 
(75 %), protein (20 %), and other substances, including inorganic salts, minerals, fat 
and carbohydrates (5 %). The architecture of skeletal muscle is characterized by a 
well-described arrangement of myofi bers, which are multinucleated and post- 
mitotic and associated connective tissue (Frontera and Ochala  2015 ). 

 Several stem cell populations reside within the skeletal muscle. The most common 
ones are the satellite cells and muscle-derived stem cells (MDSCs). Satellite cells 
were fi rst described and named in two independent studies by Alexander Mauro and 
Bernard Katz in 1961, based on their anatomic location between the myofi ber plasma 
and basement membranes (Yablonka-Reuveni and Paterson  2001 ). In recent years, 
the expression of a range of specifi c markers, and in particular of the paired box tran-
scription factor Pax7 is used to identify these cells (Seale et al.  2000 ). Satellite cells 
have been mainly recognized as quiescent progenitor cells, which divide and fuse 
with other progenitors to form myofi bers following skeletal muscle injury (Peng and 
Huard  2004 ). However, in addition to their ability to give rise to cells of the myogenic 
lineage, their ability to differentiate into osteoblastic, adipogenic and chondrogenic 
cell types has been demonstrated in vitro (Asakura et al.  2001 ). 

 MDSCs have been fi rst described by Jonny Huard and his colleagues in 2002 
(Qu-Petersen et al.  2002 ). They can be isolated from the myofi ber periphery closely 
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associated with blood vessels (Peault et al.  2007 ). MDSCs are distinct from satellite 
cells because they are able to not only differentiate into the myogenic lineage, but also 
give rise to cells of other cell lineages in vitro and in vivo (Qu-Petersen et al.  2002 ). 
Furthermore, they exhibit long-term proliferation ability, capacity to renew themselves 
and immune-privileged behavior (Qu-Petersen et al.  2002 ). MDSCs are more hetero-
geneous when compared to satellite cells, but consistently express the stem cell 
antigen 1 (Sca-1) and often the cluster of differentiation 34 (CD34) (Qu-Petersen et al. 
 2002 ). Their normal physiologic function is unknown to date (Peault et al.  2007 ). 

 Other cells found in  skeletal muscle   are pericytes, which are myogenic precur-
sors that are associated with microvascular walls in human skeletal muscle. 
Although they have a similar myogenic potential than satellite cells, they are phe-
notypically distinct from them. Pericytes are located in the periphery of capillaries 
and microvessels, underneath the basal lamina of muscle fi bers and do not express 
the satellite cell-typical markers, but instead NG2 and ALP (Dellavalle et al.  2007 ). 
Their normal physiologic function is assumed to regulate blood fl ow and control 
angiogenesis (Peault et al.  2007 ).  

12.2.3     Cartilage and Synovium 

  Articular cartilage   is the highly specialized connective tissue of joints that lacks 
blood vessels, lymphatics, nerves and has a poor repair capacity following injury 
(Bornes et al.  2014 ). In the limb bud, cartilage development begins when condensed 
mesenchymal stem cells (MSCs), called cartilage anlage, differentiate into chondro-
progenitor cells. Chondroprogenitors form mature chondrocytes through a sequen-
tial process of proliferation, maturation and hypertrophy representing the distinct 
zones of the growth plate (Guha et al.  2002 ; Kronenberg  2003 ). Multiple signaling 
factors regulate Sox9, the master transcription factor that drives chondrogenesis 
(Lefebvre et al.  1997 ; Akiyama et al.  2002 ). Sox9 is required for cartilage formation 
(Bi et al.  1999 ), and directs hypertrophic maturation of growth plate chondrocytes 
(Dy et al.  2012 ). Chondrocytes are the only cell type of articular cartilage, establish-
ing a specialized microenvironment with a dense extracellular matrix (ECM) com-
posed of water, collagens, proteoglycans, and noncollagenous proteins. They are 
responsible for ECM turnover during cartilage formation and function as a biome-
chanical loading tissue (Cheng et al.  2014 ; Jiang and Tuan  2015 ). 

 Cartilage/progenitor cells (CSPCs) were  the   fi rst detected clonal populations in 
cartilage, capable of differentiating in diverse mesenchymal lineages in dedifferen-
tiated cultured human articular chondrocytes (Barbero et al.  2003 ). They were also 
described as mesenchymal progenitors in human articular cartilage expressing 
CD105 (endoglin) and CD166 (activated leukocyte cell adhesion molecule) mark-
ers (Alsalameh et al.  2004 ). Additional studies identifi ed CSPCs in normal human 
and osteoarthritic cartilage (Fickert et al.  2004 ; Williams et al.  2010 ), and in bovine 
and equine cartilage samples (Hayes et al.  2008 ; McCarthy et al.  2012 ). 

  The   synovium is a thin membrane of specialized mesenchymal tissue lining the 
spaces of diarthrodial joints, bursae and tendon sheaths, providing a synovial fl uid 
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(SF) fi lled cavity around the cartilage (Smith  2011 ). It is composed of two layers: 
the inner intima, composed of macrophages, fi broblast-like synoviocytes and other 
cells that secrete synovial fl uid, which provides lubrication and nutrition to the 
articular cartilage. The outer subintima has synoviocytes lying over loose connec-
tive tissue with sparse macrophages, lymphocytes, fat cells, and blood vessels, 
which provide nutrients to the synovial membrane and adjacent avascular cartilage 
(de Sousa et al.  2014 ). Synovial tissue has shown regenerative capability, after syn-
ovectomy, with removal of part of the synovial tissue in rabbits or horses (Archer 
et al.  2003 ; Fan et al.  2009 ). Isolation of MSCs from human synovial membrane that 
differentiated into chondrocyte, osteocyte, adipocyte and myogenic lineages was 
fi rst described by De Bari et al. ( 2003 ). Other groups also found stem/progenitor 
cells in synovium and SF (Jones et al.  2008 ; Fan et al.  2009 ; Boeuf and Richter 
 2010 ; Krawetz et al.  2012 ; de Sousa et al.  2014 ). These SF-MSCs appear pheno-
typically related to BM-MSCs, though healthy SF-MSCs do not express CD271, or 
low affi nity nerve growth factor receptor. This potentially defi nes an MSC precur-
sor subpopulation  distinct   from other tissues, including BM (Boeuf and Richter 
 2010 ). In addition, the hyaluronan receptor CD44 has been found to be expressed at 
higher levels in bovine SF-MSCs compared to BM-MSCs (Jones et al.  2008 ). This 
niche of SF-MSCs may contribute to their consistent chondrogenic differentiation 
potential and highly clonogenic cell populations (Jones and Crawford  2014 ), while 
BM-MSCs are more heterogeneous (Pittenger et al.  1999 ), prompting the sugges-
tion that SF-MSCs are derived from adjacent synovium rather than from BM (Jones 
et al.  2008 ). Also SF-MSC numbers appear to increase in the knees of patients with 
degenerated cartilage and osteoarthritis (Sekiya et al.  2012 ), and after meniscal 
injury (Matsukura et al.  2014 ).  

12.2.4     Perichondrium and Periosteum 

 During long bone development,    perichondrium surrounds the cartilage anlagen. 
Both tissues are derived from mesenchymal stem/progenitor cells (MSPCs) that 
give rise to chondrocytes from the inner condensation of MSPCs, while peripheral 
undifferentiated cells form perichondrium (Eames et al.  2003 ; Colnot et al.  2012 ). 
Osteoprogenitors and the residing endothelial cells from the perichondrium, invade 
calcifi ed hypertrophic cartilage promoting vascular invasion to originate the pri-
mary ossifi cation center forming bone and bone marrow (Colnot et al.  2004 ; Roberts 
et al.  2015 ). Therefore, the perichondrium is converted into periosteum tissue, 
where perichondrial cells become osteoblasts forming mineralized bone collars 
(Long and Ornitz  2013 ). This process is highly regulated by signaling pathways and 
factors (Mackie et al.  2008 ), including bone morphogenetic protein (BMP), trans-
forming growth factor beta (TGF-β) and fi broblast growth factor (FGF) (Ornitz and 
Marie  2002 ; Song et al.  2009 ), as well as Indian hedgehog (Ihh) and  wingless/inte-
grated (Wnt) (Kronenberg  2003 ; Geetha-Loganathan et al.  2008 ). These and other 
specifi c factors act during the different stages of chondrogenesis: growth plate and 
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perichondrium formation, osteogenesis, including periosteum and blood vessel 
invasion, ultimately synchronizing cell differentiation in all of these adjacent tis-
sues (Colnot et al.  2012 ; Roberts et al.  2015 ). 

 Tendons, ligaments and muscles attach to the vascularized and  innervated   peri-
osteum, which is composed of two layers. The outer fi brous one contains fi bro-
blasts, while the highly cellular inner cambium layer contains osteoprogenitor cells 
and blood vessels (Allen et al.  2004 ). These osteoprogenitors give rise to osteo-
blasts by expressing specifi c genes, including transcription factors runt-related 2 
(Runx2) and osterix (Osx), that promote mature bone-forming cells to differentiate 
into osteocytes in the bone matrix (Long and Ornitz  2013 ). Periosteum plays a cen-
tral role during bone healing and repair (Roberts et al.  2015 ). In many bone frac-
tures, periosteum-derived cells (PDCs) can differentiate into both chondrogenic and 
osteogenic lineages, migrate with blood vessels to form a mineralized bone collar, 
with the periosteum originating from vascularized perichondrium (Maes et al. 
 2010 ). In the early stage of callus formation, cartilage and bone appear to derive 
from periosteum, since bone repair is affected if the periosteum is removed (Zhang 
et al.  2005 ). The transcription factor Sox9, driving chondrogenesis during the initia-
tion of healing after bone fracture (Bi et al.  1999 ; Dy et al.  2012 ), is expressed in 
PDCs, but it is not detected in the resting periosteum (Murao et al.  2013 ). This data 
suggests that most cells at the fracture site in the soft callus derive from PDCs that 
differentiate into chondrocytes and osteoblasts. BMP signaling  appears   essential to 
initiating chondrogenic/osteogenic differentiation of PDC in bone healing (Yu et al. 
 2010 ). In fact, overexpression of its antagonist Noggin, in human PDCs inhibits 
in vivo bone formation capabilities (Eyckmans et al.  2010 ). Other signaling path-
ways/factors, including Notch, Wnt, FGF, and TNF are also involved in bone repair 
and are currently investigated as potential regulators of differentiation and function 
of PDCs. It has also been reported that stem/progenitor PDC generate a higher num-
ber of colony-forming unit-fi broblasts (CFU-Fs) when compared to bone marrow 
and adipose tissue MSCs and with signifi cant osteogenic capabilities when 
implanted into syngeneic rats (Hayashi et al.  2008 ). Therefore, considering these 
unique features of the periosteum, strategies for long bone repair promoting the 
formation of a periosteal-like membrane on its surface for mechanical support of 
the fracture and expansion of PDC are currently being investigated (Roberts et al. 
 2015 ).  

12.2.5     Tendon and Ligament 

  Tendons   are the tough yet fl exible connective tissue straps that physically bind mus-
cles to skeletal structures. Composed of bundles of collagen that are held together 
by a layer of loose connective tissue, tendons are well-suited for their role as trans-
ducers, enabling the force of a muscle to be exerted at a distance from the muscle 
itself (Wolfman et al.  1997 ). Ligaments are composed of the same basic compo-
nents as tendons, although differences do exist to provide the specifi c mechanical 
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properties needed for their tasks. For instance, the collagen fi brils in ligaments are 
not uniformly parallel oriented, in order to allow for multiaxial loading patterns 
(Rumian et al.  2007 ). The primary unit of a tendon or  a   ligament is the collagen 
fi ber. This extracellular matrix is produced by the tissue cells that lie between the 
collagen fi bers (Kannus  2000 ). Different tendons and ligaments, similarly to other 
connective tissues, including cruciate ligaments, periodontal ligaments and patellar 
and hamstring tendons, have been demonstrated to contain stem/progenitor cells. 
Since tendons and ligaments are similar in structure, our discussion of tendon 
tissue- derived skeletal cells in this chapter is equally applicable to ligament-derived 
skeletal cells. In general, tendon injury arises from acute trauma or infl ammation of 
tendon tissue or surrounding tissues (Aslan et al.  2008 ). The most common tendon 
injuries involve the supraspinatus tendon of the rotator cuff, the Achilles tendon, the 
fl exor tendons of the hand, and the anterior cruciate and medial collateral ligaments 
of the knee (Carpenter and Hankenson  2004 ). Although there are no accurate fi g-
ures specifi cally relating to tendon disorders, studies from primary care show that 
16 % of the general population suffer from rotator cuff-related shoulder pain and 
this rises to 21 % when the statistics shift to elderly hospital and community popula-
tions (Urwin et al.  1998 ). These numbers further increase in the sports community; 
for example 30–50 % of all sporting injuries involve tendons (Docheva et al.  2015 ). 

 Resident cells were isolated from healthy and injured tendons (Lui and Wong 
 2013 ). Tendons and ligaments are susceptible to injury from excess mechanical 
strain experienced during sports or other daily activities (Doral et al.  2010 ). Although 
several early studies demonstrated some capacity of tendons to heal intrinsically 
(Eiken et al.  1975 ; Furlow  1976 ), and it is now believed that both intrinsic and extrin-
sic healing play a synergistic role in tendon regeneration, most probably due to low 
vascularization and a relatively  limited   regenerative capacity of the resident cell 
population. However, the extent of the contribution of each is still not well defi ned 
(Cadby et al.  2014 ). The tendon is surrounded by the paratenon, a loose fi brillar tis-
sue that functions as an elastic sleeve permitting free movement of the tendon against 
other tissues (Kannus  2000 ). Under the paratenon, a fi ne connective tissue sheath, 
called epitenon, surrounds the entire tendon.  The   paratenon and the epitenon form 
together the peritenon (Kannus  2000 ). Whether the origin of the regenerating cells is 
internal, the core tendon itself, or external by migration of cells from the surrounding 
tissue – still remains open. However, cells that resemble mesenchymal stem cells in 
their phenotype and are multipotential were isolated from both the core tendon and 
the paratenon (Cadby et al.  2014 ; Mienaltowski et al.  2014 ).  

12.2.6     Intervertebral Disc 

 The  intervertebral disc (IVD)      lies between two vertebral bodies, linking them 
together. IVDs are the main joints of the spinal column and occupy one-third of its 
height. Their major role is mechanical, as they constantly transmit loads arising 
from body weight and muscle activity through the spinal column. They provide 
fl exibility allowing bending, fl exion and torsion (Urban and Roberts  2003 ). 
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 The IVD consists of the gel-like nucleus pulposus (NP) surrounded by the 
densely fi brous annulus fi brosus (AF). The NP is formed from the embryonic noto-
chord as it segments during fetal development; the surrounding AF is formed from 
the sclerotome/mesoderm. NP cells produce abundant extracellular matrix, rich in 
aggrecan and type II collagen. At birth, the NP is populated by morphologically 
distinct, large vacuolated notochordal cells (NCs) (Roughley  2004 ). In some verte-
brates, these NCs persist throughout most of adult life, whereas in other species, 
including humans, NCs gradually disappear during maturation (Hunter et al.  2003 ), 
eventually becoming undetectable and replaced by a population of smaller round 
cells – NP cells – believed to differentiate from NCs (McCann et al.  2012 ). 

 The economic impact of IVD disease  and      associated chronic lower back pain in 
the U.S. is estimated to a total of $50 billion annually (Schafer et al.  2007 ). Despite 
decades of research, no fundamental multidisciplinary understanding of the 
mechanism(s) of IVD degeneration has been gained (Freemont and Hoyland  2007 ; 
Zhao et al.  2007 ). Consequently, clinical therapies are still in the earliest stages of 
development (Masuda and Lotz  2010 ). Disc degeneration is characterized by 
increased breakage of the existing NP matrix due to elevated expression of matrix 
metalloproteases and infl ammatory factors, and altered matrix production. In addi-
tion, cell apoptosis and formation of cell clusters, due to accelerated cell replication 
can lead fi nally to cell senescence (Le Maitre et al.  2007 ; Zhao et al.  2007 ). Finally, 
the process extends to the AF, as a result of altered loading, and leads to micro-
trauma and pain (Freemont  2009 ). All these changes are mediated by disturbances 
in the function of cells residing in the disc (Risbud et al.  2004 ; Zhao et al.  2007 ). 
The disc, as an organ, possesses a minimal capability for intrinsic regeneration 
(Zhao et al.  2007 ). The change in cell population correlates with the initiation of 
degenerative changes within the disc, suggesting that the loss of NCs may be 
responsible. Interestingly, animals in which NCs remain throughout the majority of 
their lifespan, including commonly used experimental animals, such as rabbits, rats 
and mice do not show signs of degeneration and maintain a more hydrated, 
proteoglycan- rich matrix than that found in adult human NP tissue (Alini et al. 
 2008 ). Supporting this theory, NCs were found to be more metabolically active and 
 to      produce more proteoglycans (PGs) than smaller NP cells (Cappello et al.  2006 ). 
Besides those two cell types, mesenchymal stem cell-like cells were isolated from 
the NP (Risbud et al.  2007 ) and AF of healthy and degenerated discs (Henriksson 
et al.  2009 ; Mizrahi et al.  2013 ), and were shown to be able to differentiate into 
osteogenic, adipogenic, and chondrogenic lineages in vitro.   

12.3     Characteristics and Properties 

 Since stem and progenitor  cell   populations are a heterogeneous group of cells for 
which no unique markers exist, these cells are defi ned by a large set of cell markers. 
Some of these markers are restricted to these populations, whereas others overlap 
with other cell populations. FACS, immunostaining and RT-PCR are the most com-
mon methods to characterize stem and progenitor cells on their marker profi le. 
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Depending on the cell host (e.g. murine, human), sub-population of cells (e.g. mus-
cle derived stem cells, satellite cells) and method of detection, the marker profi le 
obtained may vary (Qu-Petersen et al.  2002 ; Peault et al.  2007 ). For further charac-
terization, the cells’ potential to differentiate into multiple lineages in vitro and 
in vivo is often used to provide additional evidence for the nature of the stem and 
progenitor cell, which will be discussed in further detail later in this chapter. 

 To distinguish bone marrow mesenchymal stem cells (BM-MSCs) from non- 
MSCs, the International Society for Cellular Therapy recommended in 2006 mini-
mal criteria for MSCs (Dominici et al.  2006 ). These criteria include the MSC’s 
adhesion to plastic, their ability to differentiate into the osteogenic, adipogenic and 
chondrogenic lineage, and their  expression   of a set of cell surface markers. 
According to their suggestion, MSCs should be >95 % positive for the expression 
markers CD105, CD73, and CD90 and >95 % negative for CD45, CD34, CD14 or 
CD11b, CDalpha or CD19, and HLA-DR. Other membrane molecules that are 
expressed by MSCs include CD44, CD146 and CD106 (Pittenger et al.  1999 ; 
Gronthos et al.  2003 ). 

 Human and murine satellite cells have been shown to express the phenotypic 
markers MyoD, Pax7 and Myf5, which are not found in MDSCs or pericytes 
(Dellavalle et al.  2007 ; Usas et al.  2011 ). A characteristic marker of murine MDSCs 
compared to satellite cells and pericytes is the Stem cell antigen 1 (Sca-1) 
(Qu-Petersen et al.  2002 ; Usas et al.  2011 ). Further evidence that satellite cells and 
MDSCs are distinct subpopulations has been shown by experiments demonstrating 
that Pax and Sca-1 positive cells do not co-localize in skeletal muscle (Usas et al. 
 2011 ). Human pericytes typically express NG2 proteoglycan, CD146 and PDGFRB, 
whereas murine pericytes can be characterized by their expression of α-SMA 
(Dellavalle et al.  2007 ; Peault et al.  2007 ). 

 Multiple cell-related surface markers have been found in cartilage stem/progeni-
tor cells (CSPCs), including CD29 (integrin β 1), CD44 (hyaluronan), CD49e (inte-
grin α 5), CD54 (intercellular adhesion molecule 1), CD73 (5′-nucleotidase), CD90 
(Thy 1 membrane glycoprotein), CD105 (endoglin), CD166 (immunoglobulin 
adhesion molecule), Notch 1 (neurogenic locus notch homologue protein 1), STRO 
1 (trypsin-resistant cell surface antigen 1) and others (Jiang and Tuan  2015 ). 
However, the origin of CSPCs in cartilage and their role in cartilage repair and 
regeneration is not completely understood. It has been reported that CSPCs migrate 
to human cartilage damaged by osteoarthritis (Koelling et al.  2009 ), and to injured 
bovine cartilage explants (Seol et al.  2012 ). This suggests that CSPCs exist in 
 articular cartilage and have a role in repair. However, a defi nitive panel of biomark-
ers to trace their origin has not been established. 

 In the embryonic perichondrium,  a   population of stem/progenitor cells express-
ing Nestin (Nes + ) that interact with endothelial (CD31 + ) and nonendothelial (CD31 − ) 
cells, have been identifi ed and shown to increase during endochondral ossifi cation 
(Ono et al.  2014 ). For periosteum, there is currently a lack of specifi c markers 
allowing the isolation of periosteal progenitor/stem cells (PDCs) as a pure isolate. 
In fact, cultured PDC have also been shown to contain osteoblast-committed cells 
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(Chang and Knothe Tate  2012 ). They express cell surface markers similar to MSCs 
e.g. CD73, CD90, CD105, CD166 and perivascular ones such as αSMA, CD146, 
PDGFβ receptor (Roberts et al.  2015 ). 

 Recently, skeletal stem cells (SSCs) were identifi ed in mice by lineage tracing 
studies expressing specifi c markers, such as CD45-, Ter-119-, AlphaV+, Thy-, 
6C3-, CD105- and CD200+, which determined that specifi c sub-populations 
derived from these SSCs followed a pattern of endochondral ossifi cation, gener-
ating mainly bone or cartilage (Chan et al.  2015 ). Worthley et al. also found skel-
etal progenitors by expression of the BMP antagonist Gremlin 1 (Worthley et al. 
 2015 ). The Gremlin1+ population was enriched for CD45–, CD31–, Ter119–, 
CD105+ cells and defi ned as osteochondroreticular (OCR) stem cells. The OCR 
population that expresses  Gremlin-1  was shown to have a dominant role during 
skeletal development and early life, particularly of articular and growth plate car-
tilage, with only a modest contribution from perisinusoidal MSCs (Worthley 
et al.  2015 ). In fact, perisinusoidal MSCs, residing in blood vessel sinusoid-like 
structures in the outer surface of the BM are the suggested endogenous progenitor 
source for a major role in skeletal homeostasis and repair in adult life (Bianco 
et al.  2013b ; Worthley et al.  2015 ). This supports a model where skeletal progeni-
tors are distinct cohorts that do not coincide temporally or spatially with each 
other (Kassem and Bianco  2015 ). For example, in developing and growing bones, 
chondrogenic and osteogenic differentiation occurs at sites distinct from BM and 
without adipogenesis. Instead, in adults and in aging bone, BM provides osteo-
genic and adipogenic lineages, but not chondrocytes. This recent groundbreaking 
work shows that cell-lineage commitment is fl exible and that local environment 
can modulate ultimate cell fate. The fi ndings create a model of two distinct stem 
cell groups: SSCs or OCR cells and the perisinusoidal MSCs that are each regu-
lated temporally (prenatal, postnatal, adult) and by lineage-specifi city (Bianco 
and Robey  2015 ). 

 Mature tendons are  normally   characterized by low cellular density. Approximately 
90–95 % of the cellular content of tendon comprises tendon-specifi c cell types 
described in the literature as tenoblasts and tenocytes, the latter being terminally 
differentiated (Chuen et al.  2004 ). Tendon cells are able to synthesize all compo-
nents of the tendon ECM with a peak activity during growth and a gradual decrease 
during aging (Docheva et al.  2015 ). Several groups identifi ed Tendon Stem/
Progenitor Cells (TSPCs) (Bi et al.  2007 ) or Tendon-Derived Stem Cells (TDSCs) 
as they are also referred to (de Mos et al.  2007 ; Rui et al.  2010 ). The existence of 
TSPC was further confi rmed in subsequent studies with human, equine, rabbit, rat 
and mouse tendons (Docheva et al.  2015 ). Neither the role of developmental origin 
of those cells, nor their role in maintenance of the tendon tissue is clearly deter-
mined. Similarly to other tissues from mesenchymal origin, those skeletal stem cells 
were characterized in terms of their self-renewal capacity, multipotential differen-
tiation capacity and surface markers Stro-l, CD146, CD90 and CD44 and absence 
of expression of hematopoietic markers like CD34, CD45, CD31 and CD117 (Bi 
et al.  2007 ; de Mos et al.  2007 ; Rui et al.  2010 ). 
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 Studies that have assessed the  NC   phenotype to understand the initial state of 
NCs prior to their maturation used a porcine model system (Chen et al.  2006 ). These 
cells were found to have a reduced gene expression of specifi c matrix molecules, 
such as collagen type I and biglycan, and the metalloprotease inhibitor known as 
tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) compared to mature por-
cine NP cells. However, no differences in the expression of chondrogenic genes 
(SOX9, collagen type II and aggrecan) between notochordal and mature porcine NP 
cells were noted, although these ‘notochordal-like’ cells did express higher levels of 
integrins a1 and a6, which are involved in interactions with collagen and laminins 
during tissue development (Chen et al.  2006 ). Furthermore, the same group recently 
demonstrated that laminins may also be used to differentiate between notochordal 
and mature porcine NP cells within the disc (Chen et al.  2009 ). 

 The question of the NP phenotype and specifi c marker genes is still not fully 
resolved. The main obstacle was to identify markers that will distinguish between 
the NP cells to articular chondrocytes that were believed to be very similar in their 
phenotype. Several studies were done using gene expression profi ling to identify 
the specifi c and distinctive molecular imprint of the NP cells (Minogue et al.  2010 ; 
van den Akker et al.  2014 ). Recently, a consensus paper was published to address 
this issue and recommended the following healthy NP phenotypic markers:  stabi-
lized   expression of HIF-1α, GLUT-1, aggrecan/collagen II ratio >20, Shh, 
Brachyury, KRT18/19, CA12, and CD24 (Risbud et al.  2014 ).  

12.4     Isolation and Proliferation 

 For in vitro cultivation, mesenchymal stem cells ( MSCs)      are typically isolated from 
the mononuclear layer of the bone marrow in terms of separation by density gradi-
ent centrifugation (e.g. with Ficoll™ or Percoll™ density medium) and subse-
quently by adherence to cell culture plastic (Bara et al.  2014 ). The resulting cell 
population is morphologically heterogeneous, containing a major population of 
large and moderately granular cells, referred to as mature MSCs, and a minor popu-
lation of small and agranular cells, referred to as recycling stem cells or RS-1 cells 
(Colter et al.  2000 ). After short-term cultivation, RS-1 cells give rise to a new popu-
lation of rapidly growing small and densely granular cells (RS-2). These cells 
decrease in numbers during passaging until they have disappeared. At this point in 
time, mature MSCs and RS-1 cells rapidly expand (Colter et al.  2000 ). Following 
extended in vitro culture, MSCs lose their multipotency and undergo replicative 
senescence (Bruder et al.  1997 ; Digirolamo et al.  1999 ). In addition to the presence 
of adherent BM-MSCs, several studies demonstrated the existence of a non- adherent 
cell population of bone marrow (BM)-MSCs in the mononuclear cell fraction from 
bone marrow, with a greater proliferation and differentiation potential (Wan et al. 
 2006 ; Zhang et al.  2009 ; Di Maggio et al.  2012 ). Further research will elucidate, if 
these cells represent an alternative to adherent BM-MCSs. 
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 To harvest stem cells from muscle biopsies, the tissue is enzymatically digested 
into its cellular components using mostly collagenase, followed by serial plating of 
the digested muscle tissue onto collagen-coated fl asks (pre-plate technique). This 
technique allows to separation of committed cells, such as fi broblasts from progeni-
tor cells, since progenitor cells tend to adhere later then the committed cells (Lee 
et al.  2000 ; Qu-Petersen et al.  2002 ; Dellavalle et al.  2007 ). Muscle derived stem 
cells (MDSCs) have an extended replicative lifetime and substantial self- renewal      
capacity comparable to embryonic stem cells (Deasy et al.  2005 ). MDSCs expanded 
for 200 population doublings preserved their phenotype and were capable to pro-
mote muscle regeneration by serial transplantation into the skeletal muscle of mdx 
mice, which model Duchenne muscular dystrophy (Deasy et al.  2005 ). 

 The isolation of cartilage stem/progenitor cells (CSPCs) from different sources 
has utilized similar protocols from normal and injured human cartilage (Alsalameh 
et al.  2004 ; Ustunel et al.  2008 ; Seol et al.  2012 ). The method includes an enzymatic 
digestion (pronase and collagenase) of human articular cartilage explants, followed 
by fi ltration with a cell strainer, plating 4000 cells/ml in serum free media on 
fi bronectin- coated dishes and cultured for a short period of time. Afterwards, the 
cells are cultured in media supplemented with 10 % FBS for 15 days, until colonies 
with more than 32 cells can be identifi ed (Dowthwaite et al.  2004 ). These colonies, 
defi ned as CSPCs, are then trypsinized, passaged and characterized by: CFU-F 
capabilities, multilineage differentiation assays and presence of appropriate cell 
surface markers. 

 Skeletal stem cells (SSCs) were, instead, isolated from femoral growth plates of 
postnatal day 3 mice using mechanical and enzymatic dissociation and analyzed for 
specifi c markers (Chan et al.  2015 ). Worthley et al. also isolated, using enzymatic 
digestion from the long bone metaphyses adjacent to the growth plate and trabecu-
lar bone, skeletal progenitors that were defi ned as osteochondroreticular (OCR) 
stem cells (Chan et al.  2015 ; Worthley et al.  2015 ). 

 The isolation of periosteum-derived cells (PDC) is obtained using different 
methods, such as peeling off the periosteal layer from the bone of young animals 
(Arnsdorf et al.  2009 ), enzymatic digest of the tissue diaphyseal bone (van Gastel 
et al.  2012 ), or from a femoral bone grafting model where the formed periosteal 
callus is subjected to  an      enzymatic digest to obtain periosteal cells (Wang et al. 
 2011 ). When cultured, the PDC independent of the isolation method employed, 
have a fi broblast-like morphology that is maintained during passaging. 

 The isolation of the  tendon-derived stem cells (TDSCs)   from human, mouse and 
rat tendons was done using collagenase type I digestion of the connective tissue and 
fi ltering the solution through 70 μm cell strainer, yielding a single cell solution and 
seeded in vitro, basically selected by plastic adherence (Bi et al.  2007 ; Rui et al. 
 2010 ). The cells were compared to the “gold standard” of musculoskeletal stem 
cells, bone marrow (BM)-MSCs and found slightly different in their phenotype and 
differentiation potential. Although tendon stem/progenitor cells (TSPCs) express 
many of the same markers as BM-MSCs, the expression patterns were not identical 
(Tan et al.  2012 ). TSPCs highly express tendon-related factors, such as Scx, TNMD, 
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Comp and tenascin C (Bi et al.  2007 ). TDSC exhibited higher clonogenicity, prolif-
erated faster, and expressed higher tenomodulin, scleraxis, collagen 1a1 (Col1A1), 
decorin, alkaline phosphatase, Col2A1, and biglycan messenger RNA levels than 
BM-MSC. Surprisingly, TDSCs presented higher proliferative and differentiation 
potential than BM-MSCs (Tan et al.  2012 ). 

 The isolation of the cells from the  nucleus pulposus (NP)   is usually done by 
overnight enzymatic digestion with collagenase type I to liberate  the      cells from the 
tissue (Blanco et al.  2010 ). Later on the cells can be cultured in vitro and selected 
by adherence to get NP cells and NP-derived stem cells (Blanco et al.  2010 ; Erwin 
et al.  2013 ; Mizrahi et al.  2013 ). Additionally, the notochordal cells can be isolated 
from the animal discs using the size differences between them and the rest of the 
cell that populate the disc via 70 μm cell strainer (Korecki et al.  2010 ).  

12.5     Differentiation 

 The function of  mesenchymal stem cells (MSCs) is      largely infl uenced by their sur-
rounding extracellular matrix (ECM) (Streuli  1999 ). The ECM maintains the tissue 
architecture, acts as a ligand for cellular adhesion receptors such as integrins, and 
provides signaling molecules, including growth factors and growth factor-binding 
proteins, to control cellular behavior (Werb  1997 ; Streuli  1999 ). Interaction of cells 
with the ECM modulates signaling cascades that control cell growth, differentia-
tion, survival and morphogenesis, and therefore changes in the microenvironment 
are able to affect these processes (Lukashev and Werb  1998 ). For example, differ-
entiation can be initiated by binding of growth factors, such as TGF-β, to transmem-
brane serine/threonine kinase receptors that signal via the TGF-β/Smad pathway, 
which consequently regulates gene expression in the nucleus (Lutz and Knaus 
 2002 ). Transcription factors known to be essential to MSC differentiation are runt- 
related transcription factor2 (Runx2) for osteogenesis, peroxisome proliferator- 
activated receptor gamma2 (PPARγ2) for adipogenesis and Sry-related high 
mobility group (HMG) box9 (Sox9) for chondrogenesis (Rosen and Spiegelman 
 2000 ; Minguell et al.  2001 ; Pan et al.  2008 ). Furthermore, mechanical loading of 
MSCs seems to affect osteogenic differentiation (Jagodzinski et al.  2004 ; Mauney 
et al.  2004 ). For example, mechanical compression has been shown to induce the 
expression of type II collagen, Aggrecan and Sox9, suggesting a compressive 
stress-induced chondrogenesis of MSCs (Takahashi et al.  1998 ). Another study 
demonstrated an up-regulation of MMP-13 in response to mechanical loading of 
MSCs, which was further shown to play a role in osteogenic differentiation of 
MSCs (Kasper et al.  2007 ). Stimuli can be transduced via stretch-activated ion 
channels, cell adhesion molecules (e.g. integrins), and also by guanine nucleotide-
binding protein- (G-protein-) coupled  receptors      and growth factor receptor tyrosine 
kinases (RTK) (Wang and Thampatty  2006 ). For example, focal adhesions, com-
prised of integrins, talin, vinculin and other proteins, connect the ECM to actin 
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fi laments. Intracellular forces are then transmitted through the cytoskeletal network 
to the nucleus (Jaalouk and Lammerding  2009 ). Osteogenic signaling pathways 
activated by external applied forces in MSCs have been shown to include Wnt, 
Ror2, and Runx2 (Hao et al.  2015 ). 

 MSCs have in general the ability to differentiate not only towards the tissue they 
are originally derived from, but also into other cell lineages. Bone marrow (BM)-
MSCs have been shown to differentiate into osteogenic, chondrogenic, adipogenic, 
and myogenic cells in vivo and in vitro (Pittenger et al.  1999 ; Caplan  2005 ). The 
MSC’s ability to give rise to brain astrocytes and neurons has been demonstrated 
after their transplantation into rodents (Azizi et al.  1998 ; Brazelton et al.  2000 ). 
Furthermore, it was shown that BM-MSCs are able to transdifferentiate into cell 
types from different germ layers, including endothelial cells, hepatocytes or cardio-
myocytes (Lin et al.  2000 ; Theise et al.  2000 ; Orlic et al.  2001 ). 

 Muscle-derived stem cells (MDSCs) have  not      only the potential to differentiate 
into myogenic, but also into other lineages, including osteogenic, chondrogenic, 
hematopoietic, and neural lineages, which has been demonstrated in several in vitro 
and in vivo studies (Peault et al.  2007 ; Usas et al.  2011 ). 

 Several groups have reported that cartilage stem/progenitor cells (CSPCs) in cul-
ture have self-renewal capabilities and differentiation potential comparable to 
BM-MSCs, including chondrogenic, osteogenic and adipogenic lineages (Barbero 
et al.  2003 ; Alsalameh et al.  2004 ), with migratory abilities in response to tissue 
injury (Seol et al.  2012 ; Jiang and Tuan  2015 ). However, human limb buds have 
been shown to contain a population of cartilage progenitor cells (CPCs) specifi c for 
chondrogenesis in addition to multipotent cartilage stem cells (CSCs) capable of 
differentiation into multiple lineages, including chondrocytes (Wu et al.  2013 ). 
Skeletal stem cells (SSCs) were shown in in vivo and in vitro studies to be capable 
of self-renewal, multipotent, and to have the ability to differentiate into lineage- 
restricted progenitor cells, such as pre-bone, cartilage and stromal progenitors (pre- 
BCSPs) (Chan et al.  2015 ). Furthermore, it was shown that a cell, committed to 
chondrogenic lineages could be induced to generate bone, while by blocking VEGF 
receptor (creating an avascular environment like cartilage), osteogenic progenitors 
could shift to a chondrogenic fate. Osteochondroreticular (OCR) cells can self- 
renew, generate osteoblasts, chondrocytes, reticular marrow stromal cells but not 
adipocytes, and are apparently used for articular cartilage formation during bone 
development. They are thought to contribute to early postnatal skeletogenesis 
remodeling (Worthley et al.  2015 ). In contrast, perisinusoidal MSCs differentiate in 
adulthood and especially after bone injury into adipogenic, chondrogenic and osteo-
genic derived-tissues, contributing to the process of repair and skeletal homeostasis 
(Bianco et al.  2013b ). Under specifi c conditions, expanded periostum-derived cells 
(PDCs) can differentiate into osteogenic, chondrogenic and adipogenic lineages 
in vitro and also form bone, cartilage and hematopoietic marrow upon in vivo trans-
plantation, confi rming their multipotent nature (Chang and Knothe Tate  2012 ; 
Roberts et al.  2015 ). It has not been determined yet if the PDC also possess a self- 
renewal capacity (Bianco et al.  2013b ). However, the presence of skeletal stem cells 
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in the periosteum was demonstrated by single-cell lineage analysis, showing that 
the periosteum contains cells with mesenchymal multipotency (De Bari et al.  2006 ). 

 Since the availability of tendon-derived stem cells (TDSC)  is      very low, most of 
the effort – besides showing multi-potential – was directed towards differentiation 
of those cells towards tenocytes. The roles of cytokines and growth factors in ten-
don formation and regeneration have been identifi ed (Evans  1999 ); their overex-
pression induces tenogenic differentiation and enhances the healing process (Gerich 
et al.  1996 ; Evans  1999 ; Wang et al.  2005 ; Majewski et al.  2008 ). Specifi cally, over-
expression of BMP-2 (Martinek et al.  2002 ; Chen et al.  2008 ), BMP-12 (also known 
as GDF-7) (Wang et al.  2005 ; Majewski et al.  2008 ; Ma et al.  2009 ), and IGF-1 
(Steinert et al.  2008 ) have all been shown to induce tenogenesis. Recently, overex-
pression of tendon-related proteins like Celecoxib (Zhang et al.  2014 ), Scleraxis 
(Tan et al.  2014 ) was shown to be effective in differentiation of TDSC and promote 
tendon/ligament regeneration. However, many questions regarding the regenerative 
process in tendon and ligament are still unanswered, and much remains to be done 
before gene-and-cell therapy meets the enormous need in clinical practice for ten-
don and ligament regeneration. 

 Similar to tendons and ligament,       the nucleus pulposus (NP)-derived stem cells 
are as attractive source of stem cells as other skeletal stem cells due to very low 
availability. However, these cells can be used to investigate the intervertebral disc 
(IVD) environment and degeneration process (Mern et al.  2014 ). The natural envi-
ronment within the disc is very challenging to implanted cells, particularly if they 
have been sub-cultured in normal laboratory conditions. Several studies showed 
that musculoskeletal stem cell differentiation towards NP-like phenotype can be 
achieved by mimicking the NP environment in vitro, namely low glucose and 
hypoxic conditions (2–3 % oxygen) (Risbud et al.  2004 ; Li et al.  2013 ; Mizrahi 
et al.  2013 ). Additionally, the differentiation can be induced using TGF-β1 
(Morigele et al.  2013 ; Clarke et al.  2014 ; Cui et al.  2015 ) and biomechanical proper-
ties of the biomaterials used also mimicking the environment the cells see in the 
IVD (Cao et al.  2011 ; Gilchrist et al.  2011 ).  

12.6     Potential Applications for Therapies 

  Mesenchymal stem cells (MSCs) are      thought to exert their therapeutic effects by 
several mechanisms, including their ability to home to the site of infl ammation after 
tissue injury, capacity of multi-lineage differentiation, secretion of trophic factors, 
and the lack of immunogenicity and immunosuppressive effects (Sharma et al. 
 2014 ). Their immunologic function has been demonstrated to result from secretion 
of soluble mediators, such as human leucocyte antigen (HLA-G), which seem to 
prevent the immune response, against MSCs (Sotiropoulou et al.  2006 ; Nasef et al. 
 2007 ). Furthermore, the reduction of infl ammation and stimulation of tissue regen-
eration is thought to be greatly mediated by secretion of trophic factors, including 
growth factors, cytokines and soluble extracellular matrix (ECM) molecules 
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(Sharma et al.  2014 ). These unique biologic properties, which have been demon-
strated in preclinical in vivo studies (Otto and Wright  2011 ), and their accessibility 
and great expansion potential in vitro make them an attractive cell source for clini-
cal applications. Indeed, MSCs are investigated in more than 200 clinical trials for 
a variety of therapeutic indications ranging from immunomodulation to tissue repair 
and regeneration (Sharma et al.  2014 ). Although tissue sources differ in these trials, 
more than 50 % of the MSCs that are currently investigated in the clinic are bone 
marrow (BM)-MSCs, with encouraging results, including the therapy of bone and 
cartilage disorders, diabetes and cardiovascular diseases (Sharma et al.  2014 ). In 
addition to their healing promoting effects, MSCs seem to be well tolerated, since 
most trials reported a lack of any serious adverse events and tumor formation, as a 
result of MSC application in humans has been never reported (Otto and Wright 
 2011 ). 

 Autologous skeletal myoblasts (satellite cell progeny)       have been proven to 
improve cardiac function and to meet feasibility and safety criteria for cardiac repair 
in clinical phase I trials (Joggerst and Hatzopoulos  2009 ). However, site effects, 
such as the incidence of arrhythmias have been reported in the fi rst randomized 
placebo-controlled study of myoblast transplantation (Menasche et al.  2008 ). 
Recent studies demonstrated advantages of using muscle-derived stem cells 
(MDSCs) compared to myoblasts, including a superior engraftment of the MDSCs 
within the infarcted myocardium and improvement of left ventricular function 
(Okada et al.  2008 ). MDSCs were shown to display a superior regenerative capacity 
relative to satellite cells following transplantation into dystrophic muscle in a 
murine model of muscular dystrophy ( mdx ) (Qu-Petersen et al.  2002 ). Furthermore, 
they are at least partially immune-privileged, as the transplantation of MDSCs 
resulted in a robust dystrophin expression in mdx mice over 3 months after injection 
(Qu-Petersen et al.  2002 ). In pre-clinical and clinical trials, muscle-derived cell 
transplantation including MDSCs for treatment of urological disorders demon-
strated a high effi cacy in restoring urethral function (Usas et al.  2011 ). 

 Since the capacity for self-repair  and      biological interventions are limited in car-
tilage there is a need for improved therapeutic strategies to address disorders such 
as trauma, fracture, osteoporosis, osteoarthritis and genetic skeletal deformities 
(Caldwell and Wang  2015 ). Its structure, avascularity and low cell density with a 
dense extracellular matrix has been challenging for developing cell therapies using 
MSCs (Bornes et al.  2014 ) or regenerative approaches with autologous chondrocyte 
implantation or autologous chondrocyte implantation (Madeira et al.  2015 ). Focal 
cartilage injuries are primarily treated by surgical techniques including bone mar-
row stimulating interventions, such as microfracture. Mosaicplasty is another 
approach where osteochondral autografts of mature hyaline cartilage are trans-
planted to the defects. This latter technique appears to show a superior level of 
athletic activity compared to microfracture especially at short term follow up (<5 
years) (Caldwell and Wang  2015 ). Cell-based products using autologous chondro-
cyte implantation (ACI) that are expanded ex vivo, combined with biological 
 scaffolds and collagen hydrogel patches have improved the approach (Benders et al. 
 2013 ). However, these therapies have not been successful in restoring the native 
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articular cartilage structures. Newer cell therapy strategies involving tissue engi-
neering for cartilage repair has been an intense focus in recent years, integrating the 
use of biomaterial-based scaffolding (natural or synthetic), a cell source (e.g. autol-
ogous chondrocytes, BM-MSCs) and differentiation factors, such as TGF-β, IGF-1 
and specifi c FGF family members (Caldwell and Wang  2015 ). Finally, approaches 
utilizing  human      embryonic stem cells differentiated toward articular cartilage are 
under investigation (Cheng et al.  2014 ). These allogenic transplants can provide the 
opportunity for larger-scale production. However, they raise the issue of potential 
immunological reactions. A similar methodology that would overcome immuno-
logical barriers utilizes induced pluripotent stem cells (iPSCs) derived by repro-
gramming patient cells. The cells could then be differentiated into chondrocyte 
lineages in vitro (Saitta et al.  2014 ). Differentiated iPSCs have been used in an 
in vitro cartilage defect model system for functional cartilage repair (Diekman et al. 
 2012 ). This promising approach would utilize patient-derived iPSCs appropriately 
differentiated and expanded ex vivo before transplanting the autograft back into the 
patient (Cheng et al.  2014 ). Overall, developing the regenerative capacity of resi-
dent bone and cartilage tissue cells and novel iPSC-based techniques together with 
tissue engineering will provide exciting new approaches toward treating bone and 
cartilage disease. 

 To date, four treatment options have been used to repair or replace damaged 
tendons: autografts, allografts, xenografts, and synthetic polymers. Implantation of 
synthetic polymers was very popular in the 1980s, but it frequently led to implant 
degeneration and failure (Woods et al.  1991 ). Autografts have produced the most 
satisfactory long-term results and are referred to as the “gold standard” for treating 
severe tendon injuries (Poolman et al.  2007 ). Nevertheless, morbidity at the donor 
site is often associated with pain, muscle atrophy, and tendonitis, resulting in pro-
longed rehabilitation periods (Aslan et al.  2008 ). The risks of disease transmission 
and infection, the lack of donors, and questionable donor–recipient compatibility 
pose signifi cant obstacles to the use of allografts to repair or replace damaged ten-
dons. As for xenografts, the potential source for this tissue is still under debate 
(Stone et al.  2007 ). In light of the disadvantages of current surgical solutions for 
tendon repair, the need for gene-modifi ed-cell–mediated tendon tissue engineering 
is evident. 

 Mainly due to their low  availability     , up to date applications of the nucleus pulpo-
sus (NP)-derived cells are mostly limited for research of the degeneration of the 
intervertebral disc (IVD) and aging (Sakai et al.  2012 ; Mizrahi et al.  2013 ). However, 
some attempts were made to use cell isolated from degenerated discs as cell therapy 
agent in clinic (Meisel et al.  2007 ; Mochida et al.  2015 ). Interestingly, unlike other 
musculoskeletal stem cells, NP-derived cells were found to be very effective in dif-
ferentiating other stem cells when they are co-cultured with them (Lehmann et al. 
 2014 ; Arkesteijn et al.  2015 ). Additionally, conditioned media, especially the one of 
notochordal cells, was used to promote NP differentiation of different  musculoskeletal 
stem cells (Korecki et al.  2010 ; Purmessur et al.  2011 ), and even induced pluripo-
tent stem cells (Chen et al.  2013 ).  
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12.7     Good Manufacturing Practices for MSCs 

 To be able to use mesenchymal stem cells ( MSCs)         in clinical trials, their safety, 
effi cacy and reproducibility of MSC production and compliance with Good 
Manufacturing Practices (GMPs) must be ensured. In Europe, MSCs are somatic 
cell therapy products, referred to as advanced-therapy medicinal products (ATMPs) 
and are under European Regulation No. 1394/2007 (Sensebe et al.  2013 ). As 
reviewed by Wuchter et al., in Germany, a formal manufacturing license is required, 
which is granted by the respective local authority of the German federal states. 
Additional scientifi c and regulatory support during the approval process as well as 
clinical trial authorization is provided by the Paul-Ehrlich-Institut (PEI), as over-
arching Federal Authority for Vaccines and Biomedicines (Bianco et al.  2013a ; 
Wuchter et al.  2015 ). The production of MSCs in the US must comply with Current 
Good Tissue Practice requirements, under the Code of Federal Regulations, as 
described in detail in a review by Sensebe et al. ( 2013 ). Complying with GMPs 
requires precisely defi ning the production process as well as the multiple criteria 
required for a quality fi nal product. This includes the environment, staff training 
and qualifi cation, and controls (Sensebe et al.  2013 ). Manufacturing issues, which 
are frequently under discussion during the regulatory authorization process, include 
the donor selection, choice of culture medium and the advantages and disadvan-
tages of master cell stocks. Measures of quality control include the immunopheno-
typing by fl ow cytomerty, testing of immunosuppressive potential of MSCs, 
tumorigenicity assessment of MSCs and evaluation of cellular senescence (Wuchter 
et al.  2015 ). The strategy for quality control testing depends on the cell composi-
tion, manufacturing process and indication, and target cell population (Wuchter 
et al.  2015 ).  

12.8     Conclusion and Future Development 

 Musculoskeletal tissue-derived mesenchymal stem/ progenitor cells have been iso-
lated from various tissue sources, including bone marrow, muscle, synovium, peri-
osteum, and intervertebral disc. MSCs are generally thought to be responsible for 
tissue regeneration and homeostasis, although their exact physiological role remains 
in many of these tissues elusive. Reasons include their low frequency and lack of 
specifi c cell surface marker expression (Ren et al.  2012 ). Musculoskeletal-derived 
MSCs hold a great therapeutic potential for different clinical indications, including 
the treatment of bone and cartilage disorders, diabetes, and improvement of cardiac 
function (Joggerst and Hatzopoulos  2009 ; Sharma et al.  2014 ). In addition to their 
healing promoting effects, which are thought to be a result of their capacity of 
multi-lineage differentiation, secretion of trophic factors, and lack of immunogenic-
ity and immunosuppressive effects (Sharma et al.  2014 ), MSCs have several advan-
tages over other stem cell types (e.g. ES cells). This includes their easy expansion 
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potential in vitro, very low risk of tumor formation and lack of ethical issues (Otto 
and Wright  2011 ). 

 Although musculoskeletal-derived MSCs are widely investigated in clinical tri-
als, with promising results, there are still many obstacles that need to be overcome 
before MSCs can be used as a regular therapy. One of the major challenges is that 
much of the knowledge about MSCs is based on in vitro data rather than on data in 
the MSC’s native environment. These cells are known to dramatically adapt their 
phenotype in response to their environment. For example, monolayer expansion of 
MSCs has been proven to result in changes in phenotype and cell marker expres-
sion. Lack of knowledge about their marker expression in their natural environment 
makes it diffi cult to differentiate, if MSC cell populations, identifi ed in different 
tissues are distinct from each other or are the same cell in a different location, with 
an adapted phenotype in response to the local environment. Another issue is the 
lack of standardized isolation and cell expansion protocols. This problem becomes 
evident when comparing similar trials that resulted in different outcomes. Better 
understanding of the developmental origin, cell marker expression and cell interac-
tions in their local microenvironment, as well as improvement and alignment of 
in vitro culture systems, including further standardization of isolation and expan-
sion protocols, will allow the development of more effective therapies. For exam-
ple, the development of bioreactors that support an expansion and investigation of 
these cells in a more native environment, might help to choose the right MSC source 
for treatment of diseases, and to identify dosing and time points. An alternative 
approach to avoid problems arising from in vitro culture might be the use of the 
mononuclear fraction of bone marrow instead of using bone marrow (BM)-MSCs, 
as suggested by Bara et al. ( 2014 ). Although this method results in fewer cells, 
recent approaches with these cells were shown to be safe and effi cient, and might 
therefore be an alternative to in vitro expanded MSCs for some clinical 
indications.     
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    Chapter 13   
 Pancreas-Derived Multipotent Progenitors                     

       Fang-Xu     Jiang      and     Grant     Morahan   

    Abstract     Identifi cation of pancreas-derived multipotent progenitors (PMP) would 
not only be important in pancreas developmental biology, but also pivotal for gen-
eration of insulin-secreting islet β cells. Defi ciency of these cells is a feature of Type 
1 diabetes and Type 2 diabetes mellitus, a pandemic metabolic disorder. The cure of 
which would therefore be to replace the lost or defi cient β cells, by transplantation 
of donated islets or  in vitro  differentiated endocrine cells or by regeneration of 
endogenous islet cells. Thus, endogenous sources that can be directed to becoming 
insulin-secreting cells are actively sought after. In particular, any cell types in the 
developing or adult pancreas that may act as PMP would provide an alternative 
renewable source for endogenous regeneration. In this review, we will summarize 
the latest progress and knowledge of such PMP, and discuss ways that facilitate the 
future studies advances in this crucial fi eld.  

  Keywords     Pancreas-derived multipotent progenitors   •   Regeneration   •   Self-renewal   
•   Clonogenesis   •   Differentiation  

13.1       Introduction 

 Diabetes mellitus is a worldwide public health issue and has an increasing preva-
lence. This metabolic disorder currently affects over 382 million people, and the 
number is likely to increase to 592 million by 2035 (  http://www.idf.org/diabetesat-
las    ). Approximately 10 % of these cases are of type 1 diabetes mellitus (T1D), 
caused by absolute defi ciency of insulin-producing β cells caused by autoimmune 
destruction. Should autoimmunity to β cells be controlled, a regenerative therapy 
would be a desirable avenue towards a cure of T1D, either by transplantation of 
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donated hormone-secreting islets, or in  vitro  generated functional β cells from plu-
ripotent stem cells (PSC) or by regeneration  in situ  of endogenous β cells. The 
remaining 90 % of cases are of type 2 diabetes mellitus (T2D), caused by the failure 
to respond to insulin action by the peripheral tissues, the failure to control the pro-
duction of glucose by the liver and the failure of islet β cells (Halban et al.  2014 ). 
The latter is classically attributed to the increased rate of islet apoptosis (Butler 
et al.  2007 ). Recently, substantial evidence has indicated that β-cell failure in T2D 
may be caused by β cell dedifferentiation (Hanley et al.  2008 ; Talchai et al.  2012 ). 
Thus, restoring function of dedifferentiated β cells would be a new type of regenera-
tive therapy for T2D. With the aim of developing regenerative medicine therapies, 
research into stem cells and progenitors has recently drawn much attention. 

 Generally, multipotent progenitors are exchangeable with the concept of stem 
cells in which pluripotent stem cells are capable of giving rise to all 210 cell-types 
that make up the body. “Stem cell” is usually used to describe those undifferentiated 
cells that are capable of both self-renewal and giving rise to specialized functional 
cells. Arguably, “multipotent progenitors” should have many features of stem cells. 
Depending on their developmental potential, progenitors could be multipotent, oli-
gopotent or unipotent. Stem cells/multipotent progenitors are of pivotal importance 
for organ and tissue integrity and for injury and disease repair. Pancreas-derived 
multipotent progenitors (PMP) would be a rare population residing in the pancreas, 
and show a powerful potential for regeneration when required although their pres-
ence and origin have not yet completely uncovered and are still hotly debated. In 
this article, we will discuss potential PMP in three major compartments of the pan-
creas and along the islet lineage developmental pathway. We will also explore future 
directions of research using these cells.  

13.2     Molecular Embryology 

 The pancreas is derived from the posterior foregut.  The   endoderm is one of the three 
primitive germ layers originating from the inner cell mass during gastrulation. The 
pancreatic endoderm is a thickened epithelium along the dorsal and ventral sur-
faces. Subsequently, the thickened endoderm epithelia evaginate into the surround-
ing mesoderm-derived mesenchymal tissue and form dorsal and ventral pancreatic 
buds. These buds continue to expand, branch and fuse as a result of the gut rotation 
that brings the buds together. The fused developing pancreas continues to prolifer-
ate, differentiate and, ultimately, give rise to the mature organ. The adult pancreas 
consists of the acinar tissue that secretes digestive enzymes, the islets of Langerhans 
that secrete hormones responsible for glucose homeostasis, and the ductal tissue 
that delivers pancreas-derived digestive fl uid to the intestine. 

 Remarkably, PSC can be guided to differentiate  to   defi nitive endoderm (DE) 
cells  in vitro  by applying information from  in vivo  developmental pathways 
(Fig.  13.1 ). This can be achieved in the presence of a high concentration of activin 
A, a member of the transforming growth factor β superfamily. Furthermore, 
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 PSC- derived human expandable DE cells have been reported to self-renew in the 
presence of a group of growth factors including bone morphogenetic protein 4 
(BMP4), fi broblast growth factor 2, vascular endothelial growth factor and epider-
mal growth factor (EGF) (Cheng et al.  2012 ). These progenitors can be passaged at 
least 24 times with a population expansion of hundreds of thousands fold. Although 
further studies are required, the endodermal progenitors may indeed have an aston-
ishing capacity for expansion and act as pre-PMP.

   The sequence of key developmental events in human growth is not identical to 
that observed during mouse development (Richardson et al.  1997 ). For example,  the 
  dorsal bud can be detected as early as 26 days postcoitum (dpc) which is an equiva-
lent stage to E9.5 mouse embryos, but insulin-positive cells are not visible until 52 
dpc, approximately 2 weeks later than the equivalent stage at which they can be 
detected in mice. The appearance of human insulin-positive cells precedes that of 
glucagon-positive cells at 8–10 weeks of development (Piper et al.  2004 ). All islet 
cells are detectable at the end of the fi rst trimester in humans (Piper et al.  2004 ), but 
at later stages (E17.5) in mice (Herrera et al.  1991 ). Not surprisingly, there are also 

  Fig. 13.1     Multiple fate selections allow the development of the pancreas islet lineages.  
Committed from one of three germ layers (the ectoderm, mesoderm and endoderm) during gastru-
lation, the defi nitive endodermal cells (DE) are marked by the expression of Sox17 (the Sry-related 
HMG box transcription factor 17) and Foxa2 (foxhead homeobox 2a). Along the anterior-posterior 
axis the DE is divided into foregut (giving rise to the lung, thyroid and oesophagus), posterior 
foregut [PF, marked by the expression of the transcription factor Hnf4a (hepatocyte nuclear factor 
4a) and hindgut (committing the intestine and colon).  In vitro , retinoid acid would direct the DE 
cells to PF cells. Largely to the liver and duodenum, a fraction of the PF cells give rise to pancreatic 
progenitors (PP, marked by the expression of the transcription factor Pdx1). Mostly to the exocrine 
and ductal tissues, the PP commits to progenitors of the endocrine islet lineages [IP, marked by the 
expression of Ngn3, as well as NeuroD (neural differentiation 1), IA1 (insulinoma associated 1), 
Isl1 (Islet 1), Pax6 (paired box factor 6) and Rfx6]. The IP then differentiates into at least fi ve types 
of islet cells [α, β, δ (somatostatin), PP (pancreatic polypeptide) and ε (ghrelin)]       
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differences in gene expression patterns during developmental and disease processes 
between these species (Fougerousse et al.  2000 ). More details of human pancreas 
development can be found in reviews elsewhere (De Krijger et al.  1992 ; Lukinius 
et al.  1992 ; Pan and Brissova  2014 ; Polak et al.  2000 ).  

13.3     PMP May Be Present in Three Pancreas Compartments 

 Substantial  in vitro  evidence has indicated that PMP may be present in all three 
major pancreas compartments of  both   rodents and humans: the ductal epithelium 
(Cornelius et al.  1997 ; Ramiya et al.  2000 ; Suzuki et al.  2002 ), acinar tissue and 
islets of Langerhans (Seaberg et al.  2004 ; Zulewski et al.  2001 ). For example, a 
potential PMP candidate in the developing and adult mouse pancreas was purifi ed 
by fl ow cytometry (Suzuki et al.  2004 ). These cells are defi ned by expression of the 
receptor for hepatocyte growth factor, c-Met, and the absence of blood cell surface 
markers such as CD45, TER119, c-Kit, and Flk-1. The isolated cells can differenti-
ate into multiple pancreatic lineage cells  in vitro  and give rise to pancreatic endo-
crine and exocrine cells  in vivo  after transplantation (Suzuki et al.  2004 ). However, 
the  in vivo  localization and the molecular characteristics of these c-met expressing 
cells are largely unknown and single-cell clonogenesis has not been established. 

13.3.1     Are PMP Present in the Ductal Epithelium? 

  In vitro  and  in vivo  experiments have suggested that PMP are present in  the   ductal 
epithelium. Bonner-Weir and colleagues were the fi rst to report that adult human 
pancreatic ductal epithelial cells gave rise to islet-like clusters and differentiate into 
insulin-secreting β cells (Bonner-Weir et al.  2000 ). Ramiya and colleagues reported 
that  in vitro  generated islet-like structures from mouse PMP were capable of revers-
ing diabetes after transplantation (Ramiya et al.  2000 ). In cultures of “pancreatic 
ductal cell aggregates” after purifi cation of human islets, fi broblast-like cells grew 
out as “pancreatic mesenchymal stem cells” (MSC). The latter were reported to 
undergo at least 12 passages and expressed a range of bone marrow-derived MSC 
markers including CD13, CD29, CD44, CD54, CD105, α 6  integrin subunit (also 
known as CD49f) and Thy1 (also known as CD90). The pancreatic MSC were 
shown to be capable of generating at least two germ layer cells including endoderm- 
derived cells, but there was no convincing evidence of pancreatic lineage cells 
(Seeberger et al.  2006 ). Using culture conditions suitable for generating neuro-
spheres  ex vivo , mouse pancreatic ductal cells were shown to give rise to neurosphere- 
like structures that subsequently differentiated into several types of islet cells, 
including β cells (Seaberg et al.  2004 ). However, the molecular signature of these 
unique cells has not been defi ned. A limiting feature of all the above studies is their 
use of mixed cell populations, while most did not demonstrate clonogenesis. 
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 Interestingly, after  pancreatic duct ligation (PDL)  , numerous CK19 +  ductal cells 
can be regenerated and give rise to islet cells (Xu et al.  2008 ). Their lineage relation-
ship has been independently addressed using the genetic Cre-loxP tracing system. 
In this system, Cre expression was directed by the promoter of carbonic anhydrase 
II, a  marker   of mature ductal cells, resulting in the excision of the stop cassette 
(Rosa-loxP-stop-loxP-lacZ) in transgenic Rosa26 (R26R) mice. This leads to 
β-galactosidase activity in cells expressing Cre (in this case, ductal cells). Four 
weeks later in normal or PDL pancreas, β-galactosidase was detectable in many 
ducts, patches of acinar cells and 35–40 % of islet cells (Bonner-Weir et al.  2008 ; 
Inada et al.  2008 ). These data provided strong evidence that carbonic anhydrase 
II-expressing ductal epithelial cells are capable of producing islet cells, at least in 
mice. It is still unknown, however, whether all or part of the carbonic anhydrase 
II-expressing cell population has this developmental potential; and whether the dif-
ferentiation proceeds from PMP or does so as a trans differentiation process from 
mature ductal cells. 

 In contrast, when an exon of  Tcf2  (also known as  Hnf1β , marking pancreatic 
ductal cells) was replaced with a Cre-containing transgene, genetic lineage tracing 
showed that the postnatal Tcf2 +  cells in these transgenic mice did not differentiate 
into islet cells, under both normal and after PDL (Solar et al.  2009 ). However, a 
complication of this study is that one copy of  Tcf2  was non-functional, resulting in 
halving the production of Tcf2. Heterozygous  Tcf2  mutant mice and humans dis-
play pancreatic agenesis (Haumaitre et al.  2005 ,  2006 ), so haploinsuffi ciency of this 
gene in tracing experiments may have compromised the differentiation of ductal 
progenitors into functional islet cells. 

 Fbw7 (F-box and WD-40 domain protein 7), an ubiquitin ligase, is expressed in 
embryonic and adult ductal epithelial cells, deletion of which stabilizes the heavily 
ubiquitinated neurogenin 3 (Ngn3), an endocrine determinant transcription factor, 
and reprograms the ductal cells to glucagon-producing α, insulin-producing β and 
somatostatin-producing δ cells (Sancho et al.  2014 ). This study suggests that pan-
creatic ductal cells are a latent PMP and Fbw7 is a critical cell-fate regulator. 
Nevertheless, this report did not describe whether all or a fraction of the ductal cells 
express Fbw7; the frequency of the reprogramming event, both are critical to assess 
whether this might become a viable strategy to regenerate islet cells by suppressing 
the Fbw7 signalling. A fundamental assay on reprogrammed cells to ameliorate 
diabetes has not been reported. 

 Interestingly, PDL activates robustly  the   Wnt signalling pathway and allows in 
the regenerating ducts the appearance of Lgr5 expression (Huch et al.  2013 ), a Wnt 
target which marks actively dividing stem cells such as in the intestine (Barker et al. 
 2007 ). Purifi ed ductal Lgr5-expressing cells are also responsive to spondin 1 and 
form clonal 3D pancreatic organoids within the Matrigel-formed gel that generate 
ductal as well as endocrine lineages upon transplantation (Huch et al.  2013 ).  
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13.3.2     Are PMP Present in Pancreatic Acinar Tissue? 

 In the transplantation clinic, a large population of  acinar   cells would be discarded 
after purifi cation of islets from donated pancreas. Identifi cation of potential value 
for pancreatic acinar cells has thus drawn signifi cant interest. After co- transplantation 
with foetal pancreatic cells under the kidney capsule of immunodefi cient mice, 
these acinar cells gave rise to endocrine cells without evidence of β-cell replication 
or cell fusion (Hao et al.  2006 ). These experiments suggest the existence of PMP or 
progenitor cells within the acinar compartment of the adult human pancreas. 
Consistently, analysis using the Cre/loxP-based tracing system demonstrated that 
amylase/elastase-expressing exocrine cells were able to give rise to insulin-positive 
cells in a suspension culture (Minami et al.  2005 ). However, because a clonal self- 
renewal assay of these amylase/elastase-expressing cells and their intermediate 
steps has not been demonstrated, this study may simply reveal that mouse and rat 
pancreatic exocrine cells are able to trans differentiate into surrogate insulin- 
expressing cells (Baeyens et al.  2005 ; Minami et al.  2008 ). This possibility was 
supported by a recent study which showed that mouse acinar cells could be directly 
re-programmed  in vivo  to β-like cells using only three transcription factor genes, 
namely,  Pdx1  ( pancreas and duodenum homeobox 1 ),  Ngn3  and  MafA  ( musculo-
aponeurotic fi brosarcoma oncogene family protein A ) (Zhou et al.  2008 ). 
Nevertheless, as the donated acinar cells (Hao et al.  2006 ) were not purifi ed by fl ow 
cytometry, the possibility of contamination by ductal or even islet cells cannot be 
completely ruled out. Similar lineage tracing experiments  in    vivo    demonstrate that 
after 70–80 % pancreatectomy, pre-existing mouse pancreatic acinar cells do not 
contribute to the regeneration of islet β cells (Desai et al.  2007 ). These contradictory 
fi ndings remain to be reconciled.  

13.3.3     Are PMP Present in the Islets? 

 Accumulating evidence suggest that  the   islets of Langerhans harbour the 
PMP. Whether distinct nestin +  and hormone −  (insulin, glucagon, somatostatin, pan-
creatic polypeptide or ghrelin) cells in both rat and human islets are PMP has not yet 
been established. These nestin +  cells are reported to proliferate in culture exten-
sively (~8 months) and give rise to cells that express liver and acinar pancreas mark-
ers, including α-fetoprotein, pancreatic amylase and a ductal/endocrine phenotype 
with the expression of CK19, neural-specifi c cell adhesion molecule, insulin, gluca-
gon and PDX1. These nestin +  PMP may therefore participate in the neogenesis of 
islet endocrine cells (Zulewski et al.  2001 ), mediated at least partially by glucagon- 
like peptide-1, an incretin hormone processed from proglucagon (Abraham et al. 
 2002 ). It remains however unclear either islet and duct-derived multipotent precur-
sor cells that give rise to neurosphere-like structures and subsequently differentiated 
into islet β-like cells (Seaberg et al.  2004 ) or the outgrown fi broblast-like cells that 
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proliferate readily and give rise  in vitro  to hormone-expressing non-typical islet cell 
aggregates (Gershengorn et al.  2004 ) or both are nestin + . Studies on human islets 
transfected with a rat insulin promoter (RIP)-containing transgene demonstrated 
that RIP-expressing cells were dedifferentiated to fi broblast-like cells with up to 16 
population doublings with undetectable insulin expression (Russ et al.  2008 ). 
Nevertheless,  In vivo  studies indicate that Nestin +  cells are mostly restricted in non- 
endodermal- derived cells (Lardon et al.  2002 ; Selander and Edlund  2002 ). A rigor-
ous genetic-based lineage tracing in mice under the control of  Pdx1  or  RIP  also 
demonstrated that PDX1- or RIP-expressing cells did not contribute signifi cantly to 
these fi broblast-like cells  in vitro  (Chase et al.  2007 ).   These  discrepancies   require 
future clarifi cation.   

13.4     Developmental Intermediates as Potential PMP 

13.4.1     Sox9-Expressing Pluripotent Progenitors 

 Protocols for generation of  cystic   E-cadherin–expressing epithelial colonies were 
fi rst developed by our group (Fig.  13.2 ). Dissociated foetal pancreatic cells in the 
presence of laminin 1,1,1 and BMPs generated cystic colonies containing β cells 
(Jiang and Harrison  2005a ; Jiang et al.  2002 ). Interestingly, colonies promoted by 
EGF were spherical but not cystic (Jiang and Harrison  2005b ), suggesting they may 
have different developmental potential. However, we did not determine whether all 
cystic epithelial colonies stochastically committed to various lineages or only cer-
tain fractions of cystic epithelial colonies had defi ned differentiation potential. Now 
it seems clear that our cystic colonies were generated from Sox9 +  multipotent pro-
genitors (see below).

  Fig. 13.2     Cystic colony formation from dissociated foetal mouse pancreas cells.  ( a ) Phase 
contrast image showing that BMP6 promotes colony formation.  Open arrows  indicate colonies 
≤30 μm. ( b ) Immunocytochemical analyses. ( a ) Proinsulin staining. Fixed colonies were stained 
with proinsulin antibody ( brown ). ( b ) Activin A antagonizes colony formation. ( c ,  d ) Insulin stain-
ing. Histological sections of harvested colonies were stained with anti-insulin antibody ( brown ) 
(Adapted and modifi ed from Jiang et al. ( 2002 ))       
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    Sox  genes are members of the Sry (sex determining region Y) box-related high- 
mobility group box transcription factor family and are versatile regulators of stem/
progenitor cell fate (Sarkar and Hochedlinger  2013 ).  Sox9  plays pivotal roles in 
embryonic development of several organs including the pancreas. This critical tran-
scription factor can be detected at E10.5 in the dorsal and ventral pancreatic epithe-
lia (Lynn et al.  2007 ). Importantly, Sox9-expressing embryonic pancreatic epithelia 
at E13.5 (Fig.  13.3 ) are capable of giving rise to all acinar, ductal and islet lineages 
in the pancreas (Furuyama et al.  2011 ). However,  Sox9  expression is gradually con-
fi ned to pancreatic duct cells by E16.5 (Furuyama et al.  2011 ). Lineage tracing stud-
ies demonstrate that  Sox9  is also expressed in other posterior foregut-derived organs 
including the bile duct, the duodenum and the liver. For example, it is expressed in 
bile duct cells adjacent to the portal vein from E16.5.  Sox9  also is broadly expressed 
in the intestinal epithelia at E13.5 but restricted to the crypt from E18.5 (Furuyama 
et al.  2011 ). Hence these  Sox9 -expressing cells in the posterior foregut region could 
be PMP. Consistent with these observations, Sox9-expressing multipotent progeni-
tors purifi ed from E11.5 Sox9-eGFP embryos form expandable cystoid colonies 
containing endocrine cells in a Matrigel-containing culture system (Sugiyama et al. 
 2013 ).

   A methylcellulose-based  semisolid   medium containing Matrigel allows growth 
of duct-like “ring/dense” colonies from CD133 + Sox9 +  ductal cells (19 %). With the 

  Fig. 13.3     Cystic colonies generated from Sox9-tagged cells.  ( a ) Embryonic Sox9 +  progenitors 
in the pancreas capable of generating cystic colonies. ( a ) Sox9 is expressed in most ductal progeni-
tors in E11.5 mouse pancreas. ( b ) Cystic colonies are formed from purifi ed Sox9-eGFP +  progeni-
tors in E11.5 mouse pancreas. ( b ) Purifi ed Sox9 +  cells in adult mouse pancreas capable of 
generating cystic colonies under a phase contrast ( a ) or a fl uorescence microscope ( b ) (Adapted 
and modifi ed from Jin et al. ( 2013 ); Sugiyama et al. ( 2013 ))       
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addition of the roof plate-specifi c spondin 1, a Wnt agonist, ring/dense colony- 
forming cells can be expanded more than 100,000-fold when serially dissociated 
and replated in the presence of Matrigel (Jin et al.  2013 ). The CD133 + Sox9 +  cells 
generate endocrine/acinar colonies in a laminin hydrogel (Jin et al.  2013 ). Future 
studies are required to determine whether CD133 + Sox9 +  cells are the same as, or 
different from, the  Lgr5 -expressing cells. Nevertheless, Sox9-positive duct and cen-
troacinar cells have not been shown to regenerate β cells in several  in vivo  regenera-
tion or trans differentiation experiments such as partial pancreatectomy, 
cerulean-induced acute pancreatitis, a streptozotocin-diabetes and PDL model, or  in 
vitro  culture experiments (Furuyama et al.  2011 ). A similar conclusion is drawn 
from a conditional lineage tracing study (Kopp et al.  2011 ). Due to a common devel-
opmental origin, a human bile duct progenitor population known as “biliary tree- 
derived cells” (Wang et al.  2013 ) may behave as PMP and differentiate towards 
pancreatic endocrine lineages. However, the purifi ed bile duct progenitor popula-
tion, detailed molecular profi le and developmental potential require further 
investigations.  

13.4.2     Pdx1-Expressing Pancreatic Progenitors 

 A group of special cells in the  thickened   DE epithelium along the dorsal and ventral 
surfaces of the posterior mouse foregut at E9.0–9.5 expresses the gene named  Pdx1 . 
Pdx1 is a member of the parahox homeobox transcription factor family and is essen-
tial for both the expansion of pancreas primordial populations (Jonsson et al.  1994 ) 
and the function of adult β cells (Gao et al.  2014 ; Ohneda et al.  2000 ). 

 Genetic lineage tracing experiments demonstrated that Pdx1-expressing (Pdx1 + ) 
progenitors give rise to acinar, duct and endocrine tissues in the pancreas (Gu et al. 
 2002 ). These progenitors are located at the tip of the branching pancreatic tree 
marked by Pdx1 + Ptf1a +  (pancreas transcription factor 1a) Cpa1 +  (carboxypeptidase 
1) (Zhou et al.  2007 ). The Pdx1 +  cells are able to take up bromodeoxyuridine (BrdU) 
(Seymour et al.  2007 ), a thymidine analogue incorporated into DNA during S-phase 
of the cell cycle, indicating that these cells are proliferative. 

 Following  in vivo   developmental   pathways, PSC can be directed to give rise to 
Pdx1 +  cells that are able to proliferate 16-fold in the presence of pancreas-derived 
mesenchymal cells (Sneddon et al.  2012 ). To verify this capacity of the Pdx1 +  cells, 
independent confi rmation of these results will be essential. Caution should be taken 
because there are as yet no data to demonstrate that these PSC-derived Pdx1 +  cells 
are the equivalent of pancreatic Pdx1 +  progenitors, since  Pdx1  is also expressed in 
other non-pancreas endoderm-derived tissues (Holland et al.  2005 ). 

 In humans, numerous PDX1 +  cells can be detected easily in the pancreas between 
8 and 21 weeks of age (Jeon et al.  2009 ; Lyttle et al.  2008 ). The number of PDX1 +  
cells that also express insulin or somatostatin progressively increases during this 
period of development (Lyttle et al.  2008 ). An unanswered fundamental question is 
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whether the PDX1 +  cells are generated by self-renewal or commitment from their 
endodermal progenitors or both. 

 Identifi cation of a specifi c marker that allows the purifi cation of PSC-derived 
Pdx1 +  pancreatic progenitors would be valuable. The capacity of Pdx1 +  progenitors 
to proliferate and self-renew  in vitro  needs to be evaluated and established. Recently, 
reserpine and tetrabenzine, both inhibitors of vesicular monoamine transporter-2, 
were shown to be able to differentiate PSC-derived Pdx1 +  cells into  Ngn3 -expressing 
cells (Sakano et al.  2014 ). Nevertheless, caution has to be taken for the use of 
genetic lineage tracing in PSC differentiation because temporospatial cues  are   criti-
cal for the success of  in vivo  lineage tracing studies [see review by (Jiang and 
Morahan  2015 )]. Furthermore, it would be interesting to address whether all or only 
a fraction of Pdx1 +  progenitors commit along the endocrine pathway, and whether 
the PSC-derived Ngn3-expressing cells were  bona fi de  islet progenitors.  

13.4.3     Ngn3-Expressing Islet Progenitors 

 At around E9.5 in mice, a small group of cells in  the   thickened posterior foregut DE 
epithelium begins to express the basic helix-loop-helix transcription factor Ngn3 
(Gradwohl et al.  2000 ; Gu et al.  2002 ; Xu et al.  2008 ). These Ngn3 +  cells are islet 
progenitors because they can give rise to all islet lineage cells. A number of obser-
vations support the importance of Ngn3 in islet development: islet cells do not 
develop in  Ngn3  knockout mice (Gradwohl et al.  2000 ); gene lineage tracing shows 
that Ngn3 +  cells give rise to all pancreatic endocrine cells (Gu et al.  2002 ); in adult 
pancreas, purifi ed Ngn3 +  cells activated by PDL can, after injection into a foetal 
pancreas  in vitro , differentiate into all islet cell types (Xu et al.  2008 ). Nevertheless, 
another laboratory reported that PDL allows activation of Ngn3 expression but the 
Ngn3 +  cells were not able to complete the entire β-cell regeneration (Kopp et al. 
 2011 ) while a more recent study found that β-cell mass and insulin content were 
totally unchanged by PDL-induced injury (Rankin et al.  2013 ). These inconsisten-
cies require careful reconciliation. 

 Whereas mouse  Ngn3  mRNA expression peaks around E15.5 (Schwitzgebel 
et al.  2000 ) (equivalent to week 9 in humans), human  NGN3  expression is low prior 
to 9 weeks, but from 9 weeks onward, its expression increases sharply and remains 
high until 17 weeks (Jeon et al.  2009 ). Although a few studies showed that Ngn3 +  
cells could proliferate (Jensen et al.  2000 ; Oliver-Krasinski et al.  2009 ), the recent 
genetic clonal assays by “mosaic analysis with double marker” (MADM) demon-
strated that Ngn3 +  cells  are   quiescent and give rise to a single islet cell type (Desgraz 
and Herrera  2009 ). Consistent with this, a molecular study showed that the expres-
sion of Ngn3 inhibits proliferation by inducing  cyclin-dependent kinase inhibitor 1a  
( Cdkn1a ) (Miyatsuka et al.  2011 ). The apparent contradiction between the earlier 
and latest studies may arise from different interpretations, and requires future stud-
ies to reconcile.  
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13.4.4     Ghrelin (ε)-Expressing Progenitors? 

 Ghrelin is a 28-amino acid polypeptide hormone  that   has been shown to inhibit 
insulin secretion in mice, rats and humans (Dezaki  2013 ). Ghrelin-expressing ε 
cells were originally identifi ed in the stomach. They are detectable in mid-gestation 
in mouse and human developing pancreas and their number peaks at late gestation 
or in neonates (Wierup et al.  2014 ). Adult islets in humans, but no other known spe-
cies, however contain a substantial number of ε cells (Wierup et al.  2014 ), suggest-
ing that these cells may play an unidentifi ed role in the function of human islets. 

 Deletion of the  Arx  gene, encoding an α-cell transcription factor, results in drasti-
cally decreased numbers of ε cells (Collombat et al.  2003 ). In contrast, mice with 
deletion of  Pax4 ,  Pax6  or  Nkx2.2  display signifi cantly increased numbers of ε cells, 
though this is at the expense of other islet cell types (Hill et al.  2009 ; Prado et al. 
 2004 ). Interestingly, genetic lineage tracing studies demonstrated that ε cells are not 
terminally differentiated endocrine cells, because in adult mouse pancreas they can 
give rise to α, PP and, to a lesser extent, β cells (Arnes et al.  2012 ). These data sug-
gest that ε cells are progenitors of other islet cells. Whether ε cells act as PMP of 
functional islets remains to be established.  

13.4.5     Insulin +  Multipotent Progenitors 

 Earlier studies demonstrate  that   insulin-expressing cells in the developing pancreas 
can give rise to other islet cell types in addition to β cells (Alpert et al.  1988 ), sug-
gesting that a fraction of insulin-expressing cells are progenitors of other islet cells. 
Recently, by using genetic lineage tracing techniques, the insulin +  multipotent pro-
genitors (equivalent to PMP herein) in the adult pancreas were derived from the 
embryonic pancreatic Pdx1 +  cells, but not from the neural crest. These PMP-like 
cells expressed an array of markers typical of islet progenitors and gave rise to all 
endocrine cells  in vivo . The PMP are distinct from mature functional cells as they 
expressed a low level of insulin and a low level or absence of glucose transporter-2 
(Smukler et al.  2011 ). However, given insulin expression starts from Pdx1 +  progeni-
tors, through Ngn3 +  progenitors to mature β cells (Jiang et al.  2010 ; Jiang and 
Morahan  2012 ), further studies are required to verify whether the insulin +  multipo-
tent progenitors are not only present in adult islets but also in other developing 
stages. 

 Human counterparts of the mouse insulin +  multipotent progenitors have also 
been identifi ed. These cells, isolated from either mice or humans, could develop 
after transplantation into diabetic mice, and ameliorate their diabetes. Surprisingly, 
however, these insulin +  multipotent progenitors also gave rise to neural lineage cells 
(Smukler et al.  2011 ). 

 Several pieces of strong  evidence   demonstrate that islet β cells act as facultative 
“stem” cells able to reproduce themselves. Dor and colleagues used RIP-driven 
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reporter genes for genetic tracing of the fate of insulin-secreting cells (Dor et al. 
 2004 ). They fi rst revealed that adult mouse pancreatic β cells could be duplicated by 
RIP-expressing cells within the islets, both physiologically and after partial pancre-
atectomy. This study assumed that all RIP-expressing cells in adult islets are func-
tional β cells so it did not preclude the presence and action of PMP. Similarly, use of 
a transgenic model in which the expression of diphtheria toxin was directed by RIP 
to β cells resulted in apoptosis of 70–80 % of β cells, destruction of islet architecture 
and eventual diabetes. Withdrawal of diphtheria expression led to a signifi cant 
regeneration of β-cell mass and a spontaneous normalization of blood glucose levels 
and islet architecture. Simultaneously, RIP-based lineage tracing analysis indicated 
that the proliferation of a subset of 20–30 % surviving ‘β’ cells played a major role 
in this regeneration and in recovery of euglycemia (Nir et al.  2007 ). These studies 
suggest that islet β cells are indeed facultative unipotent stem cells. 

 Using the sophisticated MADM system in double transgenic mice (designated 
RIP-CreER; Rosa26 GR /Rosa26 RG ) each RIP-expressing clone was composed of 
5.1 ± 5.4 cells after 1 month of chase, increasing to 8.2 ± 6.9 cells by 2 months 
(Brennand et al.  2007 ). These RIP-expressing clones have been taken as further 
evidence of regeneration of functional β cells, but this should be balanced in view 
of fi delity of insulin gene expression, as discussed below. An additional loss-of- 
function study following knockout of the  Hnf4 α ( hepatocyte nuclear factor 4 α) 
gene suggested that the β-cell regeneration may involve the Ras/Erk signalling cas-
cade (Gupta et al.  2007 ) and ultimately be regulated by cycling modulators includ-
ing cyclin D2 (Georgia and Bhushan  2004 ). Taken together, further identifi cation 
and characterization of the so-called self-replicative or dedifferentiative RIP- 
expressing cells both  in vivo  and  in vitro  is critical, because these cells may hold the 
key for a regenerative therapy for T1D. 

 On the other hand, thymidine- based   lineage tracing experiments showed that β 
cells were produced within an islet by rare self-renewing cells with a long replication- 
refractory period, but both the identity of these unique cells and the length of the 
replication-refractory period are unknown. The frequency of these self-renewing 
cells was signifi cantly increased after partial pancreatectomy or during pregnancy 
(Teta et al.  2007 ). Further studies should determine the molecular signature and 
biological potential of these replicating self-renewal cells. Due to obvious ethical 
and technical issues, similar studies cannot be performed in human islets, but such 
investigation could at least be repeated in larger mammal islets. 

 The abovementioned investigations of β-cell duplication as a mechanism of islet 
regeneration have drawn great attention in recent years because of their potential to 
develop a regenerative therapy for diabetes. However, a limitation of these studies is 
whether insulin gene expression (as directed, for example, by RIP-containing trans-
genes) is a marker exclusively of functional β cells. There is increasing evidence 
that it is not. First, insulin gene expression starts from the Pdx1 +  progenitor stage, 
progressively increasing through Ngn3 +  progenitors and reaching its plateau in 
mature islet β cells (Jiang et al.  2010 ; Jiang and Morahan  2012 ). Second, the dem-
onstration of insulin +  multipotent progenitors (Smukler et al.  2011 ) precludes insu-
lin as an exclusive marker of functional β cells. Third, insulin protein has been 
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detected in islet progenitors in both humans and mice. In a dual fl uorescence reporter 
mouse line, a few Ngn3 +  cells in the developing pancreas coexpress insulin (Hara 
et al.  2006 ). In humans some NGN3 +  cells were also detected to coexpress insulin 
in the foetal pancreas between 10 and 21 weeks (Lyttle et al.  2008 ). 

 Taken together, insulin gene  expression   is not a marker exclusively of functional 
β cells. It is formally possible β-cell regeneration in adults is derived from both self- 
duplication of glucose-responsive functional cells and self-renewal and differentia-
tion of PMP. To validate that PMP do exist in the adult islets their self-renewal must 
be demonstrated at the single cell level, with observations made of the intermediary 
stages of clonogenesis, and the ability to give rise at least non-β endocrine cells.   

13.5     Concluding Remarks 

 Conclusive evidence of PMP remains to be established. Embryonic Sox9 +  progeni-
tors and to a less extent, adult Sox9 +  ductal cells satisfy some but not all criteria of 
PMP. Future goals of the fi eld should be to: defi ne well-agreed general features for 
PMP; identify specifi c cell surface markers that can be used to characterize and 
purify cells that may have PMP potential; establish a simple, effective and reproduc-
ible  in vitro  assay to examine self-renewal and differentiation potential of purifi ed 
cells; and develop  in vivo  functional assays to determine biological function in both 
experimental animals and humans. 

 We propose that PMP should be defi ned with at least the following criteria:

    (i)    clonogenesis should be demonstrated at the level of single cells sorted by fl ow 
cytometry;   

   (ii)    sorted single cells should be tested by  in vitro  self-renewal assays;   
   (iii)    clonogenic cells should give rise  in vitro  to multiple specialized cell lineages; 

and   
   (iv)    after transplantation, these cells should differentiate  in vivo  into different func-

tional lineages.     

 Moreover, investigation of PMP should be particularly informed based on two 
considerations. First, PMP and dedifferentiation or trans differentiation of non-β 
cell types in the pancreas may provide an alternative source of surrogate β cells. 
Second, as there is a signifi cant difference in regeneration capacity between rodent 
and human islets, it may be wise not to extrapolate directly from regeneration data 
of rodents to humans. 

 Unlike previous experiments that were only performed  in vivo  or  in vitro  without 
targeting specifi c cell types, future PMP work should employ integrated approaches. 
Identifi cation of cell surface markers and application of fl ow cytometry would allow 
fractionation of heterogeneous cell populations for examining  in vitro  their potential 
for self-renewal and clonogenesis. Single-cell biology (i.e., single-cell transcrip-
tomics and single-cell RNA-seq) (Shapiro et al.  2013 ; Trapnell et al.  2014 ) would 
dissect their developmental pathways and molecular mechanisms and in  combination 
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with genetic tracing examine their lineage contribution and developmental potential 
 in vivo . Finally multi-discipline, multi-laboratory and even cross-national collabo-
rations including the participation of the pharmaceutical sector will ultimately gen-
erate a depth of understanding of PMP that could allow the development of a 
regenerative therapy for diabetes, particularly T1D.     
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    Chapter 14   
 Adipose-Derived Stem/Stromal Cells                     

       Jie     Li    ,     Elizabeth     C.     Martin    , and     Jeffrey     M.     Gimble     

    Abstract     The adipose tissue is considered as a multifunctional organ which plays 
an important role in energy storage and endocrine and immune responses. In addi-
tion, it serves as a reservoir for a population identifi ed as adipose-derived stem/
stromal cells (ASCs). ASCs have been documented to possess the potential to dif-
ferentiate toward multiple cell lineages both  in vitro  and  in vivo . At present, 168 
national and international clinical trials involving ASC have been registered accord-
ing to the U.S. National Institutes of Health of which 38 have been completed. Both 
pre-clinical and clinical studies have shown the effectiveness of ASCs to treat vari-
ous diseases. The mechanisms by which ASCs may provide regenerative function 
include their ability to differentiate into target tissue specifi c cells, the secretion of 
factors to recruit and direct host-derived reparative cells, and/or immunomodulatory 
effects. Thus, due to its abundance, easy availability, and low morbidity during har-
vest, adipose tissue provides a feasible tissue source of adult stromal/stem cells for 
regenerative medicine.  

  Keywords     Adipose-derived stem cell   •   White adipose tissue   •   Brown adipose 
 tissue adipocyte   •   Chondrocyte   •   Osteoblast   •   Secretome   •   Preconditioning  

        J.   Li    
  Sichuan University ,   Chengdu  ,     China     

    E.  C.   Martin    
  Center for Stem Cell Research and Regenerative Medicine and Departments of Medicine, 
Structural and Cellular Biology and Surgery ,  Tulane University School of Medicine , 
  1324 Tulane Avenue ,  New Orleans ,  LA   70112 ,  USA   

     J.  M.   Gimble ,  M.D., Ph.D.      (*) 
  Center for Stem Cell Research and Regenerative Medicine and Departments of Medicine, 
Structural and Cellular Biology and Surgery ,  Tulane University School of Medicine , 
  1324 Tulane Avenue ,  New Orleans ,  LA   70112 ,  USA   

  LaCell LLC  ,        New Orleans ,  LA   70112 ,  USA   
 e-mail: jgimble@tulane.edu  

mailto:jgimble@tulane.edu


364

14.1       Introduction 

 Historically, adipose tissue was considered exclusively as an energy reservoir. More 
recently, other adipose physiological functions such as metabolic regulation, infl am-
matory processes and endocrine function have been characterized. Additionally, 
human adipose tissue has been identifi ed as an abundant and accessible source of 
multipotent stromal/stem cells. These cells have the potential to differentiate into 
cells of mesodermal origin including adipocytes, chondrocytes, osteoblasts, and 
myoblasts, as well as cells of non-mesodermal lineages, such as hepatocytes, pan-
creatic endocrine cells, neurons, cardiomyocytes, and vascular endothelial cells. 
The International Fat Applied Technology Society (IFATS) and the International 
Society for Cellular Therapies (ISCT) reached a consensus to adopt the term 
“adipose- derived stromal/stem cells” (ASCs) to identify the isolated, plastic- 
adherent, multipotent cell population obtained from adipose tissue (Bourin et al. 
 2013 ). Over the past decade and a half, ASCs have been widely studied in tissue 
engineering and regenerative medicine as well as cell therapy.  

14.2     Classifi cation and Derivation of Adipose 

 Adipose tissue is comprised of a heterogeneous cell population which includes adi-
pocytes, endothelial cells, pericytes, and pre-adipocytes as well as various immune 
cells (Lee et al.  2013 ). Cells resembling mesenchymal stem cells (MSCs; also 
known as multipotent stromal cells) have been found within the adipose tissue 
which are now identifi ed as ASCs. The ASCs are isolated by collagenase digestion, 
mechanical disruption and/or explant culture techniques. Anatomically, there are at 
least fi ve different categories of adipose tissue: bone marrow, brown, mammary, 
mechanical, and white (Gimble et al.  2007 ). The ASCs isolated from different depot 
can display similar but not necessarily identical biological properties (Baglioni 
et al.  2012 ; Shah et al.  2015 ). Additionally, the biological characteristic of ASCs has 
been reported to differ between lean and obese as well as between young and old 
donors (Schipper et al.  2008 ). In the future, it may be necessary to determine 
whether a particular kind or depot source of ASCs is more suitable for therapy of a 
specifi c disease. 

14.2.1     White Adipose Tissue 

 White adipose tissue (WAT) is recognized as  a      multifunctional organ displaying, for 
example, endocrine, energy storage, immunomodulatory, and secretory roles. Two 
of the most prominent WAT depots are the subcutaneous adipose tissue and the 
visceral adipose tissue. The WAT serves as an energy reservoir, effi ciently storing 
excess calories in the form of triglyceride. Both hypertrophy and hyperplasia of 
adipocytes occurs when caloric input exceeds expenditure; in contrast, the stored 
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triglycerides are metabolized into free fatty acids and glycerol when energy is 
required (Otto and Lane  2005 ). The ability of WAT to expand extensively suggests 
the existence of stem cells and labeling studies indicate that adipose tissue contains 
long term label retaining cell  in vivo , consistent with the existence of a stem-like 
cell (Gawronska-Kozak et al.  2014 ). 

 In recent years, liposuction has been employed for body sculpting. According to 
the American Society for Aesthetic Plastic Surgery Reports, 342,494 liposuction 
procedures were performed in the United States in 2014, making it among the most 
commonly performed cosmetic procedures. Up to 3 kg of fat can be acquired from 
this procedure, however the fat is routinely discarded as medical waste. Alternatively, 
using collagenase enzyme digestion or mechanical disruption, a stromal vascular 
fraction (SVF) can be isolated from the fat. After expansion  in vitro , these cells 
become more homogeneous for a subset of surface antigen biomarkers and are iden-
tifi ed as ASCs. In many respects, the ASCs meet the criteria defi ning human mes-
enchymal stem cells (MSCs). The ASC are able to differentiate along multiple 
lineage, including adipocyte, chondrocytes and osteoblasts. These cells express sur-
face markers associated with the MSC immunophenotype. In comparison to bone 
marrow stem cells (BMSC), ASCs have a higher colony forming unit (CFU) fre-
quency (Kern et al.  2006 ) and a higher cell yield per gram tissue (Strem et al.  2005 ). 
Therefore, the easy accessibility,  abundant      source, and limited harvest morbidity 
make subcutaneous WAT an exciting alternative to bone marrow as a stromal/stem 
cell source.  

14.2.2     Brown Adipose Tissue 

 In humans,  brown adipose tissue (BAT) is      mainly located on the back and around 
the major organs in infants and in the cervical, supraclavicular, and superior medi-
astinal depots in adults (Cypess et al.  2009 ; Virtanen et al.  2009 ). BAT is character-
ized by an abundance of mitochondria expressing uncoupling protein-1 (UCP1) 
(Cannon and Nedergaard  2004 ). UCP1 is found in the inner membrane of brown 
adipocytes mitochondria where it is responsible for the non-shivering thermogene-
sis of BAT (Cannon and Nedergaard  2004 ). It has been well recognized that BAT 
shares a Myf5+ precursor with skeletal muscle, making BAT cells more closely 
related to skeletal muscle rather than WAT adipocytes. Recently, a population of 
Myf5+ precursor were found in interscapular WAT (iWAT) and retroperitoneal 
WAT (rWAT) (Sanchez-Gurmaches et al.  2012 ). The ASCs isolated from BAT have 
been found to express a similar cell surface marker profi le and a multilineage poten-
tial resembling that of ASCs from WAT (Silva et al.  2014 ). This may refl ect an abil-
ity of adipose tissue to transdifferentiate between WAT and BAT. Conversion of 
WAT to BAT is observed during shivering response/cold exposure, or through the 
enhanced expression of peroxisome proliferator-activated receptor-γ coactivator 
1-α (PGC-1α) or forkhead box protein C2 (FOXC2), agonists to peroxisome 
proliferator- activated receptor γ (PPARγ), retinoic acid or nicotine (Stephens et al. 
 2011 ). However, the BAT-like cells derived from WAT origin are described 
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currently as a unique sub-type known as beige/brite cells, which will be discussed 
in greater detail below. BAT exhibits a lower stromal/stem cell yield per weight of 
tissue and weaker differentiation ability than WAT-derived ASC (Prunet-Marcassus 
et al.  2006 ). By comparing Sca-1 + /CD45 − /Mac1 −  ASCs isolated from murine BAT, 
WAT, and skeletal muscle, investigators have found that ASCs isolated from BAT 
serve as constitutively committed brown fat precursors (Schulz et al.  2011 ). 
Additionally, CD29 +  ASCs isolated from BAT could differentiate into cardiomyo-
cytes with a high effi ciency relative to those from WAT (Yamada et al.  2006 ). When 
these CD29+ BAT-derived ASCs  were      transplanted  in vivo  along with chitosan 
hydrogel, they are able to preserve and repair myocardial tissue following myocar-
dial infarction (Wang et al.  2014a ). By injection of BAT-derived ASCs in high fat 
fed NOD-SCID mice, no change was found in body weight compared to the saline 
control animals (Silva et al.  2014 ). These results suggest that the BAT derived ASC 
hold potential for stem cell therapy and regenerative medicine. 

 Clinically, BAT tissue has been associated with disease types such as obesity, 
type 2 diabetes and insulin resistance, and atherosclerosis (Harms and Seale  2013 ). 
In mice which have been genetically modifi ed to express less BAT there is an 
observed increase in weight gain, suggesting that there may be an inverse correla-
tion between BAT depot volumes and obesity. Furthermore enhancing the activity 
or availability of BAT tissue in mice has correlated with resistance to weight gain 
and suppression of metabolic diseases such as type 2 diabetes (Harms and Seale 
 2013 ). Mice with enhanced BAT activity and presence have an increased sensitivity 
to insulin. BAT is known to be induced thermogenically as well as to be regulated 
and enhanced through a subset of genes, FOXC2, phosphatase and tensin homolog 
(PTEN), CCAAT-enhancer-binding protein β (C/EBPβ), and PRD1-BF1- RIZ1 
     homologous domain containing 16 (PRDM16). Likewise, there are many known 
inhibitors of BAT including activin receptor type IIB (ActRIIB), activating tran-
scription factor 4 (ATF4), pre-adipocyte factor-1 (Pref-1), eukaryotic initiation fac-
tor 4E-binding protein-2 (4E-BP2), forkhead box-containing protein O subfamily 1 
(FOXO1), transcriptional intermediary factor-2 (TIF2), and protein kinase Cβ 
(PKCβ) (Seale  2010 ).  

14.2.3     Additional Adipose Depots 

 Adipose tissues are present throughout the body. In addition to BAT and WAT, adi-
pose tissue has been found in the appendicular skeleton. The bone marrow fat is 
involved in thermogenesis, hematopoiesis, energy metabolism, and secretion of adi-
pokines (Gimble et al.  1996a ; Hardouin et al.  2014 ).  Mammary   adipose tissue acts 
as a local site for hormone action, the storage of lipids, and growth factor production 
(Hovey et al.  1999 ). The adipose depots located in the retro-orbital, buccal, palmar, 
and plantar regions provide mechanical support (Gimble et al.  2007 ). Further 
research will be needed to understand the specifi c biological properties of ASCs 
from these depots (Fig.  14.1 ).
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14.2.4        Beige Adipocytes 

 As stated above, there  are   instances of brown adipose like cells in WAT and these 
cells are designated as “beige” or “brite” (brown-in-white) adipocytes (Petrovic 
et al.  2010 ). While UCP1 has been used as a defi nitive biomarker for brown adipo-
cytes, studies using northern analysis and PCR analysis detected UCP1 unexpect-
edly in WAT (Cousin et al.  1992 ). After cold exposure or β3-adrenoceptor agonist 
treatment, the expression of UCP1 increased in WAT in rodents (Cousin et al.  1992 ). 
Beige adipocytes were enriched within the inguinal WAT of mice. Beige adipocytes 
markers including CD137, transmembrane protein 26 (TMEM26), transcription 
factor T-box 1 (Tbx1) and Cbp/p300-interacting transactivator with Glu/Asp-rich 
carboxy-terminal domain 1 (Cited1) have been reported (Wu et al.  2012 ; Sharp 
et al.  2012 ). Early B-cell factor 2 (Ebf2) is selectively expressed in brown and beige 
adipocytes (Wang et al.  2014b ). The Asc-type amino acid transporter 1 (Asc-1), 
proton assistant amino acid transporter-2 (Pat2), and purinergic receptor P2X, 
ligand-gated ion channel 5 (P2rx5) have been proposed to serve as distinguishing 
cell surface markers for white, beige, and brown adipocytes, respectively (Ussar 
et al.  2014 ). Studies showed that the beige adipocytes in mice are originally derived 
from Myf5 − PDGFRα +  precursor cells (Sanchez-Gurmaches et al.  2012 ). Meanwhile, 
white adipocytes can transdifferentiate into beige adipocytes on a second cold stim-
ulation (Rosenwald et al.  2013 ). In light of these recent studies, the cellular origin 
of beige, brown and white adipocytes is still under investigation (Bartelt and Heeren 
 2014 ; Harms and Seale  2013 ; Wu et al.  2015 ).   

  Fig. 14.1    Representative adipose depots       
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14.3     Immunophenotype of Adipose-Derived Stem/
Stromal Cells  

 The Mesenchymal and Tissue  Stem   Cell committee of the ISCT has outlined the 
minimal criteria for defi ning the human mesenchymal stem/stromal cells: (1) 
Plastic-adherent when cultured under standard conditions; (2) The expression of 
CD105, CD73 and CD90 must ≥ 95 %, while, on the other hand, the expression of 
CD45, CD34, CD14 or CD11b, CD79α or CD19 and human leucocyte antigen 
(HLA) class II must ≤ 2 %. (3) The cells must be capable to differentiate into adipo-
cytes, chondroblasts and osteoblasts (Dominici et al.  2006 ). More recently, the same 
committee extended its original guidelines by incorporating an evaluation of MSC 
immunomodulatory function based on mixed lymphocyte reactions and related 
assays (Krampera et al.  2013 ). 

 Similar recommendations from IFATS and ISCT have been proposed for ASCs 
(Bourin et al.  2013 ). The ASCs share a great majority of cell surface markers 
expression with MSCs. The freshly isolated SVF are heterogeneous with expression 
of low levels of stromal-associated markers such as CD13, CD29, CD44, CD73, 
CD90, CD105, and CD166. After  in vitro  expansion, high levels of stromal marker 
expression have been observed in ASCs (Mitchell et al.  2006 ). The human ASCs are 
consistently positive for these surface proteins: CD9, CD10, CD13, CD29, CD34, 
CD44, CD49e, CD54, CD55, CD59, CD90, CD105, CD166 and leucocyte- 
associated antigens-ABC (HLA-ABC), but negative for CD11a, CD11b, CD11c, 
CD14, CD18, CD31, CD45, CD49d, CD50, CD56, CD62e, and HLA-DR (Gronthos 
et al.  2001 ; Aust et al.  2004 ). In addition to those markers, studies have reported that 
ASCs are also positive for CD51, CD71, STRO-1 but negative for CD4, CD8a, 
CD16, CD41a, CD49f, CD62L, CD62P, CD104, CD106, CD117, CD133, CD243 
(Katz et al.  2005 ; Zuk et al.  2002 ). However, the expression of CD49b, CD49d, 
CD61, CD138, and CD140a showed a variable positivity among different donors 
(Katz et al.  2005 ). The surface markers expression suggests that ASCs display a 
similar profi le as MSCs. 

 Studies have documented  the   immunophenotype change after differentiation. 
After adipogenic differentiation, the ASCs expression of CD36, CD40, CD146, 
CD164, and CD271 has been reported to increase while CD49b, CD49c, CD49d, 
CD71, CD105, and CD166 were decreased. Following osteogenic differentiation, 
CD164 expression has been found to be up-regulated but CD49a, CD49b, CD49c, 
CD49d, CD55, CD58, CD105, and CD166 expression was reported as down- 
regulated (Walmsley et al.  2015 ). 

 Efforts have been made to purify the ASCs. Using fl uorescence-activated cell 
sorting (FACS) technique, a subpopulation of Lin − CD29 + CD34 + Sca-1 + CD24+ 
cells has been sorted out from the mice SVF. These cells are thought to be undif-
ferentiated adipocyte precursor (Rodeheffer et al.  2008 ). In human, both CD31+ 
and CD31− SVF are capable of adipogenic differentiation; of these, the CD31− cell 
population are more robust (Wosnitza et al.  2007 ). In one study, human CD34− 
ASCs have been reported to display a stronger adipogenic differentiation capacity 
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than CD34+ ASCs (Suga et al.  2009 ). In contrast, CD45 − CD31 − CD34+ cells 
sorted from human SVF were reported to represent a subpopulation with an inher-
ent propensity for adipogenesis exceeding that of other subpopulations (Li et al. 
 2011 ). Consistent with this observation, the CD34 biomarker has been associated 
with volume retention in human adipose tissue fat grafts, suggesting that CD34 
positivity is a potential biomarker for adipogenic progenitors or stem cells (Philips 
et al.  2013 ). Additionally, the CD10 and CD200 expression have been demonstrated 
to be depot-dependent and are correlated with adipogenic differentiation potential 
(Ong et al.  2014 ). Likewise, CD105− ASCs have been found to show stronger adip-
ogenic differentiation ability relative to their CD105+ ASCs counterparts; however 
the osteogenic and chondrogenic differentiation potential is more robust in CD105+ 
ASCs than in CD105− ASCs (Jiang et al.  2010 ). In summary,    cells with distinctive 
lineage differentiation capacity can be sorted by using different combination of sur-
face markers. It remains to be determined if the ASCs contain, in addition, a true 
stem cell.  

14.4     Differentiation of Adipose-Derived Stem/Stromal Cells 

 As highlighted above, there is evidence from multiple independent laboratories 
demonstrating that ASCs are multipotent, with adipogenic, osteogenic, and chon-
drogenic differentiation capability  in vitro  and  in vivo . 

14.4.1     Adipogenic Differentiation 

 Adipogenic differentiation is one of the  hallmark   characteristics identifying ASCs. 
A complex cascade of transcriptional and extracellular signals have been deter-
mined to regulate the adipogenic differentiation process (Rosen and MacDougald 
 2006 ). The master transcription factors of adipogenesis are PPARγ and the C/EBPs. 
To study the adipogenic process, ASCs are exposed to a defi ned adipogenic cocktail 
which routinely includes dexamethasone (DEX), insulin, and methylisobutylxan-
thine. Dexamethasone is a synthetic glucocorticoid agonist, which is used to stimu-
late the glucocorticoid receptor pathway. Insulin acts at the level of the extracellular 
insulin receptor, initiating a complex cytoplasmic and nuclear response. 
Methylisobutylxanthine is a cAMP-phosphodiesterase inhibitor which elevates 
cytoplasmic cAMP levels, thereby activating the cAMP-dependent protein kinase 
pathway (Ntambi and Young-Cheul  2000 ). Other adipogenic reagents have been 
utilized in the adipogenic cocktail such as indomethacin or thiazolidinedione (a 
ligand for the PPARγ) and triiodothyronine, a ligand for the thyroid receptor, but an 
adipogenic response can occur in their absence (Gimble et al.  1996b ; Hauner et al. 
 1989 ). To confi rm adipogenic differentiation histochemically, Oil Red O or Nile 
Red staining is routinely used to detect intracellular lipid accumulation (Yu et al. 

14 Adipose-Derived Stem/Stromal Cells



370

 2011 ; Williams et al.  2011 ).  Adipogenic   markers such as PPARγ, C/EBPα, lipopro-
tein lipase, leptin and adipocyte protein 2 can be determined at the mRNA and 
protein level. The robust adipogenic capacity of ASCs makes it a valuable cell 
model for human metabolism and obesity studies as well as a resource for regenera-
tive medicine.  

14.4.2     Osteogenic Differentiation 

 To induce osteogenesis in stromal/stem cells,  an   osteogenic cocktail is used. In gen-
eral the composition of this cocktail contains β-glycerophosphate (β-GP), DEX, and 
ascorbate 2-phosphate. The β-GP is hydrolyzed by alkaline phosphatase (ALP) to 
produce high levels of phosphate which promotes mineral deposition. DEX acts as 
a ligand for the glucocorticoid receptor and activates  Runt-related transcription fac-
tor (Runx2) /core-binding factor subunit alpha-1  (CBF-alpha-1)  expression, a tran-
scription factor integral to osteogenesis. In addition DEX also acts to induce 
activation of the WNT/β-catenin and mitogen-activated protein kinase (MAPK) 
phosphatase (MKP-1) pathways. Ascorbic acid enhances the formation of the col-
lagenous bone extracellular matrix (Langenbach and Handschel  2013 ). In addition 
to extracellular calcium deposition, differentiated osteoblasts have increased ALP 
activity which can be measured using commercially available kits. Alizarin Red or 
Von Kossa staining is frequently used to determine the formation of calcium depos-
its (Bourin et al.  2013 ). The molecular osteogenic markers such as Runx2, ALP, 
osteocalcin (OCN), osteopontin (OPN), and bone sialoprotein (BSP) can be detected 
via PCR and western blot after osteogenic differentiation.  Expression   of these genes 
is temporal where early induced osteogenic genes include Runx2 followed by genes 
associated with matrix mineralization such as OCN. Due to the abundance and 
osteogenic capacity of ASCs, the cells has been used for bone regeneration 
(Lendeckel et al.  2004 ; Sandor et al.  2014 ).  

14.4.3     Chondrogenic Differentiation 

 To induce chondrogenesis in ASCs,  a   chondrogenic cocktail containing ascorbate 
2-phosphate, dexamethasone, ITS (insulin, transferrin, and selenium), transforming 
growth factor beta 3 (TGF-β3) and bone morphogenetic protein 6 (BMP6) is often 
used (Erickson et al.  2002 ; Estes et al.  2010 ). Ascorbic acid serves to promote 
increased protein and proteoglycan synthesis (Awad et al.  2003 ). The DEX, acting 
as a glucocorticoid ligand, is variably used in chondrogenic differentiation, but its 
effect may be context dependent (Shintani and Hunziker  2011 ). ITS is suitable as a 
partial or full substitute for serum in chondrogenic culture (Kisiday et al.  2005 ). 
Although TGF-β1 has been used in chondrogenic differentiation, other TGF-β 
superfamily member such as TGF-β2, TGF-β3, BMP2 and BMP-6 have also been 
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shown to modulate chondrogenesis (Kramer et al.  2000 ; Luo et al.  2015 ; van Osch 
et al.  1998 ). For chondrogenesis. ASCs can be cultured as either high-density pellet 
cultures or in three-dimensional calcium alginate compositions (Izadpanah et al. 
 2006 ; Erickson et al.  2002 ). Histochemically, Alcian Blue, Safranin O and Toluidine 
Blue staining are used to monitor the accumulation of sulfated proteoglycans. 
Likewise, immunohistochemistry staining  of   collagen type I and II has been used to 
identify active chondrogenesis. Expression of chondrogenic differentiation markers 
including aggrecan, collagen type I and II, cartilage oligomeric matrix protein/
thrombospondin-5 (COMP/TSP5) and Sox9 can be evaluated via PCR and western 
blot analysis. The chondrogenic potential suggest ASCs is a feasible cell source for 
cartilage regeneration (Erickson et al.  2002 ).  

14.4.4     Other Lineages Differentiation 

  Myogenic Differentiation     Exposure of ASCs  to   myogenic medium can induce their 
differentiation to myocyte lineage pathways (Mizuno et al.  2002 ). This has sug-
gested the possibility that ASCs can be used in skeletal  muscle   regeneration in com-
bination with appropriate biomaterials (Kim et al.  2006 ).  

  Neurogenic Differentiation     ASCs are able to  undergo   neural differentiation using 
different combinations of growth factors such as basic fi broblast growth factor 
(bFGF), glial growth factor-2 (GGF-2) and platelet-derived growth factor (PDGF) 
and regent like forskolin or retinoic acid (Kingham et al.  2007 ; Lopatina et al.  2011 ). 
The potential usage of ASCs in neural regeneration has also been reported (Lopatina 
et al.  2011 ).  

  Endothelial Differentiation     The culture of ASCs using  an   endothelial differentia-
tion medium which contains vascular endothelial growth factor (VEGF) and bFGF 
in combination with a Matrigel coating has led to the formation of an  in vitro  
vascular- like network. Under these conditions, the ASC were positive for endothe-
lial cell markers including CD31 (PECAM), CD34, and CD144 (VE-cadherin). 
Based on these fi ndings, ASCs hold the potential therapeutic use in the treatment of 
ischemic diseases (Cao et al.  2005 ) and phase I  clinical   studies to treat ischemia of 
the lower extremities are now underway (Bura et al.  2014 ).  

  Hepatogenic Differentiation     Using a two-step  differentiation   protocol, both 
BMSCs and ASCs can be differentiated toward hepatocytes. These results suggests 
that ASCs may serve as an alternative for hepatocyte regeneration (Talens-Visconti 
et al.  2006 ).  

  Tendonogenic Differentiation     Growth differentiation factor-5 (GDF-5) treatment 
has been reported  to   induce tendonogenic gene expression in rat ASCs (Park et al. 
 2010a ). Furthermore, the use of tendon-derived extracellular matrix can enhance the 
tenogenic differentiation and may facilitate tendon healing and regeneration (Yang 
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et al.  2013 ). Thus, there is the potential to apply ASCs in the treatment of ligamen-
tous defects.  

  Keratinocyte Like Cells     Either by co-culture with  human   keratinocytes or by expo-
sure to the keratinocyte-derived conditioned media from, ASCs can transdifferenti-
ate into keratinocyte-like cells  in vitro  (Chavez-Munoz et al.  2013 ). The development 
of large numbers of keratinocytes would have potential benefi t in the treatment of 
patients with third degree burns covering a large percentage of their body surface 
area.    

14.5     Secretome 

 The secretome is comprised of the secreted proteins and microRNAs from a cell, 
tissue, or organ at any given time and under particular growth conditions. The role 
of the secretome has been noted in light of the reparative effects of transplanted 
mesenchymal stem cells despite their failure to display long term differentiation 
and/or engraftment within  a   damaged tissue. Further mechanistic studies have 
determined that paracrine factors may be responsible for the enhanced regeneration 
within the pathologic tissues and organs. Since stromal/stem cells communicate 
with each other via autocrine and paracrine pathways, it has been hypothesized that 
such secreted factors play an important role in mediating the multiple biological 
functions of stromal/stem cells during regeneration, such as cell proliferation, dif-
ferentiation, apoptosis and signaling. 

 Numerous studies in the literature have documented that the ASC secretome can 
exert benefi ts on angiogenesis, tissue regeneration, wound healing and immuno-
modulation. The pro-angiogenic effects of the ASC secretome has been correlated 
with the secretion of angiogenic factors such as VEGF, bFGF, hepatocyte growth 
factor (HGF), granulocyte colony stimulating factor (G-CSF) and TGF-β (Rehman 
et al.  2004 ). The secretome from ASC has been reported to promote endothelial cell 
survival, proliferation, migration, and vasculogenesis (Merfeld-Clauss et al.  2015 ). 
The ASC secretome may promote wound healing by inducing the endothelial cell 
migration since it exerts this effect on human umbilical vein endothelial cells  in 
vitro  (Hu et al.  2013 ). The ASC conditioned media has also been found to increase 
skin allograft survival (Lee et al.  2014 ). Likewise, the soluble factors from ASC 
have shown promise for the treatment of photo-aging (Kim et al.  2009 ). Additionally, 
treatment of alopecia patients with adipose-derived stem cell-conditioned medium 
led to effective hair regeneration (Fukuoka and Suga  2015 ). The ASC secretome 
can also alleviate liver damage (Lee et al.  2015b ) and enhance the liver regeneration 
in mice (Lee et al.  2015c ). The ASC  secretome has been   demonstrated to induce 
bone regeneration in surgically created lesions in a lupine mandibular defect (Linero 
and Chaparro  2014 ). The ASC secretome exhibited neuroprotective effects against 
a pre-clinical stroke mice model (Egashira et al.  2012 ). Recent studies suggest that 
the ASC secretome acts mechanistically by inhibiting neuronal cell damage/apop-
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tosis, thereby promoting nerve regeneration and repair (Hao et al.  2014 ). In related 
studies, ASC have been found to promote peripheral nerve regeneration partly 
through paracrine secretome effects (Sowa et al.  2012 ). The ASC conditioned media 
is able to induce chondrogenesis at a high concentration, due, in part, through 
TGF-β related signaling pathways (Kim et al.  2010 ). The ASC conditioned media 
has been found to promote keratinocyte differentiation via the up-regulation of 
miR-24 (Seo et al.  2015 ). While the secretome from ASCs has shown immuno-
modulatory effects, the cytokines, nitric oxide (NO), and indoleamine 
2,3- dioxygenase (IDO) production have been found to vary between different 
mouse strains (Hashemi et al.  2013 ). Thus, the ASC secretome has a promising and 
wide-ranging potential for clinic application and translation. 

 Nevertheless, while the secretome of ASC has potential benefi ts to regenerative 
medicine, the secreted factors themselves are present in relatively low amounts 
(picogram scale) (Rehman et al.  2004 ). Efforts have been made to isolate  and   char-
acterize the components of the secretome by proteomics technologies. Using two- 
dimensional gel electrophoresis and tandem mass spectrometry, over 80 individual 
protein have been identifi ed after adipogenic differentiation (Zvonic et al.  2007 ). 
Cytokine arrays and liquid chromatography coupled with tandem mass spectrome-
try were also utilized to analyze the secretome (Kapur and Katz  2013 ). Future stud-
ies will need to develop methods to enrich the relevant proteins or factors in the 
ASC secretome to insure its utility in regenerative medicine.  

14.6     Preconditioning of the Adipose-Derived Stem/
Stromal Cells  

 ASCs therapy has shown promising results in regenerative medicine.    However, lim-
ited survival has been noted after cell transplantation (Fan et al.  2013 ; Suga et al. 
 2014 ). Cell death is caused by their exposure to a severe microenvironment within 
the pathologic or reconstructed tissues (Robey et al.  2008 ). Thus, a variety of pre-
conditioning strategies have reported to enhance the therapeutic effect of MSCs 
including biological, chemical and physical manipulation (Haider and Ashraf  2010 ; 
Sart et al.  2014 ). These strategies are primarily designed to enhance the pro- 
angiogenic effects, improve the survival of the ASC and direct cells along a specifi c 
lineage pathway. 

  Biological Preconditioning     In this respect,    biological macromolecule including 
growth factors, cytokines, and polysaccharide have been used for preconditioning 
of ASCs. Erythropoietin preconditioning signifi cantly suppressed ASCs apoptosis 
(Ercan et al.  2014 ). Preconditioning with tumor necrosis factor-alpha (TNF-a) 
increased proliferation, mobilization, and osteogenic differentiation of ASCs (Lu 
et al.  2013 ). PDGF-D preconditioned ASCs showed an increase in their prolifera-
tion and migration, which further enhanced hair regenerative ability (Hye Kim et al. 
 2015 ). Lipopolysaccharide (LPS) pre-conditioning, acting via the toll-like receptor 
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4 (TLR4), stimulated ASCs to produce a secretome benefi cial to hepatic regenera-
tion (Lee et al.  2015a ). Betancourt and her colleagues have demonstrated that brief 
exposure to TLR3 (poly di/DC) or TLR4 (LPS) ligands can promote an anti- or 
pro-infl ammatory phenotype in ASC as well as MSC (Bunnell et al.  2010 ). 
Exendin-4 is an antidiabetic polypeptide hormone and its preconditioning is able to 
prevent ASCs apoptosis (Zhou et al.  2014 ). Platelet-rich plasma (PRP) contains sev-
eral growth factors and treating ASCs with PRP is able to promote proliferation and 
chondrogenic  differentiation   but inhibit angiogenic factor secretion (Van Pham 
et al.  2013 ). These methods may prove of value in future regenerative medical 
approaches.  

  Chemical Preconditioning     Chemical  conditioning   of ASCs has included both 
chemical reagents and drugs. Stromal/stem cells are typically cultured under atmo-
spheric air oxygen tensions of 21 %. However, mesenchymal stem cells  in vivo  
reside at lower oxygen tensions of 2 %–8 % (Mohyeldin et al.  2010 ). Oxygen ten-
sion have been found to regulate the differentiation, proliferation and metabolism 
of ASCs (Wang et al.  2005 ; Malladi et al.  2006 ). Extracellular matrix (ECM) pro-
tein production by ASCs was decreased by 5 % oxygen tension exposure (Frazier 
et al.  2013 ). Insulin-like growth factor binding protein (IGFBP)-1, IGFBP-2, mac-
rophage colony-stimulating factor (M-CSF), M-CSF receptor, platelet-derived 
growth factor receptor-beta (PDGFR-β), and VEGF secretion in ASC was signifi -
cantly increased by low oxygen tension exposure (2 %) (Park et al.  2010b ). 
Furthermore, 2 % oxygen tension pre-conditioned ASCs promoted hair growth in 
mice (Park et al.  2010b ) and exhibited increased proliferation and enhanced their 
wound-healing function (Lee et al.  2009 ). In addition to oxygen tension manipula-
tion, there are alternative pre- conditioning regimens to consider. Vitamin C precon-
ditioning enhanced the hair growth promoting effect of ASCs (Kim et al.  2014 ). 
Studies have found that ascorbate induced expression of HGF in ASCs (Kilroy 
et al.  2007 ). Phosphodiesterase-5 (PDE-5) inhibitor sildenafi l preconditioning 
enhanced the therapeutic effect of ASCs for myocardial infarction (Hoke et al. 
 2012 ). VEGF secretion was increased by deferoxamine preconditioning, which 
may enhance their therapeutic effi cacy (Liu et al.  2013 ). Low-dose  rapamycin   
treatment promoted ASCs viability (Fan et al.  2013 ). Preconditioning ASCs with a 
mixture of hyaluronic, butyric, and retinoic acids were able to increase the secre-
tion of angiogenic factors (Cavallari et al.  2012 ). VEGF and HGF secretion was 
improved and apoptosis was prevented by rotenone and antimycin pretreatment 
(Carriere et al.  2009 ). In general, chemical preconditioning primarily improved the 
pro-angiogenic effects of ASCs.  

  Physical Preconditioning     Physical  and   mechanical preconditioning of ASCs has 
also been performed. These approaches including mechanical, sound, electrical, 
magnetic, light and heat stimulation. Mechanical force has been documented to 
direct stem cell fate (Estes et al.  2004 ). Studies found that mechanical properties of 
three-dimensional biomaterials played an important role for cartilage regeneration 
(Awad et al.  2004 ). Research showed that shear stress generated by medium fl ow 
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enhanced osteogenic differentiation of ASCs (Frohlich et al.  2010 ). In addition to 
mechanical preconditioning, low-intensity ultrasound treatment enhanced cartilage 
regeneration when BMSCs were seeded into polyglycolic acid following  in vivo  
transplantation (Cui et al.  2006 ). Meanwhile, low-intensity pulsed ultrasound 
enhanced the osteogenic differentiation of ASCs  in vitro  (Yue et al.  2013 ). Direct 
current electrical stimulation of ASCs enhanced the expression of connexin-43 (Cx- 
43), VEGF, FGF, and thrombomodulin (ThB) (Tandon et al.  2009 ). In addition to 
this, electric stimulation enhanced the osteogenic differentiation of ASCs  in vitro  
(McCullen et al.  2010 ). Electromagnetic fi eld preconditioning of  ASCs   resulted in 
a signifi cantly better bone regeneration in mouse model (Kang et al.  2012 ). Low 
dose of Ultraviolet (UV) B radiation was found to increase the survival, the migra-
tion, and secretion of angiogenic factors in ASCs, which further promoted enhanced 
hair regeneration (Jeong et al.  2013 ). It has been documented that heat shock pre-
conditioning was able to improve Sca-1+ BMSCs survival (Feng et al.  2014 ) and 
enhanced the osteogenic differentiation of BMSC-based cell lines (Norgaard et al. 
 2006 ). It will be worthwhile to pursue the effects of physical preconditioning in 
future  in vitro  and  in vivo  experiments.   

14.7     Clinical Applications of Adipose-Derived Stromal/
Stem Cells  

 A number of clinical trials  using   freshly isolated SVF cells and ASCs are ongoing. 
Commercial ASCs separation systems are available for clinical usages (Aronowitz 
and Ellenhorn  2013 ). By searching on the U.S. National Institutes of Health’s web-
site (  https://clinicaltrials.gov/    ), 168 studies were found under the search term of 
“adipose stem cell” (as of July 1st, 2015). The majority of studies are registered in 
East Asia (41), Europe (46), and North America (51) (Fig.  14.2 ).

    Soft Tissue     The adipose tissue origin of ASC allows its use for adipose tissue 
reconstruction to be defi ned unequivocally as “homologous use”. Cell assisted lipo-
transfer (CAL) involves the combination of freshly isolated autologous SVF with 
the injection of intact lipoaspirate tissue. In early reports on the procedure, the vast 
majority of the 40 patients receiving CAL for cosmetic purposes were satisfi ed with 
the appearance and texture of their augmentation (Yoshimura et al.  2008 ). At post-
operative 12 weeks, patient and doctor surveys confi rmed that the results of CAL 
treatment were signifi cantly better than those grafted with adipose tissue without 
SVF cells (Lee et al.  2012 ). It has been reported that CAL techniques have the clini-
cal advantage in reducing the graft resorption at one year (Domenis et al.  2015 ). 
Similarly, fat grafts enriched with high dose  ex-vivo  expanded ASCs (20 × 10 6  cells 
per mL fat) retained more than 80 % of the initial bolus volume 4 months after the 
grafting procedure (Kolle et al.  2013 ). Thus, both SVF and ASCs display potential 
utility for soft tissue regeneration.  
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  Wound Healing     Injection of autologous SVF treated the acute complications of 
skin necrosis, resulting in much less scarring (Sung et al.  2012 ). The ASC-based 
therapy to modulate scar formation has begun to receive particular attention in 
Korea.  

  Bone and Cartilage Regeneration     Studies suggest that ASCs are an alternative cell 
source for bone and cartilage regeneration.    Scaffolds seeded with autologous ASCs 
have been used to successfully reconstruct cranio-maxillofacial hard-tissue defects 
in a series of 13 patients (Sandor et al.  2014 ). Injection of autologous SVF intra- 
articularly or peri-articularly was found to improve osteoarthritis symptoms in a 
total of 1,128 patients after 3–12 months (Michalek et al.  2015 ). Likewise, injection 
of ASC into the osteoarthritic knee joint improved function and pain of the knee 
joint without causing adverse events, and reduced cartilage defects by regeneration 
of hyaline-like articular cartilage in 18 patients (Jo et al.  2014 ).  

  Ischemic     As discuss above, ASC secretes a large variety of angiogenic factors 
which suggested a potential application for ischemic diseases. Intramuscular injec-
tion of ASCs was found to improve revascularization and tissue perfusion in isch-
emic limbs of seven patients (Bura et al.  2014 ). In a similar study, 10 patients 
showed variable degrees of recovery by injection of SVF into the edges of ischemic 
ulcers (Marino et al.  2013 ).  

  Crohn’s Disease     Phase I, II and III clinical trial have documented that both autolo-
gous and allogeneic ASCs  combined   with fi brin glue are an effective and safe treat-
ment for complex perianal fi stula (Garcia-Olmo et al.  2005 ,  2009 ; de la Portilla 
et al.  2013 ; Herreros et al.  2012 ). ASCs injection combined with thrombin and 
fi brinogen also showed a complete healing in Crohn's patients (Cho et al.  2013 ) and 

  Fig. 14.2    Representative clinical applications of SVF/ASCs       
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complete closure was well-sustained after 2 years (Cho et al.  2015 ). Furthermore, 
such cell therapy did not compromise patient fertility or pregnancy outcomes (Sanz- 
Baro et al.  2015 ).  

  Hair Regeneration     Injection of conditioned medium collected from ASCs signifi -
cantly increased the hair numbers in patients (Fukuoka and Suga  2015 ; Shin et al. 
 2015 ). The secretion of HGF, IGFBPs, M-CSF, PDGF-β, and VEGF might account 
for the hair follicle promoting effects (Park et al.  2010b ; Won et al.  2010 ).  

  Others     ASCs continue  to   receive considerable attention from investigators pursu-
ing adult stem cells clinical applications in a variety of disorders. For example, 
ASCs have been used for the treatment of acute respiratory distress syndrome 
(Zheng et al.  2014 ) and a phase I clinical trial used ASCs to serve as carriers for an 
oncolytic measles virus therapy (Mader et al.  2013 ). It is likely that many investiga-
tors will examine the utility of ASC in multiple disease states; however, it is impera-
tive that a strong mechanistic rationale be presented to regulatory authorities for the 
use of ASC before initiating any such studies.   

14.8     Future Perspectives 

 Due to the abundance and great potential in stem cell area, ASCs have been received 
attention from multiple basic science and clinical disciplines. In addition to the 
direct usage of SVF/ASC/ ASC secretome in multiple disorders, studies have found 
that ASCs may be an ideal autologous cell source for reprogramming induced plu-
ripotent stem cells (iPS) cells (Sun et al.  2009 ). ASCs can also serve as an effective 
therapeutic gene delivery vehicle (Kucerova et al.  2007 ). There is a growing body 
of evidence from independent, international laboratories documenting the pre- 
clinical and clinical safety and effi cacy of ASC therapies. To advance the future 
clinical translation of ASC, it will be necessary to: (1) establish a Good Manufacturing 
Practice (GMP) standard for clinical cell isolation; (2) characterize the functional 
difference of ASC from different depots; (3) evaluate the safety and effectiveness of 
allogeneic ASC; (4) monitor the behavior of ASCs when they are transplanted  in 
vivo , and, last but not least; (5) perform long term follow up on the intended and 
un-intended consequences in patients receiving ASC and SVF cell therapies.     

  Disclosure   J.M. Gimble is the co-owner, co-founder and Chief Scientifi c Offi cer of LaCell LLC, 
a for-profi t biotechnology company focusing on the development of stromal/stem cell research 
tools and their use for clinical translation.  
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    Chapter 15   
 Cell Programming for Future Regenerative 
Medicine                     

       Frauke     Hausburg     and     Robert     David    

    Abstract     Numerous diseases are characterized by malfunction of key cells or their 
faulty integration within highly complex organ systems. Intense research over the 
last decade has led to a better understanding of these disorders on the molecular 
level. This is an indispensable prerequisite for restoring the functionality of the 
affected organs, representing the fi rst and foremost aim of the rapidly developing 
fi eld of regenerative medicine. However, adult organs exhibit limited self-renewal 
capacity and often cannot accomplish a functional restoration on their own. 
Therefore, new strategies are currently being considered for cell programming 
based replacement therapies as well as for disease modelling and drug development. 
Before the discovery that somatic cells could be either reprogrammed to a pluripo-
tent state or directly converted to other somatic cell types, the regenerative fi eld was 
hampered by ethical concerns connected to human embryonic stem cells as well as 
by restricted availability of adult stem cells. Meanwhile, several strategies based on 
the introduction of lineage specifi c transcription factors, mRNAs, microRNAs and 
small molecules have opened up new perspectives for safe and effi cient generation 
of induced pluripotent stem cells (iPSCs) as well as various specifi ed somatic cell 
types. The foremost priority should be the generation of fully functional cells with 
characteristics as close as possible to their natural counterparts. Furthermore, the 
production of clinically relevant numbers of healthy cells as well as cells with 
defi ned disease patterns could provide an important link between basic research, 
drug screening and safety testing and ultimately clinical trials. In this article we 
summarize the remarkable recent successes in cellular reprogramming, which have 
highly contributed to the great progress of regenerative medicine over the last years.  

  Keywords     iPSC   •   ESC   •   Differentiation   •   Reprogramming   •   Drug discovery   • 
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15.1       Introduction 

 The new upcoming fi eld of Regenerative Medicine starts where conventional medi-
cine is no longer satisfactory. Existing medical applications demonstrated the limits 
of former treatment options. In near future we will have to face an ageing society 
and its negative health consequences; age-related disorders are becoming visible as 
well as diseases of affl uence in western countries. Physicians and mainly scientists 
now need to develop new therapeutic options based on the replacement of damaged 
tissue with patient-specifi c cell therapy technologies. Human diseases such as neu-
rodegenerative (e.g. Alzheimers or Parkinson disease) or cardiovascular disorders 
(ischemic heart disease and stroke) and Diabetes Mellitus are consequences of an 
unusual behavior of resident cells. The adult organs possess only limited self- 
renewal capacity and therefore lack the potential to restore the original function. 

 Initial approaches to such novel strategies were based on cell-transplantation 
using adult stem cells. The fi rst bone-marrow transplantation was performed in 
1957 by E. Donnall Thomas between identical twins, the recipient with leukemia. 
In 1990, the Nobel Prize in Physiology or Medicine was awarded to E. Donnall 
Thomas together with Joseph E. Murray “for their discoveries concerning organ and 
cell transplantation in the treatment of human disease” (  http://www.nobelprize.org/
nobel_prizes/medicine/laureates/1990/    ). Nowadays, stem cell transplantation thera-
pies in cardiovascular and neurological disorders are concepts progressing toward 
clinical use (Rosen et al.  2014 ; Pavo et al.  2014 ; Matar and Chong  2014 ); (Feo et al. 
 2012 ; Mothe and Tator  2013 ), but still under controversy discussions regarding 
their only modest therapeutic outcome (Pavo et al.  2014 ). Long-term studies with 
substantial numbers of patients have to clarify all questions addressing safety and 
effi ciency. 

 Adult stem cells are multipotent and therefore only able to generate cells of a 
distinct lineage (Fig.  15.1 ). Therefore, one attractive source for cell replacement 
therapies and especially for studying key cellular and molecular programs are 
human pluripotent stem cells (hPSCs). In 1998 the fi rst human embryonic stem cells 
(hESCs) were obtained, derived from blastocysts (Thomson  1998 ). In undifferenti-
ated state, they express cell surface markers characteristic for primate ESC, includ-
ing stage-specifi c embryonic antigen (SSEA) 3 and 4, tumor rejection antigen 1 
(TRA-1-60, TRA-1-81) and alkaline phosphatase, and maintained this  in vitro  for 
4–5 months, with the option for unlimited propagation. The human ES cell lines 
offer the potential to form all three embryonic germ layers (endoderm, mesoderm 
and ectoderm) (Fig.  15.1 ) and produce teratomas after injection into severe com-
bined immunodefi cient (SCID) mice.

   The Human Pluripotent Stem Cell registry (hPSCreg) listed in total 805 cell lines 
in January 2016 (hESC:685, hiPSC 120) (  http://hpscreg.eu/    ), whereby worldwide 
most of the hESCs are recorded in the United States (in Europe: Sweden). Beside, 
over 350 hESC have been approved by the NIH (  http://grants.nih.gov/stem_cells/
registry/current.htm    ) and used in several laboratories (Reynolds and Lamba  2014 ; 
Atkinson et al.  2013 ; Barad et al.  2014 ; Lerou and Daley  2005 ). Yet, so far only few 
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clinical trials have been started with the focus on dry age-related macular degenera-
tion (AMD) and Stargardts macular dystrophy (Schwartz et al.  2012 ,  2015 ). 
However, hESCs bear serious disadvantages for research as well as clinical trials, (i) 
ethical reasons and (ii) immunological concerns: while ESC have been suggested to 
be immune privileged and therefore were not expected to cause signifi cant immune 
rejection, studies with undifferentiated murine ES cells suggested the opposite 
(Nussbaum et al.  2007 ; Swijnenburg et al.  2007 ,  2008 ). The countries in Europe 
proceed differently regarding ethical concerns to human embryonic stem cells 
(  http://hpscreg.eu/    ). Malta, Luxembourg and Ireland for example have currently no 
legislation. In contrast, in Lithuania, Poland, Germany, Slovakia, Austria and Italy, 
hESC research or cloning are mostly prohibited or bound to stringent legislations. 

 To this end, one of the most important and essential fi ndings which could give 
deeper insights, was the establishment of iPSC technology from Yamanaka’s group 
(Takahashi and Yamanaka  2006 ; Takahashi et al.  2007 ) (see below). The idea to 
dedifferentiate cells back to a pluripotent state was existing since the early 1960s. 
Gurdon clarifi ed whether the genetic information in the nuclei of one somatic cell is 
suffi cient to generate a whole animal, with studies on tadpoles of  Xenopus laevis  
(Gurdon  1962 ). The technique, somatic cell nuclear transfer (SCNT), describes the 
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  Fig. 15.1     Pathways of embryonic, adult and induced differentiation  
 Mammalian development begins with the fertilized zygote as a unique totipotent state. The extrac-
tion of the inner cell mass is feasible via destruction of the blastocyst, thereby generating  in vitro  
cultivable embryonic stem cells (ESCs). Pluripotent ESCs exhibit a high self-renewal capacity and 
are able to differentiate into all multipotent germ layer progenitors (ectoderm, mesoderm, endo-
derm), and in consequence into all somatic cells of the mammalian body. In contrast, multipotent 
adult stem cells (ASCs) are located in the adult body and only capable to generate cells of a spe-
cifi c lineage. By using reprogramming strategies, it is possible to convert fully differentiated 
somatic cells into induced pluripotent stem cells (iPSC). These iPS cells are characterized by a 
molecular profi le and behavior related to ESCs including a high self-renewal capacity and the abil-
ity to differentiate in cell types of all three germ layers       
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ability to insert a donor nucleus of one somatic cell into an enucleated oocyte with 
the potential to generate fertile organisms. It took several years until Ian Wilmut 
raised SCNT to a new level, in which he cloned the fi rst mammalian, the sheep dolly 
(Wilmut et al.  1997 ). For their outstanding work, the Nobel Prize in Physiology or 
Medicine was awarded in 2012 to Sir John B. Gurdon and Shinya Yamanaka “for 
the discovery that mature cells can be reprogrammed to become pluripotent” (  http://
www.nobelprize.org/nobel_prizes/medicine/laureates/2012/    ) (Gurdon  2013 ; 
Yamanaka  2013 ). 

 A relatively old, but since recent years aspiring method is called direct repro-
gramming or direct conversion. The basic idea behind it is a cell fate switch from 
one terminally differentiated somatic cell to another somatic cell of the same germ 
layer or even across germ layers, without an intermediate pluripotent state. The 
driving force is the application of key lineage-specifi c factors, in many cases sup-
ported by an intervention of key signaling pathways through adding proteins, 
microRNAs or small molecules. In this regard, 28 years ago, Weintraub’s group 
reported the fi rst amazing example, that one key transcription factor MyoD is suf-
fi cient to convert murine fi broblasts into skeletal muscle cells (Davis et al.  1987 ). 
Smooth muscle cells could also be achieved with the overexpression of the single 
factor Myocardin, via its interaction with serum response factor (SRF) which con-
trols virtually all smooth muscle genes (Wang et al.  2003 ). Direct conversion with 
one or more transcription factors has subsequently been realized for various cell 
types, including insulin +  β-cells (Smith and Zhang  2015 ; Benraiss et al.  2013 ; Xu 
et al.  2015 ; Heinrich et al.  2015 ), hepatocytes (Smith and Zhang  2015 ; Xu et al. 
 2015 ), osteoblasts (Ong et al.  2015 ), hematopoietic lineage cells (Xu et al.  2015 ; 
Ong et al.  2015 ), neurons (Smith and Zhang  2015 ; Xu et al.  2015 ; Ong et al.  2015 ; 
Ho et al.  2015 ; Heinrich et al.  2015 ) and cardiomyocytes (Smith and Zhang  2015 ; 
Xu et al.  2015 ; Chen et al.  2004b ; Xu et al.  2015 ; Ong et al.  2015 ; Sahara et al.  2015 ; 
Budniatzky and Gepstein  2014 ) (Table  15.2 , see below). 

 Stem cells and their derivatives as well as directly reprogrammed cells show 
tremendous potential for disease modeling and they represent an important link 
between basic research and clinical trials. Personalized cell lines from patients with 
defi ned disease symptoms gave a valuable insight into the cellular and molecular 
mechanism which is not possible with animal models.  

15.2     iPSC 

15.2.1     iPSCs – A Universal Solution 

 As indicated above, the discovery of induced pluripotent stem cells (iPSCs) now 
offers great opportunities  in   regenerative medicine with their benefi t to expand dis-
ease relevant molecular informations, while avoiding ethical concerns of humane 
ESCs. In 2006, Takahashi and Yamanaka published the reprogramming of mouse 
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fi broblasts only via the introduction of the factors octamer-binding transcription 
factor 3/4 ( Oct3/4 ; O), sex determining region Y-box 2 ( Sox2 ; S), Krueppel-like fac-
tor 4 ( Klf4 , K) and  c-Myc  (M) (Takahashi and Yamanaka  2006 ). The resulting iPSC 
highly resemble murine ESCs with respect to their morphological appearance, pro-
liferative potential, as well as teratogenicity. One year later, the same group was 
able to transfer this approach to human fi broblasts (Takahashi et al.  2007 ). 
Simultaneously, Thomson’s group reported the successful generation of human 
iPSC using  OCT4 ,  SOX2 ,  NANOG  and  LIN28  (Yu et al.  2007 ). iPSCs have the 
potential to differentiate into all three germ layers (Fig.  15.1 ) which made them a 
great tool for embryonic development as well as differentiation protocols. 

 Since this, a great number of publications have come out describing optimized 
generation of iPS cells (Table  15.1 ), with higher effi ciency and lesser risks of genetic 
alteration (Lister et al.  2011 ) or integration into the genome. These  comprise inte-
grative retro- and lentivirus free introduction of the Yamanaka factors as well as 

   Table 15.1    Comparison of different integrating and non-integrating approaches for somatic cell 
reprogramming to iPS cells   

 Vector type  Cell types  Integration  Factors 
 Effi ciency 
(%)  Literature 

 Retroviral  Mouse and 
human 
fi broblasts 

 Yes  OSKM  ~0.001–
0.1 

 Takahashi and 
Yamanaka 
( 2006 ) and 
Takahashi et al .  
( 2007 ) 

 Lentiviral  Human 
somatic cells 

 Yes  OSNL  0.02  Yu et al. ( 2007 ) 

 piggyBac  Human 
fi broblasts 

 Yes  OSKM  0.02–0.05  Kaji et al. ( 2009 ) 

 Adenoviral  Human 
fi broblasts 

 No  OSKM  ~0.001  Zhou and Freed 
( 2009 ) 

 Protein  Human 
fi broblasts 

 No  OS  0.001  Kim et al. ( 2009 ) 
and Zhou et al. 
( 2009 ) 

 Modifi ed 
mRNA 

 Human 
fi broblasts 

 No  OSKM  ~1.4  Warren et al. 
( 2010 )  OSKML + VPA  ~4.4 

 microRNA  Mouse and 
human adipose 
stromal cells 
and dermal 
fi broblasts 

 No  miR-302/
miR-367 or 
miR- 
200c + miR- 
302a- d + miR- 
369- p + miR- 
369- 5p 

 ~0.002–
0.1 

 Miyoshi et al. 
( 2011 ) 

 Small- 
molecules 

 Mouse 
fi broblasts 

 No  VC6TFZ and 
2i 

 0.2  Hou et al. ( 2013 ) 

  Abbreviations:  iPSC  induced pluripotent stem cells,  miR  microRNA,  VC6TFZ  VC6T (valproic 
acid, CHIR99021, 616452, tranylcypromine), F (forskolin), Z (3-deazaneplanocin),  2i  dual inhibi-
tion  
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piggy-back methods. Many groups constantly make efforts to overcome these prob-
lems, in order to create an optimal basis for the translation into the clinic.  Non-
integrative methods   like the introduction of transcription factors as proteins (Kim 
et al.  2009 ; Zhou et al.  2009 ), modifi ed mRNA (Warren et al.  2010 ) or the use of 
microRNA (Miyoshi et al.  2011 ) and small-molecule compounds (Hou et al.  2013 ) 
is increasing. The prevention of oncogenes and deletion of tumorsuppressor- genes 
would be a worthy goal. The aberrant reprogramming of DNA methylation is mainly 
present in regions proximal to centromeres and telomeres, which display an incom-
plete reprogramming of non-CG methylation as well as differences in CG methyla-
tion and histone modifi cations (Lister et al.  2011 ). Furthermore, this reprogramming 
signature is maintained after differentiation. The epigenetic memory of the cells 
could also be an advantage for cell replacement therapies (Bar-Nur et al.  2011 ), 
since they might be infl uenced by their cells of origin. To this regard, careful epigen-
etic screenings based on standardized analyses need to be developed prior to use in 
large scale clinical trials.

   So far, the full mechanism behind iPSC generation is still unclear and the number 
of articles is infi nitesimal. It is assumed that the cellular reprogramming induced by 
exogenous overexpression  of   OSKM undergoes a stepwise process (Mah et al. 
 2011 ), in which two stages of gene expression ensure a full reprogramming of fi bro-
blasts to induced pluripotent stem cells (Polo et al.  2012 ). Thereby, the initial burst 
may come from  c-Myc / Klf4  (fi rst wave), which enhances the expression of genes 
controlling DNA replication and cell division. The epigenetic remodeling (DNA 
methylation) then takes place after the second wave ( Oct4 / Sox2 / Klf4 ) (Polo et al. 
 2012 ). 

 However, an international collaboration, termed   Project Grandiose   , achieved a 
great step forward in understanding the biological properties during iPSC genera-
tion. Recent publications (Benevento et al.  2014 ; Clancy et al.  2014 ; Hussein et al. 
 2014 ; Lee et al.  2014 ; Tonge et al.  2014 ) could show that during reprogramming 
fi broblasts with the Yamanaka factors, different cell types with pluripotency occur, 
in particular F-class cells and iPSCs. In this regard, they identifi ed the major char-
acteristics arising during reprogramming toward these two different pluripotent cell 
types in terms of transcriptome, proteome, microRNA profi le and epigenome.  

15.2.2     iPSCs in the Cardiovascular Field 

 It was thought that hESCs are an  inexhaustible   source for basic research of early 
cardiomyocyte differentiation (Lev et al.  2005 ; Yang et al.  2008 ) as well as cell- 
transplantation procedures (Caspi et al.  2007 ; Lafl amme et al.  2007 ; Kraehenbuehl 
et al.  2011 ; Thompson et al.  2012 ). Yet, the diffi cult circumstances to receive 
patient-specifi c cells led to the conclusion, that other avenues should be taken for 
clinically relevant applications. The advent of iPSC technologies has opened up 
new opportunities for individually tailored treatment of cardiovascular diseases 
(Moretti et al.  2010 ; Itzhaki et al.  2011 ; Lan et al.  2013 ; Karakikes et al.  2015 ) and 
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drug screening (Ebert et al.  2012 ; Liang et al.  2013a ; Mordwinkin et al.  2013 ; 
Doherty et al.  2015 ). The generation of highly pure and mature cardiomyocytes is a 
demanding task up to now. The fi rst attempts were ineffi cient and time-consuming, 
with spontaneously beating areas in approximately 8–25 % of hES-derived cells 
(Kehat et al.  2001 ; He et al.  2003 ) and 1–10 % of hiPS-derived cells (Zhang et al. 
 2009 ; Zwi et al.  2009 ). Two major ideas improved the cardiomyogenic differentia-
tion in both hESCs and hiPSC, (i) infl uencing signaling pathways, including 
Activin/Nodal-, BMP-, FGF- and Wnt-mediated signaling cascades (Lafl amme 
et al.  2007 ; Kattman et al.  2011 ; Yang et al.  2008 ; Cai et al.  2013 ; Chen et al.  2004b ; 
Lian et al.  2012 ,  2013 ; Gai et al.  2009 ; Aikawa et al.  2015 ), and (ii) monolayer dif-
ferentiation protocols, unlike embryoid bodies (EBs) (Lafl amme et al.  2007 ; 
Melkoumian et al.  2010 ). Recent studies show, however, a large improvement with 
a 3D sphere culture system for large-scale human pluripotent stem cell production 
(Otsuji et al.  2014 ) and cardiac differentiation (Aikawa et al.  2015 ; Jiang et al. 
 2015 ). There are  different   strategies to overcome the problem of non-pure cell pop-
ulations resulting from the above mentioned approaches, e.g. physical concepts as 
well as transgenic selection strategies, even though each of them still bears short-
comings for clinical application. The early physical concepts like mechanical dis-
section of beating areas (Kehat et al.  2001 ; Caspi et al.  2007 ) and Percoll gradient 
centrifugation (Lafl amme et al.  2007 ) achieve a low degree of purity. Transgenic 
selection is accomplished by means of genetic manipulation (exogenous expression 
of fl uorescent markers or antibiotic-resistant genes) of the cells which reached a 
high purifi cation of cardiomyocytes but bears at the same time a disadvantage for 
clinical use (Huber et al.  2007 ; van Laake et al.  2010 ). The most promising enrich-
ment protocols are probably cell sorting strategies via mitochondria-specifi c fl uo-
rescent dyes (Hattori et al.  2010 ), antibodies against cardiomyocyte-specifi c markers 
e.g. SIRPA (signal-reduced protein alpha) (Fujioka et al.  1996 ; Kharitonenkov et al. 
 1997 ; Dubois et al.  2011 ), EMILIN2 (elastin microfi bril interface 2) (van Hoof 
et al.  2010 ), VCAM1 (vascular cell adhesion molecule 1) (Uosaki et al.  2011 ) or 
sugar metabolism (Tohyama et al.  2013 ). 

 If human ESC derived-cells should be transferred to clinical trials, researchers 
and physicians have to overcome great obstacles (Anderson et al.  2014 ), even if 
they demonstrate preliminary results in small (Caspi et al.  2007 ; Lafl amme et al. 
 2007 ) and large (Shiba et al.  2012 ) animal models as well as non-human primates 
(Chong et al.  2014 ). The transplantation of hESC-derived cardiomyocytes results in 
the formation of stable cardiomyocyte graft and thereby in a functional benefi t 
(Caspi et al.  2007 ) and reduced incidence of both spontaneous and induced ven-
tricular tachycardia (Shiba et al.  2012 ). Grafts in non-human primates showed regu-
lar calcium transients and electromechanical coupling with the host tissue (Chong 
et al.  2014 ). With the delivery of one billion hESC-CMs, a substantial amount of the 
infarcted monkey heart could be re-muscularized. However, the injected cells 
achieved only an incomplete maturation stage and led to ventricular arrhythmias, 
albeit, unlike small animal models non-fatal. 

 In this regard, several groups studied the effect of iPSC derived-CM supporting 
the way towards the establishment of iPSC in the treatment of heart disease. 
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The obtained human cardiac progenitors provided a therapeutic benefi t in a rodent 
model of myocardial infarction (Carpenter et al.  2012 ). The pioneering work has 
been implemented by (Nelson et al.  2009 ) the delivery of undifferentiated mouse 
iPS cells in comparison with parental fi broblasts. iPSC treated mice showed restored 
post-ischemic contractile performance and ventricular wall thickness. The use of 
iPSC derived-Flk1 +  progenitor cells was, however, fundamentally better to minimize 
tumorgenesis as well as regarding the therapeutic outcome (Mauritz et al.  2011 ). 

 Nevertheless, the application of iPSC- derived   cardiomyocytes should be recon-
sidered in the future regarding the suitable area of application. The iPSC technology 
could help to understand genetic as well as epigenetic mechanisms behind cardio-
vascular diseases, but the heterogeneity of the differentiating cardiomyocytes and 
their immature status so far represents major  obstacles   for clinical use (Zhang et al. 
 2009 ; Knollmann  2013 ; Budniatzky and Gepstein  2014 ; Sahara et al.  2015 ).  

15.2.3     From Laboratories to Clinical Trials 

 Nevertheless, the iPS cell technology inspires to new  cell   replacement therapies, 
disease models and drug development. The fi rst feasibility analysis for therapeutic 
use of iPSCs was performed in 2007 by using a humanized sickle cell anemia mouse 
model (Hanna et al.  2007 ). It has been shown, that iPS cell derived hematopoietic 
progenitors generated from autologous skin could cure the disease after transplanta-
tion. Yet, isograft transplantation in mice with undifferentiated iPS cells generated 
immune-rejected teratomas (Zhao et al.  2011 ). Moreover, most of the teratomas 
formed were immunogenic accompanied by T-cell infi ltration. These fi ndings indi-
cate, as opposed to ESC, abnormal gene expression and T-cell-dependent immune 
response in syngeneic recipients. However, undifferentiated iPSC would not be 
used for medical application, which reduces the risk of immune response. The 
iPSC-based autologous technology with therapeutically relevant differentiated cells 
could be applied for cell replacement strategies (Araki et al.  2013 ; Guha et al.  2013 ). 
Two independent groups have shown negligible immunogenicity of terminally dif-
ferentiated mouse cells in vitro and in vivo after their transplantation into syngeneic 
recipients. This applied to embryoid bodies or cell types comprising all three germ 
layers (Guha et al.  2013 ). Tissues derived from ES cells as well as iPS cells show no 
increase in the expression of the immunogenicity-causing Zg16 and Hormad1 genes 
(Araki et al.  2013 ). Due to the high costs and time intensive process during alloge-
neic transplantation, and patient specifi c target cells, it will be an important step 
towards autograft technologies. Takahashi and his group (Morizane et al.  2013 ) 
reported, that an autologous transplantation of iPSC-derived neural cells in the brain 
of a nonhuman primate leads only to a minimal immune response. Furthermore, a 
high number of dopaminergic neurons survived without immunosuppression. 

 In 2014, only 8 years after the fi rst publication, the fi rst iPSC-derived human 
cells were transplanted into a 70-year old Japanese woman (Cyranoski  2014 ). This 
pilot safety study for iPSC-based intervention of wet-type AMD involves the trans-
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plantation of iPSC-derived retinal pigment epithelium (RPE) cell sheets in patients 
with exudative (wet-type) age-related macular degeneration (AMD). Safety, 
immune reaction and tumorigenesis had been tested before in mice and monkey 
studies (Kamao et al.  2014 ; Kanemura et al.  2014 ). 

 A widely explored branch for the  use   of iPS cells in medical application is dis-
ease modeling. Until 2013, over 180 reports (summarized and detailed information 
((Inoue et al.  2014 ) support information table S1)) in neurological (71), muscular 
(6), ocular (7), haematological (23), cardiac (26), metabolic (18), imprinting (2), 
skin (5) and others (30) fi elds demonstrate the high reliability compared to the 
unsafe transmission from animal models to human diseases. But there are still sev-
eral obstacles to be solved (Kitaoka et al.  2011 ), e.g. phenotype of late-onset disease 
or the heterogeneous population in iPS cell-derived cultures. There is a need to 
overcome these problems to optimize disease modeling, with e.g. (Inoue et al.  2014 ) 
protocols for effi cient and pure target cell generation, optimal control settings and 
highly sensitive detection systems. Furthermore, patient cohorts could be tested for 
responder or non-responders in a drug developmental phase of clinical trials (Garbes 
et al.  2013 ; Kondo et al.  2013 ).   

15.3     Reprogramming Cell Fate 

 An alternative approach to the use of pluripotent cells is the cell fate switch of dif-
ferentiated somatic cells  or   lineage progenitors directly to the cells of interest. 
Successful lineage conversions into mature patient-derived somatic cells bear a 
great potential for biomedical and pharmaceutical applications. Until now, the gen-
eration of large numbers of functional healthy cells and especially cells with defi ned 
disease patterns is an important and unmet goal. Direct reprogramming of patient- 
specifi c fi broblasts or resident cells could offer a solution to this problem without 
passing an intermediate and so far not exactly explored pluripotent state. This offers 
two major advantages, (i) it may reduce the risk of tumorigeneses and infl ammation 
after cell transplantation and (ii) bear the potential of directly converting resident 
cells in the body without a separate  ex vivo  step. 

 Recently published reports (Table  15.2 ) addressing the widespread exploration 
of new cell sources and strategies for basic research and medical applications are 
described below.

15.3.1       Insulin +  β-Cells 

 At present, only few  concepts   have been developed to cure Diabetes Mellitus, a 
complex metabolic disorder characterized by the loss or dysfunction of pancreatic 
β-cells (Ashcroft and Rorsman  2012 ). Therefore, pancreatic β-cells are a key target 
for cellular reprogramming due to their potential for storage and release of insulin. 
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 Zhou and colleagues (Zhou et al.  2008b ) reduced the fi rst screening of 1100 
transcription factors to a cocktail of only 3 factors ( Pdx1 ,  Ngn3 ,  MafA ) suffi cient for 
β-cell generation starting with pancreatic exocrine cells (Zhou et al.  2008b ). The 
overexpression of these factors was also suitable to induce duct-like structures in 
NOD-SCID mice with diabetes induced via treatment with streptozotocin (Banga 
et al.  2012 ). Expression of mitogen-activated protein kinase (MAPK) and signal 
transducer and activator of transcription 3 (STAT3) in adult human exocrine cells 
from pancreas results in an expression of the pro-endocrine factor neurogenin 3 
( Ngn3 ) in 50–80 %. A long-term engraftment (over 200 days) increased the effi -
ciency of reprogramming into insulin-positive cells. A promising treatment for type 
1 diabetes mellitus was developed by (Liu et al.  2013 ) with an effi cient chemical 
protocol, thereby avoiding integration of transcription factors into the genome. This 
stepwise differentiation from rat liver epithelial stem-like white blood cells is char-
acterized by a pancreatic precursor which could contribute to endocrine cells  in 
vitro  and  in vivo , leading to functional insulin-secreting cells.  

15.3.2     Hepatocytes 

 The liver plays the major  role   of the metabolic system in the body, e.g. storage of 
glycogen, iron, vitamins and minerals as well as drugs, alcohol or other chemical 
compounds. 

 Functional hepatocytes have been achieved using hESCs (Basma et al.  2009 ) or 
patient-specifi c hiPSCs (Sullivan et al.  2010 ; Si-Tayeb et al.  2010 ), with yields 
between 70 and 90 %. A new source for drug discovery and development of cell- 
based therapies to cure liver diseases are hepatocyte-like cells generated by direct 
reprogramming. 

 First steps have been made in 2011 via transduction of  Gata4 ,  Hnf1α ,  Foxa3  and 
knockdown of p19 Arf  in mouse tail-tip fi broblasts (Huang et al.  2011 ). Generated 
these “iHeps” appeared to be only partially differentiated, but rescue almost half of 
the recipients from death by restoring liver functions of fumaryl-acetoacetate- 
hydrolase-defi cient (Fah −/− ) mice. Two groups upgraded this basic approach to 
human induced hepatocytes (hiHeps) (Huang et al.  2014 ; Du et al.  2014 ), both suit-
able for large-scale production. HiHeps displayed functional characteristics of 
mature hepatocytes including expression and activity of CyP3A4, comparable to 
primary hepatocytes. Transplanted hiHeps repopulated and rescued around 30 % of 
Fah −/−  mice (Huang et al.  2014 ) and Tet-uPA/Rag 2−/− /γc −/−  mice (Du et al.  2014 ), thus 
providing a cell source  for   liver disease models and pharmaceutical applications 
using direct reprogramming.  

F. Hausburg and R. David



403

15.3.3     Osteoblasts 

 Mesenchymal stem cell- derived   osteoblasts are responsible for the synthesis and 
mineralization of bone, during initial bone formation as well as later bone remodel-
ing (Neve et al.  2011 ). Disrupted differentiation and activity leads to osteoporosis 
and osteoarthritis. 

 Osteoblasts could be achieved via direct reprogramming of human fi broblasts 
with the combination of  Oct4  and  L-Myc  following  in vitro  cultivation in osteogenic 
medium (Yamamoto et al.  2015 ). An even higher effi ciency (~80 %) and maturity 
of osteocalcin-producing cells can be reached by introducing additional osteoblast- 
specifi c transcription factors, Runt-related transcription factor 2 ( Runx2 ) and 
 Osterix  (Yamamoto et al.  2015 ). The so called dOBs (directly converted osteo-
blasts) displayed a similar gene expression profi le as normal human osteoblasts and 
served as a cell source for bone repair after transplantation into immunodefi cient 
mice. 

 Cell-based therapies, either autologous or allogenic transplantation could facili-
tate bone repair based on bone diseases like rheumatoid arthritis or periodontitis.  

15.3.4     Hematopoietic Lineage Cells 

 A rare population of blood-cell precursors,  hematopoietic stem cells (HSCs)     , is able 
to self-renew and reconstitute the entire hematopoietic system. Therefore, bone- 
marrow transplants or direct transfusion of HSCs can be life-saving. Patient-derived 
hematopoietic stem cells or terminally differentiated blood cells (erythrocytes, 
platelets and granulocytes) represent a promising therapeutic approach to cure 
benign and malignant hematologic disorders. So far, pluripotent stem cell-derived 
HSC yield embryonic-like blood cells, but with a low engraftment effi ciency into 
bone marrow (Sturgeon et al.  2013 ). 

 An alternative source for human HSC transplants could be the reprogramming of 
human endothelial cells (ECs), either umbilical vein ECs (HUVECs) or adult pri-
mary dermal microvascular ECs (hDMEC) (Sandler et al.  2014 ). Sandler and col-
leagues established a method to culture HUVECs and hDMECs after lentiviral 
transfection with the transcriptionfactors  FOSB ,  GFI1 ,  RUNX1  and  SPI1  to pheno-
copy the vascular-niche microenvironment of hemogenic cells, a serum-free vascu-
lar niche monolayer, to induce outgrowth of hematopoietic colonies. The achieved 
cells displayed functional and immunophenotypical characteristics of multipotent 
progenitor cells (MPP). The so called rEC-hMPPs can engraft into primary and 
secondary recipient mice, producing myeloid (granulocytic/monocytic, erythroid, 
megakaryotic) and lymphoid progeny. However, it remains unclear whether 
engrafted rEC-hMPPs can give rise to T-cells. Another approach is the direct repro-
gramming of mouse fi broblasts toward clonal multilineage hematopoietic progeni-
tors (Batta et al.  2014 ). Reprogrammed cells effi ciently generated erythroid, 
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megakaryocytic, myeloid and lymphoid lineages following lentiviral transduction 
of  Erg ,  Gata2 ,  Lmo2 ,  Runx1 ,  Scl  and loss of p53 function. The lentiviral introduc-
tion of  OCT4  together with specifi c cytokine treatments is suffi cient to enhance 
hematopoietic progenitors in human dermal fi broblasts (Szabo et al.  2010 ). Cells 
expressing CD45, a pan-leukocte marker gave rise to myeloid and erythroid 
lineages. 

 The manipulation of  hematopoietic      progenitor cells with microRNA gave rise to 
lineage fate decision to myeloid progenitors (Vian et al.  2014 ) whereby an introduc-
tion of miR-223 increases granulopoiesis and impairs erythroid and monocytic/
macrophagic lineages. On the other hand, inhibition of miR-223 impairs granulo-
poiesis and increases erythroid and monocytic/macrophagic lineages. An increase 
in lymphoid cells can be achieved  by      overexpression of miR-181 (Chen et al. 
 2004a ).  

15.3.5     Neurons 

 Minor dysfunctions can be buffered by the  large   plasticity of the human brain, but 
main reasons of a wide variety of neurological diseases and psychiatric disorders 
are the aberrant behavior and function of neurons. Due to its complexity, the central 
nervous system will require various reprogramming strategies to generate diverse 
functional cell types. 

  Parkinson’s disease  , a degeneration of mesencephalic dopaminergic neurons, 
could be possibly improved by transplantation of dopaminergic neurons (Lindvall 
and Björklund  2004 ). The transplantation of iPSC-derived neurons into fetal mouse 
brain was successful but led to the development of tumors if not properly controlled 
(Wernig et al.  2008 ). Direct reprogramming from mouse and human fi broblasts 
with achaete-scute homolog 1 ( ASCL1 ), nuclear receptor related 1 protein ( NURR1 ) 
and LIM homeobox transcription factor 1 alpha ( LMX1A ) generated functional 
dopaminergic neurons, so called induced dopaminergic cells (iDA) (Caiazzo et al. 
 2011 ). iDA release dopamine and show spontaneous electrical activity. 

 A second source for direct reprogramming of neurons is the use of present astro-
glia cells from the cerebral cortex to repair the damaged brain tissue. A forced 
expression of the dorsal telencephalic fate determinant neurogenin-2 ( Neurog2 ) 
generated synapse-forming glutamergic neurons (Heinrich et al.  2010 ). In contrast, 
GABAergic identity could be reached by induction of the ventral telencyphalic fate 
determinant  Dlx2  (Heinrich et al.  2010 ). A member of the same basic helix-loop- 
helix (bHLH) transcription factor family, neurogenic differentiation 1 ( NeuroD1 ), 
directly reprogrammed reactive glia cells from the cortex of stab-injured or 
Alzheimer’s disease model mice into glutamatergic neurons (Guo et al.  2014 ). In 
contrast, Oligodendrocyte precursor cells (NG2) were reprogrammed with the sin-
gle transcription factor NeuroD1 into glutamergic as well as GABAergic neurons 
(Guo et al.  2014 ). Neuronal precursor cells, which express the neuronal migration 
protein doublecortin (DCX) were obtained after retroviral-mediated expression of 
 Sox2  and  Ascl1  in NG2 cells (Heinrich et al.  2014 ). 
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  SOX10 , in combination  with   environmental cues including WNT activation, 
could reprogram human postnatal fi broblasts into induced neural crest cells (iNC) 
(Kim et al.  2014 ). In this context, a particular cell surface maker was identifi ed and 
could be further used to study familial dysautonomia. 

 Another approach is the introduction of microRNAs which interfere in the SWI/
SNF-like BAF chromatin-remodeling complex (Yoo et al.  2011 ). miR-9/9* and 
miR-124 in combination with two bHLH family members ( NEUROD2  and  ASCL2 ) 
and myelin transcription factor 1-like ( MYT1L ) convert human fi broblasts with an 
effi ciency of 80 % into excitatory and inhibitory neurons. Thereby, miR-9/9* and 
miR-124 alone could be able to convert fi broblasts,  NEUROD2  facilitated this pro-
cess, and  ASCL2  and  MYT1L  enhances the maturation of the converted neurons. 

 Cheng and colleagues recently reported the fi rst conversion of somatic cells to 
neuronal progenitor cells (NPCs) without introduction of exogenous factors (Cheng 
et al.  2014 ). They established a two-step protocol, with applying a chemical cocktail 
containing inhibitors of HDACs (VPA), GSK-3 kinases (CHIR99021) and TGF-β 
pathway (Repsox) under hypoxic conditions. The chemically induced NPCs (ciN-
PCs) retain some residual fi broblast epigenetic memory but they are highly similar 
to mouse brain-derived embryonic NPCs (self-renewal, proliferation, 
multipotency).  

15.3.6     Endothelial Cells 

 Revascularization is possibly  the   most important prerequisite for the recovery of 
injured tissue and organs. Previous success with ESC- and iPSC-derived cells is 
mostly minimal, and especially long-term cultivation is impossible; moreover, they 
drift into non-vascular lineages (James et al.  2010 ). One approach is their derivation 
from human mid-gestation c-kit −  lineage-committed amniotic cells (ACs) via forced 
expression of ETS (E26 transformation-specifi c) transcription factor family mem-
bers, including  ETV2 ,  ERG1  and  FLI1  (Ginsberg et al.  2012 ) which are key TFs 
regulating vascular development and angiogenesis (Val and Black  2009 ; Sharrocks 
 2001 ). Additional TGFβ-inhibition enhances the specifi cation of induced vascular 
endothelial cells (iVECs) to a stage comparable to adult endothelial cells (ECs), 
regarding expression of vascular and non-vascular genes. Similar outcome could be 
achieved via direct conversion of human fi broblasts, which point out the role of the 
ETS factor ETV2 as a master regulator suffi cient to induce multiple endothelial fac-
tors during development, like ERG, FLI1 and TAL1 as well as functional mole-
cules, including EGFL7 and Von-Willebrand factor (Morita et al.  2015 ). 

 Another approach,    avoiding viral transfection, is based on the manipulation of 
the innate immune system via using the toll-like receptor 3 agonist Poly I:C (Sayed 
et al.  2015 ). Small molecule-mediated induction of endothelial cells is further con-
trolled by endothelial growth factors, and thus represents a feasible tool to transdif-
ferentiate human fi broblasts into induced endothelial cells (iECs) with morphological 
and histochemical similarities to human dermal microvascular endothelial 
cells (HMVECs).  
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15.3.7     Cardiomyocytes 

 Around one  billion   cardiomyocytes (Lafl amme and Murry  2005 ) are irreversibly 
destroyed while an irreversible scar formation is built up after myocardial infarction 
(MI). Due to the little cardiomyocyte proliferation capacity in adult mammalians, 
this large amount of cells cannot by replaced after cardiac injury. Consequently, 
faulty electrical coupling, arrhythmias and incomplete ventricular wall formation 
lead to a reduction of pump function and fi nally to heart failure (Hasenfuss  1998 ). 
MI as a result of coronary/ischemic heart disease (CHD) has led to 50,000 deaths in 
Germany in 2013. Accordingly, cardiovascular diseases are the number 1 cause of 
death worldwide, whereby 7.4 million people died of ischemic heart disease and 6.7 
million from stroke which is often associated with the former. This means in total 
~25 % of deaths worldwide (WHO  2012 ). Cardiomyocytes in the human heart pos-
sess only a very low turnover rate of 1 % at the age of 25 and decreases to 0.45 % 
at the age of 75 (Bergmann et al.  2009 ). Fewer than 50 % of human cardiomyocytes 
are replaced during a life span of 75 years. Moreover, the number of cardiomyo-
cytes in the left ventricle increases 3.4-fold only from the fi rst year of life until the 
age of 20 showing more cardiomyocyte cycling and division in young humans 
(Mollova et al.  2013 ). Resident cell populations like cardiac progenitor cells (CPCs) 
or preexisting cardiomyocytes which undergo dedifferentiation represent possible 
sources for heart regeneration after injury (Garbern and Lee  2013 ; Mollova et al. 
 2013 ; Senyo et al.  2013 ). At present, there are multiple approaches to  support   car-
diac regeneration, which bear potential for clinical applications in the future. This 
includes cell transplantation of either autologous or allogenic stem cells or termi-
nally differentiated cells from various origins, as well as stimulation of endogenous 
cell populations and direct reprogramming. 

15.3.7.1     Cardiac Development 

 The heart is the fi rst organ formed  during   embryonic development, necessary for 
nutrient supply and removal of waste. The complex system of heart formation 
requires the generation of diverse muscle and nonmuscle cell-types, including car-
diomyocytes of left and right atria as well as left and right ventricles, conduction 
system, pacemaker, vascular smooth muscles, endo- and epicardial cells (Sahara 
et al.  2015 ; Vincent and Buckingham  2010 ; Xin et al.  2013 ) (Fig.  15.2 ). Cardiovascular 
fate-determinant is the bHLH transcription factor MesP1, which marks the early 
cardiovascular progenitor (David et al.  2008 ,  2011 ). The process is mainly regulated 
by multipotent cardiac progenitor cells (Musunuru et al.  2010 ) and mainly struc-
tured by two origins, the fi rst (FHF) and second (SHF) heart fi elds. It was currently 
reported, that, apart from this, avian pacemaker cells in the sino-atrial (SA) node 
arise from a so-called tertiary (THF) heart fi eld (Bressan et al.  2013 ). The fi rst heart 
fi eld progenitor cells are marked by the expression of Nkx2.5 (Brade et al.  2013 ) and 
Hcn4 (Liang et al.  2013b ; Später et al.  2013 ) and their derivatives give rise to myo-
cardium of the left ventricle as well as a minor part of the right ventricle, the right 
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and left atria and most cell complexes of the conduction system (CS), like the atrio-
ventricular (AV) node and the ventricular CS (Buckingham et al.  2005 ) (Vincent and 
Buckingham  2010 ). Multipotent embryonic Isl1 + /Nkx2.5 + /Flk1 +  progenitor cells of 
the SHF give rise to myocardium of the right and left atria, the right ventricle and the 
outfl ow tract, as well as vascular smooth muscles and the endocardium of the heart 
(Moretti et al.  2006 ; Kattman et al.  2006 ; Misfeldt et al.  2009 ). Furthermore, epicar-
dial progenitor cells give rise  to   cardiac fi broblasts, vascular smooth muscle cells 
and also atrial and venous endothelial cells (Vincent and Buckingham  2010 ; 
Schlueter and Brand  2012 ; Katz et al.  2012 ) (Zhou et al.  2008a ) (Fig.  15.2 ).
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  Fig. 15.2     Cardiovascular cell differentiation during development  
 Cells of the cardiovascular lineage arise from multipotent mesodermal Bra +  progenitor cells. The 
specifi c early cardiovascular progenitor cell population is marked by MesP1 and Flk1 and gives 
rise to four subpopulations. The fi rst heart fi eld (FHF) differentiates into cardiomyocytes of the 
right and left atria, the left ventricle and the minor part of the right ventricle, and the conduction 
system (CS), including ventricular CS and atrioventricular (AV) node. The second heart fi eld 
(SHF) gives rise to cardiomyocytes of the right and left atria, the right ventricle and the outfl ow 
tract, vascular smooth muscle cells and the endocard of the heart. Pacemaker cells of the sinoatrial 
(SA) node are derivatives of a tertiary heart fi eld (THF) progenitor cell population. Epicardium- 
derived progenitor cells (EPDCs) generate fi broblasts, vascular smooth muscles cells as well as 
arterial and venous endothelial cells       

 

15 Cell Programming for Future Regenerative Medicine



408

15.3.7.2        Reprogramming Strategies for Cardiovascular Lineages 

 The major challenges ahead are the generation  of   mature and pure cardiac subtypes 
of all aforementioned cell types required for heart reconstruction. One milestone in 
this regard is the forward programming of murine ESCs with the nodel cell inducer 
 Tbx3  (T-box transcription factor Tbx3) plus an additional Myh6-promotor-based 
antibiotic selection step (Jung et al.  2014 ; Rimmbach et al.  2015 ). The so-called 
iSABs (induced sinoatrial bodies) are over >80 % pure physiologically and pharma-
cologically functional pacemaker cells with a comparable beating frequency to nor-
mal murine SA nodal cells. One disadvantage of this approach is still the genetic 
alteration through DNA introduction; however, so far no other concept has yet 
achieved related results. Based on this method, several cardiac subtypes could be 
achieved by varying the TF used for forced exogenous overexpression of lineage 
specify. We have demonstrated that expression of  Nkx2.5  (David et al.  2009 ) similar 
to  MesP1  (David et al.  2008 ) is suffi cient to enhance cardiogenesis in mESCs, 
whereby Nkx2.5 induces a large proportion of ventricular cells and MesP1 resulted 
in early intermediate cell types (Figure  15.3 ). 

 Another forward reprogramming strategy is based on cardiomyocyte progenitor 
cells (Sluijter et al.  2010 ). Overexpression of miR-1 and miR-499 enhanced differ-
entiation into cardiomyocytes via repression of histone deacetylase 4 or Sox6. The 
results have been confi rmed by (Hosoda et al.  2011 ) reporting a positive effect, 
whereby the miR-499 driven improved cardiac performance occurred through 
repression of Sox6 and Rod1. 

 The use of embryonic stem cells is still under controversial discussion – there-
fore researchers made great efforts to overcome this problem and focused on a par-
ticular resident cell type, cardiac fi broblasts. So far, there is no single master 
regulator discovered to switch the cell fate of fully differentiated somatic cells 
towards cardiomyocyte lineage. To induce “working” myocardium several factor 
combinations turned out to generate partly differentiated cells. The fi rst successful 
strategy was based on the transcription-factor-combination “GMT” containing 
 Gata4  (transcription factor Gata4),  Mef2c  (Myocyte-specifi c enhancer factor 2c) 
and  Tbx5  (T-box transcription factor Tbx5), (Ieda et al.  2010 ). Each of these single 
factors plays an important role during early heart development (Srivastava  2006 ); 
(Olson  2006 ; Zhao et al.  2008 ) promoting cardiomyocyte differentiation (Bruneau 
et al.  2001 ; Ghosh et al.  2009 ); (Maitra et al.  2009 ). Since Ieda’s work, various 
groups have converted different fi broblasts (mouse tail-tip or cardiac fi broblasts) to 
induced cardiomyocyte (iCM)-like cells with different outcomes based on their 
 markergene   expression analysis leading to 30 % cTnT +  (Ieda et al.  2010 ), 10–15 % 
iCM (Qian et al.  2012 ), 3 % αMHC +  (Inagawa et al.  2012 ), 20 % αMHC +  (Qian 
et al.  2013 ). Recently published data demonstrated the infl uence of the protein 
expression levels of GMT in a certain ratio (Wang et al.  2015 ). A higher protein 
level of Mef2c with lower levels of Gata4 and Tbx5 enhanced the reprogramming 
effi ciency and quality of iCM. However, Chen and colleagues (Chen et al.  2012 ) 
found, that overexpression of GMT is ineffi cient in TTFs and CFs regarding molec-
ular and electrophysiological phenotypes of mature cardiomyocytes (0 % αMHC + , 
0 % Nkx2.5 + , 35 % cTnT + ) (Chen et al.  2012 ) (Figure  15.3 ). 
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 Therefore, the parallel investigation of other modifi cation strategies is increas-
ingly becoming important. One solution might be the combination of the early key 
cardiac transcription factor  MesP1  with v-ets erythroblastosis virus E26 oncogene 
homolog 2 ( ETS2 ), with addition of ActivinA and BMP2 (Islas et al.  2012 ) to infl u-
ence signaling pathways during cardiogenesis. While the role of ETS2 in cardiac 
differentiation is still unclear, in this combination fi broblasts could be repro-
grammed to immature cardiomyocytes expressing the core cardiac factors Nkx2.5, 
Isl1, Tbx20, the mesodermal signaling molecules BMP2, TDGF1 as well as muscle 
markers Myl2, Myh6. A third solution could be omitting transcription factor over-
expression by delivery of cardiac specifi c microRNAs. The combination of miR-1, 
−133, −208 and −499 with the application of a chemical Janus kinase inhibitor 
 successfully achieved a cell fate switch towards a cardiomyogenic phenotype with 
28 % αMHC +  cells  in vitro  (Jayawardena et al.  2012 ; Jayawardena et al.  2014 ) (Figure 
 15.3 ). A fourth way and a promising step forward reducing genetic manipulation is 
the application of small molecules. Wang and colleagues effi ciently convert fi bro-
blasts only with one transcription factor,  Oct4 , without an intermediate pluripotent 
state by adding a defi ned small-molecule cocktail (Wang et al.  2014 ). The small- 
molecule cocktail contains an ALK4/5/7 inhibitor (SB431542), GSK3 inhibitor 
(CHIR99021), LSD1/KDM1 inhibitor (parnate) and an adenylyl cyclase activator 
(forskolin) to induce the reprogramming effi ciency, including modulators of epi-
genetic enzymes, signaling pathways, metabolism and transcription. In these proof- 
of- principle experiments, spontaneously contracting cardiomyocytes with a 
ventricular phenotype could be achieved. 

 Nevertheless, most of these  reports   yielded only immature cardiomyocytes 
within an inhomogeneous population of working myocardium and cells of the con-
duction system. Therefore, it is of great interest to fully understand the mechanisms 
underlying reprogramming strategies to enhance purity, safety and effi ciency. The 
latter has already been improved considerably via application of either GMT (Qian 
et al.  2012 ) or GMTH (Song et al.  2012 )  in vivo , indicating that the heart microen-
vironment is required to fully reprogram somatic cells with forced expression of 
TFs. This also points out that the transference of direct reprogramming to resident 
cells is an accessible goal. 

 Paracrine factors play a major role in promoting cardiac repair and regeneration 
after MI (Loffredo et al.  2011 ; Zhou et al.  2011 ; Malliaras et al.  2013 ). Likewise, 
induced heart function through enhancing vascularization is of great interest. 
(Caprioli et al.  2011 ) and could be reached by manipulation of epicardial progenitor 
cells (Zangi et al.  2013 ). Intramyocardal injection of synthetic modifi ed mRNA 
(mmRNA) encoding vascular endothelial growth factor-A ( VEGF-A ) initially 
 activates the endogenous progenitor cell pool, thereby improving myocardial func-
tion and long-term survival after MI. WT1 +  EPDCs are stimulated in the affected 
tissue following infarction; the effect could be enhanced with exogenous expression 
of VEGF-A which leads to mobilization of EPDCs into the myocardial layer and 
enhances their differentiation toward endothelial and smooth muscle cells (Zangi 
et al.  2013 ) (Fig.  15.3 ).
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15.4          Future Perspectives 

 As described above, research in the area of regenerative medicine has yielded con-
siderable progress over the last decade, with substantial knowledge gain in cell fate 
determination. However, numerous issues have to be solved until clinical 
application. 
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  Fig. 15.3     Cell programming strategies in the cardiovascular fi eld  
 Reprogramming strategies are based on the introduction of lineage specifi c transcription factors 
(TFs), small molecules or post-translational modifi cations. Three major methods have emerged 
during the last few years: ( a ) forward programming describes differentiation protocols with 
embryonic stem cells (ESCs) as a starting point. Forced expression of TFs enhances the percentage 
of distinct cardiac subtypes. ( b ) indirect reprogramming includes a fi rst programming step of a 
fully differentiated somatic cells with the so-called YAMANAKA factors (OSKM) to induced 
pluripotent stem cells (iPSCs). iPSCs could then be differentiated to cardiovascular cells. ( c ) direct 
reprogramming is characterized by the direct conversion of one somatic cell type into another 
somatic cell type of the same germ layer or even across germ layers. So far, cardiomyocyte-like 
cells with certain cardiac marker expression characteristics have been achieved using this approach       
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15.4.1     Delivery Systems 

 Current objectives on improving  the   delivery systems are the avoidance of integrat-
ing viruses, like retro- or lentiviral systems. Many studies are now using adenoviral 
vectors, which can be produced in high titers and are not integrating. To minimize 
systemic spreading in vivo, constructs which directly target cells of interest could be 
one further step as demonstrated by dendritic cell based immune-therapy using a 
CD40-targeted adenoviral vector (Williams et al.  2012 ). This viral vector used to 
reprogram fi broblasts is not only a delivery system; the viral vector itself increases 
the epigenetic plasticity of the cells during reprogramming towards iPSCs. The 
same effect could be simulated by manipulation of the innate immune system to 
infl uence trans-differentiation of somatic cells (Cooke et al.  2014 ; Lee et al.  2012 ; 
Sayed et al.  2015 ), as shown via introduction of a TLR3 agonist in combination with 
a specifi c microenvironment to induce endothelial lineage conversion (Sayed et al. 
 2015 ). 

 Until now, best results for iPSC generation could be achieved with the delivery 
of modifi ed mRNA, either OSKM, OSKML (Warren et al.  2010 ; Mandal and Rossi 
 2013 ) or OLSN (Yakubov et al.  2010 ). The so-called RNA-induced pluripotent stem 
cells (RiPSCs) express typical stem cell markers, like SSEA4, OCT4, SOX2, 
NANOG and hTERT and have multilineage differentiation potential. This method 
offers many advantages: (i) no risk of genomic integration, mutagenesis or systemic 
circulation, (ii) rapid protein expression, (iii) controllable stochastic variation as 
well as (iv) transient expression profi le, and could be used for direct  in vivo  applica-
tions (Zangi et al.  2013 ; Kormann et al.  2011 ).  In-vitro  synthesized mRNAs possess 
cis-acting structural elements (methylated 5′-cap structure analog an a poly-A-tail) 
which are important for mRNA splicing, stabilization and transport (Quabius and 
Krupp  2014 ), thereby mimicing endogenous mature mRNA. The incorporation of 
5-methylcytidine-5′-triphosphate (5mC) and pseudouridine-5′-triphosphate (Ψ) 
results in a lower immune response in vivo in mammalians (Kormann et al.  2011 ; 
Karikó et al.  2012 ). As we have shown, the introduction of mmRNA results in high 
protein expression levels in various cell types, including fi broblasts as well as 
human mesenchymal stem cells (Hausburg et al.  2015 ), making this method an con-
vincing tool for direct as well as forward programming of slowly proliferating stem 
cells  in vitro  and for resident cells  in vivo . 

 Also non-coding RNAs are regulators  of   cell fate. Data confi rm the comprehen-
sive relevance of several lncRNAs for ESC self-renewal and differentiation (Li and 
Wang  2015 ). An interesting fact is the distribution of lncRNAs as they are mainly 
bound to specifi c lineages (Derrien et al.  2012 ). This indicates their role in cell fate 
determination which is, until now, unclear. In contrast, microRNAs are well char-
acterized and their role in biogenesis pathways via controlling post-transcriptional 
levels of mRNA is well known (Ong et al.  2015 ). Both, lncRNAs as well as microR-
NAs (Chen et al.  2004a ; Sluijter et al.  2010 ; Miyoshi et al.  2011 ; Jayawardena et al. 
 2012 ,  2014 ; Vian et al.  2014 ) provide an alternative route to force transcription 
factor-mediated reprogramming. 
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 Likewise, application of small molecules and cytokines bypass the need of tran-
scription factor introduction. Recent reports (Hou et al.  2013 ; Liu et al.  2013 ; Cheng 
et al.  2014 ; Sayed et al.  2015 ) highlighted the possibility to convert cell fate simply 
by adding small molecules and cytokines, thereby mimicking the microenviron-
ment of the natural cell niche.  

15.4.2     Protocol Improvement 

 It needs to be defi ned which cell types should  be   used for reprogramming strategies. 
Stem cells, whether pluripotent stem cells or adult multipotent stem cells are rare 
and diffi cult to culture. Lineage specifi c progenitor cells or resident fi broblasts have 
advantages but they are more diffi cult to reprogram. At present, the cells achieved 
are largely immature and arise as an inhomogeneous cell population. This could 
lead to major complications  in vivo , since the injured organs are based on the con-
nection of several functionally different cell types. The application of any “wrong 
cell” could lead to disconnection or overstimulation which would may aggravate the 
situation. Therefore, it is crucial to optimize the analysis of marker expression as 
well as functional behavior in comparison to the mature cells of interest. With regard 
to clinical use, 100 % pure sub-types need to be generated in large scale-up 
systems. 

 Furthermore, the risk of teratoma formation as well as immune-rejection (Lensch 
et al.  2007 ; Zhao et al.  2011 ) must be excluded. To improve cell transplantation 
therapy it would be worthwhile to enhance long-term engraftment.    The initial cell 
loss of ~95 % (Lang et al.  2014 ) and remaining fraction of ~1 % at day 35 (Hong 
et al.  2013 ) after intramyocardial injection displays the urgency of new application 
methods.   

15.5     Conclusion 

 Successful lineage conversion of somatic cells or forced differentiation of PSC into 
mature, highly pure cell populations bear huge potential for biomedical and phar-
maceutical applications. Yet, obtaining fully functional cell types remains a major 
challenge. This will be of crucial importance for regenerative medicine, as well as 
provide new approaches to study organ development. Moreover, drug testing to treat 
metabolic disorders will benefi t from this rapidly growing fi eld. Moreover, patient-
specifi c cells may give a deeper insight into molecular and regulative mechanisms 
underlying the respective diseases.     
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    Chapter 16   
 Parthenogenesis                     

       Suresh     Dinkar     Kharche      and     Bipul     Kumar     Jha   

    Abstract     Parthenogenesis (< Gr. parthenos  virgin +  genesis  birth) a phenomenon of 
undoubted biological interest which leads to the production of living young in many 
types of animals, as well as in plants. The word parthenogenesis came fi rst time in 
mind of Richard Owen (Owen R. On parthenogenesis or the successive production 
of procreating individuals from a single ovum. John van Voorst, London, 1849) who 
used it to defi ne the process of ‘procreation without the immediate infl uence of 
male’; this includes the various processes such as fi ssion, budding as well as the 
development of unimpregnated ova. After him different authors have attempted to 
redefi ne the term accordingly. Beatty (Beatty RA. Ferti 1 : 413–440. Metz and 
A. Monroy. Academic Press, New York/London, 1967) has defi ned the term parthe-
nogenesis as ‘the production of an embryo from a female gamete without any 
genetic contribution from a male gamete’, and with or without eventual develop-
ment into an adult. An individual resulted from the parthenogenesis is variously 
referred to as ‘parthenogenone’, ‘parthenogene’ or ‘parthenote’. Phenomenon par-
thenogenesis differs from gynogenesis; in which the oocyte is stimulated by asper-
matozoa to complete the second meiotic division and to undergo further development 
but the male gamete will not contribute genetically to the developing embryos and 
from androgenesis; in such situation the egg is also activated by a spermatozoa but 
only the male genome take part in the subsequent development (Kaufman MH. Early 
mammalian development: parthenogenetic studies. Cambridge University Press, 
Cambridge, 1983).  
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16.1       Natural Parthenogenesis 

 Natural Parthenogenesis is a form of asexual reproduction in  which   growth and 
development of embryos occur without fertilization. Parthenogenesis occurs in 
many plants, some invertebrate species (including nematodes, water fl eas, some 
scorpions, aphids, some bees, some Phasmida and parasitic wasps), and few verte-
brates (such as some fi sh, amphibians, reptiles and very rarely birds). Some species 
reproduce exclusively by parthenogenesis (such as the Bdelloid rotifers), while oth-
ers can switch between sexual reproduction and parthenogenesis. This is called 
“facultative parthenogenesis”, “cyclical parthenogenesis”, “heterogamy” or “heter-
ogony”. The switch between sexuality and parthenogenesis in such species may be 
triggered by the season (aphid, some gall wasps), or by a lack of males or by condi-
tions that favors rapid population growth (rotifers and cladocerans like daphnia). 
The phenomenon of parthenogenesis offers benefi t for the lower animals in the 
sense that it provides rapid population growth in favorable seasons without the need 
of males. At the same time it becomes costly to them in the sense that it creates low 
genetic diversity among them therefore, susceptibility to adverse mutations that 
might occur. 

 Parthenogenetic development may produce all kinds of ploidy as well  as   homo-
zygous and heterozygous conditions in organism whether it is haploid, diploid or 
polyploids. It depends on the routes followed by the egg cells whether meiosis of 
the egg cell is completed normally or, failing this, which of the stages has been 
omitted. Alternatively, meiosis may be completely suppressed and the egg devel-
oped as a result of mitotic divisions only. The number of chromosome sets in the 
embryo can further be varied by failure of cell division as a result of DNA synthesis, 
either before meiosis or afterwards, in what would otherwise have been a cleavage 
division. This process  is   known as “endoreduplication”. 

 Parthenogenesis may initiate early embryonic development in mammals. It can 
occur spontaneously or it may be induced in them. There were many cases of spon-
taneously occurring cleavage have been reported in mammals such as guinea pigs 
(Pincus  1936 ), hamster eggs (Austin  1956 ) as well as in humans ovary, particularly 
in atretic follicles (Krafka  1939 ). Its lack of success in this class poses some funda-
mental and as yet unresolved problems regarding the signifi cance of fertilization in 
the physiology of reproduction and embryonic development. This is one of the rea-
sons why parthenogenesis is once again an area of active research.  

16.2     Induced Parthenogenesis 

 Even though parthenogenesis is not natural process in mammals but it can be 
induced in them experimentally by different means. The pioneering study in this 
regard was carried out by Pincus and his collaborators on rabbit in 1936. He showed 
that the extrusion  of   polar body can be induced  in-vitro  by various means such as; by 
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contact with sperm suspension, heat treatment, exposure to butyric acid and hyper-
tonic solutions. He also noticed that cleavage rate can be increased by applying cold 
treatment on unfertilized eggs. Subsequently Pincus and Shapiro ( 1940 ) described 
the effect of cold treatment on unfertilized tubal eggs in- vitro and claimed not only 
an increased incidence of cleavage but also the production of a living young. There 
has since been abundant confi rmation of the possibility of inducing parthenogenetic 
development in mammals by experimental procedures but none of the embryos so 
formed has survived beyond the embryonic period. 

 But In April 2004, scientists at Tokyo University of Agriculture used partheno-
genesis successfully to create  a   fatherless mouse. Using gene targeting, they were 
able to manipulate two imprinted loci H19/IGF2 and DLK1/MEG3 to produce bi- 
maternal mice at high frequency and subsequently showed that fatherless mice have 
enhanced longevity. Induced parthenogenesis in mice and monkeys often results in 
abnormal development. This is because mammals have imprinted genetic regions, 
where either the maternal or paternal chromosome is inactivated in the offspring in 
order for development to proceed normally. A mammal created by parthenogenesis 
would thus have double doses of maternally imprinted genes and lack paternally 
imprinted genes, leading to developmental abnormalities. It has been suggested that 
defects in placental folding or interdigitation are one cause of parthenote abortive 
development.  

16.3     General Procedure of Parthenogenetic Embryo 
Development in Mammals 

 Parthenogenesis is not reported as a form of natural reproduction in mammals even 
though mammalian oocytes, under appropriate stimuli, can undergo to parthenoge-
netic activation in-vivo or in-vitro which mimics embryonic development in its early 
phases. The general procedure of parthenogenetic embryo development is almost 
similar to the  in-vitro  embryo development of fertilized oocytes except the substitu-
tion of the step of parthenogenetic activation at the place of fertilization (with differ-
ent activation agents) which could either be electrical, chemical or other types and 
thus includes; collection of ovaries, recovery of oocytes, in-vitro maturation of 
oocytes (IVM), activation of oocytes and in-vitro development of parthenogeneti-
cally activated embryos. 

16.3.1     Recovery of Oocytes 

 Oocytes can either be retrieved from  slaughter   house ovaries or from the live animals 
by different techniques. Super-ovulation (hormonal treatment) of donors are rou-
tinely done to increase large number of ova released by the ovary, Sexually mature 
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animals (female) were used for obtaining oocytes using subcutaneous injection of 
FSH for 3 consecutive days followed by an intravenous injection of hCG after the 
last dose of FSH injection (Foote and Simkin  1993 ). Oocytes were recovered either 
by fl ushing or oviduct dissection at 14–15 h post-hCG treatment. Ham’s F-10-based 
medium supplemented with 0.4 % BSA plus 1 % serum used as the fl ushing medium. 
Laparoscopic ovum pick up is one of the best techniques because of less adhesion 
problems compared to laparotomy or surgical oocytes collection from live animals. 
The cost of oocytes retrieval from live animal is high due to unpredictable results and 
low oocytes quantity. Therefore, Slaughter house ovaries are attractive alternative 
source for oocytes retrieval as it is less expensive and most abundant source of 
immature oocytes for large scale production of embryos. Follicle puncture, Ovary 
slicing, puncture and follicle aspiration are most routinely used techniques for recov-
ery of oocytes from slaughter house ovaries. However different views come from 
different researchers. Aspiration technique is more advantageous than other tech-
niques in terms of speed of aspiration (Nandi et al.  2000 ; Yadav et al.  2007 ). Slicing 
and Puncture techniques are most commonly used for smaller animals having small 
sized ovaries to obtain good quality and quantity of oocytes. However follicle punc-
ture after aspiration increased the overall rate of oocytes recovery (Bonde et al. 
 2000 ).  

16.3.2     In-Vitro Maturation of Oocytes 

 Like In-vivo, both  nuclear   and ooplasmic maturation is required to ensure partheno-
genetic activation and embryo development in vitro. In all mammalian species, 
nuclear maturation can be achieved when the oocytes are removed from the antral 
follicles and are cultured in-vitro (Thibault et al.  1987 ). Nuclear maturation refers to 
the progression to the metaphase ll. Degree of cumulus cells expansion can be used 
as a morphological indicator for maturation of oocytes. Thus Maturation of oocytes 
(developed to the metaphase II stage) was determined by expansion of cumulus 
cells, an evenly granulated homogenous cytoplasm and extrusion of the fi rst polar 
body, as visualized under a differential interference contrast microscope. So, it can 
be said that oocyte with expanded cumulus cells indicates mature and good quality 
oocytes while a compact cumulus cells characterizes immature oocytes. During 
In-vitro, when fully grown oocytes are released from their follicles to the culture 
medium they resume meiosis spontaneously, causes condensation of chromatin and 
breakdown of germinal vesicle leading to MII and a second artifi cial arrest in the 
cycle (Edwards  1965 ). 

 The immature oocytes having more than three layers of cumulus cells helps 
in in-vitro maturation while denuded one fail to fertilize (Crister et al.  1986 ). 
IVM medium consist of complex medium such as TCM-199 supplemented with 
10–20 % fetal bovine serum (FBS), estrus goat/buffalo serum or super ovulated 
buffalo serum/goat serum (SBS) which is necessary for high achieving nuclear 
and cytoplasmic maturation of oocytes. Hormones like Luteinizing hormone 
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(LH) and Estradiol either alone or in combination has been used to induce higher 
maturation rates of oocytes ranging from 60 to 80 % (Totey et al.  1991 ). 

 Various growth factors such as basic fi broblast growth factor (bFGF), epidermal 
growth factor, insulin like growth factor-1 (IGF-1) in Oocyte Culture Medium 
(OCM) have shown to increase cumulus expansion, nuclear maturation (80–90 %) 
and post activation cleavage rates (Gupta et al.  2002 ; Yadav et al.  2009 ).  

16.3.3     General Mechanism of Oocyte Activation 

 After IVM, cumulus cells were removed by  incubation   in hyaluronidase (0.2 % in 
calcium free PBS with 0.1 % polyvinyl alcohol) at 39 °C for 5 min followed by 
pipetting for 3–5 min. Cumulus-free and healthy appearing oocytes were selected 
for the presence of the fi rst polar body and remained in maturation medium until 
activation. Before activation, oocytes were washed three times in Hepes buffered 
TCM 199 + 10 % FCS (H199) and then gets activated by various methods. 

 One common, universal method or  activation   agents has not been developed for 
all species because the process is highly specifi c for each species. Therefore, com-
bination of activation agents is also applied. Similarly concentration as well as incu-
bation time of the activation agents are also species specifi c and need to be optimized. 
For example, Cat oocyte activation by electric current or chemical agents (ethanol, 
calcium ionophore) has been reported, along with the inhibitors of protein synthe-
sis, protein phosphorylation or histone kinases (Kinases PF/MAP; cycloheximide, 
cytochalasine B) (Gomez et al.  2003 ). A single electrical stimulation seems to be 
insuffi cient to activate domestic cat oocytes, but their exposure to cycloheximide 
following electrical stimulation improved the effi cacy of parthenogenetic develop-
ment (Karja et al.  2005 ). Results have indicated that exposure of human oocytes to 
a calcium ionophore alone, or such exposure followed by a protein synthesis inhibi-
tor, leads to high activation rates but poor parthenote development (Sengoku et al. 
 2004 ). However, when exposure to an ionophore was followed by a protein kinase 
inhibitor, better developmental rates were obtained (Lin et al.  2003 ). Exogenous 
hyaluronic acid enhances porcine parthenogenetic embryo development in vitro 
possibly mediated by CD44 (Toyokawa et al  2005 ). 

 Methods used for  parthenogenetic   activation are divided into two groups accord-
ing the mechanism used to increase intracellular calcium. One method for obtaining 
free calcium is by exposure to strontium or ionomycin to release cytoplasmic cal-
cium. A second method is to promote infl ux of calcium from the extracellular 
medium by using an electrical stimulus or ethanol exposure (Meo et al.  2004 ). In 
addition, disturbance of the signal required to maintain MII can induce partheno-
genesis. For example, microinjection of guanosine-54- O-(34-thiotriphosphate), a 
non-hydrozable analogue of guanosine triphosphate (GTP), induces parthenogene-
sis in porcine oocytes (Machaty et al.  1999 ). In the latter method, injected materials 
usually stimulate a specifi c intracellular signal transduction pathway. Namely, 
Mitogen-Activated Protein Kinases (MAPK) and cytostatic factor (CSF), important 
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factors for MII maintenance, are inactivated and Cyclin B, a subunit of maturation- 
promoting factor (MPF), is destroyed. Thus, these intracellular events result in inac-
tivation of MPF, an important factor for oocyte maturation and maintenance of MII 
(Meo et al.  2004 ). Similarly, treatment with protein synthesis inhibitors, such as 
cycloheximide and puromycin, disturbs the MII maintenance mechanism and 
induces parthenogenesis in porcine oocytes (Nussbaum and Prather  1995 ). 

 Several methods have been developed for induction of parthenogenetic activa-
tion, including calcium ionophore (Funahashi et al.  1994 ), electrical shock (Kim 
et al.  1996 ), CaCl 2  (Machaty et al.  1996 ), Ca-EDTA (Zae Young et al.  2007 ), protein 
kinase inhibitors (Mayes et al.  1995 , Kharche et al.  2015 ), G protein stimulation 
(Machaty et al.  1996 ), cycloheximide (CH) (Nussbaum and Prather  1995 , Pathak 
et al.  2013 ), ionomycin (Loi et al.  1998 ), ultrasound (Sato et al.  2005 ), ethanol (Loi 
et al.  1998 , Kharche et al.  2013 ), strontium (Meo et al.  2004 ) and magnetic fi eld 
(Max et al.  2007 ), Spontaneous activation has also been reported in matured bovine 
oocytes. Besides the above mentioned procedure about parthenogenetic oocytes 
activation, sperms can also be used for parthenogenetic activation of oocytes 
(Patrick et al.  2004 ) which subsequently be developed in to embryos  in vitro . 

 In each method, an initial response in the  mature   oocytes arrested at metaphase 
II is an incremental increase in intracellular Ca 2+  concentration, similar to that pro-
duced after activation by the penetrating spermatozoon during the fertilization pro-
cess. Then, the artifi cially activated oocyte further responds by initiating the cortical 
reaction and resuming meiosis, followed by second polar body extrusion. Thus, the 
sequence of events occurring during parthenogenetic activation mimics (PAM) the 
cascade of intracellular activities produced by the penetrating spermatozoon. 
Studies of in vitro development in parthenogenetically activated oocytes have found 
that approximately 20–50 % of porcine parthenogenetic oocytes formed a blasto-
cysts (Lee et al.  2004 ), as compared to 34 % in the bovine (Campbell et al.  2000 ) 
and 50 % in ovine (Loi et al.  1998 ). 

 After activation; the oocytes were placed in to the embryo development medium 
containing DMAP(Di-methyl amino purine) for 4–6 h depending upon the types of 
oocytes treated after which presumptive embryos gets transferred to the embryo 
development medium.    Elevation of intracellular Ca 2+  levels with ionomycin fol-
lowed by inhibition of protein phosphorylation with 6-dimethylaminopurine 
(6-DMAP) results in effi cient oocyte activation and better development of parthe-
notes, even to the blastocyst stage (Paffoni et al.  2007 ; Kharche et al.  2015 ).  

16.3.4     Molecular Mechanism of Fertilization or Activation 
of Oocytes 

 In the majority of mammals, oocytes are ovulated in metaphase II (MII) and remain 
in this stage until activated by the fertilizing spermatozoon (fertilization) or by an 
artifi cial stimulus (parthenogenetic activation). 
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 Oocytes are arrested in MII due to  the   persistence of greater amounts of matura-
tion promoting factor (MPF), a heterodimer of p34cdc2 kinase, and cyclin B, and of 
cytostatic factors (CSF), products of the proto-oncogene c-mos which prevent the 
degradation of cyclins and are maintained by enzymes of the family of mitogen- 
activated protein kinase (MAPK) (Dupont  1998 ). Penetration of the sperm cells into 
the oocyte promotes alterations in intracellular Ca 2+  concentrations, which leads to 
cortical reaction, polyspermy block, and resumption of meiosis, followed by extru-
sion of the second polar body to the perivitelin space (Küpker et al.  1998 ). These 
pulses also provoke maternal mRNA recruitment, pronuclear development and 
mitotic cleavage (Ducibella et al.  2002 ). 

 The sperm cell is the natural activator of the oocyte, rendering it capable of form-
ing pronuclei and developing into a zygote. Sperm penetration induces periodical 
and transient increases in free intracellular Ca 2+  concentrations for several hours in 
mice (Jones and Whittingham  1996 ), pigs (Sun et al.  1992 ) and cattle (Tosti et al. 
 2002 ). Such calcium oscillations are responsible for the inactivation of MPF by 
means of the inactivation of MAPK and CSF and cyclin destruction (Dupont  1998 ). 
Artifi cial stimuli electrical, chemical or mechanical elevating the cytoplasmic levels 
of calcium ions in the same manner as sperm even without penetration of  the   sperm 
into the oocyte and can induce activation of the oocytes.  

16.3.5     Assessment of Activation Treatments 

 To assess activation rates, oocytes  were   cultured in  embryo development medium 
(EDM)   for 15–16 h and evaluated for the presence of one or more pronuclei. Oocytes 
with pronuclei were considered activated. To assess parthenogenetic development, 
embryos were cultured for 7 days and blastocyst development rates were deter-
mined. To assess the quality of the embryos, the mean (±S.D.) cell number in blas-
tocysts can be determined. 

 At the end of the culture period (day 8), some blastocysts developed parthenoge-
netically from activated oocytes were assessed for cell number using differential 
fl uorescence staining procedure as described by Thouas et al. ( 2001 ). Briefl y, blas-
tocysts were fi rst incubated in 500 μl of 1% Triton X-100 and 100 μg/ml propidium 
iodide for up to 30 s and then immediately transferred into 500 μl of 100 % ethanol 
with 25 μg/ml bisbenzimide (Hoechst 33258) and stored at 4 °C overnight. Fixed 
and stained embryos were then mounted on to a glass slide in a drop of glycerol, 
gently fl attened with a cover slip and visualized for cell counting on a fl uorescence 
microscope (excitation fi lter 460 nm for blue and 560 nm for red). Trophectodermal 
(TE) cells visualized as blue and the inner cell mass (ICM) as pink to red. Total cell 
number (TCN) then obtained by accounting both ICM and TE numbers.  

16 Parthenogenesis



432

16.3.6     In-Vitro Development of Parthenogenetically Activated 
Embryos 

 A variety of embryo  culture   system have been developed for in-vitro embryo pro-
duction either Fertilized or Parthenogenetically activated. Among these major sys-
tems of IVC reported by Walker et al. ( 1996 );

    (i)    Transfer of embryo to ligated oviduct of surrogate recipient,   
   (ii)    Culture  in-vitro  with somatic cells (oviduct epithelial cells, granulose cells 

vero cells) in medium like TCM-199.   
   (iii)    Culturing such embryo in simple medium like mSOF (synthetic oviductal 

fl uid), KSOM (Potassium Simplex Optimized Medium), or TCM-199 without 
any somatic cells.    

  Co-culture of two or four cell embryos  to   blastocyst has been more successful 
with uterine or culturing in medium alone (Prichard et al  1992 ). Bovine embryos 
developed successfully in simpler medium without any supportive co culture cells 
(Shamusddin et al.  1994 ). Protein free salt solution supplemented energy substrate 
and amino acids were able to grow bovine embryos to the morula and blastocyst 
stage. However serum factors were still required for maximal blastocyst develop-
ment and hatching (Saidel et al.  1991 ). 

 Thus far, parthenotes obtained in-vitro have been studied and transferred in the 
uterus of recipient females in a variety of mammals including mice, sheep, cows, 
pigs, rabbits and monkeys. These studies evidenced that mouse parthenotes can 
develop beyond implantation until the forelimb bud stage; rabbit parthenotes until 
day 11 postactivation while parthenotes from primates have only been shown to 
reach the implantation stage. 

 The general procedure of parthenogenetic embryo development is almost similar 
to the  in-vitro  embryo development of fertilized oocytes except the step of parthe-
nogenetic activation with different activation agents which could either be electri-
cal, chemical or other types and thus includes collection of ovaries, recovery of 
oocytes,  in-vitro  maturation of oocytes (IVM), activation of oocytes with different 
activation agents and fi nally  in-vitro  development of parthenogenetic embryos. 

 Present methods for parthenogenetic embryo production  in-vitro  depend on the 
use of oocytes with full meiotic competence, which are present in the ovary in lim-
ited numbers. Numerous populations of follicles with growing oocytes that have 
partially developed meiotic competence cannot be used for these purposes. However, 
embryos produced from these oocytes could be used for breeding, production of 
cloned or transgenic animals, or for preservation of endangered breeds. To this end, 
culture systems for  in-vitro  growth and acquisition of full meiotic competence of 
mammalian oocytes have been developed (Wu et al.  2001 ). However, the processes 
involved in the acquisition of full meiotic competence are not fully understood. 
Sedmíková et al .  ( 2003 ) demonstrated that drugs elevating intracellular calcium lev-
els can overcome the meiotic block in oocytes with partially developed meiotic 
competence  and   can induce their maturation to the metaphase II stage. To achieve 

S.D. Kharche and B.K. Jha



433

these results they used cyclopiazonic acid, the inhibitor of calcium-dependent 
ATPases, which elevates intracellular levels of free calcium ions through the mobi-
lization of intracellular calcium deposits (Mason et al.  1991 ).   

16.4     Haploid, Diploid, and Polyploid Parthenogenesis 

 Parthenogenetic development may proceed by various routes depending on whether 
meiosis of the egg cell is completed normally or, failing this, which of the stages has 
been omitted. Alternatively, meiosis may be completely suppressed and the egg 
develops as a result of mitotic divisions only. The number of chromosome sets in the 
embryo can further be varied by failure of cell division as a result of DNA synthesis, 
either before meiosis or afterwards, in what would otherwise have been a cleavage 
division. This process is known as “Endoreduplication”. 

 If a diploid oogonium completes the two meiotic divisions and continues devel-
opment in the absence of nuclear fusion, the resultant embryo will be haploid, at 
least initially. The somatic cells of such embryos may subsequently become diploid 
or polyploid. 

 Diploid or  polyploid      parthenogenesis can proceed via a number of routes. 
Diploid eggs may be formed by the suppression of either the fi rst or second polar 
bodies. Alternatively, polar bodies may be extruded and subsequently fuse with the 
egg cell. The second meiotic division may be completed without extrusion of the 
second polar body and the resultant diploid egg cell then undergoes cleavage. It is 
also possible, however, that the two products of the second meiotic division are 
separated by immediate cleavage, thus initiating haploid parthenogenesis 
(Witkowska  1973 ). If neither polar body is extruded, the resulting egg would be 
tetraploid, since the primary oocyte contains the duplicated number of chromatids 
in  preparation      to undergoing two meiotic divisions. 

 In a parthenogenetically activated oocyte, the second polar may be extruded and 
 a   haploid parthenote develops. If the second meiotic division does not take place, a 
diploid parthenote is formed (Hagemann et al.  1995 ). To obtained diploid embryos 
the matured oocytes were treated with various chemicals viz. Cytochalasin (A, B, C, 
D), Colcimid, Demecolcine etc. in activation medium, aiming to avoid second polar 
body extrusion while the oocytes treated without the above said chemicals resulted 
in haploid embryos. These chemicals are cell permeable that disrupts contractile 
microfi laments by inhibiting actin polymerization. This, in turn, induces DNA frag-
mentation, inhibits cell division arresting them at metaphase. The type of parthenote 
formed depends on the activating stimulus, its intensity, the postovulatory age of an 
oocyte, and the conditions of activation (osmolarity, pH, and temperature of culture 
media (King et al.  1988 ). In cattle spontaneous activation rates of aging oocytes 
were higher than those of the younger cells. Parthenogenesis was also found to 
increase signifi cantly following microinjection of spermatozoa into mouse oocytes 
(Macas et al.  1993 ). 
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 Irrespective of the protocol for activation followed the resulted parthenogenetic 
embryos may be haploid, diploid, aneuploid, or polyploidy. Witkowska ( 1973 ) car-
ried out chromosome analysis of morula and blastocysts obtained by electric treat-
ment and found all the four types of embryos. based on his fi ndings he concluded 
that Haploid parthenogenesis will result either if meiosis is completed normally or 
if the egg cleaves in half, so that one cell contains the egg nucleus and the other cell 
the nucleus of what should have been the polar body (immediate cleavage). If the 
nucleus of the polar body is retained in the egg, diploid parthenogenesis will result 
(Graham  1974 ). 

 Although the mechanisms involved in the formation of aneuploid, haplodiploid, 
and polyploidy embryos have not yet been explained. Now a days optimized proto-
col for production of desired ploidy have been developed 

 Diploid parthenotes can be obtained in two main different ways. The most com-
mon one consists in combining the activation of metaphase-2 oocytes with exposure 
to an inhibitor of the extrusion of the second polar body without affecting the forma-
tion and movement of pronuclei (Balakier and Tarkowski  1976 ) .  Alternatively, a 
diploid parthenote can be generated by treating the oocyte with cytochalasin D dur-
ing in-vitro maturation before activation. This  drug   binds to the positive end of 
F-actin and blocks further addition of G-actin monomers preventing the extrusion of 
the fi rst polar body. This protocol leads to the formation of tetraploid oocytes 
 ( Kubiak et al  1991 ) .  The diploid status is then re-established at the end of oocyte 
maturation with the extrusion of the second polar body. 

 The developmental competencies of all the above kind of parthenotes are infl u-
enced by the resulting ploidy as well as genetic information the carry. In some spe-
cies, the development of both haploid and diploid parthenotes has been reported. 
But in general the developmental competency of haploid embryos is reduced in 
compared to diploid condition. 

 There has since been abundant confi rmation of the possibility of inducing parthe-
nogenetic development in mammals by experimental procedures but none of the 
embryos so formed has survived the embryonic period.  

16.5     Genome Imprinting Analysis of Parthenotes and Their 
Signifi cance 

 When the mammalian oocyte is fertilized with sperm, it receives the paternal genetic 
materials. The paternal alleles, like the oocyte alleles, have been subjected to epi-
genetic modifi cations during gametogenesis that cause a subset of mammalian 
genes to be expressed from one of the  two   parental chromosomes in the embryo. 
This regulatory mechanism is termed genomic imprinting (Kure-bayashi et al. 
 2000 ). Additional epigenetic processes also occur during early development after 
fertilization (Loi et al.  1998 ). Thus, the maternal and paternal genomes are not func-
tionally equivalent, which is why both a maternal and a paternal genome are required 
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for normal mammalian development. Mammalian parthenotes are able to undergo 
several cycles of cell division after oocyte activation, but never proceed to term, 
arresting at different stages of development, depending on the species (Kure-bayashi 
et al.  2000 ). 

 Success rates and viability of parthenogenetic embryos appear to be organism 
dependent.    Mouse parthenotes are capable of developing beyond the postimplanta-
tion stage  in-vivo  (Surani et al.  1984 ); porcine parthenotes have developed up to 
post-activation day 29 (limb bud stage, past the early heart beating stage); rabbit 
parthenotes until day 10–11 Ozil ( 1990 ). Primates (Callithrix jacchus) have only 
been shown to implant (Marshall et al.  1998 ). The reason for this arrested develop-
ment is believed to be due to genetic imprinting. Since all genetic material in par-
thenotes is of maternal origin, there is no paternal imprinting component and this 
prevents proper development of extraembryonic tissues whose expression is regu-
lated by the male genome (Surani and Barton 1983). 

  Uniparental embryos  , such as parthenotes or androgenotes, have been used to 
study imprinting processes as well as the role the paternal genome plays during 
early embryo development (Latham et al.  2002 ). Since diploid parthenotes (DPs) 
and fertilized embryos show similar development, at least to the blastocyst stage, 
their gene transcription patterns during early developmental processes may not dif-
fer markedly. However, there may be some more subtle differences in that fertilized 
embryos may express Y-chromosome-linked genes and imprinting genes during 
early development, unlike the DPs. Comparison of the gene expression patterns of 
the fertilized embryo and the DP parthenote may thus illuminate the role(s) paternal 
genes play in later embryonic development. Compared to DPs, fewer haploid par-
thenotes (HPs) cultured  in-vitro  reach the blastocyst stage and those that does have 
lower cell numbers. The reasons for this limited developmental potential of mam-
malian HPs are not clear. One possibility is that the lack of genetic component(s) in 
HPs may increase the duration of the cell cycle and consequently slow their devel-
opment (Liu et al.  2002 ). This explanation is supported by the observation that 
mouse HPs develop  in-vitro  more slowly than DPs during the preimplantation 
period (Henery and Kaufman  1992 ). Another possible explanation is that the low 
DNA content in HPs may not be suffi cient to control the gene expression network, 
which could result in apoptosis (Jeong et al.  2005 ) or the failure of developmental 
processes during preimplantation development. 

 To gain insights into the roles the paternal genome and chromosome number 
play  in   pre-implantation development, (Kim et al.  2007 ) cultured fertilized embryos 
and diploid and haploid parthenotes (DPs and HPs, respectively), and compared 
their development and gene expression patterns. The DPs and fertilized embryos 
did not differ in developmental ability but HPs development was slower and charac-
terized by impaired compaction and blastocoel formation. These results are consis-
tent with previous reports that indicated HPs are developmentally retarded and show 
slow development in mice (Liu et al.  2002 ). While it remains unclear why HPs show 
more limited and slower development, it may be speculated that at least part of the 
reason may involve the diffi culties HPs have in compacting. Compaction during 
embryonic development involves the formation of tight junctions between outer 
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cells, which permits selective ion transport and facilitates blastocoel formation 
(Pratt et al.  1982 ). Thus, the incomplete compaction of HPs may be responsible, at 
least in part, for their impaired development to the blastocyst stage. Microarray 
analysis revealed that fertilized blastocysts expressed several genes at higher levels 
than DP blastocysts; these included the Y-chromosome-specifi c gene eukaryotic 
translation initiation factor 2, subunit 3, structural gene Y-linked (Eif2s3y) and the 
imprinting gene U2 small nuclear ribonucleoprotein auxiliary factor 1, related 
sequence 1 (U2af1-rs1). It is found that when DPs and HPs were both harvested at 
44 and 58 h of culture, they differed in the expression of 38 and 665 genes, respec-
tively. When differentially expressed genes in the HPs as compared to the DPs at 58 
h after activation were analyzed with regard to their putative molecular function. 
176 highly expressed and 158 lower expressed genes were unclassifi ed. Of the 
remainder, it was found that 12 highly expressed and 9 lower expressed genes were 
related to cell adhesion/cell junction/cytoskeletal-functions. 

 Moreover, compared to the 58 h DPs, the 58 h HPs showed lower expression of 
more nucleic acid-binding proteins, oxidoreductase, transcription factors, selected 
regulatory molecules, and transferase, and highly expression of more receptors, 
transcription factors, nucleic acid-binding proteins, kinases, and selected regulatory 
molecules. 

 However, when DPs and HPs were harvested at the midpoints of 4-cell stage (44 
and 49 h, respectively), no differences in expression was observed. Similarly, when 
the DPs and HPs were harvested when they became blastocysts (102 and 138 h, 
respectively), only 15 genes showed disparate expression. These results suggest that 
while transcripts needed for early development are delayed in HPs, it does progress 
suffi ciently for the generation of the various developmental stages despite the lack 
of genetic components. 

 Genomic imprinting, a  specifi c   genetic mechanism in mammals, plays important 
roles in the regulation of fetal growth, development, placental function, and postna-
tal behavior (Kono et al.  2004 ). It endows some genes with different “imprints,” 
which lead to their differential expression in fetuses and/or placenta and regulate the 
transfer of nutrients to fetus and placenta from the mother (Miyoshi et al.  2006 ). 

 The establishment of genomic imprinting is controlled by DNA methylation, 
histone modifi cations, noncoding RNA, and specialized chromatin structure; DNA 
methylation is thought to be a major factor (Yang et al.  2003 ). Specifi c DNA meth-
ylation in the differentially methylated regions (DMRs) of parental origin allows the 
discrimination between the maternal and the paternal alleles and leads to monoal-
lelic expression of imprinted genes (Thorvaldsen et al.  2006 ). Uniparental fetuses, 
including parthenotes and androgenotes, show disrupted expression of several 
imprinted genes, such as Snrpn, Peg3, H19, and Gtl2 (Warnecke et al.  1998 ). Studies 
in mouse uniparental embryos have revealed that the paternal genome is more 
important for the development of the extraembryonic tissues, while the maternal 
genome is more essential for fetal development. These distinctive differences are 
the result of genomic imprinting (Borghol et al.  2006  ) . Parthenogenetic fetuses die 
by day 10 of gestation (Lucifero et al.  2002 ). Likely, the cloned animal fetuses 
exhibit a high rate of developmental abnormalities due to ineffi cient epigenetic 
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reprogramming of the donor nucleus within enucleated oocytes. The aberrant epi-
genetic modifi cations caused by ineffi cient reprogramming severely undermine the 
developmental potency of cloned embryos (Gebert et al.  2006 ). But to date, our 
knowledge about the molecular mechanism of epigenetic reprogramming is still 
very limited (Kang et al.  2001 ). Compared to the laborious manipulation of somatic 
cell nuclear transfer, the mouse parthenogenetic embryo is a most suitable alterna-
tive to study the events of methylation imprints. Similar to mouse parthenogenetic 
embryos, the aborted cloned bovine fetus also exhibits disrupted expression of 
imprinted genes and aberrant methylation imprints (Li et al.  2004 ).  

16.6     Strategy for Parthenogenetic Animal Development 

 In April 2004, scientists at Tokyo University of Agriculture used parthenogenesis 
successfully to create a fatherless mouse. Using gene targeting,    they were able to 
manipulate two imprinted loci H19/IGF2 and DLK1/MEG3 to produce bi-maternal 
mice at high frequency and subsequently show that fatherless mice have enhanced 
longevity. Parthenogenetic embryo therefore may be a viable alternative for produc-
tion of donor cell from superior female animal provided they give birth of offspring. 
The production of commodo dragon, boney head shark by parthenogenesis give an 
indication that one or other types of parthenogenesis may lead to production of full 
term animals in higher animals too. 

 At present several problems of developmental arrest in parthenogenetic embryos 
have been identifi ed because of lack of full genomic components unlike IVF derived 
embryos. It is assumed that if the full genetic component of oocytes can be brought 
forward to parthenogenetic embryos then a viable animal can be produced through 
parthenogenesis. The reasons for developmental defect in diploid parthenogenetic 
embryos are being studied extensively mostly in laboratory animals as well as 
higher mammals like sheep, goat, cattle etc. It has been observed that several devel-
opmental related gene expressions are lacking in different types of parthenogenetic 
embryos during different stages of embryo development. Therefore, the mammalian 
parthenogenetic embryos invariably die a month of gestation from imprinted gene 
defects and placental hypoplasia. There is a limitation for foetal development in the 
ability to reprogramme imprinted genes by repeated rounds of parthenogenetic 
embryo transfer. However, the placentas of parthenogenetic embryos can escape 
epigenetic regulation when developed using nuclear transfer techniques, tetraploid 
embryo production (aggregation of parthenogenetic embryo blastomere with in- 
vitro fertilized embryo blastomere followed by in-vitro embryo development) and 
can support foetal development to full gestation. Parthenogenetic embryos die 
before day 10 of gestation, mainly from restricted placental development. 

 Differentiation potential of parthenogenetic embryos can be improved by the re- 
establishment of parthenogentic tetraploid embryo through this technique. This led 
us to hypothesize that the chimera of parthenogenetic embryos might generate pla-
centas and grow to full term offspring. 
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 As it is not known which type of chimera of parthenogenetic embryos have com-
petency to produce full term offspring, it is important to study the genetic expres-
sion of developmental genes of chimera of parthenogenetic embryos produced by 
different methods to work out the potential of these embryos to form live 
offspring. 

 The animal cloning through production of chimeric parthenogenetic embryo will 
help in conservation of endangered animal breeds as well as multiplying the few 
superior germplasm, which will help in conservation of endangered breed of 
animals. 

 Induced parthenogenesis in mice and  monkeys   often results in abnormal devel-
opment. A mammal created by parthenogenesis would have double doses of mater-
nally imprinted genes and lack paternally imprinted genes, leading to developmental 
abnormalities. It has been suggested that defects in placental folding or interdigita-
tion are one cause of swine parthenote abortive development. As a consequence, 
research on human parthenogenesis is focused on the production of embryonic stem 
cells for use in medical treatment, not as a reproductive strategy.  

16.7     Parthenogenetic Research on Humans 

 On June 26, 2007, International Stem Cell Corporation (ISCC), a California-based 
stem cell research company, announced that their lead scientist, Dr. Elena Revazova, 
and her research team were the fi rst to intentionally create human stem cells  from 
  unfertilized human eggs using parthenogenesis. The process may offer a way for 
creating stem cells that are genetically matched to a particular woman for the treat-
ment of degenerative diseases that might affect her. In December 2007, Dr. Revazova 
and ISCC published an article illustrating a breakthrough in the use of parthenogen-
esis to produce human stem cells that are homozygous in the HLA region of 
DNA. These stem cells are called HLA homozygous parthenogenetic human stem 
cells (hpSC-Hhom) and have unique characteristics that would allow derivatives of 
these cells to be implanted into millions of people without immune rejection. With 
proper selection of oocyte donors according to HLA haplotype, it is possible to 
generate a bank of cell lines whose tissue derivatives, collectively, could be MHC- 
matched with a signifi cant number of individuals within the human population. 

 On August 2, 2007, after much independent investigation, it was revealed that 
discredited South Korean scientist  Hwang Woo-Suk  unknowingly produced the 
fi rst human embryos resulting from parthenogenesis. Initially, Hwang claimed he 
and his team had extracted stem cells from cloned human embryos, a result later 
found to be fabricated. Further examination of the chromosomes of these cells show 
indicators of parthenogenesis in those extracted stem cells, similar to those found in 
the mice created by Tokyo scientists in 2004. Although Hwang deceived the world 
about being the fi rst to  create   artifi cially cloned human embryos, he did contribute 
a major breakthrough to stem cell research by creating human embryos using par-
thenogenesis. The truth was discovered in 2007, long after the embryos were  created 
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by him and his team in February 2004. This made Hwang the fi rst, unknowingly, to 
successfully perform the process of parthenogenesis to create a human embryon 
and, ultimately, a human parthenogenetic stem cell line.  

16.8     Potential of Parthenogenetic Embryos in Different Field 
of Research 

 Parthenogenesis phenomenon does not occur naturally in mammals, although very 
rarely spontaneous can take place. Parthenogenesis of the oocyte is essential to a 
number of oocyte- or embryo-related technologies such as  intracytoplasmic sperm 
injection (ICSI)      and cloning by nuclear transfer.    Somatic cloning can become one of 
the methods for saving endangered species of animals (including felids). During 
their in-vitro development to the blastocyst stage, parthenotes are comparable to 
embryos and therefore may be useful tools for any research aimed at investigating 
culture conditions, different treatment options, exposure to chemicals, and many 
variables of the laboratory routine (Paffoni et al.  2008 ). Moreover, the analysis of 
parthenotes is a classical way of identifying and characterizing novel imprinted 
genes that may contribute to mammalian phenotypes displaying parent of origin 
effects (Ruddock et al .   2004 ). The parthenogenetic activation of oocytes represents a 
valid tool to investigate the comparative roles of paternal and maternal genomes in 
controlling early embryo development. Furthermore, parthenogenetic activation is 
relevant to cloning research, because artifi cial activation of oocytes is an essential 
component of nuclear transfer protocols (Kim et al.  1996 ). During preliminary stud-
ies, parthenogenetically activated oocytes have been recognized as a suitable model 
for studying activation effi ciency. In this regards, the best criterion for evaluating the 
methods of activation is the ability of parthenogenetically activated oocytes to 
undergo pre and even post-implantation development (Lee et al. 2004a,  b ). 
Parthenogenic studies provide a possibility to evaluate the effi ciency of the activation 
stimuli in steps used for cloning, at the same time avoiding complicated procedures 
effecting SCNT outcome. An optimized activation protocol may enhance better or 
complete reprogramming of the reconstructed embryo, which might in turn increase 
the chance of success in cloning. Obtention of oocytes activated effi ciently and in a 
simple manner constitutes one of the limiting steps for the success of cloning by 
nuclear transfer (Kishikawa et al.  1999 ). Oocyte activation allows cell cycle phase 
synchronization between the cytoplasm of the oocyte and the transferred nucleus, 
promoting nuclear reprogramming and maintenance of correct ploidy (reviewed by 
Campbell  1999 ; Kharche and Birade  2013 ). The study of parthenogenetic activation 
also permits a greater understanding of the mechanisms of spontaneous activation, 
preventing it in in-vitro fertilization systems, and also allows for the study of genomic 
imprinting during embryonic development (Solter  1988 ). Tetraploid embryos have 
limited developmental potency; usually die  during   postimplantation, and exhibit 
defects, in particular in the forebrain and eyes, the vertebral axis and heart (Kaufman 
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and Webb  1990 ). Nonetheless, tetraploid embryos can be used as complements for 
cloning offspring from ES cells (Eggan et al.  2001 ). In the ES cell-tetraploid aggre-
gates, tetraploid cells are selected to form extraembryonic membranes, contributing 
to functional placenta (Everett and West  1998 ). This feature has been used to com-
plement placenta defi ciency in development of cloned embryos (Hochedlinger and 
Jaenisch  2002 ). 

 Recently, parthenogenesis has attracted wide attention because of the potential 
for  deriving   pluripotent lines. Embryonic stem cells (ESCs), typically derived from 
the inner cell mass (ICM) of the mammalian blastocyst, are in fact of fundamental 
value for developmental research and both cell and tissue replacement therapy. 
However, the development of human ESC based clinical therapies has hitherto been 
limited because of the ethical dilemma involving the destruction of a human embryo. 
It is noteworthy that establishment of embryonic stem cells (ESCs) from partheno-
genetic embryos has attracted attention as an alternative way to derive pluripotent 
stem cells for application to cell transplantation therapy or drug screening, since it 
does not involve the destruction of viable embryos (Revazova et al.  2007 ). The abil-
ity to have embryonic stem cells, without sacrifi cing conception human embryos, 
would be valuable for patients who require the replacement of damaged or diseased 
tissue. Despite its necessity for autologous stem cell therapy, somatic cell nuclear 
transfer (SCNT) may lead to human cloning and has thus provoked ethical disputes. 
Replacement of the SCNT with other alternatives is important for avoiding cloning, 
and parthenogenesis has been considered as one of the alternatives. Due to increas-
ing interests in genomic imprinting, potentiating ES cells and cloning, much atten-
tion is again being paid to parthenogenetic and tetraploid development. Although 
parthenogenetic embryos are defective in postimplantation development, in particu-
lar by exhibiting limited development of extra-embryonic membranes, ES cells can 
be derived from parthenogenetic blastocysts (Allen et al.  1994 ). Creation of ES cells 
for therapeutic purposes from normal fertilized embryos can be avoided in this way. 
For example, pluripotent primate ES cells derived from ICM of parthenogenetic 
blastocysts can proliferate while maintaining their undifferentiated state, and be 
induced to differentiate in-vitro into neurons (Cibelli et al.  2002 ). 

 Derivation of ES cells from  parthenogenetic   blastocysts suggests that Oct-4 
might also be normally expressed in the ICM of those embryos. Androgenetic 
embryos preferentially develop into trophoblasts (Barton et al.  1984 ), and ES cells 
derived from androgenetic blastocysts, if any, exhibit defects in development (Mann 
et al.  1990 ). Examples of the possible uses of parthenotes in many fi eld of research 
such as in-vitro assays aimed to study some aspects of assisted reproductive tech-
nologies (ART), toxicology or stem cell. 

 Parthenotes can also be an interesting source of stem cells due to the unique 
advantage of homozygosity, which renders them less immunogenic. The occurrence 
of a high degree of homozygosity has been evaluated in contrasting ways in the 
perspective of using these entities as a source of embryonic stem cells. The use of 
parthenotes as experimental models in human reproduction is at its early days. 
Future studies will defi ne more in detail its real advantages and limitations. Recent 
studies have illustrated multiple differentiation potentials of embryonic stem cells 
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(ESCs), derived from parthenogenetic embryos, to various kinds of cells (all three 
embryonic germ layers). However, differentiation diversity of the parthenogenetic 
ESCs (PgESCs) in-vivo remains to be elucidated. Parthenogenetic stem cells are 
able to get induced to differentiate to the myogenic, osteogenic, adipogenic, and 
endothelial lineages, and were able to form muscle-like and bony-like tissue in- 
vivo. Furthermore, parthenogenetic stem cells were able to integrate into injured 
muscle tissue. Therefore, parthenogenetic stem cells can be successfully isolated 
and utilized for various tissue engineering applications (Koh et al.  2009 ).  

16.9     Parthenogenetic Stem Cell Development and Their 
Therapeutic Potential 

 For the replacement of damaged or diseased tissue, most current strategies  for   tissue 
engineering depend upon a sample of autologous cells from the diseased organ of 
the host (De Filippo et al.  2003 ). However, in the setting of end-stage organ failure, 
a tissue biopsy may not yield enough normal cells for expansion and transplanta-
tion. In other instances, primary autologous human cells cannot be adequately 
expanded from a particular organ for replacement purposes. In these situations, 
embryonic stem cells are envisioned as a viable source of pluripotent cells from 
which the desired tissue can be derived. Combining regenerative medicine tech-
niques with this potentially endless source of versatile cells could lead to novel 
sources of replacement organs that would alleviate the chronic shortage of available 
donor organs. 

 The fi elds  of   regenerative medicine and tissue engineering seek to relieve the 
suffering of patients from the consequences of disease and injury by restoring the 
form and function of their damaged tissue and organs. Many disorders, such as 
congenital anomalies, cancer, trauma, infection, infl ammation, iatrogenic injuries, 
and other conditions, can lead to organ damage or loss and to the eventual need for 
reconstruction. The majority of current reconstructive techniques rely on donor tis-
sue for replacement; however, a shortage of donor tissue may limit these types of 
reconstruction, and usually signifi cant morbidity is associated with the harvest pro-
cedure. Particularly in cases when donor tissue is unavailable, embryonic stem cells 
has been envisioned as a potentially endless source of versatile cells for use in 
regenerative medicine applications because of their ability to proliferate in a undif-
ferentiated, but pluripotent state (self-renew) and to differentiate into specialized 
cells from all three embryonic germ layers. Skin and neurons have been formed, 
indicating ectodermal differentiation (Reubinoff et al.  2001 ) Blood, cardiac cells, 
cartilage, endothelial cells, and muscle have been formed, indicating mesodermal 
differentiation (Levenberg et al.  2002 ). And pancreatic cells have been formed, indi-
cating endodermal differentiation (Assady et al.  2001 ). In addition, as further evi-
dence of their pluripotency, embryonic stem cells have formed embryoid bodies, 
which are cell aggregations that contain all three embryonic germ layers, while in 
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culture, and have formed teratomas in vivo (Itskovitz-Eldor et al.  2000 ). Oocytes, 
the sources of these stem cells, can be harvested with the use of minimally invasive 
techniques with minimal donor morbidity. In addition, these stem cells have a rapid 
proliferative rate that would allow adequate expansion of these cells for tissue 
replacement therapy, and do not require the use of feeder layers for expansion, 
thereby avoiding the exposure of these cells to xenogenic viruses and proteins. 
Several attempts to produce viable individuals from parthenogenesis in the past 
have been unsuccessful (Fukui et al.  1992 ). While it has recently shown that some 
parthenogenetic mice can survive into adulthood (Kono et al.  2004 ), they noted the 
predominant mortality of these embryos in that 99.4 % of the embryos perished 
prior to adulthood, with the majority of the deaths occurring during embryonic 
development. This may help to relieve some of the potential ethical and political 
concerns with the use of parthenogenetic stem cells in that the parthenogenetic 
embryos rarely survive beyond the embryo stage, but do survive long enough where 
the embryonic stem cells can be harvested  for   tissue engineering purposes.  

16.10     Ethical Issues Associated with Parthenogenetic 
Embryo Research 

 Embryonic stem cells  exhibit   two remarkable properties: the ability to proliferate in 
an undifferentiated, but pluripotent state (self-renew), and the ability to differentiate 
into many specialized cell types (Brivanlou et al.  2003 ). However, the destruction of 
embryos required for embryonic stem cell research has led to limitations in many 
countries where embryonic stem cell research has been restricted to the use of a 
limited number of cell lines only (Cowan et al.  2004 ). Parthenogenesis, the process 
by which an egg can develop into a blastocyst in the absence of sperm, has previ-
ously been identifi ed as a potential source for embryonic stem cells. The ability to 
have embryonic stem cells, without sacrifi cing conception human embryos, would 
be valuable for patients who require the replacement of damaged or diseased tissue. 
Many studies have described the isolation and expansion of embryonic stem cells 
from parthenogenesis (Cibelli et al.  2002 ; Cheng  2008 ; Mai et al.  2007 ; Lin et al. 
 2007 ; Brevini and Gandolfi   2008 ; Dighe et al.  2008 ; Sritanaudomchai et al.  2007 ; 
Fang et al.  2006 ) and characterized these cells for their stem-cell properties and dif-
ferentiated into multiple lineages. Their survival in various in vivo environments 
have also been evaluated and found that these methods will lead to eventual scale-up 
of these techniques to produce the large quantity of cells and tissue required for 
regenerative medicine applications. Thus, Parthenogenesis-derived stem cells are 
adapted for tissue engineering applications, as they are capable of differentiation 
into multiple lineages and can form tissue in-vivo. This alternative source of embry-
onic stem cells may avoid some of the political and ethical concerns that surround 
current viable embryonic stem cell techniques. Based on the differences between 
Parthenotes and embryos the use of parthenogenesis is proposed as an experimental 
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tool to investigate embryo development which may solve many of the ethical con-
cerns associated with the use of embryos for experimental purposes. Using unfertil-
ized eggs, for research, is commonly judged less controversial than using embryos, 
as many ethical concerns are avoided. However, Parthenotes are not entirely free 
from ethical controversy since are considered by some as artifi cial entities challeng-
ing natural rules. These contradictions await resolution in a broad ethical framework 
(Hipp and Atala  2004 ). 

 The induced pluripotent stem cells (ie. iPS) cells do present  a   possibility of 
embryonic stem cell research without the need for destruction of embryos. However, 
iPS cell research is still in its infancy, and it is still unclear whether these cells will 
be safe for use in humans, or whether the cells can be adequately expanded in large 
quantities necessary for tissue engineering applications.     
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