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Preface

Over the past two decades, stem cell research has exploded: Publications have multiplied
exponentially.

The path of ground-breaking findings and innovative molecular approaches was paved
with Nobel prizes. Mentioning only a few, the derivation of embryonic stem cells by Sir
Martin Evans (Nobel Prize together with Professors Carpecchi and Smithies in 2007) is
an outstanding example for a mutual fertilization of interdisciplinary approaches, in this
case derived from developmental biology and pathology. The traditional concept of a
one-way track regarding the developmental potencies during embryonic development of
cells was challenged in the late 1960s by Sir John Gurdon’s nuclear transfer experiments
and eventually revolutionized by Yamanaka’s pluripotency induction with defined fac-
tors (Nobel Prize Professor John Gurdon and Professor Shinya Yamanaka in 2012).

Clearly, stem cell biology belongs to the most innovative and competitive research fields.
What is more, it has combined different disciplines in a unique way: Molecular and mor-
phological basic sciences have met with clinical approaches, material sciences and phi-
losophy. Reality has overtaken our imagination once more so rapidly that most of us
almost forgot about implementing structured modern approaches to teach stem cell
biology.

To date, there are still only very few textbooks addressing stem cell biology and none of
them is as comprehensive as the present one. This book has been written by scientists
who have been involved in teaching the students of the international master program —
Molecular and Developmental Stem Cell Biology — which was launched at Ruhr Univer-
sity Bochum in 2011 and has been running with great success since then. I am very
grateful to all the contributors to this textbook for their great efforts and dedication to
their roles as academic teachers in spite of their competitive research projects. Our
authors from Tongji University were involved in the ISAP (Internationale Studien- und
Ausbildungspartnerschaften) exchange program supported by the DAAD between 2012
and 2016. It was not easy for all contributors to spare the time for writing down their
valuable experience and recommendations in textbook chapters. So thank you again to
all of them!

This book will be helpul to all those who strive to get into this important transdisci-
plinary research topic, be it master students, PhD students, MD students, postdocs or
clinicians. However, as you will see, there is still some work for you to do: The book is not
only intended for learning facts, but also for contemplating the white patches in the
mosaic of our growing knowledge. Importantly, the chapters included here reveal that
stem cell biology is rapidly expanding towards translational medical approaches, but
they also address the challenges to be overcome for future progress. iPSCs, MSC, organ-
oids, regeneration using scaffolds, extracellular vesicles, disease modelling and in depth
knowledge of the multiple interacting cell types composing the tissues in our bodies are
fascinating still developing aspects of stem cell biology written by experts in the field to
be included into this volume. I personally hope that the book will contribute to an unbi-
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assed interdisciplinary (and international) academic dialogue in this field. As stem cell
research is often being perceived either with inappropriate hype, hope or simplistic dam-
nation in public, a chapter on bioethics has been included as an integral part of learning
about stem cells.

My thanks are due to my colleague PD Dr. Holm Zaehres for his kind advice, support and
encouragement during the assembly of the chapters and final stages of this book. I would
also like to express my gratitude to Dr. Amrei Strehl of the Springer Nature team and to
Bibhuti Sharma of the publishing team for their constructive support and extraordinary
patience. Finally and importantly, I wish to thank my family for their understanding and
support.

Beate Brand-Saberi
Bochum, Germany
August 2019
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H. Klump

What You Will Learn in This Chapter

Multipotent, hematopoietic stem cells (HSCs) as central organizers of blood cell produc-
tion are the longest and probably best-known stem cell entity. In this chapter you will first
receive a brief introduction into the genesis of the stem cell theory of hematopoiesis. You
will learn which in vitro and in vivo assays can be performed to detect HSCs as well as their
gradually differentiating descendants, and what their individual informative value is. After
a short focus on when and where they develop during ontogenesis and some of the
molecular cues involved in their generation, we will get back to adult hematopoietic stem
and progenitor cells and discuss their use for organ replacement therapy in the clinical
setting. Because gene therapy of patients was firstimplemented in the hematopoietic sys-
tem, you will learn about the current status of this rapidly evolving field. In the last para-
graph, the future prospect of regenerative medicine based on de novo generated,
patient-tailored, autologous HSCs derived from induced, pluripotent stem cells will be
briefly discussed.

1.1 The Discovery of Hematopoietic Stem Cells

First evidence for their existence arose as a consequence from the experience with persons
in whom a complete failure of blood formation was observed after exposure to lethal doses
of ionizing radiation when the atomic bombs at the end of World War II were dropped
(Keller 1946). In animal experiments, two research groups found that intravenously trans-
fused bone marrow or spleen cells from a healthy animal were able to rescue lethally irra-
diated animals by restoring blood formation for a life-time (Jacobson et al. 1951; Lorenz
et al. 1951). A series of ground breaking experiments performed by James Till, Ernest
McCulloch and coworkers showed that hematopoiesis is organized by cell clones which
exist in the bone marrow, which can expand (i.e. make more of themselves) and are capa-
ble to generate myeloid, erythroid as well as lymphoid colonies in spleens after transplan-
tation, so-called colony forming units-spleen (CFU-S) (8 Fig. 1.1) (Till and McCulloch
1961; Becker et al. 1963; Wu et al. 1968) (Free access to some of the historical references
can be found at the University of Toronto Website: » https://tspace.library.utoronto.ca/
handle/1807/2326). After transplantation, spleen colonies were observed between day 7
and day 12. However, the later colonies showed a different cellular composition than those
observed earlier: the early colonies mainly contained myeloerythroid cells derived from a
transplanted cell with limited potency, a lineage-restricted, myeloerythroid progenitor,
whereas the later colonies also contained lymphoid cells. Years later, using highly purified
cell fractions, it was demonstrated that only those day12 spleen colonies were formed by
cells on the top of a hierarchical system, multipotent hematopoietic stem cells (HSCs)
(Magli et al. 1982; Na Nakorn et al. 2002). Till & McCulloch’s pioneering work set the stage
for today’s research on all types of stem cells and how we functionally define them, namely
as a cell intrinsically carrying the potency to either self-renew or differentiate towards
specialized effector cells.

Based on the idea of self-renewal and multilineage differentiation, in vitro assays were
developed to characterize the hematopoietic tree and help understand how
HSC-differentiation towards all the different blood cell types is controlled. Donald Metcalf
and Ray Bradley were the first to demonstrate that single clonogenic bone marrow cells
(colony forming units, CFUs) were able to form myeloid colonies in semi-solid medium,
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@ Fig. 1.1 Spleens of
irradiated mice 10 days after
injection of 6 x 10*
nucleated cells. The nodules
on which the assay is based
are readily seen (Original
figure published by Till &
McCulloch) (Till and
McCulloch 1961). Each
nodule contains the
lymphomyeloid progeny of a
multipotent hematopoietic
progenitor cell clone

in vitro, containing different mature cell types. Furthermore, they showed that soluble
factors were absolutely required for this activity (Bradley and Metcalf 1966). They coined
the term colony stimulating factors (CSF) for these soluble (glyco)peptides of which many
were purified over the next years. CSFs turned out to be essential for the proliferation,
differentiation and survival of hematopoietic stem and downstream progenitor cells, as
well as for effector functions of the differentiated, mature cells. The first CSFs identified
controlling myelopoiesis were GM-CSF (granulocyte-macrophage CSF), G-CSF (granulo-
cyte CSF), M-CSF (macrophage CSF) and multipotential colony-stimulating factor, nowa-
days called interleukin-3 (IL-3). Although the colony formation cell (CFC) assay allowed
to uncover key aspects of the hematopoietic hierarchy, it mainly supports the detection
and quantitation of more mature, actively proliferating (and, thus, colony forming)
myeloid progenitor cells. However, it is not suitable for detecting immature, slowly cycling
HSCs. Thus, more complex in vitro assays were developed to detect and estimate the fre-
quency of immature HSCs in a given cell population, such as the long-term culture initiat-
ing cell (LTC-IC) and cobblestone area-forming cell (CAFC) assays (8 Fig. 1.2). Despite
their value to detect more immature progenitors, these latter assays also do not support
the development of all hematopoietic lineages, and therefore, conclusions about HSCs
cannot be drawn. Hence, the gold standard to detect and quantify HSCs is the transplanta-
tion experiment into an appropriate, recipient animal, in vivo.

1.2 How to Detect Multipotent Hematopoietic Stem Cells

Ultimately, HSCs are defined by their biological activity in an organism, in vivo. After
transplantation, HSCs have to migrate to the bone marrow (homing), “settle down” at
the right place (the niche), expand and start organizing the production the whole range
of blood cells (engraftment) for the rest of the life of the recipient (long-term repopula-
tion) (Orkin and Zon, 2008). In mice, “long-term” is commonly defined as repopula-
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tion beyond 16 weeks post transplantation plus the ability to repopulate secondary
mice in a serial transplantation experiment (Lemischka et al. 1986; Kent et al. 2009).
Thus, HSCs sensu stricto are long-term multilineage repopulating stem cells (LT-HSCs).
Based on the assumption that even one single HSC is sufficient to repopulate an entire
organism, long-term and multilineage, HSCs can be quantified without any previous
knowledge of their individual identity. This is done by a so-called limiting dilution
assay (LDA), in which decreasing numbers of test cells are transplanted into predefined
numbers of recipient mice. To protect the host from the immediate toxicity of the con-
ditioning treatment (see below), more mature, committed progenitors are co-trans-
fused which generate effector cells necessary for short-term survival (such as
thrombocytes and erythrocytes) but are assumed not to compete with HSCs for their
niches in the bone marrow. Based on the percentage of mice showing long-term repop-
ulation after 4-6 months with a given number of cells transplanted, the frequency of
HSCs within the test cell suspension can be calculated by Poisson statistics (Miller
et al. 2008; Eaves 2015; Fazekas de St 1982). Based on this assay, the LT-HSC frequency
in the bone marrow of healthy young mice is about 1:100,000 nucleated cells. It is
important to keep in mind that transplanted HSCs can only engraft if the host has been
prepared to accept newly incoming stem cells, because the number of niche places is
limited and blocked by resident stem cells. Therefore, endogenous HSCs need to be
removed to create space (“empty seats”) for the incoming new HSCs, for instance by
ionizing irradiation or treatment with toxic alkylating drugs such as Busulfan or
Treosulfan (the process is called conditioning). Although transplantation is the only
way to qualify and quantify HSCs present in a cell suspension, one needs to be aware
of the potential limitations of the experimental approach as the transplantation setting
which differs from steady state hematopoiesis in the bone marrow of a healthy organ-
ism where most of the LT-HSCs are dormant (Hofer et al. 2016).

To measure human HSPCs (human stem and progenitor cells), transplantation into
humans is not possible, for obvious reasons. Thus, “humanized” immunodeficient mouse
strains have been developed as surrogate xenograft models which support human HSPC
engraftment and differentiation to a certain extent, for example the NOD/SCID mouse
strain (Non-Obese Diabetic, Severe Combined Immunodeficiency mouse) and deriva-
tives thereof (Shultz et al. 1995, 2005). Despite its strengths, such xenograft models have
limitations when assessing human HSPC activity. For example, there is evidence that the
mouse niches do not support human HSPCs very well to maintain their quiescence and
stemness. Instead, human HSPCs continue to proliferate and differentiate [reviewed by
(Goyama et al. 2015)]. Studies in non-human primates also raised concerns about the
conclusiveness of the NOD/SCID-repopulating cell assays. In primates, a significant pro-
portion of long-term repopulating cells did not overlap with NOD/SCID-repopulating
cells (SRC) (Horn et al. 2003; Horn and Blasczyk 2007). As a matter of fact, human
hematopoietic progenitors which have lost their erythro-myeloid potential, the so-called
lymphoid-primed multipotent progenitor cells (LMPPs) (see B Fig. 1.3), still contain
SRC properties (Gorgens et al. 2013; Kohn et al. 2012). Therefore, it is always imperative
to test the generation of all blood lineages in a transplantation experiment to be able to
draw conclusions on real HSCs. Because it is not always possible to clearly differentiate
between the progeny of transplanted cells and the offspring of potentially remaining
endogenous HSCs (which were not removed by the conditioning procedure), the more
cautious term HSPC is often preferred to HSC when interpreting the results of transplan-
tation experiments.
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O Fig. 1.3 Hematopoietic Stem and Progenitor Cell (HSPC) family tree. Classic model of mouse
hematopoiesis and inferred trajectories (arrows) of HSPC differentiation leading to the production of
mature blood cells. The overarching concept of this model suggests that HSC populations, which reside
at the apex of a hierarchical organization of cellular relationships, give rise to several discrete intermedi-
ate progenitor populations including multipotent, oligopotent, and lineage-restricted progenitor cells.
Whilst this simplified model assumes homogeneity in HSPC populations, and thus an equal ability to
produce all blood cells, single cell transplantation assays as well as transcriptional profiling have revealed
significant heterogeneity within subpopulations that are intrinsically biased toward the generation of
certain blood lineages. For example, differentiation of HSCs to platelets may not involve transitioning to
CMP or MEP intermediates and can be achieved directly via megakaryocyte-primed HSCs. It must be
highlighted that models of HSPC development are continually evolving, with the current consensus
indicating that step-wise commitment of HSPCs from one intermediate to the other, as traditionally
depicted, may not be representative of the situation in vivo. Rather, cell intrinsic and extrinsic inputs may
guide HSC development along a continuum with cells gradually differentiating and passing through a
small set of intermediate stages. Definition of acronyms can be found under “Abbreviations” below the
table. (Image taken with permission from the “Mouse Hematopoietic Stem and Progenitor Cell Pheno-
typing” wallchart; Authors: Albertus Wognum and Stephen Szilvassy from STEMCELL Technologies. URL:
» https://www.stemcell.com/media/files/wallchart/WA27128-Mouse_Hematopoietic_Stem_and_Pro-
genitor_Cell_Phenotypes_and_Frequencies.pdf)

1.3 Prospective Isolation of HSCs

The enrichment of viable stem cells relies on a combination of their physical properties
such as density, size and granularity and their biochemical characteristics such as
membrane-bound enzymes (e.g. ATP-dependent transmembrane transport channels
which actively pump drugs out of the cell), expression of distinct antigens on the cell
surface (“surface markers”), or their proliferative and metabolic status (Miller et al. 2013).
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Commonly employed methods to enrich hematopoietic stem and progenitor cells from a
heterogeneic population are fluorescence-activated cell sorting (FACS) and magnetic acti-
vated cell separation (MACS). For FACS, the cell population is first labeled with a combi-
nation of antibodies, each coupled with a different fluorochrome, which bind to specific
antigens known to be either expressed on the surface of HSCs or non-HSCs, such as dif-
ferentiated effector cells (“lineage-specific markers”). Based on positive selection
(expressed on HSCs) and negative depletion (not expressed on HSCs), together with a
selection on small size and low granularity allows for a significant enrichment of HSCs by
flow cytometry-based cell-sorting. The MACS method also relies on antibody-based
selection of cells. However, the antibodies are bound to magnetic beads allowing for posi-
tive and negative separation in a magnetic field (Hu et al. 2016; Grutzkau and Radbruch
2010). In freshly isolated, primary tissues, HSCs reside in a cell population defined by a
certain combination of surface antigens (termed clusters of differentiation, CD), the
immunophenotype of HSCs. For example, human HSCs reside in subpopulation which
does not express differentiation-specific markers (lineage negative, Lin-), but expresses
CD34 (CD34+) and are negative for CD38 (CD38-). To date, they are defined as being
Lin-CD34 + CD38-CD90 + CD45RA- with 1 out of 3 cells assumed to be real HSCs (Notta
et al. 2011; Gorgens et al. 2013). In the mouse, HSCs reside in a fraction of bone marrow
cells being Lin-Scal + Kit+ (LSK). In combination with the surface markers
CDI150 + CD244-CD48- (the so-called SLAM-code) (Kiel et al. 2005) and CD201 (the
endothelial protein C receptor) (Balazs et al. 2006), a very high enrichment of bone mar-
row HSCs can be achieved, with approx. 1:2-1:3 being real LT-HSCs (Kent et al. 2009).

1.4 Development of HSCs in the Embryo

During embryonic development, specification of HSCs progressively occurs at different
anatomic sites in the embryo before they finally colonize the bone marrow around birth.
These locations depend on signals from the developing adjacent germ layers and tissues
(Belaoussoff et al. 1998). In the mouse, hematopoietic progenitor activity generating
only macrophages, megakaryocytes and primitive, nucleated erythrocytes can be
detected as early as at 7.5 days post conception (E7.5) in extra-embryonic mesodermal
yolk sac blood islands (corresponding to embryonic day, E15-18 in humans) (Palis et al.
1999; Mcgrath et al. 2015). When CFC-assays are performed with cells isolated from
that region, blast colonies containing both endothelial and hematopoietic progenitors
can be detected, which are formed by bipotent progenitor cells called hemangioblasts
(Choi et al. 1998; Kennedy et al. 1997). From E10.5 (E30 in humans) on, HSCs capable
of engrafting lethally irradiated animals and providing long-term multilineage repopu-
lation (definitive HSCs) are detectable in the ventral part of the main vessels — the
abdominal aorta (in the aorto-gonado-mesonephros region, AGM), vitelline and the
umbilical arteries (Dzierzak and Speck 2008; Medvinsky and Dzierzak 1996; Muller
et al. 1994; Yoshimoto et al. 2008). Slightly later, between E11.0 and 11.5, the placenta
also becomes a site of HSC generation (Gekas et al. 2005; Ottersbach and Dzierzak 2005;
Rhodes et al. 2008). Prior to migration to the bone marrow they colonize the fetal liver
where they are assumed to expand and further mature (8 Fig. 1.4a) However, the exact
role of the fetal liver for HSC development is not fully understood yet (Rybtsov et al.
2016) (for excellent reviews on this topic, please read (Ivanovs et al. 2017, Medvinsky
et al. 2011, Perlin et al. 2017).
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Of all anatomical sites, the central place where first definitive HSCs are formed is
the dorsal aorta (8 Fig. 1.4b) (Muller et al. 1994; Medvinsky and Dzierzak 1996). There,
they are generated by a transiently existing population of cells lining the ventral endo-
thelial floor, the hemogenic endothelium cells (HECs) (Tavian et al. 2001; Bertrand et al.

Placenta

Yolk
sac

Fetal
liver

AGM

Dorsal aorta

b 9-11 day embryo

Yolk Sac

=

Yolk sac
AGM 9.243.1 colonies/tissue 31.4+5.7 colonies/tissue
Liver 38.6+7.8 mg 94.4+12.2 mg
Body remnants Liver Control

1.841.9 colonies/tissue 0 colonies/tissue
21.4+2.5mg 19.3£1.1 mg

Table 2. LTR-HSC activity In organ cultures of 10 dpc tissues

Positive/total Positive/total
Tissue at 2 months? at 8 months
AGM 34 0of 36 24 of 27
Yolk sac 0of16 0of 16
Liver 0of 10 0of 10
Body remnants 0of 7 0of4

'Y
LTR-HSC CFU-S

O Fig. 1.4 Generation of HSCs during mouse development. a Scheme of a day 9-11 mouse embryo
and sites of hematopoiesis. b Landmark experiments demonstrating that the aorto-gonado-
mesonephros region is the site where first definitive HSCs are generated. In the experiments performed,
cell suspensions taken from different areas of a mouse embryo were transplanted into lethally irradiated
recipient mice. Colony forming units-spleen (CFU-S) are shown righthand. The presence of long-term
repopulating HSCs (LT-HSCs) is shown below, which can only be detected after transplantation of
AGM-derived cells. (From (Medvinsky and Dzierzak 1996)
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2010; Jaffredo et al. 1998; Zovein et al. 2010; Kissa et al. 2008) which transform to
hematopoietic suspension cells by process called endothelial-to-hematopoietic transi-
tion (EHT) (Lancrin et al. 2009; Eilken et al. 2009). EHT is triggered by signals sent
from the developing tissue surrounding the aorta. The somites induce fibroblast growth
factor (FGF), wingless (Wnt) and NOTCH-signalling (Clements et al. 2011; Pouget
et al. 2014; Lee et al. 2014), the subendothelial gut area triggers sonic hedgehog (SHH)
and bone morphogenic protein (BMP) signalling, and the sympathic nervous system
acts via catecholamines (Fitch et al. 2012). Biomechanical forces originating from pul-
sative waves after initiation of heart beating also contribute to the induction of EHT via
the nitric oxid signalling pathway (Adamo et al. 2009; North et al. 2009). All the differ-
ent extrinsic cues ultimately induce an intrinsic, specific pattern of gene transcription
in HECs necessary to propel the cell towards further hematopoietic specification
(Souilhol et al. 2016).

The most important transcription factor controlling this critical stage of HSC speci-
fication is RUNXI1. Deletion of the RUNXI gene is embryonic lethal as EHT of the
hemogenic endothelium is blocked and, as a consequence, definitive (adult-type) HSCs
are not formed (Wang et al. 1996; De Bruijn and Dzierzak 2017). However, in addition
to RUNXI a number of other transcription factors (TFs) are of key importance for the
development of adult HSCs, for instance GATA2, SCL, LYL1, LMO2, FLI-1 and
ERG. This heptad of transcription factors is not only critical for HSC development in
the embryo but later on also regulates the function of adult HSPCs in the bone marrow.
Mechanistically, they cooperatively bind to similar motifs in the genome (the individual
motifs being of approx. 200 bp in size) to control the transcription of genes vital for
HSPCs identity (Wilson et al. 2010, 2011). Besides the abovementioned signaling mol-
ecules, retinoic acid (RA), a morphogen necessary for an orderly embryonic develop-
ment, is also required for HEC and, thus, HSC specification (Chanda et al. 2013; Gritz
and Hirschi 2016). It strongly induces the expression of homeobox (HOX)-genes, which
are well known for their importance to confer positional information to cells and tissues
during embryonic development and to control stem cell self-renewal and differentiation
in the adult organism (Mallo et al. 2010). Of the chromosomal regions in which the four
paralogous HOX gene clusters are organized in mammals (clusters A, B, C, and D), only
the A and B-clusters are expressed during hematopoietic cell development. Abrogation
of RA-signaling leads to a reduced transcription of the Hoxb cluster in mice and an
accompanying decrease of LT-HSC numbers in the bone marrow, emphasizing the
importance of HOX gene expression for hematopoiesis (Qian et al. 2018). In line with
these results, ectopic expression of human HOXB4, which is also a target of retinoic acid
signaling (Cabezas-Wallscheid et al. 2017) enhances the hematopoietic potential of dif-
ferentiating mouse embryonic stem cells (ESCs), in vitro (Helgason et al. 1996; Pilat
et al. 2005; Schiedlmeier et al. 2007; Lesinski et al. 2012; Chan et al. 2008; Klump et al.
2013b; Pilat et al. 2013). It does so by turning on the transcription of genes critical for
HSC specification, including the aforementioned heptad transcription factor genes and
thereby strongly promotes the development of hemogenic endothelium cells (Teichweyde
et al. 2018).

Many of the genes involved in HSC specification are also involved in the control of
HSC self-renewal and differentiation in the adult organism. Hence, inherited or acquired
mutations can lead to unbalanced hematopoietic differentiation and, by this, contribute to
the development of hematologic malignancies such as leukemias and lymphomas.
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1.5 Clinical Use of HSCs

When malignancies of the hematopoietic system are treated, some of the patients have to
undergo a hematopoietic stem cell transplantation (HSCT). Although the term HSCT itself
suggests that a highly defined, pure stem cell population is used, that’s not really the case.
Instead, cell preparations are used which contain CD34+ HSPCs, as well as many other
cell types. There are three sources from which HSPCs can be obtained: mobilized periph-
eral blood stem cells (PBSCs), bone marrow and umbilical cord blood (UCB). Currently,
PBSCs are most commonly used as they are relatively easy to obtain: after injection of
mobilizing drugs such as G-CSF or Plerixafor (AMD3100, a CXCR4 antagonist) at low
concentrations, a small proportion of HSPCs dislodge from their niches and enter the
circulation from where they can be harvested from peripheral blood by apheresis (i.e.
extracorporeal separation of blood components by centrifugation). Depending on the
intended use, the collected cell preparation can additionally be subjected to a selection or
depletion procedure, to enrich for CD34+ HSPCs or to deplete certain immune cells (e.g.
CD19+ B-cells and CD3+ T-cells).

There are generally two forms of HSCT which are performed: autologous HSCT, in
which a patient receives his/her own stem cells; and allogeneic HSCT, in which cells of a
HLA-matched donor are used. Autologous HSCT is commonly performed to treat malig-
nant hematologic diseases for which no cure yet exists, such as multiple myeloma, a malig-
nant disease caused by uncontrolled proliferation of plasma-cells. In such cases, autologous
stem cells are first harvested to allow for an intensified, bone marrow toxic (myelotoxic)
radiochemotherapy with subsequent transplantation of the patient’s own stem cells. This
kind of treatment aims at improving the quality of remission (i.e. longer disease-free
period), but usually does not cure the disease. In contrast, the intention of allogeneic
HSCT is always curative. After intense radiochemotherapy combined with an ablation of
the patient’s immune-system, transplanted donor HSCs replace the patient’s entire hema-
topoietic system. Importantly, allogeneic HSCT with unfractioned stem cell preparations
is not only an organ replacement therapy but also an immuno-therapy because the co-
infused immune-cells present in the graft can recognize malignant cells in the recipient as
foreign and reject them, a desired effect called graft-versus-leukemia, GvL. However, the
drawback of this therapy is an inevitable association with a rejection of the recipients
healthy cells termed graft-versus-host disease (GvHD), which can become life-threatening.
Therefore, an important goal of ongoing research is to find out which cell populations are
responsible for GvL or GVHD and how both effects can be separated from each other, by
cell enrichment/depletion and/or drug-based (Negrin 2015).

1.6 Gene Therapy of HSCs

In the case of well-characterized, inherited monogenetic diseases leading to functional
defects of the hematopoietic system, such as severe combined immunodeficiencies (SCID)
or hemoglobinopathies, gene therapy using autologous HSPCs is progressively becoming
a practicable alternative — particularly when there is no healthy, HLA-identical sibling
available as donor. Although HLA-matched unrelated donors (MUD) or haploidentical
donors can be used, there is a significant risk of GVHD with all its potentially devastating
consequences. Therefore, therapy with gene-modified or gene-corrected autologous
HSPCs is the most reasonable treatment option in the future (Porteus 2016). At present,
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the most commonly used vectors for introducing transgenes into HSPCs are derived from
members of the retroviridae, namely gammaretroviruses (derived from mouse leukemia
virus, MLV) and lentiviruses (HIV-derived). Despite facing the severe adverse event of
therapy-associated leukemia in the past, caused by semi-random insertions of the vector
into the genome and an associated activation of neighboring proto-oncogenes (Fischer
et al. 2010), many improvements of the vector architecture have contributed to a signifi-
cantly increased safety profile of this technology ever since. One of the most important
ones being the removal of potent enhancer sequences located in the U3 region of the long
terminal repeats (LTR) resulting in self-inactivating (SIN) vectors. By the use of internal
promoter elements with high tissue specificity, an additional layer of safety was intro-
duced into the system (Kustikova et al. 2010). As a matter of fact, the numbers of promis-
ing gene therapy trials using SIN-lentiviral vector-modified autologous HSPCs is rising
steadily worldwide, for instance for curing Adrenoleukodystrophy (Eichler et al. 2017;
Cartier et al. 2009), Sickle Cell Anemia or Thalassemia (Sii-Felice et al. 2018; Ribeil et al.
2017; Thompson et al. 2018). The success of this kind of treatment has led to the first
European market approval of gene-modified HSPCs in 2016 for the treatment of Severe
Combined Immunodeficiency (ADA-SCID variant). For the production of the advanced
therapy medicinal product (ATMP) with the trade name Strimvelis™, autologous CD34+
cells are transduced with a retroviral vector expressing the human adenosine-desaminase
(ADA) coding sequence and reinfused into the immunodeficient patient (Aiuti et al.
2017) (European Medicines Agency document: » https://www.ema.europa.eu/en/medi-
cines/human/EPAR/strimvelis).

To further increase the safety of gene therapy, it would be desirable to repair HSCs by
homologous recombination and expand characterized, “safe” clones to clinically relevant
numbers before subsequent transplantation. However, despite the ability to purify HSCs to
near homogeneity, no defined culture conditions exist allowing for their ex vivo expansion,
yet. Even though a huge number of studies have reported the expansion of human and
mouse hematopoietic stem and progenitor cells (HSPCs) with colony forming capabilities,
only few studies demonstrated the expansion of a population which can repopulate immu-
nodeficient mice post transplantation (NOD/SCID or NSG repopulating cells, SRCs),
which is — despite its limitations (see » Sect. 1.2) — the current gold standard to document
the efficiency of HSPC-expansion protocols (Doulatov et al. 2012). Genetic engineering
has also been used as an approach to expand human HSCs. Significant expansion of HSPCs
has been achieved after constitutive over-expression of transcription factors, as first dem-
onstrated in the mouse system using the human homeodomain transcription factor
HOXB4 (Sauvageau et al. 1995; Antonchuk et al. 2002; Krosl et al. 2003; Klump et al. 2001,
2005). HOXB4-mediated expansion was also shown for human HSPCs (Schiedlmeier
et al. 2003; Buske et al. 2002; Amsellem et al. 2003) and for non-human primate cells
(Watts et al. 2010, 2012; Zhang et al. 2007), however to a less dramatic extent than in mice.
Mechanistically, this transcription factor appears to regulate similar genes as in differenti-
ating pluripotent stem cells (> Sect. 1.4), thereby altering the sensitivity of cells to signal-
ing pathways known to be important for controlling stem cell self-renewal and
differentiation (Schiedlmeier et al. 2007; Will et al. 2006; Klump et al. 2005). Although the
use of human HSCs engineered to constitutively express a transcription factor mediating
its expansion may not be safe enough for clinical application, the gained knowledge will
contribute to the understanding of the fundamental mechanisms controlling self-renewal
and cell fate decisions. By this, it will pave the way for the establishment of conditions
allowing for selective ex vivo expansion of genetically unmanipulated HSCs.
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1.7 Derivation of Patient-Specific, Tailored HSCs Derived
from Pluripotent Stem Cells

Because of the challenges to expand HSCs without genetic manipulation, less committed,
“upstream” stem cells may constitute a more feasible alternative to generate them in thera-
peutically useful numbers. Thus, Pluripotent Stem Cells (PSCs), such as Embryonic Stem
Cells (ESCs) and induced Pluripotent Stem Cells (iPSCs) are considered a potential source
for generating HSCs in vitro. They possess an extensive self-renewal capacity, in vitro,
allow for efficient gene repair, clonal selection and can be differentiated towards any
somatic cell type when appropriate conditions are provided (Keller 2005). Thus, repro-
grammed iPSCs derived from patient cells can be considered an attractive starting point
for gene correction and subsequent generation of autologous HSCs in future (8 Fig. 1.5)
(Klump et al. 2013a). Although proof-of-principle has been provided that such an
approach is feasible with patient cells (Raya et al. 2009), directed differentiation towards
transplantable HSCs has remained relatively inefficient. Currently, the engraftment rates
after transplantation into appropriate recipient mice are very low (Ledran et al. 2008;
Wang et al. 2005; Narayan et al. 2006; Tian et al. 2006). One of the most likely reasons is
that the majority of the obtained cells corresponds to an immature pre-HSC incapable of
efficient engraftment, indicating that some key requirements necessary for full hemato-
poietic specification, in vitro, are still ill-defined, likely owing to our incomplete knowl-
edge of HSC development, in vivo. Thus, a thorough understanding of how HSCs are
formed in the embryo, in vivo, will be critical for their development from pluripotent stem
cell sources, in vitro (reviewed by (Rowe et al. 2016; Hotta and Yamanaka 2015).

iPSCs
Yamanaka. gene repair
reprogramming gene editing

@ “forward programming”

< ] Hematopoietic Stem Cells
. (HSCs)
Transplantation
(HSCTx) @

Transfusion
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Platelets
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B Fig. 1.5 Concept of iPSC-based generation of hematopoietic cells. After reprogramming of a
patient’s cells back to pluripotency, for example by the use of the Yamanaka-factors Oct4, Sox2, KIf4 and
Myc (Takahashi et al. 2007), an underlying genetic defect can be repaired by gene editing, single cell
clones expanded and the thoroughly characterized molecularly. Gene-corrected, presumably safe iPSCs
can then be differentiated towards autologous hematopoietic stem cells (HSCs) for transplantion, or,
further, to effector cells useful for transfusion purposes
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— Take Home Message

Hematopoietic stem cells are the longest and best studied stem cell entity for which
most clinical experience exists. They will likely continue to be a pacemaker of our
fundamental understanding of stem cell biology and presumably remain in a
pioneering position regarding the development of new cell-based therapies. This is
especially true for the area of genome editing-based gene-therapy where novel
techniques such as CRISPR-Cas9 are currently under way into first clinical trials (phase
I/l) for treating transfusion-dependent p-thalassemia, in Germany (Regensburg,
Tubingen) and in Great Britain (London) (» https://clinicaltrials.gov/ct2/show/
NCT03655678).

A brief introduction into theoretical and practical aspects of the basic biology of
HSCs, their development during embryogenesis, assays how to detect them, their clinical
application and some future prospects were given in this chapter. However, ‘panta rhei’ -
everything flows: because of the rapid progress made in this area of research, some parts
of this chapter may be outdated soon (as is true for any printed textbook). Thus, internet
resources have become an invaluable complementary source of up-to-date information.
Some trustworthy, recommendable information sites on HSCs are located at the
U.S. National Institute of Health (» https://stemcells.nih.gov/info/2001report/chapter5.
htm), the International Society of Stem Cell Research (ISSCR) (» www.isscr.org) and the
European “Eurostemcell” network (» https://www.eurostemcell.org/resource-type/fact-
sheet).

9 Questions
1. Hematopoietic stem cells (HSCs) are defined as:
(@) committed progenitor cells
(b) pluripotent cells
(c) multipotent cells
(d) totipotent cells

2. Hematopoietic colony forming cells (CFCs) are:
(@) multipotent stem cells
(b) pluripotent stem cells
(c) committed progenitor cells
(d) the same as colony forming units spleen (CFU-S)

3. In healthy adult humans, hematopoiesis takes place at the following sites:
(@) spleen
(b) thymus
(c) liver
(d) bone marrow

4. During embryonic development, first definitive HSCs are formed in the
(a) fetal liver
(b) dorsal aorta
(c) yolksac
(d) somites
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5. The most important transcription factor for endothelial-to-hematopoietic
transition in the dorsal aorta is
(@) LMO2
(b) 1D2

(c) RUNX1

(d) HOXD3

O Answers
1.
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What You Will Learn from This Chapter
This chapter focuses on mesenchymal stem cells (MSCs), a multipotent stem cell type that
has been found in a variety of tissues and organs of the human body since their discovery
in 1970. Their main function is to maintain and repair the respective tissue in vivo.
Mesenchymal stem cells can be easily isolated from different tissues and can undergo
extensive self-proliferation prior to differentiation into various mesodermal cell types such
as osteoblasts, chondrocytes, adipocytes, tenocytes, myocytes, and fibroblasts. Because of
this vast differentiation potential, mesenchymal stem cells are a promising tool for regen-
erative medicine approaches. They could play an important role in cellular therapy, tissue
replacement and regeneration in the future. Mesenchymal stem cells will be compared for
their application and differentiation potential to embryonic stem cells and induced pluripo-
tent stem cells and the limitations and challenges using scaffolds for tissue repair will be
presented. In addition, legal and ethical aspects of the use of mesenchymal stem cells will
be discussed.

Moreover, isolation protocols for mesenchymal stem cells from the most common
sources namely bone marrow, adipose tissue and umbilical cord are included.

2.1 Localization, Characterization and Storage
of Mesenchymal Stem Cells

A stem cell is an unspecialized cell that has the ability for self-renewal for a long time
period with or without senescence and for differentiation into cells of various lineages
(Till and McCulloch 1961; Gordon 1972), generally. Stem cells can have diverse plasticity.
Totipotent stem cells from the fertilized egg can give rise to a complete organism and in
addition to the extra embryonal tissues, while pluripotent stem cells like embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs) can differentiate into any cell type
from all three germ layers but can not form an organism without transferring them into a
blastocyst (Hanna et al. 2010). By contrast, the most commonly known adult stem cells,
the mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs), have a more
limited differentiation potential and are thus called multipotent. As the name suggests,
MSCs can give rise to several cell types of the mesenchyme which is derived from the
mesoderm during development. They form then cell types from bone, muscle, and carti-
lage but also to cells from tissue of other origin (8 Fig. 2.1) (Pittenger et al. 1999; Pansky
et al. 2007).

Mesenchymal stem cells were first discovered by Friedenstein in 1970 (1970). He and
his research team were interested in isolating hematopoietic stem cells (HSCs) from bone
marrow as a treatment for leukemia and thereby found an unknown cell type. This
unknown cell type seemed to be responsible for the microenvironment typical for hema-
topoietic tissue (Friedenstein et al. 1974), and today it’s known that it is a major part of the
HSC niche. Due to the capacity of these cells to form stromal tissue, they named them
“stromal precursors” (Friedenstein et al. 1970). Later the term “mesenchymal stromal
cells” was established (Prockop 1997; Baksh et al. 2004).

In the last years, it was discussed whether mesenchymal stem cells are actually stem
cells or just stromal precursors. That MSCs were first found exclusively in the connective
tissue and that they influence the surrounding cells are among the strongest arguments
towards conserving the name “mesenchymal stromal cells” The most prominent argu-
ment to name them mesenchymal stem cells is their capacity to differentiate into several
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B Fig. 2.1 Major sources and differentiation linages of MSCs. The main isolation sources are bone
marrow of the iliac crest, subcutaneous adipose tissue and Wharton’s jelly from umbilical cord (shown
with arrows). Mesenchymal stem cells from diverse tissues can have a different plasticity and might be
pre-committed already towards different lineages (depicted with different colors of the MSCs). The
acknowledged differentiation potential of MSCs is shown in the lower part of the figure

lineages. The reason that they can be found in so many tissues are that they are needed for
maintenance and repair. The idea to use the same mechanism artificially to replace tissues
or even organs came up. It had been expected that this will work similar to the treatment
of certain cancers such as leukemia and other diseases using hematopoietic stem cell
transplantation.

As mentioned, MSCs were first found in the bone marrow a semi-solid tissue
(Friedenstein et al. 1970), which has high cell turnover and regeneration rate. Later, it was
discovered that other tissues with high cell turnover and regeneration rate like the epider-
mis (Rheinwald and Green 1975; Huang et al. 2013; Salerno et al. 2017) and the intestinal
tissue (Lanzoni et al. 2009) also possess MSCs. So, scientist thought that those are the
prerequisites for tissues to have the cells. Much later, scientists found that MSCs could also
be isolated from fat tissue where cells have a low cell turnover and a high regeneration rate
(Zuk et al. 2002). Finally, MSCs were also found in tissues of organs with a low cell turn-
over and a low regeneration rate like the kidney (Bruno et al. 2009). Besides the men-
tioned tissues, there are further sources where MSCs can be isolated from, such as dental
pulp (Alkhalil et al. 2015) or follicle (Haddouti et al. 2009), peripheral blood (Cao et al.
2005), hair follicle (Liu et al. 2010) and several neonatal tissues (da Silva Meirelles et al.
2006) such as umbilical cord (Lee et al. 2004), Wharton’s jelly (Wang et al. 2004), amniotic
fluid (Steigmann and Fauza 2007; Moraghebi et al. 2017), and placenta (In’t Anker et al.
2004). The vast differentiation potential makes them a promising stem cell type for use in
regenerative medicine.

In response to the recent unraveled series of MSC sources and isolation procedures
from various tissue types, combined with an interest in MSCs for research and application
in regenerative medicine, the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy proposed a set of minimal criteria to define
MSCs. The first criterion is that MSCs must adhere to plastic, which also simplifies the
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isolation procedure. As they unfortunately resemble fibroblasts, the expression (higher
than 95%) of at least three specific markers on the cell surface, i.e. cluster of differentiation
(CD)73, CD90, CD105 and CD133 and the lack expression (lower than 5%) of surface
markers like CD14, CD34, CD45 or CD11b, CD19 or CD79a and human leucocyte anti-
gen-DR (HLA-DR) defines the second criterion. The third criterion demands that MSCs
possess the ability for differentiation into osteoblasts, adipocytes, and chondrocytes in
vitro confirmed by specific staining usually Alizarin Red S, Oil Red O, and Alcian Blue
(Horwitz et al. 2005; Dominici et al. 2006). These features should be valid for all MSCs,
however there are some differences existing between MSCs isolated from diverse tissues.

In line with the promising prospect that MSCs might be used for tissue and organ
repair or replacement in the future also a new business model came up. Parents can use
the offer of companies to cryopreserve mesenchymal stem cells isolated from Wharton’s
jelly of the umbilical cord, cord blood, and placenta of their newborn child to store
them. Solely for the potential use by the child or the donor family members. These
MSCs are advantageous due to their early age due to e.g. long telomeres. On the other
hand, those cells can also be donated to be collected in stem cell banks for future
research and use.

To ensure the safety and efficacy of the cells during banking and cryopreservation,
optimal conditions for cryopreservation must be selected, for further detail see Ullah and
co-workers (2015).

For efficient storage there must be an optimal cryopreservation medium as well as a
defined (1 °C/min) constant and strict drop in temperature as for other cells as well
(Thirumala et al. 2005) using a controlled rate freezer or other appropriate storage devices
(Ullah et al. 2015). Due to the possible impact with new approaches for various treatments
in regenerative medicine, the Food and Drug Administration (FDA) in the U.S.A. and the
European Medicines Agency (EMA) in Europe take responsibility by monitoring the
large-scale banking next to supervising MSC based cell therapy products (Hourd et al.
2008).

2.2 Mesenchymal Stem Cells in Regenerative Medicine

2.2.1 The Application of Mesenchymal Stem Cells

MSCs are promising tools in the field of regenerative medicine (Tobiasch 2008), so
approaches for the clinical use of mesenchymal stem cells are in progress. The number of
clinical trials using mesenchymal stem cells has risen over the last years. Currently there
are 711 registered clinical trials in different clinical phases (phase I, II, III, IV) worldwide,
exhibiting the huge potential of MSC-based cell therapy (» www.clinicaltrials.gov).

Most of these clinical trials are still in the early stages phase I or II. Only few clinical
trials are in phase III (36 studies) or phase IV (2 studies), the stages preceding the poten-
tial use in regenerative medicine such as tissue engineering to the replacement or recon-
struction of damaged human tissues. Clinical trials using mesenchymal stem cells
encompass many different diseases. The most common diseases registered for cell therapy
with mesenchymal stem cells are shown in @ Fig. 2.2.

One example, for a clinical phase III study in Germany is lead by research team of
Professor Steinhoff in Rostock. In cooperation with several leading university heart cen-
ters, they applied autologous CD133* bone marrow stem cells intramyocardially during
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B Fig. 2.2 Percentage distribution of clinical trials with mesenchymal stem cells. There are 711 clinical
trials for different diseases in phase | - IV ongoing in the world (» www.clinicaltrials.gov). 104 of these
clinical trials address cardiovascular disorders, 77 autoimmune diseases, 67 osteoarthritis, 55 liver
disorders, 47 respiratory disorders, 43 skin diseases, 36 graft versus host diseases (GvHD), 27 spinal cord
injuries, 20 kidney failures and 9 Alzheimer disease. The other diseases include i.e. muscular dystrophies,
aplastic anemia, osteogenesis imperfecta, Parkinson’s disease and ulcerative colitis

bypass surgery to patients that had a myocardial infarction (heart attack). Following the
application of the stem cells, the patients had an improved cardiac function. That led to a
positive completion of the clinical trial and the establishment of a reference standard for
future cell therapies of this illness (White et al. 2016; Steinhoff et al. 2017).

Another example is a clinical trial with ten patients using MSCs as therapy against
spinal cord injuries. In this approach, autologous MSCs were harvested, culturally
expanded and injected directly into the spinal cord. After a second injection a few weeks
later, the motor power of the upper extremities was improved. Moreover, after a six-month
follow-up, none of the patients experienced any permanent complication associated with
MSCs transplantation (Park et al. 2012).

Normally new treatments have to enter the marketing-authorization process starting
with clinical trials to create a safety profile and dosage guidelines. However, there is also
individual medical treatment, where patients after getting sufficient clarification have the
chance to receive a treatment which is not authorized yet. In accordance with Declaration
of Helsinki from 1964, this is only possible for patients with life-threatening, long-lasting
or seriously debilitating illnesses that can not be medicated with any of the currently
authorized treatments. In 2011 Prasad and coworkers described the first individual cura-
tive trial for the treatment of pediatric patients with acute graft versus host disease
(aGVHD) of refractory grades III-IV. Twelve patients that were resistant against steroids
and other immunosuppressive therapies received a therapy with allogenic human MSCs.
Seven of the patients showed a positive response to the treatment while five did not. The
seven responders stayed alive almost 700 days after the treatment and eventually passed
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away due to other causes such as an irreversible organ failure. From this study the research-
ers concluded that therapy with human MSCs appears to be a safe and potentially effective
treatment for patients with aGvHD (Prasad et al. 2011).

Taken together various researchers try to use mesenchymal stem cells in cell replace-
ment therapies hoping to get similar results as with hematopoietic stem cells for treating
e.g. leukemia. However, most therapy approaches do not replace the damaged tissue cells.
Some time after the injection of MSCs, there is no trace left of them. They seem to be lost
in the liver and lung, and in addition it is postulated that they undergo apoptosis in the
tissues, where they should replace the damaged cells. Next to this some MSCs seem to be
pre-committed towards specific cell types, resulting in a mixture of various pre-committed
stem cells at a specific localization site. Where the mixture composition depends on the
tissue it was isolated from. For example, mesenchymal stem cells isolated from dental fol-
licle are pre-committed towards hard tissues (Haddouti et al. 2009; Zippel et al. 2012) such
as bone cells, while MSCs isolated from adipose tissue of lower body parts are pre-
committed towards soft tissues (Sakaguchi et al. 2005). The purinergic receptor pattern
can be a useful tool to uncover whether the MSCs are pre-committed and towards which
direction (Zhang et al. 2014; Kaebisch et al. 2015). This pre-commitment might as well be
the reason why MSCs in vitro never differentiate to 100% into the required cell type as
could be expected. Atleast a small number of cells stays in the stem cell state. Nevertheless,
they seem to be beneficial in clinical trials. So, the question arises — why?

The reason might be that MSCs have a paracrine effect on the surrounding tissue
(Cotter et al. 2018; Linero and Chaparro 2014). It was shown in different, previously
described studies, that the administration of MSCs prevented injuries and led, in some
cases, to tissue recovery (Bartholomew et al. 2002; Herrera et al. 2007; Yao et al. 2016).
Next to this MSCs are hardly causing an immunogenic response. MSCs are therefore more
often (53.91%) used in autologous (from the patient itself) but also (46.09%) allogenic
(from a donor) approaches are promising (» www.clinicaltrials.gov; Haubner et al. 2015).
Taken the beneficial effect of MSCs into consideration various studies nowadays take a
new approach by using more than cell type for replacements. They either use MSCs dif-
ferentiated towards the desired tissue type, such as cardiomyocytes and combine these
cells with e.g. fibroblasts or undifferentiated MSCs.

However not only MSCs are used in regenerative medicine. Other stem cell types like
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can be used
as well.

2.2.2 Pros and Cons of Mesenchymal Stem Cells Compared
to Embryonic Stem Cells and Induced Pluripotent Stem Cell

Next to multipotent mesenchymal stem cells, there are two pluripotent stem cell types
often used in regenerative medicine: embryonic stem cells (ESCs) and induced pluripo-
tent stem cells (iPSCs). ESCs are generated by isolating the cells of the inner cell mass of a
blastocyst from an early embryo (around day five to seven). However, the generation of
ESCs arises ethical issues (Evans and Kaufman 1981; Thomson et al. 1998). Since 2006
there is an artificial method creating very similar cells by reprogramming adult somatic
cell using the four Yamanaka transcription factors Oct3/4, Sox2, Klf4 and c-Myc or the
Thomson factors Oct3/4, Sox2, Nanog, Lin28 (Takahashi and Yamanaka 2006; Takahashi
et al. 2007; Yu et al. 2007; Nakagawa et al. 2008).
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Embryonic stem cells are the original and therefore the gold standard to understand
early development, and also diseases where they play a role. Due to their higher plasticity
compared to MSCs, some scientists claim that they are needed for the replacement of cells
and tissues which can not be differentiated from less plastic cells such as MSCs. A com-
monly mature cell type where this is claimed are nervous. However, as ESCs also do not
all differentiate in vitro, they also pertain to the increased risk for cancer development,
particularly teratomas.

The induced pluripotent stem cell type has the advantage that it can be obtained from
the patient himself and thus cause only little unwanted immunogenic reactions and hardly
any ethical issues. They do have, similar to ESCs, the high potential being able to differen-
tiate into all tissues of an organism, but related to this, also the high risk for teratoma
formation. In addition, if retroviruses are used to express the mentioned transcription
factors their use increase the risk for cancerogenesis due to random integration into the
genome. Another risk is that this cell type is barely understood today. It was only recently
unraveled that their epigenetic pattern is different to ESCs, specifically a mixture of the
initial cell type and ESC.

Nevertheless, today 121 clinical studies are on the way with ESCs (in the USA) and 21
studies have been tested using iPSCs. Two of them used in 2018 iPSCs for spinal cord injury
and for macular degeneration (> www.clinicaltrials.gov; Tsuji et al. 2018; Takagi et al. 2018).

2.3 Scaffolds for Tissue Repair in Combination with MSCs

2.3.1 Scaffold Requirement for MSC-Based Tissue Repair

Mesenchymal stem cells are affected by extracellular matrix (ECM) that defines the micro-
environment that surrounds them. ECM defines geometry, topography and morphology
that the cells are facing. But other molecules with similar properties such as extracellular
nucleotides, growth factors and cytokines, for instance transforming growth factor-f
(TGF-p), tension induced proteins (TIPs), integrins and transient receptor potential
(TRP), can also regulate cytoskeleton tension successively activate a series of mechanical
transduction events and thus influence stem cell fate. Mechanical forces such as shear
stress and blood pressure influence stem cell proliferation and differentiation as well as
chemical and physical factors such as pH or oxygen levels. @ Figure 2.3 gives a detailed
overview on stem cells and their micro-environment (Schulze and Tobiasch 2012).

A scaffold for tissue repair should resemble or mimic original tissue as closely as pos-
sible. This means that not only the chemical structure, but also other aspects such as mor-
phology, mechanical properties, technical functionality, stability against physiological
conditions and biocompatibility have to be tuned to match the implant site. “Gold stan-
dard” for implants are usually autografts: implants taken from another site of the patient
itself since they have the lowest adverse effects. However, these grafts are rarely available.
Allografts, implants coming from a different donor, are also widely being used, with a
limited risk of rejection. But as they also rely on limited donor material, research focuses
on synthetic substitute material that should also lower risks of infections or implant rejec-
tions (Henkel et al. 2013).

Depending on the tissue that is going to be repaired, a scaffold has to fulfil quite differ-
ent requirements. A bone scaffold, for instance, has to provide much more mechanical
stability than a scaffold for vascular tissue and an implant for tendon repair has to provide
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O Fig. 2.3 Stem cells and their natural micro-environment. There are roughly three groups into which
cell-influencing factors can be categorized: physical factors such as shear forces, elasticity and topogra-
phy, cellular interactions such as immune and nerve cells, nearby blood vessels and neighboring stem
cells and biochemical factors such as oxygen, glucose, hormones and growth factors (Schulze and
Tobiasch 2012). (Copyright 2012 Springer Verlag)

both tensile strength and flexibility. Cell attachment and proliferation is crucial for vascu-
larization of the scaffold and a successful implantation.

This may be ensured by choosing cell-friendly, non-cytotoxic materials such as (bio-)
ceramics and or (bio-)polymers that have proven to be cytocompatible. Depending on the
application, scaffolds can be made of either ceramic or polymer, a composite of both or
even certain metals. There have been studies where synthetic polymers (e.g. polycaprolac-
tone, poly lactic acid), polymers from renewable sources (such as polysaccharides or col-
lagen) or copolymers of different types of polymers were used for bone, tendon, vascular
tissue and cartilage repair. Many polymers tend to be biocompatible and their flexibility
makes them useful candidates with regard to a tunable morphology. However, using only
a polymer as scaffold material can also have certain disadvantages. Some polymer materi-
als have rather low cell attachment properties or are not suitable for load bearing applica-
tions due to a low stiffness and mechanical resistance. Similarly to polymers, there are
different ceramic substances that are being used especially for bone scaffolds, however,
most studies use some variation of calcium phosphates. This makes sense, since 70% of
original bone is comprised of calcium phosphate. It has great cell attachment properties
and high mechanical stiffness although being brittle. Generating scaffolds with a defined
hierarchical porosity on the other hand is often challenging. Plus, pure ceramic scaffolds
lack the flexibility of polymer scaffolds. This leads to a composite approach, where the
advantages of both polymers and ceramics are combined, overcoming most of the indi-
vidual disadvantages. Here, a polymer is used to create a flexible, porous network, while
the ceramic (often calcium phosphates) are added to enhance stability and cell attachment
(Schulze and Tobiasch 2012; Henkel et al. 2013; Hielscher et al. 2018).
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Additionally, certain drugs or growth factors can be incorporated into the scaffold to
accelerate cell differentiation or prevent infections and inflammation. However, drug
delivery, especially a sustained release over several days remains a great challenge. Current
research focuses on different methods of encapsulation and release of drugs. Basic release
mechanisms include: matrix tortuosity-controlled diffusion, membrane-controlled diffu-
sion for small molecules, hydrogel network swelling (B Fig. 2.4) and scaffold or capsule
degradation (Wong and Choi 2015; Fenton et al. 2018; Witzler et al. 2018).

2.3.2 Current Approaches in Scaffold Development

As already mentioned, current approaches in scaffold development focus mainly on com-
posite scaffolds that serve different functions. Most of these are produced using so-called
“additive fabrication techniques” This can range from simple cross-linking and sometimes
mineralizing of hydrogels to foams, to electrospinning of fibers and mats and ultimately to
freeform fabrication of complete scaffolds (8 Fig. 2.5). Depending on the fabrication tech-
nique, additives (such as drugs or growth factors) can be added directly in the forming
process or have to be added in a second step (Grotheer et al. 2014; Velasco et al. 2015;
Simon 2018).

Hydrogel formation is a simple way of creating a porous polymer network. There are
natural polysaccharides such as gelatin and agarose that form hydrogels by simple heating
and cooling and there are natural polymers like chitosan and collagen or synthetic polymers
such as poly(acrylamide), poly(ethylene glycol) or poly(lactic acid) that have to be somehow
crosslinked. By varying concentration and degree of crosslinking, the stiffness of the hydro-
gel can be tuned. Mineralization of these scaffolds for bone applications then takes place in
a second step, either by coating the polymer with ceramic or simply by mixing-in the
ceramic particles into the solution prior to gelling. Incorporation of other active ingredients
can be achieved by simple adding to the solution (Paris et al. 2015; Hu et al. 2016).

Foaming or leaching processes are also used for generating porous structures. Here,
porogens (such as ice crystals, liquid CO, or salts) are added to the polymer or ceramic
paste and removed after hardening of the scaffold by varying temperature, pressure or
simple washing steps (Chen et al. 2018).

Electrospinning is often used for fibers and mats or fleeces that can be used for tendon,
cartilage and bone applications and are often mineralized in a second step. Polymers, both
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natural and synthetic, are spun into fibers from a solution by acceleration in an electric
field. Depending on the collector of the fiber, single strands or up to large mats of varying
thickness can be created. It is also possible to incorporate growth factors or other active
ingredients into the scaffold. The resulting porous fleeces can be seeded with cells and
have been reported to show improved cell adhesion and proliferation (Rajzer et al. 2017).

Freeform fabrication or “3D printing” is on the rise for creating structures with a well-
defined structure and porosity for cell in-growth. There are several possibilities to alter
shape, functionality or mechanical properties by choosing different materials for separate
sections of the scaffold. Ceramic parts can be added both directly to the printing mass or
in a separate mineralization step. Active ingredients may be added directly to the printing
feed or have to be added in a later step if the substance is heatsensitive (Grémare et al.
2018). Novel manufacturing techniques have comprehensively been reviewed focusing
scaffold development for stem cell-based therapies (Schipper et al. 2017; El Khaldi-Hansen
etal. 2017; Ottensmeyer et al. 2018).

2.3.3 Limitations and Challenges of Scaffolds

Current tissue repair research focuses on mimicking original tissue and its properties.
While many aspects are already being considered, there are still a lot of limitations and
challenges: the “perfect” biocompatible scaffold with ideal porosity, morphology, technical
and mechanical properties has still not been created yet. There are also the questions of
which cell types and which growth factors will ensure proper vascularization and host
integration. Aside from these fundamental challenges there are other things still unknown:
what are possible side effects of scaffolds, donor cells and growth factors? What is the most
appropriate animal model? Which quality and functionality will the regenerated tissue
have and what are its long-terms properties? And then there are of course clinical and
regulatory questions: how can a patient-specific scaffold be generated? How to get FDA
(and other) approval for these systems? How will the costs be covered?
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2.4 Ethical and Legal Aspects of Mesenchymal Stem Cells

Interestingly, there are no specific regulations concerning research with human embry-
onic stem cells on the level of the United Nations (UNESCO/UN) or Europe (Council of
Europe/European Union). On both levels, however, there are suggestions and regulatory
efforts concerning the use of cloning methods in humans.

Due to this it is not astonishing that nearly each EU country has a different regulation.
For example, the German signed the Embryo Protection Act from first January 1991 into law
which prohibits the import, production and use of human ESCs for any purpose. In addi-
tion, each totipotent stem cell having the capacity to develop into an organism given circum-
stances is considered to be an embryo in Germany. After a long and controversial discussion,
the German Bundestag agreed to a due date and some years later the due day was moved to
first May 2007. Furthermore, an alteration of the specific stem cell law allows the use of
imported ESCs which were generated before the due date and were produced from surplus
embryos through in-vitro-fertilization. The Robert Koch Institute is the corresponding ordi-
nance giving permission for projects with ESCs and the authority for all ethical questions
related to human embryonic stem cells. In contrast in Great Britain embryos generated by
using somatic cell nuclear transfer (keyword therapeutical cloning), and thereby even pro-
ducing a chimera (e.g. cow egg with human nucleus) can be used for research.

Many Asian countries and Israel have the least restrictive laws. Singapore, for exam-
ple, is widely considered as Asia’s stem cell center because it is allowed to use embryos up
to 2 weeks of age for therapeutical purposes (Dhar and Hsi-En 2009; Poulos 2018). In
Israel it is legal to use an embryo up to 40 days after fertilization. The differences in the
restriction and use of ESCs are enormous between different countries. Depending on the
country, an ethical committee has to agree upon the project and the approval of the
donor must be obtained. In China, a scientist stated in November 2018 that two twin
girls were born where the genome was altered using CRISPR-Cas9 to generate a partical
resistance against HIV infection by altering the CCR5 receptor. This led to a heated
debate in most societies because it alters the human genome also for following genera-
tions (keyword human cloning).

MSCs on the other hand can be isolated and used worldwide with very few ethical
controversies. Two different regulations have to be considered with the Regularity of the
EU if stem cells are combined with a scaffold. Whereas the rule of the so called “medical
devices” are easy to meet, the rule for a “medicinal product” were tight regulated leading
to only few stem cell products on the market. In addition, the EU legislation created a
regulatory gap between medical devices and medicinal products which hinders the
approval of advanced-therapy products. However, there are only a few mesenchymal stem
cell products approved so far. The EMA (Europe) authorized the first stem cell product
called Holoclar which is used in the eye to replace damaged cells of the epithelium of the
cornea (Pellegrini et al. 2018). Also, mesenchymal stem cells have secured conditional
approval since 2012 for treating children with graft versus host diseases (GvHD). Health
Canada and also MedSafe in New Zealand and the regulatory agency in Japan (Najima
and Ohashi 2017) authorized the application. Osiris Therapeutics (U.S.A) completed the
first major clinical phase III trial, sponsored by industry, of allogeneic, marrow-derived
MSC:s for treatment of steroid-refractory GvHD (NCT00366145) (Galipeau and Sensébé
2018). The Therapeutic Goods Administration in Australia admitted one mesenchymal
stem cell product called Prochymal which is also used in acute GvHD in pediatric patients
(Patel and Genovese 2011). The Korean Food and Drug Administration approved in total
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three medical treatments based on MSCs. NeuroNata-R which is only available in South
Korea and Hearticellgram®-AMI (Yang 2011) are bone marrow mesenchymal stem cell
therapies. NeuroNata-R has a neuroprotective effect and is indicated for amyotrophic lat-
eral sclerosis while Hearticellgram®-AMI is used to treat acute myocardial infarction
through intracoronary injection (Yang 2011). Further Cartistem, is the first allogenic
stem cell drug. The mesenchymal stem cells drug is derived from allogenic umbilical cord
blood and is used for treatment of knee cartilage defects in patients with osteoarthritis
(Park et al. 2017).

In line with this, surgeon prefer to use stem cells with and without scaffolds using a
technique which allow a “one step” procedure. During surgery, the operating physician
may isolate mesenchymal stem cells from patient’s bone marrow or rarer fat tissue and
apply the cells back to the patient during surgery. The physician is allowed to treat the cells
using an apheresis device or aspirator. The cells can also be separated by different on-site
separation methods (magnetic antibodies, by filtration, or by gradient centrifugation)
(Ruiz-Navarro and Kobinia 2017; Heinrichsohn 2017). Besides that, cells can be pro-
cessed by activation through ultrasound or lasers. Also, mixing the mesenchymal stem
cells with scaffolds or washing them before administration and using clinical syringes or
other delivering tools e.g. for collection, separation, processing, delivery is allowed. This
procedure is called Point-of-Care, and it allows the physician to apply a new cellular
therapy to a patient. However, if the mesenchymal stem cell preparation is taken out of the
operating room and the cells are expanded or treated in other ways, the application back
to the patient has to follow another rule, which hampers the procedure as it is an elaborate
process (B Fig 2.6).

; Point-of-Care /“
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O Fig. 2.6 Point-of-Care cell therapy with mesenchymal stem cells. During surgery, physicians are
allowed to isolate the patients’ cells and apply them back. Only a few modifications and processing steps
are allowed in this process (shown on the left side) namely collecting cells from the patient, separate
them via density gradient centrifugation or magnetic beads, and apply the cells back to the patient
using syringes or other delivering tools. If the cells have to be further processed such as being cultured
or modified otherwise, they may not be given back to the patient without an official permission, where
multiple obstacles have to be overcome (shown on the right side)
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2.5 Perspectives for Future Use of Mesenchymal Stem Cells

MSCs are a promising tool for future use in regenerative medicine approaches. However,
there are several obstacles which still have to be overcome.

Against expectations which have arisen from the success of hematopoietic stem cell
treatments for cancers such as leukemia in the last 50 years, combined with the more
recent findings that most tissues have adult stem cells, that MSCs will replace the loss of
tissue cells in the respective organs or tissues, this is not the case (Eggenhofer et al. 2014).
The cells are rapidly lost over time after transplantation into the recipient. Nevertheless,
there seem to be a benefit for the patient which presumably is due to paracrine effect of the
MSCs (Linero and Chaparro 2014; Baraniak and McDevitt 2010).

Another hurdle is that MSCs as other stem cells never differentiate completely in vitro
which results in a potential risk for the recipient since they seem to be pre-committed to
several lineages already in the tissue they are derived from. This might lead to unwanted
differentiations within the tissue they are transplanted in.

Further, in opposite to pluripotent stem cells, they cannot differentiate unlimited in
culture, so they must be replaced with newly isolates cells after some time. However, legal
aspects in the EU are a major hindrance if the cells have to be cultured, expanded, or
treated otherwise more than what is necessary for the isolation procedure leading to a
quite difficult procedure necessary to be allowed to transplant them afterwards into a
patient.

Last not least thinking about tissue or organ replacement the necessary procedure gets
even more complex and thus complicated. Cells are not proliferating in vitro in three
dimensions (and if this is unwanted as it is a sign for tumorigenicity). The extracellular
matrix of the tissue or organ is needed for the cells to do so. If it cannot be obtained, it
must be constructed artificially by either using natural or artificial substrates or a combi-
nation thereof to produce a biomaterial/scaffold for the cells. The scaffold must have inter-
connected pores to direct vascularization for nutrient and oxygen supply and disposal of
metabolic waste and a lot of other features to eventually mimic the highly complex archi-
tecture of a “simple” tissue — not to forget that biomolecules and other cells than the spe-
cific tissue cell type are needed as well, such nerve cells, fibroblasts and the cells of the
blood vessels namely endothelial cells and smooth muscle cells.

Nevertheless, ongoing clinical trials are encouraging to proceed using MSCs for
future treatment of a variety of different diseases. Their great potential to differentiate
in several lineages, their low immunogenicity, the easy accessibility, and their higher
safety compared to pluripotent stem cells gives great hope that the obstacles can be
overcome. More time is needed for basic research and thus a better understanding of
the underlying signaling pathways within the cells and with their environment com-
posed of other cell types, the matrix and biomolecules to make the huge step from
bench to bedside safe.

2.6 Isolation Protocol of Mesenchymal Stem Cells

To get you started, step by step isolation protocols of MSCs from the most commonly used
tissues are listed below. Be aware that you first need an ethical committee to give you
permission if you want to use human tissue and that you need a permission for animal
experiments as well if the cell source is not human.
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© Protocol
Isolation of MSCs from bone marrow (BM) (Susa et al. 2004; Secunda et al. 2015)

1.

Collect 20 mL of BM and fill into a Falcon tube containing anti-coagulant citrate
dextrose (ACD) in a ration 1:5.

Isolate the mononuclear cells by using the Ficoll-Paque gradient method: Pipet

15 mL of the Ficoll solution into a Falcon tube and overlay with 30 mL of the
collected BM mixed with ACD.

Don't mix the layers. Centrifuge at 400 x g for 30 minutes at room temperature
without breaks. Five layers will be resulting after the centrifugation, namely from
top to bottom: plasma phase, peripheral blood mononuclear cells (PBMCs), Ficoll,
granulocytes, erythrocytes.

Collect the PBMC in the interphase, put them in a new Falcon tube and wash them
twice with phosphate buffered saline.

The cell pellet can be resuspended in DMEM, supplemented with 10% fetal bovine
serum and 1% antibiotics (100 U/mL streptomycin and 100 pg/mL penicillin) and
the cells can be seeded on plates with a density of 15 x 10*/cm? at 37 °Cin a
humidified atmosphere with 5% CO,.

© Protocol
Isolation of MSCs from umbilical cord (UC) (Secunda et al. 2015):

1.

The cord can be gained after pregnancy must be devoid of blood. Cut it into pieces
(thickness: 0.5 mm) and placed into PBS, supplemented with 1% antibiotics (100U/
mL streptomycin and P100 pg/mL penicillin). proceed within 2 hours.

Transfer the pieces of the UC to 50 mL Falcon tubes with serum-free DMEM (Sigma)
and centrifuge at 400 x g for 10 minutes at RT.

Discard the supernatant and add 0.1% collagenase (0.15 U/mL) solved in
serum-free DMEM and incubate overnight.

Add the double volume of PBS and centrifuge at 400 x g for 10 minutes at RT.
Discard the supernatant and treat the pellet with 2.5% trypsin in PBS at 37 °C for
30 minutes.

Add at least threefold FBS to neutralize the trypsin and wash with serum-free
DMEM culture medium.

Resuspend the cell pellet in 10 mL DMEM, supplemented with 10% FBS and

1% antibiotics (100 U/mL streptomycin and 100 pg/mL penicillin) and seeded on
plates with a density of 15 x 10%/cm? at 37 °C in a humidified atmosphere with

5% CO,.

This method uses an enzymatic digest. An explant method can be used as well, were
the UC pieces were culture in DMEM-low glucose with 20% FBS at 37 °C in a humidified
atmosphere with 5% CO, and left undisturbed for 7 days to allow the migration of the
cells from the explant.

© Protocol
Isolation of MSCs from adipose tissue from liposuction material (Pittenger et al. 1999;
Secunda et al. 2015):

1.
2.

Determine the amount of received fat solution.
Add PBS to the fat tissue (ratio 1:1), shake well and incubate for 30 minutes at RT to
separate the phases.



35
Mesenchymal Stem Cells

3. Discard the bottom layer and add PBS (ratio 1:1) and add 0.1% collagenase (0.15 U/mL)
in PBS to the upper phase and incubate for 60 minutes at 37 °C while shaking in
the water bath.

. Centrifuge the incubated suspension at 200 x g at RT for 10 minutes.

5. Discard the supernatant and resuspend the pellet in 10 mL erolysis buffer (0.5 M
EDTA, pH 8.0, 0.154 M ammonium chloride, 1 x 1072 M potassium hydrogen
carbonate) and incubate for 10 minutes at RT.

6. Centrifuge again at 200 x g, RT for 10 minutes and discard the supernatant
afterwards.

7. Resuspend the cell pellet in 10 mL DMEM, supplemented with 10% FBS and 1%
antibiotics (300 U/mL streptomycin and 300 pg/mL penicillin) and seed them at in
a density of 15 x 10*/cm? on plates at 37 °C in a humidified atmosphere with
5% CO,,.

8. Change medium after 24 hours to remove non-adherent cells and debris.

If necessary, the bottom layer (from 3.) can be used as well following the same
procedure to increase the MSC yield.

= Additional Comment

The mesenchymal stem cells isolated from different tissues were all cultured in DMEM,
supplemented with 10% FBS and 1% antibiotics (300 U/mL streptomycin and 300 pg/
mL penicillin) at 37 °C in a humidified atmosphere with 5% CO,. Reaching > 75%
confluence, the cells were trypsinised with 0.05% trypsin in 0.2% EDTA and subse-
quently frozen or passaged by splitting them in two or more new flasks (Freshney et al.
2007). Adapted and slightly altered methods can also be used for the isolation of MSCs
from other tissues.

— Take Home Message

= Mesenchymal stem cells can be found in various tissues and have a vast
differentiation potential which is interesting for approaches in regenerative
medicine.

= Mesenchymal stem cells are defined by a set of three minimal criteria
proposed by the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy

= Mesenchymal stem cells can be used in autologous therapy approaches, have
a low immunogenicity, are easily accessible, quickly expandable and they
cause no major ethical problems.

= Mesenchymal stem cells can be used in cell therapy approaches during a
surgery at the Point-of-Care. If they must be expanded or treated otherwise,
the application in humans causes additional obstacles which have to be
overcome.

== Many clinical trials for the treatment of various diseases are ongoing. At the
moment, almost all of them are in clinical trials phase | or Il.

== The beneficial effect of mesenchymal stem cells in regenerative medicine
seem to be due to paracrine effects since over time the cells get lost, thus not
replacing the tissue cells.
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= New approaches in regenerative medicine for tissue repair often use two cell

types e.g. tissue cell and mesenchymal stem cells.

Scaffold composition and properties should closely resemble original tissue.

Scaffolds must be biocompatible and have suitable morphology, mechanical

properties, technical functionality, stability against physiological conditions.

= Today, scaffolds are often produced via additive manufacturing including 3D
printing and electrospinning.

= Major difficulties remain in proper vascularization, bio resorption and in
transferring the scaffold into clinical trials.
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What You Can Learn in This Chapter
This chapter describes the research and clinical developments with cord blood stem and
progenitor cells. You will learn about the development of hematopoietic cells including
immune cells during fetal life and how the cells are utilized in clinical studies. Since the
immaturity of the immune system and the biology of cord blood cells have an important
impact on the transplantation situation with a mismatched donor, respective studies
are highlighted. Due to biological advantages of the hematopoietic system, studies
applying CD34+ expanded cells are discussed. You will learn in detail, why cord blood is
the perfect raw material for reprogramming towards iPSC’s products according to new
GMP regulations.

Since cord blood also contains non-hematopoietic cells as endothelial cells and stromal
cells, the characterization of the cells in vitro and in vivo is explained in detail. Infusion and
application of cord blood cells for cerebral palsy, stroke and autism as of today is discussed.

3.1 Content of the Chapter

3.1.1 Biological Background of Hematopoietic Stem Cells
During Fetal Development

As described by Waas and Maillard (2017), hematopoiesis first arises during early embryo-
genesis when passive diffusion of oxygen and nutrients becomes insufficient to support
the developing organism. Early development is focused on the production of red blood
cells and tightly linked to vascular development. Beyond these initial functions, the fetal
hematopoietic system develops to generate mature elements as erythrocytes, platelets,
macrophages, other myeloid cells as well as T and B lymphocytes. During fetal life, subsets
of hematopoietic cells acquire long-term self- renewal potential as assessed after trans-
plantation into lethally irradiated hosts, a function decades ago used to define hematopoi-
etic stem cells (HSC) (Lorenz et al. 1951; Spangrude et al. 1988; Becker et al. 1963; Eaves
2015). Fetal cells are thought to seed the more quiescent adult HSC compartment that will
sustain the adult hematopoietic system (Bowie et al. 2007, 2006; Jones et al. 2015). In a
recent work Beaudin et al. (2017) identified and characterized a subset of fetal HSCs that
are endowed with long term self-renewal potential in transplantation assays, but fail to
persist into adulthood in physiological conditions, however they sustain long-term lym-
phoid based multi-lineage reconstitution after transplantation. These recent findings in
mice are consistent with the coexistence (Waas and Maillard 2017) of at least two popula-
tions of fetal HSC: a population of “conventional” fetal HSC with transitions into adult
HSC and seed to the adult hematopoietic system; and a population of HSC that is pro-
grammed for disappearance, unless introduced experimentally into irradiated adult recip-
ients. In humans it is not clear yet whether these data could be also translated in
observations after cord blood transplantation. Cord blood at birth (gestational age week
36-41) is characterized by a unique richness in hematopoietic stem and progenitor cells,
particularly those ‘early’ cells which are detected in in vitro assays like the LTC-IC assay
(Long Term Culture-Initiating Cell) and HPP-CFC assay (High Proliferative Potential-
Colony Forming Cell) or in vivo due to their potential to repopulate NOD/SCID mice
(SRC - SCID Repopulating Cells). As discussed above, hematopoietic stem cells (HSC)
develop during embryogenesis and fetal life in a complex process involving multiple ana-
tomic sites and niches (yolk sac, the aorta-gonad-mesonephrons region, placenta and fetal
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liver) (Cumano et al. 2001), before they colonize the bone marrow (BM). The precious
ingredients in cord blood are the blood-forming hematopoietic stem and progenitor cells
that replicate and diversify to replace a patient’s entire blood and immune system. These
cells are rare and are present with 0.1-1% in cord blood, but a typical collection contains
millions of blood-forming cells and progenitor cells. As fetal and neonatal hematopoietic
cells in cord blood are markedly different from adult HSC, it was conceivable that different
mechanisms and/or niches control engraftment and self-renewal of HSC during fetal and
adult life in humans. Since fetal blood is formed in close association with organs, the
search for cell functions as niches similar to cell types present in adult bone marrow envi-
ronment (osteoblasts, endothelial cells, fibroblasts, reticular cells) was a logical conse-
quence. Although the HSC contained are currently the most relevant cells in cord blood
with regard to clinical application, cord blood also contains non-hematopoietic cell types
which bear interesting biological features in regenerative medicine as of today.

3.1.2 Current State of Cord Blood Stems Cell Banking
and Transplantation

On September 2018, the 30th anniversary of the first hematopoietic stem cell (HSC) trans-
plant using cord blood as a graft for a patient with Fanconis anemia (Gluckman et al.
1989) was celebrated. The successful demonstration that cord blood was able to reconsti-
tute a patient’s blood and immune system in combination with the evidence that cord
blood can be cryopreserved for later use, led to the establishment of cord blood banks in
Europe (Diisseldorf, Barcelona, Milano) and the US (New York Blood Center) in the early
1990’s (Ballen et al. 2015). Cord blood stem cell banking is performed in public cord blood
banks, which store cord blood for future use as an allogeneic transplant or a sibling trans-
plant for patients with indications. Private cord blood banking is performed for autolo-
gous use of the donor. As of January 2019 709,584 allogeneic donated cord blood units are
stored in public banks (» https://wmda.info; https://www.uniklinik-duesseldorf.de/pati-
enten-besucher/klinikeninstitutezentren/jose-carreras-stammzellbank); whereas it is esti-
mated that over five million are stored in private cord blood banks (Kurtzberg 2017). The
Diisseldorf José Carreras Cord Blood Bank (» www.stammzellbank.de) started the stan-
dardization of unrelated and related cord blood stem cell characterization and banking
already in 1993. Hitherto more than 27.000 cord blood samples have been tested and
cryopreserved (February 2019) including the storage of 464 family donations for directed
indications of the patient. 1360 cord blood transplants were provided to transplant centers
world-wide in 34 countries, mainly Europe and the US. 62% of the patients were adults,
38% children. 84% of the patients had malignant disease, 16% genetic, metabolic and
immunological disorders. The majority of transplants were mismatched at one to two out
of 6 HLA-antigens as defined by generic HLA-typing for HLA-class I and subtyping for
HLA-class IT for HLA-DRB1 and HLA-DQBI alleles. The great majority of units had 5/6
(46.7%) or 4/6 degree (30.1%) of HLA matching (one or two differences) with the recipi-
ent. Only 20% were matched for 6 out of 6 HLA antigens (A, B antigenic level, DRB1
allelic level) in the single CBT. According to the defined criteria of EUROCORD the prob-
ability of overall survival at median follow-up (47.4 months) estimated by Kaplan-Meier
method is 44% (+2), with significant better results in children than in adult patients and
also in case of HLA match or only one difference than in two or more HLA discrepancies
and in non-malignant diseases than in malignant ones.


https://wmda.info
https://www.uniklinik-duesseldorf.de/patienten-besucher/klinikeninstitutezentren/jose-carreras-stammzellbank
https://www.uniklinik-duesseldorf.de/patienten-besucher/klinikeninstitutezentren/jose-carreras-stammzellbank
http://www.stammzellbank.de
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This analysis in single CBT also shows better survival in case of increased number of
nucleated or CD34+ cord blood cells infused. In the group of 490 patients transplanted
with two cord blood units (double CBT) for malignant diseases the probability of disease-
free survival estimated by Kaplan-Meier is 42% (+2) at median FU (36 months).

A recent National Marrow Donor Program (NMDP) study has demonstrated that
whereas 75% of white European patients are likely to identify an 8/8 HLA-matched unre-
lated donor, the rate is much lower in minority patients or rare HLA-types (Gragert et al.
2014). 20% of all patients do not find a matched donor within 6 months in the world-wide
inventor of more than 33 Million donors (» www.wmda.info). In the absence of an unre-
lated donor, cord blood or haploidentical related donor transplants are alternative options
(Barker et al. 2017).

Multiple retrospective studies (Barker et al. 2017) have demonstrated that CBT per-
formed in experienced centers can achieve disease-free survival rates comparable to the
gold standard of HLA-matched unrelated bone marrow transplantation in patients with
hematologic malignancies (Brunstein et al. 2012; Ponce et al. 2015; Warlick et al. 2015;
Milano et al. 2016). These analyses are notable for the low relapse rate after CBT compared
with unrelated PBSC/bone marrow transplantation with minimal residual disease (Milano
et al. 2016). As discussed by Vago et al. 2018 at the ASH meeting on the observation of
HLA-loss as a reason resulting in relapse after unrelated adult donor transplantation for
either haploidentical or unrelated adult transplantation, CBT was not influenced by this
mechanism. Relapse protection might have to do with the biology of cord blood stem and
immune cells (NK, T-cells) at birth (see previous chapter).

3.1.3 New Developments in Cord Blood Transplantation
to Improve Engraftment and Homing to the Bone Marrow

One of the limiting factors of the CBT is the delayed engraftment and immune reconstitu-
tion that may lead to infections, particularly uncommon viral infections. Over the last
10 years the data improved based on higher Total Nucleated cell count and CD34+ cells/
kg bodyweight infused. The Diisseldorf data set reveal the median time to neutrophils
engraftment as of 21 days. The date of neutrophils recovery is considered as the first of 3
consecutive days in which the laboratory results indicate that the neutrophils >0.5 x 10e9/L,
without evidence of reconstitution with recipient bone marrow, nor graft rejection in the
first 100 days.

Despite the improved results on engraftment due to the selection of the “largest” cord
blood grafts, several strategies have been developed to improve this delayed immune
recovery as homing to the bone marrow by intra bone injection, ex-vivo expansion of
hematopoietic cells by cytokines in combination with Notch, Fucosylation and
nicotinamide-based expansion with cytokines (8 Table 3.1, Kurita et al. 2017; Horwitz
et al. 2014; Popat et al. 2015; Delaney et al. 2010). The last approach resulted in engraft-
ment in 13 days and is part of a randomized controlled trial. All studies are small and none
has documented improved survival in randomized trials yet. Moreover one has to demon-
strate that the manipulation of cord blood is not changing the relapse-preventing cell
populations after CBT. If T-cell or NK cell function is impaired by expansion or
manipulation, survival rates can be reduced by higher relapse rates or GvHD. The combi-
nation of haploidentical with either single or double CBT has definitively shown to
improve engraftment (Bautista et al. 2009; Liu et al. 2011; Ponce et al. 2013). Since one


http://www.wmda.info
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O Table 3.1 Novel strategies to improve engraftment

Strategy Mechanism Investigators Number Days to absolute
neutrophil count >500

Intrabone marrow Homing Kurita et al. 15 7
injection

Nicotinamide Expansion Horwitz et al. 11 13
Fucosylation Homining Popat et al. 7 14
Notch Expansion Delaney et al. 10 16

B Table 3.2 Selected active and recruiting regenerative medicine human cord blood trials

Disease Agent Investigator Current trial
Autism Auto or Allo UCB Kurtzberg NCT02847182
Cerebral palsy Auto UCB Carrol NCT01072370
Cerebral palsy Auto UCB and G-CSF Lee NCT02866331
Ischemic stroke Allo UCB Kurtzberg NCT03004976
Chronic ischemic UCB-derived mesenchymal Dai NCT02635464
cardiomyopathy stem cells

Crohn’s disease UCB-derived stem cells Lee NCT02000362

Abbreviation: G-CSF granulocyte colony-stimulation factor, UCB umbilical cord blood

cord blood unit is not manipulated, the second graft can perform the bridging for better
neutrophil, platelet recovery as well immune reconstitution.

Besides the hematopoietic stem cell, also T-cells and NK (Natural Killer) - cells from
cord blood are candidates for off-the-shelf cells for immunotherapy. As described by the
group of Rezvani 2018 (Liu et al. 2018) NK cells can be engineered to express CAR to
redirect their specificity and a cytokine to enhance their in vivo proliferation and in vivo
persistence. A first — in — human clinical trial to test the safety and efficacy of CAR19/
IL15/iCas9 transduced cord blood NK cells is open at the MD Anderson Cancer Center in
Houston, Texas.

3.1.4 Cord Blood Transplantation as of Today in Regenerative
Medicine Applications

Completely new developments over the last 5 years are the use of either autologous or
unrelated cord blood for application in neurological diseases, cardiology and endocrinol-
ogy (B Table 3.2). Cord blood has been used clinically to treat cerebral palsy, hypoxic
ischemic encephalopathy, stroke and autism (Cotten et al. 2014; Dawson et al. 2017; Sun
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et al. 2017; Laskowitz et al. 2018). Cord blood derived mesenchymal stroma cells are in
clinical trials for dilated cardiomyopathy and ischemic disease (Wu et al. 2007).

In cerebral palsy, intravenous autologous CB infusions were administered safely (Sun
etal. 2017). Allogeneic cord blood infusions were given to 47 patients with severe cerebral
palsy both intravenously and intrathecal (Feng et al. 2015) with improvement in motor
function. Although a clinical effect is observed, the mechanism behind are still not defined
yet. Although studies including our own have shown how subsets of cord blood cells dif-
ferentiate under defined conditions into neurons, astrocytes and microglia in vitro by more
or less artificial methods and substances, which do not reflect the in vivo situation, it is as
of today common knowledge that cord blood stem cells secrete trophic factors that initiate
and maintain the process of repair towards neurons in vivo (Schira et al. 2012). Therefore
a hit and run mechanism towards injured tissue and secretion of cytokines seem to be the
best explanation for the effects observed clinically. The first clinical trials in neurological
disorders as cerebral palsy in children applying autologous or allogeneic matched cord
blood with amelioration of the motor and cognitive dysfunction had no major side effects.

In 2001 Chen et al. (2001) were the first to demonstrate that the infusion of cord blood
stem cells into rats that had been stroke-induced by occlusion of the middle cerebral
artery was able to reduce have clearly shown that infusion as well as intracerebral trans-
plantation of cord blood derived stem cells display beneficial effects. The mechanisms
underlying the observed beneficial effects of these therapies have also not been elucidated.
The most straight forward idea was at this time that stem cells differentiate into mature cell
types and simply replace the lost tissue. However, that was never confirmed.

In 2019 there is a lot of evidence showing in preclinical models to achieve an IND in
the US that transplanted cells may secret neurotrophic or neuroprotective factors as previ-
ously shown by our group (Trapp et al. 2008) that can counteract degeneration or promote
regeneration. It was demonstrated that as an example stromal cells derived from human
cord blood are strongly attracted by hepatocyte growth factor (HGF) that is secreted by
ischemia-damaged brain tissue and by apoptotic neurons in vitro and in vivo. Necrotic
neurons do not secret hepatocyte growth factor and have no potential to initiate migration
of stromal cells. The secretion of HGF by neural target tissue and the expression of the
HGEF receptor ¢c-MET in stromal cells directly correlated to the migration potential of
MSC indicating that the HGF/c-MET axis is the driving force for migration towards neu-
ronal injury. However this was just one factor. There might be others as many cytokines
and their respective receptors acting in the same way but by different mechanisms.

Beside stroke and cerebral palsy the treatment of spinal cord injury with stem cell is in
the focus of many researchers. The major problem in spinal cord injury is the breakdown
of blood-spinal cord barrier associated with invasion of inflammatory cells, the activation
of the glia and subsequently axonal degeneration (Schira et al. 2012). Schira et al. (2012)
transplanted stroma cells from cord blood into a rodent model of acute spinal cord injury
and investigated their survival, migration and neural differentiation potential as well their
influence on axonal regrowth, lesion size and protection from spinal tissue loss. Moreover
different locomotor tasks (open field Basso-Beattie-Bresnahan locomotion score, hori-
zontal ladder walking test and CatWalk gait analysis) were applied. In the report, immune
suppressed adult rats received a highly reproducible dorsal hemi section injury at thoracic
level Th8. Immediately after hemi section cord blood cells were transplanted close to the
site of the Injury. Two days after transplantation grafted cells were located at the injection
site, 1 week after transplantation in the lesion center but without revealing immunoreac-
tivity for the axon marker neurofilament, clearly showing that they were not able to be
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differentiated in vivo into neurons. Neurofilament positive host cells from the rat were
present in the lesion center. Although the cord blood cells itself do not differentiated
towards neurons or glia cells, they reduced the tissue loss significantly. Stroma cells release
a wide amount of cytokines including stromal cell-derived factor 1 (SDF-1) (Kogler et al.
2005) which induces homing of hematopoietic and neural stem cells in ischemic and
injured brain, and HGEF, which is a known survival factor of neural development. The dif-
ferent growth factors or the combination of several as in other models of tissue regenera-
tion are likely to participate in the positive regeneration effects observed pre-clinically but
also as of today in the studies described above.

3.1.5 Endothelial Cells in Cord Blood

Endothelial progenitor cells (EPCs) have been investigated as a potential source of cells for
vascular repair but also in tissue regeneration. First described in 1997 (Asahara et al.
1997), EPCs have been characterized by many investigators based on their morphology
and surface antigen expression, but frequently without stringent in vivo analysis of func-
tion (Peichev 2000). By the group of Mervin Yoder (Ingram et al. 2004; Yoder 2018), ECFC
in cord blood have been demonstrated to be the only circulating cells that possess all the
characteristics of an endothelial cell progenitor, including distinct functions. To isolate
ECFCs, cord blood derived mononuclear cells (MNC) or CD34*/CD45~ cells are plated
on a collagen-coated surface and form adherent colonies with a cobblestone-like mor-
phology between day 7 and 14 (Ingram et al. 2004). ECFCs are rare cells, found at a con-
centration of about 0.05-0.2 cells/ml in adult peripheral blood. They are enriched in
human umbilical cord blood, being found at a concentration of about 2-5 cells/ml. ECFC
can be enriched from each cord blood sample (fresh or cryopreserved) applying the iso-
lated CD34*-subpopulation as a basis. ECFC progeny express the cell surface antigens
CD31, CD105, CD144, CD146, von-Willebrand-factor, and Kinase insert domain recep-
tor (KDR) but do not express the hematopoietic or monocyte/macrophage cell surface
antigens CD14, CD45, or CD115. Additionally, they are characterized by uptake of
acetylated-low density lipoprotein. Functionally ECFC progeny form tubes when plated
alone and form de novo functionally active human blood vessels in vivo. The highly prolif-
erative ECFC from cord blood expressed higher levels of telomerase than ECFC cultured
from adult peripheral blood cells. In 2014, human induced pluripotent stem cells (iPSC)
—derived ECFC has been reported with properties that are similar to umbilical cord blood
ECEFC but with distinct differences in gene expression (Prasain et al. 2014). One potential
clinical use of ECFCs is in the treatment of patients with ischemia and defective wound
healing due to impaired neoangiogenesis (Shepherd et al. 2006). The authors state that the
ability of implanted endothelial cells to form a vascular network when the host’s angio-
genic response is inhibited suggests this strategy could be useful in treating patients with
impaired wound healing. These and other reports suggest that ECFCs represent an excel-
lent cell source for vascular engineering strategies. While there are not so many data avail-
able of the use of ECFCs in human clinical trials, the results with pre-clinical rodent
studies provide some hope for patients who suffer from poor vascular function. Moreover,
based on their growth kinetic, they are interesting candidates for tissue engineering in
combination with cells derived from tissue/tissue constructs. There are many preclinical
models on the way to use the combination of endothelial cells, decellularized tissue and
cells derived from a third party.
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3.1.6 Stromal Cells in Cord Blood and Cord Tissue
as Compared to Bone Marrow

The heterotopic transplantation of bone marrow results in the formation of ectopic bone
and marrow (Tavassoli and Crosby 1968). This “osteogenic potential” is associated with
non-hematopoietic stromal cells co-existing with hematopoietic stem cells in the bone
marrow (Friedenstein et al. 1987). Friedenstein and colleges originally called these cells
“osteogenic” or “stromal stem cells” (Friedenstein et al. 1987; Owen and Friedenstein
1988) in the following years the terms “mesenchymal stem cells’, “mesenchymal stromal
cells” or “skeletal stem cells” have been widely used in the literature (as summarized by
Bianco and Robey 2015).

In 2004, our group detected cells in cord blood with a different proliferative potential,
the so-called unrestricted somatic stromal cells (USSC) (Kogler et al. 2004) and in the
following years these data were confirmed by other groups (Kim et al. 2005; Kern et al.
2006).

In the publication of 2004 (Kogler et al. 2004), USSC were described as a homogenous
cell population with respect to their phenotype. During the last years, further detailed
characterization in vitro and in vivo applying clonal cell population isolated and expanded
from CB, clearly revealed distinct cell populations (Kluth et al. 2010; Kluth et al. 2013).
The stroma cells were termed according to the revisited MSC concept (Bianco 2013) in
unrestricted somatic stroma cells (USSC) and cord blood mesenchymal/multipotent
stroma cells (CB MSC) (Liedtke et al. 2013). It could be also defined that clonal USSC and
CB MSC lines differ in their developmental origin reflected by a distinct HOX gene
expression and expression of the Delta-like 1 homologue (DLK-1), resulting in different
differentiation capacities and regeneration in vivo focusing specific on skeletal regenera-
tion. About 20 (out of 39) HOX genes are expressed in CB MSC (HOX positive) whereas
native USSC (HOX negative) reveal no HOX gene expression (Liedtke et al. 2010,
O Fig. 3.1a. In addition, USSC display a lineage-specific lack of the adipogenic differentia-
tion (B Fig. 3.1b) potential along with the expression of the adipogenic inhibitor Delta-
like 1 homolog (DLK-1) (Kluth et al. 2012). Besides adult BM MSC, neonatal cord blood
USSC and CB MSC are attractive cell sources for bone-regenerative approaches in vivo
(Handschel et al. 2010; Klontzas et al. 2015). Like the “gold standard” BM MSC, neonatal
cord blood-derived USSC and CB MSC can be differentiated in vitro into the chondro-
genic and osteogenic lineages while showing a more immature osteogenic signature in
comparison to adult BM MSC (Bosch et al. 2013) These cell type-associated signatures
may be correlated to the specific expression of HOX genes. In the human system, 39 HOX
genes located in four distinct clusters ABCD, are distributed among chromosomes 7 (11
HOXA genes), 17 (10 HOXB genes), 12 (9 HOXC genes) and 2 (9 HOXD genes). While
the establishment of tightly regulated HOX expression patterns is important for develop-
ing limbs during embryonic and fetal development (Izpisua-Belmonte and Duboule 1992)
specific HOX codes are maintained in adult cells, like fibroblasts (Chang et al. 2002) mes-
enchymal stromal cells (Ackema and Charite 2008) and osteoprogenitor cells (Leucht
et al. 2008). Ackema et al. described characteristic topographic HOX codes in murine
mesenchymal stromal cells from different anatomic sites (Ackema and Charite 2008). In
line with this, our group determined the specific HOX code in human adult and neonatal
cord blood stromal cell types revealing HOX expression in all four clusters in adult BM
MSC similar to neonatal CB MSC, whereas USSC display absent or only marginal HOX
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B Fig. 3.1 aHOX codes in distinct MSC populations BM MSC, CB MSC and CB USSC. On the left side
RT-PCR (reverse transcription-polymerase chain reaction) expression results are presented as a heat map
according to the respective expression level of HOX gene (bright red - high expression; darker shades of
red — medium to marginal expression; black — no expression). N = 7 BM MSC (bone marrow mesenchymal
stromal cells), n =9 CB MSC (cord blood multipotent stromal cells) and n =9 CB USSC (cord blood
unrestricted somatic stromal cells) were tested for HOX gene expression as compared with the controls:
H9 (embryonic stem cell line) and nTERA (embryonal teratocarcinoma cell line). On the right side the
mean values of single RT-PCR experiments represent the specific HOX code of the distinct MSC
populations. b Differentiation potentials in MSC populations from bone marrow (BM) and cord blood
(CB). Representative pictures of typical differentiation assays for osteogenesis (bone), chondrogenesis
(cartilage) and adipogenesis (fat) are presented. Bone is detected by Alizarin Red specifically staining
calcium depots, cartilage is detected by a Safranin-O specifically staining proteoglycans and fat is
detected by Oil Red specifically staining fat vesicles. BM MSC (bone marrow mesenchymal stromal cells)
and CB MSC (cord blood multipotent stromal cells) reveal a tri-lineage potential into bone, cartilage and
fat whereas USSC lack the potential to differentiate into fat. ¢ Distinct MSC populations generated under
hypoxia. N = 24 cord blood samples were divided and clonal cell lines generated under normoxia (21%)
and hypoxia (3%). Under normoxia 74% of resulting clonal cell lines were HOX negative USSC and 26%
HOX positive CB MSC. Under hypoxia (3%) this distribution changed to 73% of clonal CB MSC lines was
generated and 27% of USSC lines. Within the group of CB MSC clonal cell lines, additional populations
were generated under hypoxia (3%) missing a single HOX cluster (ABCD expression in HOX cluster A, B, C
and D, BCD expression in HOX cluster B, C and D, ACD expression in cluster A, C and D. Exemplified RT
PCR results after electrophoresis are given

expression. USSC and CB MSC derived from cord blood must be clearly distinguished
from stromal cells derived from the umbilical cord (UC MSC) since UC MSC fail to dif-
ferentiate in vitro and in vivo (Kaltz et al. 2008; Reinisch et al. 2015), differ in their typical
HOX expression pattern, and have a different molecular chondro-osteogenic signature
lacking relevant integrin-binding sialoprotein (IBSP) expression (Bosch 2012). HOX



50

G. Kogler

genes are known to be involved in cartilage formation and the transcriptional control of
skeletogenesis (Goldring et al. 2006). With regard to bone regenerative approaches, it is
therefore promising to characterize the individual inherent HOX code of potential cell
sources linked to their inherent chondro-osteogenic potential. The heterogeneity among
different or even the same cell sources is obvious but not easy to ressolve (McKenna et al.
2014). Not only the source-dependent and donor-dependent heterogeneity of individual
cell types (Wegmeyer et al. 2013) but moreover the additional impact of low oxygen con-
ditions on distinct cell types must be elucidated, as cells which are transplanted into
injured tissues constantly encounter hypoxic stress. Effects of oxygen tension on the gen-
eration, expansion, proliferation, and differentiation of stromal cell types is widely
described in the literature. However, data on the internal heterogeneity of applied cell
populations at different O, levels and possible impacts on differentiation potentials are
controversial. Liedtke et al. (2017) analyzed the expression of 39 human HOX genes apply-
ing hypoxic and normal (21% O, conditions. Whereas USSC lacking HOX gene expres-
sion and cord blood-derived multipotent stromal cells (CB MSC) expressing about 20
HOX genes are distinguished by their specific HOX code. Interestingly, 74% of generated
clones at 21% O, were HOX-negative USSC, whereas 73% of upcoming clones at 3% O,
were HOX-positive CB MSC. In order to better categorize distinct cell lines generated at
3% O,, the expression of all 39 HOX genes within HOX cluster A, B, C and D were tested
and new subtypes defined: Cells negative in all four HOX clusters (USSC), cells positive in
all four clusters (CB MSCABCP) and subpopulations missing a single cluster (CB MSCACP
and CB MSCBCP). Extensive qPCR analyses of established chondro-osteomarkers revealed
subtype-specific signatures verifiably associated with in vitro and in vivo differentiation
capacity (@ Fig. 3.1c).

3.1.7 Bone and Cartilage Forming Potential of Cord Blood
Stroma Cells in vivo

For the purpose of bone and cartilage regeneration (lost due to trauma, surgical resection
of tumors, skeletal disorders and aging), cell-based strategies are currently the standard
of treatment. The use of freshly isolated CD146-positive bone marrow derived mesenchy-
mal stromal cells (BM MSC), in contrast to the extensively expanded counterpart, pro-
vides an important therapeutic tool for bone regeneration although not for cartilage.
Bone is a highly vascularized connective tissue undergoing continuous remodeling and
regeneration processes. The intrinsic regeneration potential is initiated in response to
injury, as well as during normal skeletal development reflected by continuous remodeling
throughout adult life. Many bone and cartilage associated diseases require regeneration
in large scale, e.g. large bone defects also known as “critical size” defects due to trauma,
surgical resection of tumor, infection or skeletal disorders. Especially for treatment of
these defects, a cell-based strategy is the most promising approach as long as a sufficient
number of cells can be supplied. Clinically, stromal cells can be used as cell suspension
expanded by culture or simply as bone marrow concentrate (Krampera et al. 2007). In
this context, ex vivo expanded mesenchymal stromal cells (BMMSC) have demonstrated
their ability to function as a tissue repair model in manifold therapeutic applications
investigated in clinical trials. However, the outcome of tissue repair is strongly associated
with the applied cell concentration, which is lower in bone marrow transplants as com-
pared to cultured cells.
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For de novo cartilage repair there are no established methods available, simply based
on the fact, that adult bone marrow does not contain the early chondrogenic progenitors
in sufficient amount to regenerate large areas of defects. For all clinical applications one
should choose the best characterized cells for a directed and specific tissue repair. As sum-
marized in Bosch et al. (2013; Liedtke et al. 2013) and many other publications in vitro and
in vivo, fetal stroma cells (both USSC and CB MSC) have specific signatures for bone and
cartilage formation.

In a landmark paper by Sacchetti, Bianco and co-workers (Sacchetti et al. 2016) have
shown that cord blood derived stroma cells display the unique capacity to form cartilage
in vivo spontaneously, in addition to a clear assayable osteogenic capacity. The data also
supported the view that rather than a uniform class of “MSC’, different mesoderm deriva-
tives including distinct classes of tissue-specific committed progenitors exist, possibly of
different developmental origin (Sacchetti et al. 2016).

3.1.8 Why Do We Have These Progenitors or Elusive Cells
in Cord Blood?

The correct formation of the skeleton during embryogenesis and the fetal development
and its preservation during the adult life is essential and maintained through the comple-
mentary activities of bone forming osteoblasts and bone-resorbing osteoclasts. The stabil-
ity and strength of bones is accomplished by mineralization of the extracellular matrix,
leading to a deposition of calcium hydroxyapatite. The osteogenesis can be split into two
different processes: Intramembranous and endochondral ossification (Goldring et al.
2006). The intramembranous ossification is characterized by mesenchymal cells that con-
dense and directly differentiate into osteoblasts and thereby deposit bone matrix. This
process of bone formation is limited to certain parts of the skull as well as part of the
clavicle. All other bones of the skeleton are formed by endochondral ossification. The
formation of skeletal elements by endochondral ossification begins with the migration of
undifferentiated mesenchymal cells to the zones that are destined to become bone. The
undifferentiated cells condense, resulting in an increase in cell packing and forming of the
cartilaginous anlagen. This process is regulated by mesenchymal-epithelial cell interac-
tions. The next step, the aggregation of chondrogenic progenitor cells into precartilage
condensations is dependent on cell-cell and cell-matrix interactions (Goldring et al. 2006).
The following transition from a chondrogenic progenitor cell to a chondrocyte is marked
by a change in the extracellular matrix composition. The chondrocytes hereby acquire a
rounded morphology and undergo hypertrophy (substantially increase in size). This
chondrocyte hypertrophy triggers the initial osteoblast differentiation from perichondrial
cells. Blood vessels start to invade the cartilage from the perichondrium and thereby
transport osteoclast cells into the bone to degrade the existing cartilage matrix producing
marrow cavity. Additionally, the blood vessels transport perichondrial cells to nascent
bone marrow, where they differentiate into osteoblasts. Many different transcription fac-
tors and regulatory signals are involved in the endochondral ossification, such as the tran-
scription factor of the sex-determining region Y (SRY)-related high mobility group box,
SOX9, the Runt domain-containing transcription factor 2 (RUNX2), Osterix (OSX) (Long
2011), bone sialoprotein (BSP) (Ogbureke et al. 2007) and parathyroid hormone-related
protein (PTHLH). All of the transcription factors are regulated by a variety of develop-
mental signals, including Hedgehog (HH) proteins, NOTCH signaling, WNT signaling,
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BMP signaling and fibroblast growth factor (FGF)-signaling (Long 2011). It has been
shown already that distinct populations can be defined in cord blood, each of them repre-
senting progenitors of skeletal development during fetal life (Buchheiser et al. 2012). The
transcription factor analysis of subpopulation suggests that the stromal components in
cord blood are elusive cells circulating from different stages of fetal development. For bone
and cartilage forming cells in be concluded that CB contains natural progenitors, however
with a different signature in vitro and a distinct in vivo regenerative capacity as compared
to bone marrow MSC.

3.1.9 Reprogrammed Cells from Cord Blood

Since the first publication by the group of Yamanaka in 2007 (Takahashi et al. 2007)
induced pluripotent stem cells (iPSC) including cord blood derived cells have received
major attention by the scientific cord blood community (Okita et al. 2011, 2013). Besides
the use of disease-specific iPSC for developing surrogate models of human diseases, plat-
forms for drug discovery, the stem cell based cell replacement therapies are of major
interest.

While original protocol described lentiviral insertion of genes for the transcription
factors Oct4, Sox2, Klf4 and c-Myc, this method bears the potential risk of disrupting
normal genes or of activating oncogenes in close proximity of the integration site. This can
be avoided by using more sophisticated integration-free methods, such as appliance of
episomal plasmids (Yu etal. 2009) or Sendai-virus (Fusaki et al. 2009). Although generation
frequencies reported for different reprogramming systems vary, they are still low, ranging
from 0.001% to 0.1%. Protooncogene c-Myc is seen critically, multiple different combina-
tions factors including L-Myc are described. Although iPSC are already becoming a labo-
ratory standard, it is very likely that it will still take some years until they are finally
transferable into the clinic on a GMP-grade routine basis, however cord blood a source of
raw material has huge advantages. Besides the inherent biological advantages of stem cells
at birth as high proliferative potential, long telomeres (Buchheiser et al. 2012), good dam-
age repair capacity (Liedtke 2015), the cells do not carry the risk of viral infections, a
major prerequisite for the development of GMP-grade clinical trial samples. CB harbors a
much lower risk for Cytomegalovirus (CMV), Herpes simplex virus (HSV), Epstein-Barr
Virus (EBV) and many other viruses (Rubinstein 1993). CMV detected by PCR is only
present in 0.25% of all CB, whereas adults have at least a frequency of 40%. HSV-6 is rarely
detectable in CB; EBV and HSV are present in more than 90% of adult bone marrow
donors and have a very low incidence in CB. As compared to skin biopsies the CB is not
contaminated with a plenty of typical skin viruses as Herpes simplex Type 1, 6, 7, Herpes
zoster, human papillomavirus (HPV 5, 8, 18, 32) and others. In the field of personalized
medicine patient-specific iPSC presently are preferred candidates for cell-based autolo-
gous therapies (Lancaster and Knoblich 2014; Yamanaka 2009). Autologous therapies are
not suitable for larger patient cohorts since time consuming and expensive (de Rham and
Villard 2014). Therefore the use of HLAh (HLA- homozygous cells) allogenic CB units
provides important novel aspects having impact on qualitative medicine and clinical prac-
tice as described also by Baghbaderani (Baghbaderani et al. 2015). Besides the immaturity
of cord blood cells with all biological advantages (biological young cells), only few single
nucleotide variations are found in human cord blood iPSC (Su et al. 2013) as compared to
adult fibroblasts (Abyzov et al. 2012). As described in the first chapter allogeneic cord
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blood units are banked world-wide, can be selected for homozygous HLA-donors, thawed,
isolated for CD34+ cells, expanded and reprogrammed. Based on the licensing/and or
permission requirements and international accreditations existing word-wide, the cord
blood units qualify already for all processes required for further clinical use.

3.2 Conclusion

Cord blood contains valuable hematopoietic and non-hematopoietic progenitor cells
from different stages of fetal development circulating in the cord blood. Remarkable
improvement in outcomes of adult recipients in more than 70 clinical indications has
been observed over the last decade. Slower hematopoietic recovery can be solved by
transplanting either two cord blood units or expand one product alone or in combination
in increasing both the hematopoietic stem and progenitor cell expansion. Many studies
are presently ongoing to prove the effect of cytokine driven expansion in combinations
with other approaches. Clinical studies are also ongoing on the allogeneic umbilical cord
blood infusions for adults with ischemic stroke and in children with autism. In order to
characterize the other non-hematopoietic cells with regard to their true differentiation
potential in cord blood (not cord!), for each cell population clonal cells and in vivo exper-
imental design is required. The results summarized here clearly show that stroma cells
from cord blood are different from bone marrow. Although MSC from cord blood have
no clear “bone signature” they are able to differentiate towards bone and cartilage in vivo
perhaps reflecting their natural origin during fetal life. Based on the developmental
advantage of CB-subpopulations they might be ideal tools to analyze the fate of the dis-
tinct population in extensive pre-clinical models and define the mechanisms behind the
improvements observed in the clinical trials. iPSC derived from homozygous allogeneic
cord blood could have important impact for future differentiation and GMP-grade pro-
duction for clinical trials also in the environment of Advanced Therapy Medicinal
Products (ATMP) - regulations.

— Take Home Message

1. Cord blood hematopoietic cells can be transplanted both in children and
adults for more than 70 different indications
Cord blood contains stem cells from different fetal origins

3. Cord blood stem cells have long telomeres, are highly proliferative, harbor
much lower risk for virus contamination and qualify as raw material for ATMP
studies

4. Expansion of CD34+ cells for clinical application as well as for reprogramming
towards iPSC is established

5. Cord blood derived stroma cells display the unique capacity to form cartilage
in vivo spontaneously

6. Clinical studies for cerebral palsy, stroke and autism based on an IND are
established

Acknowledgment  Special thanks to Dr. Stefanie Liedtke for assembling 8 Fig. 3.1 and Sabine
Tobben for selecting references.
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What You Will Learn in This Chapter

The central nervous system (CNS) consists of the brain and spinal cord. These structures
arise from neural stem cells (NSCs), which undergo specific maturation steps, lineage deci-
sions and commitment during development. They generate all major cell types of the CNS,
neurons and glial cells, in a timely and spatially ordered fashion. NSCs show different mor-
phologies and molecular characteristics in distinct phases of maturation that can be fol-
lowed from embryogenesis over postnatal stages to adulthood. In the mature CNS only few
NSCs are left in specific areas, the adult NSC niches. The characteristics and molecular com-
position of these niches as well as their interaction with the cells and their progeny are
presented here. Finally, the last section focuses on the appearance of stem cells under
pathological conditions in the adult, such as lesions or tumors.

4.1 Development of the Central Nervous System
from Neural Stem Cells

The brain and spinal cord form the CNS, which is the most complex organ system in the
body. Although it is made up of billions of cells with countless connections, the CNS only
develops from a few cells during development that initially form a single layer.

During early embryonic development, three germ layers of the early organism are
formed by cell divisions and migration of cells. The endoderm later gives rise to internal
organs, such as lung, intestine and liver. Muscles, bones, blood vessels and the heart are
formed from the mesoderm. External ectoderm forms the skin and from a special area,
termed neuroectoderm, the nervous system arises. This neuroectodermal tissue, which is
initially on the outside of the embryo, is folded inwards and then closes to form the neural
tube. The caudal part of the neural tube will become the spinal cord whereas the rostral
part develops into the brain. The neural tube, which pervades through the tissue, is not
closed during further development, but forms the ventricles, a system of interconnected
cavities filled with brain fluid. The CNS tissue is growing along this axis and thickened by
cell proliferation and growth.

4.1.1 Neuroepithelial Cells and Early Neurogenesis

The neural tube initially only consists of a single cell layer, the so-called neuroepithelium.
An epithelium is characterized by the tight connection of polarized cells that have contact
to a tissue’s surface and the underlying basal lamina. Neuroepithelial cells (NECs) have on
their apical side contact to the cavity, i.e. the ventricle; on the basal side they face the basal
lamina of the nervous system (8 Fig. 4.1a). The nuclei of NECs lie in several layers because
they migrate up and down during the cell cycle. Mitosis takes place at the most apical
positions whereas the nucleus is relocated basally for DNA synthesis during S phase. This
phenomenon is called interkinetic nuclear migration and leads to a pseudostratified
appearance of the early neural tissue. NECs are NSCs, which are able to produce many
descendants with the same characteristics by symmetrical cell divisions, but also generate
daughter cells that can differentiate. Initially, neurons develop in this young tissue, which
settle in more basal positions.
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O Fig.4.1 Development of the cerebral cortex in mice. The main cellular events and the structural
organization are shown at different developmental stages (not to scale). a During early neural develop-
ment NECs are the first NSCs in the NE. They divide predominantly symmetrically and enlarge the stem
cell pool. Their cell bodies stretch from the LV to the BL. The BL is the attachment site for the endfeet of
NECs (and later RGCs) that provides structural support and signaling cues to the cells. b During the
second week of development RGCs overtake the stem cell functions. They proliferate and the daughter
cells can be RGCs again or differentiate into neurons during neurogenesis. RGCs can also generate IPCs,
which divide symmetrically in the SVZ to give rise to two more neurons. Neurons migrate basally
through the SVZ and CP along the RGC processes to their final positions. Most basally located are CR cells
secreting Reelin as guiding molecule. ¢ In the perinatal phase, RGCs differentiate into oligodendrocytes
and astrocytes during gliogenesis, partially via GPCs. Some RGCs directly transform to astrocytes, which
reduces the NSC number in the VZ. d With ongoing maturation until adulthood, the CP is divided into
several layers (layers |-VI) where neurons with subsequent birth dates are stacked upon each other. The
oligodendrocytes enwrap the axons with their myelin sheaths, concentrating in the WM of the underly-
ing corpus callosum. Astrocytes are intermingled in the tissue for structural and metabolic supply. BL
basal lamina, CP cortical plate, CR cell Cajal-Retzius cell, GPC glial progenitor cell, IPC intermediate
progenitor cell, LV lateral ventricle, NE neuroepithelium, NEC neuroepithelial cell, NSC neural stem cell,
RGC radial glia cell, SVZ subventricular zone, VZ ventricular zone, WM white matter

4.1.2 Radial Glia Cells Generate Neurons and Glia

The NECs are replaced by cells that have two characteristic properties, which also give
them their name: radial glial cells (RGCs). RGCs are elongated cells that are arranged
radially to the tissue and have many properties of glial cells, such as the expression of
marker proteins like the glutamate aspartate transporter (GLAST) and the brain-lipid
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binding protein (BLBP) (Doetsch 2003). The cell body of these cells lies in the apical
region and a long thin extension stretches throughout the tissue towards the basal surface
(B Fig. 4.1b). RGCs are NSCs of the CNS that can divide symmetrically or asymmetrically
and thus produce either two identical or two different daughter cells. These offspring can
be RGCs with NSC characteristics showing expression of the intermediate filament nestin
and the transcription factor Sox2 (SRY (sex determining region Y)-box 2), or cells that are
determined for differentiation (Cai et al. 2002). During early development the production
of further stem cells by symmetric expansive divisions enlarges the stem cell pool. Later
the division modes are preferentially asymmetric and lead to stem cell homeostasis with
one daughter cell being a stem cell and the other differentiating. When the tissue matures
the stem cells become less by exhausting in symmetric differentiative divisions.

The three important cell types of the CNS - neurons, astrocytes and oligodendro-
cytes — can arise from RGCs. Neurons are formed first in a process known as neurogenesis.
Glia cells develop later in a subsequent process called gliogenesis. The switch in fate
restriction is accompanied by the upregulation of molecules like the epidermal growth
factor receptor (EGFR) and tenascin-C. Neurogenesis can either take place directly from
RGCs or via intermediate progenitor cells (IPCs) that undergo further basal cell divisions
in the tissue and form two neurons in a symmetrical manner. This division mode leads to
a higher number of progeny because of the higher proliferative capacity of these transit-
amplifying progenitors (TAPs). Theoretically, NECs and RGCs have an unlimited poten-
tial to self-renew by repeated cell divisions. Some progenitor cells have similar
characteristics and show proliferative capacity as well as differentiation into neuronal or
glial cells but their potential is restricted. The populations of NECs and RGCs are inter-
mingled with more restricted progenitors and cannot be clearly distinguished from them.
Therefore, it is reasonable to use the term neural stem/progenitor cells (NSPCs) for cells
with variable fate restriction (Taverna et al. 2014).

Stem cells have been detected in diverse CNS regions, including the dorsal and ventral
forebrain, the thalamus, the mid- and hindbrain as well as the spinal cord. The specifica-
tion of cells is influenced by a set of morphogenic factors that are diffusible and show a
gradual presence in the developing tissue. Bone morphogenic proteins (BMPs), Wnt
(wingless/integrated) proteins, fibroblast growth factors (FGFs) and sonic hedgehog (Shh)
interact with each other and with other regulating factors to induce signaling pathways in
the cells determining their fate decisions at their distinct positions on the dorso-ventral
and rostro-caudal axis (Altmann and Brivanlou 2001).

Newborn neurons use the long processes of RGCs as guiding substrates for their
migration through the tissue. They move to outer layers of the developing brain where
they leave their guiding fibers in their destination layers. Cajal-Retzius (CR) cells are the
first neurons that develop and they produce the glycoprotein Reelin. New-born neurons
leave the RGC fibers at their designated positions settling underneath this initial neuronal
layer. Reelin is crucial for the proper localization of neurons and mutants show a destructed
structural organization of the cerebral cortex. After the neuronal migration phase, the CR
cells disappear when their mission is fulfilled (Kirischuk et al. 2014). Neurons are born in
an inside-out fashion, which means that the first cells to occur are the ones that can later
be found in the inner layers of the structured tissue whereas younger neurons settle in the
outer layers.

Developmental processes have been intensively investigated in the cerebral cortex of
mice and rats. Many of the processes described in these murine model systems can also
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be found in the human brain. However, there are also phenomena in human develop-
ment that are not known to the same extent from rodents. This is mainly due to the fact
that humans, but also sheep, ferrets and monkeys have a folded cerebral cortex, a so-
called gyrencephalic cortex, in contrast to the smooth, lissencephalic cortical surfaces of
mice and rats. In species with higher encephalization, the neocortex is folded in gyri. This
larger outer cortical surface is caused by the proliferation of another cell type, which
almost does not occur in species with a smooth cortex surface: the basal RGCs (bRGCs).
In gyrencephalic species, these are located in the outer layer of a widened subventricular
zone (0SVZ), and are therefore also called 0SVZ precursors. These cells share many prop-
erties with apical RGCs, but they are located at more basal positions. They generate neu-
rons directly or first via IPCs, which produce neurons in subsequent symmetrical cell
divisions. Along the basal processes of the bRGCs, these newborn nerve cells migrate
outwards until they reach their final positions and integrate into the resulting neuronal
network.

4.1.3 Gliogenesis During Late Embryonic and Postnatal
Development

Astrocytes are glia cells that are important for the structure and homeostasis in the
brain and interact with the neuronal network. In the cerebral cortex they arise in the
latest embryonic and first postnatal phase from RGCs via glial precursor cells and inte-
grate in the network (B Fig. 4.1c). Additional astrocytes are formed by a direct trans-
formation of RGCs that retract their processes and apical contacts to the ventricle
before the cell bodies are translocated to basal positions (Tabata 2015). This would only
lead to a limited number of astrocytes but indeed this cell type is highly proliferative
and many descendants are generated by the proliferation of astrocytes in the cortical
grey matter.

Neuronal signal transduction velocity is enhanced by the ensheathment with myelin.
In the CNS oligodendrocytes are the cells providing the myelin membranes and these glia
cells are also generated by RGCs. Three major waves of oligodendrocyte precursors arise
in the brain at different positions and time points (Kessaris et al. 2006). The first two pop-
ulations are generated in the ventral forebrain and invade the cortex by tangential migra-
tion. A third population is generated in the early postnatal cortex during gliogenesis from
RGCs.

4.1.4 Architecture of the Mature Cortex

The timely organized generation of neurons and their radial migration along RGC pro-
cesses leads to a cortical plate, which is structured into six layers (8 Fig. 4.1d). Excitatory
neurons, which are descendants of RGCs in the cortical VZ, are intermingled with inhibi-
tory interneurons coming from progenitor cells in the ventral forebrain. Neurons in the
distinct cortical layers build networks with defined communication partners within vari-
ous brain regions. Their axons get enwrapped with oligodendrocytic myelin membranes
and their signaling and homeostasis is supported and regulated by astrocytes contacting
the nerve cell bodies and blood vessels.
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4.2 Adult Neural Stem Cells

With ongoing maturation until adulthood, the number of multipotent NSPCs declines.
Therefore, in the adult CNS, NSCs and neural progenitor cells (NPCs), which continu-
ously proliferate and generate new neurons are rare. They reside in confined regions of the
adult brain. These neurogenic regions or stem cell niches include the subependymal zone
(SEZ) lining the lateral ventricle (LV) of the forebrain as well as the subgranular zone
(SGZ) of the hippocampal dentate gyrus (B Fig. 4.2a-d).

Per definition, the NSC niche creates a privileged environment for the expansion,
maintenance and neurogenic properties of NSCs. The NSC niche contains the NSCs
themselves, called type B cells, TAPs, NSC-derived neuroblasts, blood vessel forming
endothelial cells, pericytes and leptomeningeal cells. Blood vessels provide glucose and
oxygen supply as well as many other factors that are important for the integrity of the NSC
compartment. The cerebrospinal fluid transports signaling molecules that are sensed by
small processes, called cilia, of the type B stem cells that reach into the ventricular space.
Additionally, the extracellular matrix (ECM) environment of the NSCs that consists of
basal lamina structures and a variety of glycoproteins and proteoglycans, is crucial. A
detailed molecular composition of the NSC niche is described below (see » Sect. 4.3).

4.2.1 Adult Neural Stem Cells in the Subependymal
and Subgranular Zone

Adult NSCs (aNSCs) of the SEZ (type B cells) divide slowly and supposedly originated
from the radial glia, the major neural stem/progenitor cell (NSPC) of the developing
CNS. They generate neuroblasts via TAPs (8 Fig. 4.2a, b). TAPs divide rapidly and generate
type A neuroblasts, which proliferate in response to the molecule Shh. Type A cells expose
the surface marker PSA-NCAM (polysialylated-neural cell adhesion molecule) and move
to the olfactory bulb (OB) via a defined path - the rostral migratory stream (RMS). Finally,
type A neuroblasts differentiate into interneurons in the cellular layer that surrounds the
olfactory glomeruli, where they contribute to the processing of olfactory input.

aNSCs of the dentate gyrus follow a similar mode as aNSCs of the SEZ. Type B aNSCs
generate early andlate type D cells, which include precursors and neuroblasts (8 Fig.4.2¢,d).
Neuroblasts generate the granule cells (type G cells), the primary excitatory neurons of the
dentate gyrus, which contribute to cognitive functions such as learning and memory.
Neurogenesis in that niche is plastic, responds to physical exercise, to psychoactive drugs
and enriched environments, revealing a remarkable plasticity of that stem cell pool. This
plasticity, however, diminishes with increasing age. In view of its potential importance for
regenerative medicine, considerable efforts are devoted to the clarification of regulatory
mechanisms that control the NSC niches.

4.2.2 Characteristics of aNSCs

Type B cells of the SEZ display several properties of astrocytes. They express molecules
such as the glial fibrillary acidic protein (GFAP), GLAST and BLBP (Doetsch 2003;
Codega et al. 2014; Fuentealba et al. 2015; Llorens-Bobadilla et al. 2015). Also, on ultra-
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B Fig. 4.2 aNSCs reside in confined neurogenic regions of the adult brain. The neurogenic regions or
stem cell niches include the SEZ close to the LV of the forebrain a and b and the SGZ of the hippocampal
dentate gyrus c and d. a The NSC niche of the SEZ contains the aNSCs called type B cells, which lie
directly adjacent to the ependymal cells lining the LV, the NSC-derived NPCs termed type C cells/TAPs,
neuroblasts (type A cells) and vessels formed by endothelial cells (red) and pericytes (brown). Signaling
molecules represented by the interstitial matrix (light blue) and the BV-associated BL (dark blue)
together with the different cell types contribute to the adult niche environment. b Neuroblasts of the LV
migrate via the RMS to the OB and generate interneurons. c and d The SGZ of the hippocampus contains
the type B cells, which give rise to early and late type D cells. Type D cells generate the excitatory granule
neurons (type G cells) of the DG. aNSC adult neural stem cell, BL basal lamina, BV blood vessel, DG
dentate gyrus, GCL granule cell layer, LV lateral ventricle, ML molecular layer, NPC neural progenitor cell,
NSC neural stem cell, OB olfactory bulb, RMS rostral migratory stream, SEZ subependymal zone, SGZ
subgranular zone, TAP transit-amplifying progenitor
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structural level aNSCs share astrocytic features, which include thick intermediate fila-
ments bundles, gap junctions and glycogen granules (Jackson and Alvarez-Buylla
2008).

aNSCs can exist in either an active or quiescent state. Activated, asymmetrically divid-
ing, GFAP- and EGFR-positive type B cells, can give rise to type C cells, also called TAPs,
which in turn generate neuroblasts. In contrast, GFAP-expressing cells, which are negative
for the EGFR may represent quiescent aNSCs, but also astrocytes of the SEZ (Gengatharan
et al. 2016). Both cell types can be distinguished by the expression of the glycoprotein
CD133 (cluster of differentiation 133)/prominin-1, which is localized on the primary cilia
of NSCs. However, due to the fact that aNSCs are rare, it is difficult to identify them
because NSC specific markers are often missing.

aNSCs display a much slower division rate than the embryonic counterparts. In con-
trast to embryonic NSCs, which display a fast cell cycle division rate of several hours,
aNSCs of the SEZ and SGZ, exhibit a cell cycle length ranging from days to weeks (Gotz
et al. 2016). Perhaps for this reason, aNSCs cannot rapidly expand following injury or
lesion of the CNS, which leads to a diminished regeneration capacity during adult stages
(see » Sects. 4.4 and 4.5).

4.3 General Features of Stem Cell Niches

Stem cell niches in general integrate a wide range of physiological stimuli and respond to
pathophysiological alterations of the organism. They contain the slowly dividing stem
cells, their progeny represented by committed progenitor and precursor cells and niche
support cells. Niches have blood vessels in their close vicinity so that also endothelia can
deliver specific signals to the niche territory, beyond the long-range signals conveyed by
the blood stream (Rojas-Rios and Gonzalez-Reyes 2014). In some cases, signaling by
innervating nerve fibers has been reported. The niche microenvironment is rich in ECM
compounds that are specific for the niche. Presumably, the ECM constituents generate
complex and dynamic interactomes that conceal a variety of morphogenes, cytokines and
growth factors, due to specific docking sites (Brizzi et al. 2012). Thereby, the niche micro-
environment functions as a reservoir of compounds that support the maintenance and
persistence of the stem cell compartment.

4.3.1 The Extracellular Matrix Is Coded by a Complex
Set of Genes

The ECM consists of glycoproteins, proteoglycans and complex glycans. As genomic
sequences of a variety of species are decoded, a bioinformatics analysis has become pos-
sible. On that basis, the term “matrisome” has been introduced for the set of genes that can
directly or indirectly be attributed to the ECM. A core matrisome of 300 genes has been
defined that comprises 200 glycoprotein genes, 45 collagen and 35 proteoglycan genes.
Matrix associated genes, regulatory genes and related molecules make up for additional
500 genes. Thereby, the ECM represents a complex set of molecules that exhibit tissue
specific and temporally regulated expression patterns (Hynes and Naba 2012).
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4.3.2 The Extracellular Matrix Occurs in Different
Organization Forms

Glycoproteins and proteoglycans are complex molecules that comprise a large variety of
domains and recognition sequences. These permit for interactions with other components
of the ECM, with specific receptors and with a large variety of ligands. Thereby, constitu-
ents of the ECM form defined interactomes that can assemble to dynamic superstructures.
One can distinguish different ECM organization forms. The interstitial matrix, which is
composed of glycoproteins and proteoglycans, fills the intercellular space, is soluble in
physiological buffers and is mainly distributed in a fluid phase. A second class of matrix
structures is constituted by the basal laminae that are organized as two-dimensional layers.
In numerous organs basal laminae underlie sheets of epithelia. Major constituents of the
basal lamina are the glycoproteins laminin and nidogen as well as collagen IV and perlecan
(B Fig. 4.3a). Basal laminae display some compositional variability depending on the
organ and may comprise different types of laminin glycoproteins. A third organizational
form of the ECM is the fibrillar matrix, prominent in the collagen fibers. Currently, more
than 45 collagen genes are known, and collagens I, I and III are constituents of the fibrous
matrix in connective tissues. Examples of the fibrillar matrix include collagen fibers and
elastin fibrils. Overall, 28 homo- or heterotrimeric collagen types have been distinguished.

4.3.3 Glycoproteins

The glycoproteins of the ECM fall into subclasses that share sets of structural features.
Laminin heterotrimers consist of a-, f- or y-chains that are encoded by distinct genes.
Five a-, four B- and three y-proteins have been described so far. Based on their varying
combinations of two or three individual chains, up to 14 different laminins have been
identified. Laminins are key components of basal lamina structures and thereby intrinsic
components of niches, for example in the intestine where epithelia are settling on basal
lamina sheets, or as constitutive components of blood vessels.

The tenascins comprise a group of four genes in mammals, namely tenascin-C (Tnc),
tenascin-R (Tnr), tenascin-X (Tnx), and tenascin-W (Tnw). On the structural level, tenas-
cins display typical structural motifs, in particular a cysteine-rich amino terminus fol-
lowed by characteristic EGF-type motifs, a sequence of fibronectin type three (FNIII)
modules and homologies to fibrinogen f at the carboxy terminus (Tucker et al. 2006)
(B Fig. 4.3b). The cysteine-rich amino terminus serves as an assembly domain for six
monomers of Tnc to so-called hexabrachion structures. Considering the evolutionary ori-
gin, the first tenascin genes have emerged in the cephalochordate amphioxus and in uro-
chordates. Tnc is among the first ECM glycoproteins that were identified as building
blocks of the NSC niche (Faissner et al. 2017). There, Tnc is released by the type B astro-
glia-related slowly dividing stem cells of the niche. It became apparent that Tnc is also
present in a variety of other niches in adult organisms, for example in the bone marrow, in
the mesangium of kidney glomeruli and in the hair follicles (Chiquet-Ehrismann et al.
2014). Analysis of knock-out mouse lines has revealed subtle effects with regard to prolif-
eration and differentiation behavior of stem and progenitor cells, in particular in the CNS
(Faissner et al. 2017).
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4.3.4 Proteoglycans

Proteoglycans are formed by a glycoprotein core and at least one covalently attached
glycosaminoglycan (GAG) chain (@ Fig. 4.3c). GAG chains are generated by the
repetitive alignment of carbohydrate dimer building blocks. Thus, dimers of gluc-
uronic acid and N-Acetylgalactosamine are assembled to chondroitin sulfate.
Depending on the GAG-complement proteoglycans are classified as chondroitin sul-
fate proteoglycans (CSPGs), heparan sulfate proteoglycans (HSPGs) and keratan sul-
fate proteoglycans (KSPGs). In general, proteoglycans embody particular properties
due to the associated GAG chains, for example a high negative charge under physio-
logical pH-conditions (Iozzo and Schaefer 2015). The GAG chains of proteoglycans
are sulfated, with the exception of hyaluronic acid that is neither coupled to a core
glycoprotein, nor sulfated. The sulfates are transferred to the GAG chains by sulfo-
transferases that attach the sulfate groups to the second, the fourth or the sixth car-
bon of the glycan composites of the building blocks of GAGs. The sulfate groups
confer considerable charge to the GAGs. Beyond this biophysical implication, there is
mounting evidence that the spatial patterns of sulfate groups on GAG chains create
binding sites for selected ligands, for example for cytokines and growth factors
(Purushothaman et al. 2012). Thereby, GAG chains may serve as reservoirs for the
storage of distinct factors.

4.3.5 Chondroitin Sulfate Proteoglycans

The majority of CSPGs is distributed in the interstitial space. The lecticans represent
a prominent family of CSPGs that encompass versican with its isoforms V, V|, V, and
V,, neurocan that is specifically expressed in the CNS, brevican and aggrecan
(8 Fig. 4.3d). The latter is an abundant component of the synovial fluid. In the CNS,
aggrecan is a fundamental constituent of the superstructure known as perineuronal
net (Dzyubenko et al. 2016). Lecticans contain binding domains for hyaluronic acid,
a lectin-like domain and an Ig-like motif. Different from the lecticans, the CSPG
phosphacan is a soluble released isoform of the receptor protein tyrosine phosphatase
(RPTP)-P/C, a large transmembrane receptor that intervenes in tyrosine kinase-
dependent pathways (B Fig. 4.3e). RPTP-p/C and phosphacan have been observed in
the stem cell niches of the CNS and also found associated with gliomas (Reinhard
et al. 2016a). The RPTP-B/C receptor mediates pleiotrophin signaling, which plays a
role in the proliferation of NSCs and glial progenitor cells (GPCs). Interestingly,
RPTPs such as LAR (leukocyte antigen related tyrosine phosphatase) have been
revealed as specific receptors for CSPGs, in particular for their GAG side chains.
Increasing evidence highlights the importance of sulfation patterns of GAGs in that
context.

NG2 (neural/glial antigen 2) is another prominent membrane-based CSPG of the CNS
(B Fig. 4.3e). It is expressed by oligodendrocyte precursors and pericytes of the CNS. The
NG2-expressing GPCs respond to lesion by extensive proliferation. Remarkably, the for-
mation of excitatory synapses on the surface of NG2-positive GPCs has been described
(Faissner and Reinhard 2015).
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4.3.6 Heparan Sulfate Proteoglycans

Different from CSPGs, the majority of HSPGs are associated with the cell membrane. Two
subfamilies can be distinguished, the syndecans and the glypicans (B Fig. 4.3e). Four syn-
decans have been described that are characterized by transmembrane domains. Due to
their heparan sulfate GAG chains the syndecans can bind cytokines at specific binding
sites in the carbohydrate polymer and present the molecules to their respective receptors.
Thereby, syndecans play important roles as co-factors for signaling mechanisms, for
example for FGF-2 (fibroblast growth factor)- or PDGF (platelet-derived growth factor)-
dependent signaling mechanisms. Another function of syndecans is based on cis-
interactions in the membrane that modulate the functions of cell adhesion receptors such
as the integrins and cell adhesion molecules (CAMs) of the immunoglobulin (Ig) super-
family (Sarrazin et al. 2011).

The glypicans are also associated with the cell membrane, but bind there via a small
glycosyl-phosphatidyl-inositol (GPI)-anchor (B Fig. 4.3e). Glypicans are highly mobile in
the membrane and similar to syndecans can interact with signaling proteins by their hep-
aran sulfate side chains. As already mentioned above, the regulated distribution of sulfate
groups along the carbohydrate polymers creates docking sites for distinct signaling mol-
ecules. On that basis, HSPGs are involved in critical signaling processes that are relevant
for developmental mechanisms. For example, signaling by FGFs, by Wnt proteins and also
by Shh depend on and are synergized by interactions with HSPGs (Kraushaar et al. 2013).
All these factors have been found in niche microenvironments where they impact stem
cell behavior. For example, Wnt-signaling drives the proliferation of intestinal stem cells
and FGF-2 promotes the proliferation of NSCs.

4.3.7 Extracellular Matrix Receptors

Integrins are heterodimeric ECM receptors composed of a- and B-subunits (B Fig. 4.3e).
A variety of a- and B-subunits have been discovered that assemble to 23 different integrin
receptors that have been described in the human so far. Distinct integrins display different
binding specificities for ECM glycoproteins. For example, integrin a1f1 is a collagen and
integrin a6p4 is a laminin receptor (Hynes and Naba 2012). The group of p1-subunit car-
rying integrin receptors is particularly large and therefore it is not surprising that
B1-integrin-containing receptors have been implicated in the proliferation of NSCs (Brizzi
et al. 2012; Porcheri et al. 2014). Potential glycoprotein ligands of integrins in the NSC
niche include laminin-1 and Tnc (Faissner and Reinhard 2015; Theocharidis et al. 2014;
Tucker and Chiquet-Ehrismann 2015). As mentioned above, HSPGs of the syndecan fam-
ily modulate integrin functions and thereby intervene in the ECM-dependent regulation
of stem cell behavior.

Further receptors of the ECM include the CAM:s of the Ig-superfamily. Ig-CAMs such
as DCC (deleted in colorectal cancer; B Fig. 4.3e) bind the laminin-related chemokine
netrin-1 and the Ig-protein ROBO (roundabout) is the receptor for the repulsive molecule
slit. Ig-superfamily CAMs also mediate calcium-independent intercellular adhesion. For
example, the polysialylated form PSA-N CAM is expressed by neuronal progenitors
derived from the slowly dividing stem cells of the granular layer in the adult hippocampal
niche of rodents (Faissner and Reinhard 2015).



71
Neural Stem Cells and Their Niche

4.4 CNS Damage and Stem Cells

NSCs are not only present in the developing CNS and in adult niches, but are also associ-
ated with different pathological conditions. After CNS damage, cells with stem cell char-
acteristics have been observed in regions that under healthy conditions are devoid of stem
cells. Additionally, stem cells in the canonical niches are increased in number.

The appearance of potential stem/progenitor cells can be explained by two mecha-
nisms: The first relies on the activation of local cells, whereas the second is based on the
attraction of cells from the adult stem cell niches (B Fig. 4.4a, b). Both effects can be
observed, depending on the type of injury, and do not exclude each other.

Activation of local astrocytes at the lesion site has been found after stab wound injury
(Buffo et al. 2008). After demyelination in the rat spinal cord, NG2-positive glial progeni-
tors respond by re-entering the cell cycle (Keirstead et al. 1998). Activation of the adult
stem cell niche has been shown after stroke. Here, cells in the SEZ increased proliferation
and migrated to the site of damage in the striatum (Arvidsson et al. 2002).

As cells can be attracted from the adult niches to the site of damage, a careful analysis
is needed to verify by which mechanism stem cells are generated in a specific disease.

The fact that stem cells can be found in the diseased CNS leads to the question which
signals induce stem cell properties. All cell types respond to stress induced by damage,
among them are astrocytes, neurons and microglia, the immune cells of the CNS. These
cells produce a plethora of signaling molecules that affect cell survival as well as prolifera-
tion, differentiation or migration. Shh has been identified as an important player in this
context. It induces proliferation of type A cells, the neuroblasts formed in the adult SEZ
stem cell niche. After damage, especially after invasive injury, Shh is expressed and respon-
sible for the stem cell character of astrocytes (Sirko et al. 2013).

a b C
Local activation Activation of adult NSC niches Cancer stem cells

Lv

b7
CNSIesionf stemcell‘ signaling molecules 3 csc b cancer cells a

O Fig.4.4 Stem cells in the lesioned CNS. CNS damage can induce the activation of stem cells that
originate from local cells like astrocytes a or can trigger cells in the adult NSC niches such as the SEZ of
the LV b. Long-range and local environmental cues (blue, arrows) in the lesioned tissue influence the
cellular response. ¢ CSCs appear in tumor tissue and share similarities with NSCs. Also in the tumor, the
cells react to stimuli of the surrounding. CNS central nervous system, CSC cancer stem cell, LV lateral
ventricle, NSC neural stem cell, SEZ subependymal zone
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With respect to the cells” differentiation capacity, a gap is observed between cells that
are isolated and cultivated in the dish (in vitro) on the one side and cells remaining on-site
in the living organism (in vivo) on the other hand. In vitro the activated cells can differen-
tiate into neurons, astrocytes and oligodendrocytes, thereby fulfilling the criterion of mul-
tipotency. In contrast, differentiation found in vivo is often restricted to the formation of
new astrocytes. This discrepancy can be explained by the composition of signaling mole-
cules present after lesion. For example, the surface receptor Notch, which is known to
inhibit the neuronal cell fate, is present after different types of CNS damage. Therefore
cells that are multipotent in principle, will not give rise to new neurons in this environ-
ment. Beside the question of differentiation, the functional integration of neurons, if
formed at all, is a critical aspect. Increasing knowledge about the molecules involved in
these processes can help to adjust therapy to support recovery of patients in the future.

4.5 Cancer Stem Cells in the Central Nervous System

A special case of lesions are tumors. Typically, the tumor mass is formed by a huge number
of heterogeneous cell populations. In cancer tissue from different organs, including the
CNS, cancer stem cells (CSCs) have been found (B Fig. 4.4c). CSCs can originate from
stem cells, but can also derive from differentiated cell types. Accordingly, CSCs are defined
as stem cells by their properties and not by their origin, namely self-renewal, differentia-
tion capacity and formation of a new tumor with a similar cell composition. In addition to
this potential, NSCs and CSCs share a number of similarities, for example in the expres-
sion profile of ECM (Reinhard et al. 2016b).

Several markers for CSCs have been identified so far, among them is the glycoprotein
CD133/prominin-1. Due to the fact that CSCs can initiate new tumors and that they are
often more resistant to standard therapies than other cells of a tumor mass, CSCs are the
target of new therapeutic approaches.

— Take Home Message

1. Neuroepithelial cells are the first stem cells in the neural tube

2. Radial glia cells can generate neurons and glia cells in a timely and spatially
ordered fashion

3. Neurons migrate along radial glia cell processes through the developing tissue

4. Early-born neurons settle in inner cortical layers and later-born ones in outer corti-
cal layers

5. Astrocytes and oligodendrocytes can also be generated from radial glia cells in a
process called gliogenesis

6. The subependymal zone lining the lateral ventricle and the subgranular zone of
the hippocampal dentate gyrus are the two neurogenic regions (neural stem cell
niches) of the adult forebrain

7. Type B cells of the subependymal zone generate transit-amplifying progenitors
(type C cells), which give rise to neuroblasts (type A cells)

8. Subependymal zone-derived neuroblasts migrate through the rostral migratory
stream into the olfactory bulb and give rise to olfactory input-processing interneu-
rons
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10.

11.

12.

13.

14.

Neural stem cells of the subgranular zone (type B cells) generate type D cells,
which give rise to excitatory granule cells (type G cells)

Neural stem cell niches create a privileged environment for the expansion, main-
tenance and neurogenic properties of neural stem cells

The adult neural stem cell niche contains the neural stem cells, transit-amplifying
progenitors, neuroblasts, endothelial cells, leptomeningeal cells and pericytes
The extracellular matrix is a key constituent of the neural stem cell niche that con-
sists of basal lamina structures, a variety of glycoproteins (laminins and tenascin-C),
chondroitin and heparan sulfate proteoglycans as well as complex glycan structures
Damage of the central nervous system can induce stem cell properties in the
adult, but the differentiation capacity of these cells is limited in vivo

Cancer stem cells are found in central nervous system tumors and share similari-
ties with neural stem cells

@ Questions

1.

2.
3.
4

6.

In which order do neural stem and progenitor cells appear?

What are the two neurogenic regions in the adult brain?

Which cell types can be found in the adult neural stem cell niche?

Which extracellular matrix glycoproteins and proteoglycans can be found in the
neural stem cell niche?

Where do the stem cells that are found after central nervous system damage
originate from? Explain the two underlying mechanisms.

How are cancer stem cells defined and from which cells do they derive?

0 Answers

1.

First, neuroepithelial cells are the stem cells, which increase cell numbers by
symmetric divisions and generate first neurons. Then, radial glia cells appear, which
give rise to neurons, astrocytes and oligodendrocytes during neuro- and
gliogenesis. Radial glia cells can also generate intermediate neuronal or glial
precursor cells, which proliferate but are lineage restricted.

The subependymal zone lining the lateral ventricle of the forebrain and the
subgranular zone of the hippocampal dentate gyrus.

The adult neural stem cell niche contains the neural stem cells themselves, transit-
amplifying progenitors, neuroblasts, endothelial cells, leptomeningeal cells as well
as pericytes.

Laminins and tenascin-C glycoproteins, heparan sulfate proteoglycans (syndecans
and glypicans) as well as chondroitin sulfate proteoglycans (lecticans, RPTP-p/¢ and
phosphacan) can be found in the neural stem cell niche.

Central nervous system damage can activate cells locally at the site of damage or
stimulate cells in the adult neural stem cell niches.

Cancer stem cells are defined by their ability to self-renew, their differentiation
capacity and by the potential to form a new tumor with a similar cellular
composition as the initial tumor. Cancer stem cells can derive from stem cells, but
also from differentiated cells.
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What You Will Learn in This Chapter

To understand the biology of skeletal muscle stem cells involved in muscle regeneration,
you have to understand myogenesis in the embryo. In this chapter, the steps and regulators
of myogenesis are introduced. You will learn about the sources of muscle progenitors in the
mesoderm and their distribution in the embryo. During this process, muscle stem cells are
set aside which attach to the muscle fibres as undifferentiated quiescent satellite cells rep-
resenting the main source for muscle growth and regeneration. In addition to satellite cells,
pericytes, endothelial and interstitial cells, mesoangioblasts and side-population cells pos-
sess myogenic potential. You will learn about skeletal muscle specific transcription factors
(MRFs) and their functions. Finally, you will learn about muscle wasting, which occurs dur-
ing aging and muscle dystrophies. In this context, novel stem cell-based approaches involv-
ing reprogramming will be explained.

5.1 Myogenesis in the Embryo

Skeletal muscles, the most abundant tissue in the human body forms about 40% of the
total body mass. It is involved in the control of movement, posture, breathing as well as
control of whole-body metabolism (Frontera and Ochala 2015). The skeletal muscle tissue
is made up of long terminally differentiated multinucleated cells (myofibres) that are
ensheathed in several hierarchies of connective tissues containing blood vessels, nerves
and stem cells. These myofibres contain specialized proteins; actin and myosin that enable
the muscle to perform its contractile function to bring about various movements in the
body as well as maintenance of posture of the body (Sambasivan and Tajbakhsh 2015).
These muscle fibres are formed throughout the body and during the entire life of verte-
brates. The progenitor cells of these elongated multinucleated cells in the vertebrate embryo
originate from distinct mesoderm populations. The muscles of the trunk and its append-
ages are derived from the somites, bilateral paired blocks of paraxial mesoderm that form
along both sides of the notochord and the neural tube (Yusuf and Brand-Saberi 2012).

The somites are initially epithelial spheres filled by losely-packed mesenchymal cells
and are developed in a cranio-caudal sequence to form sequential portions of paraxial
mesoderm (Christ and Ordahl 1995). With progress of the developmental processes, the
somites are transformed into more complex structures: The dorsally located dermomyo-
tome which yields epaxial and hypaxial skeletal muscle (Christ et al. 2000) together with
other derivatives such as angioblasts, dermis and smooth muscle (Kalcheim et al. 1999;
Ben-Yair and Kalcheim 2008), and the ventral sclerotome, which differentiates into axial
cartilages of the vertebral column and ribs (Christ and Ordahl 1995).

The head and neck muscles are heterogeneous in origin. The head muscles such as the
extraocular muscles, muscles of mastication and muscles of facial expression are derived
from cells of the pre-otic paraxial head mesoderm and the prechordal mesoderm. The
pre-otic paraxial mesoderm cells migrate into the first and second pharyngeal arches,
respectively. The other muscles of the head such as the tongue muscles, hypobranchial
muscles and the posterior pharyngeal muscles arise from the occipital somites that migrate
into the third pharyngeal arch. The pharyngeal mesoderm forms the inner core of the
pharyngeal arches and is made up of cells from the paraxial mesoderm and the splanchnic
mesoderm which are almost not separable. The regulatory networks governing the devel-
opment of the craniofacial muscles and the trunk muscles are distinct, both at signaling
level and the level of the transcription factors (Tzahor 2015).
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5.2 Molecular Regulation of Embryonic Myogenesis

Skeletal muscle development in the embryo is controlled both by intrinsic and extrinsic
regulatory pathways. For example, Myf5; MyoD double knockout embryos in which
MRF4 expression is not compromised fail to develop limb and craniofacial muscles
whereas some trunk muscles are developed (Kassar-Duchossoy et al. 2004). On the other
hand, mice lacking both Pax3/Myf5 (and MRF4) are unable to develop trunk muscles but
are able to develop normal head muscles (Tajbakhsh et al. 1997), an indication that differ-
ent molecular pathways are involved in the development of the craniofacial, trunk and
limb muscles. Thus, Pax3 is required for the expression of MyoD in the trunk and not the
head, which is consistent with the absence of expression of Pax3 in the muscle progenitors
of the head (Hacker and Guthrie 1998; Harel et al. 2009).

Specification of skeletal myoblasts develops in the somites in response to signaling
molecules from the neighbouring tissues such as the neural tube, notochord and dorsal
ectoderm (Fan and Tessier-Lavigne 1994). These signaling molecules include the Wnt
family, sonic hedgehog (SHH) and noggin as activators, and Bone morphogenic protein 4
(BMP4) as inhibitor (Hirsinger et al. 1997). In the trunk, expression of SHH and noggin
by the notochord and the floor of the neural tube cause the ventral part of the somite to
form the Pax1 and Pax9-positive sclerotome for vertebral column formation (Huang and
Christ 2000). The ectoderm overlying the somite and the dorsal aspect of the neural tube
express Wnts which in conjunction with the low levels of SHH causes the dorsal portion
of the somite to form the dermomyotome; a sheet-like pseudostratified epithelium with
ventrally curved lips. The cells of the dermomyotome express the paired- and
homeodomain-containing transcription factors Pax3 (the first skeletal muscle-relevant
myogenesis regulator) and Pax7 (Bober et al. 1994). Also, an interaction between the acti-
vating Wnts and inhibitory BMPs directs the dorsomedial portion of the dermomyotome
to form the Myf5-positive muscle precursor cells of the primary myotome. The latter con-
sists of elongated unit-length muscle pioneer cells spreading from the medial to the lateral
extent throughout the myotome (Kahane et al. 2007). According to studies of mutant
mice, the induction of Myf5 in the epaxial myotome relies on SHH (Borycki et al. 1999;
@ Fig.5.1).

The Wnt/f-catenin signaling pathway also regulates multiple steps of myogenesis by
regulating step-specific targets (Suzuki et al. 2015). During the organization of the meso-
dermal epithelia to form somites, Wnt6 signaling from the overlying ectoderm maintains
the epithelial structure of the dermomyotome of the somite. Transduction of Wnt6 signal-
ing by its receptor molecule frizzled7 (Linker et al. 2005) is mediated by paraxis (bHLH
transcription factor; Burgess et al. 1996) and leads to activation of f- catenin required for
the maintenance of the epithelial structure of the somite (Linker et al. 2005). Indeed,
mouse embryos deficient in Wnt/B-catenin signaling are embryonic lethal by E8.5 with
increased cell death (Haegel et al. 1995; Girardi and Le Grand 2018), while those with
conditional depletion of B-catenin in the muscle precursor Pax7+ cell lineage show
reduced muscle mass and slow myofibres (Hutcheson et al. 2009). Moreover, upregulation
of Dkk1/4, a Wnt/B-catenin antagonist (Zorn 2001; Hirata et al. 2011) inhibits muscle
development. Hence Wnt/p-catenin signaling plays a crucial role in skeletal muscle devel-
opment and homeostasis (Suzuki et al. 2015), because the proliferation of adult skeletal
muscle stem/precursor cells is also regulated by Wnt/p-catenin signaling.

The myogenic regulatory factors (MRFs) were the first tissue-specific regulators of
differentiation (Weintraub et al. 1991). They comprise four distinct muscle-specific tran-
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O Fig. 5.1 Signals and genes controlling somite compartment formation. WNTs from the dorsal neural
tube and ectoderm activate Pax3, which is initially expressed throughout the epithelial somite. It is
subsequently maintained only in the dermomyotome, which contains muscle stem cells/progenitors.
The myotome is formed from the dermomyotome in two waves: First, Myf5-positive pioneer cells arise
from the dorsomedial lip of the dermomyotome. In a second wave, myotome cells are recruited from all
four edges of the dermomyotome. The combined influence of activating WNT proteins and inhibitory
BMP4 protein controls MyoD expression in the ventrolateral region to create the hypaxial muscle cell
precursors. Noggin (BMP inhibitor), secreted by the notochord counteracts the BMPs from the lateral
plate. SHH is produced by the notochord and also by the floor plate of the neural tube. It is essential for
the expression of Myf5 in the DML (low levels), and also causes the ventral part of the somite to form the
sclerotome (high levels). Pax1 and Pax9 are induced in the sclerotome, which control chondrogenesis
and vertebra formation. (Adapted from Yusuf and Brand-Saberi (2012))

scription factors (MyoD, myogenin, Myf5 and MRF4) that are involved in the regulation
of myogenesis in the embryo and in vitro. They belong to the basic-Helix-Loop-Helix
superfamily that is involved in establishing as well as maintaining the myogenic lineage
(Naidu et al. 1995). Traditionally, the MRFs were classified in those responsible for myo-
genic specification (,early group“: Myf5 and MyoD), myogenin and MRF4 were consid-
ered as control factors of muscle differentiation (“late group”). MRFs share many common
features and it was later found that they exert overlapping functional activities, e.g. in the
absence of Myf5, MRF4 carries out myogenic determination activity, although it was ini-
tially described to be involved in myotube differentiation (Summerbell et al. 2002;
Kassar-Duchossoy 2004; Moncaut et al. 2013). Despite the overlapping functional activ-
ity of this gene family, the temporal and spatial expression patterns of individual mem-
bers suggest that during normal myogenesis, each plays a unique role in controlling
aspects of skeletal muscle myogenesis (Naidu et al. 1995). Indeed, gene ablation studies of
the MRFs of this gene family showed their involvement in different aspects of myogenesis
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(Hasty et al. 1993; Naidu et al. 1995). For instance, Myf-5 and MyoD act upstream of
myogenin to specify myoblasts for terminal differentiation while myogenin and MRF4
are directly involved in the differentiation process and trigger the expression of myotube-
specific genes (Bentzinger et al. 2012; Ganassi et al. 2018).

5.3 Skeletal Muscle Regeneration

Skeletal muscles have extensive metabolic and functional plasticity as well as a robust
regenerative capacity (Tajbakhsh 2009), which enables them to generate new myofibres
when they are damaged by injuries or diseases (Carlson 1973). This striking regenerative
capacity of skeletal muscle makes it a good tool (Fry et al. 2015) for the study and applica-
tion of regenerative medicine (Church et al. 1966; Zouraq et al. 2013). The satellite cells
between the sarcolemma and the basal lamina of the skeletal muscle syncytium are the
main players in the regeneration of skeletal muscles (Tedesco et al. 2010). The satellite
cells also contribute to the postnatal growth of the myofibre, which is evident by the
higher number (approximately 6-8 times) of nuclei in the adult myofibre as compared to
that of the neonate (Mauro 1961). In addition to the satellite cells, other progenitor cells
including pericytes, endothelial and interstitial cells located outside the basal lamina
have shown some myogenic potential in vitro and after transplantation (Cossu and
Biressi 2005). For some time now, there has been much interest in understanding the
cellular and molecular mechanisms underlying the regeneration of skeletal muscles in
different contexts as such knowledge might contribute to further development of thera-
pies for diseases such as muscular dystrophy; this will be described in more detail in
subsequent paragraphs.

Skeletal muscle regeneration employs essential aspects of embryonic myogenesis, and
it is a very important homeostatic process in the adult muscle, which allows for repair of
damaged muscle fibres. When a muscle fibre is damaged, the satellite cells respond to the
injury by activation and re-entry into the cell cycle. The vast majority of the satellite cell-
derived progenitors exits the cell cycle after one or more rounds of proliferation and enters
a terminal (GO) phase that leads to differentiation, followed by either fusion to one another
to generate new muscle fibres or to repair existing muscle fibres (Olguin and Olwin 2004;
Olguin and Pisconti 2012; @ Fig. 5.2).

There are two concepts to understand the replenishment of the satellite cells in the
regenerating myofibres; first, the activated satellite cells have been shown to divide asym-
metrically giving rise to a daughter cell that has self-renewal capabilities and another
daughter cell that becomes a myoblast (Kuang et al. 2007; Troy et al. 2012; Dumont et al.
2015). Simultaneously, the proliferating myoblasts are induced to upregulate Pax7, which
inhibits myogenin expression and promotes the entry of the cell into a mitotically quies-
cent state (Olguin and Olwin 2004; Wen et al. 2012).

5.4 Stages of Skeletal Muscle Regeneration

Skeletal muscle regeneration proceeds through three sequential but overlapping
stages: inflammatory reaction, satellite cell activation and formation of myofibres, and
remodeling of the newly formed myofibres (Charge and Rudnicki 2004; Ciciliot and
Schiaffino 2010).
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O Fig. 5.2 Skeletal muscle regeneration. During skeletal muscle injury, the satellite cell expressing
Pax7 becomes activated (expressing Pax7, MyoD and Myf5) to enter into the cell cycle. It then divides
asymmetrically giving rise to two daughter cells, one of which strongly expresses Pax7 and hence
re-enters the quiescent state to replenish the satellite cell stock, while the other one expressing MyoD
and Myf5 becomes a myoblast. The myoblast undergoes several cell divisions before cells fuse with each
other and differentiate to form myotubes expressing myogenin. The myotube undergoes remodeling
and maturation to either fuse with existing myofibres to repair the damaged fibre or form an entirely
new myofibre to replace a completetly damaged fibre

During the inflammatory stage, there is an influx of calcium that leads to activation of
calcium-dependent proteases such as calpains that disintegrate the myofibril and other cell
constituents as a result of the damaged sarcolemma. This together with the entry of plasma
proteins and activation of complement cascades induce chemotactic recruitment of neutro-
phils and macrophages (Tidball 2008). The early macrophages (called inflammatory macro-
phages) secrete pro-inflammatory cytokines such as tumor necrosis factor o (TNFa) and
interleukin 1§ (IL-1p) and are responsible for the removal of necrotic tissues from the dam-
aged muscle. At about 24 hours after the onset of injury, these early invading macrophages
expressing CD68 (a marker for late endosomes and lysosomes) reach their highest numbers
and begin to be replaced by a second type of macrophages expressing CD163 (involved in
the removal of proinflammatory ligands), possibly due to a phenotypic switch from CD68+/
CD163- to CD68-/CD163+. These late macrophages, also called anti-inflammatory macro-
phages, secrete anti-inflammatory cytokines such as interleukin 10 (IL-10) that contribute to
the termination of the inflammation and release factors that promote myogenic precursor
proliferation, growth and differentiation (Cantini et al. 2002; Sonnet et al. 2006; Arnold et al.
2007). Thus, macrophages play a central role in skeletal muscle response to injury by remov-
ing necrotic tissues and promoting muscle regeneration (Ciciliot and Schiaffino 2010).

Towards the end of the inflammatory stage, the satellite cells undergo a finely orches-
trated cellular and molecular response to regenerate well functional muscle fibres in two
ways: By producing myocytes that either fuse with the existing functional fibres to repair
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them or fuse with each other to form new myofibres to replace the damaged ones (Charge
and Rudnicki 2004). Nagata et al. (2006) indicated that multiple signals appear to trigger
satellite cell activation, which include sphingosine-1-phosphate synthesized by the plasma
membrane, that stimulate the entry of the satellite cells into the cell cycle. Abrogation of
the synthesis of sphingosine-1-phosphate renders skeletal muscle regeneration defective.
Nitric oxide (NO) has also been found to be necessary for the activation of satellite cells
possibly through the activation of matrix metalloproteinases, which induce the produc-
tion of hepatocyte growth factor (HGF) from the satellite cells. HGF contributes to satel-
lite cell activation (Tatsumi et al. 1998, 2006) and at the same time inhibits satellite cell
differentiation (Miller et al. 2000).

The switch of the myoblasts from the proliferation state to the differentiation state, just as
in embryonic development, appears to be controlled by the Notch-Wnt signaling pathway
with Notch signaling prevalent during the proliferation phase, while Wnt signaling is domi-
nant during the differentiation phase (Conboy and Rando 2002; Brack et al. 2008). After
injury, there is sustained Notch signaling, which ensures proper expansion of the satellite cell
progeny, while the Wnt signaling drives the differentiation process (Brack et al. 2008).

The regenerated myofibres undergo a variety of remodeling and maturation processes
usually based on conditions of the injury such as the type of muscle injury, involvement of
blood vessels and re-establishment of neuromuscular and myotendinous connections
(Ciciliot and Schiaffino 2010). One of the major factors of muscle regeneration is the success-
ful establishment and maintenance of the basal lamina of the fibres within which satellite
cells and myotubes can proliferate and fuse to form normal muscle fibres. In rodents and
humans, freshly regenerated muscle fibres are characterized by the presence of their centrally
located nuclei (Ciciliot and Schiaffino 2010; Fry et al. 2015). Regenerating muscle fibres may
remodel to form different patterns, which include clusters of smaller muscle fibres as a result
of non-fusion of myotubes within the same basal lamina or formation of fork fibres as a result
of fusion at only one extremity (Schmalbruch 1976). After segmental necrosis, regenerative
processes are concentrated at the level of the damaged stump and if the reconstitution of
myofibre integrity is prevented by scar tissue that separates the two stumps, then a new myo-
tendinous junctions will be formed (Jarvinen et al. 2008) to repair the muscle tissue.

5.5 Types of Muscle Stem/Progenitor Cells

More than 50 years ago, the best described stem cells of skeletal muscle were discovered by
Alexander Mauro in transmission electron micrographs: Satellite cells (Mauro 1961). Like
most other skeletal muscle progenitors, they arise from the dermomyotomes of the somites
within the population of Pax3 expressing cells that somewhat later also express Pax7
(Armand et al. 1983; Gros et al. 2005). In contrast to the postmitotic myonuclei, the satel-
lite cells on muscle fibres are mitotically quiescent and can be activated due to injury or
training-stimulated muscle growth. Satellite cells are specified and characterized by the
expression of the paired box transcription factor Pax7 that protects them from apoptosis
and is essential for the production of fetal myogenic progenitors and myofibres (Seale
et al. 2000; Olguin and Olwin 2004; Kassar-Duchossoy et al. 2005; Relaix et al. 2005, 2006;
Hutcheson et al. 2009).

Some of the satellite cells also express Myf5 and are thus committed to muscle forma-
tion. While the latter are considered as muscle progenitor cells, Pax7+ Myf5- cells are
regarded as multipotent stem cells (Asakura et al. 2001). The expression of Myf5 depends
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on epigenetic changes of the Pax7 as well as the Myf5 locus. First of all, Pax7 has to be
methylated at several arginine residues by an arginine methyltransferase called CARM1
(Kawabe et al. 2012). Subsequently, a histone methyltransferase complex is recruited to
the Myf5 locus to allow for Myf5 transcription. However, Myf5 is not translated into pro-
tein immediately, but sequestered in mRNP granules (Crist et al. 2012). In this way, satel-
lite cells are maintained in the quiescent state, but at the same time are poised for rapid
entry into myogenic differentiation upon activation.

The aforementioned chromatin remodelling processes go along with the occurrence of
asymmetrical divisions during which two kinds of daughter cells are being generated: the
Myf5+ daughter cells poised for muscle differentiation and their Myf5- sisters that will
remain quiescent stem cells. These asymmetrical divisions are also controlled by miRNA-
489, which maintains stemness and quiescence in one of the daughter cells by inhibiting
the translation of the oncogene DEK that leads to the proliferation of committed progeni-
tor cells upon activation (Cheung et al. 2012). Furthermore, miRNA-31 is a component of
the mRNP granules in poised daughter cells. It targets Myf5, thus preventing its transla-
tion (Crist et al. 2012).

In contrast to the situation in the trunk and limbs, satellite cells in the head and neck
region are independent of the Pax3 pathway. Here, satellite cells are derived from the non-
somitic cranial paraxial mesoderm and express Mesp1 and Isl1 (Harel et al. 2009). However,
Pax7 is activated also in head muscle progenitors during the fetal period and retained in
adult satellite cells (Sambasivan et al. 2009; Gnocchi et al. 2009). In addition to the tran-
scription factor Pax7, surface markers have been established in satellite cells, among them
c-met, M-cadherin, syndecan3 and 4, Vcam-1, NCAM-1, and CD34, E-cadherin, Vcam1,
Icam1, Cldn5 (claudin 5), Esam (endothelial cell-specific adhesion molecule), and Pcdhb9
(Cornelison and Wold 1997; Irintchev et al. 1994; Beauchamp et al. 2000; Fukada et al.
2007). Interestingly, some of these cell surface molecules are shared with hematopoietic
stem cells or with endothelial cells pointing to a common derivation within the mesoderm
(Kardon et al. 2002), an issue to be kept in mind when reading the following paragraph.

The satellite cell niche is complex and comprises the extracellular matrix and neigh-
bouring cells, which includes the cell contacts and secretome of the latter. The cellular
neighbourhood of satellite cells comprises the myofibre, fibroblasts (interstitial cells) and
endothelial cells of the capillaries (Christov et al. 2007). During inflammation, it also con-
tains inflammatory cells. The endothelial cells can fuel the proliferation of satellite cells by
IGF1, HGE FGF2, VEGF and PDGFBB (Christov et al. 2007). Interestingly, myoblasts
derived from satellite cells and cultivated in dispersed culture employ mechanisms of dif-
ferentiation that differ from the ones in the presence of their niche, i.e. if they are cultivated
together with their myofibre. A key regulator in support of myoblast quiescence in satellite
cell-derived myoblast maintained in their niche is the oncogene p53, whereas the major-
ity of dispersed myoblasts are undergoing differentiation upon downregulation of the
ERK1 pathway after 3 days in culture (Flamini et al. 2018).

5.5.1 Interstitial Cells: Derived Muscle Stem Cells

Although satellite cells are the main source of muscle stem cells (reviewed by Relaix and
Zammit (2012)), several other cells with myogenic potential have been described in the
past. However, their topography is less well defined, because with one exception (for
blood-derived myogenic stem cells, see below) all are residing outside the basement mem-
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brane of the myofibre within the surrounding connective tissue (“interstitium”) in a
stricter or broader sense. Some of them cling tightly to vessels. All of these myogenic
progenitor cells differ in their potential to contribute to skeletal muscle regeneration by
engrafting into preexisting myofibres to a certain extent, which may also partially depend
on the assays used by the experimentors. The borders between the subpopulations are
floating and the terminology in the literature partially depends on authors and their par-
ticular experimental approaches.

Based on their transplantation efficiency, the most important ones next to satellite cells
are pericytes (Dellavalle et al. 2007). Fully mature pericytes are highly branched cells
accompanying the microvessels in all body tissues. They are regarded as tissue-specific
adult stem cells (Dellavalle et al. 2007, 2011) The ancestry of pericytes is diverse and con-
sequently, several subtypes of pericytes can be distinguished on the basis of their markers
and differentiation behaviour (Birbrair et al. 2013). Although their developmental origin
remains elusive, muscle-derived pericytes share with brain-derived pericytes NG2 proteo-
glycan and with many others the more ubiquitous PDGFRs (Balabanov et al. 1996) and
transitorily the intermediate filament Nestin, the decline of which can be used to distin-
guish pericytes with a myogenic potential from those with a neurogenic potential (Birbrair
etal. 2013). The marker that distinguishes muscle pericytes from other pericytes as well as
from satellite cells is Alkaline Phosphatase (AP). AP is neither found on satellite cells nor
on myofibres (Dellavalle et al. 2007, 2011). Using AP, it was shown by genetic reporter
expression (inducible Alkaline Phosphatase CreERT2) that AP-positive pericytes contrib-
uted to developing myofibres as well as to the satellite cell pool. Pericytes have been dem-
onstrated to participate in muscle growth also in vivo (Dellavalle et al. 2011).

For our understanding of muscle dystrophies, it is important to note that pericytes also
contribute to the production of adipose tissue and connective tissue within aging or dis-
eased skeletal muscles (fibro-adipogenic progenitors, FAPs). In this context interestingly,
two subtypes of muscle pericytes can be distinguished on the basis of PDGFRa: Type-1
muscle pericytes positive for both factors participate in adipogenesis and collagen pro-
duction, whereas PDGFRa negative type-2 muscle pericytes are involved in myogenesis
and angiogenesis (Birbrair et al. 2014; Lemos et al. 2015). Although pericytes have been
shown to enter the satellite compartment, it has also been suggested that they exert addi-
tional interactive functions that have a positive impact on myogenesis. In this way the
reinnervation of skeletal muscle via the recruitment of Schwann cells from pericytes is
affected (Birbrair et al. 2013). Secondly, the angiogenic contribution to regenerating mus-
cle is affected (Birbrair et al. 2014) and a third effect has been described via paracrine
interactions from pericytes to satellite cells as well as endothelial cells which have been
shown to be close neighbours (Christov et al. 2007).

Apart from pericytes, interstitial cells expressing PW1 (PW1+ interstitial cells; PICs)
have been described to contribute to myonuclei in regenerating muscle (Relaix et al. 1996;
Mitchell et al. 2010; Besson et al. 2011; Pannérec et al. 2013). PW1 is a zinc-finger tran-
scription factor that interacts with the TNF receptor-2 and is also involved in the p53 axis,
whereby it regulates the stress response, also in myoblasts (Schwarzkopf et al. 2006). PW1
is encoded by the paternally expressed gene 3 (PEG-3) and has been found to be a reliable
marker for adult stem cells that can significantly contribute to the regeneration of tissues
of ectodermal, mesodermal and endodermal origin (Besson et al. 2011). In invertebrates
(planarians), pluripotent adult stem cells (neoblasts) capable of regenerating the whole
body express Piwi, an orthologue of PW1. In vertebrates, PICs are multipotent, but have a
strong preference to differentiate towards the mesodermal lineage, especially skeletal and
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smooth muscle tissue (Mitchell et al. 2010). Those involved in skeletal myogenesis start to
express Pax7 in vivo only in response to local stimuli that recruit them to sites of muscle
injury and the satellite cell compartment.

Mesenchymal-like cells closely abutting the endothelium of larger vessels have been
detected and characterized by FLK1 expression (VEGFR2, KDR, CD309) that can par-
ticipate in myogenesis under experimental conditions as well (Minasi et al. 2002;
Sampaolesi et al. 2003; reviewed by Cossu and Bianco (2003)). These cells are called meso-
angioblasts, because of their potential to adopt the angiogenic or the myogenic fate. When
they were isolated from healthy dogs and grafted to the dystrophic Golden Retriever,
muscle regeneration was significantly improved (Sampaolesi et al. 2006).

Such cell populations in the interstitium resemble mesenchymal (stromal) stem cells
(MSCs) in morphology and topography resulting in ongoing discussions about whether
or not mesenchymal stem cells can give rise to muscle cell types. First of all, care should be
taken to distinguish between skeletal and smooth muscle cells, secondly MSC markers do
not overlap with myogenic progenitor markers.

5.5.2 Side-Population

The so-called side-population (SP) represents another group of myogenic progenitors
(Gussoni et al. 1999). The term “side population” which is not restricted to muscle stem/
progenitor cells refers to the fact that this cell pool is not detected by the usual set of mark-
ers applied by flow cytometry for a particular cell population of interest, such as muscle
stem/progenitor cells (Golebiewska et al. 2011).

SP cells express the membrane protein ABCG2 (ATP-binding cassette transporters)
that is also found in hematopoietic stem cells and has been implied in therapy (multidrug)
resistence in cancers. In the case of stem cells bearing this transporter, it is responsible for
the exclusion of the dye Hoechst 33342. Thus, the myogenic SP cells are Hoechst-negative
(Gussoni et al. 1999; Asakura et al. 2002).

The fact that some of the side population cells also express syndecan 3 and syndecan 4
(regarded as satellite cell markers) along with ABCG2 contributes to the difficulty or even
impossibility to characterize muscle progenitor cell subpopulations without any overlap
(Tanaka et al. 2009).

5.5.3 Blood-Derived Muscle Stem Cells

In contrast to the aforementioned groups of muscle stem/progenitor cells that reside
within complex tissues (muscle resident), a fraction from the peripheral blood consisting
of monocytes has been described to have myogenic potencies: The CD133-positive cells
(Torrente et al. 2004; Péault et al. 2007; Negroni et al. 2009). CD133 is another name
derived from the hematopoietic nomenclature for the multipass transmembrane protein
Prominin-1, at first described in murine epithelial tissue (Weigmann et al. 1997) and also
a well-known marker of hematopoietic stem and its AC133 epitope is also found on
VEGFR?2 of endothelial progenitor cells (Shmelkov et al. 2005).

From the clinical angle, it has enormous technical and patient-friendly advantages to
obtain such stem cells from the patients’ blood. Thus, the CD133+ cell has received much
attention and has successfully been used in gene therapy (Torrente et al. 2007). The coexpres-
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sion of CD34 allows predictions regarding the proliferative and differentiation behaviour of
the CD133+ cells where CD133+/CD34+ cells had a higher myoblast/myotube fusion index
after intramuscular injection and even yielded a better outcome in comparison to satellite
cells due to a higher migration activity within the host muscle (Negroni et al. 2009).

5.6 Muscular Dystrophies

Muscular dystrophies are inherited diseases usually regarded as a distinct heterogeneous
group of diseases that belong to the larger group of myopathies. They are characterized by
progressive muscle wasting in an early life phase caused by defects or absence of structural
proteins in the muscle tissue that can lead to severe mobility impairment and even a
restricted lifespan. They have in common the histological aspect that is mainly character-
ized by variations in muscle fiber diameter due to different stages of regeneration attempts,
and the invasion of macrophages and inflammatory cells. As the disease advances, the
skeletal muscles accumulate fibrous and adipose tissue in replacement of the functional
muscle tissue (Emery 1993).

We will restrict ourselves here to the brief introduction of three common congenital mus-
cular dystrophies: Duchenne’s muscular dystrophy (DMD), and its milder variant Becker’s
muscular dystrophy (BMD), and Limb girdle muscular dystrophy (LGMD) in which the
underlying mutations have been identified. DMD is an X-linked disease affecting male new-
borns with an incidence of about 1 in 3600 per year (Greenberg et al. 1988). Like BMD, it is
caused by different kinds of mutations in the largest human gene, encoding the sarcolemma
protein dystrophin. Dystrophin is a major component of the dystrophin-dystroglycan complex
that combines the cytoskeleton of the myofibre to the extracellular matrix of the endomysium.
The gene spans more than two megabases and contains 79 exons and the described mutations
comprise frameshifts, deletions and nonsense point mutations resulting in the absence of a
functional dystrophin protein. As a consequence, the myofibres are destabilized during con-
traction and their myonuclei become apoptotic (Meryon 1851, 1852; Duchenne 1868).

Affected boys show weakness in the muscles of their shoulder and pelvic girdles and
proximal leg muscles during the first 5 years of life. Patients suffer progressive muscle
wasting, which results in the loss of ambulation at 12 or 13 years of age (reviewed by
Emery (1993)). The life expectancy has recently slightly increased as a result of improve-
ments in the medical care to about 30 years, however, secondary complications such as
infections of the respiratory system and coagulative disorders in the context of surgical
interventions may still cause a lethal outcome before the patients reach their twenties.
Dystrophin is also an essential component in cardiac muscles; thus, dilatative cardiomy-
opathy is observed in patients after 10 years and heart failure is one of the inevitable causes
of death in DMD patients (Emery 1993).

BMD is less abundant and dystrophin is usually not absent, but present at compro-
mised quantities and qualities, such as shortened dystrophin variants. Thus, it shows typi-
cally a later onset at the age of about 12 years and is much less debilitating than DMB.

In contrast to DMD and BMD, Limb Girdle Muscular Dystrophy (LGMD) is an autoso-
mal inherited disease and comprises a somewhat heterogeneous group of muscular dystro-
phies with 31 different underlying causes (reviewed by Nigro and Savarese (2014)). It can
thus be divided into different types depending on the underlying genetic disorders. Thereof,
eight mutations are autosomal dominant and 23 are autosomal recessive. The dominant
forms (LGMD1) comprise for example myotilin (LGMDI1A), lamin A/C (LGMD1B), cave-
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olin 3 (LGMDIC), desmin (LGMDI1E); the recessive ones comprise for example calpain
(LGMD2A), dysferlin (LGMD2B), y sarcoglycan (LGMD2C), a sarcoglycan (LGMD2D), f§
sarcoglycan (LGMD2E), & sarco- glycan (LGMD2EF), telethonin (LGMD2G), titin
(LGMD?2)), dystroglycan (LGMD2P), and again desmin (LG- MD2R), to name just a few.

In LGMD 1b, the LaminA/C (LMNA) gene is mutated, a feature shared with the
Emery-Dreyfuss muscular dystrophy (Morris 2001; Bonne et al. 2000). The lamins are
major constituents of the nuclear membrane and loss of function results in compromised
cell function and survival. Thus, disruption of cell membrane components is not the only
underlying disorder, which causes muscular dystrophies.

After reading the preceeding paragraphs of this chapter, you may wonder why satellite
cells are unable to compensate for the loss of myofibres in muscular dystrophies, in par-
ticular in the case of defective dystrophin, which was not considered to be expressed in
satellite cells (Miranda et al. 1988; Huard et al. 1991). In general, the failure of stem cell
therapies was considered to be a result of stem cell exhaustion, similar to the situation in
aging muscle (Sousa-Victor and Munoz-Canoves 2016).

However, it has been shown only recently that dystrophin is indeed present also prior
to muscle differentiation and that it is critically involved in the asymmetrical divisions
occuring during the activation of satellite cells in mdx-mice, a well established murine
model for studying Duchenne muscular dystrophy (Dumont et al. 2015; Chang et al.
2016). Since asymmetrical divisions between Myf5+ and Myf5- satellite cells form the
basis of generating daughter cells that are competent to enter the differentiation pathway
(Myf5+) and to participate in the regeneration of myotubes after satellite cell activation
(Kuang et al. 2007), loss of polarity results in a loss of asymmetrical divisions and a failure
to produce myogenic satellite cells. Dystrophin associates with the asymmetry regulating
proteins Mark2 (Parlb), a Ser/Thr kinase which enables the polarized distribution of
Pard3 resulting in the asymmetric activation of p38/a/b and myogenic commitment of
daughter cells. Loss of function in the Par complex results in abrogation of asymmetrical
division and ensuing absence of myogenic differentiation (Troy et al. 2012). During this
process, the dystrophin+ cell is maintained as satellite stem cell, whereas the other daugh-
ter cell is the satellite progenitor cell that enters into the myogenic program (8 Fig. 5.3).

5.7 Stem Cell-Based Therapies

Until now, there has been no cure for the muscular dystrophies. Thus, therapy revolves
around surgical interference for contractures, attention to respiratory care and cardiovas-
cular complications. In the past decades, muscular dystrophies have been treated mainly
to slow down the process of muscle loss, primarily by interfering with the secondary
events such as immune response by administration of glucocorticoids to the patients.
Causative gene-therapies aiming at the restoration of a functional dystrophin by trans-
genic approaches have faced a number of problems. First of all, dystrophin is the largest
gene in the human genome. High-capacity adenoviral vectors can accommodate and
transfer full lengh dystrophin (Clemens et al. 1996), however the expression just persists
transiently episomal and holds risks for human patients due to likelihood of an immune
response or other complications resulting from the viral vectors. To overcome this diffi-
culty, scientists have designed shortened versions of dystrophin comprising only the most
essential exons, which could be incorporated into integrating systems like retro/lentiviral
vectors or adeno-associated vector (AAV). Alternatively, another related smaller protein
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B Fig. 5.3 Cell polarity defect in dystrophin deficient satellite cells. a Normal satellite stem cells undergo
asymmetric division upon dystrophin-dependent polarization of MARK2 and PARD3 to opposite sides along
the apicobasal axis of the dividing cell. This results in asymmetrical distribution of cell fate determinants
such as mediators of Notch signaling during mitosis to enforce different cell fates (stem cell self-renewal
and myogenic commitment). b Dystrophin-deficiency leads to downregulation of MARK2 in the satellite
cells resulting in equal distribution of PARD3 within the dividing cell. The absence of these polarity cues and
the abnormal mitotic progression cause the satellite stem cells to undergo cell cycle arrest and they may
enter senescence. (Graph redrawn and modified on the basis of Fig. 4 in Chang et al. (2016))

linking the cytoskeleton with the extracellular matrix in developing muscle, called utro-
phin (“dystrophin-related protein”) has been explored to fulfill substitution of dystrophin
function (Helliwell et al. 1992; Miura and Jasmin 2006). Adeno-associated vectors that can
efficiently transduce satellite cells still have to be explored in more detail, because the com-
monly used AAV6 and AAVS8 serotypes that transduce skeletal muscle successfully fail to
transduce satellite cells or at very low efficiencies, rendering the delivery of functional
dystrophin genes into satellite cells a challenge (Arnett et al. 2014; Chang et al. 2016).

To date, one of the most promising approaches is exon-skipping. The exon-skipping
approach is offered by a few companies uses antisense-oligonucleotides to hide or mask
particular defective exons in the gene sequence of the dystrophin gene, in order to avoid
the truncation of the dystrophin protein during translation. Instead, a shorter but partially
functional gene product will ensue. This will result in a milder manifestation of the dis-
ease, comparable to that of Becker’s muscular dystrophy. Depending on the mutation, not
all patients can benefit from the exon-skipping method (Fletcher et al. 2010; Aartsma-Rus
et al. 2009). Especially frame-shift mutations constituting more than 80% of Duchenne
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patients are amenable to this approach (Pichavant et al. 2011; Koo and Wood 2013). So far,
only a small number of products have been approved by the FDA and the treatment
involves regular (weekly) infusions of the patients with the oligonucleotides.

In mdx mice, the CRISPR/Cas approach in vivo combining systemic and local admin-
istration of Cas9 and guide RNA, respectively, resulted in a partial rescue of the mdx
phenotype (Long et al. 2016; Nelson et al. 2016; Tabebordbar et al. 2016). The immense
potential of the CRISPR/Cas approach for genome editing of dystrophin is being exploited
and refined successfully (Amoasii et al. 2017).

In order to achieve more lasting effects in human patients, genome editing in skeletal
muscle stem cells or induced pluripotent stem cells (iPSC)-derived muscle cells appears to
be an approach that should be developed and pursued in future efforts. The difficulty of ex
vivo expansion and transducing satellite cells still needs to be solved. On the other hand,
the generation of functional satellite-like cells from human iPSCs has turned out challeng-
ing. Two-dimensional culture systems with growth factors administrations over several
weeks show success in provision of Pax7+ satellite cells from human iPSCs (Chal et al.
2015, 2016). The current challenge is to take the complexity of skeletal muscle develop-
ment in the near-natural tissue context into account and develop three-dimensional
‘organoid’ differentiation systems (Brand-Saberi and Zaehres 2016).

Recent advances on tissue culture conditions reaching beyond media and soluble fac-
tors, have further revealed that a relatively elastic environment enhances the myogenic
properties of stem cells (Gilbert et al. 2010; Hosseini et al. 2012). In particular, organoids
aiming at disease modeling are rapidly developing also in combination with bioprinting
approaches (Brand-Saberi and Zaehres 2016; Kim et al. 2018). In summary, interdisciplin-
ary approaches combining 3D organoid cultures, bioprinting and genome editing appear
particularly exciting and promising steps in the process towards understanding and treat-
ing skeletal muscle diseases.

— Take Home Message

1. Skeletal muscle progenitors of the trunk and limbs arise from the dermomyo-
tomes of the somites. Head and neck muscles are derived from the unseg-
mented preotic, the prechordal, the paraxial and splanchnic mesoderm.

2. The key regulatory factors of skeletal muscle specification and differentiation
belong to the MyoD family of bHLH transcription factors: MyoD, Myf5, Mrf4 and
Myogenin, summarized as the muscle regulatory factors (MRFs).

3. The best characterized and most abundant muscle stem cells are the satellite
cells, but several other cell types in the interstitium and the blood have been
shown to have myogenic competence; they are characterized by a plethora of
different marker combinations.

4. Satellite cells depend on the paired box transcription factor Pax7 for their
maintenance. They remain in a quiescent state and can undergo asymmetrical
divisions upon activation.

5. Muscular dystrophies are inherited muscle wasting diseases still lacking cure; in
some of them, cardiac muscle is also affected, for example Duchenne’s muscular
dystrophy, an X-linked lethal disease.

6. Stem cell-based approaches are being developed for disease modeling in vitro
as well as for patient treatment combining organoid cultures, bioprinting and
genome editing in the future.
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What You Will Learn in This Chapter

This chapter is focused on highlighting the efforts that researchers have made to better
elucidate the complexities of the human heart. It will explore what we know about the cel-
lular composition of the heart and interactions in vivo and how this knowledge has subse-
quently been used to model the heart in vitro, including using stem cells to obtain
cardiomyocytes. Building on this, you will learn about current cardiac tissue engineering
approaches and how in vitro models are constantly being adapted to advance cardiac
research and the advantages and challenges associated with it.

6.1 Introduction

The most critical function of the human heart is to pump blood and transport nutrients
and oxygen to the entire body — a process requiring approximately 3 billion contractions
and resulting in nearly 200 million litres of blood delivery in the average lifespan (Pomeroy
et al. 2019). This process is controlled by the four heart chambers and the accompanying
valves. It requires that the ventricular cardiac muscle produces forces strong enough to
pump blood throughout the entire body down to the distal tips of extremities — and sub-
sequently back to the heart against gravitational force. Within the cardiac tissue structure,
cardiomyocytes (CMs) account for the largest volume, but are surrounded by a number of
supporting, yet vital non-myocytes. These mainly include blood vessel- and capillary- lin-
ing endothelial cells (ECs), blood vessel-supporting smooth muscle cells (SMCs), connec-
tive tissue-forming fibroblasts (FBs) as well as tissue-perfusing blood cells and specific
neurons. Together, these cells are embedded into an extracellular matrix (ECM), which is
vital to ensure the required tissue stability and rigidity of the heart (Kurokawa and George
2016; Kofron and Mende 2017). The orchestrated coordination of the complex contrac-
tion pattern of the heart is controlled by intercellular communication and an underlying
network of tightly regulated biochemical, electrical and biomechanical cues. These mech-
anisms must particularly ensure the correct contractility of the pump-force-generating
CMs, which form a functional syncytium within the individual heart chambers (Wanjare
and Huang 2017).

6.2 Composition, Structure and Function
of Native Human Heart Tissue

Communication between the CMs and non-myocytes is critical for cardiac development
and function (Kofron and Mende 2017). Furthermore, the non-myocytes are of utmost
importance following cardiac injury such as myocardial infarction (MI) which may occur
as a consequence of coronary heart vessel occlusion (Zweigerdt 2007). CMs have essen-
tially no proliferation/regeneration potential and hardly respond to apoptosis and necro-
sis resulting from MI-induced tissue ischemia. In contrast, non-myocytes — and in
particular cardiac fibroblasts and blood-born immune cells - alter their phenotype
towards proliferation and secretion of enzymes and chemical mediators to reorganise the
extracellular matrix. Consequently, in a process known as tissue remodelling, terminally
depleted CMs are “replaced” by the formation of an akinetic, stiff fibrotic scar (Gray et al.
2018). This process prevents heart rupture but cannot compensate for the loss of contrac-
tile function and may eventually lead to heart failure (Andrée and Zweigerdt 2016).
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ECs form a barrier between the myocardium and the perfusing blood while being part
of a high-density capillary network penetrating the oxygen- and nutrition-demanding
heart tissue. These cells communicate with CMs by having roles in cardiac development,
vascular homeostasis and in supporting CM organisation and survival (Gray et al. 2018;
Aird 2007). This communication is typically based on the release of specific paracrine or
autocrine factors such as nitric oxide (NO), endothelin-1 (ET-1) and Neuregulin (NRG-
1). NO is known to be involved in vascular relaxation and has been shown to have cardio-
protective effects (Paulus et al. 1994; Jones et al. 2003) whereas ET-1 is an important
regulator of cardiac pathophysiology and plays a substantial role in cardiac development
(Leucker and Jones 2014). Finally, NRG-1 has been shown to have a vital role in the main-
tenance of normal cardiac structure and function, due to NRG-1/ErB4 signalling (Slamon
et al. 2001; Falls 2003).

FBs are currently considered to be the most abundant cell type within the heart
(Souders et al. 2009). Besides being crucial for cardiac development and function,
these cells have vital roles in ECM remodelling, electrical coupling and paracrine sig-
nalling (Rother et al. 2015). Cardiac FBs are the main producers of collagens, fibronec-
tin, elastin, glycoproteins, proteoglycans and matrix metalloproteinases (MMPs), all of
which are found in the ECM (Fan et al. 2012). When directly coupled to CMs, cardiac
FBs allow propagation of electrical signals via connexins and can have substantial
effects on the electrophysiology of CMs (Camelliti et al. 2004; Yue et al. 2011). They
also crosstalk with ECs and macrophages to promote matrix synthesis and angiogene-
sis (Gray et al. 2018).

6.2.1 Quantitative Assessment of the Cellular Composition
of Heart Tissue

Based on the function and importance of non-myocytes, the cardiac cellular composition
and interplay can therefore be considered as an essential focus for numerous studies, the
most relevant of which have been reviewed by Zhou and Pu (2016). The first studies aim-
ing to identify the cellular composition of the heart were in the late 1970’ — early 1980’
and analysed samples from both human and rat hearts - specifically papillary muscles and
ventricles. These studies found that in the human heart ECs were the most abundant in
volume fraction, being nearly two-fold higher than CMs; and FBs being two-threefold
less abundant than the CMs (Anversa et al. 1978; Zhou and Pu 2016). Later studies in rats
suggested that FBs were in fact more prevalent than previously shown and that all three
cell types were present in a nearly 1:1:1 ratio (Anversa et al. 1980). However, most recent
studies again suggest that ECs are the most abundant cell type — at least in mouse hearts —
which was confirmed by stereology and flow cytometry (Pinto et al. 2016). Finally, when
considering the cell composition within the human heart, the most comprehensive study
to date was by Bergmann and colleagues (Bergmann et al. 2015), where left ventricular
(LV) tissue samples were analysed by means of stereology and flow cytometry, using
PCM1, Ulex Europaeus Agglutinin I (UEA1) and the remaining unmarked cells as indica-
tors of CMs, ECs and mesenchymal cell populations respectively. Stereological methods
indicated 18% CMs, 24% ECs and 58% mesenchymal cells (used as a more general term
for fibroblast-like cells), while flow cytometry suggested 33% CMs, 24% ECs, and 43%
mesenchymal cells. Although the two methods yielded different numbers for each cell
population, the consensus was with the FB population, which was the most abundant cell
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population within the human heart if LV tissue samples were to be considered as an ade-
quate representative of the whole organ.

However, to date, the cell composition within the cardiac environment remains an
estimate due to the major variations in studies performed so far, coupled with the lack of
further studies, appropriate techniques and suitable markers to identify individual cell
populations.

6.3 The Unlimited Availability of Human Pluripotent Stem Cell
(hPSC)-Derived Cardiomyocytes (hPSC-CMs) Supports
Research in Drug Development, Disease Modelling,

Heart Regeneration and Heart Development

The damaged human heart has very limited potential for renewal and organ transplanta-
tion is therefore currently the standard treatment for acute heart failure. However, short-
age of organ supply and side effects of accompanying immunosuppression, which is
required to avoid transplant rejection, highlights the strong need for alternative treat-
ments. This has led to the advent of cardiac regenerative therapies, which has centred on
human pluripotent stem cells (hPSCs) in recent years. The application of hPSCs, including
embryonic and induced pluripotent stem cells (hESCs and hiPSCs), provides promising
options for regenerative medicine. At the pluripotent stage, these cells have - in princi-
ple — an unlimited expansion and differentiation potential in vitro, including the genera-
tion of bona fide CMs (Xiu et al. 2009; Weber et al. 2016), ECs (Olmer et al. 2018), blood
cell progenies (Ackermann et al. 2018; Eicke et al. 2018) and other functional lineages
specific to the heart or any other organ.

With respect to the generation of hPSC-derived cardiomyocytes (hPSC-CM), target-
ing the WNT and/or bone morphogenetic protein (BMP) signalling pathways (to mimic
their role at specific stages of heart development), has been effectively applied to direct
hPSCs’ cardiomyogenic differentiation (Kempf and Zweigerdt 2017; Kempf et al. 2016a;
Kehat et al. 2001; Chen et al. 2012; Lian et al. 2013; Zhang et al. 2012; Burridge et al. 2014).
Recent research has also focused on delivering CMs in large quantities, at relatively high
purities (Kropp et al. 2016; Kempf et al. 2015) and with a more mature phenotype (Jiang
et al. 2018). Finally, if derived from patient-specific hiPSC lines, CMs could be patient-
compatible, thereby minimizing their immunogenicity (Batalov and Feinberg 2015;
Moran et al. 2014). Together, hPSC-CMs provide a continuous source of cells, which has
recently enabled both their routine use for in vitro experimentation and substantial prog-
ress towards their future application for heart repair in vivo (Batalov and Feinberg 2015).

In terms of in vitro applications, hPSC-CMs have been used for modelling of cardiac
disorders, drug discovery / safety pharmacology and developmental studies. By utilising
hiPSCs from specific patients, both monogenic and complex multifactorial disorders have
been modelled (Giacomelli et al. 2017a), including cardiac arrhythmia and channelopa-
thies (Egashira et al. 2012; Liang et al. 2013; Ma et al. 2015), cardiomyopathies (Carvajal-
Vergara et al. 2010; Caspi et al. 2013; Ma et al. 2013), cardiometabolic diseases (Kawagoe
et al. 2013; Hashem et al. 2015; Raval et al. 2015) as well as non-cardiovascular diseases
displaying cardiac traits (Lin et al. 2015).

Moreover, it is thought that by using hPSC-CMs for drug screening and safety phar-
macology, the limitations of current in vitro assays for drug development could be reduced
(Matsa and Denning 2012).
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At present, these tests still largely rely on primary CMs from animal sources, which
have inadequate physiological properties. While healthy human hearts have a beating rate
of ~60-70 bpm during a resting state, rodent hearts beat at 250-500 bpm. Additionally,
the human Ether-a-go-go-Related Gene (HERG) channel, a crucial K*-channel involved
in repolarization of the human heart, is non-existent in mouse hearts. This is a consider-
able limitation since the HERG channel is not only involved in the human long QT syn-
dromes (due to mutations in the HERG gene), but is often inadvertently affected by diverse
drugs, makingita point of concern during pharmacological drug development (Sanguinetti
and Tristani-Firouzi 2006; Mummery 2018). However, hPSC-CM:s have been readily used
in a number studies which aimed to model human cardiac arrhythmias and channelopa-
thies, revealing not only expected effects of established drugs, but also aiding in under-
standing of the underlying disease mechanism (Egashira et al. 2012; Liang et al. 2013;
Moretti et al. 2010; Wang et al. 2014).

Importantly, by studying the differentiation process from hPSCs to CMs, mechanisms
controlling early human cardiogenesis can be better investigated and deciphered (Gaspari
etal. 2018; Konze et al. 2017; Rajala et al. 2011). This knowledge, in parallel to the optimi-
zation of cardiogenic differentiation protocols, has supported the identification of path-
ways playing the most critical roles in cardiac specification, namely the WNT, FGE, BMP
and TGFf3/activin/NODAL signalling pathways (Matsa and Denning 2012).

These examples highlight that hPSC-CM:s are a valuable tool for the understanding of
cardiac development, diseases and drug response and, if used in the right environment,
can provide unmatched insights into these aspects.

6.4 2D Versus 3D Cell Culture Models

While two dimensional (2D) models have proven to be useful for initial in vitro hPSC-CM
studies in terms of cell characterisation, developmental studies and disease modelling or
drug screening (Liang et al. 2013; Caspi et al. 2009; Matsa et al. 2011; Navarrete et al.
2013), it has become increasingly more evident that cells need to be cultured in a 3D
microenvironment in order to more accurately mimic in vivo conditions (Griffith and
Swartz 2006). Pitfalls of 2D research with regards to hPSC-CMs include, but are not lim-
ited to, the immature “fetal-like” phenotype of hPSC-CMs and structural/cellular align-
ment of CMs (Robertson et al. 2013). While 3D cell culture cannot completely overcome
these challenges, studies have shown that it can be an improvement. Multicellular tumour
spheroids have been used for more than three decades (Sutherland 1988) and have been
shown to demonstrate enhanced sensitivity to chemotherapeutic agents due to altered
gene expression in comparison to 2D culture models (Dubessy et al. 2000).

Notably, the first evidence of enhanced function in 3D was as early as 1959, when
Moscona demonstrated that 3D aggregations of embryonic chicken CMs showed
improved functionality compared to standard 2D culture of the same CMs (Moscona
1959; Hirt et al. 2014).

Generally, the working hypothesis is that the more closely in vitro models can reca-
pitulate the in vivo (tissue/organ) environment in terms of structure, function and
responses, the more the use of animal models could be replaced, while also closing the
gap between current in vitro models and ultimate in vivo applications (Fennema et al.
2013). Contrary to 2D monolayer cell cultures, CMs cultured in 3D are able to retain
contractile properties and remain viable for longer (Polonchuk et al. 2017). It has been
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shown that neonatal rat CMs demonstrated contractile function longer in 3D than in 2D
(Chan et al. 2015) and CMs were able to maintain their signature sarcomeric structure
for as long as 2 weeks when cultured in a 3D alginate matrix as opposed to a few days
when cultured in 2D (Decker et al. 1991). Comparative studies of functionality of hPSC-
CMs in 2D and 3D have shown maturation of CMs in 3D, based on the downregulation
of the fetal genes natriuretic peptide precursor A & B (NPPA, NPPB) and myosin heavy
chain 6 (MYHS6), along with enhanced contractile function, including a more negative
resting membrane potential and higher action potential (AP) upstrokes velocities
(Nunes et al. 2013). However, not many studies have yet directly compared drug screen-
ing or disease modelling using hPSC-CMs in 2D and 3D, due to obvious challenges such
as the technical limitations between analysis techniques suitable for both formats
(Zuppinger 2016).

Building on the advantages and potential of 3D cell culture, the following sections will
elaborate on cardiac tissue engineering and microtissues in cardiac research.

6.5 CardiacTissue Engineering

Cardiac tissue engineering aims to mimic cardiac tissue by incorporating most of the
native environment as discussed above. The principle of this field is to use cells with regen-
erative capacity in biological or synthetic scaffolding materials, with the purpose of in
vitro studies or in vivo applications (Galvez-Montdn et al. 2013; Ronaldson-Bouchard
et al. 2018).

Current methods include hydrogel-based techniques, the use of prefabricated matri-
ces, decellularizing heart tissue or forming cell sheets (Hirt et al. 2014) and studies have
shown that constructs rely on strain (Fink et al. 2000; Zimmermann et al. 2006), electrical
stimulation (Nunes et al. 2013), incorporation of non-myocytes (Naito 2006; Banerjee
et al. 2007) and have displayed spontaneous vascularization (Stevens et al. 2009a) and an
enhanced maturation phenotype (Tiburcy etal. 2011). Pioneering work from Eschenhagen
and colleagues (Eschenhagen et al. 1997; Zimmermann et al. 2002; Zimmermann and
Eschenhagen 2003) cast neonatal rat CMs in a mixture of collagen I and matrix factors
into circular molds which subsequently underwent phasic mechanical stretching and
finally formed ring-shaped engineered heart tissue (EHT). The EHT exhibited character-
istics of differentiated myocardium, comparable to adult rat native heart tissue in terms of
highly organised sarcomeres, adherence and gap junctions, a well-developed T-tubule
system as well as contractile function and response to inotropic compounds (Zimmermann
et al. 2002). Since then these constructs have grown in importance and relevance for car-
diac research.

The promise of using engineered heart tissue as advanced in vitro models lies within
the 3D, native-like structure and function of these constructs and the incorporation of
hPSCs into these models have rendered it even more promising.

Engineered vascularized cardiac muscle generated from hESCs were demonstrated by
Caspi and colleagues (Caspi et al. 2007) by combining hESC-CMs, hESC-ECs/HUVECS
and embryonic FBs in biodegradable scaffolds of porous sponges composed of 50%
polylactic-glycolic acid (PLGA) and 50% poly-L-lactic acid (PLLA). The engineered
structures were spontaneously contracting and contained endothelial vessel networks,
and characterization proved cardiac-specific molecular and functional properties (Caspi
et al. 2007). Similarly, enhanced engineered cardiac constructs were generated by embed-
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ding hPSC-CMs in a 3D collagen matrix (along with ECs and stromal cells), while subject-
ing the constructs to uniaxial mechanical stress. These constructs exhibited increased CM
alignment and myofibrillogenesis as well as improved CM proliferation, survival and
formation of vessel-like structures (Tulloch et al. 2011). Finally, in a model that aimed to
build on the potential of hiPSCs, Masumoto and colleagues (Masumoto et al. 2016) dif-
ferentiated and combined CMs, ECs and vascular mural cells (MCs) from hiPSCs and
showed engineered cardiac tissue (ECT) with preferential electromechanical properties
and improved CM maturity and sarcomere alignment. This supported the engraftment of
the ECTs into immune tolerant rat hearts, exhibited graft- and host-derived vasculature
and ultimately improved cardiac dysfunction (Masumoto et al. 2016).

Notably, Kensah et al. revealed that bioartificial cardiac tissues (BCTs) can be gener-
ated directly from suspension culture-derived cardiac cell aggregates supporting the effi-
cient construction of force-developing heart muscle-like structures (Kensah et al. 2013;
Kempf et al. 2014).

In an effort to circumvent matrix dependency central to tissue engineering studies,
Stevens and colleagues (Stevens et al. 2009a; Stevens et al. 2009b) aimed to generate
scaffold-free cardiac patches suitable for implantation into rat hearts. Improvements
yielded functionally enhanced vascularised “second-generation” patches consisting of
hESC-CMs and -ECs along with FBs, which, once implanted, functionally anastomosed
with the host rat heart (Stevens et al. 2009a).

However, due to the size and complexity of these constructs, oxygen and nutrient dif-
fusion is limited and a considerable amount of research has been devoted to developing
the in vitro tissue vascularization aspects (Vunjak-Novakovic et al. 2010) but with limited
progress to date (Andrée et al. 2019). Furthermore, imaging and non-invasive analysis
techniques of engineered cardiac tissues in real time and for extended periods of time
need to be improved (Ly et al. 2008; Haraguchi et al. 2017). In addition to these challenges,
engineered constructs are only compatible with drug screening at lower throughput (Eder
et al. 2016; Sala et al. 2018) but cannot be used for high throughput screenings (HTS)
established in pharmacological companies, thus requesting the application of smaller tis-
sue formats (Hirt et al. 2014). Together, this highlights the need for developing
“microtissue”-based approaches in the field of cardiac research.

6.6 Microtissues and Their Upcoming Role in Cardiac Research

At the beginning of 2015, a PubMed literature search for “cardiac microtissue” by us deliv-
ered 15 results, of which only 9 were in fact about cardiac microtissues, which further-
more included various versions of what a “cardiac microtissue” can be defined as. However,
an overview of published literature would support the general description of cardiac
microtissues to be miniature constructs (smaller than 500 pm) mimicking cardiac tissue
in terms of cell composition, cardiomyocyte alignment or a 3D environment. While
microtissues (often also referred to as “spheroids” or “aggregates”) were not an entirely
new concept, there was a sudden surge in interest regarding this field. As mentioned
above, 3D cell culture was proving to be a more accurate system for in vitro applications,
in terms of resembling the in vivo conditions. Furthermore, combining the two fields of
3D cell culture and tissue engineering, and incorporating multiple cell types within a con-
trolled 3D microenvironment, microtissues were thought to become the pinnacle of in
vitro cardiac research. Four years later, the same PubMed search delivered 64 results (the
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B Table 6.1

Publication
(Reference)

Kelm et al.
(2004)

Garzoni
et al. (2009)

Desrosches
etal. (2012)

Thavandi-
ran et al.
(2013)

Beauchamp
et al. (2015)

Huebsch
et al. (2016)

Noguchi
etal. (2016)

Ravenscroft
et al. (2016)

Giacomelli
etal.
(2017b)

Summary of the most relevant studies regarding cardiac microtissues

Platform

Scaffold-free
(hanging drop)

Scaffold-free
(96-well
agarose-coated
plates)

Scaffold-free
(micromolded
nonadhesive
agarose
hydrogels with
microcavities)

Scaffold-based
(microfabri-
cated con-
straints with
collagen)

Scaffold-free
(hanging drop)

Scaffold-based
(micro-heart
muscle (pHM)
arrays)

Scaffold-free
(ULA 96-U well
plates)

Scaffold-free
(ULA 96-U well
plates)

Scaffold-free
(96-well
V-bottom
plates)

Type of
cardiac
micro-

tissues

Mono- &
multicel-
lular

Mono- &
multicel-
lular

Mono- &
multicel-
lular

Mono- &
multicel-
lular

Monocel-
lular

Multicel-
lular

Multicel-
lular

Mono- &
multicel-
lular

Mono- &
multicel-
lular

Cells used

Neonatal rat
& mouse
CMs & FBs

Murine
embryonic
CMs,
HUVECs,
BM-MSCs

NRV CMs &
CFs

hPSC-CMs,
hPSC-
CD90+ cells

hiPSC-CMs

hiPSC-CMs
and stromal
cells

RNVCMs,
HCMECs,
HNDFBs

hiPSC-CMs,
hCMECs,
hCFs,
hDMECs,
NhDFs

hPSC-CMs &
-ECs

Duration
of culture

3 weeks

<24 days

7 days

7 days

4 weeks

2 weeks

< 3 days

14-28 days

7-20 days

Relevance/
outcome of
study

Pioneering study
for 3D cardiac
microtissues

Angiogenesis &
vasculogenesis
in cardiac
microtissues due
to ECs and MSCs

Advanced 3D
CM-CF
microtissues

3D matrix,
directed
mechanical stress
& co-culture
improves CM
function &
maturation

Well-developed
& functioning
hiPSC-CM 3D
microtissues

iPSC-CM pHM
with uniaxial
contractility and
alignment

Generated
vascularized
cardiac patches
for transplanta-
tion into rats

Multicellular
microtissues
were more
accurate in
inotropic drug
prediction

3D cardiac
microtissues
consisting of
hPSC-cells
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B Table 6.1 (continued)

Publication  Platform Type of Cells used Duration Relevance/
(Reference) cardiac of culture outcome of
micro- study
tissues
Pointon Scaffold-free Multicel- hiPSC-CMs, 14-28 days  Improved
etal. (2017);  (ULA 384-U well lular hCMECs & prediction
Archeretal. plates) hCFs accuracy of
(2018) drug-induced

changes in CM
structure and
contractility

Lee et al. Scaffold-free Multicel- hESC-CMs 2 weeks Cardiac
(2019) (ULA 96-U well lular and -MSCs microtissues for
plates) the study of

drug-induced
cardiac fibrosis

The studies listed below are the most relevant in terms of 3D cardiac microtissues and highlight
the differences in platforms, type of cardiac microtissues, duration and relevance/outcome of the
study

Abbreviations: hPSC-CMs human pluripotent stem cell derived cardiomyocytes, hPSC-ECs human
pluripotent stem cell derived endothelial cells, hAMSCs human amniotic mesenchymal stem cells,
HUVECS human umbilical vein ECs, EmFs embryonic fibroblasts, BM-MSCs bone marrow MSCs,
NRV neonatal rat ventricular, ULA ultra low attachment, RNVCMs rat neonatal ventricular CMs,
HCMECs human coronary microartery ECs, HNDFBs human normal dermal FBs, hCMECs human
cardiac ECs, hCFs human cardiac FBs, hDMECs human dermal microvascular ECs, NhDFs normal
human dermal FBs

most relevant of which are summarised in @ Table 6.1), showing a fourfold increase in
publications. While this is a substantial number, there have been various limitations hin-
dering the output of publications in this field and the sections below will aim to explore
the current state of cardiac microtissues in terms of generation, characterisation and
application.

6.6.1 Platforms to Generate Cardiac Microtissues

Platforms that have been used to generate cardiac microtissues can broadly be divided
into two categories, namely scaffold-based and scaffold-free. The former is mainly matrix/
hydrogel-based (B Fig. 6.1d), or uses microcarrier beads (B Fig. 6.1e) or micropatterned
plates (B Fig. 6.1f), while the latter type of platform includes the hanging drop technique
(B Fig. 6.1a), formation in low attachment plates (B Fig. 6.1b), spinner flasks (8 Fig. 6.1¢),
magnetic levitation (B Fig. 6.1g), magnetic bioprinting (8 Fig. 6.1h) and microfluidics
(B Fig.6.1i) (Duval et al. 2017, Debbie King 2019) (Summarized in B Fig.6.1). The advan-
tage of scaffold-based approaches is that scaffolds provide an ECM for the cells. In con-
trast, scaffold-free approaches rely on cells own (potentially more native-like) ECM
formation (Fennema et al. 2013; Zuppinger 2016; Alépée et al. 2014). Furthermore, hydro-
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O Fig. 6.1 Platforms for microtissue production. Summary of the different platforms for microtissue
production, showing scaffold-based and scaffold-free techniques in the form of a hanging drop
technique, b low attachment plates, c spinner flasks, d matrices, e microcarrier beads, f micropatterned
plates, g magnetic levitation, h magnetic bioprinting and i microfluidic devices. (Figure taken from
online publication by The Dish, 2019 (Debbie King 2019))

gel-based scaffolds do not have spatial constraints, thereby delivering heterogenous
microtissues of varying sizes, while scaffold-free approaches tend to be highly controlled
in this respect (Asthana and Kisaalita 2012). The use of bioreactors for the formation of
3D spheroids or aggregates is beyond the scope of this article but the concept has recently
been reviewed elsewhere (Kempf et al. 2016b).

Based on the number of microtissues produced and ease of production, there are
“more conventional methods” available in most laboratories versus specialized higher
throughput methods (ranging from high to ultra-high throughput). However, it should be
mentioned that the term “high throughput” is a broad term used varyingly throughout
literature (specifically with regards to microtissues) and it is expected that “true high
throughput” production platforms will advance in the near future, due to growing
demands. Currently, there are limited methods for high throughput production of CM
microtissues and attempts to scale up conventional methods have been to use 384 well
plates (Pointon et al. 2017; Archer et al. 2018), micromolded hydrogels with microcavities
(Desroches et al. 2012) and 3D high throughput printing (Boyer et al. 2018) allowing for
up to 384 and 822 simultaneously produced microtissues per platform, respectively, for
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the former two methods. Importantly, the latter method was demonstrated by using 96
well plates (with one microtissue per well), however, considering the speed, ease and auto-
mation of 3D printing, qualifies this as a high throughput technique. However, researchers
are increasingly realising the need for high throughput production of well-developed car-
diac microtissues. For instance, the work from Huebsch and colleagues (2016) aimed to
combine cardiac spheroids with advance tissue engineering techniques to generate Micro-
Heart Muscles (1HM) in microarrays, which was suggested as a suitable foundation for
mass production of advanced pHM for future studies due to the small size and ease of
fabrication.

While microcavity-based platforms such as Statarrays© MCA (microcavity array) Low
Attachment Plates (300MICRONS) and AggreWell™ 400 plates (Stemcell Technologies™)
are attractive options for pragmatic higher throughput microtissue production (specifi-
cally cardiac microtissues), these platforms have been limited to use for embryoid body
(EB) formation of hPSC in general or before cardiac differentiation (to ensure homoge-
nous hPSC embryoid bodies of specific size and therefore a more efficient cardiac differ-
entiation process) or to enrich hPSC-CM populations after cardiac differentiation (Ungrin
et al. 2008; Nguyen et al. 2014; Zhang et al. 2015; Budash et al. 2016; Vrij et al. 2016). In
fact, the long-term use of such platforms in various fields has not been extensively
explored, with microtissues or spheroids being transferred to alternative platforms within
24-48 h (Bratt-Leal et al. 2013; Fey and Wrzesinski 2012; Lim et al. 2011; Lei et al. 2014;
Kabiri et al. 2012; Wallace and Reichelt 2013).

Larger scale production is an absolute necessity for thorough in vitro modelling or
drug screening, in terms of the required repeats and having enough cell material for
characterization. Furthermore, substantial amounts of microtissues are required to gen-
erate larger constructs as shown in previous studies using up to 14,000 spheroids (con-
sisting of 1000 cells each) to generate scaffold-free cardiac patches (Noguchi et al. 2016).
The potential of high throughput production platforms is massively understated, which
was evident in a market survey of 3D spheroid culture technology (done by HTStec in
2016 (Comley 2017)), where surveyed participants showed the most awareness toward
low-mid throughput production platforms such as hanging drop plates (92%) and
96-well ULA plates (90%) and by far the least awareness of such high throughput pro-
duction microcavity array platforms (54%), thereby highlighting limited use of these
platforms.

6.6.2 The Cardiac Microenvironment - Relevance
for in vitro Studies

In addition to capturing the 3D state of in vivo conditions, the human heart is a complex
multicellular organ that cannot simply be represented by CMs only in vitro — albeit dif-
ferentiated from hPSCs. Understandably, all the intricacies of the heart cannot possibly be
accounted for in an in vitro model, since it would be practically unmanageable and poten-
tially unnecessarily complicated (Kurokawa and George 2016). Regardless, major factors
that could influence CMs/cells’ biology should be controlled. B Figure 6.2 demonstrates
the impact and importance of incorporating multiple cell types within an in vitro 3D car-
diac model. By incorporating additional relevant cell types, such as ECs and FBs into in
vitro models, this could enhance paracrine signalling, ECM remodelling and electrophys-
iological coupling. Furthermore, the CMs could respond with changes in conduction



110

M. Coffee et al.

= Cardiomyocyte = Endothelial cell
—s=— Fibroblast @ ECM

Endothelial cells

Paracrine signaling
* NRG-1
*NO
e ET-1
Contact-mediated signaling?

Cardiomyocyte response
Fibroblast Tl Spontaneous beating rate
ECM remodeling T Force of contraction
Paracrine signaling @ * T Action potential duration
Electrical coupling I Susceptibility to cardiotoxic drugs
T Conduction velocity

TDevelopment and maturation
Additional factors velop uratt

Oxygen (RBCs)

Catecholamine and
acetylcholine (neurons)

Blood-derived factors

O Fig. 6.2 The cardiac microenvironment and relevance of different factors for in vitro studies. Within
the cardiac microenvironment, CMs are surrounded by ECs, FBs and an ECM. The presence of EC, FBs and
additional factors in CM cultures could aid paracrine signalling, ECM remodelling and electrical coupling,
thereby causing a number of functional changes in CM behaviour. (Figure taken from Kurokawa and
George (2016))

velocity, spontaneous beating rate and force of contractions, with decreased sensitivity to
cardiotoxic drugs and increased development and maturation of the CMs.

Considering the crucial role in regulating CM metabolism, survival and contractile
function (Narmoneva et al. 2004; Hsieh et al. 2006) ECs might be vital for monitoring CMs’
response to drugs in vitro or modelling cardiac disease states (Brutsaert 2003; Leucker et al.
2013; Parodi and Kuhn 2014) and is a major component of generating vascularized cardiac
tissue constructs. Furthermore, FBs/MSCs have been proven to provide the required ECM
for scaffold-free 3D cardiac microtissue models, thereby improving the structural function
and survival of the CMs (Desroches et al. 2012; Furtado et al. 2016).

As summarised in @ Table 6.1, a number of studies have used multicellular cardiac
microtissues to analyse the impact of microtissue formation, behaviour and response to
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pharmaceutical compounds. Studies incorporating only one additional cell type with
CMs, found that FBs caused an increase in collagen production (Kelm et al. 2004) as well
as increased expression of integrins and adhesion proteins, (Thavandiran et al. 2013) all of
which contribute to the ECM and have been shown to increase cell-cell contacts. These
contributions can in turn further the maturation of CMs, as was shown by gene expression
analysis of key cardiac maturation markers (Thavandiran et al. 2013). Finally, Desroches
and colleagues (Desroches et al. 2012) were able to show that the presence of FBs (specifi-
cally cardiac FBs) resulted in a twofold AP prolongation of cardiac microtissues.
Multicellular microtissues consisting of CMs and ECs or MSCs demonstrated enhanced
vascular structures and angiogenic sprouting within the structure, which supported sur-
vival and contractility for at least 24 days (Garzoni et al. 2009).

With the advent of hPSC-based in vitro models, it is not surprising that many of the
studies have also incorporated hPSC-CMs, -ECs or -CD90+ cells (which could be consid-
ered FB-like). Beauchamp and colleagues (Beauchamp et al. 2015) used hiPSC-CMs only,
in a study that compared these cells in 2D vs 3D models. They effectively showed that
hiPSC-CMs in the form of 3D microtissues exhibited well-developed with homoge-
neously distributed myofibrils and showed spontaneous contractions, which were tem-
perature sensitive and responsive to electrical pacing and pharmacological compounds.
Microtissues consisting of CMs and ECs co-differentiated from hPSCs, resulted in an
increase in the shift from myosin light chain 2 (MYL2) to myosin light chain 7 (MYL7)
and myosin heavy chain (MYH?7) to MYHS, both of which are gene expression patterns
associated with maturity of hPSC-CMs (Giacomelli et al. 2017b). Finally, hPSC-based 3D
microtissue models comprised of all three cell types showed enhanced contractile func-
tion (including spontaneous beating rate and Ca®*transient amplitudes), possibly as a
result of enhanced maturity of the CMs. Additionally, the multicellular cardiac microtis-
sues showed more accurate responses to pharmaceutical compounds as opposed to CMs-
only microtissues (Ravenscroft et al. 2016; Pointon et al. 2017; Archer et al. 2018). Caspi
and colleagues (2007) generated a vascularised engineered cardiac structure, however in
this study, they demonstrated that hPSC-EC/HUVEC survival was improved by includ-
ing embryonic FBs in the cardiac environment, thereby demonstrating the advantage of
all three cell types.

As previously discussed, the cell populations’ ratios within the heart are still largely
debated. Therefore, in an effort to model in vivo cell ratios, different proportions of
each cell type would also have to be considered for in vitro studies. In addition to
performing the aforementioned studies in 3D and using multiple cell types, the cell
ratios were also shown to impact microtissue performance. Thavandiran and col-
leagues (2013) showed that 75% CMs and 25% FBs exhibited optimal tissue remodel-
ling dynamics with enhanced structural and functional properties, as opposed to 0%,
50% or 75% FBs in miniaturised cardiac tissue. The ratio of ECs to CMs within micro-
tissues was shown to be best at 15% ECs and 85% CMs. This ratio showed a better EC
distribution and organisation in comparison to microtissues with 40% ECs (Giacomelli
et al. 2017b). Finally, Noguchi and colleagues (Noguchi et al. 2016) demonstrated that
cardiac microtissues consisting of 70% CMs, 15% ECs and 15% FBs were structurally
most suitable for larger cardiac patch formation as opposed to 100% CMs or 70% CMs
with 30% ECs or FBs. While cell ratios would most likely depend on cell source, plat-
form and application, it highlights the need for further studies to elucidate cell stoichi-
ometry within the human heart, in order to have a relevant comparison and basis for
in vitro studies.
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6.6.3 Applications of Cardiac Microtissues

Since the surge in interest in cardiac microtissues, the applications have ranged from in
vitro drug testing and disease modelling to in vivo therapeutic approaches.

It was previously shown that by 2009, the number of post-approval drug withdrawals
from the market, due to cardiotoxicity, was a staggering 45% (Ferri et al. 2013). This could
be considered among the many reasons why there was a growing interest in alternative in
vitro models for cardiac research. Indeed, in recent years, studies were able to demonstrate
the advance predictive power of 3D cardiac microtissues as compared to conventional
monocellular or 2D models, when evaluating drug-induced responses.

By forming scaffold free 3D cardiac microtissues consisting of hiPSC-CMs, human
cardiac ECs and human cardiac FBs, studies have been able to prove that such microtis-
sues were capable of predicting the inotropic and non-inotropic effects of drugs better
than CM-only microtissues. The convenience of using these microtissues was due to the
fact that they were uniform in size, demonstrated contractile functionality and most likely
expressed markers of all three cell types. Additionally, due to the small size (~200 pm in
diameter) they showed no hypoxic core and were compatible with high throughput
screening technologies. Exposure to various inotropic and non-inotropic compounds
revealed an 80% increased sensitivity and 91% increased specificity to predict inotropic
response and assess cardiac contractility risk (Ravenscroft et al. 2016; Pointon et al. 2017).
Furthermore, these microtissues were also proven to be useful in detecting structural
changes due to cardiotoxicity after being subjected to various structural and non-structural
cardiotoxins (Archer et al. 2018).

In theory, highly complex 3D models would be able to provide valuable insights into
diseased states of the heart. In addition to predictive compound testing, 3D cardiac micro-
tissues have also proven to be of use for disease modelling. By combining hESC-CMs with
MSCs and focusing on the most common pathway involved in cardiac diseases, namely
cardiac fibrosis, Lee and colleagues (2019) successfully established a model to understand
cardiac fibrosis and to evaluate the effects of pro-fibrotic agents. MSCs within the cardiac
microtissues were able to form FBs and upon exposure to transforming growth factor beta
1 (TGFR1), a primary inducer of fibrosis, underwent transition to myofibroblasts, thereby
causing increased collagen deposition and the presence of necrotic CMs — known charac-
teristics of cardiac fibrosis (2019). This study provided a valuable tool for a feature charac-
teristic of most myocardial pathologies and highlighted the promise of 3D cardiac
microtissues for in vitro disease modelling.

Finally, one key application of microtissues would be as building blocks for larger
tissue constructs — macrotissues. The main purpose of this would be to utilize the
macrotissues for in vivo applications, as was done by Noguchi et al. (2016). Cardiac
patches/macrotissues were formed by the self-assembly of multicellular cardiac micro-
tissues consisting of neonatal rat ventricular (NRV) CMs and human ECs and FBs.
Upon formation, the resulting vascularised cardiac patches were implanted into rat
hearts, and, after 5 days, were shown to be viable with functioning microvascular
structures. This study was essential in demonstrating the regenerative capacity of car-
diac microtissues.

Moreover, it is well established that the injection of dissociated single cells to the
heart results into an extensive, almost immediate loss of the applied cells from the tissue
(Feyen et al. 2016; Rojas et al. 2017). Thus, the injection of microtissue, which seems to
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have a better retention and survival rate in the heart, represent a viable intermediate
between single cells on the one hand and more complex engineered tissues on the other
hand, thus forming an innovative concept for heart repair which is currently under
development (Templin et al. 2012; Technologies for Breakthrough in Heart Therapies:
TECHNOBEAT).

6.6.4 Tools & Technologies for the Analysis of Microtissues

2D monolayer cell culture has the advantage of providing unobstructed access to cellular
features, for both handling and analysis. Media changes, cell manipulation and the inspec-
tion of cells are routine steps in monolayer cell culture, however when adapted to a 3D
environment these trivial steps become serious considerations which are challenged due
to cells being easily disturbed in suspension or optically hidden in thick layers of cells or
matrices (Zuppinger 2016). While techniques developed for larger tissue samples could be
applied to 3D cell culture to a certain extent, these techniques are often laborious, time
consuming and not suitable for small-to-mid throughput analysis.

Despite the growing trend in microtissue production and application, methods for
functional assessment have been limited and are still lagging. Methods must provide a full
assessment of tissue response in terms of number of replicates and unique conditions
(Chen et al. 2010). Current techniques lean more towards structural characterisation, with
most of the efforts dedicated to the development of microscopy techniques (including
fluorescence based imaging or histological sections) or low throughput assessment such as
RNA extraction (Pampaloni et al. 2007). In fact, in a recent survey of 3D cell culture tech-
nologies, consumers indicated that microscopy was the most frequently used tool /
method of assessment (listed by 83% of participants), followed by plate-readers and PCR
cyclers (Comley 2017). Methods and technologies used the least were next generation
sequencers and specialised spheroid imaging devices (gaining 2-4% interest from partici-
pants) (Comley 2017), thereby highlighting the need for pragmatic, reliable and routine
techniques suitable for a general laboratory setting. Notably, the tools and technologies
highlighted by respondents of the survey appeared to have an impact on the type of assess-
ment that they were interested in, with features such as spheroid morphology and viability
gaining the most attention, while more advanced assessments such as protein interaction
was of least interest (Comley 2017). This is a major hurdle for 3D cell culture, specifically
microtissues, since the immense potential is actively being limited due to a lack of suitable
tools and technologies.

Many assays cannot be adapted from 2D to 3D culture. For instance, when performing
a conventional Lactate Dehydrogenase (LDH) assay, fluorescent signals can linger in a 3D
environment even after the chemical reaction has stopped, which makes it difficult to
assess cell viability — an assessment which works seamlessly in 2D cultures (Friedrich et al.
2007). Furthermore, confocal microscopy — one of the most relied-on techniques in
microtissue analysis - is only effective with structures smaller than 320 pm in diameter (le
Roux et al. 2008). Few specialised 3D formats of routine assays have been developed in
recent years, such as the CellTiter-Glo® 3D Cell Viability Assay (Promega) as a 3D version
of the conventional CellTiter-Glo® Luminescent Cell Viability Assay (Promega) and the
Seahorse XFe96 Spheroid Microplates as a 3D compliment to the standard 96 well culture
plates. However, these alternatives often require extensive optimization.
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Currently, due to the limitations in analytical tools, there is largely a “set” of methods that
have been used for characterization and analysis of cardiac microtissues that are in most of
the relevant studies to date. These methods can be divided according to structural or func-
tional assessment. Structural analysis techniques include (i) brightfield or fluorescent time-
lapse imaging to monitor cell aggregation, (ii) fluorescence based confocal imaging to
analyse individual cell populations and microstructures, (iii) live/dead staining followed by
fluorescence microscopic assessment of dead and viable cells and (iv) microscopic assess-
ment of stained cryosections or whole microtissues. Functional assessment includes (i) gene
expression analysis by means of quantitative RT-PCR, (ii) contractile analysis via video-
based edge detection or calcium imaging (which notable also relies on microscopy) and (iii)
electrophysiological analysis via patch-clamp and multielectrode arrays.

These limitations in techniques pose a serious problem and highlight one of many
challenges related to the microtissue technology in general and in particular in cardiac
research.

6.6.5 Challenges and Future Perspective of Current
Microtissue-Based Systems

While one of the most promising approaches to in vitro studies, there are numerous cur-
rent shortcomings of microtissue-based systems, including microtissue generation and
analysis as readily indicated above. In terms of generation, as previously mentioned, larger
quantities of microtissues are required for thorough analysis and application. However,
high throughput production in this sense has been limited.

Furthermore, the lack of suitable techniques has created a bottleneck in the advance-
ment of 3D microtissue generation and application. In addition to the limited readouts
and resulting data, many researchers are also discouraged to implement 3D culture, due to
the challenging nature of their production (requiring the coordinated, large scale avail-
ability of respective cell types), thereby further slowing down the advancement of such
systems in general laboratory settings (Pampaloni et al. 2007; Celli et al. 2015). By review-
ing the studies previously highlighted, the majority of characterization of cardiac microtis-
sues was done by means of conventional microscopy. In the event of a more advanced
technique being used, it was often costly or not feasible for routine analysis. This empha-
sized the void with regards to analytical tools available, thereby prompting the establish-
ment of pragmatic techniques which could routinely be used for analysis of 3D cardiac
microtissues. Furthermore, due to the size of microtissues and the cell numbers which are
required to generate them, large cell quantities of several different cell types at the same
time are inevitably necessary in order to perform thorough tissue production and charac-
terisation. This, in turn, highlights the need for feasible mass production of respective
lineages as well as higher throughput production platforms for functional 3D cardiac
microtissues.

There is currently a need to improve reproducibility of standardised and validated 3D
models, capacity for high throughput analysis and the compatibility of analysis techniques
(Edmondson et al. 2014). However, much of the efforts that have been devoted to develop-
ing suitable tools and technologies are highly specialised and/or costly (Chen et al. 2010).
This not only emphasizes the challenges of microtissue-based systems, but also highlights
the topics that require further attention.
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6.7 Conclusion

In conclusion, heart muscle tissue engineering, whether in the form of conventional EHT
or microtissues, is a crucial yet continuously evolving field that has provided valuable
insights into the complexities of the human heart by essentially aiming to mimic it. Novel
tools and technologies have incorporated stem cell research and 3D cell culture to produce
miniaturised cardiac tissues compatible with high throughput screenings, thereby provid-
ing a higher yield of results, which is essential for such a fast-growing area of research.
Recent studies have leapt from understanding the fundamentals of cardiac microtissue
generation and function to utilizing these constructs for disease modelling and drug
screening. It is expected that this trend will increase even faster in the near future, with a
strong focus on the translational aspects of these microtissues and unlocking the potential
for ultimate cardiac therapy or repair.

— Take Home Message

Based on the topics discussed in this chapter, you should now have a comprehensive
understanding of the current state of cardiac tissue engineering, with a focus on
cardiac microtissues. You have been introduced to the basic concepts which are
essential for this field, a brief history of what has been achieved as well as the
approaches of current research, with the most important messages being:

1. The human heart is a complex organ consisting of multiple cell types and
subsequent interactions, which should be taken into account when aiming to
model it.

2. Cardiac tissue engineering is based on capturing and understanding the
structural and functional aspects of the human heart in order to elucidate the
biology thereof.

3. 3D cell culture aims to imitate the 3D microenvironment reminiscent of the in
vivo conditions.

4. Cardiac microtissues are miniature constructs (typically <500 pm), which
combines approaches from cardiac tissue engineering and 3D cell culture in
order to mimic the human heart.

5. Cardiac tissue constructs (EHTs or microtissues) can be produced in a number of
platforms, with different cell compositions and has been used to study heart
development, diseases and drug effects.

6. This field requires a substantial amount of development; however it holds a great
deal of potential as is evident in its fast evolving nature and progress made in
recent years. The interdisciplinary nature of the challenges posed by this area of
research will stimulate the development of novel tools and technologies.
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What You Will Learn in This Chapter

To understand the biology and applications of embryonic or induced pluripotent stem cells,
you first have to learn about molecular mechanism which mediate pluripotency. You can
then learn how pluripotent stem cells can be induced by gene transfer of transcription fac-
tors and which assays are mandatory for their characterization. You will then learn about
strategies to allow genome editing of iPS cells and somatic stem cells with CRISPR/Cas9
nuclease systems and finally about applications of these combined stem cell and genome
editing techniques.

7.1 Pluripotency and Reprogramming

All cells of the human body develop from a fertilized egg. The developmental potential of
a zygote is considered totipotent. After the first cell divisions via the morula stage the
blastocyst develops. The inner cell mass of the blastocyst can be extracted by enzymatic
digestion and explanted in a tissue culture dish in vitro to grow. Evans and Kaufmann as
wells as Martin could establish embryonic stem (ES) cells from mouse blastocysts in 1981
(Evans and Kaufman 1981; Martin 1981). These cells are considered pluripotent, since
they cannot develop by themselves into a complete organism but have the potential to
differentiate into cells of the three germ layers ectoderm, mesoderm and endoderm as well
as germ cells. Thomson et al. could explant the inner cell mass of in-vitro fertilized blasto-
cysts developed from human zygotes and thereby establish human embryonic stem cell
lines (Thomson et al. 1998). These human ES cell lines evoked high expectations among
biomedical experts and in the general public, since they present a novel model system of
natural as well as pathological development and can serve as a source of all cell types of the
human body in regenerative medicine applications. The ethical controversy surrounding
the use of these cells results from the fact that a form of human life, the early blastocyst, is
destroyed, when establishing these cell lines. Thereby the generation of human ES cells is
legally forbidden in some countries.

The pluripotency of murine embryonic stem cells is maintained by a comparatively
simple network of transcription factors. The central acting factor is Oct4 (POU5F1),
which belongs to the group of POU-domain-transcription factors (Scholer et al. 1990;
Nichols et al. 1998). Oct4 is regulating its own expression by positive feed-back loops and
binds to several promotors as a heterodimer with the transcription factor Sox2 (Yuan et al.
1995). Extensive in vivo studies in mice have confirmed the central role of Oct4 in main-
taining pluripotency (Nichols et al. 1998), in which Oct4 acts dose-dependent (Niwa et al.
2000). As another factor to maintain pluripotency Nanog was identified (Chambers et al.
2003; Mitsui et al. 2003). Nanog overexpression stabilizes the pluripotent state (Darr et al.
2006). Oct4, Sox2 and Nanog maintain an autoregulatory network, which stabilizes the
pluripotent state and is conserved between embryonic stem cells of mouse and human
(Boyer et al. 2005).

Based on these findings it could be assumed, that a somatic cell, in which these pluri-
potency factors are experimentally induced, could gain pluripotent properties in vitro and
in vivo. In such a way ‘reprogramming’ of somatic cells to a pluripotent state is feasible
under certain culture conditions. Gurdon et al. have described almost 60 years ago, that
somatic nuclei can be reprogrammed by transfer into enucleated oocytes of the claw frog
Xenopus laevis (Gurdon 1962; Gurdon et al. 1958). Wilmut et al. achieved the reconstitu-
tion of a complete sheep after nuclear transfer of gland epithelial cells (‘Dolly’) (Wilmut
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etal. 1997). Afterwards, different groups could describe reprogramming of somatic nuclei
after fusion with either murine or human embryonic stem cells (Cowan et al. 2005; Do
and Scholer 2004; Tada et al. 2001).

7.2 iPS Cell Generation

In continuation of these lines of research Takahashi and Yamanaka have cloned 24 tran-
scription factors, which are associated with pluripotency of embryonic stem cells into
retroviral expression vectors and infected murine fibroblasts (Takahashi and Yamanaka
2006). The cells were further cultivated under culture conditions for embryonic stem cells.
Within 3 weeks cell colonies appeared in the culture dish, which resembled mouse embry-
onic stem cells in morphology; almost indistinguishable in appearance. Thereupon differ-
ent combinations of the 24 factors were tested in a combinatorial approach and the
combination of the four factors Oct4, Sox2, Klf4 and cMyc resulted after infection of fibro-
blasts in the generation of ES-like colonies. Subsequent characterization demonstrated the
high similarity of these induced, pluripotent stem (iPS) named cells with ES cells in their
molecular signature (gene expression profile, surface marker expression), in their in vitro
differentiation potential in cells of all three germ layers as well as in their teratoma forma-
tion potential in mice (8 Fig. 7.1).

In the murine system, embryonic stem cells can be injected after genetic labelling in
blastocysts as a further proof of pluripotency: These blastocysts can develop into chimeric
mice after uterus transfer, in which the somatic cells as well as germ cells can be partially
traced back to the newly injected cells, partially to the cells originating in the blastocyst.
Transgenes of the injected cells can be found in the F1 generation of these chimera, when
the cells have contributed to the germ line. Yamanaka’s as well as Jaenisch’s groups could
prove germ line transmission of iPS derived cells (Okita et al. 2007; Wernig et al. 2007).
Critical for reprogramming somatic cells to a pluripotent status is the activation of the
endogenous pluripotency transcription network, which is thereafter maintained by auto-
regulatory loops between Oct4, Sox2 and Nanog. At the reprogrammed stage the cells are
not depending on the transgenes used for induction. In case of generating iPS cells with
retroviral vectors the transgenes are getting ‘silenced, which is a result of methylation of
the promotor/enhancer regions in the LTR (long terminal repeat) of the retroviral provi-
rus (Cherry et al. 2000; Laker et al. 1998). Thereby demonstration of silencing has to be
part of the characterization of a retroviral-induced iPS cell line.

Klf4 and cMyc belong to the group of oncogenes, which function during repro-
gramming is mainly the immortalization of the somatic cells of origin and the acquisi-
tion of a higher proliferation potential (Yamanaka 2007). Oct4 and Sox2 then act to
initiate the pluripotency status in the faster proliferating cells and stabilize it later. The
function of these transcription is highly conserved between mouse and human (Boyer
et al. 2005). Subsequently Takahashi and Yamanaka et al. could reprogram human
fibroblasts to cells resembling human ES cells to a high degree with the same factor
combination (Takahashi et al. 2007a). In parallel the group of James Thomson achieved
the same by lentiviral expression of the pluripotency transcription factors Oct4, Sox2,
Nanog and Lin28 in human fibroblasts and further cultivation under human ES culture
conditions (Yu et al. 2007). The ‘primed’ pluripotent state of human iPS cell lines cul-
tured in bFGF conditions (Thomson et al. 1998) corresponds to that of ‘post-implanta-
tion” derived epiblast stem cells in mice; change of culture conditions (e.g. LIF, GSK3
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inhibition) allows the derivation of ‘naive’ human iP§ cells with similar properties as
mouse ES cells (Hanna et al. 2010).

A basic problem of iPS cells generated with retrovirally delivered Oct4, Sox2, K1f4 and
cMyc for their use as a disease model system and potentially in cell therapy is, that Klf4
and cMyc are potent oncogenes and that the use of retroviral vector systems per se inher-
its the risks of insertional mutagenesis (Baum 2007; Hacein-Bey-Abina et al. 2003).
Thereby there has been a great interest to renounce from the use of oncogenes during iPS
cell generation and to introduce the factors by alternative gene transfer methods.
Concerning the reduction of oncogenes, we and others have directed attention to cells to
be reprogrammed, which already endogenously express amounts of the reprogramming
factors. We were able to demonstrate that ectopic expression of Oct4 alone or of Oct4
together with either Klf4 or cMyc is sufficient to generate iPS cells from mouse and human
neural stem cells (NSCs), which endogenously express Sox2, Klf4, and cMyc (Kim et al.
2008, 2009b, c). These one or two-factor iPS cells are similar to embryonic stem cells at the
molecular level, can be efficiently differentiated in vitro, and are capable of teratoma for-
mation in vivo. Mouse NSC iPS cells are also capable of germline contribution and trans-
mission. We have proposed that the number of reprogramming factors required to
generate pluripotent stem cells can be reduced when starting with somatic cells that
endogenously express appropriate levels of complementing factors.

On a second side the diversity of expression vectors has been brought to use to gener-
ate iPS cells. Doxycyline-inducible lentiviral vectors can actively shut off the transferred
reprogramming factors as demonstrated in mouse and human (Brambrink et al. 2008;
Hockemeyer et al. 2008). Integrating vectors can be configurated for transient expression.
Lentiviral expression cassettes with loxP recognition sites in their LTRs can be cut out
from the genome by Cre recombinase expression (Soldner et al. 2009). PiggyBac based
transposon systems allow the excision of reprogramming factors after successful repro-
gramming and transient transposase enzyme expression (Woltjen et al. 2009).

Among the viral gene transfer systems which do not integrate actively into the
genome, adenoviral vectors were initially introduced to generate iPS cells (Stadtfeld et al.
2008). Expression vectors can be transfected as plasmids, which can further incorporate
functions for replication e.g. the EBV (Epstein Barr Virus) origin of replication. These
systems are commonly used to generate iPS cells (Okita et al. 2008; Yu et al. 2009). RNA
transferring vectors based on Sendai virus are also of high interest for iPS cell generation
(Ban et al. 2011; Fusaki et al. 2009). Treatment of murine and human fibroblasts for four
to six cycles with Oct, Sox2, Klf4 and cMyc with protein transduction domains (e.g. like
the HIV-1 TAT protein) resulted in outgrowth of ES-cell like colonies, which could be
further characterized as iPS cells (Kim et al. 2009a; Zhou et al. 2009). The process seems
so inefficient or laborious that almost no further studies where based on these protein
transductions. Warren et al. have transfected modified RNAs for the generation of human
iPS cells (Warren et al. 2010). In principle, small molecule compounds could activate
signal transduction cascades, which contribute to reprogramming of target cells. Shi et al.
could distinctly increase iPS reprogramming efficiencies after use of the histone-methyl-
transferase-inhibitor BIX01294 (Shi et al. 2008). A similar effect was attributed to the
histone-deacetylase-inhibitor VPA (valproic acid) (Huangfu et al. 2008). Targeted substi-
tution of singular factors like Sox2 was described by the use of Tgf-f8 and GSK3 signal
inhibitors (Ichida et al. 2009; Li et al. 2009) as well as of K1f4 by ‘kenpaullone’ (Lyssiotis
et al. 2009). However, there is no convincing report to induce human iPS cells just by
activation of signal transduction pathways with small molecules.
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Originally starting with fibroblasts and retroviral gene transfer, the iPS cell generation
process has been diversified by the use of different starting somatic cell populations in
mouse (fibroblasts, blood, liver, hepatocytes, pancreas, neural stem cells) and human
(fibroblasts, blood, keratinocytes, neural stem cells), different transcription factor combi-
nations, different gene transfer systems for the reprogramming factors, addition of small
chemical compounds, and different iPS cell expansion and characterization conditions.

Step-by Step Protocols
Induction of pluripotent stem cells with retroviral vectors from fibroblasts is written
up as step-by step protocols in Takahashi et al. (2007b) and Park et al. (2008Db).
Induction of pluripotent stem cells with retroviral vectors from neural stem cells is
written up as a step-by step protocol in Kim et al. (2009).
Reprogramming of fibroblasts and blood cells to iPS cells with episomal vectors is
written up as step-by step protocols in Okita et al. (2010, 2011b).

7.3 iPS Cell Characterization

The characterization of iPS cells comprises a molecular as well as developmental character-
ization. Concerning the morphology mouse iPS cells are indistinguishable from mouse ES
cells, human iPS cells cannot be set apart from human ES cells. The culture conditions of
murine ES cells correspond to the ones of murine ES cells, analogously the ones of human
iPS cells correspond to human ES cells. Immunohistochemistry can detect the reactivated
pluripotency marker Oct4, Sox2 and Nanog in the nucleus and the cell surface marker SSEA1
(for murine iPS lines) and SSEA3/4 and TRA-1-60/-81 (for human iPS lines). Quantitative
RT-PCR analysis can be then further used for validation of these markers. Microarrays or
next generation RNA sequencing are instrumental to monitor similarity of pluripotency
marker expression on a genome-wide scale. If the iPS cells have been generated with integrat-
ing retro/lentiviral vectors, LTR promoter inactivation (‘Silencing’) should be demonstrated
by PCR analysis with primer pairs for virus-specific expression of the reprogramming fac-
tors. This correlates with the pluripotent, fully reprogrammed status, whereby the expression
of the pluripotency factors completely originates from the endogenous pluripotency loci.

For developmental characterization, the ‘embryoid body’ (EB) differentiation system is
utilized. Thereby pluripotent ES or iPS cells are induced into the three germ layers by abla-
tion of the signal transduction pathways for maintaining of pluripotency (e.g. LIF (‘leuke-
mia inhibitory factor’) for murine cells and bFGF (‘basic fibroblast growth factor’) for
human cells). Defined media conditions for the three germ layers allow further differen-
tiation. Besides the three germ layers mouse and human pluripotent stem cells can be also
differentiated in primordial germ cells (PGCs) and derivatives therefrom (Hiibner et al.
2003; Kee et al. 2009; Sugawa et al. 2015; Yamashiro et al. 2018).

Genetically marked iPS cells can contribute to the development of chimaeric embryos
and mice after blastocyst injection and also further in the F1 generation, when the iPS
cells contributed to the germ line. The most advanced developmental assay is the tetraploid
(4N) embryo aggregation, whereby the iPS cells are introduced in a blastocyst, which cells
cannot develop further because of their tetraploidy. All diploid cells, which contribute to
the development of mice, in this case all cells, must descend from the injected iPS cells.
Different laboratories could reconstitute fertile mice completely from iPS cells (Boland
et al. 2009; Wu et al. 2011; Zhao et al. 2009).
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Another differentiation model is teratoma formation in immunocompromised mice.
Teratomas are mixed tumors consisting of cells of all three germ layers originating from
pluripotent cells. The teratoma assay is common to test pluripotency of murine and human
cells in vivo (Lensch et al. 2007). Hereby histological expertise is essential to distinguish
teratomas from e.g. tumors predominantly reconstituted from neuroectodermal cells
(Daley et al. 2009).

Cell lines, which are similar to ES cells according to the criteria above are classified as iPS
cell lines. Even if all pluripotency criteria are fulfilled, there is variation among iPS cell lines
in their molecular signature as well as their differentiation capacity. This phenomenon has
been termed ‘epigenetic memory’ of iPS cells (Kim et al. 2010). A high number of human ES
and iPS cell lines were scored in their differentiation potential in the three germ layers in a
quantitative EB differentiation assay (Bock et al. 2011). In these studies, certain iPS and ES
cell lines demonstrated a preferred differentiation in certain germ layers or cell types. Since
all lines were qualified as pluripotent according to their global gene expression profiles, the
differences can be attributed to altered reactivation of cell- specific genes throughout the
in vitro differentiation. Obviously cell-type specific genes could be reactivated in different
pluripotent lines to variable degrees. In this context, global methylation profiles of different
iPS lines were created, whereby iPS cell lines from somatic cells of the same origin appeared
to be more similar to each other. The epigenetic memory of iPS cells could be critical for the
use of iPS cells for disease modelling in vitro as well as concerning their use in potential cell
therapies. Several studies have addressed the influence of the donor cell or origin on the
differentiation capacity (Dorn et al. 2015; Kim et al. 2011). In this context, we have identified
neural signature genes, which were differently expressed between neural progenitor cells
differentiated either from neuroectoderm-derived iPSC or mesoderm-derived iPSC in vitro
and after transplantation into the cortex of mice (Hargus et al. 2014).

7.4 iPS Cells and Genome Editing

Genome editing has been widely used to introduce sequence-specific alterations in the
genome of cells to derive reporter or gene-knockout cell lines or create specific mutations
for various purposes. Sequence-specific nuclease systems have been built on fusing artifi-
cial zinc finger and TAL effector DNA-binding domains with the nonspecific endonucle-
ase domain of the restriction enzyme FokI (Boch et al. 2009; Hockemeyer et al. 2011;
Urnov et al. 2005). Most current approaches entail application of the CRISPR/Cas9 sys-
tem, which was originally discovered as a RNA-guided endonuclease bacterial immune
response to foreign DNA and then further remodeled to allow double strand breaks in
specific regions of mammalian genomes (Cong et al. 2013; Jinek et al. 2012; Mali et al.
2013). Previously homologous recombination in human pluripotent stem cells (PSC) has
been feasible, albeit with low frequencies of homology directed repair (7 HDR/350 human
ES clones (0.02%) in (Zwaka and Thomson 2003). The applications of CRISPR systems
have increased the frequency of double strand breaks at specific genomic sites in
pluripotent stem cells significantly (Cong et al. 2013; Mali et al. 2013) above 1% and
higher. When combined with dual fluorescence selection strategies bi-allelic genome
modifications can be achieved in almost all clones (Arias-Fuenzalida et al. 2017;
Eggenschwiler et al. 2016).

Mandal et al. extended the application of CRISPR/Cas9 to directly ablate genes in
human CD34+ blood stem / progenitor cells and CD4+ T cells (Mandal et al. 2014). We
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further expanded the utility of these genome editing strategy to neural progenitor cells
(NPCs) by demonstrating efficient homology-directed repair (HDR) at the TAU locus
from patients with frontotemporal dementia (Hallmann et al. 2017). Homologous
recombination in neural progenitor cells (NPCs) after CRISPR/Cas9 vector application
was achieved at a frequency of 12% (3 edited/25 clones) in line with the reported high
CRISPR/Cas9-directed knockout frequencies ranging from 22% to 40% in human
erythroleukemic K562 cells and 27% in human CD34+ stem/progenitor cells (Mandal
et al. 2014). Genome editing in NPCs may provide certain advantages over genetic cor-
rection in PSCs. Human pluripotent stem cell derived NPCs offer easily, robustly
expandable somatic, progenitor populations for neural disease modeling (Ehrlich et al.
2015; Hargus et al. 2014; Koch et al. 2009; Reinhardt et al. 2013). Genome-edited,
robustly expandable NPCs offer better homogeneity towards the maturation of final
neural cell types then genome-edited iPSCs and the clonal outgrowth after the puromy-
cin selection step can be achieved in higher rates. NPC-directed genome editing expands
the applicability of the CRISPR/Cas9 technology in neurodegenerative disease model-
ing and drug screening.

In principle genome editing of iPS cell derived cells can be efficiently undertaken on
the level of pluripotent stem cells, but also on multipotent progenitor cells derived there-
from (B Fig. 7.2). For modelling correction of sickle cell anemia (SCA) we could either
transfer the CRISPR/Cas9 hemoglobin beta gene targeting vectors and homology-directed
repair constructs into SCA iPS cells or first pattern hematopoietic progenitor cells from
these iPS cells and apply the genome editing constructs there. In both cases erythrocytes
with wildtype hemoglobin beta chains could be differentiated thereafter (Dorn et al.
2015). Similarly, for modelling neural diseases, the genome editing could either take place
on the level of iPS cells or neural progenitor cells derived therefrom (Bressan et al. 2017;
Hallmann et al. 2017).

Combining iPS cells and genome editing allows us to study the contribution of single-
point mutations to the pathogenesis of monogenetic as well as genetically more complex
diseases: A disease candidate mutation can be rescued to the wildtype allele in patient iPS
cell lines generating a so-called isogenic control. If two mutations are suspected to play a
role in a certain pathogenesis each of them can be rescued individually to discriminate
their contribution. Even multiple mutations can be introduced or rescued in different
combinations at a certain gene locus to study the correlation of certain allele types with
disease-associated phenotypes (Hockemeyer and Jaenisch 2016; Sterneckert et al. 2014).
In all cases chemical compound treatments can be envisaged as part of the genome edited
stem cell differentiations to identify new ‘druggable’ targets.

While human embryonic stem cell differentiations were initially considered as a novel
tool to study early developmental processes and as a potential source of cells for allogenic
transplantations, human induced pluripotent stem cells have paved the way for compre-
hensive disease modeling and drug discovery with somatic cells of individual patients
(Park et al. 2008a, b; Takahashi et al. 2007a, b; Yu et al. 2007; Zaehres and Scholer 2007).
Thereby the largest impact of iPS cell technology over short- to mid-term is on disease
modelling and drug screening. Transgenic mice with constitutive, inducible, conditional,
and cell type-specific gain-of-function or loss-of-function phenotypes have proven as
advanced disease models for decades. Human pluripotent stem cells combined with
genome editing will have an even greater impact as model systems for human diseases, as
they are genuine human cells. In the years to come directed differentiation protocols for
human pluripotent stem cells will be increasingly further developed from 2D cell culture
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systems to 3D organoid protocols, which will allow more real true modelling anatomy and
physiology of organs in a dish.

In the long-term induced pluripotent stem cells provide a source of stem cell-derived
autologous or allogenic cell grafts for regenerative medicine approaches, when produced
and qualified under Good Manufacturing Practice (GMP) conditions. The suitability of
reprogramming human cord blood to induced pluripotent stem cells (Giorgetti et al. 2009;
Haase et al. 2009; Okita et al. 2011a, b; Zachres et al. 2010) opens the perspective to gener-
ate Human Leukocyte Antigen (HLA)-matched pluripotent stem cell banks based on exist-
ing cord blood banks. The lessons learned from reprogramming cells to pluripotency or
multipotency in cell culture will be further applied to directly reprogram cell lineages in
vivo or to renew stem cell niches in vivo.

——Take Home Message

1. Pluripotent embryonic and induced, pluripotent stem (iPS) cells can be differen-
tiated in vitro in all ectodermal, mesodermal and endodermal cells as well as
germ cells.

2. Patient-derived iPS cells and their differentiation derivatives carry the genetic
mutations and potentially epigenetic marks of the patient and can thereby
serve as disease models.

3. Induction of pluripotent stem cells can start from different somatic cell populations
(e.g. fibroblasts, blood, keratinocytes, neural stem cells) using different transcription
factor combinations (e.g. Oct4, Sox2, Nanog, oncogenes), different gene transfer
systems (e.g. retro/lentiviral vectors, episomal plasmids, Sendai virus vectors,
modified RNA transfection) and further culturing under conditions for mouse and
human embryonic stem cells (e.g. naive or primed state culture conditions).

4. iPS cell characterization embraces morphology, immunohistochemistry for
pluripotency markers, expression profiling, in vitro differentiation, blastocyst
contribution/transmission (mouse) and teratoma formation (human) assays.

5. Genome editing e.g. using the CRISPR/Cas9 nuclease system can be efficiently
used to create or destroy (point) mutations after homology directed repair
(HDR) on the level of pluripotent stem cells or multipotent (e.g. hematopoietic,
neural) progenitor cells derived therefrom.
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What You Will Learn in This Chapter

This chapter gives a brief introduction of common epigenetic modifications during somatic
reprogramming process (we only focus iPSCs reprogramming here) including histone
methylation/acetylation, histone variants substitution, and DNA/RNA modification. In addi-
tion, we will discuss how these epigenetic modifications affect the production and quality
of iPSCs, and thus obtain more efficient reprogramming methods.

8.1 Introduction

A key point in stem cell research is how to obtain cells with multi-directional differentia-
tion potential for clinical study, which is also the study focus in somatic cell reprogram-
ming research field. So far, there are several approaches to achieve reprogramming,
including somatic cell nuclear transfer (SCNT), cell fusion and transcriptional factor-
induced pluripotency. Nuclear transfer is to transplant the nucleus of an adult somatic cell
to an enucleated oocyte. This tour de force, developed around 1960s, is the first to prove
that there are some substances in the oocyte cytoplasm that can successfully induce
somatic reprogramming (Gurdon 1962). However, due to the complexity of cytoplasmic
composition, it is still not clear what kinds of the key factors or the involved mechanisms
that lead to reprogramming. Fusion of a somatic cell with an embryonic stem cell (ESC)
by electroporation or chemical treatment could also induce somatic cell reprogramming,
which highlights the importance of ESC-specific transcriptional factors for genome repro-
gramming and cell fate determination (Tada et al. 1997). This concept inspired Takahashi
and Yamanaka to screen the key pluripotency-related transcriptional factors for somatic
cell reprogramming, and finally led to the generation of induced pluripotent stem cells
(iPSCs) by enforced over-expression of the four key genes including OCT4, SOX2, KLF4
and c-MYC (Takahashi and Yamanaka 2006). Moreover, the full pluripotency of the iPSCs
was proved by generating full-term embryos via tetraploid complementation experiments
(Kang et al. 2009; Zhao et al. 2009), suggesting that the iPSCs were similar to ESCs. This
exciting discovery not only greatly advances our knowledge of somatic cell reprogram-
ming field, but also provides new ideas and materials for regenerative medicine and per-
sonalized clinical treatment.

Both differentiated somatic cells and pluripotent stem cells share essentially the same
genome but have distinct morphologies and characteristics, which are shaped by the
developmental program. It is well known that epigenetic regulation is a key process in
determining the different cell functional output from the genetic information. Comparison
of the somatic state with the pluripotent state reveals that the somatic cells show a dense
chromatin state (heterochromatin) while most stem cells exhibit an open and loose chro-
matin state (euchromatin) which is more feasible to accommodate quick changes on tran-
scriptome. These epigenetic modifications include histone methylation/acetylation,
histone variants substitution, and DNA/RNA modification. While such epigenetic barri-
ers are gradually built up to sustain specific characteristics of cells during development or
differentiation, reprogramming to pluripotency needs to overcome a series of epigenetic
barriers. Thus, understanding the dynamics of epigenetic modifications and deciphering
the roles of these modifications will help to further optimize the iPSC technique and to
generate more qualified iPSCs during reprogramming.
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8.2 Histone Modifications and Responsible Modifiers

During the differentiation of stem cells into terminally differentiated cells, some inhibitory
histone modifications are gradually established, and chromatin becomes more condensed.
In the process of somatic cell reprogramming, the somatic related epigenetic modifications
are erased, and new epigenetic features are established, and chromatin becomes decon-
densed. As we all know, the basic unit of chromatin is nucleosome, which is composed
mainly of octamer formed by four histones H2A, H2B, H3, H4 and DNA entangled
thereon. Many post-translational modifications (PTMs) occur at the ends of the histones,
such as methylation, acetylation, phosphorylation, ubiquitination, SUMOylation, efc.
These modifications and their interactions are widely involved in the regulation of many
important biological events such as gene expression, cell growth and lineage differentia-
tion. Histone modifications serve to recruit other proteins or protein complexes by specific
recognition of the modified histones via specific domains, rather than through simply sta-
bilizing or destabilizing the interaction between histones and the underlying DNA. Different
kinds of precise recognitions between these modifications and protein complexes consti-
tute the biochemical molecular basis of histone modification-mediated epigenetic regula-
tion, and a variety of enzymes play key roles in the reprogramming process.

Some histone lysine residues can be acetylated at the a-amino group, which neutral-
izes the charge of lysine and alters the overall electrostatic properties of histones. It weak-
ens the interaction of histones with negatively charged DNA, making the chromatin
structure more decondensed. Therefore, Histone acetylation is considered as a marker of
active transcription in the euchromatin region, which mainly includes promoters, enhanc-
ers and gene bodies. Lysine acetylation has been found to occur on H3 (K4, K9, K14, K18,
K23, K27, K36 and K56), H4 (K5, K8, K12, K16, K20 and K91), H2A (K5 and K9) and
H2B (K5, K12, K15, K16, K20 and K120). It is catalyzed by lysine acetyltransferases (KATs)
and counteracted by histone deacetylases (HDACs), and the interaction between the two
histone modifiers determines the level of acetylation in any given genomic regions (Zhou
et al. 2011). KATs are broadly classified into three categories: the GNAT family repre-
sented by Gen5, MYST family represented by MOF and p300/CBP family. Higher organ-
isms have more complex HDAC sets that are mainly divided into four categories: Class I,
I, IIT and IV HDAC:s. In iPSCs and ESCs, chromatin is relatively loose, and histone acety-
lation level is high; however, in terminally differentiated cells, chromatin is often con-
densed and the overall acetylation level is low.

Histone lysine acetyltransferase Genb is a critical regulator for early reprogramming
initiations. Upon initiation of somatic reprogramming, Gen5 strongly associates with Myc
and form a positive feed-forward loop that activates a distinct alternative splicing network
and coregulates a group of RNA splicing and RNA processing genes that are needed for
somatic cell reprogramming (Hirsch et al. 2015).

MOFE a specific H4K16 acetyltransferase, is an integral part of the ESC core transcrip-
tional network and plays an important role in maintaining ESC self-renewal and pluripo-
tency. Deletion of MOF results in abnormal expression of NANOG, OCT4 and SOX2 in
ESCs, thus leading to loss of characteristic clonal morphology, alkaline phosphatase (AP)
staining, and differentiation potential. In addition, MOF is a key factor in effective repro-
gramming. iPSCs expresses high levels of MOF and this expression is significantly up-
regulated with reprogramming (Li et al. 2012). p300 is shown to promote acetylation of
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OCT4, SOX2, and KLF4 at multiple sites to change their transcription activity, thus regu-
lating stem cell reprogramming (Dai et al. 2014). p300 and CBP can be recruited to the
NANOG locus to help maintain the undifferentiated state of ESCs (Fang et al. 2014).

A large number of natural and synthetic HDAC inhibitors (HDACi) have shown out-
standing utility in the ESCs differentiation pathway, which may be caused by the remodel-
ing of ESCs chromatin. Thus, HDACi can reverse the epigenetic features that characterize
genes involved in self-renewal or differentiation regulation. HDACi can be used in somatic
cell reprogramming process via different approaches. Treatment of donor cells before
nuclear transfer or treatment of cloned embryos following nuclear transfer resulted in
facilitation of embryo cloning and improvement of embryo developmental potential. In
mouse SCNT experiments, HDACi significantly increased the efficiency and quality of
cloned embryos by promoting the activation of embryo-specific genes (Bui et al. 2011). In
fusion experiments, HDACi treatment increased the capacity of ESCs with a relatively low
acetylation level to achieve reprogramming of MEFs (Hezroni et al. 2011). In the transcrip-
tional factor-induced reprogramming experiment of human fibroblasts, HDACi treatment
can significantly increase the efficiency of iPSC production and replace two of the Yamanaka
four factors - c-MYC and KLF4 (Huangfu et al. 2008a, b; Mali et al. 2010). These effects are
mainly due to enhanced histone acetylation, chromatin decondensation, increased RNA
synthesis, and inhibition of apoptosis. However, the specificity or selectivity of HDACi and
the involved molecular mechanism of the corresponding complex are still unclear.

In addition to histone acetylation, methylation of histone lysine, arginine and other
sites is also common for histone modifications. Histone methylation modifiers mainly
include histone lysine methyltransferase (HKMT), protein arginine methyltransferase
(PRMT), and histone lysine demethylase (HKDM). There are six families in HKMT: KMT1
family catalyzes H3K9me3; KMT2 family catalyzes H3K4me3; KMT3 family catalyzes
H3K36me3; KMT4 family catalyzes H3K79me3; KMT5 family catalyzes H4K20me3;
KMT6 family catalyzes H3K27me3. All of above contain SET domain to perform catalytic
function; except for methylation of H3K79 by DOT1L. Not only methylation at different
sites exercise different biological functions, different degrees of methylation at the same site
also produce different biological effects. For example, a mono-methylation modification of
H3K4 (H3K4mel) can be used to label an enhancer region, whereas a tri-methylation
modification at the same position (H3K4me3) is present at the transcription start site.

Some H3K9me3 regions, in addition to hindering the rate or efficiency of reprogram-
ming, continue to affect the final reprogrammed iPSC state, resulting in incomplete ESC-
like state transitions. The H3K9me3 heterochromatin region is considered to be a major
obstacle in the early stage of somatic cell reprogramming, the removal of which may be an
effective strategy to improve the reprogramming efficiency. Indeed, knockdown of
SUV39H1/H2 methyltransferase results in a decrease in H3K9me3 level, which in turn
accelerates the reprogramming process and increases the number of human iPSCs colo-
nies (Soufi et al. 2012). Also, depletion of other main H3K9 methyltransferases including
EHMT1, EHMT2, and SETDBI in fibroblast cells increases the efficiency of iPSC forma-
tion from both fibroblasts and pre-iPSCs (Onder et al. 2012; Sridharan et al. 2013).
However, it is still unclear which methyltransferase is most responsible for stabilizing the
differentiated state. Vitamin C can accelerate reprogramming and knockdown of lysine-
specific demethylase Kdm3b in pre-iPSCs blocks vitamin C-induced further reprogram-
ming, indicating the cooperative network between vitamin C and H3K9me3 demethylase
to reduce the H3K9me3 level in pre-iPSCs. While BMPs contributes to build H3K9me3
modification, arresting the reprogramming at pre-iPSC stage, knockdown of the H3K9
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methyltransferase SETDBI rescues the inhibitory effect of BMP. Therefore, it can be con-
cluded that H3K9 methyltransferases are the downstream targets of BMPs, the critical
signaling molecules. They serve as the on/off switch for the pre-iPSCs to fully repro-
grammed iPSCs transition by regulating H3K9 methylation status at the core pluripotency
loci (Esteban et al. 2010; Chen et al. 2013a; Koche et al. 2011).

Methylation of histone H3K4 is generally considered as a marker for transcriptional
activation. H3K4me/me2 normally deposits in the enhancer region of the transcriptional
activated gene, while H3K4me3 modification always occurs in the promoter region of the
pluripotency-related transcriptional activated gene. H3K4 methylation is regulated by
TrxG complex, and its core component WDR5 can promote tri-methylation of H3K4.
WDR5 is highly expressed in ESCs/iPSCs, binding to the promoters of pluripotency-
related genes, regulating pluripotency and self-renewal of ESCs/iPSCs. As cells start the
differentiation program, the expression level of WDR5 gradually decreases. Moreover,
knockdown of WDR5 during the reprogramming process significantly impairs the repro-
gramming efficiency (Ang et al. 2011). On the other hand, H3K4 demethylases also play
important roles in somatic cell reprogramming. Knockdown of H3K4 demethylase LSD1,
accompanied by elevated levels of H3K4me2/3, can induce differentiation of human ESCs,
which is associated with de-repression of developmental genes (Whyte et al. 2012). In addi-
tion, Lsd17/°ES cells have potent potential to generate embryonic tissues from the embryoid
bodies, further suggesting its role in differentiation inhibition and self-renewal mainte-
nance (Macfarlan et al. 2011). LSD1 can maintain the methylation status balance between
H3K4 and H3K27 in the regulatory region of some important developmental genes. In
mouse ESCs, LSD1 stabilizes DNA methyltransferase 1 (DNMT1), and deletion of Lsd1l
results in loss of DNA methylation (Wang et al. 2009). Moreover, LSD1 and its associated
nucleosome remodeling and histone deacetylase (NuRD) complex are recruited to OCT4-
occupied enhancers at active pluripotent genes in ESCs. LSD1-NuRD complex is required
for silencing of ESC enhancers during differentiation, which is essential for complete shut-
down of the ESC gene expression program and the transition to new cell states by removing
H3K4mel (Whyte et al. 2012). These studies provide a new approach for finding more
secure and more efficient reprogramming methods. The combination of LSD1 inhibitors
with other small molecule compounds can reduce the number of reprogramming factors
(Wang et al. 2014a), even without any exogenous transcriptional factors (Hou et al. 2013).

Methylation of H3K27 also plays an important role not only in pluripotent stem cells
induction, but also in pluripotency maintenance of stem cells. The Polycomb Repressive
Complex PRC2 that is responsible for catalyzing the methylation of H3K27, can down-
regulate the expression of somatic cell-related genes in the early stage of reprogramming.
In ESCs, the loss of any components of the PRC2 complex will cause the loss of H3K27
tri-methylation, and further significantly impair the self-renewal capacity of the cells.
Also, silencing of PRC2 complex can significantly reduce the efficiency of reprogram-
ming. On the other hand, H3K27 demethylase Utx (also known as Kdmé6a) regulates the
efficient induction, rather than maintenance, of pluripotency (Mansour et al. 2012).
Somatic cells lacking Utx fail to robustly reprogram to the ground state of pluripotency
(Mansour et al. 2012). Utx directly interacts with the reprogramming factors of OSK, and
uses its histone demethylase catalytic activity to facilitate iPSC formation (Mansour et al.
2012). Utx depletion results in aberrant dynamics of H3K27me3 repressive chromatin
demethylation patterns in somatic cells undergoing reprogramming, which directly ham-
pers the de-repression of potent pluripotency-related gene modules (including Salll, Sall4
and Utfl), which can cooperatively substitute for exogenous OSK supplementation in
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iPSC formation (Mansour et al. 2012). Taken together, Utx ensures efficient, robust and
timely demethylation of H3K27 during the reprogramming induction stages, and plays an
important regulatory role in somatic cell reprogramming to pluripotent state (Mansour
etal. 2012).

Moreover, H3K79 methylation could be required for differentiation and thus serving
as a barrier in somatic cell reprogramming. H3K79me3 is enriched in pericentromeric
heterochromatic regions, whereas H3K79me?2 is more diffusely located (Ooga et al. 2008).
Both marks are removed after fertilization.

To address how chromatin-modifier proteins affect reprogramming and identify key
proteins that have a positive or negative effect on the induced reprogramming process in
detail, the researchers used short hairpin RNA (shRNA) pool to target the genes in both
DNA and histone methylation pathways systematically. Studies have shown that inhibiting
the core components of the PRC1 and PRC2, including the histone H3K27 methyltransfer-
ase EZH2, reduces reprogramming efficiency; while inhibiting SUV39H1, YY1 and
DOTIL significantly improves reprogramming efficiency. Among them, the histone
H3K79 methyltransferase DOT1L was inhibited by sShRNA or small molecule, which sig-
nificantly accelerated reprogramming and increased the yield of iPSC colonies, and also
replaced Klf4 and c-Myc. Genome-wide analysis of the H3K79me?2 distribution revealed
that fibroblast-specific genes associated with mesenchymal transition to epithelial cells
(MET) lost their H3K79me2 mark during the initial stages of reprogramming, and these
genes were also silenced in pluripotent cells. Inhibition of DOT1L contributes to the loss of
this modification in genes that are inhibited in the pluripotent state. These findings suggest
that specific chromatin-modifying enzymes may act as barriers or facilitators of repro-
gramming, and by regulating these chromatin modifiers, iPSCs can be more efficiently
generated with less dependence on exogenous transcription factors (Onder et al. 2012).

H3K36 methylation status is also important for somatic cell reprogramming efficiency.
H3K36me2-specific demethylase, Kdm2b, has the capacity to promote iPSC generation,
which depends on its demethylase and DNA-binding activities, however, independent of
its role in antagonizing senescence. Kdm2b functions at the beginning of the reprogram-
ming process and enhances in part by promoting cell-cycle progression and overcoming
senescence through repression of the Ink4/Arf locus and/or facilitating the early tran-
scriptional response to the reprogramming factors. Kdm2b contributes to gene activation
by targeting and demethylating the gene promoters (Liang et al. 2012; Wang et al. 2011).
Moreover, Kdm2a is important for Oct4 reactivation in cell-fusion-mediated reprogram-
ming (Ma et al. 2008). The overexpression of Kdm2a/2b potently enhances reprogram-
ming with three (OSK) or fewer factors in the presence of vitamin C (Wang et al. 2011).

8.3 Histone Chaperones

Chromatin remodeling changes chromatin structure dynamically, helping functional pro-
teins or protein complexes bind to specific sites in the genome to regulate gene expression.
During somatic cell reprogramming, the gene expression program and chromatin struc-
ture change dramatically. There must be different types of chromatin remodelers such as
histone chaperones playing various roles in this process.

Previously considered as a “dumb” histone carrier, it is now known that histone chap-
erone plays a key role in the various stages of histone existence. Chaperones bind to his-
tones during synthesis, escorting them into the nucleus and helping histones to specifically
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bind to DNA during different processes such as DNA replication, repair or transcription.
Histone chaperones directly or indirectly regulate histone PTMs, which are functionally
critical to the above process.

However, we still do not have many clues about the role of histone chaperones in
reprogramming. To clarify the regulatory pathways that protect the state of somatic cells,
RNAI screens targeting chromatin factors during transcription factor-mediated repro-
gramming of mouse fibroblasts to iPSCs were performed. The subunits of chromatin
assembly factor-1 (CAF-1) complex, including Chafla and Chaflb, appear as the most
prominent hits in screening (Cheloufi et al. 2015). Suppression of CAF-1 makes the chro-
matin structure of enhancer elements more accessible early in reprogramming, which is
achieved by lowering the level of H3K9 methylation. These changes are accompanied by a
decrease in somatic heterochromatin domains, increased binding of Sox2 to pluripotency-
specific targets, and activation of related genes (Cheloufi et al. 2015). Optimal regulation
of CAF-1 and transcription factor levels increased reprogramming efficiency by several
orders of magnitude and promoted iPSC formation in as little as 4 days. In addition, it was
found that CAF-1 suppression not only improved the efficiency of reprogramming, but
also promoted direct lineage conversion, suggesting that histone chaperone can modulate
cellular plasticity in a regenerative setting (Cheloufi et al. 2015).

The histone chaperone Asfla is also involved in cell reprogramming and maintenance
of human ESCs (Gonzalez-Munoz et al. 2014). Asfla acts upstream of CAF-1 by transfer-
ring newly synthesized and acetylated histones to CAF-1 (Ransom et al. 2010). In contrast
to CAF-1, overexpression of Asfla, but not downregulation, enhances human iPSCs for-
mation. This phenotype is presumed to be mediated by increased deposition of acetylated
histones, thereby inducing a more accessible chromatin state (Ransom et al. 2010).

The downregulation of Aprataxin PNK-like factor (APLF) promotes reprogramming
by augmenting the expression of E-cadherin (Cdhl), which is implicated in the
mesenchymal-to-epithelial transition (MET) involved in the generation of iPSCs.
Downregulation of APLF in MEFs expedites the loss of the repressive MacroH2A.1
(encoded by H2afy) histone variant from the Cdh1 promoter and enhances the incorpora-
tion of active histone H3K4me2 marks at the promoters of the pluripotency genes Nanog
and KIf4, thereby accelerating the process of cellular reprogramming and increasing the
efficiency of iPSC generation (Syed et al. 2016).

Histone cell cycle regulator (HIRA) is a histone variant H3.3-specific chaperone,
which preferentially introduces the histone variant H3.3 into the nucleosome. The HIRA
complex is conserved across species, such as yeast, Drosophila, plants, efc., mediating the
deposition of H3.3 into euchromatic regions. In ESCs, HIRA directly interacts with the
PRC2 complex, facilitating recruitment of PRC2 complex and establishing the correct
H3K27me3 in the promoter regions of the developmental regulatory genes (Banaszynski
et al. 2013). HIRA-dependent histone deposition facilitates transcriptional recovery after
genotoxic stress. For example, HIRA deposits newly synthesized H3.3 to damaged DNA
sites in response to UV irradiation (Adam et al. 2013). Zygotes from Hira mutant mouse
exhibit loss of H3.3 incorporation in both paternal and maternal genomes. Moreover,
DNA replication and rRNA transcription are also impaired (Lin et al. 2014; Inoue and
Zhang 2014). Specific deletion of Hira in developing mouse oocytes results in altered
chromatin homeostasis, including decreased DNA methylation, increased DNase I sensi-
tivity, and accumulated DNA damage, along with a severe fertility phenotype (Nashun
et al. 2015). Hira is critical for mouse embryonic development; insufficient production of
the gene may disrupt normal embryonic development (Roberts et al. 2002).
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Recent studies show that death domain-associated protein (DAXX) is an H3.3-specific
histone chaperone unique to metazoans. Distinct from HIRA that deposits H3.3 in
euchromatin, DAXX deposits H3.3 into telomeres and pericentric heterochromatin
(Goldberg et al. 2010; Drane et al. 2010; Lewis et al. 2010). DAXX forms an H3.3 preas-
sembly complex with the a-thalassemia/mental retardation syndrome protein (ATRX), a
SNF2-like and ATP-dependent chromatin remodeling factor. In mouse ESCs, H3K9Ac is
enriched in purified HIRA-associated H3.3 complexes but not in DAXX-associated H3.3
complexes. While the DAXX-ATRX complex is enriched for H3K9me3 (Elsaesser and
Allis 2010). The DAXX-ATRX complex and the HIRA complex control the deposition of
the corresponding H3.3 at different locations in the genome, and each deposit may have a
different PTM to play a different role.

8.4 Histone Variants

In addition to several common histones, some histone variants can also participate in the
formation of nucleosomes, greatly increasing the diversity and complexity of nucleosomes
and even chromosome structures.

A small group of non-canonical variants of histones emerged from canonical histones
with one or a few amino acid differences. These histone variants are expressed at relatively
low levels but have distinct biological functions by altering the conformation of nucleo-
somes. Massive replacements of canonical histones by non-canonical histone variants (or
vice versa) can be observed during fertilization or germ cell generation, which are corre-
lated with cell reprogramming and cell fate alteration.

Two histone variants TH2A and TH2B, highly expressed in the mouse oocyte, play
important roles in activation of paternal genome during fertilization and OSKM-induced
somatic reprogramming (Shinagawa et al. 2014). Combinational transduction of Oct4,
Klf4 and Th2a/b can reprogram somatic cells into the pluripotent state efficiently. Notably,
the roles of TH2A/B in reprogramming are very likely due to their deposition of chaper-
one NPM. Moreover, NPM can lead to global de-condensation of sperm chromatin during
fertilization and of somatic cell nuclei during SCNT, thus significantly increase the success
rates of reprogramming, suggesting that the TH2A/B replacement is a general phenome-
non for both in vitro and in vivo reprogramming and genome reactivation (Shinagawa
et al. 2014). Recent studies have also shown that TH2A/B as well as NPM can reprogram
human somatic cells and improve the quality of human iPSCs. However, different from
TH2A/B playing positive roles in pluripotency induction, some histone variants have
some negative effects on iPSC generation, such as marcoH2A. MarcoH2A is highly
expressed in human somatic cells and is down-regulated during reprogramming. Knocking
down marcoH2A in human keratinocytes can increase reprogramming efficiency, while
over-expressing it will inhibit reprogramming. Further studies have found that in human
keratinocytes, marcoH2A is mainly distributed on genes associated with pluripotency or
development. During reprogramming, marcoH2A inhibits H3K4 methylation and makes
the genes at relevant sites at very low expression levels (Barrero et al. 2013). Thus, while
some histone varjants are important for the activation of quiescent genomes, some play
important roles in maintaining the somatic cell epigenome at the repressive state.

The distribution of genomic histone variants can serve as an epigenetic marker for
evaluating the quality of iPSCs, as well as providing new ideas for discovering more effi-
cient reprogramming methods. H2A X is a variant of histone H2A that serves as a func-
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tional marker to distinguish the developmental potential of different mouse iPSCs. In
mouse ESCs, H2A X specifically binds to genes involved in the regulation of extra-
embryonic lineage development, inhibiting its expression, thereby preventing the differ-
entiation of ESCs into trophoblast cells. For somatic reprogramming, if iPSCs faithfully
recapitulated the specific H2A.X distribution patterns similar to ESCs, such iPSCs can
obtain the capacity to support the development of ‘all-iPSC’ mice via tetraploid comple-
mentation, which are completely developed from iPSCs. However, iPSC clones with aber-
rant deposition of H2A X exhibit upregulation of genes in extra-embryonic lineage and a
pre-disposition to extra-embryonic differentiation bias, resulting in failure to support the
‘all-iPSC’ mice development (Wu et al. 2014).

Recent study suggests that the histone variant H3.3 is a mark of transcriptionally
active chromatin needs to be reconsidered. In mammals, histone variant H3.3 is encoded
by two different genes (h3f3a and h3{3b) that are translated to produce the same protein
product (Frank et al. 2003; Wellman et al. 1987). Unlike classical histone H3, which
expresses and incorporates chromatin in S phase, H3.3 expression is not cell cycle-reg-
ulated. It is expressed throughout the cell cycle of quiescent cells, mitotic cells and pro-
liferating cells. H3.3 may deposit in a manner independent of DNA synthesis during
and outside the S phase (Skene and Henikoft 2013). During somatic cell reprogram-
ming, the transient binding of the reprogramming factors to their corresponding bind-
ing sites results in the incorporation of histone variant H3.3, which makes the chromatin
looser and enhances the accessibility of the binding sites. These chromatin changes
increase the possibility of activation of Oct4, Sox2, KIf4 and other pluripotency genes.
The activating gene is labeled with a high level of histone variant H3.3. The replication-
dependent histone variant H3.1 is incorporated during DNA replication, diluting H3.3.
Due to some unknown mechanism, redistributed H3.3 causes the gene to be reactivated
or silenced (Gonzalez-Munoz et al. 2014). H3.3 is an essential parent factor for somatic
cell reprogramming in oocytes. The knockdown of the parental H3.3 will make repro-
gramming difficult and will not reactivate many key pluripotency genes; this impaired
reprogramming can be rescued by injecting exogenous H3.3 mRNA into oocytes of
SCNT embryos. The parent H3.3 participates in reprogramming by substituting the
donor core-derived H3 (H3.3 and canonical H3) with de novo synthesis of H3.3, and
the substitution is not a global effect, but depends on the identity of the donor core
(Wen et al. 2014a).

Mammalian oocytes contain the maternal-specific linker histone H1foo, which is a
homolog of the Xenopus linker histone B4. H1foo is specifically expressed during the ger-
minal vesicle (GV) stage until the late two-cell stage or early four-cell stage, and is required
for oocyte maturation (Furuya et al. 2007; Gao et al. 2004; Tanaka et al. 2003, 2005). H1foo
can replace c-Myc in the Yamanaka four-factor induced reprogramming process and is
more likely to generate qualified iPSCs (Kunitomi et al. 2016). Expression of H1foo in
ESCs allows continuous activation of pluripotency-related genes and prevents differentia-
tion in vitro (Hayakawa et al. 2012). In the early stage of reprogramming, H3K27me3
modification is globally lost, affecting the state of heterochromatin. H1foo reduces hetero-
chromatin regions, making chromatin more decondensed than somatic H1 and other
linker histone states, resulting in a chromatin state that is more suitable for reprogram-
ming (Hayakawa et al. 2012; Saeki et al. 2005). ChIP analysis in H1foo-ESCs revealed that
H1foo targeted selectively to a set of hypomethylated genomic loci, making these target
loci decondensed. Thus, H1foo also has an impact on the genome-wide, locus specific
epigenetic status (Hayakawa et al. 2012).



146

Y. Wang et al.

8.5 DNA Methylation/Demethylation

DNA methylation/demethylation and histone modifications both serve as important
epigenetic regulators, precisely controlling the genes activation and inactivation dur-
ing development in mammals. DNA methylation typically occurs in cytosines in CpG
dinucleotides, forming 5-methylcytosine cytosine residues (5mC). The distribution of
this modification on the genome is asymmetric, with CpG-rich regions (also referred
as CpG islands) and CpG-deficient regions (including gene bodies, intergenic regions).
About 70% of the gene promoters are present in CpG islands, especially the promoters
of many house-keeping genes (Saxonov et al. 2006; Gardiner-Garden and Frommer
1987). DNA methylation can regulate and stabilize chromatin structure. It can also
regulate gene expression by recruiting related protein complexes, or by preventing the
transcription machinery access to certain regions of DNA. Thus, a prevalent view
holds that DNA methylation restrict transcription, whereas DNA demethylation allow
the gene to be expressed (Saxonov et al. 2006; Gardiner-Garden and Frommer 1987).

The state of DNA methylation changes dynamically throughout development. The
most prominent events are the successive occurrences of methylation and demethylation,
including genome-wide DNA demethylation during mammalian pre-implantation devel-
opment after fertilization and tissue-specific re-methylation in post-implantation devel-
opment (Saxonov et al. 2006; Gardiner-Garden and Frommer 1987). Indeed, the pattern
of DNA methylation varies between cell types and growth conditions. And it seems that
different cell types use their unique and robust DNA methylation patterns to regulate
expression patterns of tissue-specific genes (Gardiner-Garden and Frommer 1987).
Similar to other epigenetic modifications mentioned above, DNA methylation also plays
an important role in somatic cell reprogramming regulation (Gardiner-Garden and
Frommer 1987). However, DNA methylation is an inefficient and slow process compared
to histone PTMs such as acetylation, methylation, etc.

DNA methylation is catalyzed by DNA methyltransferases (DNMTs), which are
divided into two categories: maintenance DNMT1 and de novo DNMT3A and
DNMT3B. These three DNMTs are broadly involved in embryonic development, and the
expression of DNMTs is greatly reduced in terminally differentiated cells.

The function of DNMT1 depends on the DNA replication process. During DNA rep-
lication, DNMT1 is in the position of the replication fork, and here newly formed hemi-
methylated DNA is formed (Leonhardt et al. 1992). DNMT1 binds to newly synthesized
hemi-methylated DNA to help methylation precisely in accordance with methylation pat-
terns prior to DNA replication (Hermann et al. 2004). Because DNMT1 maintains the
original methylation pattern in the cell lineage, it is called maintenance methyltransferase.
Conversely, the de novo methyltransferases DNMT3A and DNMT3B can methylate DNA
sites that are not methylated, which is independent of DNA replication. In addition,
DNMTS3L - a homologous protein of DNMT3A/DNMT3B, but without the conserved
catalytic domain common to DNA methyltransferases — binds to DNMT3A/DNMT3B
and activates their methyltransferase activity (Suetake et al. 2004).

DNA demethylation always adopts two approaches to remove the methyl group on
cytosine residue. One is passive demethylation; the other is active demethylation. Passive
DNA demethylation occurs during cell division. During DNA replication, the cytosine on
the newly synthesized DNA strand is not methylated, which may be caused by inhibition
or inactivation of DNMT1. Thus, the methylation level of the whole genome is diluted
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after each cycle of cell division, resulting in the decrease in the overall methylation state.
Active DNA demethylation occurs in both mitotic and non-dividing cells, relying on the
corresponding enzyme to catalyze the conversion of 5mC to unmethylated cytosine. This
process is completed by the following DNA dioxygenase, the Ten-Eleven-Translocation
family proteins including TET1, TET2, TET3, thymine DNA glycosylase (TDG) and DNA
base excision repair (BER) pathway. The TET proteins oxidize 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC), and then oxidize to 5-formylcytosine (5fC) and
5-carboxycytosine (5caC), which are further catalytically modified by TDG and ultimately
converted to unmodified cytosine through BER pathway (Wu and Zhang 2011).

DNA methylation is a robust epigenetic modification that can lead to sustained silenc-
ing of genes. All of the three DNMTs mentioned above are enriched in ESCs, suggesting
their important roles in supporting pluripotency of ESCs. During somatic cell reprogram-
ming, DNA methylation occurs mainly after histone modification and chromatin struc-
ture changes, serving as an extremely important epigenetic barrier to cellular
reprogramming. Treatment of reprogrammed cells with the DNA methylation inhibitor
5-Aza-CR, or reduction of Dnmtl expression by siRNA or shRNA, induces rapid and
stable conversion of these cells to fully reprogrammed iPSCs, greatly improves the effi-
ciency more than 30 folds (Mikkelsen et al. 2008). Moreover, although somatic cells of
DNMT3A/DNMT3B knock-out mouse can still normally induce the formation of iPSCs,
they have a restricted developmental potential (Pawlak and Jaenisch 2011).

In addition, demethylation of pluripotency-related genes plays important roles in
development. TET3 is the first identified enzyme in methyl cytosine conversion by active
DNA demethylation pathway during zygotic activation. During zygotic activation, TET3
is predominantly enriched in the male pronucleus, and knockout of Tet3 in zygote can
impede the active DNA demethylation of paternal genome, and thus delay the subsequent
activation of paternal pluripotency-related genes during early embryonic development
(Gu et al. 2011). However, both Tetl and Tet3 knockout mice are partially lethal, suggest-
ing that redundant functions may exist in Tet family proteins (Gu et al. 2011; Dawlaty
et al. 2011). Tet family protein-dependent DNA modifications are also important for
reprogramming. Both Tet2 and Parpl are recruited to Nanog and Esrrb loci for establish-
ment of early epigenetic modifications, which are essential for transcriptional activation at
the pluripotency genes to complete the reprogramming process (Doege et al. 2012). The
core pluripotent gene Nanog can interact with Tetl and Tet2, binding to the target of
pluripotent genes, increasing the reprogramming efficiency to generate the fully repro-
grammed iPSCs (Costa et al. 2013). Oct4, Nanog, and Tetl can form a positive feedback
regulatory network, reducing methylation levels in the Oct4 and Tetl promoter regions
(Costa et al. 2013). Interestingly, Tetl can work as a double-edged sword for somatic cell
reprogramming regulation. It can either positively or negatively regulates reprogramming
depending on the absence or presence of vitamin C (Chen et al. 2013b). In the context of
vitamin C, knockout of Tetl can enhance reprogramming, and its overexpression can
impair the reprogramming by modulating the obligatory mesenchymal-to-epithelial tran-
sition (MET). On the other hand, Tetl can boost somatic cell reprogramming indepen-
dent of MET in the absence of vitamin C (Chen et al. 2013b). This study also found that
Tet1 regulates 5ShmC formation at loci critical for MET in a vitamin C-dependent fashion,
strongly suggesting the role of vitamin C in determination of TET1 protein biological
outcome during reprogramming. However, another study showed that depletion of Tetl
or its downstream TDG could impaire reprogramming by blocking MET, suggesting that
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Tetl may serve as a booster for mid-stage or late-stage of reprogramming (Hu et al. 2014).
Furthermore, Tetl (T) is capable of replacing essential reprogramming factors during
reprogramming. It can replace Oct4 and fulfill the somatic cell reprogramming in combi-
nation with Sox2 (§), Klf4 (K) and c-Myc (M) (Gao et al. 2013). Analyzing the efficient
TSKM secondary reprogramming system reveals that both 5mC and 5hmC modifications
increase at an intermediate stage of the reprogramming process, correlating with a transi-
tion in the transcriptional profile. 5hmC enrichment is involved in the demethylation and
reactivation of genes and regulatory regions that are important for pluripotency, indicat-
ing that changes in DNA methylation and hydroxymethylation play important roles in
genome-wide epigenetic remodeling during reprogramming. Importantly, the combina-
tion of Tetl with Oct4 is enough to reprogram the cells toward a high-quality pluripotent
state with normal 5hmC levels. These OT (Oct4-Tet1)-iPSCs can also efficiently generate
‘all-iPSC’ mice with a normal life span and no obvious tumorigenicity compared to the
OSKM-derived ‘all-iPSC’ mice (Chen et al. 2015a). In summary, Tetl can replace multiple
Yamanaka factors to achieve reprogramming, further elucidating the important roles of
epigenetic modifiers during this process.

Epigenetic information can be passed from one generation to another through DNA
methylation, histone modifications, and small RNA changes, a process known as epigen-
etic memory. Different types of somatic cells have different transcriptional and epigenetic
characteristics. During the process of induced reprogramming, the epigenetic memory of
donor cells often has a certain influence on the differentiation potential of the finally
obtained iPSCs. One of the main causes of epigenetic memory residue is that DNA of the
derived reprogramming cells is not completely demethylated or remethylated. Rather
than being a strictly dynamic mechanism for regulating gene expression, DNA methyla-
tion state can serve as a long-term memory of previous gene expression decisions that
were mediated by transcriptional factors which might no longer present in the cell (Dor
and Cedar 2018). In somatic cells, many pluripotency-related genes and their regulatory
regions are covered by H3K9me3 modification and DNA methylation to sustain the
silencing. During reprogramming, some regions that cannot be completely demethylated
are still enriched in H3K9me3 mark, therefore impeding the accessibility of OSKM tran-
scription factors for gene activation. Such regions are named as reprogramming resistance
regions (RRRs) (Matoba et al. 2014). The lower generation of iPSCs will leave some meth-
ylation characteristics of donor cells, making iPSCs easy to differentiate into donor cell-
associated germ layer cells, limiting the differentiation potential.

Genomic imprinting is also closely related to DNA methylation, making the genes
differentially expressed in a parental allele-specific manner and playing a key regulatory
role in mammalian growth and development. During induced reprogramming, DNA
methylation on some imprinting loci is erased, while some not. Comparison of genetically
identical mouse ESCs and iPSCs reveals that the imprinted DIk1-Dio3 gene cluster on
chromosome 12qF1 is aberrantly silenced in some iPSC clones, which contributed poorly
to chimaeras and failed to support the development of entirely iPSC-derived mice,
consistent with its developmental roles. However, treatment of these iPSC clones with a
histone deacetylase inhibitor reactivated this locus and restored its capacity to support the
full-term development of the all-iPSC mice (Stadtfeld et al. 2010). Further study by the
same lab showed ascorbic acid could prevent imprinting loss of Dlk1-Dio3 and thus facil-
itate generation of all-iPS cell mice from terminally differentiated B cells (Stadtfeld et al.
2012). In addition, high-throughput sequencing analysis between the iPSC lines with and
without the ability to support all-iPSC mice identified another imprinted gene Zrsrl
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important for reprogramming quality. Methylation of Zrsr1 was consistently disrupted in
the iPSCs with reduced pluripotency, which could not support the generation of all-iPSC
mice. Furthermore, the disrupted methylation on Zrsrl could not be rescued by improv-
ing culture conditions or subcloning of iPSCs (Chang et al. 2014).

DNA methylation generally represses transcription. However, recent studies in
Arabidopsis find that it can activate gene transcription in some instances. In this case, a
protein complex is recruited to chromatin by DNA methylation, which specifically acti-
vates the transcription of genes that are already mildly transcribed but not those that are
transcriptionally silent such as transposable elements (Harris et al. 2018). Thus, by coun-
teracting the repression effect caused by transposon insertion in neighboring genes while
leaving transposons silent, DNA methylation fine-tunes gene expression.

In some cases, DNA methylation can activate gene transcription (Harris et al. 2018).
In addition, another study using deep whole-genome bisulfite sequencing revealed
sequence-dependent CpG methylation imbalances at thousands of heterozygous regula-
tory loci, which are enriched for stochastic switching between fully methylated and
unmethylated states of DNA (Onuchic et al. 2018). These above novel findings provide
new perspectives for understanding the biological functions of DNA methylation and
demethylation in reprogramming process.

8.6 RNA Methylation/Demethylation

There are increasing evidences showing that a wide variety of RNA modifications play
crucial roles in the regulation of gene expression. Among them, RNA methylation, with
N(6)-methyl adenosine (m°A) and 5-methylcytosine (m5C) as the most representative, is
the one of most important in RNA modifications. In this part, we will discuss the m°A
modification in detail since it is the most prevalent and reversible internal modification in
mammalian mRNAs and non-coding RNAs with in-depth study so far.

The formation of m°A modification is catalyzed by a specific methyltransferase, which
uses SAM as a methyl group donor and transfers the methyl group to N°-adnosine of
RNA. Both METTL3 and METTL14 contain a SAM binding site and a DPPW (Asp-Pro-
Pro-Trp) functional domain. These two proteins form a stable heterodimer core complex,
mediating m°A deposition on mammalian nuclear RNAs. WTAP, a mammalian splicing
factor, interacts with the METTL3-METTL14 complex, serving as a regulatory subunit.
Although WTAP does not possess methylation activity, it is required for the methyltrans-
ferase complex localization into nuclear speckles enriched with pre-mRNA processing fac-
tors and thus significantly affects the catalytic activity of the mSA methyltransferase in vivo.
The majority of RNAs bound by WTAP and METTL3-METTL14 complex contain the
consensus m°A motif RRACH (R = G or A; H = A, C or U), the highly conserved regions
where the m°A modification occurs (Liu et al. 2014; Ping et al. 2014). However, there are
some m°A modifications that do not contain the RRACH conserved motif, suggesting that
there may be more methyltransferases directly involved in the m6A depositions.

For m°A demethylases, only two have been identified in mammals: FTO and ALKBH5.
FTO catalyzed m6A demethylation requires several intermediate steps. It oxidizes m°A to
generates N°-hydroxymethyladenosine (hm°A) as an intermediate modification and N°-
formyladenosine (f°A) as a further oxidized product, which was finally catalyzed to gener-
ate A (Fu et al. 2013). Both hm®A and f°A have half-life times of ~3 h in aqueous solution
under physiological relevant conditions, and are present in isolated mRNA from human
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cells as well as mouse tissues (Fu et al. 2013). Unlike FTO, ALKBHS5 directly catalyzes the
conversion of m6A to A, with no intermediates found yet. Due to the complexity of RNA
processing and the diversity of RNA substrates, m6A demethylase other than FTO and
ALKBHS is likely to be present.

m6A modification exerts biological effects mainly through binding proteins compris-
ing a YTH domain such as YTHDF proteins (Dominissini et al. 2012). Recent study
showed that YTHDF?2 protein preferentially binds to m®A-RNA, while its binding affini-
ties to hm°A or f°A were attenuated to a level similar to A (Fu et al. 2013).

Several studies demonstrated strong correlations between m®A modification and plu-
ripotency. Genetic inactivation or depletion of mouse and human Mett13, one of the m°A
methyltransferases, led to the depletion of m°A modification on several target genes and
affected mRNA stability, which further prolonged Nanog expression upon differentiation,
thus impairing ESC exit from self-renewal program toward differentiation into several
lineages both in vitro and in vivo (Batista et al. 2014). Knockdown of Mettl3 and Mettl14 in
mouse ESCs led to similar phenotypes, characterized by lack of m®A modification and
self-renewal capacity lost (Wang et al. 2014b). Thus, m®A is a mark of transcriptome flex-
ibility required for stem cell identity maintenance and differentiation to specific lineages.

Knockout of Mettl3 in pre-implantation epiblasts and naive embryonic stem cells also
exhibit depletion of m°A modification in mRNAs. Yet the cells are viable, however, they
fail to adequately terminate their naive state and, subsequently, undergo aberrant and
restricted lineage priming at the post-implantation stage, which leads to early embryonic
lethality. Deep investigation found that m°A predominantly and directly reduces mRNA
stability, including that of key naive pluripotency-promoting transcripts (Geula et al.
2015).

ZFP217 interacts with several epigenetic regulators, activates transcription of key plu-
ripotency genes, and modulates m°A deposition on their transcripts by sequestering the
mCA methyltransferase METTL3. Consistently, Zfp217 depletion compromises ESC self-
renewal and somatic cell reprogramming, globally increases m®A RNA levels, and
enhances m°A modification of Nanog, Sox2, Klf4, and c-Myc mRNAs, promoting their
degradation. Moreover, ZFP217 binds its own target gene mRNAs, which are also
METTL3-associated, and is enriched at promoters of m®A-modified transcripts (Aguilo
et al. 2015). Profiling m6A modification in the mRNA transcriptomes of four cell types
with different degrees of pluripotency identified gene- and cell-type-specific m°A modifi-
cations. Moreover, manipulation of microRNA (miRNA) expression or sequences, which
regulate m®A modification via a sequence pairing mechanism, can affect the binding of
METTLS3 to the miRNA target mRNAs and alter m°A modification levels. They could also
observe that increased m6A abundance promotes the reprogramming of MEFs to plu-
ripotent stem cells; conversely, reduced m°A levels impede reprogramming, providing
some clues for future functional studies of m6A modification in somatic cell reprogram-
ming (Chen et al. 2015b).

Unlike the dense study of m6A modification, little is known about the deposition and
de-deposition of m°C modification. Studies found that the NSUN family of proteins and
DNMT?2 are candidates for m°C methyltransferase. Reprogramming of cells to pluripo-
tency can be achieved using m°C and pseudouridine-modified mRNAs encoding the four
Yamanaka factors (Warren et al. 2010) (8 Fig. 8.1, @ Table 8.1).
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Modifiers/
Regulators

GCN5

MOF

SUV39H1/
H2

EHMT1/2

SETDB1

Epigenetic modifications and modifiers in induced somatic reprogramming

Function

Histone
lysine
acetyltrans-
ferase

H4K16
acetyltrans-
ferase

H3K9
methyltrans-
ferase

H3K9
methyltrans-
ferase

H3K9
methyltrans-
ferase

Roles

Activates a distinct alternative splicing
network and coregulates a group of RNA
splicing and RNA processing genes that are
needed for somatic cell reprogramming.

An integral part of the ESC core transcrip-
tional network and plays an important role
in maintaining ESC self-renewal and
pluripotency.

Suppress reprogramming.

Associated with transcriptional repression.

Suppress reprogramming.

Reference

Hirsch et al.
(2015)

Lietal. (2012)

Onder et al.
(2012)

Onder et al.
(2012)

Sridharan et al.
(2013)

(continued)
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O Table 8.1
Modifiers/

Regulators
WDR5

LSD1

uTXx

EZH2

DOT1L

KDM2A/B

CHAF1A

and
CHAF1B

ASF1A

APLF

HIRA

TH2A/2B

MacroH2A

H2A.X

(continued)

Function

H3K4me3
reader

H3K4/K9
demethylase

H3K27
demethylase

H3K27
methyltrans-
ferase

H3K79
methyltrans-
ferase

H3K36
demethylase

Histone
chaperone

Histone
chaperone

Histone
chaperone

Histone
variant
H3.3-specific
chaperone

Histone
variant

Histone
variant

Histone
variant

Roles

Interacts with the pluripotency transcription
factor Oct4.

Inhibition of it promotes the MET and
pluripotency gene activation.

Interacts with OSK to activate potent
pluripotency-promoting gene modules.

Inhibition of it reduces reprogramming
efficiency.

Inhibition of it contributes to the loss of
H3K79me2 in genes that are repressed in
the pluripotent state.

Contributes to gene activation by targeting
and demethylating the gene promoters.

Components of chromatin assembly
factor-1 (CAF-1) complex; leads to a more
accessible chromatin structure at pluripo-
tency enhancers early during reprogram-
ming.

Affects the expression of core pluripotency
genes.

Accelerates the process of cellular
reprogramming.

Directly interacts with the PRC2 complex,
facilitating recruitment of PRC2 complex
and establishing the correct H3K27me3 in
the promoter regions of the developmental
regulatory genes.

Plays important roles in activation of
paternal genome during fertilization and
OSKM-induced somatic reprogramming.

Distributes on genes associated with
pluripotency or development, inhibits H3K4
methylation and makes the genes at
relevant sites at very low expression levels
during reprogramming.

Serves as a functional marker to distinguish
the developmental potential of different
mouse iPSCs.

Reference

Ang et al. (2011)

Cacchiarelli et al.
(2015)

Mansour et al.
(2012)

Onder et al.
(2012)

Onder et al.
(2012)

Liang et al.
(2012)

Cheloufi et al.
(2015)

Gonzalez-Munoz
etal. (2014)

Syed et al. (2016)

Banaszynski
et al. (2013)

Shinagawa et al.
(2014)

Barrero et al.
(2013)

Wau et al. (2014)
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B Table 8.1

Modifiers/
Regulators

H3.3

H1foo

DNMT1

TET1

TET2

METTL3

(continued)

Function

Histone
variant

Histone
variant

DNA
methyltrans-
ferase

DNA
dioxygenase

DNA
dioxygenase

RNA m6A
methyltrans-
ferase

8.7 Conclusion

Roles

Makes the chromatin looser and enhances
the accessibility of the binding sites. Then,
increasing the possibility of activation of
Oct4, Sox2, KIf4 and other pluripotency
genes.

Makes chromatin more decondensed,more
for reprogramming. Expression of it allows
continuous activation of pluripotency-
related genes and prevents differentiation
in vitro.

Inhibition of it promotes DNA demethyl-
ation in the late phase of reprogramming.

“Promotes Oct4 demethylation and
reactivation; capable of replacing essential
reprogramming factors during reprogram-
ming; regulates 5ShmC formation at loci
critical for MET in a Vc-dependent fashion.”

Recruited to Nanog and Esrrb loci, essential
for transcriptional activation at the
pluripotency genes; interacts with NANOG
to enhance reprogramming

Positive influence for reprogramming
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Reference

Wen et al.
(2014b)

Hayakawa et al.
(2012)

Mikkelsen et al.
(2008)

Costa et al.
(2013), Hu et al.
(2014), Gao et al.
(2013), Chen
etal. (2013b,
2015a)

Doege et al.
(2012), Costa
etal. (2013)

Chen et al.
(2015b)

The development of somatic cell reprogramming techniques not only provide a reliable
platform for in vitro stem cell biology research, but also in vivo regenerative medicine
studies. As the pioneer study of iPSC reprogramming technique, the forced expression of
key transcriptional factors can not only reprogram cell into ESC-like pluripotent state, but
also facilitate the study of cell fate determination during trans-differentiation. Although
recent studies have demonstrated the important roles of some epigenetic modifications
and remodeling involved in reprogramming, the molecular mechanisms of epigenetic
events in the ‘black box’ of reprogramming are largely unknown. Plus, the crosstalk among
the epigenetic events is also unclear. Deep investigation of the modifiers and remodeling
factors will shed light on improvements of both reprogramming efficiency and the outputs

qualities of iPSCs.
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— Take Home Message

In the past decade, the method of somatic cell induced reprogramming has been
greatly developed, and there are clinical trials underway. Recent studies have
continually elucidated the specific mechanisms of some epigenetic events during
reprogramming, but the dynamics of many epigenetic modifications throughout the
reprogramming process and the interactions between them remain unclear; even for
some already known epigenetic events, we are still not sure whether they are the
drivers or the consequences of reprogramming. In addition, whether the method of
regulating the reprogramming process by interfering with one or several epigenetic
modifications is safe for clinical applications remains to be studied.
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What You Can Learn in This Chapter

What are the cellular and molecular processes underlying neural developmental events
during embryogenesis? How can we manipulate a human pluripotent stem cell to a neural
lineage of interest? Can the in vitro generated neural cells hold the potentiality for replace-
ment therapy in neurological disorders?

9.1 Summary

Neurological disorders always end up with neuronal loss and neural circuit dysfunction,
which could not self-repair since local neural progenitors only generate restricted neuronal
subtypes, and these progenitor cells also decline remarkably during aging. Human pluripo-
tent stem cells (hPSCs) are a valuable cell source to produce almost the entire spectrum of
regional neural progenitors and then different neuronal subtypes, which showed promis-
ing potentials to replenish defined neuronal loss and restore functional neural circuits in
animal models (Thomson et al. 1998; Zhang et al. 2001). Stem cell-based replacement
therapy for several neurological disorders is now undergoing intensive clinical observa-
tions. This chapter mainly focuses on cellular and molecular aspects of neural develop-
ment, strategies of converting human pluripotent stem cells to desired neuronal subtypes,
and exemplifications of applying human pluripotent stem cells to treat neurological disor-
ders, such as Alzheimer’s disease, Huntington’s disease and Parkinson’s disease.

9.2 Human Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) include human embryonic stem cells (hESCs) and
human induced pluripotent stem cells (hiPSCs), which can self-renew or differentiate into
all three germ layers under proper culture conditions. In 1998, Thomson et al., success-
fully isolated the cells within the inner cell mass from the early human blastocyst and
long-term maintained them as hESCs on mouse embryonic fibroblast feeder layer in the
presence of serum replacements supplied with basic fibroblast growth factors (FGF2)
(Thomson et al. 1998). Further studies identified the essential roles of transcription fac-
tors, mostly Nanog, Oct4 and Sox2, which activate the network of pluripotency genes and
repress lineage differentiation genes, and therefore keep the hESCs in an undifferentiated
state. Later on, through expressing of Oct4, Sox2, Klf4 and c-Myc in differentiated somatic
cells, hiPSCs were established after being given the powerful reprogramming capabilities
of these pluripotency factors. Genetic, epigenetic and functional assays confirmed that
hiPSCs largely resemble the nature of hESCs.

As in vivo, a fundamental aspect of hPSCs is their potency to generate the whole
spectrum of fully specified functional cell lineages of ectodermal, mesodermal or endo-
dermal origin. Dynamically monitoring the in vitro differentiation process in combina-
tion with gene targeting techniques is now an alternative way to study key
developmental events during cell fate conversion, which adds enormously to the tradi-
tional paradigm in studying development via animal models. In vitro specified human
cells also provide a previously unachieved cell model for pathologic study and pheno-
typic drug screening for genetic disorders. Eventually, yielding functional cell types and
treating patients bearing currently incurable diseases will be one of the most important
applications for hPSCs.
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9.3 Neural Development

In order to fully apply hPSCs for studying development and disease, it is crucial to build
differentiation protocols for various lineages of all three germ layers. The ideal protocols
for lineage specification should be chemically-defined, highly efficient and faithfully mir-
ror general principles of in vivo development.

Mammalian neural development could be roughly discriminated into three stages,
neural induction, regional patterning as well as neurogenesis or gliogenesis. Neural induc-
tion is a process happening in a gastrulating embryo, where the upper tissue layer (epi-
blast) becomes thickened and flattened, and develops into the neural plate comprising
columnar neural epithelial cells (Sasai and De Robertis 1997). The neural plate is the
anlage to form the future entire central nervous system (CNS), which later on will become
the brain and the spinal cord. On the bilateral edges of the neural plate, there are neural
plate borders. During neurulation, the neural plate borders lift upwards and converge at
the dorsal midline to form the neural tube. Regional patterning happens concomitantly
when the neural tube forms. Regional neural progenitors (NPs) will be specified from the
primitive neural epithelial cells in the neural plate along both the anteroposterior (A-P)
and dorsoventral (D-V) axes. In the dorsal midline region of a closed neural tube, con-
verged neural plate borders become the roof plate. Meanwhile, following an epithelial to
mesenchymal transition, neural crest cells delaminate from the roof plate, which are pri-
mary origins of the peripheral nervous system (PNS), including the cranial, spinal and
autonomic nerves as well as Schwann cells and pigment cells (8 Fig. 9.1).

The notochord, a transient rod-like structure of mesoderm origin, locates ventrally to
the midline of the posterior half of the neural tube. The notochord plays an important role
in maintaining the left-right asymmetry and development of adjacent tissues. Given signals
secreted from the notochord, the adjacent ventral midline neural epithelial cells of the
neural plate or neural tube will be specified into the floor plate (FP). The FP of the midbrain
harbors neurogenic activity and is the major region to generate dopaminergic neurons.

Converting pluripotent epiblast cells to neural epithelia, and specifying neural epithe-
lia into various regional neural progenitors during early neural development could be
summarized into an activation-transformation paradigm (Chi et al. 2017). The stem cell
located at a higher hierarchy will adopt or activate a prominent cell fate which does not
require additional inductive signals, while additional developmentally related signals
must be in place in order to guide or transform the stem cell to other different cell fates.
During neural induction, the epiblast will adopt a neural fate by default, and Wnts and

B Fig.9.1 Neural induction
and regional patterning are two Neural plate =31 Neural ectoderm
major cellular events accompa- / —
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transforming growth factor p (TGFp) superfamily members drive the epiblast to meso-
dermal, endodermal, and non-neural ectodermal tissues (Chambers et al. 2009). As to
A-P patterning, neural ectodermal cells will take a prospective forebrain regional identity,
while caudalization signals, including fibroblast growth factor 8 (FGF8), Wnts and reti-
noic acid (RA) generate midbrain, hindbrain and cervical spinal cord progenitors accord-
ingly (Metzis et al. 2018). It has also been well demonstrated that in human cells, D-V
patterning of the forebrain and spinal cord also follows the activation/transformation
model (Chi et al. 2017). Both the human forebrain and spinal cord adopt dorsal telen-
cephalon or dorsal spinal cord fate in the absence of additional inductive cues, and sonic
hedgehog (Shh) is a robust and required signal morphogen to ventralize the forebrain and
spinal primordium to ventral telencephalon and the ventral region of the spinal cord (Li
et al. 2005; Li et al. 2009).

The activation-transformation paradigm can be partly explained by preset expression
of key intrinsic transcription factors in uncommitted stem cells. Inner cell mass and epi-
blast cells express Sox2. During the neural induction stage, Sox2 is maintained in neural
ectodermal cells within the neural plate, but shuts off when the pluripotent cells are sig-
naled to a mesodermal or endodermal fate (Ying et al. 2003). Otx2 is a hallmark gene
expressed restrictedly in the anterior neural tube, including the forebrain and midbrain,
but not the hindbrain. Otx2 is also early expressed in the epiblast and neural ectodermal
cells, and caudalization signals downregulate Otx2 expression and are indispensable for
midbrain and hindbrain regional specification. Another striking example is related to the
D-V patterning of human forebrain. Human neural ectodermal cells uniformly express
Pax6, a powerful transcription factor for specification of the dorsal fate of the mammalian
telencephalon (Zhang et al. 2010). Without Shh, Pax6 represses developmentally related
ventral genes and therefore specifies and maintains the neuroectodermal cells to a dorsal
telencephalic fate (Gaspard et al. 2008; Chi et al. 2017). The ventralization morphogen Shh
represses Pax6 expression and in turn activates ventral gene expression to specify the ven-
tral telencephalon via this repression-release model.

Within the activation-transformation paradigm, inductive signals to transform a pre-
set cell fate to another are mostly secreted from the patterning centers, such as the roof
plate, the FP, and the notochord. The notochord is a major patterning center for producing
Shh. Shh emitted from notochord induces the FP in a neural tube, which also produces
Shh to strengthen the ventralization magnitude (Ericson et al. 1995). In Shh null mouse,
all ventral telencephalic NPs are missing as assessed by a loss of expression of all ventral
markers including Nkx2.1, DIx2 and Gsx2. Moreover, Shh represses the expression of
various transcription factor genes related to the dorsal development. After neural tube
closure, Wnts and bone morphogenetic proteins (BMPs), derived from the roof plate and
cortical hem participate in the maintenance of the dorsal identity. Activation of Wnt sig-
naling in the mouse ventral telencephalon also represses the subpallium development
(Wilson and Rubenstein 2000). It is thought that the combined effects of the gradient
concentrations of Wnts and BMPs from the roof plate as well as Shh from the FP regulate
the overall D-V patterning through tight regulation of region-specific transcription fac-
tors, in particular, Pax6 and Nkx2.1. Transgenic animal studies also reveal a mutual
repression between these region-specific transcription factors. Pax6 loss of function
results in abnormal expression of ventral marker genes in the dorsal territory, whereas loss
of Nkx2.1 results in a ventral to dorsal respecification as evidenced by extended expres-
sion of Pax6 in the ventral telencephalon. FGF8 and Wnt1 secreted from the isthmic orga-
nizer located between the midbrain and hindbrain, and the RA synthesized within the
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B Fig.9.2 Cell fate conversion during neural induction and regional patterning follows an activation/
transformation paradigm

hindbrain are two potent caudalization signals, which are crucial for the normal pattern-
ing and development of the midbrain and hindbrain (B Fig. 9.2).

Neurogenesis continues throughout embryonic development and postnatal life.
Usually, a neuronal subtype is determined by the regional identity of its parental NP. NPs
can self-renew for several rounds and then exit the cell cycle and differentiate into neurons
and glia, including astrocytes and oligodendrocytes, sequentially. Differentiated neurons
will then migrate to their destinations and integrate to form functional neural circuits,
which is the basic unit to conduct a specific neurological activity. As to the cortical devel-
opment, the rapidly dividing NPs locate in the ventricular zone/subventricular zone of the
brain during the neural development, and subsequently differentiate into various cells in
the cortical plate of the cortex. The neurogenesis in the cortex follows an “inside-out” pat-
tern of morphogenesis: The neurons born from cortical progenitors with early birthdays
tend to migrate shorter distances and those with late birthdays migrate further. During
the migration, neurons are guided by the radial glial cells, which extend processes from
the inner to the outer surface of the cortex. In the ventral part of the telencephalon, NPs
in the medial ganglionic eminence (MGE) are the major source to produce GABAergic
interneurons. GABAergic interneurons migrate tangentially in a long distance to the dor-
sal telencephalon, where they rearrange and mature, and form inhibitory synapses with
local excitory cortical neurons.

9.4 Targeted Neural Differentiation

Both hESCs and hiPSCs are able to sequentially differentiate into neural ectoderm,
regional NPs and various neurons and glia in vitro (Zhang et al. 2001). More importantly,
the differentiation processes in vitro mirror exactly the developmental events happened
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during embryogenesis, and the defined developmental principles are the key to guide in
vitro differentiation. Though multiple differentiation protocols exist, hPSCs are in general
first guided to neural ectodermal cells under either serum-free culture conditions or in
combination with small molecules to inhibit TGF/BMP signaling in either suspension or
adherent culture conditions (Zhang et al. 2001; Chambers et al. 2009). One important
aspect of neural ectodermal cells is their responsiveness to patterning morphogens, induc-
tive signals secreted from patterning centers. These patterning signals will therefore
regionalize neural ectodermal cells to various regional NPs, which will be determined to
specific subtype neurons and glia.

Both suspension embryoid body (EB) formation and dual-Smad inhibition-based
adherent culture (AD) paradigms are now widely used for generation of neural ectoder-
mal cells from hPSCs. The EB formation method suspends detached hPSCs to mimic
gastrulation in the hPSC culture medium followed by the neural medium for neural lin-
eage enrichment. While in the hPSCs-AD differentiation paradigm, inhibitors of both
TGFp and BMP signaling pathways were added to trigger neural induction. Though there
is a difference between these two distinct methods, neuroectoderm cells derived from
both protocols show high potency to generate different regional progenitors in response
to patterning morphogens (Chi et al. 2016). Similar to the in vivo development, neural
ectodermal cells will automatically adopt an anterior dorsal fate in the absence of addi-
tional patterning morphogens. As a potent caudalization patterning morphogen, RA effi-
ciently caudalized neural ectodermal cells to a hindbrain and cervical spinal cord identity
in both EB and AD differentiation paradigms (Li et al. 2005).

Recent research indicates that the caudal part of the spinal cord develops from neu-
romesodermal progenitors (NMP), which adopt a posterior regional identity even before
the neural ectodermal fate has been initiated (Metzis et al. 2018). It seems that the entire
epiblast could be subdivided into an anterior and a posterior compartment. It is more
likely that the EB differentiation protocol favors the generation of an anterior neural ecto-
derm. Shh ventralizes this anterior neural ectoderm to a ventral telencephalic fate, such as
the lateral ganglionic eminence (LGE) and MGE (Ma et al. 2012; Liu et al. 2013). FGF8
and Wnts regionalize the neural ectoderm generated from the EB method to a midbrain
fate. However, hPSCs are easily guided to the posterior developmental structures under
the AD differentiation paradigm. Under AD differentiation, early exposure of Shh causes
targeted differentiation of hPSCs to a FP fate (Nkx2.1+/Sox1—/FoxA2+), while under the
EB conditions, Shh activation determines a MGE fate (Nkx2.1+/Sox1+/FoxA2—) (Fasano
et al. 2010; Chi et al. 2016). Spinal motor neurons are generated from the AD conditions
with a much higher efficiency as compared with the EB conditions. One can expect that
under the caudalization signal, hPSCs will be guided to the posterior epiblast and NMPs,
which will generate more caudal spinal cord progenitors as well. Since obtaining disease
related NPs and neuronal subtypes is the key for modeling or treating specific neurologi-
cal disorders, EB vs AD differentiation paradigms need to be carefully selected.

The gradient of the patterning morphogens are crucial for establishing a regional iden-
tity of the neural progenitors. In in vitro neural differentiation, concentrations and dura-
tions of the patterning signals applied are equally critical. For example, medium level of
Shh (200 ng/ml) treatment in neural ectodermal cells yielded from the EB method will
end up with a LGE fate, while a higher level of Shh (500-1000 ng/ml) treatment in the
same cells will generate more ventral MGE fate (Ma et al. 2012; Liu et al. 2013; Maroof
et al. 2013). As aforementioned, NPs will sequentially generate neurons and glia. Oligo2+
ventral spinal NPs generated from hPSCs will first differentiate into the spinal motor neu-
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O Fig. 9.3 Targeted neuronal differentiation through suspension culture or adherent culture in
combination with patterning morphogens

rons in the first month of differentiation, but will generate oligodendrocytes when the
progenitors are maintained for 3-6 months in vitro (8 Fig. 9.3).

9.5 LGE Progenitor Differentiation and Huntington'’s Disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder with
distinct symptoms, including chorea and dystonia, sleep disorders, motor dysfunction,
cognitive impairment, and psychiatric abnormalities. Genetically, HD is caused by the
expansion of Cytosine, Adenine, and Guanine (CAG) repeats near the start of exon 1 in
the gene encoding the protein Huntingtin (HTT). The mutant HTT (mHTT) proteins are
detrimental for the GABAergic striatal medium spiny neurons (MSNs) in the basal gan-
glia, which constitute 95% of all neurons in the striatum.

Recently, cell replacement therapies represent a promising direction for the treatment
of HD (Ma et al. 2012). As a proof-of-concept study, fetal neural tissue specimens isolated
from donor fetal brain had been used as neuro-grafts into HD patients in clinical trials,
which showed moderate improvement in motor function. Though promising, this cell
replacement therapy based on fetal tissues is technically limited because of a lack of
enough donor tissues, poorly defined cell types and ethics issues. Several pioneering stud-
ies have successfully specified hPSCs into LGE progenitors and functional striatal MSN.
This is mostly achieved by applying medium level of Shh in human neural ectodermal
cells under EB culture conditions. Cocktailing the Activin A and Wnts signaling shows an
improvement in generating LGE progenitors. The LGE progenitors yielded from hPSCs
are positive for the forebrain marker FoxGl, and LGE marker Meis2 and Gsx2. MSNs
generated from these LGE progenitors in vitro have typical spiny morphology and uni-
formly express DARPP32 and GABA. More importantly, MSNs differentiated from hPSCs
show gradual maturation and have activity-related neurotransmitter release, spontaneous
action potentials and synaptic connections in vitro. Grafting of hPSCs differentiated LGE
progenitors in either surgically or genetically modeled HD mice re-populated GABAergic
MSNs neuronal loss in the striatum, and significantly improved cognitive and motor defi-
cits. In a recent study, Schaffer and colleagues developed a scalable biomaterial-based 3D
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O Fig.9.4 Targeted LGE progenitor and MSN differentiation for cell replacement therapy for HD

platform to generate LGE progenitors and MSNs from hPSCs. LGE progenitors generated
from this 3D system showed a better survival of transplanted cells and functional recovery
in transgenic mouse HD model, suggesting the robustness of combined material science
and stem cell techniques in cell-based replacement therapy (8 Fig. 9.4).

9.6 MGE Progenitor Differentiation and Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disease associated with serious loss of
presynaptic cholinergic functions. AD patients usually suffer from a progressive decline
in memory and cognitive function as well as behavioral symptoms, such as disorienta-
tion and hallucinations. Previous studies indicated that the decreased acetylcholine
(ACh) release is a major feature of AD, which results from the declined number and
functionality of basal forebrain cholinergic neurons (BFCNs) in a relatively early stage
of AD. Several strategies exist in order to alleviate AD symptoms. For example, addi-
tional supply of neurotrophic factors (NTFs) directly or through a cell carrier is a way
to improve the survival and function of cholinergic neurons. Acetylcholinesterase
Inhibitor (AchEI) and N-methyl-D-aspartate receptor agonist treatment have also been
applied in AD disease models or even patients, which show moderate benefits in cogni-
tion and memory recovery. However, all these therapeutic strategies only showed mild
and temporary effectiveness.

Cell replacement therapy has also been proposed to be an ultimate way to cure
AD. MGE is the sole origin to generate BFCNs during embryogenesis. Both hESCs and
hiPSCs have been efficiently differentiated toward a MGE fate and then BFCNs (Liu et al.
2013; Yue et al. 2015). High concentrations of Shh under the EB differentiation conditions
is the key to regionalize neural ectodermal cells to MGE progenitors, which belongs to the
ventral most part of telencephalon. Blocking the Wnts pathway concomitantly with the
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presence of the ventralization morphogen Shh will facilitate ventral patterning. Though
Shh treatment in AD differentiated hPSCs will guide the cells otherwise to the FP fate,
small molecules inhibiting the Wnts/P38/JAK-STAT pathways generates MGE progeni-
tors under the AD differentiation conditions. The MGE progenitors differentiated in vitro
uniformly express Nkx2.1 and FoxG1. Maturated BFCNs differentiated from these MGE
progenitors express MAP2 and Synapsin, key functional neuronal markers, and ChAT, the
rate limited enzyme for synthesize ACh. The in vitro produced BFCNs also showed active
action potentials and synaptic activities over long periods of maturation in the culture.
Both with surgical lesion and transgenic AD mouse models, transplantation of MGE pro-
genitors into the bilateral hippocampus or basal nuclear shows clear and striking cognitive
functional recovery. Histological and electrophysiological studies have also confirmed
BFCN differentiation, maturation, long-term survival, and forming defined neural cir-
cuits with local neurons (B Fig. 9.5).

9.7 FP Progenitor Differentiation and Parkinson’s Disease

As one of the most prominent neurodegenerative disorders, Parkinson’s disease (PD)
bearing patients usually suffer from tremor, hypokinesia, rigidity and abnormal gait and
posture. Pathological studies show that the cellular events underlying PD is the progres-
sive death of dopaminergic (DA) neurons reside in the Substantia nigra, which causes
insufficient release of dopamine in the striatum where DA neurons project.

The most commonly used drug for treating PD in the clinic is L-DOPA, which is selec-
tively transported into the DA neurons and where it is readily converted to dopamine to
compensate the reduced dopamine release in the caudate nucleus and putamen. L-DOPA
has been observed with significant clinical benefit, but long-term use of L-DOPA showed
ineffectiveness and has side effects, such as the on-off fluctuations and the emergence of
dyskinesias. Therefore, there is a need for a more complete and long lasting method for
restoring dopamine neurotransmission.

In 1992, human fetal mesencephalic tissues were transplanted into the caudate nucleus
and putamen of Parkinson’s patients for clinical trials. Symptoms, such as periods of dys-
kinesia and off episodes, were improved in patients after transplantation. This proof-of-
concept clinical study suggests that cell transplantation therapy holds great potential for
treating PD. However, several clinical studies failed to reveal statistically significant out-
comes of fetal mesencephalic tissues for replacement therapy of PD, probably because of
the variable quality of the donor tissues.

Midbrain DA neurons have now efliciently been generated from hPSCs (Kriks et al.
2011; Xi et al. 2012; Steinbeck et al. 2015; Wu et al. 2015; Chen et al. 2016; Kikuchi et al.
2017). It is now well acknowledged that the AD differentiation procedure is the most
appropriate way to generate FP progenitors and DA neurons. Through applying Shh and
FGF8 to ventralize and caudalize the adherently cultured hPSCs to induce a midbrain FP
progenitor fate (EN1+/OTX2+ /FOXA2+/ LMX1A+) and adjusting Wnts signaling to
promote dopaminergic differentiation, midbrain DA neurons (TH+/EN1+/OTX2+/
FOXA2+/LMX1A+/NURRI+) can be efficiently produced. Moreover, these differentiated
DA neurons displayed spontaneous action potential spikes, and this spiking was accom-
panied by a slow, subthreshold oscillatory potential resembling midbrain DA neurons in
vivo. In addition, after transplantation of these midbrain DA neuronal progenitors into
the striatum of the PD mouse or rat model, a complete restoration of amphetamine-
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induced rotation behavior and improvements in tests of forelimb use and akinesia are
observed. Notably, the efficacy of hPSCs-based dopaminergic progenitor cells transplan-
tation in PD has now been also proved in monkeys and under clinical trials (Wang et al.
2018). A pioneering study conducted by Zhang and colleagues developed a system that
enables precise regulation of hPSCs-derived neuronal activity for in vivo transplantation
through chemogenetics (Chen et al. 2016). The midbrain DA neurons differentiated from
hPSCs engineered to express DREADDs (designer receptors exclusively activated by
designer drug) showed tight regulation of the activity of engrafted neurons, thus offering
more accurate tools for future PD treatment (8 Fig. 9.6).

9.8 Conclusions and Perspectives

In this chapter, basic neural developmental concepts, especially related to neural induc-
tion and regional specification are introduced. Importantly, the basic neural developmen-
tal principles also apply to hPSCs when they are differentiated toward a neural fate. Both
neural induction and regional patterning follows an activation/transformation model,
that is, the cells will first take a cell fate by default and additive inductive signals are
required to guide the cells to other fates instead. Both hESCs and hiPSCs hold great poten-
tials in generating bona fide regional human NPs and according neuronal subtypes, which
will offer unlimited cell sources for cell based replacement therapy for those publicly con-
cerned neurodegenerative diseases, such as HD, AD and PD. Though exciting and prom-
ising evidence is accumulating by applying hPSCs in treating neurological diseases in
animal models, careful and systematic clinical trials are urgently needed in order to fully
prove the effectiveness and safety of applying hPSCs in treating patients. Integrating mate-
rial science and genetic engineering techniques in cell replacement therapy in a plus to
safeguard and move forward this promising approach to an ultimate success in the clinic.

— Take Home Message

1. The entire process of neural development can be categorized into three stages
in sequential, neural induction, regional patterning as well as neurogenesis
and gliogenesis.

2. The activation/transformation paradigm applies to most of the cell fate
determination events during in vivo neural development and in vitro neural
differentiation.

3. Extracellular cues, such as TGFf, BMPs, Wnts, Shh, RA and FGFs signaling
molecules, are crucial cell fate inducers or blockers for either neural induction
or regional patterning of neural progenitors.

4. Human pluripotent stem cells could be efficiently targeted to neural ectoderm
cells, various regional neural progenitors, and different neuronal subtypes,
which mirrors in vivo neural development.

5. A series of proof-of-concept laboratory studies have validated the efficacy of
human pluripotent stem cell-based replacement therapy for currently
incurable neurological diseases.
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What You Will Learn in This Chapter

Progressive degeneration of midbrain dopaminergic (mDA) neurons causes Parkinson'’s dis-
ease (PD), the second most common neurodegenerative disease. No cures are available for
PD at this time, and healthy mDA neuron transplantation provides a promising disease-
modifying therapy. In this chapter, we focus on dopaminergic neuron-related stem cells and
their potential application. Specifically, this includes the molecular mechanisms underlying
mDA neuron morphogenesis, such as early patterning of mesencephalon (midbrain), and
the genes involved in mDA neuron induction and maturation. A variety of strategies to gen-
erate mDA neurons for cell-based therapies are summarized, including generation of mDA
neurons from neural stem cells (NSCs) and pluripotent stem cells (PSCs), and direct repro-
gramming of somatic cells into mDA neurons. Lastly, several first-in-human clinical trials
using hPSCs-derived mDA neurons are starting to recruit patients or planned to initiate
shortly, thus challenges and promises for cell-based therapies for PD are discussed.

10.1 Introduction

Dopaminergic (DA) neurons are distributed in several regions in adult mammalian brain.
Among them, DA neurons resided in the substantia nigra pars compacta (SNc) of the
ventral midbrain (referred to as mDA neurons) draw much more attention, because the
mDA neurons are required for the control of voluntary movement via the nigrostriatal
pathway. It is well known that the gradual loss of mDA neurons in SNc results in an aged-
related neurodegenerative Parkinson’s disease (PD) (Lees et al. 2009), which is the second
most common neurodegenerative disorder and affects about 1% of the general population
over the age of 65 (de Lau and Breteler 2006). The disease is debilitating, and characterized
as a movement disorder consisting of bradykinesia, rigidity, rest tremor and postural
instability. Although drug treatment such as using L-Dopa can alleviate PD symptoms, it
cannot stop or slow the pathological progress of PD.

Given the huge progresses in identifying the molecular mechanisms underlying
induced pluripotent stem cells (iPS), intensive efforts have been made to generate mDA
neurons from stem cells for application of cell replacement therapy for PD. The knowledge
about the mechanism underlying mDA neuron development is important for engineering
functional mDA neurons. In this chapter, we provide an overall description of mDA neu-
ron morphogenesis and put more efforts on progress of mDA neuron-related stem cells.

10.2 Early Patterning of Mesencephalon (Midbrain)

The floor plate (FP), a small group of cells located at the ventral midline of neural tube
during early development, has long been considered to be non-neurogenic and functions
as induction center controlling neural tube patterning and axonal guidance (Jessell 2000;
Placzek and Briscoe 2005). Recent studies have demonstrated midbrain FP has distinct
characteristics with the neurogenic capability. mDA neurons are generated in the FP
region of the midbrain during embryonic development, mostly after embryonic day (E)
11 in mice (Ono et al. 2007).

However, the early patterning midbrain in the anterio-posterior (AP) and dorso-ventral
(DV) axes also plays important roles in the generation of mDA neurons, and this pattern-
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@ Fig. 10.1 Invivo and in vitro generation of mDA neurons. a Sagittal section of mouse E11.5 embry-
onic brain, showing the expression of some key morphogens important for mDA neuron development
in vivo. White stars indicate the midbrain floor plate (mFP), where mDA neurons originate. IsO isthmic
organizer. b A series of stages of mDA neuron development. A network of transcription regulatory
factors essential for mDA neuron specification and maturation are indicated. c An example of the
protocols for the differentiation of PSCs into mDA neurons. The PSCs including ESC and iPSC in culture
are treated with small molecules or patterning morphogens for mFP induction and ventral mesence-
phalic (VM) precursors and mDA progenitors. The neuronal maturation is further promoted by the
addition of several factors including BDNF, GDNF and TGF(3. AA ascorbic acid, dbcAMP dibutyryl cyclic
adenosine monophosphate

ing is controlled by induction signals arising from the » midbrain FP and the isthmic
organizer during E7-9. In the DV patterning of midbrain neural tube, sonic hedgehog
(Shh), fibroblast growth factor (Fgf) 8 and Wntl are essential and sufficient for the induc-
tion of mDA neurons (Hynes et al. 1995a, b; Ye et al. 1998; Prakash et al. 2006) (8 Fig. 10.1).
The AP patterning is achieved by the isthmic organizer, the boundary region between the
midbrain and hindbrain, and correct positioning of the organizer in the AP axis is depen-
dent on the mutual repression of two opposing transcription factors (Otx2 and Gbx2), and
disruption of this mutual repression affects the size of mDA neuron population as well as
that of serotonergic neurons located caudal to mDA neurons (Liu and Joyner 2001;
Brodski et al. 2003; Shi et al. 2012).

Fgt8 is the major player for the induction activity of isthmic organizer (Crossley and
Martin 1995). The defective inductive activity not only affects the morphogenesis of tec-
tum (dorsal midbrain) and cerebellum (rostral hindbrain) but also the generation of mDA
neurons. The initiation and maintenance of Fgf8 expression depends on the genes
expressed by the isthmic organizer. For example, although the Lim-homeodomain factor
Lmx1b is expressed in mDA neurons, this expression alone is dispensable for mDA neu-
ron development. The loss of mDA neurons in Lmx1b mutants (Smidt et al. 2000) is due
to the failure of initiation of Fgf8 expression in the absence of Lmx1b in the isthmic orga-
nizer (Guo et al. 2007). A special caution should be paid in studying the role of genes in
mDA neuron development when it probably participates or has been known to be involved
in the regulation of isthmic inductive activity.
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10.3 Genes Involved in the Induction of mDA Neuron Progenitors

In addition to the well-known inductive role, the midbrain FP also serves as neurogenic
regions for mDA neurons (Ono et al. 2007; Bonilla et al. 2008; Hebsgaard et al. 2009).
Since the initial finding that the induction of mDA neurons depends on Shh and Fgf8, two
secreted proteins released from the FP and isthmus, respectively (Hynes et al. 1995a; Ye
etal. 1998), substantial knowledge has been accumulated. We only give an outline descrip-
tion due to the limited space.

10.3.1 Fgf8 Signaling

Recent studies have demonstrated how Fgf8 regulates DA neuron development. During
early embryogenesis, mDA neurons are generated from two distinct origins: FGF- inde-
pendent diencephalic domain and FGF-dependent midbrain domain. FGF signaling
operates in proliferative midbrain DA progenitors. When Fgf receptors are inactivated,
the midbrain DA domain adopts the diencephalic characteristics, with altered patterning
of ventral midbrain region and failure of mDA neuron maturation (Saariméaki-Vire et al.
2007; Lahti et al. 2012). The intracellular mechanism of Fgf8 signaling in regulating mDA
neuron progenitors and precursors remains elusive.

10.3.2 Shh Signaling

Lmx1a has been proved to be a key downstream gene of Shh signals in the determination
of mDA progenitors in the midbrain FP region, as evidenced by the findings that Shh
induces the expression of Lmx1a, which subsequently induces the expression of its down-
stream effector Msx1 (Andersson et al. 2006). These two transcription factors are determi-
nant genes in the establishment of mDA progenitor fate in the ventral midbrain. Other
genes (e.g. Ngn2, Hes, Otx2) may not specifically function in the determination of mDA
neuron progenitors in response to Shh signals, instead they functions as either general
proneural genes, maintaining neural progenitor pool, or early A-P patterning factors for
regionalization of mesencephalon.

FoxA2 is a well-known FP marker and has been considered to be regulated by Shh in
regulating mDA neurons morphogenesis (Chung et al. 2009). The downstream effectors
of Shh signaling are Glil-3 genes, whose mutations results in defective mDA neurogenesis
(Park et al. 2000). Shh and Glil induces the expression of FoxA2 (Hynes et al. 1997; Park
et al. 2000). However, FoxA2 seems to be more effective in patterning midbrain neural
tube via both Shh-dependent and independent mechanisms (Bayly et al. 2012). A mutual
regulatory loop between Shh and FoxA2 expression in the patterning as well as conse-
quent mDA neurogenesis has been proposed (Lin et al. 2009; Nissim-Eliraz et al. 2013). In
addition, a bHLH transcription factor Nato3 has been shown to contribute to mDA neu-
rogenesis, in which Shh-FoxA2 regulatory loop is involved (Ono et al. 2010; Nissim-Eliraz
et al. 2013). Data from conditional deletion of FoxAl and FoxA2 mice show that they
positively regulate Lmxla and Lmx1b expression and inhibit Nkx2.2 expression in the
ventricular zone, and regulate mDA neuron differentiation cooperatively with Lmx1la and
Lmx1b (Lin et al. 2009).
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10.3.3 Whnt Signaling

It is well accepted that Wnt family are key regulators during DA neuron induction. Several
Wnats (e.g. Wntl, Wnt2, Wnt3a and Wnt5a) and their downstream gene -catenin are
implicated in multiple steps in mDA morphogenesis, including the acquisition of DA
identity, proliferation of mDA progenitors, progression of progenitors into post-mitotic
DA neurons and terminal differentiation of post-mitotic mDA neurons, likely via Wnt1-
Lmx1la and Shh-FoxA?2 regulatory loops (Hegarty et al. 2013).

10.4 Genes Involved in the Development of Post-mitotic
mDA Neurons

10.4.1 Lmx1b

Lmx1b expression is initiated in the isthmus around E8.5 and present in the midbrain FP,
which contains mDA progenitors at E10.5 (Guo et al. 2007). Its expression is turned off in
mDA progenitors, but turned on in post-mitotic mDA neurons at E11.5 and co-expressed
with tyrosine hydroxylase (TH) into adulthood like Lmx1la (Dai et al. 2008; Zou et al.
2009). Although Lmx1b mutant mice show a loss of mDA neurons (Smidt et al. 2000), our
unpublished data with loss and gain of function evidence demonstrate that the loss of
mDA neurons is caused by impaired inductive activity of isthmic organizer in Lmx1b
mutants (Guo et al. 2007). Lmx1b itself is dispensable for the development of mDA neu-
rons, but it plays a compensatory role with Lmx1a in controlling mDA neuron develop-
ment and the proce